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Abstract

Postprandial hyperglycemia induces vascular endothelial dysfunction (VED) and increases future cardiovascular disease
risk. We hypothesized that postprandial hyperglycemia would decrease vascular function in healthy men by inducing
oxidative stress and proinflammatory responses and increasing asymmetric dimethylarginine:arginine (ADMA:arginine), a
biomarker that is predictive of reduced NO biosynthesis. In a randomized, cross-over design, healthy men (n = 16; 21.6 =
0.8 y) ingested glucose or fructose (75 g) after an overnight fast. Brachial artery flow-mediated dilation (FMD), plasma
glucose and insulin, antioxidants, malondialdehyde (MDA), inflammatory proteins, arginine, and ADMA were measured at
regular intervals during the 3-h postprandial period. Baseline FMD did not differ between trials (P > 0.05). Postprandial
FMD was reduced following the ingestion of glucose only. Postprandial MDA concentrations increased to a greater extent
following the ingestion of glucose compared to fructose. Plasma arginine decreased and the ratio of ADMA:arginine
increased to a greater extent following the ingestion of glucose. Inflammatory cytokines and cellular adhesion molecules
were unaffected by the ingestion of either sugar. Postprandial AUCq_3 , for FMD and MDA were inversely related (r =
—0.80; P < 0.05), suggesting that hyperglycemia-induced lipid peroxidation suppresses postprandial vascular function.
Collectively, these findings suggest that postprandial hyperglycemia in healthy men reduces endothelium-dependent
vasodilation by increasing lipid peroxidation independent of inflammation. Postprandial alterations in arginine and ADMA:
arginine also suggest that acute hyperglycemia may induce VED by decreasing NO bioavailability through an oxidative stress-

dependent mechanism. Additional work is warranted to define whether inhibiting lipid peroxidation and restoring arginine

-

metabolism would mitigate hyperglycemia-mediated decreases in vascular function. J. Nutr. 141: 1961-1968, 2011.

Introduction

Estimates indicate that 11% of Americans > 20 y of age suffer
from diabetes and at least 35% of adults have prediabetes (1).
Diabetes increases CVD risk by 3-fold and is the primary cause
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of diabetes-related mortality (2). Postprandial hyperglycemia
has been suggested to better predict CVD risk than fasting
glucose (3). VED, as evidenced by reduced endothelium-depen-
dent vasodilation, is a leading factor contributing to CVD and is
well associated with traditional CVD risk factors, including age,
smoking, dyslipidemia, hypertension, and diabetes (4). More-
over, postprandial hyperglycemia, even at levels below the
diagnostic criteria for diabetes, suppresses FMD (5-7), a
noninvasive approach to assess endothelium-dependent vasodi-
lation in humans (8).

The mechanism by which postprandial hyperglycemia in-
duces VED remains poorly understood, but suppression of FMD
responses suggests that NO bioavailability is reduced. This may
be due to decreases in NO biosynthesis, greater uncoupling of
eNOS, and greater consumption of NO by reactive oxygen
species (9-11). Hyperglycemia-induced oxidative stress also
decreases the activity of DDAH, which degrades ADMA, an
endogenously produced competitive inhibitor of eNOS (12).
Indeed, a higher ratio of ADMA:arginine is associated with
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greater CVD risk (13). Chronic oxidative stress also increases
CVD risk by inducing lipid peroxidation (6), which contributes
to VED by reducing eNOS activity, increasing endothelial cell
apoptosis and decreasing vascular endothelial integrity (14).
Likewise, oxidized LDL accumulation in the vascular intima
stimulates the secretion of proinflammatory cytokines and
adhesion molecules and increases neutrophil recruitment, which
further exacerbates VED (15).

Clearly, studies in vitro have shown that vasodilation is
impaired in a hyperglycemia-dependent manner (16,17). How-
ever, the relation between postprandial hyperglycemia and
vascular function in humans is somewhat equivocal, with most
studies indicating suppression of FMD following an OGTT
(6,7,10,18-20), whereas others have shown that FMD is unaf-
fected (21) or improves in response to an oral glucose challenge
(22). Another complicating factor is that an OGTT in humans
does not consistently increase biomarkers of oxidative stress
(6,7,10), nor is it known whether acute hyperglycemia increases
inflammatory responses or disrupts postprandial levels of argi-
nine and ADMA, an index of NO' homeostasis. Thus, these
inconsistencies and the limited information regarding the mech-
anistic relation among oxidative stress, inflammation, and altered
NO homeostasis during hyperglycemia-mediated VED precludes
our ability to effectively manage the risk of developing CVD. We
therefore hypothesized in the present study that postprandial
hyperglycemia in young men free of comorbidities would
transiently suppress vascular endothelial function in a NO-
dependent manner by inducing oxidative stress and inflammatory
responses. To better define the mechanisms by which postpran-
dial hyperglycemia affects vascular function in healthy college-
aged men, we examined postprandial FMD, circulating arginine,
and ADMA as surrogate biomarkers of NO homeostasis,
antioxidant status, and oxidative stress and inflammatory
markers in response to an oral glucose or fructose challenge.

Methods and Materials

Participants. The study protocol was approved by the Institutional
Review Board for the protection of human participants at the University
of Connecticut and participants provided written consent before en-
rolling. Healthy, nonsmoking men (7 = 16) were recruited on the basis of
age (18-35 y), stable BMI (>2 mo), adiposity (8-20%), nonuser of
dietary supplements (>2 mo), fasting total cholesterol (<5.18 mmol/L)
and glucose (<5.55 mmol/L), and resting blood pressure (<140/90 mm
Hg). Young men were specifically enrolled to mitigate known variations
in FMD responses between gender and due to aging (8). Participants had
stable exercise patterns (<5 h/wk aerobic activity), were free of diabetes
and other metabolic diseases, and were not using any medications or
dietary agents known to affect vasodilation. Waist circumference was
determined at the level of the umbilicus. Body density was estimated
from skinfolds at 7 sites (23) and fat mass was calculated using ap-
propriate equations for race (24,25).

Materials. HPLC-grade solvents were purchased from Fisher Scientific as
were the following chemicals: 2, 3, 5-triphenyltetrazol-2-ium chloride,
acetic acid, ascorbic acid BHT, DTPA, lithium perchlorate, PCA, potassium
hydroxide, potassium phosphate, sodium acetate, NaOH, Q12 ion pairing
reagent, sodium acetate, trichloroacetic acid, and uric acid. B-Glucuron-
idase type HP-2S, FeCls, fluorescein, NaPOy, tetramethoxypropane,
thiobarbituric acid, Trolox, and vitamin E (a- and -y-tocopherol) were
from Sigma Aldrich. AAPH was from Cayman Chemical.

Study design. Participants were enrolled in a randomized, crossover,
single-blind study in which they visited the study center in the fasting
state (10-12 h) on 2 occasions separated by =7 d. During each visit,
participants either completed a standardized clinical OGTT (75 g
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glucose dissolved in 240 mL water) or ingested an equal molar solution
of fructose. Blood samples were collected at baseline (t = 0 min) and
following the ingestion of glucose or fructose at 30, 60, 90, 120, 150, and
180 min. FMD was also measured at baseline (t = 0 min) and 30-min
intervals postprandially during each visit, as described below, to assess
vascular endothelial function.

Sample handling. A flexible catheter was inserted in the antecubital
vein of the left arm and blood samples were collected into evacuated
tubes containing EDTA, sodium heparin, or lithium heparin. Plasma was
obtained by centrifugation (4°C, 15 min, 1500 X g) and snap-frozen in
liquid nitrogen. For measurements of vitamin C and uric acid, sodium
heparinized plasma was mixed (1:1) with 10% PCA containing 1 mmol/L
DTPA. Following centrifugation (5 min, 15,000 X g, 4°C), the superna-
tant was snap-frozen in liquid nitrogen. All samples were stored at
—80°C until analysis.

Dietary analysis. Participants completed a 3-d dietary record before
each visit and all records were reviewed with participants for accuracy
with a registered dietitian. Dietary intakes were analyzed using Food
Processor SQL (ESHA Research).

Flow-mediated dilation. FMD was assessed by high-frequency ultraso-
nographic imaging as described (26), with minor modification. Briefly, the
transducer was placed above the antecubital crease of the right arm and
secured using a stereotactic clamp. Preocclusion brachial artery diameter
was recorded for 30 heart beats. To better assess endothelial-dependent
vasodilation, a blood pressure cuff was placed on the right forearm
immediately distal to the olecranon process (27). The cuff was rapidly
inflated to occlude the brachial artery (200 mm Hg, 5 min, Hokanson
E20). Arterial diameter was assessed continuously for 300 heartbeats (~5
min) postocclusion. Brachial artery images were obtained using a 13-MHz
linear array transducer and Aspen cardiac ultrasound system (Acuson). All
images were electrocardiogram-gated and image analysis was performed
using edge-detection software (Medical Imaging Applications). Postocclu-
sion peak diameter was calculated by identifying peak dilation and
averaging vessel diameters = 5 frames surrounding the peak. Brachial
artery FMD (%) was calculated as follows: [postocclusion peak diameter
(mm) — preocclusion diameter (mm)]/preocclusion diameter (mm) - 100.
FMD measurements were performed by the same technician and image
analysis was assessed independently by 2 technicians who were unaware of
the treatments. Analyzed FMD responses between technicians did not
differ (P > 0.05) and were therefore averaged.

Clinical chemistries. Plasma TG, total cholesterol, and glucose were
measured spectrophotometrically on a SpectraMax M2 microplate
reader (Molecular Devices) according to the manufacturer’s instructions
(Pointe Scientific). Plasma insulin was measured by ELISA (Diagnostic
Systems Laboratories).

MDA. Circulating MDA exists in free form and bound to protein (28) and
both forms would be expected to reflect oxidative damage contributing to
VED. Thus, to more fully assess the magnitude of lipid peroxidation, total
(free and bound) MDA was measured by HPLC as described (29), with
minor modifications. Briefly, plasma was mixed with BHT and NaOH and
incubated for 30 min at 60°C before adding 5% trichloroacetic acid and
incubating on ice for 10 min. After centrifugation, the supernatant was
mixed with 0.6% (wt:v) thiobarbituric acid, incubated (30 min, 95°C), and
then rapidly chilled before extracting with butanol. Following centrifuga-
tion, the supernatant was injected on a Shimadzu LC-20XR system
equipped with a RF-10AXL fluorescence detector set to 532/553 nm
(excitation/emission). HPLC separation was performed isocratically at 0.8
mL/min on a Cg separation column (250 X 4.6 mm id., 5 pm;
Phenomenex) using 50:50 methanol and 25 mmol/L phosphate buffer (pH
6.5) as the mobile phase. MDA was quantified from standards prepared in
parallel from tetramethoxypropane.

Arginine and ADMA. Arginine and ADMA were simultaneously
measured by HPLC as described (30), with minor modifications. Briefly,
arginine and ADMA were extracted from plasma (100 uL) by solid-



phase extraction on a polymeric cation-exchange column (Hypersep
Retain-CX SPE column; 30 mg, 1 mL; Fisher Scientific) using ammonia:
water:methanol (10:40:50, v:v:v). HPLC separation was performed
isocratically at 1.1 mL/min on the aforementioned HPLC system
programmed to 340/455 nm (excitation/emission) and a Shim-Pack
XR-ODS column (50 X 3.0 mm i.d., 2.2 wm; Shimadzu). Ortho-
phthalaldehyde-derivatives of arginine and ADMA were eluted from the
column with 50 mmol/L potassium phosphate buffer (pH 6.5) and 6.5%
(v:v) acetonitrile. Different sensitivity settings were used to enable
simultaneous detection of arginine and ADMA. The column was washed
with 50% acetonitrile for 2 min and the system was equilibrated for 2
min before the next injection. Analytes were quantified on the basis of
peak area relative to internal standard (methylmonoarginine).

Inflammatory markers. Plasma MPO and high-sensitivity C-reactive
protein (CRP) were measured using separate ELISA kits (BioCheck).
Plasma IL-6, IL-10, TNFe, soluble intracellular adhesion molecule 1,
VCAM-1, and E-selectin were measured using xMAP technology on a
Luminex IS200 system with corresponding antibodies (Millipore).

Total antioxidant status. Total antioxidant status was assessed using the
ORAC and FRAP assays. The ORAC assay was performed as described
(31) and is based on the principle that antioxidants scavenge reactive
oxygen species formed by an AAPH-induced peroxyl radical-generating
system. Briefly, plasma or Trolox standard diluted in phosphate buffer was
mixed with fluorescein and AAPH. The fluorescence decay of flourescein
was monitored at 485/520 nm (excitation/emission) on a SpectraMax M2
microplate reader (Molecular Devices). The AUC for the decay curve was
calculated using the trapezoidal method and ORAC concentrations were
determined by linear regression. The FRAP assay was measured as
described (32), with minor modifications, and is based on the principle that
plasma antioxidants, particularly those that are hydrophilic, reduce ferric
iron to ferrous iron. Briefly, plasma or Trolox (standard) was mixed with
FRAP reagent and incubated (15 min, 37°C) and the absorbance was
measured at 593 nm.

Vitamin E and y-CEHC. Plasma a- and y-tocopherol were measured by
HPLC-Coularray (ESA Inc.), as described (33). y-CEHC, the physiolog-
ical metabolite of y-tocopherol, was measured by HPLC-Coularray with
minor modifications (34). Briefly, a methanolic extract of plasma was
dried under nitrogen, reconstituted in water, and subjected to enzymatic
hydrolysis with B-glucuronidase (800 U) and sulfatase (60 U). Samples
were extracted with ethyl acetate, dried under nitrogen, dissolved in
70% methanol, and separated (1 mL/min) on a Phenomenex Luna Cyg
column (250- X 4.6-mm i.d., 5 um) and detected at potential settings of
—100, —50, 200, and 350 mV. The mobile phase was 35:65 acetonitrile:
water containing 10 mmol/L ammonium acetate (pH 4.3). y-CEHC was
quantified using internal standard (Trolox).

Ascorbic and uric acids. Ascorbic and uric acids were analyzed by
HPLC-Coularray from PCA-treated plasma as described (33). Samples
were separated at 1 mL/min on a Supelcosil LC-8 column (150- X 4.6-
mm i.d., 3 wm, Supelco) and detected at oxidation potentials of 150,
275,400, and 525 mV. The mobile phase was 7.5 % methanol containing
40 mmol/L sodium acetate, 0.5 mmol/L. DTPA, and 1.5 mmol/L Q-12
ion pairing reagent.

Statistical methods. All data are expressed as means = SEM and were
analyzed using SPSS version 15.0. Treatment, time, and treatment X time
interaction effects for postprandial responses for FMD and plasma
biomarkers were evaluated using 2-way repeated-measures ANOVA
with Bonferroni correction to evaluate pairwise differences. Differences
between trials for dietary intakes, postprandial AUCy_; 1, or baseline
values were evaluated using a Student’s paired # test. The AUCy_; |, was
calculated using the trapezoidal rule over the 3-h postprandial period.
Correlation coefficients (r) were calculated using multiple linear regres-
sion controlling for repeated measures within each participant, as
described by Bland and Altman (35). All measurements were initially
evaluated for normality using Shapiro-Wilk’s W-test. Biomarkers that
were not normally distributed were insulin, CRP, VCAM-1, E-selectin,

IL-6, and IL-10. These were log-transformed using the natural base to
achieve normality. Statistical analyses were performed on transformed
and untransformed data in parallel. Because there were no qualitative
differences in the results, untransformed values are reported with their
significance levels, because they permit more meaningful interpretations
than transformed data. An a-level of P < 0.05 was considered significant
for all analyses.

Results

Participants and dietary intakes. Participants had resting
blood pressure and fasting plasma glucose, total cholesterol, and
TG concentrations that were within normal clinical limits (Table
1). Despite participants having BMI indicative of being over-
weight, adiposity was 17 = 2%, which is within established
healthy limits (36) and consistent with studies indicating that
direct measures of adiposity are better for predicting obesity-
related CVD risk compared to BMI (37). Dietary intakes of
macronutrients and selected micronutrients did not differ be-
tween trials (Supplemental Table 1), indicating that participants
maintained similar dietary patterns throughout the study.

Plasma glucose and insulin. Fasting glucose and insulin
concentrations did not significantly differ between trials (Fig.
1). Postprandial glucose increased by 30 min following glucose
ingestion and returned to baseline concentrations at 150 min.
In contrast, fructose ingestion increased plasma glucose by only
10-12% at 30-60 min and this increase was substantially less
than that caused by glucose ingestion (Fig. 1A). Following
glucose or fructose ingestion, plasma insulin also increased by
30 min and returned to baseline concentrations at 180 min,
although plasma insulin concentrations increased to a greater
extent following ingestion of glucose compared to fructose
(Fig. 1B).

FMD. Fasting brachial FMD responses did not significantly
differ between trials (Fig. 2A). Additionally, the preocclusion
brachial artery diameter did not differ throughout the postpran-
dial period for either treatment (P > 0.05) (data not shown),
suggesting that changes in postprandial FMD responses were
unaffected by repetitive hyperemia. In contrast, FMD responses

TABLE 1 Participant characteristics’

Clinical measurements

Age, y 216 =08
Height, m 1.80 = 0.01
Weight, kg 93.1 = 65
Fat mass, % total mass 174 £ 02
Systolic blood pressure, mm Hg M7 =1
Diastolic blood pressure, mm Hg 79 =1
Waist circumference, cm 88.7 = 3.6
Plasma glucose, mmol/L 533 +0.11
Plasma insulin, pmol/L 147 + 24
Plasma TG, mmol/L 0.76 = 0.08
Total plasma cholesterol, mmol/L 359 = 0.18
Plasma arginine, wmol/L 858 = 45
Plasma ADMAZ, nmol/L 521 =10
Plasma ADMA:arginine, nmol/wmol 6.40 = 0.46
Baseline brachial artery diameter, mm 400 = 0.1
Peak brachial artery dilation, mm 426 = 0.14

" Data are mean = SEM, n = 16.
2 ADMA, asymmetric dimethylarginine.

Acute hyperglycemia impairs vascular function 1963



A 124 Treatment: P < 0.001
Time: P < 0.001
10+ Treatment x Time: P < 0.001
* *
-~ *
53
©0° 64 = T L = I
EE A o * F R =
8 4-
o *
24 - O - Fructose trial
== Glucose trial
o L L) L] L] L 1
0 30 60 90 120 150 180
Time (min)

FIGURE 1
*Different from baseline, P < 0.05.

decreased at 30 min and returned to baseline levels at 120 min
following glucose ingestion. Postprandial FMD responses were
unaffected by fructose ingestion. Multiple linear regression,
controlling for within-participant repeated measure, indicated a
relation between FMD AUC_3 y, and glucose AUCy_3 1, (mean
slope = —0.05, » = —0.82; P < 0.05), supporting that the
magnitude of postprandial hyperglycemia is associated with
impairments in vascular function.

Markers of antioxidant status and oxidative stress. We
measured major plasma antioxidants and oxidative stress bio-
markers to better define whether postprandial vascular function
is regulated in an oxidative stress-dependent manner. Fasting
ORAC, FRAP, tocopherols, y-CEHC, vitamin C, and uric acid
did not significantly differ between trials (Table 2). Postprandial
AUC did not differ between trials for ORAC, tocopherols, or
v-CEHC and no main effects for treatment, time, or their
interaction were observed. In contrast, the AUC,_3 1, of uric acid
and FRAP were greater (P < 0.05) following the ingestion of
fructose compared to glucose. This was expected, because fruc-
tose increases the production of uric acid (38), the primary
predictor of FRAP (32). Plasma uric acid concentrations in-
creased at 30 min and remained elevated throughout the
postprandial period, whereas uric acid did not change in the
glucose trial (treatment X time interaction, P < 0.05). Although
hyperuricemia is associated with CVD (39,40), uric acid levels
remained within normal limits (150-480 wmol/L) (41), suggest-
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Postprandial glucose (A) and insulin (B) responses following fructose and glucose ingestion by men. Data are means = SEM, n=16.

ing that it may be functioning consistent with its antioxidant
properties (40). Lastly, a treatment X time interaction effect was
observed for vitamin C (P < 0.01), but post hoc analysis did not
detect any significant time-dependent changes during the post-
prandial period for either trial, nor were there any differences
between treatments.

Plasma MDA was measured to examine whether hyperglyce-
mia induces lipid peroxidation. Baseline (t = 0 min) MDA con-
centrations did not differ between trials but increased by 32-66 %
at 30-90 min following the glucose challenge (Fig. 2B). Consis-
tent with the small but transient increase in plasma glucose
following fructose ingestion (Fig. 1A), plasma MDA also
increased by 10-20% at 30-90 min but clearly to a lesser extent
compared to glucose ingestion (Table 2). Multiple linear regres-
sion analysis also indicated a relation between MDA AUC_;3 ,
and glucose AUCy_3 1, (mean slope = 93.7, r = 0.87; P < 0.05)
and that the MDA AUC,_; , was highly associated with FMD
AUCy_; ;, (mean slope = —5.52, r = —0.80; P < 0.05) (Fig. 2C).
Collectively, these findings suggest that impairments in vascular
function, mediated by hyperglycemia, occurs in an oxidative
stress-dependent manner through a mechanism involving lipid
peroxidation.

Assessment of NO homeostasis. To better define whether
hyperglycemia-mediated suppression of FMD is NO dependent,
plasma arginine and ADMA were measured as markers of NO
homeostasis. Fasting plasma arginine and ADMA did not differ

C 2000~
1800+ .
1600+
14004

3h

1200+

g -
o< =3 S ¢
I © © 1 -
£ ] 2 ¢ o0
J g3 3 -
4 T E 800
* 600
0.5+
2+ 400+
Treatment: P = 0.001 Treatment: P < 0.001 Mean Slope = -5.52
Time: P = 0.033 Time: P < 0.001 2004 r=-0.80
Treatment x Time: P < 0.001 Treatment x Time: P < 0.001 P <0.05
0 T ™TT T 1 0.0 —TTTT 1 0 —TTTT 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 50 100 150 200 250 30

Time (min)

Time (min)

Plasma MDA AUC;;,
(umol/L e min)

FIGURE 2 Postprandial brachial artery FMD (A), postprandial plasma MDA (B), and the relation between FMD and MDA AUCq_3 1, (C) following
fructose and glucose ingestion by men. Data are means = SEM, n = 16. Multiple linear regression, controlling for repeated measures was used
to calculate correlation coefficients (r). *Different from baseline, P < 0.05. FMD, flow-mediated dilation; MDA, malondialdehyde.
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TABLE 2 Baseline concentrations and AUCq_3 1, for plasma antioxidants and oxidative stress markers
following the oral administration of glucose or fructose in men'

Baseline AUCq_3 °
Fructose trial Glucose trial P Fructose trial Glucose trial P
ORAC?, mmol/L Trolox eq. 344 +0.10 358 + 0.24 0.61 1090 + 32 1070 + 54 0.74
FRAP, mmol/L Trolox eq. 1.00 = 0.03 0.967 = 0.03 0.30 196 + 7 175 £ 4 0.01
a-Tocopherol, mmol/L 0.014 = 0.001 0.015 = 0.001 032 260 +0.20 272 +0.19 0.11
~v-Tocopherol, wmol/L 23+03 21 +03 0.40 396 + 43 356 + 42 0.1
v-CEHC, wmol/L 0.30 + 0.06 0.32 + 0.07 0.65 48 + 4 51+9 0.93
Vitamin C, mmol/L 0.037 = 0.004 0.034 = 0.004 0.25 711 £ 079 5.96 + 0.69 0.07
Uric acid, mmol/L 0.361 = 0.017 0.351 = 0.011 0.52 720 = 3.0 63.5 = 2.1 0.01
MDA, wmol/L 091 + 0.04 0.92 + 0.03 0.63 180 = 6 220 + 8 <0.001

" Data are means + SEM, n = 16.

2 FRAP, ferric-reducing ability of plasma; y-CEHC, y-carboxyethyl-hydroxychroman; MDA, malondialdehyde; ORAC, oxygen radical

absorbance capacity.
2 Units for AUCq_3 1, = units for measured markers X min.

between trials. Plasma arginine decreased postprandially in both
trials (Fig. 3A) but to a greater extent following glucose
ingestion (AUCp_3 , 13.2 * 0.83 vs. 12.3 = 0.64 mmol/L-min;
P < 0.01). Postprandial ADMA concentrations were not
affected by either treatment (Fig. 3B), but a main effect for
time was observed (P < 0.01). Post hoc analysis indicated no
differences between any time points for ADMA concentrations
and the ADMA AUC,_3 , did not differ between trials (AUCg_3 1,
89.0 = 1.67 vs. 89.4 + 1.52 umol/L-min; P > 0.05). In contrast,
the ratio of ADMA:arginine, a risk factor for CVD and index of
NO' biosynthesis (13), increased in both trials, but to a greater
extent following the ingestion of glucose compared to fructose
(Fig. 3C; AUCy_3 1, 1.39 £ 0.09 vs. 1.32 = 0.11 umol/wmol-min;
P < 0.05), consistent with greater glycemia following glucose
ingestion. Collectively, these findings suggest that hyperglycemia
may suppress NO biosynthesis by limiting arginine availability
and increasing the proportion of ADMA relative to arginine,
which would be expected to competitively inhibit binding of
arginine to eNOS (42).

Markers of inflammation. We also examined whether inflam-
matory responses are associated with changes in postprandial
vascular function (Supplemental Table 2). No significant dif-
ferences were observed between trials at baseline for protein
levels of CRP, MPO, IL-6, IL-10, TNFa, or the adhesion

molecules intracellular adhesion molecule 1, VCAM-1, and
E-selectin. We also observed no significant treatment, time, or
treatment X time interaction effects for inflammatory markers,
nor did the postprandial AUC_3 1, of any of these inflammatory
markers significantly differ between trials. This suggests that
hyperglycemia-mediated VED is independent of inflammatory
responses, at least in this model of acute hyperglycemia in
healthy men.

Discussion

The findings of this study suggest that the acute ingestion of
glucose suppresses vascular function in healthy young men by
inducing lipid peroxidation and increasing ADMA:arginine
independent of any changes in inflammation. FMD decreases
following the ingestion of glucose, but not fructose, supporting
that postprandial hyperglycemia impairs vascular function.
Furthermore, FMD is inversely related to plasma glucose and
maximal FMD suppression corresponds to peak plasma glucose,
consistent with the work of others (6,10,18-20). Data also
suggest that glucose ingestion decreases vascular function in an
oxidative stress-dependent manner, as evidenced by greater
postprandial MDA, a response that was highly correlated with
glycemic responses and inversely related to postprandial FMD.
We also provide novel evidence that glucose-induced impair-
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FIGURE 3

Postprandial concentrations of plasma arginine (A) and ADMA (B) and the ratio of ADMA:arginine (C) following the ingestion of

fructose and glucose by men. Data are means = SEM, n = 16. *Different from baseline, P < 0.05. ADMA, asymmetric dimethylarginine.

Acute hyperglycemia impairs vascular function 1965



ments in vascular function may occur in a NO-dependent
manner by reducing circulating arginine and increasing ADMA:
arginine, which would be expected to not only limit substrate for
NO biosynthesis but also competitively inhibit eNOS. Collec-
tively, this study supports that postprandial hyperglycemia
transiently impairs vascular function by inducing oxidative
stress and likely decreasing NO bioavailability.

In humans, chronic and postprandial hyperglycemia is asso-
ciated with increased oxidative stress (6,10,43). Although we
observed no changes in plasma antioxidants following glucose
ingestion, MDA increases substantially during the postprandial
period in response to glucose ingestion, indicating that hypergly-
cemia-mediated decreases in vascular function may be partly
attributed to lipid peroxidation. In contrast, postprandial MDA
was unaffected in healthy young adults following an OGTT
despite significant decreases in FMD responses (7). This discrep-
ancy may be attributed to differences in methodologies in that we
measured total MDA following alkaline hydrolysis, whereas free
MDA was measured by others (7). Studies in vitro and in vivo
demonstrate that hyperglycemia induces oxidative stress by
activating NADPH oxidase from inflammatory cells (44) or
increasing mitochondrial superoxide generation (45). Our obser-
vation that inflammatory markers are unaffected by either
carbohydrate treatment likely reflects that our participants are
young and free of morbidities, whereas individuals with diabetes
having greater baseline inflammation also have exacerbated
inflammatory responses due to postprandial hyperglycemia (46).

VED is an early event in the etiology of atherosclerosis (47)
and its progression is commonly implicated by the oxidation of
LDL in the subendothelial space. We observed that glucose
ingestion increases MDA and the magnitude of lipid peroxidation
is associated with decreases in vascular function. This is consistent
with others demonstrating that FMD responses from insulin-
resistant men are associated with MDA-modified LDL (48).
Likewise, arginine treatment to endothelial cells restores NO
synthesis that is otherwise inhibited by oxLDL (49), suggesting
that oxLDL affects arginine bioavailability for NO production
(49,50). Consequently, greater lipid peroxidation, such as that
observed herein, likely suppresses NO bioavailability.

We also provide novel evidence that glucose ingestion in-
creases ADMA:arginine by decreasing plasma arginine. Arginine,
the amino acid required for eNOS-mediated NO biosynthesis, is
transported into endothelial cells by CAT-1 and -2. CAT-1,eNOS,
and caveolin are colocalized in plasma membrane caveolae (51)
and directs arginine to eNOS for NO synthesis. That plasma
arginine decreases to a greater extent following glucose ingestion
suggests that increased plasma glucose may be stimulating
intracellular arginine uptake by upregulating CAT-1 expression.
However, mRNA expression of CAT-1 increases at =4 h in
endothelial cells treated with glucose (51,52) and no studies to
our knowledge have examined this effect at earlier time points.
Furthermore, increased oxidative stress following glucose inges-
tion may upregulate arginase in endothelial cells, resulting in
greater intracellular arginine degradation and may contribute to
hyperglycemia-mediated impairments in vascular function. Al-
though individuals with diabetes have greater arginase activity
compared to healthy controls (53), it remains unknown whether
arginase activity is upregulated within 3 h in response to glucose.
Oxidative stress also inhibits DDAH-mediated ADMA degrada-
tion, which results in greater intracellular ADMA (54). Activity
of purified human DDAH-1 decreased within 2 h following
treatment with hydroxynonenal, a lipid hydroperoxide degrada-
tion product (54), further supporting that lipid peroxidation
disrupts NO homeostasis. Thus, our findings suggest that
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hyperglycemia-induced alterations in arginine and ADMA affect
vascular function and warrant further investigation to better
define the mechanisms involved.

Because hyperglycemia increases plasma glucose and insulin,
we cannot fully conclude that changes in FMD are solely the
result of greater plasma glucose rather than insulin. Insulin has
vasoactive properties (55), but more invasive work is needed to
assess the effects of hyperglycemia independent of insulin.
However, intra-arterial infusion of dextrose suppresses endo-
thelium-dependent vasodilation with or without pharmacologic
inhibition of insulin secretion (56). This suggests that hypergly-
cemia, but not hyperinsulinemia, is responsible for the suppres-
sion of FMD responses observed in our study. Harris et al. (57)
also demonstrated that repeated FMD measurements at 30-min
intervals do not confound FMD responses, which supports
that our observed changes in postprandial FMD are associated
with acute hyperglycemia. Although our measurement of FMD
best reflects endothelium-dependent vasodilation (8), decreases
in vascular function may be mediated through a mechanism
independent of NO. Indeed, alterations in other endogenous
vasodilators and vasoconstrictors are known to affect FMD
(58).

Our observation that postprandial ADMA:arginine increases
to a greater extent following glucose ingestion suggests that
impairments in eNOS-mediated biosynthesis of NO may impair
vascular function. However, direct measurements of NO in vivo
were beyond the scope of this study, because its accurate
assessment requires invasive NO sensors (59). Metabolites of
NO could be measured, but this approach likely underestimates
nitrate compared to more sensitive GC-MS methods (60). Ad-
ditionally, plasma ADMA and arginine may not accurately re-
flect concentrations within endothelial cells, where ADMA and
arginine would be expected to have the greatest impact. To better
define whether these hyperglycemia-mediated effects occur in a
NO-dependent manner, future studies involving infusion of
pharmacological inhibitors of NOS such as N“-monomethyl-L-
arginine are needed. Because this study was limited to healthy,
college-aged men, this precludes extrapolations to women, other
age groups, or individuals having impaired glucose metabolism.
However, the study design allowed us to investigate the acute
effects of glucose ingestion on vascular endothelial function in the
absence of confounding factors such as age, gender, and comor-
bidities. Finally, fructose was selected as an isocaloric control for
the activation of the sympathetic nervous system by glucose
ingestion, which can affect FMD responses (61). Although we
observed minimal effects on vascular function following a single
oral dose of fructose, our findings do not support fructose
consumption as a strategy to mitigate VED. The consumption of
pure fructose does not reflect typical dietary patterns. Indeed,
most dietary fructose is derived from fructose-sweetened bever-
ages and foods, and their chronic consumption has been impli-
cated with greater CVD risk (62). Thus, additional work would be
needed to assess whether chronic fructose ingestion affects
vascular function.

In conclusion, this study demonstrates that the acute inges-
tion of glucose induces oxidative stress and likely attenuates
vascular endothelial function in healthy young men in a NO-
dependent manner. This suggests that repeated bouts of
postprandial hyperglycemia may affect future CVD risk and
controlling hyperglycemic responses may maintain vascular
function. The close association between lipid peroxidation and
vascular function also suggests that antioxidants capable of
suppressing lipid peroxidation may improve vascular endothe-
lial function otherwise suppressed by acute hyperglycemia.
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