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Objectives

This study sought to explore the effect of glycemic-index dietary carbohydrates on endothelium-dependent flowmediated dilation (FMD) in overweight and obese nondiabetic volunteers.

Background

Post-prandial hyperglycemia has been recognized as a cardiovascular risk factor in both the diabetic and the
general population. Endothelial dysfunction has been shown to occur in diabetic and hyperglycemic patients.

Methods

We prospectively assessed brachial artery FMD in 56 healthy overweight and obese nondiabetic volunteers (38
[67.9%] men, mean age 48 ⫾ 6 years) on 4 separate mornings, 1 to 2 weeks apart. After overnight fasting, the
percent FMD (%FMD) improvement and endothelium-independent nitroglycerin-mediated dilation (%NTG) were
assessed, after which subjects received 1 of 4 group meals at each visit (placebo [water] or a carbohydrate meal
of glucose, cornflakes, or high-fiber cereal). Meals were distributed in a rotating randomized fashion, such that
each subject received all 4 meals once throughout the study period.

Results

Fasting and 2-h post-prandial serum glucose levels were similar in all 3 meals, whereas at 30 to 90 min, serum
glucose levels were significantly higher after glucose and cornflakes (high glycemic) compared with fiber (low
glycemic). Baseline %FMD, not significantly different in the 3 carbohydrate-based meals, was reduced 2 h postprandially in all groups, showing statistical significance in only high-glycemic index meals: glucose (15 ⫾ 9% vs.
10 ⫾ 8%, p ⬍ 0.01), cornflakes (13 ⫾ 7% vs. 9 ⫾ 7%, p ⬍ 0.01). No correlation was observed between the
%FMD reduction rate and glucose levels throughout the study period.

Conclusions

High- compared with low-glycemic carbohydrate consumption significantly suppresses FMD in nondiabetic overweight and obese volunteers, suggesting a mechanism whereby high-glycemic meals may enhance cardiovascular risk. (J Am Coll Cardiol 2009;53:2283–7) © 2009 by the American College of Cardiology Foundation

Post-prandial hyperglycemia is recognized as a significant
risk factor for cardiovascular disease (CVD) not only in
diabetic patients, but also among the general population
(1,2). Furthermore, high intake of rapidly digested carbohydrates increases this risk independent of conventional
CVD risk factors (3–5).
Endothelial dysfunction is a systemic disorder and key
variable in the pathogenesis of atherosclerosis and its complications, which reflects a vascular phenotype prone to
atherogenesis, and may serve as a marker of inherent
atherosclerotic risk (6).
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Hyperglycemia, in response to oral glucose loading,
rapidly suppresses endothelium-dependent flow-mediated
dilation (FMD) in diabetic patients and healthy volunteers
(7–9). However, because data relating the acute effect of
various glycemic index dietary carbohydrates on FMD have
not yet been explored, we aim to evaluate this effect on
brachial artery FMD in healthy, nondiabetic, overweight
and obese volunteers.
Methods
Study design and population. The study comprised 56
consecutive nondiabetic overweight and obese (mean body
mass index [BMI] 32 ⫾ 4 kg/m2), predominantly male,
nonsmoking, healthy volunteers (35 to 60 years of age),
without prior hospitalizations for CVD, history of chest
pain, or known chronic drug therapy. Of them, 63% had a
family history of diabetes and/or CVD, and 17 (30%) had
metabolic syndrome according to Adult Treatment Panel III
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definition. All participants provided written informed consent,
and the study was approved by
BMI ⴝ body mass index
the institutional review board.
CVD ⴝ cardiovascular
Baseline characteristics are shown
disease
in Table 1.
FMD ⴝ flow-mediated
At each visit (on 4 separate
dilation
mornings,
1 to 2 weeks apart)
hs-CRP ⴝ high-sensitivity
after an overnight fast of ⱖ12 h,
C-reactive protein
%FMD and percent endotheliumNO ⴝ nitric oxide
independent nitroglycerin-mediated
NTG ⴝ nitroglycerindilation (%NTG) were assessed
mediated dilation
noninvasively. After this, subjects
received 1 of 4 group meals at each
visit: placebo (water), or a carbohydrate meal of glucose,
cornflakes, or high-fiber cereal. The 3 actual meals included
50 g each of carbohydrates and 200 g of folic acid (Table
2). The order by which subjects received each of the 4 group
meals was carried out in a rotating randomized fashion, such
that each subject received all 4 meals once throughout the
study period.
A repeat endothelial function test was performed 2 h
post-prandially on all 4 randomly selected groups. Blood
samples were taken for serum high-sensitivity C-reactive
protein (hs-CRP) and lipoproteins at fasting (time 0),
and after 120 min, and for glucose at fasting and at 30,
60, 90, and 120 min post-prandially. All subjects underwent resting electrocardiography and echocardiography
for global, regional motion, and diastolic function assessment. Endothelial function in the form of endotheliumdependent brachial artery FMD was measured as previously described (10 –12).
Abbreviations
and Acronyms

Baseline Characteristics of Study Population (n ⴝ 56)
Table 1

Baseline Characteristics of Study Population (n ⴝ 56)
Variables

Age (yrs)

47.9 ⫾ 5.8

Body mass index (kg/m2)

32.1 ⫾ 4.3

Waist circumference, male (cm)

110 ⫾ 11

Waist circumference, female (cm)

100 ⫾ 12

Fasting blood glucose (mg/dl)
Oral glucose tolerance test, glucose 120= (mg/dl)

97 ⫾ 3
112 ⫾ 37

Total cholesterol (mg/dl)

196 ⫾ 28

Low-density lipoprotein cholesterol (mg/dl)

123 ⫾ 26

High-density lipoprotein cholesterol (mg/dl)

43 ⫾ 7

Triglycerides (mg/dl)

151 ⫾ 80

Systolic blood pressure (mm Hg)

134 ⫾ 13

Diastolic blood pressure (mm Hg)

82 ⫾ 6

High-sensitivity C-reactive protein (mg/dl)

1.6 ⫾ 1.8

Brachial artery diameter (mm)

6.05 ⫾ 0.77

%FMD

13.5 ⫾ 5.6

%NTG

15.5 ⫾ 6.7

All data are expressed as mean ⫾ SD.
%FMD ⫽ percent change from baseline in brachial artery diameter caused by flow-mediated
dilation; %NTG ⫽ percent change from baseline in brachial artery diameter caused by nitroglycerininduced dilation.

Study Meal Composition
Table 2

Study Meal Composition

Amount containing 50 g
carbohydrates
Estimated glycemic index
value
Folic acid content (g)
Folic acid addition for
equivalent content of
folic acid of 200 g (g)

Placebo

High-Fiber
Cereals

Cornflakes

Glucose
Solution

—

61 g

59 g

50 ml

0

40

80

100

0

200

100

0

—

100

200

200

Statistical analysis. Baseline characteristics of the study
population are expressed as mean ⫾ SD. The distribution of
the FMD parameter was tested by 1-sample KolmogorovSmirnov test and Q-Q plot graph. The FMD had normal
distribution and was tested by parametric tests. Differences
between clinical characteristics and brachial artery vasodilator responses were evaluated and analyzed by t tests.
Comparison of biochemical measurements was performed
using the unpaired t test and chi-square test. The differences
between the FMD values before and after meals (⌬%FMD)
were evaluated by repeated measures with analysis of variance and paired t test. Spearman correlation was used to test
the linear relationship between ⌬FMD and fasting glucose
levels. A value of p ⬍ 0.05 was considered significant.
Results
Fasting serum glucose levels were similar in all 4 groups.
However, at 30, 60, and 90 min, serum glucose levels were
significantly higher in cornflakes and glucose groups compared with the placebo and high-fiber cereal groups, while
remaining significantly higher at 120 min in the cornflakes
group only (Fig. 1). The area under the curve, reflecting the
glycemic index, was 100 for glucose, 77 for cornflakes, and
40 for high-fiber cereal, in accord with the literature (13).
Treatment effect on endothelial function. Baseline
%FMD, similar in all 4 groups (p ⫽ 0.549) (Table 1),
decreased 2 h post-prandially, but was statistically significant in the glucose and cornflakes groups only (Fig. 2). Preand post-prandial baseline brachial artery diameters were
similar in all subjects. Therefore, the brachial artery diameter achieved after blood pressure cuff release (reactive
hyperemia) followed the same direction as %FMD in all
study participants. Differences between ⌬%FMD values
(baseline and post-prandial %FMD) were significant in the
glucose and high-fiber cereal groups only (p ⫽ 0.024) (Fig. 3).
No correlation was observed between ⌬%FMD and age,
BMI, and lipoproteins at fasting and 2 h after meals,
hs-CRP, and baseline %FMD. Furthermore, no correlation
was observed between ⌬%FMD and serum glucose levels at
all time points.
The %FMD by sex, age, family history of CVD and/or
diabetes, and BMI pre- and post-prandially is shown in
Table 3. No significant differences were observed between
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Figure 1
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Post-Prandial Serum Glucose Levels

Post-prandial serum glucose levels of 3 different carbohydrate-based meals and placebo in 56 healthy subjects. Data are expressed as mean ⫾ SE.

subjects with and without metabolic syndrome in the
%FMD response to meals. Reduction in %FMD was
significant in the glucose group in both male and female
subjects of all ages, for those with and without a family
history of CVD and/or diabetes, and for those with a BMI
of ⱖ30 or ⬍30 kg/m2 (Table 3).
Discussion
This study shows for the first time that high-glycemic-index
carbohydrate meals significantly suppress brachial artery
FMD in nondiabetic, overweight and obese, healthy volunteers whose mean baseline %FMD was normal.
As in our study, Reed et al. (14) found no correlation
between ⌬%FMD and serum glucose levels at all time
points, suggesting that an additional mechanism is responsible for variations in endothelial function suppression.

Acute, moderate hyperglycemia, performed by glucose infusion, did not cause short-term impairment of endothelial
function in a healthy human forearm brachial artery (15);
however, the studies examined intravenous glucose
infusion-induced hyperglycemia, which may have different
metabolic manifestations compared with post-prandial hyperglycemia as in our study.
Exogenous physiological hyperglycemia raises the possible role of metabolic and hormone (e.g., insulin, adiponectin, and ghrelin) changes mediating and leading to endothelial dysfunction, thereby showing that glucose itself may
not be the main mediator of endothelial dysfunction. It is
known that the secretion of insulin, a vasoactive hormone
mediated by nitric oxide (NO) (16), correlates with glycemic
response and binds to its receptor on the endothelial cell
stimulating a signal path, which in turn leads to endothelial
NO synthase stimulation and NO production in the endo-
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0
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Placebo

1.36

1.33
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∆%FMD

-1
-2
-3
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-5
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-6
p=0.024

-7

Figure 2

Acute Effect of Various
Glycemic Index Carbohydrates on FMD

Bar graph showing the percent change in endothelium-dependent brachial
artery flow-mediated dilation (%FMD) from baseline in 56 healthy subjects who
received 3 different carbohydrate-based meals and placebo at baseline (solid
bars) and 2 h post-prandially (open bars). Data are expressed as mean ⫾ SE.

Figure 3

Pre- and Post-Prandial FMD

Differences between endothelium-dependent brachial artery flow-mediated dilation
(%FMD) values pre- and post-prandially (⌬%FMD) in 56 healthy subjects who
received 3 different carbohydrate-based meals and placebo. Data are
expressed as mean ⫾ SE.
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%FMD Before and After Meals by Sex, Age, Family History of Cardiovascular Disease and/or Diabetes, and BMI
Table 3

%FMD Before and After Meals by Sex, Age, Family History of Cardiovascular Disease and/or Diabetes, and BMI
Placebo (n ⴝ 56)
Before

Fiber Cereal (n ⴝ 56)

After

p
Value

Before

Cornflakes (n ⴝ 56)

After

p
Value

Before

Glucose (n ⴝ 56)

After

p
Value

Before

After

p
Value

Sex
Male

11.0 ⫾ 4.4

9.2 ⫾ 6.6

0.14

11.2 ⫾ 5.2

8.8 ⫾ 5.6

0.03

11.2 ⫾ 6.6

7.2 ⫾ 4.6

0.01

12.4 ⫾ 7.8

7.7 ⫾ 5.8

0.01

Female

17.8 ⫾ 8.5

17.3 ⫾ 4.4

0.82

16.6 ⫾ 4.2

18.2 ⫾ 5.6

0.36

15.5 ⫾ 6.9

13.0 ⫾ 7.5

0.23

20.4 ⫾ 7.5

13.8 ⫾ 6.5

0.02

⬍48

14.7 ⫾ 5.7

12.0 ⫾ 6.9

0.09

12.7 ⫾ 5.8

11.5 ⫾ 6.4

0.44

13.3 ⫾ 7.7

9.3 ⫾ 6.6

0.02

14.5 ⫾ 8.5

10.5 ⫾ 6.9

0.04

ⱖ48

12.0 ⫾ 7.5

11.8 ⫾ 7.4

0.88

12.7 ⫾ 5.3

11.2 ⫾ 7.5

0.24

11.9 ⫾ 6.4

8.9 ⫾ 6.1

0.02

15.0 ⫾ 8.6

8.9 ⫾ 6.4

0.01

No

14.0 ⫾ 5.6

11.3 ⫾ 7.8

0.08

13.5 ⫾ 6.3

12.2 ⫾ 7.3

0.33

12.3 ⫾ 7.3

9.3 ⫾ 5.9

0.06

17.4 ⫾ 10.4

10.2 ⫾ 7.5

0.01

Yes

12.7 ⫾ 7.5

12.3 ⫾ 6.7

0.75

12.2 ⫾ 4.9

10.8 ⫾ 6.8

0.30

12.6 ⫾ 6.9

8.9 ⫾ 6.5

0.01

13.2 ⫾ 6.7

9.2 ⫾ 6.1

0.01

⬍30

11.2 ⫾ 6.3

11.2 ⫾ 5.1

0.98

11.8 ⫾ 5.5

10.1 ⫾ 6.2

0.17

13.3 ⫾ 7.1

9.3 ⫾ 7.9

0.02

15.9 ⫾ 9.0

8.5 ⫾ 7.0

0.01

ⱖ30

13.9 ⫾ 6.9

12.2 ⫾ 7.6

0.12

13.3 ⫾ 5.4

12.1 ⫾ 7.4

0.41

12.0 ⫾ 6.9

8.9 ⫾ 4.8

0.02

13.9 ⫾ 8.1

10.4 ⫾ 6.3

0.04

Age, yrs

Family history*

BMI, kg/m2

Values are expressed as mean ⫾ SD. *Family history of cardiovascular disease and/or diabetes.
BMI ⫽ body mass index; other abbreviations as in Table 1.

thelial cell. At the same time, insulin can stimulate
endothelin-1 synthesis, a central vasoconstrictor, through
the mitogen-activated protein kinase pathway (16). Because
disturbance in the PI3-k pathway stimulation is common in
the presence of insulin resistance, the dominant path will be
dispensed on Ras/mitogen-activated protein kinase, which
then leads to an increased release of endothelin-1 and
reduced NO production (17). It is therefore logical to
assume that most of our overweight, otherwise healthy
subjects were insulin resistant. Although higher levels of
blood insulin after a high-glycemic-index meal could improve endothelial function, insulin resistance caused by
overweight in our study subjects could lead to a dysfunctional endothelial response.
Study limitations. A major limitation of the current study
is that it does not provide insight into the potential
mechanisms linking hyperglycemia to endothelial dysfunction. Other potential causes for enhanced endothelial function, such as changes in free fatty acids and inflammatory
cytokines, insulin, adiponectin, and ghrelin, as well as other
parameters of endothelial function, such as NO, endothelial
NO synthase expression, intracellular adhesion molecules,
or endothelin, were not measured. Finally, because of the
relatively small sample size of our study, order effects and
analysis of contrast could not be evaluated.
Conclusions
Our study shows that high-glycemic-index carbohydrate
meals significantly suppress brachial artery FMD in nondiabetic, healthy, overweight and obese volunteers, an effect
not necessarily caused by post-prandial blood glucose levels
alone. Furthermore, the link between high-glycemic-index
foods and endothelial dysfunction could play a major role in
the association between high-glycemic-index foods intake
and CVD risk. Further research examining hormonal and

cytokine signals resulting from high-glycemic-index meals
and their influence on endothelial function is warranted.
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