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Abstract

Aim To compare changes in the oxidation–reduction

balance and endothelial function before and after meal in

patients with type 2 diabetes or impaired glucose tolerance

and determine the effects of standard antioxidant

supplementation.

Methods Forty diabetics and 40 subjects with impaired

glucose tolerance were compared with a control group. We

assessed before and after a test meal (homogenized milk-

shake containing 80 g of saturated fat, amounting to

1,480 kcal), some reactive oxygen species, inflammation

markers and flow-mediated vascular dilatation. These

parameters were then reassessed after standard antioxidant

treatment.

Results After the meal, diabetics, subjects with impaired

glucose tolerance and controls had higher levels of oxidant

compounds compared to fasting levels. In subjects with

diabetes and impaired glucose tolerance (IGT), Vascular

Adhesion Molecule-1 and CRP were higher after the

meal—diabetic subjects exhibited lower fasting flow-med-

iated dilatation, which deteriorated significantly after the

meal. Antioxidant administration significantly improved the

parameters investigated in all subjects.

Conclusions In diabetic subjects, altered glycaemia and

lipaemia are closely correlated with markers of systemic

oxidative stress. Our results show that the abnormal

changes in oxidative-reductive balance parameters are

paralleled by similar changes in markers of endothelial

dysfunction and inflammation at 4 h after ingestion of a

fatty meal. Supplementation with a pool of antioxidants

can reduce oxidative stress and inflammation in healthy

subjects and, more importantly, in IGT patients. This

previous aspect suggests that the timing of antioxidant

supplementation has an important role in endothelium

protection in healthy and pre-diabetic subjects, and along

with prompt antioxidant treatment before irreversible

endothelial damage has occurred, may have an important

protective role in subjects with IGT—patients who require

administration of adequate dietary antioxidants.
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Introduction

There is increasing evidence that suggests that elevated

postprandial glucose levels are independent risk factors for

cardiovascular morbidity and mortality. In fact, postpran-

dial plasma glucose levels and glycaemic spikes are
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strongly associated with risk of atherosclerosis and other

cardiovascular diseases [1–5].

A significant relationship between postprandial lipaemia

(PPL) and coronary artery disease has been reported in

association with both normal and abnormal glycaemic levels

[6]. During fasting, subjects with elevated triglycerides, in

combination with normal levels of LDL cholesterol, exhibit

endothelial dysfunction resulting in an ‘atherogenic’ lipid

profile and endothelial dysfunction [7, 8].

The relationship between early endothelial damage,

glycaemic control, lipid metabolism disorders and oxida-

tive stress has been understood for quite a long time,

however, precisely how these factors interact, and partic-

ularly the mechanism by which excess blood glucose leads

to irreversible endothelial damage, remains unclear [8–18].

In order to compare the changes from fasting and

postprandial levels of oxide-reductive balance, we assessed

a series of circulating markers for antioxidants and endo-

thelial function before and after a meal in three types of

subjects: those with impaired glucose tolerance (IGT),

patients with early-stage, untreated type 2 diabetes, and

healthy controls.

Our aim was that of verifying a possible endothelial

protective role of antioxidants in subjects with IGT, as well

as in early-stage diabetics.

Patients and methods

The study cohort (see flowchart) was made up of the fol-

lowing groups:

Forty subjects (20 men and 20 women; mean age

41 ± 4 years; mean body mass index (BMI) 24 ± 3

kg/m2) with IGT (defined as fasting plasma glucose (FPG)

between 110 and 126 mg/dl and plasma glucose levels

between 140 and 200 mg/dl at hour 2 after oral glucose

challenge (oral glucose tolerance test (OGTT)) [10, 11],

subjects were recruited from a cohort of 184 outpatients

with IGT (Group IGT) and selected from a computer-

generated list in a 1:1 gender-equal ratio using statistical

software (SAS, version 6.12, SAS Institute Inc., Cary, NC,

USA).

Forty subjects (20 men and 20 women; mean age

43 ± 3 years; mean BMI 23 ± 2 kg/m2) with type 2

diabetes mellitus controlled by diet alone (FPG C 126

mg/dl and OGTT at hour 2 C 200 mg/dl), who were

selected from a cohort of 258 outpatients with diabetes

(Group D).

Forty healthy control volunteers from among the hospital

staff (20 men and 20 women; mean age 40 ± 2 years;

mean BMI 23 ± 1 kg/m2), with normal values of FPG

and OGTT (Group C).

The characteristics of all subjects at enrolment are

shown in Table 1.

Smokers, alcohol abusers (alcohol consumption [
20 g/day), and subjects with microalbuminuria, elevated

cholesterol ([6.5 mmol/l), obesity (BMI [ 30.1 kg/m2),

chronic kidney diseases (creatinine [ 130 lmol/L or

creatinine clearance \ 1.3 mL/s), liver and lung diseases,

or chronic or acute inflammatory diseases, along with

patients on chronic drug or radiation therapy were not

included in the study. All study subjects were instructed to

avoid practicing sports, smoking or taking medications,

caffeine, vitamins or antioxidant preparations throughout

the week prior to the study. All women were fertile

and studied during the follicular phase of their menstrual

cycles. The following tests were performed for all patients

[2, 19–22]:

Table 1 Characteristics of the study subjects (mean values ± SD)

Diabetic patients (n = 40) IGT (n = 40) Controls (n = 40)

Sex (M ? F) 23 ? 23 23 ? 23 23 ? 23

Age (years) 43 ± 3 41 ± 4 41 ± 2

BMI (kg/m2) 24 ± 2 23 ± 3 23 ± 1

Systolic BP (mmHg; mean 24 h) 131.3 ± 0.5 130.2 ± 0.5 128.2 ± 0.5

Diastolic BP (mmHg; mean 24 h) 76.8 ± 0.2 74.5 ± 0.3 74.3 ± 0.2

Serum creatinine (mg/L) 91 ± 1.6 91 ± 1.8 90 ± 1.5

Fasting cholesterol (mmol/L) 6.1 ± 0.5 5.7 ± 0.6 5.7 ± 0.4

Glycosylated haemoglobin (%) 6.9 ± 0.3 5.2 ± 0.2 4.6 ± 0.2

Intima-media thickness (mm) 1.26 ± 0.02 1.25 ± 0.02 1.22 ± 0.03

Fasting insulin (lgr/mol) 24.5 ± 6.3 22.4 ± 5.04 14.7 ± 7.3

There were no significant differences among the three groups based on Kruskal–Wallis test (p [ 0.05)

IGT impaired glucose tolerance
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1) Electrocardiogram (ECG) according to World Health

Organization (WHO);

2) Blood pressure (BP) measurement (from 24-h Holter

monitoring) to exclude those with hypertension;

3) Fundoscopy in order exclude subjects with micro-

aneurysms, haemorrhage, lipid exudates, cotton wool

spots and venous changes;

4) Ultrasound imaging of the proximal and distal walls of

the internal carotid artery, common carotid and carotid

bifurcation by ultrasound B-mode imaging (Acuson

Apogèe CX800 scanner; ATL Industries, USA) with a

high-resolution (7.5 MHz linear electronic probe) to

exclude subjects with abnormal intimal-medial thick-

ness measurement [21, 22].

All examinations were performed by expert cardiolo-

gists and ultrasonographers, using standard acquisition and

imaging reading protocols to interpret the ECG, BP and

ultrasound imaging data obtained. Levels of glycated

haemoglobin (HbA1c) were determined by cation-exchange

chromatography and used to monitor glycaemic control in

diabetics and subjects with IGT.

Venous and/or arterial blood samples were drawn from

each subject before the meal, in order to determine levels

of serum LDL, HDL and total cholesterol, triglycerides

(TG), lipoprotein subfractionation, HbA1c, glucose, anti-

oxidant status, and markers of inflammation and endothe-

lial function. Samples were drawn via venous and arterial

lines, which remained in place until sampling was com-

pleted. Analyses were performed immediately after the

blood was drawn; baseline brachial artery endothelial

function was also measured.

These assessments were then repeated at 2, 4 (during the

peak of lipaemic phase) and 8 h after the meal, when

abnormalities of lipaemic profile would be expected to be

present only in subjects with diabetes. All measurements

were repeated again after 8 days of vitamin supple-

mentation.

Each healthy patient took in 1,800 to 2,000 kcal/day,

while IGT subjects and diabetics received 1,200–

1,800 kcal/day, depending on each individual’s weight and

caloric requirement for daily activities. This calorie-con-

trolled diet was maintained throughout the study until

10 days prior to the start of the study, when all study

subjects were instructed to adhere to a controlled, well-

balanced diet with 55% carbohydrate, 0.8 g/kg/day of

protein, 20% lipid with \7% saturated fat, 100 mg of

cholesterol, 15 g of fibre, avoiding nitrates whenever pos-

sible). At 9:00 a.m. (after a 12-h overnight fast) on the day

of the tests, each subject was given a standard meal con-

sisting of a homogenised milkshake containing 80 g of

saturated fat, amounting to 1,480 kcal. Subjects were then

instructed to take a dietary antioxidant supplement

consisting of 600 mg/day of NAC (a thiol-containing

antioxidant capable of blocking nuclear factor kB activa-

tion and which reacts with some oxidants), 50 mg/day of

vitamins E (a major membrane-bound antioxidant) and

500 mg/day of C (a major aqueous-phase antioxidant, able

to restore oxidised vitamin E).

From enrolment in the study up to conclusion, patients

were followed by a psychologist and a dietician, both of

whom assessed compliance with the study restrictions, diet

and antioxidant therapy. Participants also completed a self-

rated questionnaire on compliance and food consumption

during a well-defined 24-h period before the study started.

The study was approved by the Ethics Committee of

Catania University, and the entire cohort gave informed

consent at the time of study enrolment.

Chylomicron-free plasma was analysed to assess the

compositional variation in the three major lipoprotein

subclasses during postprandial lipaemia (PPL) [23].

Baseline measurements of internal brachial artery

diameter, blood flow and changes in brachial artery

diameter in response to reactive hyperaemia (flow-medi-

ated dilatation) (FMD) were measured using a high-reso-

lution ultrasonic wall-tracking system (Valdirec Wall-track

System, resolution ± 3 lm) [24]. Repeat measurements of

brachial artery diameter and blood flow were taken 3 min

after sublingual glyceryl trinitrate (GTN; 400 lg). Flow-

mediated and GTN-mediated vasodilatation data are pre-

sented as the percentage of diameter change from baseline

in the brachial artery at fasting and 4 and 8 h after a meal.

The capacity of the endothelium to auto-induce nitric

oxide (NO)-dependent vasodilatation [25, 26] was assessed

by drawing arterial blood samples from the radial artery

1 h before and 2 h after the meal, thus determining the

amount of nitrite and nitrate present as final products of

nitric oxide metabolism, through centrifugal ultra-filtration

and capillary electrophoresis (Cayman’s Nitrite/Nitrate

Assay Kit, Cayman Chemical Company, USA; Millipore,

Bedford MA, USA) [27].

Plasma malondialdehyde (MDA) concentration was

measured using a Jasco (Japan) HPLC preconditioned C18

column (washed with water and acetonitrile 85:15 after

incubation with thiobarbituric acid) [28]. A spectrocolori-

metric assay (LPO-586 method Bioxytech) was used to

measure 4-hydroxynonenal (4-HNE) concentration [29].

Erythrocyte glutathione peroxidase (GSH-Px) was measured

by spectrophotometric assay (Hitachi model 200-20) [30],

which assesses the magnitude of the antioxidant response to

oxidative stress. As a marker of systemic oxidative stress, we

also measured urinary levels of free 8-iso-prostaglandin F2a

(8-iso-PGF2a; F2-isoprostanes) [31]. The content of free 8-

iso-PGF2a was determined by a validated radioimmunoassay

with a specific antibody against free 8-iso-PGF2a. Urinary
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content of 8-iso-PGF2a is presented after adjustment for

creatinine and expressed as nmol/mmol creatinine.

Serum C-reactive protein (CRP) is an acute-phase

reactant. This was measured using an ultrasensitive color-

imetric competitive enzyme-linked immunosorbent assay

[32].

Serum vascular cell adhesion molecule-1 (VCAM-1)

may represent an important biomarker for inflammatory

processes involving activation or damage to cells. This was

measured by ELISA (R&D System Europe, Abington, UK)

after centrifugation of whole blood collected in 0.13 M

sodium citrate [33].

Statistical analysis

Student’s t-test and the Tukey test were performed to

obtain p values. Values of p \ 0.05 were considered sig-

nificant. Results are presented as mean ± SD. Two-group

comparisons were performed using Wilcoxon’s test

(paired) or Kruskal- Wallis test (unpaired). We compared

the baseline data for each of the three groups with a

2-factor ANOVA. In following, we used a 2-factor

nonparametric analysis of covariance after calculating

the changes from baseline for each of the variables

(ANCOVA)—the two factors were diet and diabetic status.

Adjustment for covariates (age, gender, weight) was also

performed using this method. As a measure of plasma

glucose and the total amounts of lipid and lipoprotein

present in plasma during the postprandial period, areas

under the curve (AUC) were calculated for plasma

concentrations without subtracting baseline values, using

Simpson’s integration rule. Statistical analysis of data was

carried out using SPSS 11.5 (SPSS Production; Chicago,

IL, USA).

Results

In all groups, blood samples drawn at 2, 4 and 8 h after the

standardised meal revealed no significant postprandial

changes in total cholesterol compared with pre-prandial

determinations. Postprandial plasma glucose and triglyc-

eride (Table 2) showed higher than baseline values in all

groups; postprandial levels were significantly higher in

diabetics than in the IGT group, and postprandial levels in

the IGT group were higher than those in the controls.

Moreover, there was significant TG enrichment of all

proteins in IGT and D Groups, at 4 and 8 h after the

meal—in healthy subjects (Group C), VLDL was enriched

with TG at 2 and 4 h after the meal. The amount of HDL

cholesterol at 4 h after the meal was significantly higher in

the control group than in Groups IGT and D. In addition,

the AUC for TG and cholesterol content of major lipo-

proteins in all groups at baseline was also similar at 4 h

after the meal, while the AUC for postprandial lipaemia for

plasma TG (mmol/L) was significantly higher in Group

IGT (196 ± 104) when compared to Group D (184 ± 102)

and controls (65.4 ± 11.6). Antioxidant supplementation

did not alter any of the lipid variables.

Baseline brachial artery diameters (mm) were 3.49 ±

0.23, 3.41 ± 0.34 and 3.38 ± 0.42 in the control, IGT, and

Table 2 Plasma glucose, triglycerides and HDL serum levels after the standardized meal in three groups of patients

IGT

(n = 40)

Diabetic patients

(n = 40)

Controls

(n = 40)

Main effects of prandial

state and diabetic status

Plasma glucose (mg/ml)

Fasting 112 ± 29 163 ± 25 88 ± 3.6 PP [ F*

Postprandial (at 2nd hour) 132 ± 5 278 ± 11 95 ± 6 D [ IGT [ C�

Plasma triglycerides (mmol/ml)

Fasting 1.4 ± 0.3 2.3 ± 0.2 1.3 ± 0.2 PP [ F*

Postprandial (at 4th hour) 4.3 ± 1.0 7.5 ± 2.1 1.98 ± 0.3 D [ IGT [ C�

Postprandial (at 8th hour)

Plasma HDL (mmol/ml)

Fasting 1.18 ± 0.3 1.07 ± 0.2 1.36 ± 0.2 PP [ F*

Postprandial (at 4th hour) 1.16 ± 0.3 1.07 ± 0.2 1.37 ± 0.3 D \ IGT \ C�

Postprandial (at 8th hour) 1.25 ± 0.2 1.06 ± 0.3 1.36 ± 0.1

All values are expressed as mean ± SD

IGT, impaired glucose tolerance; D, diabetic patients; C, controls; PP, postprandial levels; F, fasting levels

* Statistical significant difference between PP and F levels in each group: p \ 0.05 (Tukey test)
� Statistical significant difference between D and IGT patients, and between IGT patients and C: p \ 0.05 (Tukey test)

There was no significant interaction between diabetic status and prandial state (F vs. PP: p [ 0.05)

412 Eur J Nutr (2010) 49:409–416

123



diabetic groups, respectively. In response to a fatty meal

there was a consistent significant decrease in FMD at 4 h

at baseline in IGT as well as diabetic subjects. Further-

more, diabetic subjects showed lower fasting FMD

(Table 3), which deteriorated significantly after the meal.

On the other hand, in healthy controls, the reduction in

FMD associated with PPL was inversely correlated with

fasting HDL-C levels (r = -0.84, p = 0.001) and was not

correlated with any other measured variable. When mul-

tiple regression analysis was performed to assess the

associations between FMD and other measured variables,

the change in FMD during PPL was found to be the

dependent variable with respect to all measured factors.

Changes in antioxidant status, the AUC for plasma TG and

the AUC for plasma glucose were found to be significant

determinants (p = 0.002) of the observed reduction in

FMD. Using fasting FMD as the dependent variable, age,

fasting TG, HbA1c and fasting LDL-C levels (p \ 0.0001)

were the most significant determinants.

In the diabetic group, this post-meal reduction was most

strongly correlated to the magnitude of postprandial hy-

pertriglyceridaemia (p \ 0.001), fasting plasma TG levels

(p \ 0.05) and TG enrichment of both VLDL (p \ 0.001)

and LDL (p \ 0.001).

All groups exhibited a significant postprandial increase

in oxidative stress, significantly correlated with the extent

of VLDL-TG enrichment and the AUC for VLDL-TG

content. Antioxidant supplementation restored oxidative

stress in controls and significantly lowered it in the IGT

group (Table 3). Fasting values of antioxidants and NO

were significantly lower in diabetics than in IGT patients

and were also lower in the IGT group than in controls.

There was no significant interaction between antioxidant

supplementation, diabetic status and the prandial state

(Table 3).

At baseline, CRP and VCAM-1 levels were comparable

in the three groups (Table 3). After the meal there was a

significant difference between baseline and postprandial

levels, with higher values found after meal (Table 3) and in

the diabetic group when compared to IGT and controls. At

baseline F2-isoprostane levels were higher in diabetic

subjects than IGT and healthy subjects – when compared to

healthy subjects, IGT showed higher values. After the

meal, these levels were higher in IGT and diabetic subjects.

After antioxidant supplementation, healthy and IGT sub-

jects presented comparable values before and after the

meal—diabetic subjects presented significant higher val-

ues. In an analysis of results after antioxidant supplemen-

tation, F2-isoprostane levels were positively correlated with

intake of antioxidants in the healthy group (r = 0.21,

p = 0.007, n = 40) and the IGT group (r = 0.28,

p = 0.001, n = 40), however this was not the case in the

diabetic group.

Discussion

Postprandial glucose and glycaemia spikes have been

shown to be strongly associated with cardiovascular risk

and atherosclerosis [1–4]. PPL occurs in the period during

absorption when the capacity for triglyceride metabolism is

exceeded. It is characterised by increased plasma levels of

TG. This results in TG-enriched very low-density lipo-

protein (VLDL), a propensity for small, dense LDL and

low HDL levels. Endothelial function is diminished after a

fatty meal in healthy subjects, independent of total or LDL

cholesterol levels. Remnant lipoprotein particles are asso-

ciated with impaired endothelium-dependent coronary

vasodilatation [34, 35]. Furthermore, remnant lipoproteins

also induce pro-atherothrombogenic changes in endothelial

cells both by increases in adhesion molecule and tissue

factor expression and by a redox-sensitive mechanism

(blunted by HDL-C).

In this study, we have highlighted an increase in the levels

of reactive species of oxygen and a reduction in antioxidant

GPx and NO availability during the postprandial phase—this

situation can lead to endothelial dysfunction through a

number of mechanisms [13–15, 37]. Moreover, we have

observed that baseline NO concentrations are significantly

lower in IGT and diabetic patients when compared to the

control group. We believe that this indicates reduced endo-

thelial capacity to regulate vascular tone.

We have also noted that antioxidant supplementation is

able to improve endothelial function only in healthy and

IGT subjects—in IGT patients, the antioxidant effect seems

to blunt, but not abolish, the deterioration of postprandial

endothelial function. Depressed levels of antioxidants have

also been found in diabetic patients with increased lipid

peroxidation and hypertriglyceridaemia [13–18, 36, 37].

Following our treatment, postprandial endothelial function

was most strongly correlated with a reduction in oxidative

stress after antioxidant therapy. In the diabetic group,

however, there was still a decrease in PP endothelial

function despite antioxidant therapy, indicating that lipo-

protein interactions with the endothelium continue to blunt

some endothelial function. In compliance with previous

data [24–26], the present study demonstrates fasting

endothelial dysfunction in subjects with type 2 diabetes

mellitus, which is correlated with glucose, plasma TG, and

total and LDL cholesterol and inversely correlated with

HDL-C. The deterioration in FMD in the diabetic group

most strongly correlates with the TG enrichment of both

VLDL and LDL. These observations suggest that in dia-

betics the atherogenic insult that occurs after a fatty meal

may be caused by TG-rich VLDL and LDL and may

involve endothelial dysfunction and oxidative stress.

Levels of sVCAM-1 and CRP were significantly higher

in the IGT and diabetic groups when compared to healthy

Eur J Nutr (2010) 49:409–416 413
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subjects. Antioxidant supplementation induced a signifi-

cant improvement in redox balance parameters, CRP and

VCAM-1 in IGT and healthy subjects, but not in diabetic

subjects. Monocytes and polymorphonuclear cells release

more superoxide anions when exposed to plasma from

hypertriglyceridaemic patients [41]. This is believed to

alter the thrombogenic properties of the endothelium,

favouring oxidation of circulating LDL, reducing NO

bioavailability and, in diabetic patients, accelerating the

formation of advanced glycation end products (AGEs). In

our study, we have given an arbitrary combination of

antioxidants with different mechanisms (clearly doses that

were inferior to the toxic doses) to induce a synergistic

effect leading to the reduction of oxidant levels [36–42].

We suggest that the timing of antioxidant treatment in

relation to the duration of plasma glucose homeostasis is

crucial. In other words, prompt antioxidant treatment

before irreversible endothelial damage has occurred may

have an important protective role in subjects with IGT—

patients where it is particularly important to include ade-

quate dietary antioxidants, such as those from fruits and

vegetables.

In fact, our study highlights an improvement of anti-

oxidant levels in IGT after antioxidant treatment. This

suggests that antioxidants may further protect and attenuate

endothelial dysfunction and atherogenesis in healthy sub-

jects and particularly in IGT subjects. Moreover, this study

demonstrates that, in diabetic patients, altered glycaemia

and lipaemia are closely correlated with markers of sys-

temic oxidative stress, findings that strongly agree with

results from previous studies. Furthermore, our results

show that the abnormal changes in oxidative-reductive

balance parameters are paralleled by similar changes in

markers of endothelial dysfunction and inflammation at 4 h

after ingestion of a fatty meal.

In addition, we demonstrated that supplementation with

a pool of antioxidants reduces oxidative stress and

inflammation in healthy subjects and, more importantly, in

IGT patients.

Limitations of the study

1) The study made use of the random sampling method,

with extensive collection of similar anthropometric,

clinical and dietary data. However, it is a cross-sec-

tional study. Additionally, it is possible that the asso-

ciations and significant differences observed were in

part explained by other underlying risk factors not

controlled for in this study, including lifestyle or

socioeconomic factors.

2) We chose synergistic compounds with well-known

antioxidant capacity, but by no means do we wish to

suggest that this specific treatment should be the

recommended antioxidant regimen in therapeutic trials.
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