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Macro- and microvascular alterations in patients with
metabolic syndrome: sugar makes the difference

Panagiota Pietri, Charalambos Vlachopoulos, Gregory Vyssoulis, Nikolaos Ioakeimidis and
Christodoulos Stefanadis

Metabolic syndrome (MS) is associated with adverse cardiovascular events, although its prognostic significance over and beyond

the clustering risk factors is controversial. Moreover, there are no data on the possible differentiation of target organ damage

among patients with MS according to the grade of its distinct components. We studied 500 hypertensive patients with MS and

we assessed vascular damage according to glucose metabolic status (1, normal glucose metabolism (NG); 2, impaired fasting

glucose (IFG); 3, impaired glucose tolerance (IGT); and 4, diabetes mellitus II (DM II)). Macrovascular damage was assessed

with arterial stiffness by measuring carotid–femoral pulse wave velocity (PWV). Microvascular damage was assessed with

albumin excretion by estimating the albumin–creatinine ratio (ACR). There was a significant progressive increase in PWV from

group 1 to group 4 (from 7.97 to 8.83 to 8.94 to 10.27ms�1, respectively) that remained statistically significant even after

adjustment for several confounders (Po0.001). Similar trends were also observed for ACR (from 27.44 to 29.94 to 36.26 to

73.07mg g�1, Po0.001). In multiple regression analysis, both PWV and ACR were independently related to glucose metabolic

status (P¼0.001 and Po0.001, respectively). Vascular alterations among patients with MS differ according to the grade of

glucose dysregulation. Considering the adverse prognostic role of arterial stiffness and microalbuminuria, it might be argued

that the cardiovascular risk is not homogeneously distributed among patients with MS but is largely determined by glucose

metabolic status.
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INTRODUCTION

Metabolic syndrome (MS) is associated with increased cardiovascular
risk,1–4 although its incremental prognostic value, over and beyond its
clustering risk factors, has been questioned. Indeed, previous data
have shown that distinct components of MS, such as impaired fasting
glucose (IFG), impaired glucose tolerance (IGT), low high-density
lipoprotein cholesterol and microalbuminuria, predict cardiovascular
mortality with equal or higher hazard ratios than MS itself as a
unique entity.5 Moreover, it has been suggested that specific
combinations of the components of MS may be more powerful
predictors of mortality as compared with others.6 Similar
discrepancies also exist for the underlying pathophysiological
mechanisms linking MS with cardiovascular mortality.7–10

Arterial stiffness is an independent predictor of cardiovascular
events in several populations,11 including patients with glucose
intolerance.12 We13 and others14–19 have shown that MS is associated
with increased arterial stiffness, regardless of the applied definition
criteria. Arterial stiffness may explain the increased cardiovascular risk
associated with MS, but whether arterial stiffness may differ among
patients with MS, according to the level of its distinct components,
and specifically the glucose status, has not been fully explored.

Microalbuminuria is both a marker of endothelial dysfunction20

and a predictor of cardiovascular events.21 Microalbuminuria has
been closely related to MS and was among its constituents according
to the first definition criteria established by World Health
Organization (WHO).22 Whether the level of microalbuminuria
(and thus, the potential cardiovascular risk) may differ among
patients with MS is not well clarified.

The aim of the present study was to investigate whether there is a
difference in macro- and microvascular organ damage in patients
with MS according to glucose metabolic status. For this purpose, we
studied 500 patients with metabolic syndrome, whom we divided into
four groups according to glucose status, and we assessed arterial
stiffness and microalbuminuria as markers of large artery and
endothelial dysfunction, respectively.

METHODS

Study population
We studied 500 consecutive never-treated hypertensive patients with metabolic

syndrome. Office blood pressure (BP) was measured by a mercury sphygmo-

manometer, taking at least three measurements spaced by 1 min, allowing the

patients to rest for 10 min before examination. According to the guidelines of
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the European Society of Hypertension, measurements of systolic BP (SBP)

X140 mm Hg and/or diastolic BP X90 mm Hg were considered as systolic and

diastolic arterial hypertension, respectively. Pulse pressure (PP) was calculated

as SBP minus diastolic BP and mean BP (mean arterial pressure (MAP)) as

diastolic BP plus 1/3 PP.

The determination of MS was based on Adult Treatment Panel III (ATP III)

criteria: three or more of the following, including hypertension: 1, waist

circumference 4102 cm for men and 488 cm for women; 2, serum

triglycerides X150 mg dl�1; 3, high-density lipoprotein cholesterol

o40 mg dl�1 for men or o50 mg dl�1 for women; and 4, fasting glucose

level X100 mg dl�1. Patients with glucose levels 4100 mg dl�1 were subject to

an oral glucose tolerance test with 75 g of glucose. According to the oral

glucose tolerance test results, patients with MS were divided into four groups:

1, normal glucose metabolism (NG; fasting glucose levels o100 mg dl�1); 2,

IFG (fasting glucose levels between 100 and 125 mg dl�1 and 2 h postload

glucose o140 mg dl�1); 3, IGT (2 h postload glucose between 140 and

199 mg dl�1); and 4, diabetes mellitus II (DM II; fasting glucose levels

X126 mg dl�1 on two measurements or 2 h postload glucose X200 mg dl�1

or use of antidiabetic drugs). Diabetic patients on insulin therapy were

excluded from the study. Antidiabetic drugs (mainly metformin-based regi-

mens) were used by 16% of diabetic patients.

Body weight and height were measured in all subjects and body mass index

(BMI) was calculated. Smoking status was assessed by recording the habit of

smoking. Patients with overt cardiovascular disease, severe valvular disease,

cerebrovascular disease, peripheral arterial disease, systemic disorders, acute

infections and moderate or severe chronic kidney disease (estimated glomerular

filtration rate p50 ml min�1 per 1.73 m2) were excluded from the study. Use of

statins, aspirin or other anti-inflammatory agents was also an exclusion criterion.

All patients gave their informed consent to participate in the study that was

approved by the Local Ethics Committee.

Evaluation of arterial stiffness
Arterial stiffness was evaluated noninvasively by the measurement of carotid–

femoral pulse wave velocity (PWV). Carotid–femoral PWV, an established

marker of aortic stiffness,11,23 was obtained using a validated noninvasive

device (Complior, Artech Medical, Pantin, France)24 that allows online pulse

wave recording and automatic calculation of PWV. Two different pressure

waveforms were obtained simultaneously at two sites: the right carotid and

femoral artery. The time delay (t) between the feet of the recorded proximal

and distal waves was automatically calculated. For the carotid–femoral

segment, the distance (d) was estimated by subtracting the distance between

carotid location and sternal notch from the distance between sternal notch and

femoral site. The mean PWV of at least 10 consecutive pressure waveforms was

calculated for further analysis.

All measurements were conducted in the morning, with the individual in

the supine position, in a quiet environment. Participants were requested to

abstain from tobacco, coffee and food at least 5 h and from alcohol 12 h before

the examination.

Laboratory assays
Blood samples were taken between 0800 and 0900 h in the morning after an

overnight fast. Routine biochemical parameters were determined with standard

techniques by an autoanalyzer. Kidney function was assessed by estimated

glomerular filtration rate using the MDRD formula. Urine albumin concen-

tration was measured after a 24-h urine collection by immunonephelometry

(Dade Behring, Marburg, Germany) and albumin-to-creatinine ratio (ACR)

was calculated.

Insulin levels were measured with a microparticle enzyme immunoassay

method (Abbott, Tokyo, Japan) and insulin resistance was estimated by

applying the homeostasis model assessment (HOMA). Inflammatory status

was assessed by measurement of high-sensitivity C-reactive protein (hsCRP)

using an immunonephelometric method (Dade Behring High Sensitivity CRP

assay; Dade Behring). The upper normal limit of hsCRP was 3 mg l�1

with intra- and interassay coefficients of variation of o4.4% and 5.7%,

respectively). Homocysteine was used as a prothrombotic marker and its

levels were measured by enzyme immunoassay method (enzyme-linked

immunosorbent assay, Abbott).

Statistical analysis
All continuous variables are presented as mean±s.d., whereas categorical

variables are presented as percentages. The hsCRP, homocysteine and ACR

were log-transformed because of their skewed distribution.

Difference in baseline characteristics among the four groups of patients was

studied using analysis of variance or w2 for the categorical variables,

respectively. Analysis of covariance was used to detect differences in PWV

and ACR values according to glucose metabolic status after adjustment for age,

gender, smoking, BMI, total cholesterol, MAP (or SBP), heart rate and

estimated glomerular filtration rate (used in the model of ACR only).

Linear regression analysis was applied in the whole cohort to determine the

independent relationship of PWV and ACR with glucose status (as continuous

variable) after adjustment for age, gender, smoking, BMI, total cholesterol,

MAP, heart rate, HOMA, loghsCRP and loghomocysteine.

Exact P-values of o0.05 were considered as statistically significant. Data

analysis was performed with SPSS software, version 17.0 (Chicago, IL, USA).

RESULTS

The baseline characteristics of the four groups of patients are
presented in Table 1. The patients with deteriorating glucose
metabolism were older than patients with NG values. IGT and DM
II patients were more obese than patients with NG and IFG. The
mean blood pressure did not differ between groups, although SBP
was higher in patients with DM II than the other groups, and in
patients with IGT than in those with NG. Regarding lipid status, total
cholesterol was higher in patients with IGT than the other groups,
whereas interestingly a gradual increase in high-density lipoprotein
values was observed from patients with NG to IFG, IGT and DM II.
Deterioration of glucose metabolism was accompanied by a gradual
increase in insulin resistance (as estimated by HOMA) and hsCRP
levels. In contrast, homocysteine levels were higher only in the DM II
group. Finally, kidney function showed a progressive decline as
glucose metabolism deteriorated.

PWV showed a significant, gradual increase from group 1 to group
4 (from 7.97±1.37 to 8.83±1.68 to 8.94±1.26 to 10.27±2.09 m s�1,
respectively) (Figure 1), whereas the relationship of PWV with glucose
status remained significant even after adjustment for several con-
founders (Po0.001). In the post hoc analysis, there was a significant
difference in all comparisons between groups (Po0.001) apart
from the difference between patients with IFG and IGT
(P¼nonsignificant). In linear regression analysis, PWV was indepen-
dently related to glucose metabolic status (as continuous variable)
after adjustment for age, gender, BMI, MAP, heart rate, total
cholesterol, HOMA, loghsCRP and loghomocysteine (Table 2). Inser-
tion of SBP (instead of MAP) to the model did not alter the
significant independent association of PWV with glucose status.

Similar trends were also observed for ACR values across the four
groups of patients (ACR: from 27.44±31.92 to 29.94±26.35 to
36.26±34.34 to 73.07±70.15 mg g�1, respectively; Figure 1) that
remained statistically significant even after adjustment for the
confounders (Po0.001). In the post hoc analysis, all between-group
comparisons were significant (P¼ 0.04 for NG-IFG, Po0.01 for the
other comparisons), apart from the difference in ACR between IFG
and IGT that was nonsignificant (P¼nonsignificant). An indepen-
dent association between ACR and glucose metabolic status was
demonstrated in linear regression analysis after adjustment for the
above-mentioned confounders (Table 2).

Finally, PWV and ACR were independently related after adjustment
for age, gender, BMI, MAP, total cholesterol, HOMA, glucose status,
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loghsCRP and loghomocysteine (Po0.001). In contrast, no signifi-
cant independent association was established between PP (the
pulsatile component of BP and an indirect marker of arterial stiffness)
and ACR after adjustment for the same confounders (P¼ 0.06).

DISCUSSION

The present study demonstrates a significant differentiation in arterial
stiffness and microalbuminuria among patients with MS according to
their glucose metabolic status. Given that arterial stiffness and

Table 2 Independent associations of PWV and ACR with glucose

metabolic status (as continuous variable) in the whole population

after adjustment for age, gender, smoking, BMI, total cholesterol,

hsCRP, homocysteine, HOMA, MAP and heart rate

b-Coefficient P-value

PWV

Age 0.27 o0.001

MAP 0.18 o0.001

logACR 0.16 o0.001

Glucose status 0.14 0.001

loghsCRP 0.14 0.001

HOMA 0.10 0.01

loghomocysteine 0.08 0.03

R2¼0.40

LogACR

loghsCRP 0.34 o0.001

Glucose status 0.19 o0.001

MAP 0.16 o0.001

loghomocysteine 0.16 o0.001

R2¼0.30

Abbreviations: ACR, albumin-to-creatinine ratio; BMI, body mass index; HOMA, homeostasis
model assessment; hsCRP, high-sensitivity C-reactive protein; MAP, mean arterial pressure;
PWV, carotid–femoral pulse wave velocity.

Table 1 Baseline characteristics and their differences among the four groups of patients with metabolic syndrome

NG (N¼154) IFG (N¼135) IGT (N¼132) DM II (N¼79) P-value

Age (years) 49.7±10.2 52.8±10.9 56.6±8.8 59.9±9.8 o0.01

Smokers (%) 53.9 54.8 46.9 53.1 NS

Males (%) 67.5 71.1 53.0 51.9 0.002

BMI (kgm�2) 30.3±4.2 30.1±3.7 32.2±4.8 32.1±6.0 o0.01a

Waist (cm) 102.9±9.9 103.8±9.8 105.9±11.1 104.6±12.7 0.02b

Total cholesterol (mg dl�1) 212.6±40.1 222.1±34.4 227.8±40.9 217.9±40.2 o0.05c

Triglycerides (mg dl�1) 169.5±62.1 150.2±56.8 164.1±67.9 180.0±89.2 o0.05 d

HDL (mg dl�1) 41.0±9.6 43.4±10.4 44.9±9.2 46.1±12.0 o0.05

hsCRP (mg l�1) 1.59±0.98 1.63±1.09 2.02±1.13 2.57±1.33 o0.01e

Homocysteine (mg l�1) 12.39±3.53 12.62±3.60 12.59±3.97 14.28±4.93 o0.01f

HOMA 2.70±1.10 2.97±1.12 4.09±1.95 4.77±2.27 o0.001e

eGFR (ml min�1 per 1.73 m2) 82.6±16.1 79.2±18.4 75.3±19.2 72.6±18.9 o0.01g

SBP (mm Hg) 149.8±18.6 151.9±18.1 154.5±17.7 163.8±20.5 o0.001h

DBP (mmHg) 91.6±11.9 91.9±12.1 91.4±10.6 88.5±11.3 0.04i

PP (mm Hg) 58.2±13.6 59.9±14.4 63.0±13.9 75.2±20.4 o0.001j

MAP (mm Hg) 111.1±12.9 111.9±12.7 112.4±11.7 113.6±11.5 NS

Heart rate (beats per min) 75.1±5.9 74.3±5.6 74.9±5.7 73.4±5.6 0.04k

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; DM II, diabetes mellitus II; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; hsCRP, high sensitivity
C-reactive protein; HOMA, homeostasis model assessment; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; MAP, mean arterial pressure; NG, normal glucose metabolism;
NS, nonsignificant; PP, pulse pressure; SBP, systolic blood pressure.
aDifference between NG-IGT, NG-DM II and IFG-IGT.
bDifference between NG and IGT.
cDifference between NG-IFG and NG-IGT.
dDifference between NG-IFG and IFG-DM II.
eDifference between all group comparisons except for NG-IFG.
fDifference between NG-DM II and IFG-DM II.
gDifference between NG-IGT, NG-DM II and IFG-DM II.
hDifference between DM II and each of the other three groups (also the difference between IGT-NG was significant at the level of P¼0.03).
iDifference between NG and DM II.
jDifference between DM II and each of the other three groups (also the difference between IGT-NG was significant at the level of P¼0.007).
kDifference between NG and DM II.

Figure 1 Progressive increase in pulse wave velocity (PWV, upper panel) and
albumin-to-creatinine ratio (ACR, lower panel) according to the gradually

abnormal glucose metabolism in 500 patients with metabolic syndrome.

DM II, diabetes mellitus II; IFG, impaired fasting glucose; IGT, impaired

glucose tolerance; NG, normal glucose metabolism.
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microalbuminuria reflect the macro- and microvascular organ
damage and considering their strong predictive value for future
cardiovascular events, the present findings suggest that the cardio-
vascular risk related to MS is not homogeneously distributed among
all patients with MS; instead, it is largely determined by the grading
effect of its components and, specifically, by glucose metabolic status.

Clinical implications
There is a constant debate on the independent prognostic role of MS
over and beyond its clustering risk factors. Moreover, the increased
cardiovascular risk associated with it differs according to the type of
component combinations.6 We add further evidence on this issue.
Indeed, the fasting glucose level of 4100 mg dl�1 as a component of
MS implies that patients with NG as well as patients with IFG, IGT
and DM II may all be included in the syndrome. However, our study
shows that vascular damages and their corresponding risk (given the
prognostic role of aortic PWV and microalbuminuria) differ among
patients with MS according to the grade of abnormal glucose
metabolism, and thus patients can be reclassified into a different
category of cardiovascular risk within MS. In line with our
observations are the results of a previous study showing that large
artery thickness and stiffness (indices of vascular damage) differ in
patients with MS according to distinct combinations.25 Accordingly,
glucose metabolism may be used as a simple and cost-effective tool
for the reclassification of patients according to this individualized risk,
further aiding implementation of preventive strategies.

Macro- and microvascular damage as possible underlying
mechanisms for the association of MS with cardiovascular risk
PWV showed a progressive increase from patients with NG to
patients with IFG, IGT and DM II. Systolic blood pressure is a
powerful determinant of arterial stiffness, and it could be argued that
the difference in its levels between some of the groups of our
population might mediate part of the association of PWV with
glucose status. Moreover, novel markers of inflammation, insulin
resistance and prothrombotic state (namely, homocysteine) have all
been independently associated with increased arterial stiffness.18,26–28

Considering that their levels showed a different distribution among
the studied groups, it might be suggested that these factors may be
responsible for the association of PWV with the glucose status.
However, in multiple regression analysis the relationship of PWV with
glucose metabolic status was independent of classic risk factors such
as age, blood pressure (both SBP and MAP), total cholesterol,
smoking and obesity, as well as novel risk factors such as hsCRP,
HOMA and homocysteine.

Microalbuminuria has been identified as a marker of endothelial
dysfunction.20 Moreover, albumin excretion, even at levels well below
the threshold for microalbuminuria definition, has been associated
with increased cardiovascular risk in both diabetic and nondiabetic
individuals.21 Microalbuminuria may mediate part of the increased
cardiovascular risk associated with MS, and at a stage it was
encompassed as a component of the syndrome according to the
definition by WHO. Apart from the traditional risk factors such as
hypertension and hyperglycemia, microalbuminuria is related to low-
grade inflammation and homocysteine29–33 that might have served as
potent mediators to the association of albumin excretion with glucose
metabolic status that we demonstrated in our study. Although this
association remained significant after adjustment for inflammatory
and prothrombotic markers, thus illustrating the ability of glucose
metabolism per se to determine albumin excretion, contribution of
such factors is likely. In any case, our study is a cross-sectional one

and no pathophysiological or cause-and-effect relationships can be
established.

The link between macro- and microvascular organ damage in MS
In the present study, albumin excretion and PWV were independently
associated, whereas the trends in their changes according to the
glucose metabolic status were similar, both underlying the parallel
adaptation of large arteries and endothelium (functioning as a
vascular continuum) to the abnormal glucose metabolism. Arterial
stiffening leads to increased pulsatile stress on the small arteries of the
kidney that further leads to endothelial damage and to albumin
excretion from the glomerulus.34,35 Studies have shown that 24 h PP is
a better predictor of microalbuminuria than 24 h arterial stiffness
index.36 However, in our study, whereas PWV and ACR were
independently related, no significant association was demonstrated
between PP and ACR. This lack of association may be related either to
the fact that PP measured by sphygmomanometry is a crude measure
of arterial pulsatility or the possibility that the central (that is, the
aortic) PP,34 rather than the peripheral PP, that we measured in our
study is a more powerful determinant of renal damage. It should be
noted, however, that other mechanisms, apart from the increased
pulsatile stress, could explain the link between large artery stiffness
and small vessel damage in the kidney. Afferent arterioles protect the
glomerulus, through their regulated vasoconstriction, from damage
induced by increases in systemic pressure. Defective arterial
autoregulation (and thus increased hydraulic load imposed on the
nephrons and resultant damage) may be related to increased arterial
stiffness.37 Finally, inflammation, which is etiologically related to both
endothelial dysfunction and large artery stiffening, may also provide
an explanatory basis.38,39 Nevertheless, future studies are warranted to
elucidate the underlying mechanisms of the association between
aortic stiffness and small vessel injury.

We acknowledge some limitations of our study. Our population
comprised patients with MS who were all treatment-naive hyperten-
sive subjects. Whether these findings also apply to normotensive
patients with MS can only be speculated.

CONCLUSIONS

The present study highlights, for the first time, the pivotal role of
glucose metabolism per se in the differentiation of arterial stiffness
and albumin excretion among patients with MS. Accordingly, the
cardiovascular risk conveyed by MS may not be equally distributed
among patients, and thus the management of patients with MS
should be individualized, guided by the assessment of the burden of
each component and, particularly, glucose metabolic status.
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