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in men with the metabolic syndrome or type 2 diabetes
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Abstract
Aims/hypothesis Hyperinsulinaemia-induced whole-body
glucose uptake during a euglycaemic–hyperinsulinaemic
clamp is partly mediated by increased capillary density.
We hypothesised that physiological insulinaemia in re-
sponse to a mixed meal may also enhance microvascular
function, and that this may be impaired in insulin-resistant
individuals and patients with type 2 diabetes.
Methods Twelve men with uncomplicated type 2 diabetes, 13
with metabolic syndrome and 12 age-matched healthy normo-
glycaemic controls, mean age 57±6 years, underwent skin
capillary video microscopy before and 60 and 120 min follow-
ing a standardised mixed meal to measure baseline capillary
density (BCD) and capillary density during post-occlusive peak
reactive hyperaemia (PRH), also termed capillary recruitment.
Oral glucose insulin sensitivity (Matsuda index) and postpran-
dial hyperglycaemia (2 h AUCglucose) were calculated.
Results Fasting BCD was similar among groups, but fasting
PRH was lowest in diabetes (p<0.05). Postprandially, both
BCD and PRH increased in all groups (p<0.001); however,
the meal-related increase in BCD was significantly lower in
diabetes andmetabolic syndrome vs controls (both p<0.05). At
all time points, postprandial PRH was lower in both diabetes
and metabolic syndrome vs controls (both p<0.05). In pooled

analysis, postprandial mean PRH correlated with Matsuda
index (r00.386, p00.018) and inversely with 2 h AUCglucose

(r0−0.336, p00.042).
Conclusions/interpretation Gradual deterioration in meal-
related capillary recruitment was paralleled by decreasing
insulin sensitivity and postprandial hyperglycaemia, as
assessed in healthy normoglycaemic men, men with the
metabolic syndrome and those with type 2 diabetes. These
findings suggest that in both impaired glucose tolerance and
in overt diabetes microvascular dysfunction might contrib-
ute to postprandial dysglycaemia.

Trial registration: ClinicalTrials.gov NCT00721552
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Insulin is a key regulator in glucose metabolism, which, in
addition to its direct metabolic effects, also has vasoactive
properties [1]. Specifically, insulin, by relaxing pre-capillary
arterioles, recruits capillaries to expand the endothelial sur-
face available for its own transportation and that of glucose
or other nutrients [2]. Because of the microvascular proper-
ties of insulin, microvascular dysfunction is thought to con-
tribute to the development of insulin resistance and, in
susceptible individuals, to type 2 diabetes [2]. During supra-
physiological hyperinsulinaemia, both baseline and post-
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ischaemic skin capillary density (also termed capillary recruit-
ment) were shown to increase in healthy individuals [3, 4]. In
contrast, in insulin-resistant obese humans, microvascular
functional changes during these hyperinsulinaemic clamp
conditions were blunted [5]. However, physiological meal-
related insulinaemia is usually transient and accompanied by
changes in circulating glucose, lipids, amino acids and hor-
monal factors, all of which are not replicated when using the
clamp technique. If the vasoactive effects of insulin play a role
in regulating insulin-mediated glucose uptake under physio-
logical conditions, these effects should also be present after a
meal. Using skin capillary video microscopy, the only non-
invasive method that directly visualises the capillaries, we
tested the hypothesis that the insulinaemic response to a mixed
meal may enhance microvascular function. Furthermore, we
hypothesised that in individuals with type 2 diabetes and those
with metabolic syndrome, this effect may deteriorate along
with worsening of insulin resistance and glucose tolerance
relative to healthy normoglycaemic controls.

Methods

Participants The study reported here was performed as part
of an amendment to a larger (drug-intervention) study in
individuals with the metabolic syndrome (ClinicalTrial.gov
registration no. NCT00721552). The present investigation
merely aimed to compare, cross-sectionally, postprandial mi-
crovascular function in individuals with type 2 diabetes or
metabolic syndrome and healthy normoglycaemic controls.
We recruited white men, aged 35 to 65 years, who had either
type 2 diabetes (n012) or the metabolic syndrome (n013).
Control participants (n012) were matched for age and sex as
well as for BMI, in order to assess the effects of type 2 diabetes
per se. Patients had previously been diagnosed type 2 diabetes
(according to ADA criteria), had HbA1c<9.0% (75 mmol/
mol), were treated with metformin alone or plus sulfonylurea
at stable doses for >3 months and had no co-morbidities or
micro- or macrovascular complications. Participants with the
metabolic syndrome, according to International Diabetes
Federation (IDF) criteria, were not allowed to have diabetes
(fasting plasma glucose [FPG] >7.0 mmol/l or 2 h plasma
glucose >11.0 mmol/l) or other co-morbidities. Treatment
with agents other than antihypertensive drugs or statins was
not allowed. Healthy controls had no relevant medical history,
used no (chronic) medication and had no first-degree relative
with type 2 diabetes or cardiovascular disease. The study was
conducted according to the Declaration of Helsinki and ap-
proved by the local ethics review board. All participants
provided written informed consent before participation.

Mixed-meal test After a 10 h overnight fast, participants con-
sumed a standardised high-fat mixed meal within 10 min. At

the time points indicated, blood samples were obtained to
assess glucose, insulin, C-peptide, triacylglycerol and NEFA
(Electronic supplementary material [ESM] Fig. 1).

Microvascular function Capillary density and recruitment
were assessed using nailfold skin capillary video microscopy
as described previously [3]. Briefly, nailfold capillaries in the
dorsal skin of the third finger were visualised by a capillary
video microscope. Baseline capillary density (BCD) was
defined as the number of continuously erythrocyte-perfused
capillaries per square millimetre (n/mm2) during 15 s.
Peak reactive hyperaemia (PRH), a variable of functional
post-ischaemic recruitment of capillaries, was counted as the
capillary density after 4 min of arterial occlusion. Measures
were performed in the fasting state and repeated 60 and 120min
following meal ingestion. All measurements were conducted at
the exact same position on the investigated finger. Measure-
ments were performed and analysed by a single experienced
study physician (R. E. van Genugten).

Calculations and statistical analysis A detailed description
is provided in ESM Fig. 1. In brief, for metabolic variables we
calculated postprandial AUCs and for microvascular variables
mean postprandial capillary density (mean of T60 and T120
min for both BCD and PRH). Data are presented as median
with interquartile range because of the small sample sizes.
Differences among groups were non-parametrically tested us-
ing Kruskal–Wallis and subsequent Mann–Whitney U tests. A
linear mixed model was used to assess differences among
groups for the postprandial increase in capillary density. In
addition, the relation between metabolic variables and mean
postprandial capillary density was assessed by Pearson partial
correlation within the pooled sample.

Results

Participant characteristics Groups were matched for age
and BMI (type 2 diabetes and controls only) and differed
with respect to fasting and 2 h plasma glucose, HbA1c, lipid
profiles and blood pressure (ESM Table 1).

Meal-related changes in metabolic variables Type 2 diabetes
patients had the most marked postprandial hyperglycaemia
compared with controls, while men with the metabolic syn-
drome showed intermediate postprandial hyperglycaemia
(Fig. 1a, b). The 4 h AUCtriacylglycerols and 4 h AUCNEFAwere
similarly increased in type 2 diabetes and the metabolic syn-
drome compared with controls (Fig. 1c–f). Although the
course of postprandial insulin and C-peptide levels seemed
to follow a different pattern, 4 h AUCinsulin and 4 h AUCC-

peptide were elevated to the same extent in type 2 diabetes and
the metabolic syndrome vs controls (Fig. 1g–j). Meal-related
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insulin sensitivity was lower in both type 2 diabetes and the
metabolic syndrome in comparison with controls (Fig. 1k).

Microvascular function In the fasting state, absolute BCD
values did not differ among groups, whereas fasting PRH

was significantly lower in type 2 diabetes (p00.024) and
tended to be decreased in the metabolic syndrome
(p00.068) compared with controls (ESM Table 2). In all
groups, both BCD and PRH showed an increase over time
after the meal (both p<0.001, Fig. 2); however, the change
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Fig. 1 Metabolic responses to the mixed-meal test in men with type 2
diabetes or the metabolic syndrome, and normoglycaemic controls.
(a–j) Postprandial curves and corresponding box-and-whisker (95%
CI) plots for postprandial AUCs for glucose (a,b), triacylglycerols (c,
d), NEFA (e,f), insulin (g,h) and C-peptide (i,j). (k) Matsuda index of
insulin sensitivity. Between-group differences for AUCs were tested

with the Kruskal–Wallis and post-hoc Mann–Whitney U tests:
*p<0.05 and **p<0.001. Black line/box, type 2 diabetes; dashed
line/hatched box, metabolic syndrome; grey line/box, normoglycaemic
controls. MetS, metabolic syndrome; NGM, normoglycaemic controls;
T2DM, type 2 diabetes

Fig. 2 The postprandial course of BCD (a) and PRH (b) in men with
type 2 diabetes or the metabolic syndrome and healthy normoglycaemic
controls. The effects of time, group and interaction were tested with a
linear mixed model. For both BCD and PRH there was a linear relation-
ship between postprandial time and capillary density (both p<0.001).
*Postprandial increase in BCD was blunted in both the metabolic

syndrome and type 2 diabetes compared with controls (both p<0.05).
†Meal-related PRH at all time points was lower in type 2 diabetes and the
metabolic syndrome compared with controls (both p<0.05). Please refer
to ESM Tables 3 and 4 for detailed results of the linear mixed model
analysis. Black line, type 2 diabetes; dashed line box, metabolic syn-
drome; grey line, normoglycaemic controls
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over time for BCD differed for groups (p<0.05, ESM
Table 3). Following the meal, BCD increased to a lesser
extent in participants with type 2 diabetes and the metabolic
syndrome compared with controls. Increases in postprandial
PRH did not differ for groups at all time points; PRH was
lower in type 2 diabetes and the metabolic syndrome vs
controls (both p<0.05, ESM Table 4). Postprandial
between-group differences in BCD remained unchanged
after adjusting for BMI, postprandial AUCinsulin and beta
cell function (ESM Table 3). Meal-related changes in PRH
were independent of BMI in type 2 diabetes, but not in the
metabolic syndrome (p<0.05 and p0non-significant, re-
spectively, ESM Table 4).

Associations between microvascular function and metabolic
variables In pooled analyses, mean meal-related PRH was
significantly correlated with postprandial hyperglycaemia
(Pearson correlation, r0−0.336 p00.042) and insulin sensi-
tivity (r00.386, p00.018), which remained unchanged after
correcting for age, blood pressure, 2 h AUCinsulin or beta cell
function (data not shown). However, after adjusting for BMI
or FPG, these associations were no longer statistically signif-
icant (data not shown). There was no correlation between
mean PRH or BCD with postprandial 2 h AUCinsulin (data
not shown). In addition, there were no significant correlations
between postprandial mean PRH or BCD and 2 h AUC for
NEFA or triacylglycerols (data not shown).

Discussion

Here, we showed an improvement of microvascular function
in the postprandial state in healthy individuals that was
blunted in men with type 2 diabetes and those with the
metabolic syndrome and correlated with impaired insulin
sensitivity and postprandial hyperglycaemia.

We used capillary video microscopy, which enables direct
visualisation of microvascular capillaries in the skin in a non-
invasive manner. We have recently shown that insulin-
mediated capillary recruitment in skin parallels insulin-
mediated microvascular recruitment in skeletal muscle, as
measured by contrast-enhanced ultrasound [6].

Regardless of the method used, insulin-stimulated microvas-
cular changes were related to insulin-mediated glucose uptake
[6]. Indeed, our results are in agreement with previous studies
using contrast-enhanced ultrasound technique that showed en-
hanced postprandial microvascular function in healthy individ-
uals [7] and blunted function in obese individuals [8]. The
present study shows that the meal-related microvascular dys-
function, observed in individuals with type 2 diabetes, already
exists in those with the metabolic syndrome, i.e. those at risk of
developing type 2 diabetes and cardiovascular disease. Al-
though not formally assessed in the present study, postprandial

microvascular dysfunction in these high-risk groups may rep-
resent total body insulin resistance, an inability of insulin to act
at the vascular level, reduced overall plasma insulin levels in the
postprandial state or a combination of these factors. Currently, it
is unclear whether insulin resistance, and subsequent impaired
glucose disposal, should be regarded as cause or consequence
of microvascular dysfunction [2, 9]. In the postprandial state,
not only is insulin secretion stimulated, but other changes occur,
all of which may influence microvascular function. These
include, among others, changes in lipids, metabolites, incretin
hormones, haemodynamics and autonomic nervous system
balance. Although previous studies showed an association of
high NEFA levels following intralipid infusion and changes in
microvascular function [10], no relationship of postprandially
elevated lipid and microvascular dysfunction was observed in
the present study. Thus, supraphysiological NEFA levels may
be required to induce microvascular function impairment.

Our study has several limitations. First, the small number
of participants precludes the detection of associations in
separate groups. Second, the number of postprandial micro-
vascular assessments was limited because of the duration
and potential discomfort of each video microscopy measure-
ment. Thus, we may have missed an early meal-related
increase in microvascular function. Third, as the study was
part of a subsequent larger trial with pre-specified inclusion
criteria for the participants with the metabolic syndrome, we
could only include white men. Therefore, these results may
not apply to other ethnic groups or women.

To conclude, men with type 2 diabetes and those with the
metabolic syndrome showed an impaired meal-related capil-
lary recruitment that was associated with impaired insulin
sensitivity and postprandial hyperglycaemia. The presence of
impaired postprandial microvascular responses in menwith the
metabolic syndrome may suggest that microvascular dysfunc-
tion is an early phenomenon and, consequently, might play a
pathophysiological role in the development of type 2 diabetes.
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