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Abstract
Background:
In addition to its role in glucose metabolism, insulin has shown to exert numerous vascular effects, and an 
impaired vascular function of insulin is assumed to be a major contributor in the development of vascular 
complications. Arterial augmentation (AP) and the augmentation index (Aix) are surrogate parameters of arterial 
stiffness and are commonly used as predictors for cardiovascular risk. The aim of this study is to investigate 
the effect of insulin on arterial stiffness and parameters of endothelial function in patients with type 1 diabetes 
and healthy control subjects.

Methods:
Fourteen patients with type 1 diabetes (six male, eight female) with a mean age of 36.6 ± 11.8 years and 14 healthy 
subjects (seven male, seven female) with a mean age of 27.3 ± 5.5 years were randomized to an euglygemic clamp 
with either a low (0.25 mU/kg/min) or a high (1.0 mU/kg/min) insulin dose on two different days. The mean 
HbA1c in the diabetic subjects was 7.3 ± 0.7%. In these subjects, arterial stiffness was measured by pulse wave 
analysis (SphygmoCor, AtCor Medical, Australia). AP was calculated as the difference between the second and 
the first systolic shoulders of the central pressure wave curve, and the Aix was expressed as the percentage of AP 
from total pulse pressure. As parameters of endothelial function, cyclic guanosine monophosphate, nitrotyrosine, 
and asymmetric dimethylarginine were determined at baseline and after 120 minutes.
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Introduction

Patients with type 1 diabetes are at a higher risk of 
cardiovascular disease, which cannot be explained by 
the classical risk factors.1 Morbidity and mortality in 
hypertension and cardiovascular disease are related 
to structural and functional alterations of the arterial 
wall.2–4 Changes in the arterial wall can lead to increased 
arterial stiffness, which influences cardiovascular 
prognosis negatively.5 Increased arterial stiffness of 
larger arteries in type 1 diabetes is described in several 
studies.6-12 Intensive insulin therapy has been shown to 
slow arterial stiffening in these patients.13

In addition to its role in glucose metabolism, insulin has 
shown to exert numerous vascular effects in recent years, 
and an impaired vascular function of insulin is assumed 
to be a major contributor in the development of vascular 
complications.14–16 It has been described that insulin 
increases nitric oxide (NO) release from endothelial 
cells and the cyclic guanosine monophosphate (cGMP) 
content in vascular smooth muscle cells and peripheral 
blood.17 These mechanisms have been shown to improve 
microvascular blood flow directly.18 Defects in cellular 
insulin signaling pathways impair insulin-mediated 
glucose uptake and insulin-induced NO generation in 
endothelial cells.19 Moreover, insulin decreases central 
pressure augmentation (AP) independent of any effects 
on blood flow or peripheral vascular resistance.20 

Pulse wave analysis is a noninvasive and reproducible 
technique21–23 used to examine arterial elastic properties 
and has therefore been utilized in many clinical  
studies.24–26 

The aim of this study was to investigate the arterial 
stiffness and endothelial function in patients with 
diabetes type 1 and to compare the effects of insulin 
during an euglycemic clamp in type 1 diabetic patients 
with healthy controls.

Patients and Methods

In an open phase II study the vascular effects of insulin 
in type 1 diabetes patients and healthy control subjects 
during an euglycemic clamp with two different insulin 
concentrations were investigated. Fourteen patients with 
type 1 diabetes (six male, eight female) with a mean age 
of 36.6 ± 11.8 years were included in the study. The mean 
HbA1c was 7.3 ± 0.7 % (normal value of the laboratory is 
4.6–6.1%), the mean diabetes history was 23.5 ± 11.0 years, 
and 1 of the 14 patients showed clinical signs of a mild 
diabetic polyneuropathy. All diabetic patients were c-
peptide deficient. Diabetic patients with known insulin 
resistance, strong variations in daily blood glucose profile 
and insulin dose, and severe microvascular complications 
of diabetes mellitus were excluded from the study. 

Abstract (continued)

Results:
Patients with type 1 diabetes showed increased values for AP with 3.5 ± 3.1 mm Hg and Aix with 12.5 ± 12.5% 
compared to healthy controls with -0.7 ± 2.6 mm Hg for AP and -4.2 ± 10.6% for Aix. This difference was statistically 
significant (p < 0.01). During the euglycemic clamp, insulin improved, but did not normalize the increased values 
for AP and Aix in patients with type 1 diabetes. Concerning parameters of endothelial function, patients with 
type 1 diabetes showed statistically significant increased values for nitrotyrosine compared to healthy controls at 
baseline [low insulin: diabetes mellitus (DM) 1993.12 ± 1330.85 nmol/liter vs healthy controls 803.7 ± 726.91; high 
insulin DM: 2208.02 ± 1736.57 nmol/liter vs healthy controls: 750.83 ± 426.03 nmol/liter] (p < 0.05).

Conclusion:
Patients with type 1 diabetes mellitus revealed an increased arterial stiffness measured as augmentation and 
augmentation index and increased nitrotyrosine levels as a marker of oxidative stress compared to healthy control 
subjects at baseline. Application of insulin improves the arterial elastic properties, but was not able to normalize 
the vascular function in patients with type 1 diabetes.

J Diabetes Sci Technol 2007;1(4):582-589
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Eight of the diabetic patients received intensive insulin 
therapy with short acting insulin for the meals and one 
to three times long acting basal insulin and six patients 
were given insulin by continuous subcutaneous insulin 
pump therapy. Fourteen healthy subjects (seven male, 
seven female) with a mean age of 27.3 ± 5.5 years were 
included as the control group. All patients and controls 
were nonsmokers, normotensive, and did not receive 
any vasoactive substance or suffered from a clinical 
significant microvascular disease. The participants are 
characterized further in Table 1.

One catheter was used for the intravenous application of 
insulin and glucose and the other one served for blood 
sampling.

The insulin (Huminsulin, Eli Lilly) was infused with a 
controllable infusion device using a dosage of either 0.25 
U/kg/min (low dose) or 1.0 U/kg/min (high dose) on 
the two different investigational days in a randomized 
manner. Glucose (concentrated 10%) was infused with 
a controllable infusion device (Infusomat). The glucose 
infusion was calculated individually by the investigator 
on the basis of actual blood glucose determinations 
to adjust the participants’ blood glucose in a target 
range of 80–140 mg/dl. If this target could not be kept 
within 120 min the visit was discontinued and repeated 
another day.

Endothelial function was investigated by determination 
of serum plasma cGMP, nitrotyrosine, and asymmetric 
dimethylarginine (ADMA) at baseline and after 120 
minutes. 

Analysis
Cyclic guanosine monophosphate was measured in a 
radioimmunoassay (Immuno Biological Laboratories, 
Hamburg, Germany). Venous blood samples for the 
determination of cGMP were collected in EDTA tubes 
and immediately placed on ice. After separation, EDTA 
plasma was stored at -20°C in cryogenic tubes for 
subsequent analysis.

Nitrotyrosine
Nitrotyrosine is an index of peroxynitride, a cytotoxic 
compound formed from the superoxide anion and nitric 
oxide. For determination of nitrotyrosine, a competitive 
ELISA (nitrotyrosine assay kit, chemiluminescence 
detection, Upstate, USA) was used. Venous blood 
samples for the determination of nitrotyrosine were 
collected in EDTA tubes; after separation, EDTA plasma 
was stored at -20°C in cryogenic tubes for subsequent 
analysis.

Asymmetric Dimethylarginine 
Asymmetric dimethylarginine, an endogenous inhibitor 
of endothelial NO synthase, was measured in an 
ELISA (Immundiagnostik, Bensheim, Germany). Venous 
blood samples for the determination of ADMA were 
collected in EDTA tubes; after separation, EDTA plasma 
was stored at -20°C in cryogenic tubes for subsequent 
analysis.

The diabetic patients and the healthy control subjects 
were informed of the nature, purpose, and possible 
risk involved in the study prior to giving their written 
consent to participate.

The study protocol was reviewed and approved by the 
local ethics committee of the University of Mainz.

Procedure

The study consisted of three visits, one screening visit 
and two investigational visits, which were performed 
2–21 days following the previous visit.

During the screening visit  the subjects were 
characterized by medical history, physical examination, 
electrocardiogram, and laboratory tests either as a patient 
with type 1 diabetes or as a healthy control fulfilling the 
study specific in- and exclusion criteria as just given.

All participants came to the study site after an overnight 
fast of at last 8 hours and after having skipped their 
breakfast and their regular antidiabetic therapy (if 
applicable). A Teflon catheter was placed in the cubital 
vein of each arm for the duration of the experiment. 

Table 1.
Main Characteristics of Patients and Healthy Controls

Diabetes type 
1 patients

Healthy 
controls

Number 14 14

Male/female 6/8 7/7

mean age (years) 36.6 ± 11.8 27.3 ± 5.5

Mean body mass index (kg/m2) 25.82 ± 3.55 23.82 ± 0.87

Mean blood pressure (mm Hg) 122/75 114/76

Mean heart rate (bpm) 65 69

Mean c-peptide value (ng/ml) 0.33 ± 0.06 2.05 ± 0.5

Mean diabetes duration (years) 23.5 ± 11.0 —
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Pulse Waveform Analysis (PWA)
Arterial stiffness, which is predictive of vascular 
disease outcomes, can be measured by analysis of the 
arterial waveform to determine pulse wave form and 
augmentation index (Aix). In our study, arterial stiffness 
was assessed noninvasively with a commercially 
available SphygmoCor system (AtCorMedical, Australia) 
from the radial artery at the left wrist using applanation 
tonometry. 

After 20 sequential waveforms were recorded, a validated 
generalized transfer function was used to generate the 
corresponding central aortic pressure waveform.27–29 
On the generated central aortic pressure waveform, the 
merging curve of the incident and the reflected wave 
(the inflection point) was identified. Augmentation of 
the central aortic pressure is a manifestation of early 
wave reflection and is the boost of pressure from the 
first systolic shoulder to the systolic pressure peak.5 
Augmentation was calculated as the difference between 
the second and the first systolic shoulders of the central 
pressure wave curve, and the Aix is expressed as the 
percentage of AP from total pulse pressure. Because 
it is known that Aix is influenced in an inverse and 
linear manner by heart rate, according to Wilkinson and 
colleagues,30 the Aix was normalized for a heart rate of 
75 bpm (Aix@75). Higher values of Aix indicate increased 
wave reflection from periphery or earlier return of 
the reflected wave as a result of increased pulse wave 
velocity, which can be contributed to an increased arterial 
stiffness. Lower values for Aix indicate a good elasticity 
of the arterial wall. 

All PWA recordings were performed on a recumbent 
subject by one of two trained investigators. Only 
high-quality recordings, controlled by internal quality 
definitions (in-device quality index >80 %) and an 
acceptable curve by visual inspection, were included in 
the analysis. Measurements of PWA were performed at 
baseline and at 120 min during the euglycemic clamp.

Statistics
All results are presented as mean ± 1 SD and as the 
number/proportion of patients with a characteristic for 
categorical variables. Differences in the mean values 
among the three groups were compared using the 
unpaired t test. The Shapiro–Wilk test was used for the 
characterization of data distribution. All analyses were 
performed in an exploratory and nonconfirmatory setting, 
and all p values <0.05 are interpreted as significant.

Figure 2. Augmentation index (Aix@75) during euglygemic clamp 
with low (0.25 mU/kg/min) and high (1.0 mU/kg/min) dose insulin 
infusions in patients with type 1 diabetes and healthy controls.

Figure 1. Augmentation (AP) in mm Hg during euglygemic clamp 
with low (0.25 mU/kg/min) and high (1.0 mU/kg/min) dose insulin 
infusions in patients with type 1 diabetes and healthy controls.

Results
Patients with diabetes type 1 showed increased values 
for AP with 3.5 ± 3.1 mm Hg and Aix with 12.5 ± 12.5% 
compared to healthy controls with -0.7 ± 2.6 mm Hg for AP 
and -4.2 ± 10.6% for Aix. This difference was statistically 
significant (p < 0.01). During the euglycemic clamp, insulin 
in low and high concentrations improved, but did not 
normalize the increased values for AP and Aix in patients 
with type 1 diabetes (low insulin: AP 2.1 ± 3.5 mm Hg in 
type 1 diabetes vs -0.1 ± 1.9 mm Hg in healthy controls; 
Aix 10.4 ± 16.1 vs -0.8 ± 8.1%; high insulin AP 3.3 ± 3.7 
vs -1.2 ± 2.7 mm Hg; Aix 10.2 ± 12.2 vs ‑4‑4 ± 11.6%). The 
improvement was statistically significant (p < 0.05). Results 
are shown in Figures 1 and 2.
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Concerning parameters of endothelial function patients 
with type 1 diabetes showed statistically significant 
increased values for nitrotyrosine compared to healthy 
controls at baseline (low insulin: DM 1993.12 ± 1330.85 
nmol/liter vs healthy controls 803.7 ± 726.91; high insulin: 
DM 2208.02 ± 1736.57 nmol/liter vs healthy controls 
750.83 ± 426.03 nmol/liter)(p < 0.05). 

During the euglycemic clamp, insulin in low and 
high concentrations improved the values for ADMA 
statistically significant in healthy controls, but not in 
patients with type 1 diabetes (Figure 3). Results of all 
determined endothelial parameters are given in Table 2.

Discussion
The aim of our study was to investigate arterial stiffness 
measured by pulse wave analysis and parameters of 
endothelial function in patients with type 1 diabetes and 

healthy controls and to determine the effect of insulin 
during an euglycemic clamp with two different insulin 
concentrations on these parameters in both groups. 
Patients with type 1 diabetes showed an increased 
augmentation and augmentation index compared 
to healthy controls. Insulin application, even under 
euglycemic conditions, was associated with a statistically 
significant improvement of the increased augmentation 
in patients with diabetes type 1 and no further effect 
on the normal pulse wave analysis in healthy controls. 
The same method of pulse wave analysis has been used 
previously in type 231 and in type 1 diabetic patients.20 
In contrast to our study, Westerbacka et al.20 found 
comparable augmentation and augmentation index either 
in patients with type 1 diabetes or in healthy controls 
at baseline, whereas we found increased values in the 
diabetic patients. After insulin infusion, our patients, 
not the healthy controls, showed a decrease in both 
parameters, whereas Westerbacka and colleagues20 
detected a decrease in augmentation and augmentation 
index only in the healthy control subjects. They 
proposed that the type 1 diabetic patients were resistant 
not only to the glucose-uptake stimulating effect of 
insulin, but also to its ability to decrease augmentation; 
moreover, they found that the rate of insulin-stimulated 
glucose uptake correlated inversely with the change 
in augmentation index. However, in our present study, 
patients with type 1 diabetes showed an improvement, 
but not a normalization of arterial stiffness, which might 
be explained by the direct vasodilating effect of insulin32 
and, if at all, only secondly by the improvement of 
preexisting slight hyperglycemia during the euglycemic 
insulin clamp.

Pulse wave analysis for determination of Aix has 
been used to assess endothelial function not only in 
combination with vasoactive substances, but to investigate 

Figure 3. ADMA during euglygemic clamp with low (0.25 mU/kg/min) 
and high (1.0 mU/kg/min) dose insulin infusions in patients with type 1  
diabetes and healthy controls.

Table 2.
Parameters of Endothelial Function, Given as Mean ± SD

Diabetes type 1 Controls

Insulin low Insulin high Insulin low Insulin high

cGMP 0 min (pmol/ml) 4.15 ± 1.68 4.33 ± 1.59 4.91 ± 1.46 5.09 ± 2.07

cGMP 120 min (pmol/ml) 3.68 ± 1.68* 3.37 ± 1.68 5.37 ± 1.48 5.50 ± 1.88

ADMA 0 min (µmol/ml) 0.50 ± 0.18 0.59 ± 0.36 0.47 ± 0.20 0.40 ± 0.21

ADMA 120 min (µmol/ml) 0.58 ± 0.32 0.57 ± 0.39* 0.41 ± 0.21** 0.31 ± 0.2**

Nitrotyrosine 0 min (nmol/liter) 1993.12 ± 1330.85* 2208.02 ± 1736.57* 803.7 ± 726.91 750.83 ± 426.03

Nitrotyrosine 120 min (nmol/liter) 1718.65 ± 771.7* 1718.44 ± 1250.69* 806.41 ± 910.00* 822.90 ± 780.18

*p < 0.05 DM type 1 vs control.
**p < 0.005 vs  0 min.
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relationships between Aix and endothelial function 
under baseline conditions. Weber et al.33 found that 
increased ADMA levels correlated positively to increased 
arterial wave reflections measured as augmentation and 
augmentation index in patients undergoing coronary 
angiography.

Therefore, we investigated several parameters of 
endothelial function in patients with diabetes mellitus 
type 1 compared to healthy controls and the effects of 
insulin application during the euglycemic insulin clamp.

Nitrotyrosine, which is an index of peroxynitride, a 
cytotoxic compound formed from the superoxide anion 
and nitric oxide,34 is a marker of oxidative stress.35 
Evidence shows that oxidative stress is involved in the 
pathogenesis of cardiovascular diseases in diabetes 
mellitus.36 Nitrotyrosine was found to be elevated 
significantly in our type 1 diabetic patients compared 
to healthy controls. Increased nitrotyrosine could be 
demonstrated in patients with either type 137 or type 2  
diabetes.38 Evidence in the literature shows that an 
acute increase in blood glucose causes an increase in 
nitrotyrosine.39 In insulin-treated type 2 diabetic patients, 
nitrotyrosine production increased during postprandial 
hyperglycemia, indicating the role of postprandial 
hyperglycemia in the pathogenesis of cardiovascular 
disease through the production of oxidative stress.38 
During the present euglycemic clamp, under fasting 
conditions and only slightly elevated blood glucose levels 
at baseline in the diabetic patients, insulin application 
did not change significantly the increased nitrotyrosine 
levels in patients with type 1 diabetes or in healthy 
controls.

In the present study, cGMP levels, which are described 
to be reduced in patients with advanced stages of type 
1 diabetes, suggesting that NO release or its action on 
guanylate cyclase is reduced,40 did not differ between 
type 1 diabetes and healthy controls.

Plasma levels of ADMA, an endogenous inhibitor 
of endothelial NO synthase, have been shown to be 
elevated in diseases related to endothelial dysfunction.41 
Increased levels of ADMA are associated with 
endothelial vasodilator dysfunction and increased risk 
of cardiovascular diseases.41,42 Plasma levels are shown 
to be correlated positively with insulin resistance in 
several studies, including normo- and hypertensive, 
nondiabetic subjects.43,44 In vitro, hyperglycemia impairs 
dimethylarginine dimethylaminohydrolase activity in 
vascular smooth muscle cells and the endothelium, 
leading to elevated ADMA levels.45 Moreover, a 

significant relationship between increased ADMA 
concentrations and type 2 diabetes/insulin resistance 
has been described.46,47 In type 1 diabetes, ADMA is 
elevated in patients with diabetic nephropathy, whereas 
no relationship between ADMA and diabetic retinopathy 
was detected.48 According to this, in our present study, 
we could not find a statistically significant difference in 
ADMA in our relatively young diabetic patients without 
any microvascular complications compared to healthy 
controls. Furthermore, insulin application during the 
euglycemic clamp did not influence the ADMA plasma 
concentration in patients with type 1 diabetes; however, 
healthy control subjects showed a significant decrease in 
ADMA during the euglycemic clamp with both insulin 
concentrations.

On the contrary, elevated ADMA levels are associated 
with an increased risk for stroke and myocardial 
infarction in patients with diabetic nephropathy.48 As 
described earlier, ADMA levels are associated with 
increased arterial wave reflections, most likely to 
decreased NO activity in small arteries.33

Considering the literature and the results of our study, 
endothelial function measured by several plasma 
parameters such as nitrotyrosine, cGMP, and ADMA 
or noninvasively by pulse wave analysis is impaired in 
patients with uncomplicated type 1 diabetes. Application 
of insulin improves the arterial elastic properties, but was 
not able to normalize the vascular function in patients 
with type 1 diabetes.
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