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Background 

 

C-peptide increases forearm blood flow (FBF) in patients with Type 1
diabetes, probably by interaction with insulin, but not in healthy subjects. It is
unclear if the vasodilating effect is sealed at normal fasting insulin concentrations.

 

Methods 

 

The effects of C-peptide alone and during local hyperinsulinaemia were
studied in healthy young men. Subjects received intra-arterial insulin at 6 pmol
min

 

-

 

1

 

 (low dose) or placebo for 60 min with subsequent coinfusion of C-peptide
at increasing doses of 2–60 pmol min

 

-

 

1

 

 in a double-blind crossover study (

 

n

 

 

 

=

 

 8). In
control experiments insulin at 30 pmol min

 

-

 

1

 

 (high dose) was coinfused with C-
peptide (

 

n

 

 

 

=

 

 3). FBF was measured by strain-gauge plethysmography.

 

Results 

 

Placebo had no effect on FBF (mean percentage change from baseline at
50 min 

 

-

 

3.1%, 95% confidence interval [CI] 

 

-

 

14.9, 

 

+

 

8.7). Insulin infusion slightly
enhanced FBF by 

 

+

 

10.2% (95% CI 

 

-

 

6.8, 

 

+

 

27.2; low dose) and 

 

+

 

17.6% (95% CI

 

-

 

38.8, 

 

+

 

74.0; high dose), respectively. The mean individual difference of the change
in FBF between low-dose insulin and placebo was 

 

+

 

13.3% (95% CI 

 

-

 

6.0, 

 

+

 

32.7;
P 

 

=

 

 NS). Infusion of C-peptide increased local C-peptide concentrations from
1.8 

 

±

 

 0.1 ng ml

 

-

 

1

 

 to 6.1 

 

±

 

 2.8 ng ml

 

-

 

1

 

, but had no effect on FBF during placebo or
hyperinsulinaemia (mean difference vs low dose insulin 

 

-

 

16.0%, 95% CI 

 

-

 

38.9,

 

+

 

6.9).

 

Conclusion 

 

The vasodilating effect of C-peptide seen in Type 1 diabetes is not
detectable during fasting or hyperinsulinaemia in the forearm vasculature of healthy
subjects. This suggests saturation of its vasodilating potency at insulin concentrations
within the normal or in the supraphysiological range.
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Introduction

 

C-peptide has only trivial metabolic effects in humans
[1–3] and it has been believed that the role of C-peptide
is mainly to facilitate the folding of the proinsulin mol-
ecule. However, there is evidence that C-peptide can
exert other physiological effects, as the administration of
C-peptide decreased glomerular hyperfiltration in dia-
betic rats [4, 5], and augmented glucose utilization and
improved autonomic nervous function in patients with
Type 1 diabetes mellitus [6–8]. C-peptide has further
been described to act as a vasodilator in patients with
Type 1 diabetes mellitus, where short-term systemic infu-

sions of C-peptide increased forearm blood flow (FBF)
and brachial artery diameter at physiological concentra-
tions [9]. Therefore, the lack of endogenous C-peptide
in Type 1 diabetes has been proposed to contribute to
the development of diabetic vascular complications [10,
11].

Interestingly, the vascular effects of C-peptide were
found only in patients with Type 1 diabetes and not in
healthy subjects [3, 9, 11], which is compatible with
animal studies [12]. This is at variance with 

 

in vitro

 

 data
showing that C-peptide acts as a potent concentration-
dependent vasodilator in the presence of nondilating
concentrations of insulin in isolated rat muscle arterioles
from nondiabetic animals, whereas C-peptide alone is
only a weak and variable vasodilator [13]. This suggests
that C-peptide might require the presence of insulin for
its vascular actions. However, it is unclear if the vasodi-
lating potency is already saturated under normal condi-
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tions in humans or if hyperinsulinaemia could have an
incremental effect on C-peptide-induced vasodilation.

In the present study the vasoactive potential of C-
peptide on forearm resistance arteries was assessed under
fasting conditions and during hyperinsulinaemia.
Changes in FBF were studied using strain gauge
plethysmography.

 

Materials and methods

 

The study was approved by the Ethics Committee of the
University of Vienna and complies with the principles
of the Declaration of Helsinki including current revisions
and the GCP guidelines. Written informed consent was
obtained from all subjects prior to enrolment.

 

Subjects

 

Thirteen healthy male volunteers between the ages of 19
and 34 years were included in this study. All subjects were
nonsmokers and drug-free. In a complete health exami-
nation (including physical examination, ECG, laboratory
screening and oral glucose tolerance test) within 14 days
prior to the first study day no clinically relevant abnor-
malities were detected. Descriptive characteristics of the
study population are summarized in Table 1. Subjects
were studied after an overnight fast in a quiet room with
an ambient temperature of 22

 

∞

 

C.

 

Experimental protocol

 

The effect of mild hyperinsulinaemia on C-peptide-
induced vasodilation was studied in eight subjects and
followed a double-blind, placebo-controlled, crossover
design with washout between the 2 trial days of at least
2 days.

On both study days a 27-G needle was inserted into
the brachial artery of the nondominant arm for drug
infusion and an intravenous cannula was inserted into the
other arm for quantification of systemic insulin and C-

peptide concentrations. After a 15-min resting period in
supine position with saline infusion, allowing the partic-
ipants to acclimatize to the needle, an intra-arterial infu-
sion of insulin at 6 pmol min

 

-

 

1

 

 (Huminsulin; Lilly,
Fegersheim, France; mixed with heparinized blood to
avoid adsorption to the syringe and to connecting tubing
[14]) or placebo (0.9% saline) was started. After 60 min,
increasing doses of C-peptide (Biotrend Chemikalien
GmbH, Cologne, Germany) were coinfused intra-arteri-
ally. C-peptide doses were increased at 10-min intervals
from 2 to 4, 8, 15, 30 and 60 pmol min

 

-

 

1

 

, respectively [11].
Venous C-peptide and insulin concentrations were

determined from the infusion arm in two additional
subjects without measurement of FBF.

An open-label third study day was carried out in three
subjects, where a higher local insulin dose of
30 pmol min

 

-

 

1

 

 was infused [15]. The experiments were
identical otherwise. Local C-peptide and insulin concen-
trations were determined in blood samples from a fore-
arm vein of the intervention arm.

 

Systemic haemodynamics

 

Blood pressure was measured by an automated oscillom-
etric device on the wrist of the control arm in 10-min
intervals, pulse rate was monitored continuously by a
finger pulse-oxymetric device (Hewlett Packard CMS
patient monitor; Palo Alto, CA, USA) [16].

 

Forearm blood flow

 

FBF was measured by bilateral venous occlusion strain-
gauge plethysmography [17, 18]. Briefly, inflatable upper

 

Table 1

 

Baseline physical characteristics

 

.

 

Low-dose
insulin

group (

 

n 

 

=

 

 8)

High-dose
insulin

group (

 

n 

 

=

 

 3)

 

Age (years) 25 

 

± 

 

1 29 

 

± 

 

3
Body mass index (kg m

 

-

 

2

 

) 23.5 

 

± 

 

0.6 23.5 

 

± 

 

1.1
Systolic blood pressure (mmHg) 129 

 

± 

 

3 119 

 

± 

 

3
Diastolic blood pressure (mmHg) 60 

 

± 

 

2 58 

 

± 

 

9
Heart rate (min

 

-

 

1

 

) 66 

 

± 

 

4 65 

 

± 

 

5

Data are means 

 

±

 

 SEM.

 

Figure 1

 

Forearm blood flow during intra-arterial coinfusion of 
insulin at 6 pmol min

 

-

 

1

 

 (

 

•

 

) or placebo (

 

 

 

) with cumulative doses 
of C-peptide (2, 4, 8, 15, 30, 60 pmol min

 

-

 

1

 

, infusion period 
10 min each). Data are expressed as percentage change from 
baseline as means 

 

±

 

 SEM, 

 

n

 

 

 

=

 

 8.
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arm cuffs and wrist cuffs were attached to both arms.
Strain gauges were placed on the forearms and connected
to plethysmographs (EC-6; D.E. Hokanson, Bellevue,
WA, USA). Traces were analysed using the NIVP3 soft-
ware (Version 5.25; Hokanson). Flow measurements were
recorded for 9 s at 30-s intervals at baseline and during
drug infusion, while the upper arm and wrist cuffs were
inflated to 45 mmHg and 200 mmHg, respectively. FBF
was expressed as the ratio of blood flow in the interven-
tion to control arm and baseline ratio was defined as
100%. Local drug effects were expressed as percentage
change over baseline obtained during saline infusion. For
statistical analysis and graphical display one value of FBF
was calculated for every 10-min interval as the mean of
the ten measurements obtained during the final 5 min of
the respective time period.

 

Laboratory parameters

 

Every 10 min, venous blood samples were drawn from
the non-infused arm to determine glucose plasma con-
centrations (Glucose Analyser; Beckman Inc., Fullerton,
CA, USA). Laboratory analyses for insulin and C-
peptide concentrations were carried out according to
standard procedures at the Institute of Medical and
Chemical Laboratory Diagnostics, Allgemeines Kranken-
haus Wien.

 

Statistical analysis

 

All data sets were tested for normal distribution using
the Kolmogorov–Smirnov test. Due to lognormal distri-
bution, data were log-transformed before 

 

ANOVA

 

. Per-
cent changes of FBF from baseline were used for
statistical analysis of the effects of insulin over time and

 

vs

 

 placebo control. For statistical comparison of the
effects of C-peptide with insulin or placebo, blood flow
recorded before coinfusion experiments was taken as
new baseline and mean individual difference between
treatment groups calculated. All calculations were per-
formed using the Statistica software package (Release
5.1; StatSoft Inc., Tulsa, OK, USA). 

 

P

 

 

 

£

 

 0.05 was con-
sidered significant. Values are expressed as means 

 

±

 

SEM
unless indicated otherwise.

 

Results

 

The drugs under study were well-tolerated and no sys-
temic side-effects or local complications were reported.

 

Systemic haemodynamics

 

No significant differences in blood pressure or pulse rate
were observed at baseline or between the 2 study days,

and the drugs under study had no effect on systemic
haemodynamics (data not shown).

 

Forearm blood flow

 

FBF at baseline was 4.1 ml min

 

-

 

1

 

 100 ml

 

-

 

1

 

 (95% confi-
dence interval [CI] 2.5, 5.6) and 5.2 ml min

 

-

 

1

 

 100 ml

 

-

 

1

 

(95% CI 2.8, 7.7) on study days with placebo and low-
dose insulin (

 

P

 

 

 

=

 

 NS between study days).
Placebo had no effect on FBF (mean percentage

change from baseline at 50 min 

 

-

 

3.1%, 95% CI 

 

-

 

14.9,
+8.7). Insulin had only a small effect on FBF and caused
an increase of +10.2% (95% CI -6.8, +27.2) at a dose
of 6 pmol min-1 (P = NS vs baseline and placebo; Fig. 1).
The mean individual difference of the change in FBF
between insulin and placebo days was +13.3% (95% CI
-6.0, +32.7; P = NS).

Coinfusion of C-peptide changed FBF by +3.0% (95%
CI -15.3, +21.4) and -12.9% (95% CI -30.6, +4.8) from
preceding placebo or low-dose insulin administration,
respectively (Fig. 1). The mean individual difference
between treatment groups was -16.0% (95% CI -38.9,
+6.9).

High-dose insulin infusion increased FBF by +17.6%
(95% CI -38.8, +74.0) from baseline. Coinfusion of C-
peptide had no effect on FBF (mean change +0.1%, 95%
CI -15.2, +15.5; P = Ns, n = 3).

Laboratory parameters

Glucose levels remained in the physiological range
throughout the study and no substitution was necessary.
Venous blood glucose tended to decrease over time, from
a mean of 85 ± 3 mg dl-1 to 80 ± 1 mg dl-1 during placebo
and from 86 ± 4 mg dl-1 to 78 ± 3 mg dl-1 during local
insulin infusion (P = NS). High-dose insulin also had no
significant effect on plasma glucose levels. Co-administra-
tion of C-peptide had no effect on venous glucose levels.

Insulin concentrations in the intervention arm
increased more than three-fold at 120 min from a baseline
of 8.4 ± 1.2 to 28.5 ± 9.5 mU ml-1 (n = 2) during infusion
of insulin at 6 pmol min-1 and increased nearly ten-fold
from a baseline of 12.6 ± 3.6 to 115.7 ± 32.3 mU ml-1

(n = 3) during insulin at 30 pmol min-1. Systemic insulin
concentrations slightly decreased from baseline values of
8.0 ± 0.8 to 6.8 ± 0.8 mU ml-1 during low-dose insulin
infusion (n = 8, P = NS) and from 14.4 ± 4.9 at baseline
to 10.0 ± 1.6 mU ml-1 during high-dose insulin infusion
(n = 3, P = NS).

Local C-peptide concentrations were comparable
between study days. Local forearm C-peptide was
1.8 ± 0.1 ng ml-1 and increased to 6.1 ± 2.8 ng ml-1 after
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infusion of C-peptide (n = 2). Systemic C-peptide con-
centrations remained unchanged (data not shown).

Discussion

In the present experiments C-peptide exerted no direct
or insulin-enhancing effect on FBF in healthy humans,
despite significantly increased local concentrations of the
drugs under study.

It is well known that insulin causes a gradual vasodi-
lating effect after intra-arterial infusion into the forearm
[19]. In our study we selected a dose to increase local
concentrations of insulin without altering basal blood
flow. Despite tripled local insulin concentrations, only
little forearm vasodilation was noted, which is in agree-
ment with previous other studies [15]. However, substan-
tially higher local forearm concentrations of insulin of
approximately 115 mU ml-1 in venous outflow also had
only little impact on regional blood flow. The latter
control experiments were conducted in a small number
of subjects and the lack of significant increase in blood
flow could be due to limited power, given the variability
of effects in healthy subjects [20]. Also, minor differences
in body mass index and metabolic state may influence
outcome in a small sample size. In particular, insulin
sensitivity can affect vascular responses to exogenous
insulin infusions [21]. Further, the vascular effect of insu-
lin in the forearm depends on adequate glucose availabil-
ity, as demonstrated in coinfusion experiments employing
D-glucose [22]. Systemic haemodynamics were not
affected by local infusion of insulin, which also had no
effect on circulating insulin concentrations.

Our results with C-peptide infusion differ from find-
ings in patients with Type 1 diabetes, where C-peptide
alone acted as a vasodilator at equivalent plasma concen-
trations [6–9, 23]. However, the absence of vascular
effects of C-peptide in healthy animals [12, 13] and in
healthy humans [3, 9, 11] has been consistently reported
in the literature. The lack of vascular effects of C-peptide
in healthy subjects could reflect pharmacodynamic satu-
ration [24], which does not contradict that C-peptide
acts as a vasodilator in patients with Type 1 diabetes
deprived of C-peptide. This condition may eventually
lead to up-regulation of the C-peptide signal transduc-
tion pathway. Although no specific receptor for C-
peptide has been described yet and nonreceptor
membrane interactions have been suggested to explain
the mechanism [25], recent binding studies have shown
a typical receptor interaction pattern [24, 26]. C-peptide
stimulates Na+-K+-ATPase activity in rat renal tubular
cells [27] and restores erythrocyte deformability in
patients with Type 1 diabetes through the same mecha-
nism [28].

The combination of insulin with C-peptide increased

vasodilation in in vitro studies [13] and in subjects with
Type 1 diabetes mellitus [4–8]. Previous studies address-
ing the role of C-peptide in healthy subjects were limited
by different aspects. First, no exogenous insulin was
added in most studies [9, 11], which only investigated
effects at ambient insulin concentrations. Second, when
insulin was administered with C-peptide intravenously,
systemic effects and metabolic changes could have influ-
enced the vascular responsiveness or altered basal tone.
This has to be considered, since insulin’s systemic vascular
action is at least partly linked to its metabolic effects [29].
Also, nervous system activation [30, 31] with release of
vasoactive hormones can occur. We therefore studied the
functional effects of C-peptide during local hyperinsuli-
naemia in healthy humans.

In conclusion, intra-arterial infusions of C-peptide
with or without insulin did not cause significant forearm
vasodilation in healthy humans. This suggests that patients
with Type 1 diabetes mellitus are more susceptible to the
vascular effects of C-peptide than healthy subjects, where
pharmacodynamic saturation might already be reached.
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