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Abstract Aims/hypothesis: Diabetic macro- and micro-
angiopathy are associated with a high risk of vascular
complications. The diabetic patient exhibits a pathological
coagulation state, with an increased synthesis of coagula-
tion factors and plasminogen activator inhibitor 1 (PAI-1)
as well as an enhanced aggregation of platelets. Previous
studies have shown that C-peptide can reduce leucocyte-
endothelial cell interaction and improve microvascular
blood flow in patients with type 1 diabetes. In the present
study, we examined in vivo whether C-peptide is able to
reduce platelet activation and through that microvascular
thrombus formation. Materials and methods: In the
microvessels of cremaster muscle preparations taken from
normal and diabetic mice, ferric chloride-induced throm-
bus formation was analysed using intravital fluorescence
microscopy. Results: I.V. administration of C-peptide in
high dose (70 nmol/kg), but not in low dose (7 nmol/kg),
caused a significant delay in arteriolar and venular
thrombus growth in normal and diabetic mice. This effect
was repressed by cremaster muscle superfusion with
insulin (100 μU/ml) in diabetic animals, but particularly
in normal animals. In parallel, immunohistochemistry
demonstrated a higher number of PAI-1-expressing vessels
in cremaster muscle tissue from control animals and from
animals treated with C-peptide and insulin compared with
tissue from animals with C-peptide treatment applica-
tion alone. Conclusions/interpretation: We conclude that

C-peptide possesses antithrombotic actions in vivo. A
causal role of PAI-1 in this scenario needs to be further
addressed. However, the reversal of C-peptide action by
insulin may invalidate the use of this peptide as a treatment
option to improve rheology and microcirculation in
diabetic patients.
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Introduction

The excess mortality and high morbidity of diabetic
patients are predominantly determined by vascular dys-
functions. Diabetic microangiopathy not only manifests as
nephropathy, retinopathy and delayed wound healing, but
also predisposes the patient to the development of coronary
artery, cerebrovascular and peripheral artery disease [1, 2].
The pathophysiology of diabetic vasculopathy involves the
dysfunction of the endothelium, which is caused by
increased production of reactive oxygen species as a
consequence of hyperglycaemia, which in turn inactivates
the vasodilator nitric oxide (NO). As a consequence,
nuclear factor κB is upregulated and the formation of
vasoconstrictive prostanoids and endothelins is increased
[3, 4]. Plasminogen activator inhibitor 1 (PAI-1) levels
have also been found to be elevated in diabetic patients,
resulting in defective fibrinolysis and an increased risk for
intravascular thrombosis [5, 6].

In addition to these endothelium-confined factors,
platelet dysfunction [7–9] and an imbalance of plasmatic
coagulation factors further contribute to a prothrombotic
state in the diabetic patient. In particular, augmented
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synthesis of factor VII, thrombin, tissue factor and PAI-1 is
detected in the diabetic patient, while anticoagulative
substances, such as thrombomodulin and protein C, are
diminished [10–12].

Administration of C-peptide, the cleavage product from
proinsulin, has been shown to improve skin microcircula-
tion in patients with type 1 diabetes [13]. C-peptide further
induces endothelial NO-synthetase and, thus, NO produc-
tion [14]. In addition, it may reduce leucocyte–endothelium
interaction through a diminution of endothelial P-selectin
and intracellular adhesion molecule type 1 expression [15].
Based on this, insulin deficiency, and thus lack of anti-
adhesive C-peptide action, could be a causal factor in the
development of procoagulative status in diabetic patients.
We therefore used intravital fluorescence microscopy to
investigate the effect of systemic C-peptide administration
on microvascular thrombus formation in vivo in normal
and diabetic mice. We additionally performed flow
cytometric and immunohistological studies to characterise
further the potential underlying cellular and molecular
mechanisms. Since exogenous insulin application is
essential for type 1 diabetic patients, we also tested the
effect on microvascular thrombus formation of additional
insulin application.

Materials and methods

Mouse cremaster muscle preparation

Upon approval by the local government, all experiments
were carried out in accordance with the German legislation
on protection of animals and the National Institutes of
Health ‘Guide for the Care and Use of Laboratory Animals’
(Institute of Laboratory Animal Resources, National
Research Council). Male C57BL/6 mice (Charles River,
Sulzfeld, Germany) with a body weight of 20–25 g were
anaesthetised with an i.p. injection of ketamine (90 mg/kg
body weight) and xylazine (25 mg/kg body weight) and
a polyethylene catheter was placed into the right jugular
vein to allow for administration of C-peptide and fluores-
cent dyes.

For the study of vascular thrombus formation, we used
the opened cremaster muscle preparation, as described
originally by Baez [16] and applied as a model of
microvascular thrombus formation in previous studies
[17–20]. After the preparation of the cremaster muscle, the
animals were allowed to recover from surgery for 15 min
before induction of thrombus formation.

In vivo thrombosis model

The cremaster muscle microcirculation was visualised by
intravital fluorescence microscopy as described previously
by our group [20]. Using a ×20 water immersion objective
(Achroplan ×20/0.50 W; Zeiss, Jena, Germany) and 5%
fluorescein isothiocyanate (FITC)-labelled dextran for con-
trast enhancement, blood flow was monitored in individual

arterioles (diameter range 30–60 μm) and venules (diam-
eter range 40–80 μm), followed by superfusion with 25 μl
ferric chloride (12.5 mmol/l; Sigma, Steinheim, Germany)
for induction of microvascular thrombosis. Recording of
vessels was discontinued after blood flow in the vessel had
ceased for at least 60 s. As the rapid spreading of ferric
chloride solution allowed only one or two arterioles and
venules to be studied within each preparation, both left and
right cremaster muscles were prepared for analysis of
thrombotic vessel occlusion within each animal.

Analysis included the time periods until first standstill of
perfusion and sustained cessation of blood flow as a result
of complete vessel occlusion. To characterise the kinetics
of microvascular thrombus formation, a red blood cell
(RBC) velocity profile was determined using the line-shift
method (CapImage; Zeintl, Heidelberg, Germany). Micro-
circulatory analysis also included the determination of
vessel diameter and RBC velocity before thrombus induc-
tion with calculation of vascular wall shear rates, based on
the Newtonian definition γ ¼ 8� V=D , where V repre-
sents the RBC-velocity divided by 1.6 according to the
Baker–Wayland factor [21] and D represents the individual
inner vessel diameter. The wall shear rate calculated might
differ from values given in studies using different methods,
such as the dual-slit photodiode technique and Doppler
flowmetry [22, 23]; however, it will fit well with values
found in studies using the line-shift method or comparable
systems [20, 24, 25].

Experimental groups and protocol

Experiments were performed in normal and diabetic mice.
Diabetes was induced by application of streptozotocin
(40 mg/kg i.p.) on five consecutive days. Animals were
kept in their accustomed environment and monitored for
polyuria for the following 35–40 days. Starting on day 42
the diabetic metabolic state was confirmed by repeated
positive testing for hyperglycaemia and glucosuria. Glu-
cosuria was tested with test strips (Medi-test, Combi 3A;
Macherey-Nagel, Düren, Germany) and was considered
positive if the glucosuria was >56 mmol/l on five
consecutive days. Hyperglycaemia was confirmed by
blood glucose testing with a digital glucometer (elite
2000; Beyer Diagnostics GmbH, Munich, Germany). Mice
were considered diabetic if their blood glucose levels were
>11.1 mmol/l for three consecutive days.

Human C-peptide was administered to mice via the
right jugular vein in a low dose of 7 nmol/kg (n=6) and a
high dose of 70 nmol/kg (n=6) 15 min before the
experiment. Control animals received equivalent volumes
of heat-inactivated C-peptide (30 min at 95°C) (n=14).
The C-peptide concentrations were chosen because
previous experiments had shown that injection of
130 nmol/kg human C-peptide into rats increased the
physiological C-peptide plasma levels ten-fold 3 h after
injection [26]. Therefore, the higher dose of 70 nmol/kg
used in this study is likely to induce an approximately
five-fold increase in C-peptide plasma level, which has
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been shown to correct vascular permeability and neuronal
dysfunction in diabetic rats [26]. Additionally, Scalia et al.
demonstrated that this concentration of C-peptide inhibited
leucocyte–endothelial interaction during acute endothelial
dysfunction [15]. To examine the role of insulin in C-
peptide function, the cremaster muscles of animals treated
with C-peptide at either low (7 nmol/kg; n=4) or high
(70 nmol/kg; n=4) dose were superfused with insulin
solution at a concentration of 100 μU/ml before thrombus
induction. This concentration was applied because post-
prandial insulin levels in humans typically reach 60–
80 μU/ml. Insulin was applied topically because systemic
application of insulin might have resulted in uncontrol-
lable lowering of blood glucose levels and thus unstable
metabolic conditions. Identical sets of experiments were
performed in diabetic mice with systemic C-peptide
administration at low (n=5) and high (n=4) doses, using
heat-inactivated C-peptide (n=11) as well as with addi-
tional insulin superfusion at low (n=4) and high (n=4)
doses of C-peptide.

To rule out a difference in the effect of C-peptide and
insulin between systemic and topical application and to
further clarify the effect of insulin application alone,
additional in vivo experiments were performed superfusing
the cremaster muscle with insulin (100 μU/ml) alone in
normal (n=4) and diabetic (n=4) mice. In addition,
cremaster muscle preparations were superfused with insu-
lin (100 μU/ml) and C-peptide (7 nmol/l) in normal (n=4)
and diabetic (n=5) animals.

Human blood collection and preparation
of platelet-rich plasma

Following acquisition of informed consent, blood was
drawn from the left cubital vein of healthy volunteers using
a 21-gauge needle into 5-ml S-Monovettes 9NC (Sarstedt,
Nümbrecht, Germany) (1:10 citrate, v/v). After centrifuga-
tion for 15 min at 110 g and room temperature (GS-6R
Centrifuge; Beckman Coulter, Fullerton, CA, USA),
platelet-rich plasma was transferred to a separate tube.
Platelet count was assessed with a Cell Counter (Sysmex
KX-21; Sysmex, Norderstedt, Germany) and adjusted to
2×108/ml by dilution with PBS. Aliquots of platelet-rich
plasma were transferred into a 37°C water–bath to rest for
30 min to eliminate isolation-induced platelet activation.

Flow cytometric analysis of P-selectin
and glycoprotein IIb/IIIa expression

For evaluation of receptor expression under resting
conditions, 50 μl of platelet suspensions were incubated
for 30 min with the isotype-specific control antibody, the
P-selectin antibody or the glycoprotein IIb/IIIa (GPIIb/
IIIa) antibody in the presence of C-peptide at concentra-
tions of either 0.3 or 1 nmol/l. Platelet suspensions without
C-peptide served as controls. A similar set of experiments
was carried out following exposure to thrombin-receptor-

activating peptide (TRAP) for maximal platelet activation
(2.5 mmol/l).

C-peptide concentrations of 0.3 and 1.0 nmol/l were
chosen because the physiological concentration of C-
peptide in human blood ranges between 0.5 and 1.5 nmol/l.
In addition, reports studying a potential C-peptide receptor
on renal tubular cells showed a half-saturation at a C-
peptide concentration of 0.3 nmol/l and a full saturation at
0.9 nmol/l C-peptide [27]. An additional set of experiments
was carried out, adding insulin at final concentrations of 10
and 100 μU/ml (which cover fasting [6–25 μU/ml] and
postprandial [60–100 μU/ml, maximum 200 μU/ml]
insulin levels in humans [28]) alone and in combination
with C-peptide concentrations of 0.3 and 1.0 nmol/l. Then,
platelets were rapidly cooled on ice and diluted with 1 ml
4°C 1% paraformaldehyde in PBS (Cell Fix; Becton
Dickinson, Heidelberg, Germany). After fixation, platelets
were centrifuged at 300 g for 4 min at 4°C and washed
twice with PBS. The supernatant was decanted and the
pellet was resuspended in PBS for flow cytometry.

Expression of P-selectin on platelets was investigated by
direct immunofluorescence using a monoclonal anti-
human FITC-coupled P-selectin antibody (Santa Cruz
Biotechnology, Heidelberg, Germany), diluted 1:50 (v/v)
with staining medium (0.1% sodium azide and 2% FCS
in PBS). In an additional set of experiments a FITC-
coupled PAC-1 antibody (Becton Dickinson Biosciences,
Heidelberg, Germany) directed against the activated
conformation of GPIIb/IIIa was employed [29]. A FITC-
coupled IgG1 isotype-matched control antibody (Santa
Cruz Biotechnology) was used to exclude unspecific
binding. Flow cytometry was performed within the next
hour.

The FACScan flow cytometer (Becton Dickinson) was
calibrated with fluorescent standard microbeads (Cali-
BRITE Beads; Becton Dickinson) for accurate instrument
setting. Platelets were identified by their characteristic
forward and sideward scatter light and were selectively
analysed for their fluorescence properties using the
CellQuest program (Becton Dickinson) with assessment
of 20,000 events per sample. The relative fluorescence
intensity of a given sample was calculated by subtracting
the signal obtained when cells were incubated with the
isotype-specific control antibody from the signal generated
by cells incubated with the test antibody.

Histology and immunohistochemistry

At the end of each experiment, the cremaster muscle was
fixed in 4% phosphate-buffered formalin for 2–3 days and
embedded in paraffin. From the paraffin-embedded tissue
blocks, 4-μm sections were cut and stained with haemat-
oxylin and eosin for histological analysis. For immuno-
histochemical demonstration of PAI-1, sections collected
on poly-L-lysine-coated glass slides were treated by
microwave for antigen unmasking. Goat polyclonal anti-
PAI-1 (1:200; Santa Cruz Biotechnology) was used as
primary antibody and incubated for 90–120 min at room
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temperature, followed by a horseradish peroxidase-con-
jugated donkey anti-goat antibody (1:25; Santa Cruz
Biotechnology) and development using DAB substrate as
chromogen. The sections were counterstained with haemat-
oxylin and examined by light microscopy (Zeiss Axioscop
40; Zeiss).

Chemicals and drugs

Human 31-residue C-peptide (Sigma) was dissolved in
0.5 mol/l acetic acid with further dilutions being made with
0.9% saline, as previously described [15]. Human C-
peptide was applied because of its simple availability and
similar structure compared with rat or mouse C-peptides.
Human C-peptide has been used in several small animal
models and has been shown to induce positive effects on
vascular and neuronal dysfunction as well as on leucocyte–
endothelial cell dysfunction [15, 26]. Streptozotozin
(Sigma) was dissolved in citrate buffer (pH 4.5, 0.1 mol/l)
and used directly following preparation. Porcine insulin
was also purchased from Sigma and dissolved in PBS to
final concentrations of 10 and 100 μU/ml. As insulin from
different species interacts with porcine insulin sera to a
similar degree [30], porcine insulin was chosen because it
is more easily available and is cheaper. TRAP was
purchased from Bachem (Bubendorf, Germany) and
dissolved in PBS to yield a 2.5 mmol/l stock solution.
All solutions were stored in the dark at a maximum
temperature of −20°C.

Statistical analysis

After proving the assumption of normality and equal
variance across groups, differences between groups were

assessed using one-way ANOVA followed by the appro-
priate post hoc comparison test. All data were expressed as
means ± SEM and overall statistical significance was set at
p<0.05. Linear regression analysis was performed to
evaluate significant correlations between kinetics of
thrombus formation and PAI-1 expression. Statistics and
graphics were performed using the software packages
SigmaStat and SigmaPlot (Jandel Corporation, San Rafael,
CA, USA).

Results

In vivo thrombosis model

The effect of systemic application of C-peptide in low
(7 nmol/kg) and high (70 nmol/kg) doses was assessed in
vivo by superfusion of microvessels with ferric chloride
solution, which resulted in complete thrombotic occlusion
of the individually exposed vessel.

At baseline, i.e. before thrombus induction, animals did
not significantly differ between the groups with regard to
the diameter and wall shear rates in arterioles and venules
(Table 1). Thus, the distinct times until complete vessel
occlusion are only barely attributable to differences in
microhaemodynamics.

Effect of low-dose C-peptide on microvascular
thrombosis

Quantitative analysis of ferric chloride-induced thrombus
formation in normal controls, i.e. animals that received
heat-inactivated C-peptide, revealed complete occlusion of
venules and arterioles at 449±55 s and 411±76 s,
respectively (Fig. 1a). C-peptide neither alone nor in

Table 1 Vessel diameters (μm) and wall shear rates (γ; s−1) in mice cremaster muscle microvessels prior to ferric chloride-induced
thrombus formation

Arterioles Venules

Diameter γ Diameter γ

Normal
Control 45±4 116±9 51±6 73±12
C-peptide 7 nmol/kg 52±7 133±32 72±10 56±9
C-peptide 7 nmol/kg+insulin 55±4 134±9 61±4 99±12
Control 37±4 129±18 46±4 63±18
C-peptide 70 nmol/kg 45±4 150±25 50±4 98±16
C-peptide 70 nmol/kg+insulin 54±5 127±13 58±5 94±4
Diabetic
Control 48±3 134±12 53±5 96±8
C-peptide 7 nmol/kg 55±5 140±9 66±6 141±46
C-peptide 7 nmol/kg+insulin 41±6 198±40 56±7 73±6
Control 56±6 128±9 56±6 120±14
C-peptide 70 nmol/kg 38±4 136±32 50±4 140±25
C-peptide 70 nmol/kg+insulin 48±7 173±37 61±5 75±9

Values are given as means ± SEM; for further information, see Materials and methods
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combination with insulin had a major influence on these
microvascular occlusion times in normal animals (Fig. 1a).
Moreover, microvascular thrombus formation in diabetic
mice did not differ between control animals and those that
received low-dose C-peptide alone or in combination with
insulin (Fig. 1b), ranging between 375 and 510 s for
arterioles and 400 and 570 s for venules.

Effect of high-dose C-peptide on microvascular
thrombosis

In contrast, the application of a high dose of C-peptide
caused a significant delay in arteriolar and venular
thrombus growth and in occlusion time in both normal
(Fig. 2a) and diabetic animals (Fig. 2b). Notably, this
prolongation in microvascular thrombus formation with
high-dose C-peptide exposure was abolished by super-
fusion of the cremaster muscle with insulin in normal mice
and resulted in complete occlusion of arterioles and
venules within the time periods, as observed in controls
(Fig. 2a). As in normal mice, insulin superfusion repressed
the C-peptide-induced delay in thrombotic vessel occlusion
in diabetic mice towards the values found in controls
(Fig. 2b). This effect was also seen when the cremaster
muscle was superfused with insulin and C-peptide, as
indicated by the comparable arteriolar and venular occlu-
sion times in normal and diabetic animals. Insulin super-
fusion alone resulted in even shorter times until complete
vessel occlusion compared with combined insulin and
C-peptide treatment in normal mice, but in particular in
diabetic animals (Table 2).

Flow cytometric analysis of platelet P-selectin
and GPIIb/IIIa expression

Upon incubation with C-peptide alone or in combination
with insulin, spontaneous expression of P-selectin and

GPIIb/IIIa did not show a marked change and was below
10%. Moreover, both C-peptide alone and C-peptide
combined with insulin failed to affect maximal P-selectin
and GPIIb/IIIa expression, as induced by TRAP exposure
of platelets (data not shown).

PAI-1 immunohistochemistry

PAI-1 was expressed within the endothelium of arterioles
and venules, while little, if any, immunoreactivity was
detected within the surrounding muscle tissue (Fig. 3a,b).
Immunohistochemistry of cremaster muscle tissue with
low-dose C-peptide exposure in both normal and diabetic
animals exhibited a slight reduction in the fraction of PAI-
expressing vessels when compared to their corresponding
normal and diabetic controls (Fig. 4a,b). Interestingly, in
animals with additional insulin superfusion, the fraction of
PAI-expressing vessels was found to be higher than that in
animals that received C-peptide alone and even exceeded
that found in controls (Fig. 4b).

In normal and diabetic animals that received C-peptide at
the high dose of 70 nmol/kg, PAI-1 expression was
markedly reduced, with only 1.5–2% of all vessels
displaying specific immunoreactivity (Fig. 5a,b). Notably,
insulin superfusion in diabetic animals reversed the C-
peptide-induced repression of PAI-expression towards the
values found in controls (∼10%), while in normal animals
the fraction of PAI-expressing vessels averaged almost
30% upon C-peptide and insulin superfusion (Fig. 5a,b).
Superfusion of the cremaster muscle with both C-peptide
(7 nmol/l) and insulin caused a slight, but not significant,
increase in vascular PAI-1 expression in relation to
systemic C-peptide application plus superfusion with
insulin. Insulin superfusion alone resulted in a marked
and significant increase in endothelial PAI-1 expression
within the cremaster muscle compared with additional
C-peptide treatment (Table 2).

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

Control

C-peptide
7 nmol/kg

C-peptide
7 nmol/kg
+ insulin

Time (s) Time (s)

a b

Fig. 1 Occlusion times of arterioles (open bars) and venules (filled
bars) upon ferric–chloride-induced thrombus formation in normal
(a) and diabetic (b) mice following treatment with heat-inactivated

C-peptide (control), C-peptide at low dose (7 nmol/kg) and C-
peptide at low dose (7 nmol/kg) with additional superfusion of
insulin (100 μU/ml). Values are given as means ± SEM
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Discussion

The main reason for morbidity and mortality in diabetic
patients is cardiovascular complications. However, the link
between diabetes and macro- and microangiopathic im-
pairment is still not fully understood. Moreover, sufficient
treatment options have not been established, despite im-
proved glycaemic control of diabetes. To find novel
therapeutic strategies and, in particular, to counteract the
procoagulative status in diabetic patients, we studied the
effect of proinsulin C-peptide administration on microvas-
cular thrombus formation in vivo.

Our results demonstrate that administration of i.v. C-
peptide at 70 nmol/kg leads to a significant deceleration
of microvascular thrombus formation not only in diabetic
but also in normal mice. This provides evidence for a
substantial antithrombotic effect of proinsulin C-peptide.
These in vivo results are further underlined by immuno-
histological findings, demonstrating that C-peptide admin-
istration prompts a decrease in vascular PAI-1 expression.
Of interest, insulin application completely blunted the
anticoagulative effect of C-peptide in normal and diabetic
mice. This is supported by the fact that the percentage of

PAI-1-expressing vessels within the cremaster muscle
tissue was increased in animals which underwent C-
peptide treatment and consecutive insulin superfusion
compared with animals treated with C-peptide alone. The
effect of C-peptide and insulin treatment was similar
regardless of whether a local or systemic mode of C-
peptide application was chosen. Insulin superfusion alone
caused even faster vascular occlusion times, once more
underlining the prothrombotic effect of insulin.

FACScan analysis of human platelets did not reveal
major changes upon C-peptide and C-peptide + insulin
exposure. Despite differences in size, number and ultra-
structural morphology human and murine platelets have
been shown to exert similar organelle and glycoprotein
subcellular distributions [31]. The GPIIb/IIIa receptor in
particular exerts comparable functions during platelet
activation and aggregation in humans and mice [32].
However, we are aware that species differences cannot be
completely excluded.

Since the discovery of insulin biosynthesis and the
subsequent identification of proinsulin and C-peptide,
numerous studies have been undertaken to characterise a
distinct role for C-peptide apart from being merely a

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

Control

C-peptide
70 nmol/kg

C-peptide
70 nmol/kg
+ insulin

Time (s) Time (s)

*
*

*
*

#

#

a b

Fig. 2 Occlusion times of arterioles (open bars) and venules (filled
bars) upon ferric–chloride-induced thrombus formation in normal
(a) and diabetic (b) mice following treatment with heat-inactivated
C-peptide (control), C-peptide at high dose (70 nmol/kg), C-peptide

at high dose (70 nmol/kg) with additional superfusion of insulin
(100 μU/ml). Values are given as means ± SEM; *p<0.05 vs control;
#p<0.05 vs C-peptide high dose (70 nmol/kg)

Table 2 Vessel occlusion times and percentage of PAI-1-expressing vessels in mice cremaster muscle upon ferric chloride-induced
thrombus formation

Arteriolar occlusion time (s) Venular occlusion time (s) PAI-1-expressing vessels (%)

Normal
Superfusion of C-peptide (7 nmol/l)+insulin 319±101 370±101 34.6±2.4
Superfusion of insulin 278±68 279±76 56.7±8.8
Diabetic
Superfusion of C-peptide (7 nmol/l)+insulin 510±70 672±77 17.6±2.8
Superfusion of insulin 182±84 238±84 63.4±1.4

Values are given as means ± SEM; for further information, see Materials and methods and Results
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‘connecting’ peptide [33]. Despite some effects reported on
glucagon release in the rat pancreas [34], it became
common opinion that C-peptide had no biological activity
on its own. However, evidence for multiple beneficial
effects of C-peptide administration in diabetic patients has
been rising over the past decade.

Forst et al. reported positive effects of C-peptide admin-
istration on skin microcirculation in patients with type 1
diabetes [13]. Moreover, C-peptide has been demonstrated
to cause a dilatation of skeletal muscle arterioles that was
probably based on increased NO production and could only
be observed in the presence of insulin [35]. This NO-
releasing effect of C-peptide was confirmed in a study on
leucocyte–endothelium interaction after C-peptide admin-
istration in the mesentery of normal rats [15] and in vitro in
bovine aortic endothelial cells, which showed a time- and
concentration-dependent release of NO [14]. It has further
been demonstrated that C-peptide elicits a concentration-
dependent stimulation of Na+-K+-ATPase activity in renal
tubular cells [36]. Consistent with this, the activity of
Na+-K+-ATPase was reduced in membranes of erythro-
cytes of diabetic patients, which led to a reduced eryth-
rocyte deformability and an increased blood viscosity.

C-peptide infusion restored RBC deformability and mi-
crovascular blood flow concomitant with Na+-K+-ATPase
activity [37, 38]. As a consequence it has been assumed
that beneficial effects of C-peptide on microvascular
blood flow and haemorrheology are exerted largely via
stimulation of endothelial NO-synthetase (with subsequent
NO-release) and Na+-K+-ATPase of erythrocytes [39].

Several studies have suggested that PAI-1 plays a major
role in the pathogenesis of atherosclerosis and represents a
risk factor for coronary heart disease [1, 40]. PAI-1 is the
most important physiological inhibitor of tissue plasmino-
gen activator, which activates plasminogen to plasmin and
therefore exerts prothrombotic effects. Its role in the
insulin-resistance syndrome has been defined in the past
[41]. ApoE−/− mice with high PAI-1 levels exhibited a
prothrombotic phenotype with shortened time to throm-
botic vessel occlusion in a model of ferric-chloride-induced
carotid artery injury [42]. In this study, we provide
evidence that C-peptide possesses antithrombotic effects
that could eventually be related to the biology of PAI-1. We
show that cremaster muscle tissue of control animals and
animals treated with C-peptide and insulin present with
a higher number of PAI-1-expressing vessels compared

Fig. 3 Immunohistochemical
staining of PAI-1 expression in
cremaster muscle tissue after
treatment with (a) heat-inacti-
vated C-peptide (control) and
(b) C-peptide at the high dose
(70 nmol/kg). Note the marked
expression of PAI-1 in the
control animal with preferen-
tial localisation at the vascular
site, while there was little
immunostaining for PAI-1 in
the C-peptide-treated animal.
Magnification ×400

0 10 20 30 40 0 10 20 30 40

Control

C-peptide
7 nmol/kg

C-peptide
7 nmol/kg
+ insulin

PAI-1-expressing vessels (%) PAI-1-expressing vessels (%)

*

#*

a b

Fig. 4 Immunohistological analysis of vascular PAI-1 expression
represented by percentage of positively stained vessels within the
cremaster muscle for normal (a) and diabetic (b) mice after
pretreatment with inactivated C-peptide (control), C-peptide at low

dose (7 nmol/kg) and C-peptide at low dose with additional superfusion
of insulin (100 μU/ml). Values are given as means ± SEM; *p<0.05 vs
control; #p<0.05 vs C-peptide low dose (7 nmol/kg)
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with animals given only C-peptide, implying a link
between reduced PAI-1 expression and the antithrombotic
effect of C-peptide. However, postulation of a direct causal
relationship between C-peptide and PAI-1 requires further
mechanistic investigation.

The effects of insulin on vascular biology have been
controversially discussed in the past. Insulin has been
found to mediate NO-induced vasodilatation [43], to
inhibit platelet aggregation by inducing the synthesis of
prostacyclin in endothelial cells, to upregulate prostacyclin
receptors and downregulate α2-adrenergic receptors on
platelets, and to release tissue plasminogen activator from
the platelet membrane [44]. On the other hand, insulin
caused an two-fold upregulation of PAI-1 gene expression
within 3 h in rabbits, is found to be elevated in
hyperinsulinaemic type 2 diabetic patients [6, 45] and
results in overexpression of endothelin in vascular smooth
muscle cells [46]. Moreover, insulin but not C-peptide
enhanced platelet fibrinogen binding in vitro in platelets
from type 1 diabetic patients and healthy subjects [47] and
enhanced platelet aggregability and leucocyte CD11b
expression in whole blood from healthy patients [48]. In
line with this, we now show that insulin reverses the
antithrombotic effects of C-peptide in normal and diabetic
mice.

It has repeatedly been stated that positive effects of C-
peptide cannot be detected in healthy humans or animals
but only in diabetic patients or animals that exhibit very
low or missing C-peptide plasma levels [49, 50]. This was
explained by the binding characteristics of a presumed G-
protein-coupled membrane receptor [27] with saturation
already at very low C-peptide concentrations. Thus, in
healthy subjects with saturating physiological C-peptide
levels there will be no additional effects upon exogenous
C-peptide application. In contrast to that, we did not
observe a difference in antithrombotic action of C-peptide
between normal and diabetic animals. However, as it has
been reported that C-peptide-induced prevention of vascu-

lar dysfunction is mediated by non-chiral interactions
instead of stereospecific receptors or binding sites, we
propose that the antithrombotic property of C-peptide and
subsequently the effect of C-peptide on PAI-1 expression is
more likely to be based on non-receptor actions.
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