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Abstract

 

19 insulin-dependent diabetes mellitus (IDDM) patients
participated in a randomized double-blind crossover inves-
tigation to investigate the impact of human C-peptide on
skin microvascular blood flow. The investigation was also
carried out with 10 healthy volunteers. Blood pressure,
heart rate, blood sugar, and C-peptide levels were moni-
tored during a 60-min intravenous infusion period of C-pep-

 

tide (8 pmol kg

 

2

 

1

 

 min

 

2

 

1

 

) or saline solution (154 mmol liter

 

2

 

1

 

NaCl), and 30 min after stopping the infusion. During the
same time period, capillary blood cell velocity (CBV), laser
Doppler flux (LDF), and skin temperature were assessed in
the feet. In the verum arm, C-peptide levels increased after
starting infusion to reach a maximum of 2.3
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0.2 nmol
liter
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 after 45 min, but remained below 0.15 nmol liter
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1

 

during the saline treatment. Baseline CBV was lower in dia-
betic patients compared with healthy subjects (147

 

6

 

3.6 vs.
162

 

6

 

4.2 

 

m

 

m s

 

2

 

1

 

;

 

 P 

 

, 

 

0.01). During C-peptide administra-
tion, CBV in IDDM patients increased progressively from
147

 

6

 

3.6 to 167

 

6

 

3.7 

 

m

 

m s
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1

 

;

 

 P 

 

, 

 

0.001), whereas no signifi-
cant change occurred during saline infusion or in healthy
subjects. In contrast to the CBV measurements, the investi-
gation of LDF, skin temperature, blood pressure, heart rate,
or blood sugar did not demonstrate any significant change
during the study.

Replacement of human C-peptide in IDDM patients
leads to a redistribution in skin microvascular blood flow
levels comparable to levels in healthy subjects by increasing
the nutritive CBV relative to subpapillary arteriovenous
shunt flow. (
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Introduction

 

Numerous functional and structural microvascular distur-
bances have been reported for patients suffering from insulin-
dependent diabetes mellitus (IDDM)

 

1

 

 (1–3). These microvas-

cular abnormalities are thought to be involved in the develop-
ment of various diabetic complications. Skin blood flow was
found to be altered early after the diagnosis of diabetes and
many of the functional disturbances appear to be reversible by
improving metabolic control (4–6). The skin microcirculation
is influenced by endothelial factors (7–9), the sympathetic ner-
vous system (10, 11), and metabolic factors (4, 6), which may
all deteriorate in the course of diabetic disease.

Normally, the major part of the overall skin blood flow is
involved in thermoregulation and 

 

, 

 

10% of the total skin
blood flow passes through the skin capillaries to supply tissue
nutrition (12–15). While total skin perfusion is increased in di-
abetes mellitus, there is some evidence for an impaired nutri-
tional capillary blood cell velocity (CBV) in diabetic patients
(13, 14). This discrepancy between nutritional and total skin
microcirculation has been explained by a shunting of blood
through arteriovenous anastomosis (15).

C-Peptide, which is released from the pancreatic 

 

b

 

 cell into
the circulation in amounts equimolar with insulin, fulfills an
important function in the assembly of the two-chain insulin
structure but is otherwise considered to be biologically inac-
tive. However, recent investigations involving experimental
and human studies have suggested that C-peptide might have
vascular effects (16, 17) and the lack of endogenous C-peptide
may be connected with the development of diabetic microvas-
cular complications (18–20).

The aim of our investigation was to evaluate the impact of
a short-term, systemic, continuous, C-peptide administration
on total and nutritive skin microcirculation in the feet of
IDDM patients.

 

Methods

 

Subjects.

 

Microvascular blood flow was measured at the hallux of the
feet in 19 insulin-dependent diabetic patients (10 male, 9 female; 13
nonsmoker, 6 smoker). Mean (

 

6

 

SD) age and duration of diabetes
were 36.9

 

6

 

8.6 yr (range 22–52 yr) and 18.3

 

6

 

11.1 yr (range 25–46 yr),
respectively. Mean HbA1c level was 6.7

 

6

 

0.9% (range 5.5–8.5%; nor-
mal range: 4.5–6.5%) and mean albuminuria was 36.6

 

6

 

57.7 mg 24 h

 

2

 

1

 

(range 13–236 mg 24 h

 

2

 

1

 

; normal range: 

 

, 

 

20 mg 24 h

 

2

 

1

 

). No patient
exhibited elevated plasma creatinine levels. Nine diabetic patients
suffered from mild diabetic retinopathy, as assessed by nonmydriatic
fundus photography (Canon CR 4-45-NM; Canon, Tokyo, Japan) and
an examination by an ophthalmologist. Six diabetic patients had evi-
dence of diabetic polyneuropathy as observed by cardiovascular re-
flex testing (Card II; Pro Sci, Linden, Germany) (21) and investiga-
tions of the vibration perception threshold (Vibra Tester 100;
PHYWE, Göttingen, Germany) and the thermal perception thresh-
old (Path-Tester; PHYWE) (22). The skin microvascular blood flow
during intravenous infusion of C-peptide was also investigated in 10
healthy subjects (6 male, 4 female; 7 nonsmoker, 3 smoker). Mean
age was 29.5

 

6

 

3.6 yr (range 20–32 yr). All patients were clinically free
from peripheral macrovascular disease, as evaluated by palpable foot
pulses and segmental blood pressure measurements. Subjects were
not included if they were on vasoactive drugs or on medications
known to influence microvascular blood flow. No patient exhibited a
blood glucose level 

 

,

 

 4 mmol liter

 

2

 

1

 

 at the start of the study, nor did
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they suffer from hypoglycemia before or during the investigation. All
subjects refrained from smoking 2 h before the study. The study has
been carried out in accordance with the Declaration of Helsinki
(1989) by the World Medical Association. All subjects gave their in-
formed consent to the protocol that had been approved by the local
Ethics Committee.

 

Assessment of laser Doppler flux (LDF).

 

The technique of laser
Doppler fluxometry (MBF 3D; Moor Instruments, Devon, UK) was
used to measure total skin microcirculation at the toe nailfold. The
capillary component of superficial skin blood flow is physiologically
minimal compared with the subpapillary blood flow. Therefore the
LDF signal is largely indicative of thermoregulatory and subpapillary
blood flow (23–25).

 

Videophotometric capillaroscopy.

 

Using capillary microscopy it is
possible to study the nutritional capillaries in the skin directly. This is
a blood flow measuring technique allowing a direct estimate of nutri-
tive CBV alone (3, 26). Nailfold capillaries of the hallux were dis-
played on a television monitor using a television microscope (Capi
Scope; Moritex Europe Ltd., Cambridge, UK) at a magnification of
600. The image was stored on a videotape for subsequent analysis.
1-min flow was analyzed in each of eight previously recorded capil-
laries and the mean CBV was calculated from 10 measurements for
each capillary. CBV was determined using the “line shift diagram
method,” a computerized video-photometric technique (Cap Image;
Dr. Zeintl Software Engineering, Heidelberg, Germany). Using this
method a scale is drawn adjacent to the blood vessel and the move-
ment of plasma gaps is displayed in the form of vertical lines in a line
shift diagram. The gradient of the lines in the diagram is determined
and the velocity is calculated. The advantage of this method is that
zero velocities and negative velocities can also be measured and cal-
culated. The erythrocyte column width was measured at the arterial
site of the capillary loops.

 

Other clinical investigations.

 

Skin temperature of the toe was
measured using an electronic thermometer (Digimed H11S; Medizin-
Messtechnik, Waldkirch, Germany). Systemic blood pressure and
heart rate were measured at the right arm.

 

Test procedure.

 

All subjects received C-peptide/saline infusions
on two different occasions in a double-blind randomized order. The
measurements were performed in a room with an ambient tempera-
ture of 21–24

 

8

 

C. The subjects were allowed to lie down and to accli-
matize for a period of 

 

z

 

 15 min. The investigational procedure was
started at 5 p.m. after a fasting period of 5 h. An intravenous catheter
was placed into a superficial vein in the right arm for continuous infu-
sion of either C-peptide (8 pmol kg

 

2

 

1

 

 min

 

2

 

1

 

 in NaCl 154 mmol liter

 

2

 

1

 

;
Eli Lilly Co., Indianapolis, IN) or placebo (NaCl 154 mmol liter

 

2

 

1

 

)
for a period of 60 min. A similar catheter was inserted into a vein in
the left arm to enable blood sampling for the measurement of plasma
glucose, C-peptide, and insulin levels.

Baseline measurements of LDF, CBV, skin temperature, systemic
blood pressure, heart rate, blood sugar, and plasma C-peptide were
made at the end of the acclimatization period. After starting C-pep-
tide/saline infusion, the above described parameters were monitored
every 15 min during the infusion period and 30 min after stopping the
infusion.

 

Determination of blood glucose, C-peptide, and insulin levels.

 

All
serum samples were directly centrifuged at 

 

2

 

4

 

8

 

C and stored at 

 

2

 

40

 

8

 

C
until subsequent analysis of hormone levels. Blood glucose was mea-
sured (Yellow Springs Instrument Co., Yellow Springs, OH). C-pep-
tide and insulin levels were determined using commercially available
radioimmunoassays (C-peptide: Linco human C-peptide RIA, Linco
Research Inc., St. Charles, MO; insulin: insulin RIA, Diagnostic
Products, Los Angeles, CA) as described in the literature (27). All
measurements were performed as double determinations.

 

Statistical analysis.

 

The results are expressed as the mean

 

6

 

SEM.
Statistical analysis was performed using the Wilcoxon signed-rank
test and the Mann-Whitney U test was used to test differences be-
tween the groups. 

 

P 

 

, 

 

0.05 was considered to be statistically signifi-
cant. Product moment correlation coefficient and linear regression

analysis were performed to compare plasma C-peptide levels with
LDF and CBV measurements.

 

Results

 

C-Peptide and insulin levels.

 

In the diabetic group, plasma
C-peptide levels increased substantially after starting the injec-
tion of C-peptide reaching a maximum of 2.3

 

6

 

0.2 nmol liter

 

2

 

1

 

(

 

P

 

 , 

 

0.001) but remaining below 0.15 nmol liter

 

2

 

1

 

 during infu-
sion of the placebo. In the nondiabetic subjects, plasma C-pep-
tide levels increased from 0.8 to 3.7 nmol liter

 

2

 

1

 

 (Fig. 1). No
changes were observed in insulin levels during the entire ob-
servation period. In addition, no significant differences could
be detected between the different groups or treatment arms
with regard to plasma insulin levels (Table I).

 

CBV.

 

Compared with the control group, basal CBV was
lower in diabetic patients before NaCl infusion (148

 

6

 

4.0 vs.
162

 

6

 

4.2 

 

m

 

m s

 

2

 

1

 

 P 

 

, 

 

0.01) and before C-peptide infusion
(147

 

6

 

3.6 vs. 162

 

6

 

4.2 

 

m

 

m s

 

2

 

1

 

;

 

 P 

 

, 

 

0.01). During C-peptide in-
fusion, CBV increased significantly in the diabetic group by
13.2% (from 147

 

6

 

3.6 to 167

 

6

 

3.7 

 

m

 

m s

 

2

 

1

 

;

 

 P 

 

, 

 

0.001), reaching
CBV levels comparable to the control group (160

 

6

 

2.0 vs.
157

 

6

 

3.4 

 

m

 

m s

 

2

 

1

 

; NS). During saline infusion, CBV decreased
by 2.4% in the diabetic group (from 147

 

6

 

3.6 to 142

 

6

 

2.0 

 

m

 

m
s

 

2

 

1

 

; NS; Fig. 2), and was significantly lower in comparison to
CBV in healthy subjects during the whole investigation. In the
diabetic group, the major difference in CBV between the
C-peptide and saline investigation was observed after 45 min
until the end of the infusion period (

 

P

 

 , 

 

0.0001; Fig. 3). 30 min
after the end of C-peptide administration, the CBV decreased
to values not significantly different from basal CBV or CBV
values during saline infusion. A positive relationship between
plasma C-peptide levels and CBV was found in diabetic pa-
tients (

 

r

 

 5 

 

0.401;

 

 P 

 

, 

 

0.0001) but not in the healthy control
group (

 

r

 

 5 

 

0.193;

 

 P 

 

5 

 

0.139).
The increase in CBV during C-peptide treatment was

slightly larger in female subjects than in male subjects but not

Figure 1. C-peptide plasma levels during the investigation (open 
boxes, IDDM/saline infusion; filled boxes, IDDM/C-peptide infusion; 
filled circles, healthy subjects/C-peptide infusion; P, C-peptide vs. 
NaCl infusion in IDDM; ***P , 0.0001).
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sufficient to be statistically significant (10.2 vs. 16.4%, respec-
tively). A slight relationship could be observed between the in-
crease in CBV and the amount of albuminuria (

 

r

 

 5 

 

0.47;

 

 P 

 

,

 

0.05), whereas no relationship could be detected between the
increase in CBV and age (

 

r

 

 5 

 

0.16;

 

 P 

 

5 

 

0.24), duration of dia-
betes (

 

r

 

 5 

 

0.15;

 

 P 

 

5 

 

0.27), HbA1c (

 

r

 

 5 

 

0.12;

 

 P 

 

5 

 

0.32), or the
presence of diabetic retinopathy or neuropathy.

The erythrocyte column width did not change during the
investigation, during C-peptide infusion (from 8.9

 

6

 

0.34 to
8.8

 

6

 

0.22 

 

m

 

m; NS), or during saline infusion (from 9.2

 

6

 

0.32 to
8.9

 

60.19 mm; NS).

LDF. Basal LDF measurements were slightly lower in the
control group as compared with the IDDM group (37.167.1
vs. 62.9612.5; P , 0.05). In contrast to the increase in CBV
seen in diabetic patients during C-peptide administration, the
values of the LDF did not exhibit any consistent change during
C-peptide infusion or placebo infusion at any point in time
during the investigation (Fig. 4).

Blood pressure, heart rate, blood glucose levels, and skin
temperature measurements at the toe are shown in Table I. No
significant change in these parameters could be observed dur-
ing the study.

Table I. Heart Rate, Blood Pressure, Blood Glucose, Plasma Insulin Levels, and Skin Temperature in IDDM Patients during
C-Peptide or Saline Infusion and in Healthy Subjects during C-Peptide Infusion (Mean6SEM)

Basal

Infusion period

15 min 30 min 45 min 60 min 90 min

Heart rate C-Peptide 6962.7 6662.4 6762.5 6562.3 6562.2 6662.3
(bpm) Saline 7061.7 7061.2 6861.4 6861.8 6861.6 6761.3

Healthy control 7462.4 6762.3 6862.4 6562.1 6562.1 6462.0
Systolic RR C-Peptide 11562.3 11962.2 12062.3 11761.9 11761.6 11962.6
(mmHg) Saline 13062.6 12562.7 12063.2 11963.0 11763.1 11963.1

Healthy control 12661.6 11762.1 12161.4 11861.3 11461.2 11561.5
Diastolic RR C-Peptide 8261.5 7861.2 7961.5 7961.7 8061.6 8061.7
(mmHg) Saline 8361.5 8162.1 7962.0 7962.0 7961.9 7862.5

Healthy control 8361.9 8161.6 8061.7 8061.2 7861.5 7761.9
Blood glucose C-Peptide 6.360.5 6.660.5 6.760.6 6.760.6 6.660.6 6.560.6
(mmol dl21) Saline 7.760.9 7.560.8 7.560.8 7.460.8 7.260.8 7.460.7

Healthy control 5.160.2 5.260.2 5.160.2 4.860.2 5.260.2 4.960.1
Plasma insulin C-Peptide 175.8642.6 156.6635.4 148.2636.0 168.6636.6 150.6633.0 151.2636.0
(pmol liter21) Saline 190.8634.2 172.2631.2 165.0637.8 148.8634.8 165.0640.2 165.6645.0

Healthy control 162.5622.6 117.8619.2 147.7623.6 131.8627.6 127.1620.0 123.6618.9
Skin temperature C-Peptide 28.660.4 28.360.5 28.460.5 28.360.5 28.260.6 24.760.6
(°C) Saline 28.360.4 28.160.5 28.360.6 28.260.6 28.160.6 27.360.6

Healthy control 27.160.5 27.060.7 27.060.7 26.860.8 26.560.9 26.760.7

Figure 2. Baseline CBV and CBV during C-peptide 
or placebo infusion (open boxes, IDDM/saline infu-
sion; filled boxes, IDDM/C-peptide infusion; filled cir-
cles, healthy subjects/C-peptide infusion; P, versus 
healthy subjects; **P , 0.01).
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Discussion

Microvascular disturbances contribute to a large proportion of
the diabetic late complications. Numerous microvascular func-
tional changes occur soon after the diagnosis of the metabolic
disease including increased blood flow (28, 29), increased vas-
cular permeability (30), an impaired neurogenic vascular re-
sponse (31, 32), limitation of hyperemia (33), impaired periph-
eral vasomotion (34, 35), and an increased intracapillary
pressure (36). These functional microvascular abnormalities
may precede structural changes in the later course of microvas-
cular disease (37) and may be implicated in the development
of trophic tissue damage (2, 6, 28).

The capillary circulation is functionally situated in parallel
to the arteriovenous shunts and is thought to have the primary
function of skin nutrition. It has been estimated that 80–90%
of total skin blood flow passes through thermoregulatory arte-

riovenous shunts and does not enter the capillary bed (12).
The observations on the nutritive component of skin blood
flow in diabetic patients are confusing. While most studies
have shown an impaired CBV (13, 14, 38, 39), other reports
describe either an inconspicuous (29) or increased CBV (32) in
the skin of diabetic patients.

Since the 1970s C-peptide measurements have been used
extensively in the clinical evaluation of residual insulin secre-
tion in diabetic patients. Residual insulin secretion in IDDM
patients has been suggested to be associated with a slower pro-
gression of diabetic microvascular complications (40). A nega-
tive relationship, which is greater than the association between
glycemic control and early retinopathy, has been demon-
strated between endogenous b cell activity and early signs of
diabetic retinopathy (41). Therefore, it may be considered that
C-peptide rather than insulin exerts a beneficial effect on mi-
crovascular retinal changes. After combined kidney and pan-
creas transplantation in IDDM patients, CBV increased dur-
ing both rest and reactive hyperemia (39, 42). In addition,
in non–insulin-dependent diabetes mellitus patients an inverse
relationship was found between remaining C-peptide levels
and the development of diabetic polyneuropathy (43). In
animal experiments, C-peptide has been shown to prevent dia-
betes- and hyperglycemia-induced vascular and neural dys-
function (17). From other studies it can be concluded that
C-peptide, when given to IDDM patients, has the potency to
improve membrane function in glomeruli cells (20, 44), to di-
minish the leakage of fluorescein across the blood retinal bar-
rier (20), to stimulate oxygen uptake and blood flow in work-
ing skeletal muscle (16), and to improve autonomic nerve
function (19).

In IDDM patients, the destruction of the pancreatic b cells
usually leads to a complete failure of endogenous insulin and
C-peptide secretion. In our investigation, continuous intrave-
nous administration of human C-peptide (8 pmol/kg/min) over
a period of 60 min in IDDM patients without any substantial
endogenous C-peptide production resulted in plasma C-pep-
tide levels that were in the range of those found in the post-
prandial state of healthy subjects (45, 46).

Comparable to earlier investigations (13, 14, 38, 39), we ob-
served an decreased CBV in IDDM patients compared with
healthy subjects. The increase in plasma C-peptide levels was
associated with an increase in nutritional CBV; however, it did
not affect total skin blood flow in IDDM patients. These find-
ings suggest a redistribution of skin microvascular blood flow
into the nutritive capillary circulation during C-peptide admin-
istration. Thus, the increase in CBV may improve the ex-
change of nutrients, oxygen, and waste products in the skin.
Our results may also explain the observed increase in oxygen
uptake and glucose metabolism in skeletal muscle in IDDM
patients during C-peptide administration (16, 44).

The most striking observation in this study was the increase
in CBV after the infusion of human C-peptide without affect-
ing total skin blood flow. In healthy subjects, peak C-peptide
levels are usually seen after the ingestion of food with a com-
plementary increase of glucose and nutrients in the blood
stream. The postprandial distribution of microvascular blood
flow into nutritive vascular compartments may fulfill physio-
logical requirements and the lack of endogenous C-peptide
may lead to disturbances in nutritive tissue metabolism.

So far, the mechanism of this microvascular action of hu-
man C-peptide is not known. Although a specific C-peptide re-

Figure 3. CBV during the investigation (open boxes, IDDM/saline in-
fusion; filled boxes, IDDM/C-peptide infusion; P, C-peptide vs. NaCl 
infusion in IDDM; *P , 0.05; ***P , 0.0001).

Figure 4. LDF during the investigation (open boxes, IDDM/saline in-
fusion; filled boxes, IDDM/C-peptide infusion).
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ceptor has not been identified in human cells, Flatt et al. have
found evidence for a specific binding of C-peptide in cultured
b cells of the rat (47). In addition, C-peptide has been shown to
stimulate renal Na1,K1-ATPase activity with the subsequent
activation of calcium-dependent intracellular signaling path-
ways in the rat renal tubular cell (48). Disturbances in Na1,K1-
ATPase activity have been demonstrated in several tissues of
diabetic patients and may be involved in the alteration of the
contractile response to hormones and neurotransmitters in the
vascular smooth muscle (49, 50).

Insulin has been shown to increase skin CBV (51, 52),
which might be influenced by the modulation of endothelium-
derived vasoactive substances, such as endothelin, nitric oxide,
or adenosine (53). However, there were no significant differ-
ences in the insulin levels between the different groups and
observation periods and, therefore, the observed effects on mi-
crovascular blood flow may be attributed to the changes in
C-peptide levels. It may be assumed that the effect of C-pep-
tide is also mediated via endothelium-derived vasoactive medi-
ators.

In conclusion, replacement of human C-peptide possesses
microcirculatory effects that redistribute microvascular blood
flow in favor of nutritive CBV in IDDM patients. Further re-
search is necessary to evaluate the underlying mechanisms and
the therapeutic significance of the observed findings on mi-
crovascular complications in IDDM.
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