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Summary. Microvascular dysfunction is frequently seen in
patients with Type 1 (insulin-dependent) diabetes. The pres-
ent study was undertaken to examine whether skeletal
muscle microcirculation in Type 1 diabetic patients is in-
fluenced by C-peptide. Forearm blood flow, capillary diffu-
sion capacity and substrate exchange were studied during
strenuous rhythmic forearm exercise on a hand ergometer.
Measurements were made before and during i.v. infusion for
60 min of C-peptide or 0.9 % NaClin Type 1 diabetic patients
and healthy subjects. During infusion the C-peptide levels in
the diabetic patients increased from less than 0.05 nmol/l to
1.32 £ 0.08 nmoV/l. Prior to infusion forearm blood flow and
capillary diffusion capacity during exercise were lower in the
diabetic patients than the control subjects. During C-peptide
infusion both variables increased in the diabetic patients
(blood flow +27+4%, capillary diffusion capacity
+52+9%) to levels similar to those in the healthy subjects,
while no significant change was seen in the healthy control
subjects or the diabetic patients given NaCl. Forearm uptake

of oxygen and glucose in the diabetic patients increased
markedly after C-peptide administration but were un-
changed after NaCl infusion. Significant uptake of C-peptide
to the deep forearm tissues was observed in the resting state;
approximately 7+2% of the arterial C-peptide concentra-
tion was extracted by forearm tissues in diabetic patients as
well as in healthy control subjects. It is concluded that re-
placement of C-peptide to physiological levels in young
Type 1 diabetic patients results in a normalization of both
blood flow and capillary diffusion capacity during exercise,
as well as augmented uptake of oxygen and glucose by exer-
cising muscle. The findings suggest that C-peptide may be of
importance for microvascular function in exercising muscle
in Type 1 diabetes. Finally, skeletal muscle is a major site of
C-peptide disposal.

Key words: Hand ergometer, indicator-diffusion technique,
lactate exchange, oxygen uptake, skeletal muscle, substrate
exchange, vascular resistance.

Since the discovery that proinsulin is split into insulin and
C-peptide in the Golgi apparatus of the Beta cells [1, 2], C-
peptide has been considered to be without physiological
effects of its own. Only a few carly studies have attempted
to document biological effects of C-peptide. They con-
cerned possible insulin-like effects in fat cells and were
consistently negative [3-6]. More recently, however, it has
been established that short-term intravenous infusion of
physiological amounts of C-peptide in patients with
Type 1 (insulin-dependent) diabetes mellitus significantly
reduces the glomerular hyperfiltration [7, 8] and increases
the whole body glucose turnover [7,9]. Subsequent
studies using an in vitro model have confirmed that C-pep-
tide has the capacity to stimulate glucose transport into
skeletal muscle [10]. These findings prompted a clinical
pilot study in which Type 1 diabetic patients were given
either subcutanecous C-peptide plus insulin or insulin
alone for one month [8]. The C-peptide-treated patients

showed a reduced glomerular filtration rate, in accor-
dance with the results from short-term C-peptide adminis-
tration. In addition, diminished urinary albumin excretion
and an improvement in metabolic control, as evidenced by
reduced levels of fructosamine and glycated haemo-
globin, were observed in the C-peptide-treated group [8].

The above results suggest that, contrary to the prevail-
ing view, C-peptide may in fact possess biological effects
and that these may be studied more readily in Type 1
diabetic patients lacking endogenous C-peptide, than in
healthy subjects. Specifically, the observed effects of C-
peptide on glomerular filtration and urinary protein ex-
cretion raise the possibility that C-peptide may exert an
influence on microvascular function, in particular capil-
lary permeability. Consequently, in the present study the
influence of C-peptide administration on skeletal muscle
blood flow, capillary permeability and substrate exchange
has been examined in Type 1 diabetic patients.
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Table 1. Clinical data for Type 1 (insulin-dependent) diabetic patients and healthy control subjects

n Age BMI Durationof  Insulin dosage HbA, Blood Pressure
diabetes Systolic Diastolic
(years) (kg/m?) (years) (IU-kg 24071 % (mm Hg)
Diabetic patients (C-peptide) 17 2+x1 231 101 0.89+0.03 81+05 124%3 71+3
Diabetic patients (NaCl) 11 2+1 24+1 10+1 0.81+0.05 7.7£07 12442 71£2
Healthy subjects (C-peptide) 4 21+1 2+1
Healthy subjects (NaCl) 14 22+1 21+1 126 +3 68+2

Data are given as means + SEM

Subjects and methods

Subjects

Four groups of subjects were examined, of which two were Type 1
diabetic patients and two were healthy control subjects. C-peptide
was infused in one patient and one control group, NaCl in the other.
Clinical data for the groups are presented in Table 1. All subjects
were men. Four patients participated in both the C-peptide and the
NaCl group. Concentrations of fasting plasma C-peptide were low in
one C-peptide and one NaCl control patient (0.18 and 0.22 nmol/l,
respectively) and undetectable in all the others. Two patients were
receiving insulin continuously via subcutaneous infusion pumps; all
the other patients received short-acting insulin before meals (three
to four doses during the day) and one dose of intermediate-acting in-
sulin at bedtime. All patients were normotensive and presented no
clinical evidence of retinopathy, neuropathy or nephropathy. All
subjects were informed of the nature, purpose and possible risks of
the study before giving their consent to participate. The study proto-
col was approved by the institutional ethics committee.

Procedure

An indicator diffusion technique, based on the administration of
SICr-EDTA and indocyanine green [11, 12], was employed to deter-
mine forearm blood flow and capillary diffusion capacity before and
during C-peptide administration or NaCl infusion.

All subjects came to the laboratory in the morning after an over-
night fast. A teflon catheter (internal diameter 0.7 mm) wasinserted
into the brachial artery with the subject in the supine position. Local
anaesthesia and percutaneous technique were used and the catheter
was advanced 5 cm in the proximal direction. Another catheter (in-
ternal diameter 1.4 mm) was inserted into an ipsilateral cubital vein
and advanced in the retrograde direction 5-8 cminto a deep forearm
vein. A third catheter was placed in a contralateral cubital vein for
infusion of either C-peptide or NaCl. Each subject then performed
four 5-min periods of rhythmic (1 contraction/s) dynamic exercise
on a hand ergometer. A few days before the study, the subjects had
visited the laboratory for the determination of a work load on the
hand ergometer that would result in near total exhaustion after ap-
proximately 5 min of exercise. The work load was the same in each of
the four exercise periods of the study. Period 1 began at 3040 min
after insertion of the catheters and period 2 started 25 min later.
Period 3 began after 30 min infusion of synthetic human C-peptide
(6 pmol-kg~*'-min~?; Eli Lilly Co, Indianapolis, Ind., USA) or NaCl
and period 4 was started 25 min later.

After 4.5 min of each exercise period, a 1 ml bolus of two indica-
tors was injected into the brachial artery. The indicators were a non-
permeable intravascular reference substance, 2mg of albumin-
bound indocyanine green (Cardio-Green; Becton Dickinson,
Cockeysvilte, Md., USA) and 0.37 MBq of a permeable tracer ("CR-
EDTA; Amersham International, Amersham, Bucks, UK) dis-
solved in saline. Shortly before the injection, the stopcock of the
deep venous catheter was opened and freely streaming blood was
collected for 30 s into a fraction collector, changing tubes every sec-

ond. Approximately 1 ml venous blood was collected into hepa-
rinized tubes. Blood was sampled simultaneously from the brachial
artery and deep venous catheters before and at the end of each exer-
cise period for the analysis of oxygen, haemoglobin, glucose, C-pep-
tide and lactate. Insulin was analysed in blood samples drawn from
the brachial artery and haematocrit was determined in blood taken
from the deep forearm vein. Intraarterial blood pressure was re-
corded during each exercise period for 30 s immediately after the
bolus injection of the indicators into the brachial artery.

Calculations

Blood flow and capillary diffusion capacity were calculated accord-
ing to Trap-Jensen [12]. Q is the blood flow (in m1blood per min per
100 ml forearm) calculated from the injected amount of indocyanine
green (1), the area (A) beneath the dye time-concentration curve
and the forearm volume (V) in ml:

1x100
Q=% v’ ®

The extraction of permeable tracer, E(t), in each sample was calcu-
lated as:

R 8

where C(t) and c(t) are the relative concentrations of the plasma
bound reference (indocyanine green) and the permeable tracer
(*!Cr-EDTA), respectively. The average extraction (E) of *Cr-
EDTA was computed by integration over the time interval during
which constant E(t) values were observed. The capillary diffusion
capacity (CDC) is defined as the maximum unidirectional flux of
tracer over the capillary membrane per unit concentration dif-
ference, and was calculated according to the equation [11, 12]:

CDC=-kxQxIn (1 -E) x(1-haematocrit); 3)

and expressed in ml-min~'-100 ml~. The symbol k is the constant
for converting ml of plasma to ml of interstitial fluid, and is 0.89 for
SIC-EDTA [12].

Forearm work intensity was calculated from the tension of
the spring of the hand ergometer, the path of contraction and the
frequency of contraction. The work intensity was expressed in
‘W/100 ml forearm.

Forearm oxygen uptake was determined as the product of arte-
rio-venous oxygen difference and blood flow. The arterio-venous
oxygen difference was calculated from the deep venous oxygen satu-
ration and the measured haemoglobin concentration. The arterial
blood oxygen saturation was assumed to be 98 % . Forearm lactate
release and glucose uptake were calculated as the product of the ar-
terio-venous concentration differences and the blood flow.

Analytical procedures

Indocyanine green dye was determined spectrophotometrically (Hi-
tachi U 2000; Hitachi Ltd., Tokyo, Japan) at 805nm and 3Cr-
radioactivity was measured using a gamma counter (Compu Gamma
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Fig.1. Individual data for forearm blood flow during exercise in
Type 1 (insulin-dependent) diabetic patients before and during
C-peptide (left panel) or NaCl (right panel) infusion (mean values
+ SEM are represented by the filled circles and bars). Blood flow in-
creased significantly during C-peptide infusion (p <0.001) but was
unaltered during NaCl infusion

counter, Mod 1282; LKB Wallac Oy, Turku, Finland) in 100 pl blood
samples in duplicate after dilution in distilled water (1:6). Oxygen
saturation was measured spectrophotometrically (OSM 3 Hemi-
oximeter; Radiometer, Copenhagen, Denmark). Haematocrit was
determined by means of a microcapillary centrifuge after 5 min cen-
trifugation at 11,500 rev/min and corrected for trapped plasma ac-
cording to Garby and Vuille [13]. HbA,. was measured by an ion
chromatography procedure using microcolumns (Mono S HR 5/5;
Pharmacia, Uppsala, Sweden). C-peptide in plasma was analysed
using a radioimmunoassay technique [14] and a commercial kit (C-
peptide RB-315; MILAB, Malmd, Sweden). Plasma free insulin was
assayed with a radioimmunological technique after precipitation
with 25% polyethylene glycol [15]. Blood glucose and lactate con-
centrations were analysed in whole blood by enzymatic techniques.
Intra-arterial blood pressure was recorded using a pressure sensor
system (Senso Nor 840; Senso Nor a.s. Horten, Norway). The
forearm volume was measured by water displacement, using the dis-
tal part of the ulnar styloid process as the lower landmark and the
medial epicondylus of the humerus as the upper.

Data presentation

In most of the subjects, blood flow and tracer extraction were deter-
mined two times before C-peptide or NaCl infusion and two times
after, Neither blood flow nor tracer extraction differed between the
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first and the second measurement, either before or after the C-pep-
tide or Na(l intervention. Consequently, the first and second mea-
surements were combined, as were the third and fourth, and average
values were calculated for each individual. However, technically
adequate measurements were not obtained in all patients and con-
trol subjects. Thus, single rather than duplicate determinations of
blood flow were performed in 7 of 21 patients before C-peptide or
NaCl infusion and in 6 of 21 patients after infusion. Likewise, in the
control subjects, single measurements were made in 2 of 15 subjects
before intervention and in 6 of 15 after. In the case of tracer extrac-
tion, single determinations only were made in 2 of 13 patients both
before and after C-peptide or NaCl infusion.

Glucose and lactate measurements are presented as arterio-ve-
nous differences for each of the four exercise periods, since the
values for glucose tended to increase and those for lactate to de-
crease with time and the number of exercise periods. However, data
for forearm exchange of glucose and lactate are based on the average
value of the two first and the two last exercise periods, respectively.

Statistical analysis

Standard statistical methods were employed, using paired and un-
paired Student’s £-test, Wilcoxon’s sign rank test and analysis of vari-
ance (ANOVA) when applicable. Data in the text, figures and tables
are given as mean values + SEM.

Results

Blood flow: Forearm blood flow during exercise for all
diabetic patients before C-peptide or NaCl infusion was
294+2ml-min~'-100ml~! (n =17). The corresponding
value for the healthy control subjects was 40+2 ml-
min~'- 100 ml~'(n = 14,p <0.001). When exercise wasre-
peated during intravenous C-peptide infusion, blood flow
was found to have risen in the diabetic patients by 27 +4 %
to 384 ml-min~'-100ml™' (n =12, p <0.001, Fig.1),
whereas no significant alteration occurred in the healthy
subjects (Table 2). Likewise, NaCl infusion in diabetic pa-
tients as well as healthy control subjects resulted in an un-
changed forearm blood flow (Table 2).

Table 2. Forearm blood flow, extraction of permeable tracer, capillary diffusion capacity (CDC), arterial blood pressure and forearm vascular
resistance before and during C-peptide or NaCl infusion in Type 1 (insulin-dependent) diabetic patients and healthy control subjects

Blood flow Extraction of CDC Blood Pressure Resistance
(ml-min~!-100 m!™') permeable tracer (ml-min~*- Systoli : : (mmHg-ml-!
- ystolic Diastolic L _
(%) 100 m1-1) (tm Hg) min~'-100 ml-1)

Before Infusion Before Infusion Before Infusion Before  Infusion Before Infusion Before Infusion
Diabeticpatients 30+4  38+4° 31+4 35+4 53106 8.0+0.9°142+5 13143 875 7944 45+06 33+04°
(C-peptide) (n=12) (n=7) n=7) (n=17) (n=5)
Diabeticpatients 312 312 32+2 33+2 61+06 58+06 141+6 142+6 83+5 83+5 3.7+0.3 3.6%03
(NaCl) (n=9) (n=5) (n=5) (n=6) (n=5)
Healthy subjects 362 37£2
(C-peptide) (n=4)
Healthy subjects 41+3 4343 30£2 32+2 88x15 81+0.7 140+4 134x3 77+2 7413 25+04 24+03
(NaCl) (n=10) (n=8) (n=8) (n =6) (n=06)

Data under the heading “Before” represent the mean of two mea-
surements before administration of C-peptide or NaCl, while “Infu-
sion” denotes the mean of two measurements obtained at 30 and
60 min after onset of C-peptide or NaCl infusion. Data are given as

means £ SEM. *p <0.001, °p <0.01, °p <0.05 denote the prob-
ability that differences between values before and during C-peptide
or NaCl infusion are caused by random factors
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Fig.2. Individual data for capillary diffusion capacity (CDC) of the
exercising forearm before and during C-peptide (left panel) or NaCl
infusion in Type 1 (insulin-dependent) diabetic patients (mean val-
ues = SEM are represented by the filled circles and bars). CDC in-
creased significantly during C-peptide infusion (p <0.01) but was

unaltered during NaCl infusion
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Fig.3. Changes in oxygen uptake (left panel), glucose uptake
(middle panel) and lactate release (right panel) of the exercising
forearm from the period before infusion to the period of either C-
peptide or NaCl infusion. Diabetic patients receiving C-peptide or
NaCl are indicated by shaded and solid columns, respectively;
healthy control subjects given C-peptide or NaCl are denoted by
hatched and open columns, respectively. Mean values + SEM are
presented. *** p <0.001, ** p <0.01, * p <0.05 denote the prob-
ability that differences between the patients receiving C-peptide and
the other study groups are caused by random factors
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Extraction of permeable tracer: The extraction of the in-
jected permeable tracer ('Cr-EDTA) in the exercising
forearm was found to be similar in diabetic patients and
healthy control subjects before infusion of C-peptide or
NaCl (31 +2 and 30£2 %, respectively). In the diabetic
patients, the extraction of tracer during exercise rose to
35 +4% during infusion of C-peptide (p < 0.05, Table 2).
When intravenous NaCl infusion was given instead of C-
peptide, neither the patients nor the healthy control sub-
jects showed significant changes in the extraction of the
permeable tracer (Table 2).

Capillary diffusion capacity: Forearm CDC during exer-
cise in the diabetic patients before infusion of either C-
peptide or NaCl was 5.6+ 0.4 ml-min~'-100 ml~* (n =9),
which was lower than in the healthy control subjects
(8.8+1.5ml-min~*-100ml~!, n=8, p <0.05). When
exercise was repeated in the diabetic patients during in-
travenous C-peptide infusion, CDC was found to have
risen by 52+9% to 8.0+0.9ml-min~'-100 ml~* (n =7,
p <0.01, Table 2, Fig.2). During NaCl infusion, on the
other hand, the CDC of the exercising forearm was un-
changed in the diabetic patients as well as in the healthy
control subjects (Table 2).
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Blood pressure and forearm vascular resistance: The in-
traarterial blood pressure measured at rest before exercise
wassimilar and within the normalrange in diabetic patients
andhealthy control subjects (Table 1). During exercise be-
fore infusion of either C-peptide or NaCl, blood pressure
increased to the same extent in diabetic patients and con-
trol subjects (Table 2). During infusion of C-peptide but
not during NaClinfusion, both systolic and diastolic blood
pressures were significantly decreased in the diabetic pa-
tients. A similar but less marked tendency was secen in the
healthy control subjects after NaClinfusion.

Forearm vascular resistance during exercise before C-
peptide or NaCl infusion was for all diabetic patients
41+04 (n=10) compared to 2.5+04mmHg-ml™ "
min~!-100ml~! in control subjects (n =6, p <0.01).
When exercise was repeated during C-peptide infusion,
vascular resistance was found to have decreased in the
diabetic patients from 4.5 +0.5 t0 3.3+ 0.4 mmHg -ml™*-
min~!-100 m1~! (-30%, p <0.001), thus reaching a level
not significantly different from that found in the healthy
control subjects after NaCl infusion (2.4+0.3mm Hg-
ml!-min~!-100 ml~?). In the diabetic patients who re-
ceived NaCl infusion, forearm vascular resistance re-
mained unaltered.

Forearm oxygen uptake: The arterial-deep venous (A-
DV) oxygen difference during exercise in the diabetic pa-
tients before C-peptide or NaCl infusion was 130 =6 ml/l
(n =17), which tended to be higher than in the healthy
control subjects (113+5mll, n =14, p <0.1). After C-
peptide or NaCl infusion the A-DV oxygen difference was
unchanged in the diabetic patients but fell slightly in the
control subjects. Forearm oxygen uptake in the diabetic
patients before C-peptide or NaCl was 3.7+£03 ml-
min~?-100 ml~! (n = 17), which was lower than in the con-
trol subjects, 4.6+0.3ml-min~'-100ml™' (p <0.05,
n =14). Following C-peptide infusion, forearm oxygen
uptake during exercise in the diabetic patients increased
by an average of 26 £4% to 4.6 £ 0.4 ml-min~'-100 ml !
(p <0.001, Fig.3). In contrast, neither C-peptide adminis-
tration in healthy control subjects nor NaCl infusion in
diabetic patients or control subjects was accompanied by a
statistically significant change in forearm oxygen uptake
(Table 3). The haemoglobin concentration was 145 +2 g/l
in the diabetic patients and 141 £2 g/l in the control sub-
jects.

Forearm glucose exchange: The arterial blood glucose
concentrations for the four groups are presented in
Table 4, During the exercise periods the blood glucose

- levels remained largely unchanged in all groups (Table 4).

The A-DV differences for glucose are shown in Figure 4.
Neither the diabetic patients nor the control subjects dem-
onstrated a significant net uptake of glucose before C-
peptide or NaCl infusion. Following C-peptide infusion,
the A-DV glucose difference was markedly increased in
the diabetic patients but not in the control subjects
(Fig.4). Similar changes were not seen in the diabetic pa-
tients or control subjects after NaCl infusion. Forearm
glucose uptake in the diabetic patients increased marked-
ly during C-peptide infusion and was approximately
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Table 3. Forearm exchanges of oxygen, glucose and lactate during exercise before and during C-peptide or NaCl infusion

Oxygen uptake Glucose exchange Lactate exchange
(ml O, min~*-100 ml~?) (umol-min~!-100 ml~') (umol-min=1-100 ml~?)
Before Infusion Before Infusion Before Infusion
Diabetic patients (C-peptide) 3904 4.6+0.4° -48+31 13.6+3.2° -83+14 -86x15
(n=12) (n =10) (n=5)
Diabetic patients (NaCl) 3703 37£03 3.8£3.0 43+£23 -81+10 -59 +£10°
(n=9) (n=9) (n=5)
Healthy subjects (C-peptide) 43+03 40402 74117 9.6+ 1.6° - -
n=4) (n=4
Healthy subjects (NaCl) 47+04 44104 1.6+2.1 6.5+17 —-105+22 ~74 19
(n =10) (n=9) (n=6)

Data under the heading “Before” represent the mean of two mea-
surements before administration of C-peptide or NaCl, while “Infu-
sion” denotes the mean of two measurements obtained at 30 and
60 min after onset of C-peptide or NaCl infusion. Data are presented

asmeans + SEM. * p <0.001, *p <0.01, °p <0.05 denote the prob-
ability that differences between values before and during C-peptide
or NaCl infusion are caused by random factors

Table 4. Arterial concentrations of glucose, lactate and insulin during forearm exercise before and during infusion of C-peptide or NaCl

Glucose (mmol/l) Lactate (mmol/l) Insulin (LU/ml)
Before Infusion Before Infusion Before Infusion
Diabetic patients (C-peptide) 145412 147+1.1 0.79 £0.08 0.72+0.06 74£09 6.5£0.9
(n=14) (n=6) (n=6)
Diabetic patients (NaCl) 9.8+1.8 103+1.8 0.79 +0.08 0.71 £0.05 6.9+04 6.6+0.3
(n=11) (n=6) (n=06)
Healthy subjects (C-peptide) 4404 46+04 - - - -
(n=4)
Healthy subjects (NaCl) 49+0.1 49+0.1 0.78 £0.09 0.78 £0.08 51104 51£03
(n =13) (n=T7) (n=7)

Data under the heading “Before” represent the mean of two measurements before administration of C-peptide or NaCl, while “Infusion”
denotes the mean of two measurements obtained at 30 and 60 min after onset of C-peptide or NaCl infusion. Data are given as means £ SEM

three-fold higher than in the diabetic patients given Na(Cl
(Table 3, Fig.3). A positive relationship was found be-
tween the rise in CDC and the increase in A-DV for glu-
cose after C-peptide administration in the diabetic pa-
tients (r =0.88,p <0.001). ’

Forearm lactate exchange: The arterial lactate concentra-
tions were similar in all groups both before and during C-
peptide or NaClinfusion (Table 4). The deep venous-arte-
rial (DV-A)lactate difference was also similarin all groups
prior to and during C-peptide or NaClinfusion butdid tend
to be higher for the diabetic patients who received C-pep-
tide (Fig.5).Inthelatter group, forearmlactate production
remained unchanged after C-peptide administration,
whereas it fell significantly after NaCl in the diabetic pa-
tients as well as the healthy control subjects (Fig. 5).

Free insulin: The arterial plasma insulin levels during
exercise were 7.4 +0.9 and 6.9 £ 0.4 uU/ml in the patients
before infusion of C-peptide and NaCl, respectively. Free
insulin levels were largely unchanged during the C-pep-
tide or NaCl infusion periods. In the healthy control sub-
jects the corresponding values were 51£04 and
5.1%0.3 wU/mi before and during NaCl infusion, respec-
tively, with no significant difference from those in the
diabetic patients.

C-peptide concentration: The mean venous C-peptide
concentration in the diabetic patients increased from less
than 0.05 at rest to 1.32+0.08 nmol/l after 60 min of C-
peptide infusion. In the patients receiving NaCl the level
was less than 0.05 nmol/l throughout the study. In the
healthy control subjects the concentration of C-peptide
was 0561£0.11 nmol/l at rest and increased to
1.56+0.22 nmol/1 after 60 min of C-peptide infusion
(p <0.001). Plasma venous C-peptide levels at rest in the
healthy control subjects receiving NaCl (0.51+
0.04 nmol/1) did not change significantly during 60 min of
NaCl infusion (0.53£0.04 nmol/l). Arterial C-peptide
concentration and A-DV difference for C-peptide are
presented in Figure 6. During C-peptide infusion in the
diabetic patients, a positive A-DV difference for C-pep-
tide was observed under resting conditions (0.08 +
0.02 nmol/l); the forearm fractional extraction for C-pep-
tide was 7 £2 %. In blood samples obtained at the end of
the exercise periods the A-DV difference became nega-
tive (—0.05 £ 0.01 nmol/1), indicating release of C-peptide
from forearm tissues. Similar conditions obtained in the
healthy subjects; a positive A-DV difference for C-pep-
tide was observed at rest (0.04 £0.01 nmol/l) and the frac-
tional extraction was 7 £ 2% . During exercise the C-pep-
tide A-DV difference also became negative (- 0.02 +
(.005 nmol/l) in the healthy control subjects.
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Fig.4. Arterio-deep venous (A-DV) glucose concentration dif-
ference for the exercising forearm determined two times before and
two times during infusion of C-peptide or NaCl. Type 1 (insulin-de-
pendent) diabetic patients receiving C-peptide or NaCl are repre-
sented by closed and open circles, respectively; healthy control sub-
jects given C-peptide or NaCl are represented by closed and open
squares, respectively. During C-peptide infusion a marked increase
in A-DV glucose concentration difference was noted in the diabetic
patients (p < 0.001), whereas no change was foundin the patients re-
ceiving NaCl
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Fig.5. Deep venous-arterial (DV-A) lactate concentration dif-
ference for the exercising forearm determined two times before and
two times during infusion of either C-peptide or NaCl. Type 1 (in-
sulin-dependent) diabetic patients given C-peptide or NaCl are rep-
resented by closed and open circles, respectively; healthy control
subjects receiving NaCl are represented by open squares. All groups
showed a small, gradual decline in the DV-A lactate concentration
difference during the repeated periods of forearm exercise (p < 0.05,
ANOVA)

Work intensity and forearm volume: All subjects per-
formed rhythmic exercise on a hand ergometer. The work
intensity was 0.60 W/100 ml forearm tissue in both pa-
tients and healthy control subjects. The forearm volume
was 1090 £ 30 ml in the diabetic patients and 1030 + 40 ml
in the healthy control subjects.

Discussion

This study demonstrates for the first time that C-peptide
administration is accompanied by significant haemody-
namic and metabolic effects in exercising skeletal muscle
in C-peptide negative diabetic patients. In the diabetic
subjects, blood flow and the CDC of the exercising
forearm were approximately 30% lower initially com-
pared to age- and sex-matched healthy control subjects.
During intravenous C-peptide administration in the pa-
tients, resulting in a rise in C-peptide concentration to
physiological levels (approximately 1 nmol/l), both blood
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Fig.6. Arterial C-peptide concentrations (left panel) and arterio-
deep venous (A-DV) C-peptide concentration differences (right
panel) in the Type 1 (insulin-dependent) diabetic patients during C-
peptide infusion at steady state (black columns) and in healthy con-
trol subjects receiving NaCl (cross hatched columns) before and im-
mediately after forearm exercise. A significant uptake of C-peptide
over the forearm was noted in both diabetic patients and healthy
control subjects in the resting state (p <0.01). Immediately after
exercise C-peptide was released to the deep venous blood in both the
diabetic patients (p <0.05) and the healthy control subjects
(r <0.01)

flow and CDC rose to values similar to those for the
healthy control subjects. This was a consistent finding, all
patients showing a similar response. In contrast, in the
healthy control subjects, whose blood flow and CDC were
already higher than in the diabetic patients before the in-
fusion, C-peptide exerted no significant influence on
blood flow. Likewise, NaCl infusion in the diabetic pa-
tients did not influence either forearm blood flow or CDC.
These findings are consistent with the view that in C-pep-
tide negative diabetic patients, replacement of this pep-
tide elicits microcirculatory effects, while in healthy sub-
jects C-peptide increments above the endogenous basal
concentration has no effect. These results are analogous
to the previous observations regarding the effect of C-
peptide on glucose transport in skeletal muscle; a stimula-
tory effect of C-peptide is readily demonstrable up to a
concentration of 1 nmol/l, but no further effects are seen
for higher C-peptide concentrations [10].

The arteriolar dilatation and the increase in blood flow
in exercising forearm muscle were accompanied by an in-
crease in the CDC in the C-peptide-treated diabetic pa-
tients. CDC expresses the total unidirectional flux of
tracer over the exchange vessels and is thus a reflection
not only of the number of perfused capillaries (capillary
surface area), which is regulated by the precapillary
sphincters, but also of the permeability per unit surface
area of the capillary membrane (capillary permeability).
Measurements of CDC for one tracer molecule only can-
not show whether the enhanced CDC in the C-peptide-
treated diabetic patients reflects an increase in the num-
ber of perfused capillaries, an increase in the vascular
permeability per se, or a combination of the two. The find-
ing that the forearm muscle extraction of **Cr-EDTA was
elevated during C-peptide administration in conjunction
with a marked rise in blood flow suggests-the possibility
that capillary permeability may have increased. On the
other hand, the diabetic patients receiving C-peptide also
displayed a rise in forearm uptake of oxygen and glucose,
as well as a relatively greater production of lactate by the
forearm tissues. Since neither oxygen nor glucose or lac-
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tate are likely to be restricted in their passage over the
capillary membrane, it seems unlikely that an increase in
the capillary permeability alone would enhance their up-
take or release. The more probable explanation is that C-
peptide administration resulted in an increase in recruit-
ment of capillaries in the muscle. The significant
relationship between the increase in CDC and the rise in
glucose uptake during C-peptide infusion in the diabetic
patients supports this possibility. Thus, the present circu-
latory and metabolic results taken together are com-
patible with the view that C-peptide increases the perfu-
sion to compartments within the exercising skeletal
muscle, which may have been perfused poorly or not at all
in the diabetic patients before C-peptide administration.
In addition, an effect of C-peptide on capillary per-
meability cannot be excluded.

The metabolic effects demonstrated in this study for
the exercising forearm during C-peptide treatment in the
diabetic subjects are consistent with the earlier findings
that C-peptide increases whole body glucose utilization in
Type 1 diabetic patients [7,9] and stimulates glucose
transport in in vitro incubated human skeletal muscle
from Type 1 diabetic patients [10]. The increased glucose
uptake in the exercising forearm during C-peptide admin-
istration in the diabetic patients is possibly coupled with
the increased blood flow and CDC, which may enhance
the availability of glucose to the exercising muscles. In-
sulin does not appear to be responsible for the increased
glucose uptake, since not only plasma glucose but also
plasma insulin levels were unchanged or tended to de-
crease when C-peptide was administered. Likewise, both
the metabolic and circulatory responses to C-peptide
were unrelated to the prevailing blood glucose level. This
indicates that the results observed after C-peptide admin-
istration are unlikely to be a consequence of the varying
degree of hyperglycaemia in the C-peptide and control
groups.

The precise mechanism whereby C-peptide stimulated
blood flow and increased CDC remains to be determined.
In fact, the physiological variables that regulate the func-
tional hyperaemia in skeletal muscle during contraction
have not been fully elucidated; for arecent review see [16].
Endothelin, nitrous oxide and adenosine currently appear
to be important candidates in this context and it may be
speculated that the C-peptide interferes with the forma-
tion of one or more of these substances. It is possible that
the effects of C-peptide may be exerted via a specific re-
ceptor, since there is a significant uptake of this peptide to
the forearm tissues in the resting state and a release during
exercise. This finding may possibly indicate that C-pep-
tide is bound to receptors in the resting state and sub-
sequently released from the muscle during exercise. Simi-
lar findings have been described previously for insulin
[17]. A C-peptide receptor in skeletal muscle has not been
demonstrated but a specific receptor for homologous C-
peptide has been found in rat Beta cells [18].

The diabetic patients in the present study showed a
lower forearm muscle CDC for SCr-EDTA than the
healthy age- and sex-matched control subjects. This is in
contrast to the finding by Trap-Jensen and Lassen, who
observed higher CDC in the exercising forearm in
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diabetic patients compared to healthy subjects [11, 12].
However, Trap-Jensen and Lassen studied older patients
with a longer duration of diabetes (mean age 47 years;
diabetes duration 21 years). In addition, many of their pa-
tients showed clinical signs of diabetic late complications.
The latter patient group is thus clearly different from the
present relatively young patients without diabetic compli-
cations. Itis of interest that Trap-Jensen has also reported
[19] that in a group of recently diagnosed young diabetic
patients the fractional disappearance rate of locally in-
jected >'Cr-EDTA from the anterior tibial muscle during
ischaemic exercise (another measure of vascular per-
meability) was significantly lower than in long-term
diabetic patients. In fact, in the young diabetic subjects the
'Cr-EDTA disappearance rates tended to be even lower
than in healthy control subjects [19], in agreement with
the present results.

The healthy control subjects in the present study had
CDC levels that were almost twice those reported by
Trap-Jensen and Lassen (7.7 vs 3.7 ml-min ~!- 100 g%, re-
spectively). The difference primarily concerns extraction
of the tracer (31 % in our study and 19 % in Trap-Jensen’s
study), since blood flow was similar. The discrepancy may
have to do with differences in the study procedure and in
the choice of subjects. The subjects in our study were
young (mean age 21 years) and performed heavy forearm
exercise until near exhaustion on a hand ergometer with
the hand circulation unoccluded. In the study by Trap-
Jensen and Lassen the healthy control subjects had a
mean age of 48 years and the exercise consisted in one
full-force flexion of the fingers every second without a
specific work load and with a cuff around the wrist to oc-
clude the hand circulation [12]. Thus, the lower CDC lev-
elsfoundin Trap-Jensen’s healthy subjects may well be re-
lated to the type and intensity of the exercise performed
and to the age of the subjects.

It has been demonstrated earlier that C-peptide in-
fluences renal function by reducing glomerular hyperfil-
tration and decreasing urinary albumin excretion in
Type 1 diabetes [7, 8]. C-peptide also increases glucose
utilization [7, 9] and improves metabolic control, as evi-
denced by lowered blood glucose, HbA;. and fructos-
amine [8]. The present study, which demonstrates effects
on glucose uptake, blood flow and CDC for **Cr-EDTA in
the exercising forearm, lends further support to the notion
that C-peptide may be of biological importance in Type 1
diabetic patients, especially with regard to microvascular
function and glucose utilization. Our present and previous
results and the observation of an inverse correlation be-
tween C-peptide levels and late diabetic complications,
such as retinopathy [20, 21}, support the notion that lack
of C-peptide may possibly be a contributing factor, in ad-
dition to glycaemic control, for the development of micro-
vascular complications in Type 1 diabetes. The mecha-
nisms behind the effects of C-peptide are as yet unclear
and further studies will be required to determine the mode
of action of C-peptide.
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