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C-peptide fragments stimulate glucose utilization 
in diabetic rats
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Abstract. Studies of C-peptide cellular effects show that
not only the full-length native peptide but also specific
C-terminal fragments are biologically active in in vitro
systems. In the present study, the effect of five C-peptide
fragments and the native peptide on whole-body glucose
turnover was studied in streptozotocin diabetic rats using
the insulin clamp technique. Insulin was infused intra-
venously at 18 pmol kg–1 min–1 for 90 min and blood glu-
cose concentration was clamped at 8 and 4 mM in dia-
betic and non-diabetic animals. A steady state was
reached during the last 30 min of the study period. Rat
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C-peptide II and fragments comprising residues 27–31
and 28–31 were effective in augmenting glucose
turnover in diabetic rats (+ 100% to 150%), while no sig-
nificant effects were seen for segments 1–26, 11–19 and
11–15. The metabolic clearance rate for glucose during
infusion of C-peptide or fragments 27–31 and 28–31 in
diabetic rats was similar to that seen in non-diabetic ani-
mals. We conclude that C-terminal tetra- and pentapep-
tides, but not fragments from the middle segment of
C-peptide, are as effective as the full-length peptide in
stimulating whole-body glucose turnover in diabetic rats.
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Studies during the last decade have demonstrated that
proinsulin C-peptide, in contrast to previous views, exerts
molecular and cellular effects of its own, showing that
C-peptide is in fact a bioactive peptide [1, 2]. It binds
specifically to cell membranes, activates a G-protein-
coupled membrane receptor and Ca2+-dependent intracel-
lular signaling pathways, resulting in stimulation of both
Na+,K+-ATPase [3, 4]. and endothelial nitric oxide syn-
thase (eNOS) activities [5, 6]. In animal models and in
patients with type 1 diabetes, administration of C-peptide
in replacement doses has been found to exert beneficial
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effects on renal and nerve dysfunction [7–11], attesting
to clinical effects and a possible therapeutic potential for
C-peptide.
In addition to the above effects, administration of C-pep-
tide to diabetic animals and to type 1 diabetes patients has
been found to stimulate glucose utilization as studied by
the glucose clamp technique [12–14]. Studies in isolated
strips of human skeletal muscle indicate that the effect
may be independent of the insulin receptor and tyrosine
kinase activation [15]. Studies of other effects in in vitro
systems have demonstrated that not only the native pep-
tide but also specific fragments are biologically active.
Thus, the C-terminal pentapeptide but not mid-molecule



fragments are capable of displacing membrane-bound
C-peptide [16], increasing intracellular Ca2+ concentra-
tions [17] and stimulating Na+,K+-ATPase activity [3].
The extent to which C-peptide fragments are biologically
active under in vivo conditions has not been examined.
Consequently, the aim of the present study was to evalu-
ate under in vivo conditions in streptozotocin diabetic
rats, the rate of glucose utilization during administration
of the native rat C-peptide and five fragments comprising
residues 27–31, 28–31, 11–15, 11–19, 1–26.

Materials and methods

Animals
Male Wistar rats weighing 185–235 g were used for the
study. The animals were housed in individual cages in a
room maintained at 23 °C with an alternating 12-h light/
dark cycle and had free access to standard diet and wa-
ter. The rats were anesthetized with an intraperitoneal
(i.p.) injection of 50 mg/kg sodium pentobarbital. The
right jugular vein and the left carotid artery were then ex-
posed and isolated through a middle neck incision. Thin
silastic catheters were introduced and secured with a silk
ligature. The free ends of the catheters were attached to
short segments of steel tubing and tunneled subcuta-
neously around the side of the neck to the top of the skull
where they were threaded through a skin incision to the
exterior. After patency had been checked, the catheters
were flushed with 300 µl 0.9% NaCl containing heparin
(40 U/ml), and 500 µl sodium penicillin G (10,000 U/ml)
was injected. The catheters were then filled with a vis-
cous solution, 50% polyvinypyrrollidon (PVP K-30;
Nacalai, Tesque, Kyoto, Japan) and capped. Two days af-
ter surgery, streptozotocin (50 mg/kg body weight;
Sigma, St. Louis, Mo.) was injected i.p., and citrate
buffer was given to the control rats. Animal care con-
formed with the standards set by the ‘Principles of Lab-
oratory Care’ (NIH publication No. 85-23, revised 1985)
and the ‘Guidelines for Animal Experimentation’
(Nagoya University 1988).

Insulin clamp procedure
The animals were allowed to recover from surgery for at
least 5 days. The clamp studies were then carried out in
the morning after a 16-h overnight fast. Throughout the
study, rats were awake and allowed to move freely within
a large cage. The PVP solution was aspirated from the
catheters, and the venous catheter was then used for in-
fusion of glucose (20%), insulin (Actrapid MC; Novo
Nordisk, Bagsvaerd, Denmark) by infusion pumps
(STC-521; Terumo, Tokyo, Japan). The blood samples
for glucose (25 µl per sample) and insulin (0.5 ml) de-
terminations were drawn from the arterial cannula. In the
clamp studies, insulin was infused at a rate of 18 pmol
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kg–1 min–1 (3.0 mU kg–1 min–1) for 90 min. Blood glucose
concentrations were measured every 10 min and the 
glucose level of the diabetic and normal rats was main-
tained at approximately 8 and 4 mM, respectively. Si-
multaneously, rat C-peptide fragments including posi-
tions 1–26 (EVEDPQVPQLELGGGPEAGDLQTLAL);
positions 27–31 (EVARQ); positions 28–31 (VARQ);
positions 11–19 (ELGGGPEAG); positions 11–15 (EL
GGGP) or rat C-peptide II (all from Sigma Genosys,
Cambridge, UK; purity > 98%) were infused at rates of
50 pmol kg–1 min–1 and saline was administered in the
control study. Each fragment or C-peptide was infused
into five animals. Total blood loss during the experimen-
tal procedure did not exceed 1.5 ml. All of the infused
glucose was considered to be taken up by body tissues
and under these steady-state conditions, glucose input
was considered equal to glucose utilization. The glucose
disposal rate (GDR, mg kg–1 min–1) was calculated every
10 min during the clamp study. The metabolic clearance
rate for glucose (MCR, ml kg–1 min–1) was then obtained
from GDR divided by the corresponding blood glucose
concentration. 

Analytical methods
Blood glucose concentrations were determined with a
YSI 23 A glucose analyzer (Yellow Spring Instruments,
Yellow Springs, Ohio). Blood samples for insulin assay
were immediately separated into plasma and cell portions
in a centrifuge at 4 °C and stored at –70 °C until analysis.
Plasma insulin concentrations were determined by a ra-
dioimmunological technique (Phadeseph Insulin RIA;
Pharmacia AB, Uppsala, Sweden).

Statistical analyses
All data in the text, tables and figures are expressed as
means ± SE. The concentrations of blood glucose and
plasma insulin were compared between normal and dia-
betic rats with an unpaired Student’s t test. A one-way
analysis of variance (ANOVA) was used to evaluate the
differences in GDR and MCR in the presence or absence
of C-peptide or its fragments during the clamp procedure.
The differences between individual groups were tested
using Fischer’s PLSD test.

Results

Body weights, blood glucose and insulin concentrations
before and during the insulin clamp procedure are pre-
sented in table 1. During the clamp, the blood glucose
was maintained at approximately 8 mM in the diabetic
groups and at about 4 mM in the non-diabetic control
group throughout the study procedure by periodic adjust-
ments of the glucose infusion rate. As expected, basal in-



sulin concentrations were lower (30 ± 4 pM) in the dia-
betic rats than in the controls (42 ± 6 pM, p < 0.01) but
during the clamp procedure, insulin levels were similar in
the two groups.
The GDR rose gradually in all study groups during the
course of the insulin clamp procedure and reached a
plateau during the last 20–30 min (fig. 1). The level of
GDR at the end of the infusion period in the diabetic rats
receiving saline was approximately 40% less than that of
the non-diabetic controls (p < 0.05 (fig. 2). Infusion of C-
peptide to diabetic animals significantly increased GDR,
as previously shown [14]. Fragments 27–31 and 28–31
both caused GDR to rise on average 105% (p < 0.005)
and 150% (p < 0.001), respectively, above the level ob-
served in diabetic animals infused with saline. In the case
of fragment 28–31, the rise in GDR even exceeded the
level observed in the non-diabetic group (p < 0.01). Frag-
ments 1–26, 11–19 and 11–15 all failed to significantly

stimulate GDR above the level observed in the diabetic
rats receiving saline.
The average MCR values at the end of the clamp period
are presented in figure 3. As expected, streptozotocin-in-
duced diabetes caused a marked reduction in MCR com-
pared to the non-diabetic state (–65%, p < 0.001). Infu-
sion of the full-length C-peptide gave rise to a 110%
(p < 0.005) increase in MCR compared to that of saline-
infused diabetic rats. Infusion of fragments 27–31 and
28–31 resulted in significant increases in MCR (+108%,
p < 0.005 and +160%, p < 0.001, respectively) above the
level observed in saline-infused diabetic rats. Adminis-
tration of fragment 28–31 resulted in MCR levels similar
to that observed in the non-diabetic con-trol rats, while
infusion of fragment 27–31 increased MCR to a level
slightly lower than that of the non-diabetic animals
(p < 0.05). No significant change in MCR was seen dur-
ing infusion of fragments 1–26, 11–19 or 11–15.
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Table 1. Body weight, blood glucose and plasma insulin concentrations in normal and diabetic rats before and during the insulin clamp
procedure.

Body weight (g) Glucose (mM) Insulin (pM)

basal clamp basal clamp

Normal rats 221 ± 4 4.4 ± 0.1 4.4 ± 0.2 42 ± 6 216 ± 66

Diabetic rats
Saline 205 ± 8 13.8 ± 0.8 8.1 ± 0.2 30 ± 6 198 ± 60
Fragment 1–26 205 ± 6 12.2 ± 0.7 8.1 ± 0.1 24 ± 6 126 ± 18
Fragment 27–31 198 ± 6 12.2 ± 0.3 8.1 ± 0.1 30 ± 6 120 ± 24
Fragment 28–31 211 ± 8 12.9 ± 0.6 7.7 ± 0.1 36 ± 6 240 ± 36
Fragment 11–19 219 ± 14 12.6 ± 0.4 7.9 ± 0.1 34 ± 10 174 ± 16
Fragment 11–15 225 ± 5 12.1 ± 0.7 7.6 ± 0.2 30 ± 5 204 ± 20
C-peptide II 209 ± 6 12.1 ± 0.3 7.7 ± 0.2 24 ± 5 294 ± 24

Mean values ± SE are shown.

Figure 1. Glucose infusion rates during the 90-min clamp procedure involving infusion of insulin (18 pmol kg–1 min–1) and either 
fragments 27–31, 28–31, 11–15, 11–19, 1–26 or C-peptide (50 pmol kg–1 min–1), or saline in streptozotocin diabetic rats and saline in
non-diabetic controls.



Discussion

Previous studies have established that C-peptide adminis-
tered intravenously to streptozotocin-diabetic rats elicits
a substantial increase in whole-body glucose turnover
[12, 14]. The present findings confirm the previous re-
sults and demonstrate that fragments of C-peptide com-
posed of residues 27–31 and 28–31, but not residues
11–15, 11–19 or 1–26, exert a stimulatory influence on
glucose turnover. The effect of fragments 27–31 and
28–31 was similar to that of the native full-length pep-
tide.
The present in vivo findings for the C-terminal pentapep-
tide comprising residues EVARQ confirm and extend
previous in vitro observations. Thus, this peptide has
been shown to competitively displace bound C-peptide in

cell membrane binding sites [16], to elicit a rise in intra-
cellular Ca2+ concentrations [17], to cause phosphoryla-
tion of ERK1/2 [18] and to stimulate Na+,K+-ATPase ac-
tivity [3]. It is also capable of eliciting an improvement in
the deformability of red blood cells from type 1 diabetes
patients [19]. All of these effects suggest that the native
C-peptide and its C-terminal pentapetide are equipotent
with regard to the observed in vitro effects, and the pre-
sent data indicate that this applies also to the in vivo ef-
fect on glucose turnover in diabetic rats.
However, the present findings for the C-terminal
tetrapeptide (VARQ) are partly inconsistent with previ-
ous observations. The tetrapeptide stimulates glucose uti-
lization in vivo (fig. 2) and Na+,K+-ATPase activity in
vitro as effectively as the native full-length C-peptide [3],
but it does not displace bound C-peptide [20]. Further-
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Figure 2. GDRs (average values for the last 20 min of the 90-min insulin clamp) for non-diabetic control rats and streptozotocin diabetic
rats infused with insulin (18 pmol kg–1 min–1) and either C-peptide, five different fragments (50 pmol kg–1 min–1) or saline. Mean values ±
SE are indicated. **p < 0.01 and *** p < 0.001 versus the corresponding value for saline-infused diabetic animals.

Figure 3. MCR for glucose (average values for the last 20 min of the 90-min insulin clamp) for non-diabetic control rats and streptozo-
tocin-diabetic rats during infusion of insulin (18 pmol kg–1 min–1) and either C-peptide, five different fragments (50 pmol kg–1 min–1) or
saline. Mean values ± SE are indicated. ** p < 0.01 and *** p < 0.001 versus the corresponding value for saline-infused diabetic animals.



more, the N-terminal Glu residue (E) of the pentapeptide
has been found to be essential for the displacement effect
[20] and even free Glu can elicit part of the cellular ef-
fects [3, 17]. One can speculate that the differential ef-
fects of the C-terminal penta- and tetrapeptides are com-
patible with the involvement of two types of receptors,
one requiring the N-terminal Glu residue, the other not.
Alternatively, the divergent results for the tetrapeptide
may be related to species differences. Failure of the
tetrapeptide to displace bound C-peptide was observed
for the human tetrapeptide (GSLQ) and its effect on ho-
mologous C-peptide bound to human cells [20]. In the
case of fragment 1–26, however, the present results agree
well with previous findings. This fragment fails to dis-
place bound C-peptide [20], it does not increase intracel-
lular Ca+2 concentrations [13], nor does it stimulate
Na+,K+-ATPase activity [3]. Finally, fragments 11–15
and 11–19 showed no significant effect on GDR or MCR
in the present study, in keeping with previous findings
that these fragments fail to displace membrane bound
C-peptide [20] or to improve red blood cell deformability
[19]. However, both fragments 11–15 and 11–19 have
been reported to elicit limited stimulation of  Na+,K+-AT-
Pase of renal tubular segments, although these effects
have been ascribed to complex and non-specific interac-
tions [3]. 
The mechanism by which C-peptide or its C-terminal
fragments elicit an increase in glucose utilization is not
clear. C-peptide bound to human cell membranes cannot
be displaced by insulin [16] and there is no evidence that
C-peptide binds to the insulin receptor. However, insulin-
like effects of C-peptide have been reported for rat skele-
tal muscle (L6 myoblasts) [21]. These effects involve ac-
tivation of insulin receptor tyrosine kinase, IRS-1 phos-
phorylation, PI-3 kinase and MAPK activation [21], and
inhibition of protein tyrosine phosphatase activity with an
associated increase in the phosphorylation of the insulin
receptor and IRS-1 [22]. The above findings suggest that
C-peptide may interact with the insulin signaling pathway
at a proximal level, resulting in enhanced glucose uptake.
Alternative mechanisms may be considered. C-peptide
has been shown to stimulate NO release from endothelial
cells both under in vitro [5, 6] and in vivo [23] conditions.
Several studies report that muscle glucose transport can
be activated by NO and that NOS in its endothelial and
neural isoforms is expressed in rat skeletal muscle
[24–27]. In keeping with this hypothesis, administration
of an NOS blocker was found to abolish the C-peptide-
mediated increase in glucose utilization in diabetic rats
[14].
The effect of C-peptide and its C-terminal fragments on
glucose utilization in diabetic rats is quite marked (figs.
1–3). In contrast, in some but not all studies of type 1 di-
abetes patients a short-term effect of C-peptide on glu-
cose utilization has been observed [13, 28], whereas

long-term (3 months) administration in type 1 diabetes
patients does not result in lowered blood glucose concen-
trations or reduced HbA1c levels [8, 11]. Studies in iso-
lated human skeletal muscle strips indicate that C-peptide
does not interact with the insulin receptor, nor does it
cause tyrosine kinase activation [15], indicating a species
difference between human and rat with regard to C-pep-
tide-mediated effects on glucose utilization.
Although C-peptide concentrations were not measured in
the present investigation, a previous study using the same
technique, protocol and rate of C-peptide infusion would
suggest that the present C-peptide concentrations were in
the range 2–4 nM [14]. The rate of infusion was the same
(50 pmol kg–1 min–1) for C-peptide and for the fragments.
The concentration for the fragments could not be mea-
sured in this study. However, the pentapeptide is known to
have a shorter half-life than C-peptide in serum, and
C-peptide undergoes endopeptidase degradation while
the pentapeptide, and probably the other small fragments
also are degraded by aminopeptidases in serum [29].
Taken together, these considerations suggest that the con-
centrations of the fragments are likely to have been lower
than that of the full-length peptide. Since the effect of
fragments 27–31 and 28–31 on glucose utilization was
similar to that of C-peptide, the findings attest to the
same or greater bioactivity of the C-terminal fragments
compared to C-peptide.
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