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C-peptide, a cleavage product from the processing of proinsulin to insulin, has been 
considered to possess little if any biological activity other than its participation in insulin 
synthesis. Injection of human C-peptide prevented or attenuated vascular and neural 
(electrophysiological) dysfunction and impaired Na+- and K+-dependent adenosine 
triphosphate activity in tissues of diabetic rats. Nonpolar amino acids in the midportion 
of the peptide were required for these biological effects. Synthetic reverse sequence 
(retro) and alluamino acid (enantio) C-peptides were equipotent to native C-peptide, 
which indicates that the effects of C-peptide on diabetic vascular and neural dysfunction 
were mediated by nonchiral interactions instead of stereospecific receptors or binding 
sites. 

Human insulin is svnthesized in ~ancreatic 
beta cells as part of a larger proinsulin mol- 
ecule consisting of an A chain and a B 
chain linked by a 31-amino acid connect- 
ing peptide (C-peptide, molecular weight = 
3020) and two pairs of dibasic amino acids. 
C-peptide is postulated to promote align- 
ment of the A and B chains for the forma- 
tion of disulfide bonds between. them ( 1 ). 
C-peptide is subsequently cleaved from pro- 
insulin but remains in the secretory granule 
and is cosecreted with insulin in response to 
glucose stimulation. Plasma levels of C- 
peptide and insulin are markedly decreased 
in humans and animals with insulindepen- 
dent diabetes. C-peptide is considered to 
possess little if any biological activity other 
than its role in insulin synthesis (1, 2); 
however, there are several reports indicat- 
ing biological activity (3). Among the bio- 
chemical and physiological abnormalities 
(in noninsulin-requiring tissues) associated 
with diabetes. vascular dvsfunction. which 
is manifested by changes in blood flow and 
increased albumin permeation, and im- 
paired nerve conduction with decreased 
Na+- and K+-dependent adenosine triphos- 
phatase (Na+,K+-ATPase) activity are well 
documented in diabetic humans and ani- 
mals. We describe the beneficial effects of 
human C-peptide on these abnormalities in 
animal models of diabetes and the structural 
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determinants of C-peptide efficacy. 
Biosynthetic human C-peptide (4) (130 

nmol per kilogram of body weight) was 
injected subcutaneously twice daily for 5 
weeks in control rats and in rats with strep- 
towtocin-induced diabetes (5). Before in- 
jection, rat plasma C-peptide levels were 
0.45 to 0.9 nM in control rats and below 0.4 
nM in diabetics. Peak human plasma C- 
peptide levels were about 9 nM at 10 and 30 
min after injection and were undetectable 
at 3 hours. Vascular and neural function 
were assessed 3 to 6 hours after injection of 
C-peptide. C-peptide markedly attenuated 
diabetes-induced increases in blood flow (6) 
in the anterior uvea, retina, and sciatic 
nerve (Fig. 1) and also prevented increased 
1251-labeled albumin permeation (6) in 
these tissues and in the aorta (Fig. 1) of 
diabetic rats. C-peptide did not affect vas- 
cular function in these tissues in control 
rats or in other tissues not affected by dia- 
betes. C-peptide also prevented the de- 

creased caudal motor nerve conduction ve- 
locity (MNCV) (6) in diabetic rats but had 
no effect on MNCV in control rats (Table 
1). C-peptide had no effect on sorbitol lev- 
els in the sciatic nerve or retina (Table 1) 
or in other tissues examined. Thus. the 
beneficial effects of C-peptide were not me- 
diated by normalization of the increased 
sorbitol pathway metabolism that has been 
implicated in the pathogenesis of diabetic 
complications in animal models of diabetes 
(7). C-peptide had no effect on food con- 
sumption, body weight, or plasma glucose 
levels in control or diabetic rats (Table 1). 

Because vascular dysfunction in diabetic 
humans and animals is not rapidly revers- 
ible bv intensive insulin treatment or islet 
transpiants (8), the capacity of C-peptide 
(alone or in combination with a low dose of 
insulin) to reverse diabetes-induced vascu- 
lar dysfunction was assessed. After 8 weeks 
of untreated diabetes, rats were assigned to 
groups receiving (i) a single daily injection 
of NPH (natural protamine Hagadom) in- 
sulin (10 U per kilogram of body weight), 
(ii) twice-daily injections of C-peptide as in 
the prevention experiment, (iii) NPH insu- 
lin plus C-peptide, or (iv) no treatment for 
an additional 4 weeks. Insulin with or with- 
out C-peptide did not reduce plasma glu- 
cose or glycated hemoglobin levels but in- 
creased body weight gain -30% (P < 
0.005) versus that of untreated and C-pep- 
tide-treated diabetics. In untreated diabet- 
ics, 1251-albumin permeation in ocular tis- 
sues, nerves, and the aorta was -25% high- 
er than in the prevention study (which is 
consistent with longer duration of diabetes) 
and was unaltered by insulin or C-peptide 
treatment for the last 4 weeks; in contrast, 
insulin plus C-peptide decreased 1251-albu- 
min permeation 63% in the aorta, 67% in 
the anterior uvea, and 73% in the retina 
and nerves (P 5 0.005 for all tissues). These 

Fig. 1. Effects of human A 
c-peptide injection on 
blood flow in the retina, 
sciatic nerve, and anteri- 
or wea (A) and on vas- 
cular 1251-albumin per- 
meation in the retina, sci- 
atic nerve, and aorta (B) 
in rats with d i t e s  of 5 
weeks duration. The 
number of rats is shown 
at the bottom of each 
bar. Significantly differ- Retin0 
ent from controls (12): 'P 

dierent from untreated E 2 
8o diabetics: tP < 0.001. 
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findings attest to a robust synergism be 
tween ~nsu l in  and C-peptide in  reversing 
diabetes-induced vascular dvsfunction. In- 
creased blood flow early aftgr the  onset of 
dlabetes (observed 111 the  5-week oreven- 
t lon study) is a transient change ( in  con- 
trast to  increased albumin oermeation) and 
was not  evident after 12 weeks of untreated 
diabetes in  the  intervention study (neither 
insulin nor C-peptide affected blood flow). 

T h e  structural f e a t ~ ~ r e s  of C-peptide crit- 
ical for mediatine its effects o n  diabetes- - 
induced vascular dysfunction were investi- 
gated in  a skin chamber eranulation tissue " " 
model (9) .  In  this model, exposure of gran- 
ulation tissue ( in  nondiabetic rats) to buffer 
containing 11 to 30  mM D-glucose (but not  
L-glucose or 3-0-methylglucose) increased 
blood flow and \~ascular albumin perme- 
ation as observed in diabetic rats. T h e  small 
amount of glucose added to  the chamber 
had n o  detectable effect o n  svstemic olasma 
glucose levels. Increases in  blood fldw and 
vascular 1'51-albumin oermeation that were 
induced by 30  mM glucose were prevented 
by coadlninistration of 100 IIM human C -  
peptide or 100 n M  rat C-peptide 1 (10) 
with 30 m M  glucose (Fig. 2). In  contrast, 2 
and 10 n M  rat C-peptide 1,  but not  human 
C-peptide, reduced 30  mM glucose-induced 
vascular dysfunction about 50% (Fig. 2). In  
vessels exposed to  5 mM glucose, neither 
blood flow nor albumin permeation was 
affected by 10 11M human or rat C-peptide, 
but 100 n M  concentrations of both peptides 
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Fig. 2. Effects of human C-pept~de (solid bars) 
and rat C-peptide 1 (cross-hatched bars) on vas- 
cular 1251-albumin permeation (A) and blood flow 
(8) in skin chamber granulation tissue vessels. The 
number of chambers IS shown at the bottom of 
each bar. Signif~cantly different from 5 mM glu- 
cose (72): *P < 0.05. Significantly dfferent from 
30 mM glucose: tP < 0.05. 

increased albumin permeation slightly, and C-peptide 1 and human C-peptide. T h e  
100 n M  human C-peptide increased blood longest homologous sequence occurs in  the  
flow slightly (Fig. 2). midportion of the  peptides from Cl1 

Decreased Na-,K+-ATPase activity is a through C16  (Fig. 3 ) .  T h e  slightly greater 
characteristic abnormalitv in  manv tissues of efficacv of rat versus human C-oeotide (a t  

L L 

diabetic animals and is preventei by inter- concentrations of 2 to  10 n M )  may result 
ventions that also normalize associated vas- from differences in amino acid sequence. T o  
cular and neural dysfunction (1 1 ) .  Human 
C-peptide prevented decreased Na-,Kt- 
ATPase activity (6 )  in  the  sciatic nerve of 
diabetic rats (Table 1 )  and in granulation 
tissue exposed to 30 mM glucose (1 1.6 i. 4.1 
n ~ n o l  of adenosine diphosphate (ADP) per 
milligram of protein per minute for 5 mM 
glucose ( n  = 6) ,  7.6 i. 1.1 for 30 mM glucose 
[n = 6,  P < 0.04 (12) versus 5 mM], and 
10.8 ? 2.3 for 30 mM glucose plus C-peptide 
( n  = 7)) .  T h e  finding that elevated glucose 
levels caused diabetes-like vascular dysfunc- 
tion and impaired Na-,K--ATPase activity 
in  granulation tissue in nondiabetic rats (i) 
indicates that vascular dysfunction induced 
by elevated glucose levels is not prevented by 
normal plasma levels of insulin and C-pep- 
tide and (ii) suggests that suprapl~ysiological 
C-peptide levels are r eq~~i red  to prevent vas- 
cular dysfi~nction induced by hyperglycemia. 

T h e  efficacy of human C-peptide in  at- 
tenuation of vascular dysfunction in  hyper- 
glycemic and diabetic rats is not  s~rpr is ing 
in  view of substantial homology between rat 

Peptides tested 

examine the  importance of the  primary 
structure of h ~ u n a n  C-peptide in  mediating 
its vascular effects, a reverse sequence 
(retro) human C-peptide was synthesized 
( 10).  LVhen coadministered at a concentra- 
tion of 100 n M  with 30 mM glucose, the  
retro C-peptide was almost as effective as 
native C-peptide (Fig. 3 ) .  A scrambled C -  
peptide was then synthesized (Fig. 3 )  (10)  
in  which the  amino acid composition was 
identical to that of the  native peptide, but 
the  sequence was randomized. This peptide 
was inactive (Fig. 3 ) .  T h e  biological activ- 
ity of the  retro C-peptide suggested that 
C-peptide activity was not  dependent o n  
chiral interactions with stereospecific re- 
ceptors or binding sites. W e  then synthe- 
sized all-~-amino acid (enantio) human 
C-peptide (10) .  This peptide was equipo- 
tent  to  native C-peptide a t  concentrations 
from 50 to 500 n M  ( the  data a t  100 n M  
concentration in  Fig. 3 ) ,  although a t  con- 
centrations LIP to 1 IIM it was not  recog- 
nized by a polyclonal antibody to native 

Normalization (%) of 30 mM glucose-induced 
vascular dysfunction (blood flow) 
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Humanl-1s + 16-31 
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pig 1-29 EAENPQAGAVELGGGLG.G.LQALALEGPPQ 
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D form 

Fig. 3. Summary of effects of C-peptides and fragments on 30 mM glucose-~nduced vascular dysfunc- 
ton (blood flow) In the skin chamber granulation tissue model. All peptides were coadmnstered at a 
concentration of 100 nM with 30 mM glucose. Efficacy is expressed as an average percent of the effect 
of 100 nM human C-peptde. Because the reductions (by the peptides) in 30 mM glucose-induced 
increases in 1251-albumin permeation and blood flow were the same, only the blood flow data are shown. 
The number in parentheses to the right of each bar IS the number of chambers assessed. Scheffe's 
interval test was used to assess differences (12). Significantly different for 30 mM glucose: *P < 0.05. 

' . (n  = 8) 

- (20) 

.. (1 0) 

1 (10) 

*. (9) 

564 SCIENCE VOL. 277 25 JULY 1997 ~~vv~v.sciencemag.org 



all-L-amino acid C-peptide in a radioim- 
munoassay sensitive to 10 pM of native 
C-peptide (1 3). Thus, the sequence of ami- 
no acids in C-peptide is critical for biolog- 
ical activity but not the direction of peptide 
bonds or chirality, confirming that the ac- 
tion of C-peptide is not mediated by ste- 
reospecific receptors or binding sites. 

Next, the activity of various fragments 
and synthetic analogs of human C-peptide 
was assessed (10). All of the peptides were 
coadministered at a concentration of 100 
nM with 30 mM glucose. Intact human 
proinsulin and both split forms (4) des(31, 
32) and des(64,65) were inactive (Fig. 3). 
Human C-peptide containing the 31 and 32 
arginines and the 64 lysine and 65 arginine 
residues of proinsulin possessed full activity 
(1 3). C-peptide fragments lacking the first 
three and the last seven amino acids (hu- 
man 4 to 24 in Fig. 3) retained almost full 
activity. Removal of amino acids C4 to C6 
and C7 to C10 resulted in progressive loss 
of activity (70% for C7 to C24 and 50% for 
C11 to C24); C4 to C31, C8 to C31, and 
C12 to C31 all possessed about 60% activ- 
ity (P < 0.05 versus 30 mM glucose alone 
and versus 30 nM glucose plus C1 to C31 
for all five fragments). Human C1 to C15, 
C16 to C3 1, and human des(13-17) lacked 
significant biological activity. Thus, amino 
acid residues in the midportion of human 
C-peptide are critical for prevention of glu- 
cose-induced vascular dysfunction. Pig C- 
peptide (which contains only 29 amino acid 
residues and in which C16 Pro is replaced 
by Leu, and C17 Gly and C18 Ala are 
deleted) also lacked biological activity. The 
amino acid composition of the midportion 
of mammalian C-peptides is substantially 
conserved and contains a high proportion 
of nonpolar amino acids flanking a C16 
proline (I). In human C-peptide, the se- 

quence from C13 to C19 is GGGPGAG 
(which is virtually symmetrical for nonpolar 
amino acids on either side of C16 proline), 
whereas in rat C-peptide 1 the sequence is 
GGGPEAG. 

Circular dichroism spectra revealed a 
low simal intensitv for both human and rat u 

peptides. The signal intensity was higher for 
rat than for human C-peptide, which is 
indicative of a more stable structure for the 
rat peptide (Fig. 4A). The spectra were 
nearly identical for the native and retro 
human C-peptides. Predictions of secondary 
structure based on LINUS (14) indicated 
the presence of an a helix of approximately 
three amino acid residues for native human 
and eight amino acid residues for rat C- 
~ e ~ t i d e .  This was consistent with the circu- . . 
lar dichroism spectra. Interpretation by 
RASMOL (1 5) of supersecondary structures 
predicted by LINUS, with the use of the 
algorithm by Kabsch and Sander (16) for 

pattern recognition of hydrogen-bonded 
and geometrical features in protein second- 
ary structure, indicated the presence of hy- 
drogen bonds in the midportion of both 
human and rat C-peptides. This supports 
the presence of a turn-like structure in this 
region of both peptides (Fig. 4B) (1 7). A 
turn-like structure in the midportion of C- 
peptides also is supported by predictions of 
Snell and Smyth (I  ) and Steiner (1 ) [based 
on the criteria of Chou and Fasman, Lewis 
et al., and Crawford et d. (18)] and by the 
hydrodynamic data of Markussen and 
Schiff (1 ). Thus, a nonpolar turn-like 
structure in the midportion of C-peptide is 
important for its biological activity. Al- 
though the occurrence of multiple Gly 
residues is rare in turn-like structures, the 
GGGPGAG motif is reminiscent of the 
beta turn observed in fibrinopeptide A 
that contains three Gly residues (19). 
Whether the predicted turn-like structure 

Table 1. Effects of human C-peptide on body weight and metabolic parameters in rats with strepto- 
zotocin-induced diabetes of 5 weeks duration. 

Manomaten, 

Fig. 4. (A) Circ&f dichro~sm (CD) spectra of na- 
tive hwnan C-peptide (Human), reverse sequence 
human Gpeptkte (Rev-human), and rat C-pep- 
tide 1 (Rat). CDswere recorded in triplicate with a 

Control Diabetes Diabetes 
Control + C-peptide + C-peptide 

Number of rats 
Body weight (g) 

Initial 
Final 

Food consumption (g/day) 
Plasma glucose (mM) 

MNCV (m/s)t 
SorbitolS 

Retina 
Sciatic nerve 

Na+ ,K+-ATPases 
Sciatic nerve 

'Mean 2 SD. tCaudal MNCV was measured as meters per second as described in (6). SSorbitol levels (nmoVg 
wet weight) were determined as their butylboronate derivati~es by gas chromatography mass spectrometry 
(22). ONa+,K+-ATPase (nanomoles of ADP per milligram of protein per minute) was measured as described in (6). 
1) Significantly different from controls (12): P < 0.005. Significantly different from untreated diabetics: P < 0.005. 

N"2 

COOH 

1 -mm cwette on a Jasco J600A spectropolarim- Human Rev-human Rat 
eter (Japan Spectroscoplo, Tokyo, Japan). The 
peptides were d h o h d  m 100 mh4 W and 10 mM N%HPO, (pH 7.4) at a concentration of 0.2 mglml. (6) Supersecondary structures of native hum 
C-pept~de (Human), fWWd9 hWnan C-peptide (Rev-human), and rat C-pept~de 1 (Rat) dep~cted by MolScript (16), based on predictions by LlNU 
(14). Ahm-Ilkstructure hthemiclportkn0fthe~;e[rwrl613EoCl9)isM k& 
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would be stable remains to be established. 
Although the mechanisms that medi

ate vascular and neural dysfunction in
duced by diabetes are unclear, several lines 
of evidence support an important role for 
hyperglycemia-induced cytosolic reduc
tive stress, a "hypoxia-like" increased cy
tosolic ratio of free NADH/NAD+ (NAD, 
nicotinamide adenine dinucleotide), in 
initiating the metabolic imbalances (20) 
that cause vascular and neuroelectrophysi-
ological dysfunction (7). In animal models 
of diabetes, this redox change results 
largely from increased oxidation of sorbi
tol to fructose coupled to reduction of 
N A D + to NADH by sorbitol dehydroge
nase in the second step of the sorbitol 
pathway; Because C-peptide had no effect 
on tissue sorbitol levels (Table 1) and does 
not prevent reductive stress (13), we hy
pothesize that is may inhibit, or compen
sate for, a cascade of metabolic imbalances 
caused by hyperglycemia-induced reduc
tive stress (7, 20). The finding that the 
retro- and D-enantiomers are equipotent 
to the native peptide is analogous to the 
properties of retro- and D-enantiomers of 
amphipathic antimicrobial peptides such 
as cecropins, mangainins, and dermasep-
tins (21). Evidence that the effects of 
these antimicrobial peptides are mediated 
by nonchiral interactions with membrane 
lipids, resulting in formation of ion chan
nels and inhibition of phospholipase A2 

activity (21), raises the possibility that 
C-peptide effects may be mediated by cor
responding mechanisms resulting in nor
malization of enzyme activities altered by 
diabetes. 

C-peptide prevents diabetes- and hy
perglycemia-induced vascular and neural 
dysfunction in animal models of diabetes 
by nonchiral mechanisms rather than by 
stereospecific receptors or binding sites. 
To the extent that C-peptide treatment 
may be useful in the prevention and treat
ment of diabetic complications in humans, 
it should not be considered an alternative 
to insulin or other blood glucose-lowering 
agents. Instead, it could be used in com
bination with them to reduce the need for 
virtual normalization of blood glucose lev
els (and the attendant restrictions in life
style and increased risks of hypoglycemia 
and obesity). 
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