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It is generally recognized that the connecting peptide (C-
peptide) of proinsulin fulfills an important function in the
biosynthesis of insulin. It brings together the A- and B-
chains such that the initial folding and interchain disulfide
bonds can be formed. Evolutionary considerations suggest
that a length of approximately 30 residues for the connecting
segment, as is the case for human C-peptide, is optimal
for the efficient further processing of the molecule (i.e., its
cleavage into insulin and C-peptide). Following this, the two
are stored in secretory granules and eventually coreleased
into the circulation. Because of its intimate connection to
the insulin biosynthesis, C-peptide has been used as a marker
of insulin secretion. As such, it has contributed importantly
to our understanding of the pathophysiology of several
metabolic disorders, notably type 1 and type 2 diabetes.

The possibility that C-peptide may possess biological
effects of its own was considered but received relatively little
attention at the time of its discovery in 1968. No detectable
influence on glucose metabolism or on lipolysis of isolated
fat cells could be observed. In the absence of any insulin-
like effect by C-peptide in isolated cell systems or when
administered to healthy individuals, it was concluded that C-
peptide was without biological effect other than its role in the
biosynthesis of insulin; for a review see [1]. Consequently, C-
peptide as a bioactive peptide left the scientific limelight and
the interest was focused instead on its usefulness as a marker
of insulin secretion.

It was not until the early 1990s that direct C-peptide
effects were re-evaluated. A series of studies was undertaken
involving administration of the peptide in type 1 diabetes
patients, who lack C-peptide [2]. This proved a useful
approach and it became apparent that replacement of
physiological concentrations of C-peptide in this patient
group results in significant amelioration of diabetes-induced

abnormalities of regional blood flow as well as improvements
in peripheral nerve and kidney function. These surprising
findings, subsequently confirmed and extended by several
laboratories, prompted a renewed interest in C-peptide
as a bioactive peptide in its own right. Since then, a
steadily increasing number of reports on new aspects of
C-peptide physiology have been presented. Today, a vast
body of scientific evidence is available comprising in vitro
studies of the peptide’s membrane interaction and cellular
effects, in vivo studies in animal models of type 1 diabetes
defining C-peptide’s influence on functional and structural
abnormalities of the kidneys and the peripheral nerves as
well as clinical trials on nerve and kidney function in patients
with type 1 diabetes, all of which attest to a wide spectrum
of physiological effects being mediated by C-peptide. In
addition, the findings provide a basis for the notion that C-
peptide administration, in combination with regular insulin
therapy, may be beneficial in the prevention and treatment of
microvascular complications of type 1 diabetes.

In the present, special issue of Experimental Diabetes
Research, most of the recent developments in C-peptide
research are being reviewed including an authoritative review
of the history and diagnostic aspects of C-peptide. A highly
qualified attempt is made to sort out the multitude of
intracellular effects of C-peptide, seemingly contradictory
when studied in different cell systems and under varying
experimental conditions. Perhaps the most compelling end
effect of C-peptide is its stimulatory influence on the
microcirculation in a number of tissues, achieved via both
activation and induction of endothelial nitric oxide synthase.
These events are reviewed as are the beneficial effects of C-
peptide and its C-terminal hexa- and pentapeptide segments
on the diabetes-induced reduction of red blood cell deforma-
bility. A possible stimulatory effect by C-peptide on glucose
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uptake is discussed on the basis of both in vitro experiments
and findings in type 1 diabetes patients. It is, however, noted
that interpretation of such results is confounded by the
recent observation that C-peptide may elicit disaggregation
of insulin hexamers, thereby augmenting the availability of
bioactive insulin monomers [3].

C-peptide and its influence on renal physiology, partic-
ularly tubular function, are discussed. Likewise, C-peptide
effects on the peripheral and central nervous system are
reviewed. Much new and valuable information in this
central area of C-peptide research has been presented from
Anders Sima’s laboratory. The comprehensive findings now
point towards a need for clinical trials and the current
situation regarding clinical studies in patients with diabetic
neuropathy is described. Finally, the possibility that C-
peptide may serve as a mediator in the development of
atherosclerotic lesions is discussed. Is the peptide guilty as
charged or wrongly accused? Only future studies can tell but,
attesting to the rapid developments in the field of C-peptide
physiology, a study just published reports that physiological
as opposed to elevated concentrations of C-peptide serve
to diminish hyperglycemia-induced vascular smooth muscle
proliferation [4].

The purpose of this issue is to provide an update of
our understanding of C-peptide physiology and the role of
C-peptide deficiency in the development of microvascular
complications of type 1 diabetes. Clearly, there is much more
to be learned about C-peptide. Identification of a receptor
or the mechanism whereby C-peptide interacts with the cell
membrane has a high priority. On the clinical side, further
trials of long duration are needed to define the possible role
for C-peptide, together with insulin, in the treatment of
type 1 diabetes. A major obstacle for extended clinical trials
has been the lack of GMP-produced C-peptide suitable for
human use. It is hoped that the evidence summarized in this
issue will convey the urgency with which clinical studies are
needed and stimulate the interest of funding organizations
and the pharmaceutical industry to become involved in this
rapidly developing field.

Thomas Forst
John Wahren
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Starting with the epoch-making discovery of proinsulin, C-peptide has played an important interdisciplinary role, both as part
of the single-chain precursor molecule and as an individual entity. In the pioneering years, fundamental systematic experiments
unravelled new biochemical mechanisms and chemical structures. After the first detection of C-peptide in human serum, it quickly
became a most useful independent indicator of insulin biosynthesis and secretion, finding application in a rapidly growing number
of clinical investigations. A prerequisite was the development of specific immuno assays for proinsulin and C-peptide. Further
milestones were: the chemical synthesis of several C-peptides and the accomplishments in the synthesis of proinsulin; the detection
of preproinsulin with its bearings on understanding protein biosynthesis; the pioneering role of insulin, proinsulin, C-peptide, and
mini-C-peptides in the development of recombinant DNA technology; and the discovery of the enzymes for the endoproteolytic
processing of proinsulin into insulin and C-peptide, completing the pathway of biosynthesis. Today, C-peptide continues to serve
as a special diagnostic tool in Diabetology and related fields. Thus, its passive role is well established. Evidence for its active role in
physiology and pathophysiology is more recent and is subject of the following contributions.

Copyright © 2008 Dietrich Brandenburg. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. INTRODUCTION

The discovery of proinsulin by Steiner and his coworkers.
([1], and references therein) not only opened the way to
understand the mechanism of insulin biosynthesisbut also
stimulated the development of the prohormone concept,
which was first proposed by Givol in 1965 (see [2]). It was a
milestone in the elucidation of the biosynthesis of proteins.

As soon as the structure of proinsulin was known,
research developed along two interlinked lines: the intact
proinsulin parent molecule, and its “offspring,” the con-
necting peptide or C-peptide. Proinsulin research proceeded
upstream towards the precursor, downstream towards con-
version, and in width, directed, for example, at various
species. Experimental work took place on all levels, from
in vitro studies on the subcellular scale to cells and tissues
to in vivo studies in animals. Very soon, the investigations
were directed towards man. Studies in healthy man and
patients gained increasing importance in diabetes research
and clinics. There were two aspects: C-peptide as an integral
part of proinsulin, and C-peptide as an individual entity.
Soon after the initial biochemical studies C-peptide began its

own, more and more independent life. Again, there were two
main directions: C-peptide as a diagnostic marker in diabetes
mellitus, and C-peptide as a bioactive molecule. These
studies, based on the native molecule(s), were supplemented
by synthetic chemistry.

The literature on C-peptide is extensive. Figure 1, based
on a search in Medline, depicts the development in 5-year
intervals. In view of the large body of publications, this
historical review can only be very fragmentary. In particular,
while giving credit to individual scientists as far as possible,
full references will largely be restricted to selected reviews.
Since biological activity of C-peptide is the theme of this
special issue, this question will only be tapped.

2. THE FIRST DECADE 1967–1976

2.1. The pioneering years

The successful chemical synthesis of insulin A- and B-chains,
and their combination to give biologically active insulin
preparations, was a milestone in peptide/protein science [2].
But the low yields obtainable through combination of the
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Figure 1: Development of C-peptide publications.

separate chains raised again the crucial question: how is
insulin biosynthesis so efficiently accomplished by Nature?

It is now exactly 40 years, that the answer came through
the pioneering work of Don Steiner and Philip Oyer [3].
Labelling experiments with a human islet cell adenoma
lead to the discovery of a protein of molecular weight
10,800. Upon cleavage with trypsin, it yields insulin-like
material. The conclusion is “It is possible that this precursor
protein consists of a single polypeptide chain beginning at
its N-terminal end with the B chain sequence of insulin,
terminating with the A chain sequence, and bearing an
additional stretch of polypeptide between the normal chain
sequences.”

Subsequent experiments with human tissue and isolated
islets from rats elegantly show that the biosynthesis of the
precursor precedes the appearance of insulin, and the name
“proinsulin” is suggested for this protein [4].

In 1968, Chance et al. [5] isolate and characterise
proinsulin from crystalline porcine insulin. They elucidate
the amino acid sequence of a 33-peptide, which links the
insulin chains and is designated “connecting peptide.” Thus,
the findings and concept of Steiner are confirmed and
extended, and all future work can now be based on solid
protein-chemical grounds. Figure 2 depicts the structure of
C-peptide and shows the sequence of human C-peptide.

Systematic followup studies in the laboratory of Steiner
et al. [4] quickly shed more light on the exciting findings.
Work is in two major directions, connected by many
factual and intellectual cross-links. Biochemical investi-
gations on the synthesis in in vitro systems, and iso-
lation/characterisation from available sources. Proinsulin
and C-peptide-like compounds are found as by-products
of crystalline porcine insulin and in commercial insulin
preparations; they can be detected in, and isolated from,
human plasma, urine, and pancreas.

The key question directed at the role of C-peptide is
answered in an impressive experiment: Steiner and Clark.
(1968, see [4]) can successfully demonstrate that fully
reduced proinsulin gives, upon reoxidation, high yields of
proinsulin. Thus, the primary role of proinsulin appears to
be to facilitate efficient formation of the disulfide bonds of
insulin.

In the following year, it can be shown that two proin-
sulins are biosynthesised in the rat. The free connecting
segment of proinsulin can be detected and is named C-

(a) Schematic representation of human proinsulin. Drawing
based on Chance et al. [5]. B-chain (yellow) and A-chain
(green) are linked by C-peptide (red) via two pairs of basic
amino acid residues (blue)

10 20 30
EAEDLQVGQVELGG GPGAGSLQPL ALEGSLQ

(b) Sequence of human C-peptide (31 amino acids, see [1])

Figure 2

peptide. It is found that about equivalent amounts of insulin
and C-peptide are secreted. C-Peptide can be isolated from
bovine and human pancreas, and the sequence of bovine
proinsulin is elucidated [4].

A most fruitful collaboration between the Departments
of Biochemistry and of Medicine has begun in Chicago, and
the biochemical studies are impressively extended towards
clinical diabetes research. Already in 1969, a differential
immunoassay with proinsulin and insulin antibodies is
developed by Rubenstein et al., See [6], and allows the
detection of C-peptide in human serum and plasma. The
authors consider a possible regulatory function of C-peptide
outside of the ß-cell.

On the chemical side, peptide scientists at Hoechst
Company succeed already in 1968 in the first chemical
synthesis of porcine C-peptide (Geiger et al. [7]). The peptide
chain is assembled by synthesis in solution from several
fragments.

Subsequently, the emphasis is further shifting towards
studies in man. An important prerequisite is the availability
of methods for the unequivocal determination of C-peptide.
To this end, a specific radioimmunoassay is developed on the
basis of isolated human C-peptide and 131I Tyr-C-peptide.
Equimolar amounts of insulin and C-peptide are found
both in pancreas and in the circulation (Melani et al., 1970,
see [6]). Extended studies in humans show the presence
of C-peptide in the circulation of healthy as well as obese
persons and point towards the potential value of C-peptide
as independent indicator of beta cell function.

The availability of porcine proinsulin enables Lilly scien-
tists to carry out a number of experiments on the conversion
of the prohormone and the chemical as well as biological
and immunological characterisation of the resulting inter-
mediates (Chance, 1970, see [8]). First experiments towards
crystallisation and preliminary X-ray analyses of proinsulin
crystals are reported.



Dietrich Brandenburg 3

In 1971, the 50th Insulin anniversary is celebrated in a
symposium in Indianapolis. It is the appropriate platform to
present and discuss the state of the art.

Intensive protein-chemical work of several groups, espe-
cially in Chicago and at Novo company in Denmark, on the
isolation and analysis of proinsulin and C-peptide results in
the preparation of human C-peptide (Markussen et al., 1971)
and the determination of its sequence (Oyer et al., 1971, Ko
et al., 1971), the isolation of bovine C-peptide (Steiner et al.,
1971, Salokangas et al., 1971), and the confirmation of its
sequence, as reviewed in [8]. A revisit of the sequence of pork
proinsulin leads to a minor correction: Gln5→Glu.

In refining studies on the proinsulin ⇒ insulin conver-
sion, a useful model for the converting enzyme system of
the ß-cell is worked out. The treatment in vitro of bovine
proinsulin with trypsin in combination with an excess of
carboxypeptidase B leads to intact insulin and C-peptide in
an essentially quantitative process (Kemmler et al., 1971, see
[9]).

3. THE NEXT FIVE YEARS 1972–1976

In the beginning, the primary structures of the C-peptides
of several other species are elucidated, as rat, horse, monkey,
sheep, and dog in Steiner’s laboratory, followed in 1973 by
the sequences of duck (Markussen & Sundby), and 1974 of
guinea pig C-peptide. In the same time, systematic studies
on the conversion of proinsulin to insulin in isolated rat islets
and subcelllular fractions are carried out and shed more light
on these processes (Kemmler et al., 1973, Tager et al., 1973)
For references, see Steiner et al. [9], Kitabchi [10].

In 1975/6, another milestone is set by Don Steiner
and his coworkers [11] with fundamental bearings for our
understanding of protein biosynthesis. Cell-free translation
experiments in islets of rats or islet tumors lead to generation
of a labelled protein of molecular mass of 11,500 daltons
with 23 additional amino acids NH2-terminal to the B-
chain sequence of proinsulin, which is named preproinsulin.
The N-terminal amino acid sequence of this hydrophobic
extension is NH2-X-Leu (Lys) Met-x-Phe-Leu-Phe-Leu-Leu
(Lys) Leu-Leu-x-leu- (Chan et al. [11]). The signal sequence
is rapidly cleaved. Signal peptide extension at/near the N-
terminus is later found in almost all secretory proteins
(animal, plant, bacteria), see [9].

With respect to the fate and role of C-peptide in the
organism, investigations in the rat define the kidney as the
main organ responsible for the degradation of proinsulin
and C-peptide (Katz and Rubenstein,1973 ,see [9, 10]). Very
careful and extended studies by Kitabchi on the possible
physiological function and activity of C-peptide under
various conditions are all negative. In conjunction with other
studies from the literature, it is concluded that the molecule
is devoid of activity [8].

This period is characterised by considerable activities
in peptide chemistry. The challenge of a total synthesis of
human proinsulin, which in those days meant the assembly
of all 86 amino acids in solution, is taken up in Japan and
Germany in 1972/3 (see Naithani et al. [12], and Yanaihara et
al. [13], and references therein). Several proinsulin peptides

are made, and a new synthesis of porcine C-peptide is
accomplished, shortly followed by the chemical synthesis
of human C-peptide in two laboratories. A considerable
number of peptides from human, porcine, and bovine C-
peptide are made, mainly for immunological purposes.
Modified C-peptides of human proinsulin have improved
properties for radioimmunoassay (see below).

The redox experiments of Steiner and Clark on the
formation of disulfide bridges between insulin chains had
clearly demonstrated the necessity for changing the bimolec-
ular process (as in chain combinations with separate chains)
into a monomolecular, intramolecular reaction. However,
the important question of chain length remained open.
Redox experiments with miniproinsulins give the answer.
They demonstrate that a short bridge of only 8 carbon
atoms can fully play the role of C-peptide and lead to
correct SS pairing in high yield (Brandenburg and Wollmer
[14]). These findings are confirmed and extended by Lindsay,
Geiger & Obermeier, and Busse & Carpenter, see [15].
In subsequent detailed studies on reduction/reoxidation of
proinsulin, Markussen & Heding (1973, 1975, see [16])
determine parameters for bovine proinsulin formation. The
studies with miniproinsulins pave the grounds for later
insulin production via minimal B-A connection [16].

In parallel to preparative chemistry, physical-chemical
studies in several laboratories between 1972–1976 aim
at obtaining information on the crystallisability, three-
dimensional structure, and conformation of proinsulin/C-
peptide (e.g., Pekar and Frank, 1972; Voigt and Wollmer,
1976, see [9, 10]).

Between 1973 and 1976, there is a considerable incr-
ease of immunological studies. Chemically synthesised C-
peptides, their derivatives, and fragments allow exploring
the immunological properties of human, porcine and bovine
C-peptide [12, 13], and the generation of various specific
antibodies for the development of immunoassays, particu-
larly RIAs, as tools for in vivo studies and analyses under
normal/disease conditions as well as tests for antigenicity.
Attachment of tyrosine to C-peptide allows later labelling
with 125-iodine, and hence synthetic human 125I-Tyr-C-
peptide [12] plays a special role as tailor-made tracer
molecule. An N-terminal derivative, human carbobenzoxy
(Z)-C-peptide, gives, after immunisation with albumin-
conjugated antigen, particularly high titers in guinea pigs
[17].

With the available tools of RIA, the number and extent
of experimental in vivo investigations and particularly of
clinical studies is rising. C-Peptide assays are used in a
large variety of studies, for example: on liver metabolism,
on ketoacidosis, in looking at infants of insulin-treated
diabetic mothers, in insulin-induced hypoglycemia, during
oral glucose tolerance test, or in comparing portal and
peripheral blood. Further studies extend to patients with
islet cell tumors or to the stimulation by OADs. Examining
children with juvenile diabetes, Ludvigsson and Heding [18]
find that of 96 diabetic children, 35.4% had detectable
levels of C-peptide. For a detailed discussion of the clinical
significance of circulating proinsulin and C-peptide see
Rubenstein et al. [19].
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4. THE SECOND DECADE 1977–1986

By 1977, major goals of fundamental research have already
been accomplished. For reviews, see Steiner “Insulin today”
[20] and Kitabchi [10]. C-peptide is now becoming an
ever growing factor in clinical research and diagnosis under
various conditions.

As seen in Figure 1, there is a steep rise in the number
of publications describing work concerned with C-peptide.
For the year 1977, PubMed yields 72 answers to “C-peptide
+ proinsulin,” of which about 43 = 60% concern a large
variety of studies which are based on the determination of
C-peptide in blood, plasma, or urine. Thus, besides limited
further work of a more fundamental nature, studies are
almost exclusively application directed, that is, making use
of the unique properties of C-peptide as an independent
indicator of beta cell function and insulin secretion under
normal and diabetic conditions.

The state of the art at the beginning of this decade
is summarised at three congresses: In 1978 the C-peptide
symposium in the USA and the symposium on proin-
sulin, insulin, and C-peptide in Tokushima, Japan, fol-
lowed in 1979 by the international symposium on insulin
and related hormones in Aachen, Germany. Experimental
work in chemistry and biochemistry has well advanced
and leads to remarkable achievements: the total chemical
synthesis of complete proinsulin from 16 fragments has
been accomplished in Japan, yielding a product with 10%
immunoreactivity (Yanaihara et al., 1979, see [21]). The
German competitors in Aachen succeed in synthesising the
two fragments 1–45 and 46–86, spanning the whole sequence
of the prohormone [21]).

In biochemistry and molecular biology, the studies on
the proinsulin precursor succeed, in 1977, in the isolation
and characterisation of bovine preproinsulin from a cell-
free translation system and in 1978 in the detection and
identification of preproinsulin in pancreatic islets (see [22]).

Again a new chapter of extreme importance and conse-
quences is being opened: recombinant DNA technology. As
in several cases before, insulin is assuming a pioneering role.
Although a two-chain molecule, it is the first candidate to
be built up in E. coli via this revolutionary approach. First
detection of immunoreactive insulin [23] is soon followed
on the preparative scale [24]. While the approach via the
separate A- and B-chains and subsequent combination is
surprisingly efficient, the proinsulin gene is the optimal
precursor [25]. Thus, besides human insulin for diabetes
treatment, human proinsulin and C-peptide become now
available in quantity for research and other applications.
Only two years later, the processes are successfully transferred
to eucariontic cells (Lomedico et al., 1982, see [1]).

The application of C-peptide as a diagnostic tool dep-
ends critically on the availability of sensitive and selective
analytical methods. Although by 1976 progress has been
marked, the need for further development and refinement of
immunological methods, in particular RIA, is considerable.
It is interesting to note that in 1977 not less than 5 papers
on the development of RIAs are published in Japan. Besides
other problems, the scarcity of antigen probes certainly is a

limiting factor. Since 1980, this obstacle is overcome through
the availability of biosynthetic human proinsulin and C-
peptide. Examples for immunological studies are a very
careful study with three assay systems using different antisera
by Kuzuya et al., 1978, see [26], aiming at the detection and
avoidance of pitfalls. Human proinsulin-specific antigenic
determinants can be identified by monoclonal antibodies
and allow hints towards the conformation of C-peptide
(Madsen et al., 1984, see [27]).

The advances in methodology as well as the results of
the large number of clinical studies between 1980 and 1986
are compiled in three reviews by Gerbitz [26], Polonsky and
Rubenstein [27] as well as Faber and Binder [28]. Pitfalls
and limitations in the determination of the secretion and
hepatic extraction of insulin are discussed in [27]. The use of
peripheral C-peptide concentrations is considered as a valu-
able semiquantitative marker of beta cell secretory activity.
However, accurate quantification is more difficult and not yet
possible. Confirming earlier observations, it is stated that as
many as 15% of patients with type-1 diabetes retain life-long
beta cell function that persists at approximately 10% of that
observed in nondiabetic individuals [28].

5. THE THIRD DECADE 1987–1996

The investigations of the mechanism of biosynthesis lead to
another success. In 1990/1991, after long, extended search
in several laboratories, the enzymes responsible for the
endoproteolytic processing of proinsulin into insulin and C-
peptide are finally discovered. PC2, a 638-residue protein is
identified via a human insulinoma DNA by Smeekens and
Steiner (1990), and PC3 (PC1), a 753-residue protein, by
Smeekens et al., 1991. Both are serine proteases related to
subtilisin. After selective cleavage at the C/A junction Lys-Arg
or the B/C junction Arg-Arg, products with C-terminal basic
residues are generated. These residues are, as shown later,
finally removed by carboxypeptidase E, an exopeptidase. For
a detailed discussion, see Steiner [1, 29].

Clinical aspects of C-peptide as a diagnostic tool remain
in the centre, as documented by a large number of publi-
cations. For example, C-peptide is a valuable parameter in
the assessment of beta cell function in pancreas transplant
recipients, as reported by a Danish-Swedish Study Group in
1994 [30].

Since 1994, the question “does C-peptide have a phys-
iological role?” gains grounds and finds positive answers
in several directions [31]. By 1996, positive experimental
evidence is hardening, as new physiological effects are
investigated. The conclusion is: C-peptide is a biologically
active hormone [32]. A negative aspect is the observation
that in vitro studies point towards a possible involvement
of C-peptide in the formation of amyloid-like fibrils. It thus
may be of importance in the pathogenesis of amyloid in the
islets of Langerhans [33].

6. THE FOURTH DECADE 1997–2006

A very vivid portrait of C-peptide is painted by Don
Steiner in his review “The proinsulin C-peptide—a multirole
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model” [1]. It summarises our knowledge from evolutionary
aspects to the role of C-peptide in processing from its
structure to analysis and clinical application. The latter
comprises, as before, the bulk of published studies in this
period.

A very substantial account of assays for insulin, proin-
sulin(s), and C-peptide available in 1999 is given by Clark
[34]. Further methodological advances aim now at over-
coming previous difficulties in accounting for the large dif-
ferences in metabolic clearance of C-peptide versus insulin.
Newly developed effective methods for deconvolution of C-
peptide values allow widespread use of C-peptide assays for
evaluation of ß-cell function (Polonsky and O’Meara, 2001,
see [1]). Labelling with stable isotopes is proposed as a
new tool for in vivo pharmacokinetic and metabolic studies
[35]. The importance of C-peptide in the classification of
diabetes mellitus, as well as its potential clinical applications,
is reviewed on the basis of a Medline literature search [36].

More studies are directed towards the biological activ-
ity of C-peptide. Based on observations with pancreas
transplants, the combined replacement of insulin and C-
peptide in diabetes treatment is deemed beneficial [36]. Two
international symposia gather the experts and summarise
the state of the art: in 2000, “Cellular, physiological and
clinical effects of C-peptide” in Detroit, Michigan, and in 2003
“Physiological and pathophysiological activities of C-peptide.”
Beyond the presentation of research results, the meetings
are aiming at the potential therapeutic value of C-peptide
replacement in preventing and ameliorating type 1 diabetic
complications and at identifying the immediate directions of
C-peptide research (see [37] and subsequent papers).

7. THE FIFTH DECADE 2007

At the beginning of the fifth decade, clinical applications
continue to be the predominant field; there is no new work
in chemistry or physical chemistry. C-peptide measurements
are compared in an international action in which 15
laboratories from 7 countries participate [38].

A very active area is stem cell research. C-peptide is again
a very useful marker of cell activity in exploring systems
and culture conditions. It has particular importance as an
independent indicator, because the source of insulin under
the conditions of cell culture is not always unequivocal [39].
Besides several studies with human or murine embryonic
stem cells, mesenchymal stem cells were investigated, for
example in [40]. Human umbilical cord blood-derived stem
cells can be engineered to engage in de novo synthesis
of insulin, as first demonstrated by Denner et al. [41].
C-peptide is also a good independent marker for insulin
synthesis under the conditions of beta cell culture [42].

As demonstrated by insulin and C-peptide secretions,
beta cells occur naturally in extrahepatic bile ducts of mice
(Dutton et al. [43]). This discovery has significance both
with respect to evolution as well as for regenerative medicine,
pointing towards a new source of beta cells.

With respect to biological activity, new studies are
reported from John Wahren’s laboratory. Based on inter-
nalisation experiments, it is concluded that C-peptide has

properties of an intracrine peptide hormone (Lindahl et al.,
see [44]. C-peptide treatment for 6 months improves sensory
nerve function in early-stage type 1 diabetic neuropathy, as
found in a study with 139 patients (Ekberg et al., see [44]).
The present stand is summarised by Wahren [44] “C-peptide
is a bioactive peptide.”

In clinical investigations, C-peptide serves as indicator
for beta cell function under therapy with an immunogenic
peptide DiaPep277 from the 60-kDa heat-shock protein [45],
or treatment with thiazolidinediones, in testing the effects of
dipeptidyl peptidase-4 inhibitors [46] and in a large study
on the incidence of diabetes in 2435 youths in the United
States [47]. Increased C-peptide levels, in conjunction with
other parameters, are found to be valuable indicators of risk
of colorectal cancer, see, for example, [48].

8. CONCLUSIONS

The history of proinsulin and C-peptide has been coined
and now over 40 years been intimately linked with their
discoverer, Don Steiner. The splendid original research by
him and his associates has been supplemented by excellent
reviews, which accompanied the experimental work and
reflected the state of the art as a red tape. Towards the end
of 4th decade, in 2005, Don Steiner was honoured by a
symposium on the occasion of his 75th birthday “Exploring
Pancreatic Beta Cell, Insulin Biology and Protein Processing.”
It gathered friends and researchers from all over the world,
and the programme of the Don Steiner Fest, held at the
University of Chicago, mirrored the scientific avalanche
triggered in 1967.

Based on exciting fundamental science, and beyond its
role as an integral part of proinsulin, C-peptide has quickly
found rising attention. The reason is its unique property as
an independent marker of insulin biosynthesis and secretion,
which makes it a special diagnostic tool in Diabetology and
related fields.

Progress depends on ideas, suitable methods, and ade-
quate tools. Such a tool is C-peptide. Proof of significance
is simple and becomes obvious from the mere quantitative
look at the literature—the annual number of scientific
publications (see Figure 1). The steep rise beginning only 10
years after its discovery results in over 200 papers in 1984,
and from 1988 on to more than 300 per year.

While this passive role as diagnostic tool is now estab-
lished for a rather long time, the active role in physiology and
pathophysiology is more recent, and is a subject of current
and future research. This will be reflected in the current issue.
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1. INTRODUCTION

Historically proinsulin C-peptide has been regarded as an in-
ert byproduct of insulin synthesis and processing. In the last
decade, however, an enlarging body of evidence has emerged
from several laboratories reporting both in vitro and in vivo
effects of C-peptide of great potential relevance to the patho-
physiology and treatment of diabetes. Observations that C-
peptide may exhibit characteristics of a peptide hormone
beneficially affecting nerve, renal and microvascular func-
tions in diabetic animals and in patients with diabetes [1–
7], have stimulated interest in the molecular mechanisms by
which cell signals elicited by C-peptide are transduced into
altered cell and organ behaviour.

2. A C-PEPTIDE RECEPTOR

Clearly if C-peptide has peptide hormone-like actions, it is
necessary to postulate the existence of a receptor. Indeed,
specific and displaceable binding of 125I-labelled C-peptide
was first demonstrated by Flatt et al. [8] who derived a curvi-
linear Scatchard plot of specific C-peptide binding to pancre-
atic islet B-cells.

Subsequently, using retro sequence and all-D-amino acid
C-peptide enantiomers, Ido et al. [9] suggested that C-
peptide-induced improvements in nerve function and vascu-
lar permeability blood flow in diabetes through increases in
Na+,K+-ATPase activity did not result from C-peptide bind-
ing in a stereospecific manner to a receptor. Instead it was
hypothesised that biological activity of C-peptide was de-
pendent on poorly defined membrane interactions that took
place due to structural features related to the C-peptide se-
quence, but independent of its direction or chirality. A mid-
portion sequence of C-peptide, largely conserved, and com-
prising a high proportion of nonpolar amino acids flanking
a C16 proline was implicated in this activity.

Other investigators have also examined C-peptide frag-
ment bioactivity using Na+,K+-ATPase activity in rat re-
nal tubular segments as a readout [10]. Two segments of
C-peptide demonstrated functional importance. The rat
C-peptide carboxy terminal pentapeptide, EVARQ, elicited
100% of the activity of intact C-peptide whereas the remain-
ing portion of the molecule, lacking this 5 amino acid se-
quence, was totally inactive. In this rat system, the terminal
pentapeptide of human C-peptide (EGSLQ) elicited 75% ac-
tivity; and notably the glutamic acid at position 1 and the
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glutamine at position 5 are generally conserved in mam-
mals. Similar well-defined C-terminal functional sequences
are also found in gastrin and cholecystokinin. Overall, the
behaviour of the C-termimal pentapeptide in these studies
was typical of a peptide ligand interacting with a specific re-
ceptor. In contrast, several C-peptide midregion sequences
were able to partially recapitulate the activity of the intact
molecule but exhibited rather different properties. Activity
relating to this region was not seen with the des-(27–31)-C-
peptide, and several nonnatural D-amino acid containing se-
quences showed some activity. The activity of these segments
decreased if they were greater than 9 amino acids in length.
This behaviour is not reminiscent of peptide-receptor inter-
actions, but similar to the nonspecific type interactions of
C-peptide with plasma membranes postulated by Ido et al.
[9].

How the balance of activity provided by these two re-
gions of the C-peptide molecule is manifest in vivo is not
well understood. Very recent work suggests that efficient ac-
tivation of signalling pathways requires the presence of con-
served glutamic acid residues at positions 3, 11, and 27 of C-
peptide, and the presence of helix-promoting residues in the
N-terminal segment [11]. Taken together with the data relat-
ing to its carboxy-terminus, the overall picture now emerg-
ing of the structure-activity relationship of the C-peptide
molecule is one of a tripartite structure where the termi-
nal sections are involved in functional interactions, with the
midregion forming a joining segment [11].

Analysis of rhodamine-labelled human C-peptide bind-
ing to a variety of human-cell membranes has now been car-
ried out using highly sensitive fluorescence correlation mi-
croscopy, allowing measurement of membrane interactions
at the single-molecule level in sub-fL volumes [12]. High-
affinity specific binding of C-peptide was observed with an
association rate constant of ∼3 nM; half-maximal occupa-
tion of binding sites was seen at 0.3 nM C-peptide; and full
occupation at 0.9 nM C-peptide. The maximal number of
binding sites, approximately 1000–1500 per cell, was found
on human renal tubular cell membranes. Binding could be
displaced by excess intact C-peptide and by the C-terminal
pentapeptide, but not by a randomly assembled scrambled
C-peptide, insulin, and insulin-like growth factor (IGF)-I
or IGF-II. Importantly, binding of C-peptide could also be
largely inhibited by pertussis toxin (PTX) pretreatment of
cells [12]. Overall, these results strongly support the existence
of a specific GTP-binding protein-coupled receptor (GPCR)
for C-peptide, linked either to the G-protein α-subunit Gαi
or Gαo, which interacts with the C-terminal penatpeptide re-
gion of the C-peptide molecule.

Attempts to identify a C-peptide receptor by gene-clon-
ing strategies or using proteomic approaches have, to date,
been unsuccessful. Luzi et al. recently reported their inability
to isolate a C-peptide receptor either by screening a human
lung fibroblast λphage cDNA expression library or by pro-
teomic analysis of proteins co-immunoprecipitated from C-
peptide treated human fibroblasts using anti-C-peptide anti-
bodies [13]. This information was published in the context of
a short-debate paper and therefore methodological descrip-
tion was by necessity brief. Certainly this data does not prove

that a receptor does not exist, and it remains perfectly possi-
ble however that alternative methodologies may successfully
identify a C-peptide receptor in the future. Effort in this area
is well justified and urgently needed.

3. C-PEPTIDE AND THE NA+,K+-ATPASE

Na+,K+-ATPase is an ubiquitous membrane-associated pro-
tein complex that uses energy from the hydrolysis of ATP to
drive the counter-transport of sodium and potassium across
the plasma membrane. It is widely accepted that impaired
Na+,K+-ATPase activity is present in a variety of cell types
in diabetes and contributes to the pathogenesis of diabetic
complications [14–17]. The first indications that C-peptide
may regulate the activity of intracellular enzymes came from
studies of the Na+,K+-ATPase.

The kidney tubule is a particularly rich source of Na+,K+-
ATPase and Ohtomo et al. described activation of this en-
zyme by rat C-peptide in rat kidney tubules at low to
high nanomolar concentrations [18]. This effect was abol-
ished by PTX and, being inhibited by the Ca2+-calmodulin-
dependent protein phosphatase 2B (calcineurin) inhibitor
FK506, appeared dependent on intracellular Ca2+ concen-
tration. Interestingly the stimulatory effect of C-peptide on
Na+,K+-ATPase in these experiments was substantially aug-
mented by neuropeptide Y (NPY).

Extending these findings, the same group of investi-
gators studied the ability of C-peptide fragments to acti-
vate Na+,K+-ATPase in rat kidney proximal tubule segments
[10]. Altogether 36 different peptides and amino acids corre-
sponding to various regions of intact C-peptide were inves-
tigated. Carboxy-terminal tetra- and penta-peptides elicited
full activity whilst midregion peptides elicited only par-
tial activity at best. These results were in broad agreement
with those of Ido et al. [9] (discussed above) and those of
the C-peptide binding studies published the following year
[12], and, overall, they supported the nascent concept of C-
peptide binding to a specific receptor with subsequent acti-
vation of downstream effector enzymes.

Motivated by these observations of C-peptide-induced
increases in Na+,K+-ATPase activity and associated improve-
ments in nervous system and renal function, it was hypoth-
esised that the low C-peptide levels and reduced Na+,K+-
ATPase activity in erythrocyte membranes observed in type
1 diabetes may be related. Accordingly, it was found that in
patients with type 1 diabetes and complete C-peptide defi-
ciency, erythrocyte activity Na+,K+-ATPase was consistently
lower than healthy controls [19]. In type 2 diabetes, ery-
throcyte Na+,K+-ATPase was significantly lower in insulin-
treated patients than in those treated with oral hypogly-
caemic agents. Indeed the fasting C-peptide level was the
only variable studied that independently correlated with
Na+,K+-ATPase activity [19]. Subsequently, it was shown
that infusion of C-peptide into patients with type 1 dia-
betes resulted in an increase in plasma cGMP and erythro-
cyte membrane Na+,K+-ATPase activity. A C-peptide dose
response was evident in these studies where maximal ef-
fects were observed with achieved plasma C-peptide lev-
els of ∼3.5 nM [20]. Similar improvements in rat nerve
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Na+,K+-ATPase activity and function have also been ob-
served after exogenous administration of C-peptide [9].

The mechanism(s) by which C-peptide activates Na+,K+-
ATPase has been examined. Using isolated rat kidney medul-
lary thick ascending limb tubules (MTALs) C-peptide was
found to activate Na+,K+-ATPase at physiological concentra-
tions [21]. In addition, treatment of MTALs with C-peptide
resulted in phosphorylation of the Na+,K+-ATPase α-subunit
and translocation of the Ca2+-dependent protein kinase C
(PKC)-α to the membrane, an index of its activation. Both
of these latter effects were blocked by an inhibitor of PKC
[21].

Overall, the studies of Na+,K+-ATPase activity have de-
lineated a stimulatory signalling action of C-peptide at phys-
iological concentrations dependent on intracellular Ca2+ and
PKC, and sensitive to PTX suggesting the presence of a GPCR
for C-peptide. Replacement of C-peptide in diabetic animals
and patients with diabetes has a salutary effect on Na+,K+-
ATPase activity in a variety of tissues affected by diabetic
complications.

Prompted by this evidence linking C-peptide to the
Na+,K+-ATPase, and mindful that vasopressin also stimu-
lates Na+,K+-ATPase activity, Maestroni et al. [22] studied
C-peptide effects on a recently described vasopressin recep-
tor; the vasopressin-activated calcium mobilising receptor
(VCAM-1). They found that in human skin fibroblasts and
human mesangial cells, C-peptide increased expression of
VCAM-1 at both RNA and protein levels [22]. The effect
was maximal with 1 nM C-peptide and inhibited by PTX. Al-
though no direct link between C-peptide-induced increases
in VCAM-1 and enhanced Na+,K+-ATPase activity was stud-
ied, enhancement of vasopressin action via upregulation of
VCAM-1 provides a further mechanism for C-peptide action
relating to the Na+,K+-ATPase.

4. THE EFFECT OF C-PEPTIDE ON ENDOTHELIAL
NITRIC OXIDE SYNTHASE (eNOS)

One consistent observation following in vivo administration
of C-peptide in type 1 diabetes is augmentation of microvas-
cular blood flow to tissues and organs including muscle, skin,
and kidney [23]. The possibility that these effects could be
mediated by C-peptide regulation of nitric oxide (NO) was
first provided by the finding that increased glucose utilisa-
tion in streptozotocin diabetic rats stimulated by C-peptide
was sensitive to inhibition of NOS by coadministration of N-
monomethyl-l-arginine (L-NMMA) [24]. This finding was
in agreement with earlier studies that described an NO-
dependent pathway for glucose transport and metabolism
by muscle tissue [25, 26]. Subsequently, it was demonstrated
that that C-peptide mediated arteriolar dilatation was depen-
dent on NO [27, 28].

Details of the mechanism underlying C-peptide’s ability
to increase NO production have been provided by Wallerath
et al. [29]. Working with a bovine aortic endothelial cell
model (BAEC), these investigators reported that at the phys-
iological postprandial concentration of 6.6 nM, C-peptide
stimulated NO release consequential upon a rise in intra-

cellular Ca2+. These authors speculated that C-peptide sig-
nalling resulted in activation of the Ca2+-sensitive endothe-
lial NOS (eNOS) following increased Ca2+ influx, thus ex-
plaining in large part the vasodilatory effects of C-peptide
observed in vivo [29].

Other workers have demonstrated upregulation of eNOS
expression by C-peptide. In BAEC, enhanced NO release
stimulated by C-peptide was accompanied by upregulation
of eNOS gene transcription [30]. This effect appeared to be
dependent on the upstream phosphorylation and activation
of extracellular signal-regulated mitogen activated protein
kinase (ERK).

Activation of the NO system by C-peptide signalling may
also have other consequences. In C-peptide, injected rats ex-
pression of eNOS is increased as is basal aortic NO pro-
duction. Reduced cell surface expression of the adhesion
molecules P-selectin and ICAM-1 on the microvascular en-
dothelium was observed and as a result leukocyte/endothelial
interactions were attenuated [31].

5. STIMULATION OF MITOGEN ACTIVATED PROTEIN
KINASES (MAPKs) BY C-PEPTIDE

The MAPKs are evolutionary conserved enzymes that link
cell-surface receptors or chemical and physical stresses to key
regulatory targets within cells [32–34]. MAPKs phosphory-
late multiple targets on serine and threonine and, as a result,
control many critical cell functions such as growth, gene ex-
pression, and cell survival and adaptation. The MAPK family
includes the ERKs 1 and 2, c-Jun N-terminal kinases (JNK1,
JNK2, JNK3), p38s (p38α, p38β, p38γ, p38δ), and ERK5.

In recent years, several reports have described the abil-
ity of C-peptide to induce phosphorylation and activation of
members of the MAPK family. The initial impetus for study
in this area is developed from the earlier observations of syn-
ergy between C-peptide and NPY signalling in the activa-
tion of Na+,K+-ATPase [18]. NPY is well known to activate
MAPK [35, 36] and this finding therefore prompted Kita-
mura and colleagues to study possibility of MAPK mediated
C-peptide signalling in the mouse embryonic fibroblast cell
line, Swiss 3T3 [37]. Using both immunoblotting of phos-
phorylated ERK1 and ERK2 with phosphospecific antisera
and an in vitro kinase assay as readouts of ERK activation,
these workers showed that incubation of 3T3 cells with C-
peptide resulted in brisk activation of ERK evident at a con-
centration as low as 1 pM and maximal with 1 nM C-peptide
[37]. This stimulatory effect was also seen with NPY, and ac-
tivation of ERK by both NPY and C-peptide was abolished
by PTX. Neither retrosequenced nor all D-amino acid hu-
man C-peptide stimulated ERK. Not all cell types tested by
these workers responded to C-peptide with ERK activation.
No effect was seen in 3T3-L1 cells, L6E9 muscle cells, HepG2
hepatoma cells, NG108.15 neuroblastoma cells, or C6 glioma
cells [37].

Activation of ERK is involved in eNOS gene transcrip-
tion, an event previously also shown to be increased by C-
peptide (see above). In an attempt to link these phenom-
ena, studies were performed in LEII mouse lung capillary
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endothelial cells to examine the ability of C-peptide to ac-
tivate transcription factors [38]. In this cell type, C-peptide
stimulated both p38 and ERK MAPK activities, but not c-Jun
N-terminal kinase. By comparison, insulin was only able to
activate ERK but not p38 MAPK. In addition, C-peptide ac-
tivated the cAMP response element (CRE)-binding protein
(CREB)/activating transcription factor-1 (ATF-1) in a p38
but not ERK-dependent manner, thereby causing binding of
these transcription factors to CRE. Consequently, it was con-
firmed that enhanced eNOS transcription in BAECs follow-
ing C-peptide treatment was indeed MAPK-dependent [39].
Therefore differences in C-peptide responses between vari-
ous cell types clearly exist. In BAECs, ERK activation is re-
quired for eNOS transcription, whereas transcription factor
activation in LEII cells follows C-peptide stimulation of p38.

Loss of renal tubular cells is a prominent feature of di-
abetic nephropathy. It is therefore of significance that tubu-
lar cell growth and survival may be modulated by C-peptide
signalling. In the opossum kidney (OK) immortalised prox-
imal tubular cell line C-peptide also potently activates ERK,
maximally at a concentration of 300 pM and declining there-
after with a bell-shaped dose-response curve [40]. Further-
more, C-peptide also induced activation of Akt in OK cells.
This event was sensitive to wortmannin and indicative of
phosphatidylinositide-3-kinase (PI-3-kinase) activation. The
dose-response curve for Akt activation revealed a maxi-
mal effect at a C-peptide concentration of 5 nM, remain-
ing constant thereafter up to a C-peptide concentration of
100 nM, and thus being quite distinct from that for ERK
activation. In addition, C-peptide caused an influx of Ca2+

into the OK cells upon which a consequent translocation
and activation of PKCα were absolutely dependent [40].
These findings are in agreement with the earlier studies of
Tsimaratos et al. that showed PKC-induced activation of
kidney Na+,K+-ATPase in C-peptide exposed tubular seg-
ments [21] (see above). Most importantly, these signalling
events had a functional consequence with significant en-
hancement of proliferation seen in C-peptide treated cells
[40]. All of these events were sensitive to PTX again pro-
viding evidence of the likely presence of a GPCR for C-
peptide.

Most recently C-peptide has been found to promote
translocation of the low molecular weight GTP-binding pro-
tein, Rho A, from the cytoplasm to the membrane of human
kidney proximal tubular cells [41]. This effect was completely
reliant on the upstream activation of phospholipase C (PLC).
In fact, in these cells the activation of ERK, JNK, as well as
PKC-ε and -δ was each sensitive to PLC inhibition, indicat-
ing an obligate dependency on upstream PLC activation by
C-peptide. Once more, all stimulatory effects of C-peptide
were PTX sensitive [41].

The molecular mechanisms by which C-peptide activates
MAPK can now be described with some precision. The sig-
nal transduction pathway involves: (i) C-peptide binding to
a PTX sensitive GPCR; (ii) the activation of PLC; (iii) subse-
quently increased diacylglycerol and intracellular Ca2+ levels
stimulate several PKC isoforms; (iv) PKC-dependent activa-
tion and translocation of RhoA to plasma membrane; and
(v) phosphorylation and activation of MAPKs.

6. C-PEPTIDE ACTIVATION OF PI-3-KINASE

The PI 3-kinases are a family of enzymes that phosphorylate
the hydroxyl group at the 3 positions of the inositol ring of
phosphatidyinositol. PI-3-kinases regulate a remarkably di-
verse range of cellular functions, including growth, prolifera-
tion, survival, differentiation, motility, and intracellular traf-
ficking [42]. The PI-3-kinases are also a key component of
insulin signalling pathways and this is of substantial interest
in diabetes. Many of these functions of PI-3-kinase are re-
lated to their ablilty to activate protien kinase B (Akt) [42].

Robust C-peptide activation of PI-3-kinase has now been
demonstrated by several authors in various cell types. As a
result, it is known that physiological concentrations of C-
peptide can regulate several aspects of PI-3-kinase signalling
pathways in OK cells [40], Swiss 3T3 fibroblasts [37], SH-
SY5Y neuroblastoma cells [43], human CD4+T cells [44] L6
myoblasts [45]. As a direct consequence, it is now recognised
that stimulation of PI-3-kinase by C-peptide acting alone
is responsible for (i) enhancement of neuronal and kidney
tubular cell proliferation [40, 43]; (ii) increased T cell mi-
gration [44]; (iii) stimulation of peroxisome proliferators-
activated receptor-γ (PPARγ) in kidney tubule cells and asso-
ciated gene transcription [46]; and (iv) upregulated glycogen
synthesis in skeletal muscle cells [45].

7. EFFECTS OF C-PEPTIDE
ON TRANSCRIPTION FACTORS

Given that many of the changes in cell phenotype that take
place as a result of signalling by bioactive molecules are me-
diated by altered gene and protein expression, it is not sur-
prising that C-peptide regulates activity of several key tran-
scription factors.

Extending their observations of C-peptide activation of
MAPKs Kitamura et al. described phosphorylation and ac-
tivation of CREB, ATF-1, and ATF-2 in LEII cells [38]. In-
deed 1 nM C-peptide and phorbol ester, a positive control,
were equipotent in this regard. CREB and ATF proteins are
transcription factors that bind when activated to specific re-
sponse elements, CRE, in DNA thereby regulating transcrip-
tion. Gel mobility shift assays clearly showed the binding
of CREB to CRE in C-peptide treated cells. In the latter
study, specific genes subject to regulation were not identi-
fied. However using neuroblastoma cells, it was reported that
C-peptide treatment enhanced expression and translocation
of nuclear factor-κB (NF-κB) and expression of the Bcl2
protein—an important mediator of the antiapoptotic effects
governed by NF-κB [43]. Control of NF-κB by C-peptide
in Swiss 3T3 has also been demonstrated. In these cells,
1 nM C-peptide activated transcription of cyclooxygenase-
2 (COX-2) via NF-κB consequent upon upstream activation
of PKC [47]. COX-2, a cytokine inducible gene, is the rate-
limiting enzyme in the conversion of arachidonic acid to
prostaglandin, but the potential consequences of its upreg-
ulation by C-peptide remain unclear.

We performed detailed studies of transcription factor
activation in OK proximal tubular cells [46, 48], compar-
ing C-peptide effects to those of insulin and focussing on
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PPARγ and NF-κB. A member of the nuclear hormone re-
ceptor family, PPARγ is the target for the insulin-sensitising
thiazolidinediones currently used as therapeutic agents in
the treatment of type 2 diabetes [49]. The expression of
PPARγ may also be regulated by insulin [50]. Using transient
transfection of a peroxisome proliferator response element
(PPRE)-luciferase reporter construct, we showed that both
C-peptide and insulin transactivated PPRE via PPARγ [46].
C-peptide (EC50 4 nM) was more potent than insulin (EC50

10 nM) in this regard, but both agents evoked phosphory-
lation of PPARγ similarly via activation of PI-3-kinase. One
consequence of PPARγ activation by C-peptide and insulin
was enhanced transcription of the prototypic PPARγ regu-
lated gene, CD36 [46]. Clearly, therefore, there is a degree of
overlap between insulin and C-peptide signalling with both
agent’s effects being directed via PI-3-kinase towards PPARγ.
However, only the effects of C-peptide were attenuated by
PTX and therefore C-peptide must be signalling through a
receptor system fundamentally distinct from that of insulin.
These data indicate an important novel mechanism whereby
C-peptide and insulin may interact to regulate glycaemia and
the expression of PPAR regulated genes such as those in-
volved in metabolic control and inflammation.

The next step was to establish proof of principle that
C-peptide had the capacity to act as a protective agent in
diabetic nephropathy. To this end, we investigated whether
C-peptide could counteract adverse effects precipitated by
the administration of TNF-α to OK proximal tubular cells
[48]. TNF-α is recognised as a major player in the develop-
ment of diabetic nephropathy and may contribute to tubular
cell apoptosis and tubular atrophy prominently observed in
diabetic nephropathy [51–55]. TNF-α is a pleiotropic pep-
tide cytokine, capable of eliciting a wide spectrum of cellu-
lar responses including differentiation, proliferation, inflam-
mation, and cell death via interaction with two members of
the TNF receptor family, TNF-R1 and TNF-R2 [54]. Pre-
dominantly produced by monocytes/macrophages but also
by T and B-lymphocytes and glomerular mesangial cells
[55, 56], TNF-α binding to TNF-R1 may simultaneously
trigger apoptotic pathways by recruitment of death effec-
tor adaptor molecules with subsequent activation of caspase
cascades, and antiapoptotic pathways by a pathway involv-
ing TNF receptor-associated factor2 (TRAF2) and nuclear
factor-κB (NF-κB). Integration of these events determines
the eventual cellular response to TNF-α stimulation. In par-
ticular NF-κB stimulates transcription of antiapoptotic fac-
tors that modulate the caspase cascade, and thus NF-κB ac-
tivity acts as a checkpoint in a cell’s decision to survive or
apoptose in response to a given stimulus.

When applied to OK cells, TNF-α markedly reduced vi-
ability and induced apoptosis [48]. This was completely pre-
vented by pretreatment with insulin or C-peptide. At the
same time both insulin and C-peptide activated NF-κB as
judged by luciferase reporter assay. Insulin demonstrated a
typical sigmoidal dose-response of NF-κB activation, max-
imal at an applied concentration of 100 nM. On the other
hand, C-peptide displayed completely different bell-shaped
curve of NF-κB stimulation, maximal with a 5 nM applied
concentration. As in previous studies, PTX blocked only the

C-peptide effect. However in these studies, the presence of a
Gαi-linked GPCR was revealed using an additional technique
whereby C-peptide but not insulin was shown to stimulate
GTPγS binding to Gαi in OK cell membranes. In this work,
the ability of C-peptide to prevent TNF-α-induced apoptosis
appeared to be due to its ability to induce the expression, via
NF-κB activation, of survival genes such as TRAF2 [48].

This study provided evidence for the ability of C-peptide
to regulate the expression of beneficial genes in the face
of pathophysiological stimuli relevant to the development
and pathology of diabetic nephropathy. Again, C-peptide ap-
peared to be acting via Gαi, and although C-peptide shared
some signalling properties with insulin it clearly possessed its
own unique signalling capabilities.

8. IS C-PEPTIDE AN INSULIN MIMETIC?

There is no doubt that some components of C-peptide sig-
nalling pathways are shared with those of insulin. For ex-
ample, activations of MAPKs and PI-3-kinase are well de-
scribed downstream events following insulin-insulin recep-
tor interactions [57]. In the absence of a fully characterised
C-peptide receptor, and given that C-peptide exhibited some
insulin-like actions such as increasing muscle glucose trans-
port [58, 59], Grunberger et al. wondered whether C-peptide
signalling may simply be explained by activation of the in-
sulin receptor signalling system. They found in L6 myoblasts
that C-peptide (0.3–3 nM) activated insulin receptor tyro-
sine kinase, tyrosine phosphorylation of the insulin recep-
tor substrate-1 (IRS-1), MAPK, PI-3-kinase, p90 ribosomal
S6 kinase (p90RSK) and glycogen synthase kinase-3 (GSK3),
and glycogen synthesis [45]. Submaximal concentrations of
insulin and C-peptide were additive in effect, whereas maxi-
mal concentrations were not. C-peptide stimulation of glyco-
gen synthesis was not abrogated by PTX, although earlier
specific steps in the signalling pathway were not tested in
this way [45]. These findings contrasted with those of Zierath
et al. who found no evidence of insulin receptor activation by
C-peptide in human skeletal muscle [59]. Nonetheless their
results led Grunberger et al. to speculate that, amongst other
possibilities, C-peptide per se may activate the insulin recep-
tor [45].

There are several lines of evidence against this however.
The most compelling is the description by multiple authors
of the specific PTX sensitivity of C-peptide effects, and most
recently the observation that C-peptide provokes GTPγS
binding to Gαi, [48] an observation compatible with guanine
nucleotide exchange occurring on a G-protein after ligation
of a GPCR. Furthermore, the dose-response curves for in-
sulin are typically sigmoidal whereas those for C-peptide are
often bell shaped with a diminution of activity at higher con-
centrations. At least in vitro C-peptide appears more potent
on a molar basis than insulin. Typically C-peptide signalling
effects are apparent at midhigh pM concentrations, maximal
at ∼1–5 nM and thereafter decline. In contrast, insulin re-
sponses generally become evident at ∼10 nM increasing up
to 100–1000 nM where they plateau. Finally, using plasmon
resonance no interaction of C-peptide with soluble purified
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Table 1: Signalling elements activated by C-peptide according to cell type studied (for abbreviations see text).

Cell type studied

Signalling element Kidney tubular Muscle Fibroblasts Endothelial Erythrocytes Neuroblastoma CD4 + T Cells Nerve

Na+,K+-ATPase + + +

↑[Ca2+]i + +

PKC + +

NO release + +

ERK + + + +

p38 MAPK +

JNK +

PLC +

p90RSK +

GSK3 +

PI3K + + + + +

CREB +

NF-κB + + +

PPARγ +

insulin receptor A or insulin-like growth factor receptor was
detected in a very recent study [60].

The balance of evidence suggests that C-peptide medi-
ates its own distinct signalling through a GPCR. There is
certainly some overlap between the signalling pathways ac-
tivated by C-peptide and insulin but this is a common obser-
vation in biological systems. Crosstalk between GPCR acti-
vated signalling and receptor tyrosine kinase activated path-
ways occurs by transactivation. This well-described mech-
anism of cross-communication between signalling systems
enables the cell to integrate multiple signals derived from its
environment. Transactivation of the epidermal growth factor
receptor following agonist stimulation of Gαi or Gαq coupled
GPCRs represents the paradigm for this system, however
similar events have now been described for the platelet de-
rived growth factor receptor, the insulin-like growth factor-1
receptor, and IRS-1.

9. SUMMARY AND CONCLUSION

In the last 10 years, there has been a revolution in think-
ing about C-peptide. There can now be no doubt that C-
peptide truly exerts a variety of biological effects. These ef-
fects are underpinned by solid evidence of cell signalling
events (summarised in Table 1), most likely mediated via a
specific GPCR. The concentrations of C-peptide required to
elicit signalling outputs are entirely congruent with what is
known about binding affinities of C-peptide for its putative
receptor. It should be acknowledged however that the lack of
detailed identification/cloning of a receptor remains a weak-
ness in the field. Nonetheless, the importance of these sig-
nalling effects cannot be underestimated. The pathways stim-
ulated are fundamental to cell function and phenotype, im-
pacting on such basic processes as life and death. The next
challenge is to identify the receptor and to bring C-peptide
nearer to the clinical arena in order to test its potential ben-
efits in ameliorating the devastating consequences and com-
plications of diabetes.
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During the recent years, the role of C-peptide, released from the pancreatic beta cell, in regulating microvascular blood flow, has
received increasing attention. In type 1 diabetic patients, intravenous application of C-peptide in physiological concentrations was
shown to increase microvascular blood flow, and to improve microvascular endothelial function and the endothelial release of NO.
C-peptide was shown to impact microvascular blood flow by several interactive pathways, like stimulating Na+K+ATPase or the
endothelial release of NO. There is increasing evidence, that in patients with declining beta cell function, the lack of C-peptide
secretion might play a putative role in the development of microvascular blood flow abnormalities, which go beyond the effects of
declining insulin secretion or increased blood glucose levels.
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1. INTRODUCTION

Patients with diabetes mellitus type 1 present with an exten-
sive risk for microvascular complications like retinopathy,
nephropathy, and peripheral neuropathy. Although hyper-
glycemia is recognized as a major driver in the development
of these diabetic complications, the precise mechanism,
whereby diabetes precipitates these complications, is not
fully understood. Furthermore, also in type 1 diabetic
patients with good metabolic control, the risk for the
development of microvascular complications is reduced but
still not abolished. In the DCCT trial, type 1 diabetic patients
with sustained C-peptide secretion showed a significant
smaller risk for microvascular complications compared with
those patients totally lacking C-peptide secretion from the
beta cell [1]. In this study, even modest beta cell activity was
associated with a decrease in the incidence of microvascular
complications.

Regulation of vascular tone is a dynamic process,
regulated by a complex interaction of several balancing
and counterbalancing forces. The kinetics of postprandial
insulin, C-peptide, and blood glucose levels was shown to
interact in the regulation of microvascular blood flow in
several tissues like the skin or the heart [2, 3]. Although it

is not possible to separate the beneficial effects of residual
C-peptide secretion from those of residual insulin secretion,
there is increasing evidence that C-peptide might play a
putative role in the physiology of microvascular blood flow
regulation.

In type 1 diabetes mellitus, numerous functional alter-
ations in blood flow could be observed early after beta cell
dysfunction has emerged [4, 5]. Early type 1 diabetes is char-
acterised by increased microvascular blood flow, increased
shear stress, and tangential pressure on the microvascular
endothelium. In addition, increased leukocyte-endothelial
adhesion [6], increased blood viscosity [7, 8], and changes
in the haemodynamic properties of red blood cells [9,
10] further affect microvascular blood flow. These early
functional disturbances proceed structural alterations in the
vessel wall, including basement membrane thickening as well
as arteriolar hyalinosis [11].

The role of vascular endothelium for micro- and
macrovascular blood flow regulation has been extensively
investigated within the last decade [12, 13]. The endothelial
cells coat the internal lumen of the vessels and serve as an
interface between circulating blood cells and the vascular
smooth muscle cell. In addition to serve as a physical barrier
between the blood and the underlying smooth muscle cells,
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Figure 1: Mechanism of endothelial nitric oxide synthesis with
stimulation of guanylcyclase in the vascular smooth muscle cell and
subsequent vasorelaxation.

the endothelial cell facilitates a complex array of signalling
between the vessel wall and the enclosed blood compart-
ment. There are several transmitters released from endothe-
lial cells like nitric oxide (NO), endothelin 1, prostaglandins,
thrombin, substance P, bradykinin, serotonin, and others
which impact the vascular tone [14, 15].

Nitric oxide was identified as the primary vasodilator
released from the endothelium [16]. As shown in Figure 1,
NO elicits vasodilatation through stimulation of endothelial
NO-synthase (eNOS), increasing the endothelial release of
NO and subsequent activation of the guanylcyclase in the
vascular smooth muscle cell [12, 17–19].

As shown in Figure 2, the activity of eNOS could be stim-
ulated or suppressed by several signaling molecules, known
to be altered in patients with diabetes mellitus. Reduced
levels of circulating NO contribute to vascular injury by
facilitating platelet-vascular wall interaction, increasing the
adhesion of circulating monocytes to the endothelial surface,
and stimulation of vascular smooth muscle proliferation
[20]. Impaired endothelial function and a reduction in
endothelial NO release are early features of type 1 diabetes
and thought to be principal causes of morbidity and
mortality in these patients.

2. EFFECTS OF C-PEPTIDE ON NITRIC OXIDE (NO)

C-peptide was shown to significantly enhance the release
of NO from bovine aortic endothelial cells (BAECs) in a
dose-dependent manner [21, 22]. The release of NO in
this study was dose dependent and already obtained within
the physiological range of 1–6 nM. C-peptide increased the
intracellular Ca2+ concentration in BAEC (see Figure 3).
Since the endothelial eNOS is a Ca2+/calmodulin-regulated
enzyme [23], both the C-peptide-stimulated Ca2+ signal
and the NO release were abolished in Ca2+-free medium.
Therefore, the peptide is likely to stimulate eNOS activity by
facilitating an influx of Ca2+ into BAEC.

The NO release from BAEC declined from 2–30 minutes
of incubation, indicating a desensitization of the potential
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Figure 2: Substrates known to activate or reduce the endothelial
nitric oxide synthase system.
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Figure 3: C-peptide induced calcium influx into endothelial cells.
Effect of C-peptide on the Ca2+ signal in endothelial cells loaded
with Fluo-3. Addition of C-peptide to bovine aortic endothelial cells
yielded in a significant increase in fluorescence (above), which was
not found in calcium free medium (b).
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receptor, or the subsequent signalling cascade, which has
been also demonstrated for other peptide signals for
endothelial NO release [24]. In conclusion, C-peptide is able
to stimulate an influx of Ca2+ into endothelial cell, thereby
activating the Ca2+-sensitive endothelial NO synthetase and
stimulating the release of NO from the endothelial cell.

In a study by Kitamura et al., C-peptide was shown
to stimulate NO production by enhancing the mitogen-
activated protein-kinase dependent transcription of
endothelial nitric synthase in aortic endothelial cells of
Wistar rats [25]. In this study, it was shown that C-peptide
increases NO release from aortic endothelial cells by
enhancing eNOS expression through an ERK-dependent
transcriptional pathway.

3. EFFECTS OF C-PEPTIDE ON ERYTHROCYTE
Na+ K+ ATPASE

Na+K+ATPase activity has been found to be attenuated in
various cell types under diabetic conditions [26–28]. It has
also been shown that hyperglycemia inhibits Na+K+ATPase
activity by an endothelium dependent mechanism [29].
Na+K+-ATPase is a plasma membrane-associated protein
complex, expressed in most eukaryotic cells. It couples the
energy released from the intracellular hydrolysis of ATP
to the transport of cellular ions, a major pathway for
the controlled translocation of sodium and potassium ions
across the cell membrane. Therefore, Na+K+-ATPase con-
trols directly or indirectly many essential cellular functions,
for example, cell volume, free calcium concentrations, and
membrane potential [30]. Although there are tissue specific
differences in the regulations of Na+K+-ATPase activity,
hyperglycemia and diabetes are predominantly characterized
by a decrease in ouabain-sensitive Na+K+-ATPase activity.
This would result in an increase in intracellular calcium
concentration and an increased vascular tone, promoting the
development of vascular complications in diabetes mellitus.
Na+K+ATPase activity is involved in vascular regulation
based on a complex interaction between Na+K+-pump-
activity and an endothelium dependent increase of NO
[31, 32]. On the other hand, NO and cyclic-GMP have
been shown to increase vascular Na+K+ATPase activity, with
subsequent vasorelaxation [33, 34].

In order to hypothesize the potential mechanism of C-
peptide activity, previous studies concerning Na+K+ATPase
activity in erythrocytes and renal tubular cells are of
considerable interest [9, 35, 36]. Ohtomo et al. were able to
show that the attenuated activity of Na+-K+-ATPase activity
in renal tubular segments of diabetic rats is restored by
C-peptide. On the other hand, an attenuation of Na+-K+-
ATPase activity has been demonstrated to correlate with
decreased erythrocyte deformability in type 1 diabetic
patients [9].

In a recent study, erythrocyte Na+K+ATPase activity
was found to be reduced in type 1 diabetic patients, while
in type 2 diabetic patients a wide range of individual
Na+K+ATPase activities was observed, presenting some
patients with very low Na+K+ATPase activity and others with
a normal Na+K+ATPase activity. It appeared that erythrocyte

Na+K+ATPase activity was significantly lower in those type
2 diabetic patients treated with insulin compared with those
on oral treatment. Also in the former, Na+K+ATPase activity
was comparable to those in type 1 diabetic patients.

In an in vitro study by Djemli-Shiplolye et al., incubation
of erythrocytes from type 1 diabetic patients with C-peptide
normalized erythrocyte Na+K+ATPase activity [37]. In
another study, intravenous infusion of C-peptide was found
to improve erythrocyte Na+K+ATPase activity in type 1
diabetic patients [38].

4. EFFECT OF C-PEPTIDE ON RED
CELL DEFORMABILITY

Blood flow in larger vessels is determined by the vessel
diameter, blood viscosity, and vessel length according to the
law of Hagen-Pouiseuille. In the capillary bed, especially
if the diameter of the vessel is below the diameter of the
erythrocytes, blood flow is predominantly determined by
the viscosity and deformability of the erythrocytes. Thus,
reduced erythrocyte deformability will reduce blood flow if
the capillary diameter and blood pressure remain constant
[39].

Several studies demonstrated that factors such as
decreased erythrocyte deformability, increased erythrocyte
aggregation, and increased cell membrane rigidity contribute
to alterations in microvascular blood flow in patients with
diabetes mellitus [7, 9, 10, 40–44].

Concerning the possible mechanism of reduced erythro-
cyte deformability, it is noteworthy that Na+-K+-ATPase
activity has been shown to be attenuated in several cell types,
including erythrocytes in diabetic patients [9, 35, 36], and
that it may be restored not only by insulin but C-peptide as
well [35].

The deformability of erythrocytes in type 1 diabetic
patients was found to be reduced compared to healthy
controls [22]. Both groups were matched concerning their
glucose levels in order to exclude a glucotoxic effect.
Deformability was tested under physiological (0.3 to 10 Pa)
and supraphysiological (>10 Pa) shear stress rates by means
of laser diffractoscopy. Incubation of erythrocytes from
healthy controls and type 1 diabetic patients with different
concentrations of C-peptide restored erythrocyte deforma-
bility in type 1 diabetic patients but was without any effect in
erythrocytes of nondiabetic controls (see Figure 4).

It is speculative to discuss the underlying mechanism
based upon these results, but impaired Na+K+ATPase activity
may contribute to the decrease in erythrocyte deformability
by increasing the intracellular sodium concentration with
subsequent intracellular accumulation of free calcium ions
due to competition in transmembranous exchange [45].
These abnormalities in calcium homeostasis are known
to enhance spectrin dimer-dimer interaction and spectrin-
protein 4.1-actin interaction [46, 47]. The latter is being
promoted by adducin, a membrane-skeleton-associated
calmodulin-binding protein [48].

Pretreatment of erythrocytes from type 1 diabetic
patients with ouabain, EDTA, or pertussis toxin completely
abolished C-peptide effects on erythrocyte deformability as
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Figure 4: Representative analysis of erythrocyte deformability at
1.75 Pa. This graph shows the alterations of elongation index E at
a shear stress of 1.75 Pa, which is frequently achieved in vivo. C-
peptide did not modify the deformability of erythrocytes obtained
from healthy controls, whereas the deformability of diabetic
erythrocytes was restored to normal levels after administration
of different concentrations of the peptide. Statistical analysis was
performed by Student’s t test.

shown in more detail in the paper of Hach et al. in the same
issue of Experimental Diabetes Research.

5. EFFECTS OF C-PEPTIDE ON MICROVASCULAR
BLOOD FLOW

In several studies, C-peptide was shown to affect microvas-
cular blood flow and to improve nerve or renal function
in animal models of type 1 diabetes and in humans with
type 1 diabetes mellitus [49–52]. In a study by Lindstrom
et al., C-peptide supplementation was shown to increase
microvascular blood flow and to enhance the recruitment
of capillaries in isolated kidneys of the rat [53]. In another
study, the effect of C-peptides was investigated in skeletal
muscle arterioles isolated from rat cremaster muscles [54].
In this study, C-peptide evoked a concentration independent
arteriolar dilatation in a range between 0.3 and 1000 ng/mL.
Addition of insulin at low concentrations, which had no
vascular effect by its own, enhanced the vascular effect of
C-peptide, indicating a permissive role of both pancreatic
peptides in the regulation of microvascular blood flow.
Inhibition of the nitric oxide synthase by LNMA completely
abolished the vasodilating response to C-peptide, further
stressing the role of NO in the transmission of C-peptide
vascular effects.

In a study done by Ido et al., beneficial effects of C-
peptide supplementation could be documented in several
vascular beds in diabetic rats [55]. In their study, biosynthetic
human C-peptide was given subcutaneously twice daily for
5 weeks in control rats and streptozotocin-induced diabetic
rats. Highly supraphysiological peak plasma C-peptide levels
between 9 and 10 nM were reached. C-peptide markedly

reduced the diabetes induced increase in blood flow in
the anterior uvea, retina, and sciatic nerve. In addition, C-
peptide prevented increased 125I-labeled albumin perme-
ation in retina, nerve, and in the aorta. The effect on
microvascular blood flow was accompanied by an increase
in caudal motor nerve conduction velocity. No effect of
C-peptide, neither on microvascular blood flow nor on
motor nerve conduction velocity, could be observed in the
healthy control rats. Cotter et al. observed the vascular
effects of C-peptide on sciatic endoneurial blood flow in
streptozotocin diabetic rats at physiological C-peptide con-
centrations [49]. In their study, C-peptide supplementation
revealed an improvement in endoneurial blood flow and
vascular conductance by 57 and 66%, respectively. The
increase in endoneurial blood flow was accompanied by an
improvement in motor nerve conduction velocity by 62%
and in sensory nerve conduction velocity by 78%. Again,
treatment with L-NNA abolished the effect of C-peptide on
endoneurial blood flow and nerve conduction velocity.

In an investigation by Johanssen et al., the effect of C-
peptides on skeletal muscle blood flow was observed in
type 1 diabetic patients and in healthy controls during
exercise [56]. In the type 1 diabetic subjects, blood flow
and capillary diffusion capacity of the exercising forearm
at baseline were approximately 30% lower compared to the
healthy control subjects. Intravenous administration of C-
peptide increased forearm blood flow by 27% and capillary
diffusion capacity by 52% to levels similar to those observed
in the healthy controls. No significant changes in blood
flow could be observed in healthy controls receiving C-
peptide or in diabetic patients receiving placebo infusion. In
accordance with the observed improvements in muscle blood
flow, forearm oxygen and glucose uptake increased markedly
after C-peptide administration in type 1 diabetic patients.

Skin blood flow is affected early after the diagnosis of
diabetes mellitus [57–59]. The skin capillary circulation is
functionally situated in parallel to the arteriovenous shunts
and is thought to have the primary function of tissue nutri-
tion. It has been estimated that 80–90% of total skin blood
flow passes through thermoregulatory arteriovenous shunts
and does not enter the nutritive part of the capillary bed
[60–62]. While total skin perfusion is increased in diabetes
mellitus, nutritional capillary skin blood flow was shown to
be reduced in diabetic patients [60, 61, 63]. As shown in
Figure 5, short-term infusion of C-peptide in type 1 diabetic
patients was found to redistribute microvascular blood flow
from the subpapillary thermoregulatory blood flow into the
nutritive capillary bed [64]. At baseline, nutritive capillary
blood flow was significantly lower in type 1 diabetic patients
compared with the control group. C-peptide supplementa-
tion in type 1 diabetic patients increased capillary blood
flow to a level comparable to that observed in the healthy
control group. Thirty minutes after the termination of the
C-peptide infusion, capillary blood flow had declined to a
level not different from baseline levels. No such effect of C-
peptide application on microvascular skin blood flow could
be observed in nondiabetic subjects. A linear relationship
was found between plasma C-peptide levels and the capillary
blood flow velocity (r = 0.401; P < .0001).
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Fernqvist-Forbes et al. studied the effect of C-peptide
on flow-mediated vasodilatation (FMD) in type 1 diabetic
patients [65]. In addition, the arterial dilatation to glyceryl
trinitrate, which is an endothelium independent marker
of vascular smooth muscle function, was investigated.
When compared with the healthy control group, the type
1 diabetic patients revealed a lower FMD. Following C-
peptide administration, blood flow in the brachial artery
increased by approximately 35%, and FMD was significantly
improved. No effect of C-peptide could be observed on the
microvascular response to glyceryl trinitrate, which further
confirm the endothelium dependent pathway of C-peptide.

As shown in Figure 1, acetylcholine elicits vasodilatation
through a stimulation of endothelial NO-synthase (eNOS)
with an increase in the endothelial release of NO and a
subsequent stimulation of the guanylcyclase in the vascular
smooth muscle cell. In a recent study, the effect of intra-
venous C-peptide infusion on the acetylcholine induced
increase in microvascular blood flow was investigated in type
1 diabetic patients [38]. Skin microvascular response was
measured by laser Doppler fluxmetry, and acetylcholine was
applied to the dorsum of the foot using the technique of
iontophoresis. The microvascular response to acetylcholine
increased by 133% during short-term infusion of C-peptide,
which was accompanied by a significant increase in plasma
cyclic GMP levels (see Figure 6).

In contrast, in a study of Polska et al., no effect of C-
peptide supplementation in type 1 diabetic patients could be
observed on retinal blood flow [66].

Therefore, it could be postulated that C-peptide affects
microvascular blood flow in a tissue specific manner.

6. CONCLUSIONS

Insulin depletion in type 1 diabetic patients results in hyper-
glycaemia and the development of vascular complications of
diabetes mellitus. Treatment of type 1 diabetes mellitus with
insulin replacement is an effective tool for addressing glucose
metabolism, but it seems conceivable that the loss of C-
peptide secretion from pancreatic beta cells might contribute
to the vascular complications in patients with diabetes
mellitus type 1. As shown in this review, recent studies
showed that C-peptide is biologically active by modulating
endothelial function and microvascular blood flow. The
underlying mechanisms involve the activation of endothelial
nitric oxide synthase and the activation of Na+K+ATPase,
which was shown to be calcium-dependent and ouabain
sensitive. The postulated mechanism by which C-peptide
interact with microvascular blood flow is illustrated in
Figure 7.

Since the vascular effects of C-peptide could not be
confirmed in all tissues, it seems conceivable that there
are tissue specific differences in the mode of C-peptides
vascular activities. Instead a specific binding of C-peptide
to the cell membrane could be demonstrated [67], no
specific receptor for C-peptide could be isolated neither from
endothelial cells nor from other cell systems. Therefore, there
is still a substantial need for the further investigation of the
molecular effects of C-peptide on cellular level.
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Nevertheless, the improvement in erythrocyte flexibility
and microvascular blood flow after C-peptide supplemen-
tation in type 1 diabetic patients encourages the claim



6 Experimental Diabetes Research

for further prospective interventional trials to establish the
clinical relevance for C-peptide supplementation in type 1
diabetic patients.
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Aims/hypothesis. Data now indicate that proinsulin C-peptide exerts important physiological effects and shows the characteristics
of an endogenous peptide hormone. This study aimed to investigate the influence of C-peptide and fragments thereof on
erythrocyte deformability and to elucidate the relevant signal transduction pathway. Methods. Blood samples from 23 patients
with type 1 diabetes and 15 matched healthy controls were incubated with 6.6 nM of either human C-peptide, C-terminal
hexapeptide, C-terminal pentapeptide, a middle fragment comprising residues 11–19 of C-peptide, or randomly scrambled C-
peptide. Furthermore, red blood cells from 7 patients were incubated with C-peptide, penta- and hexapeptides with/without
addition of ouabain, EDTA, or pertussis toxin. Erythrocyte deformability was measured using a laser diffractoscope in the shear
stress range 0.3–60 Pa. Results. Erythrocyte deformability was impaired by 18–25% in type 1 diabetic patients compared to matched
controls in the physiological shear stress range 0.6–12 Pa (P < .01–.001). C-peptide, penta- and hexapeptide all significantly
improved the impaired erythrocyte deformability of type 1 diabetic patients, while the middle fragment and scrambled C-
peptide had no detectable effect. Treatment of erythrocytes with ouabain or EDTA completely abolished the C-peptide, penta-
and hexapeptide effects. Pertussis toxin in itself significantly increased erythrocyte deformability. Conclusion/interpretation. C-
peptide and its C-terminal fragments are equally effective in improving erythrocyte deformability in type 1 diabetes. The C-
terminal residues of C-peptide are causally involved in this effect. The signal transduction pathway is Ca2+-dependent and involves
activation of red blood cell Na+,K+-ATPase.

Copyright © 2008 Thomas Hach et al. This is an open access article distributed under the Creative Commons Attribution License,
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1. INTRODUCTION

During the past decade, several studies have provided
evidence that C-peptide is a biologically active endogenous
peptide. It binds specifically in nanomolar concentration
to cell membranes [1], possibly to a G-protein-coupled
receptor, resulting in internalisationof the peptide [2] and
activation of Ca2+- and MAPK-dependent signalling path-
ways [3–6]. Cellular end-effects include stimulation and
induction of both Na+, K+-ATPase, and eNOS as well as
activation of a series of transcriptional fators [3, 7–10].
Studies in patients with type 1 diabetes who lack endoge-
nous C-peptide production show that administration of C-
peptide in replacement doses results in increased regional
blood flow in several tissues [11–13] and amelioration of

diabetes-induced functional and structural abnormalities of
the peripheral nerves and the kidneys [14–16]. Not only
the full-length native C-peptide but also its C-terminal
pentapeptide fragment is reported to exert physiological
effects [1, 4, 6, 17, 18].

It is well established that diabetes is associated with
reduced deformability of red blood cells [19–21]. This
abnormality is of clinical significance in that it compromises
the ability of red blood cells to pass through capillaries,
reduces tissue perfusion, and impairs tissue oxygen supply
[4, 22]. The mechanism underlying the decreased red cell
compliance in diabetes is not well understood, but it has
been shown that C-peptide is capable of restoring red cell
deformability to normal levels, most likely via stimulation
of red cell Na+, K+-ATPase [23]. The extent to which
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Table 1: Clinical characteristics of study subjects.

Healthy controls n = 15 Type 1 diabetes patients n = 23

Sex (male/female) 8/7 13/10

Age (years) 34 ± 4 36 ± 3

Height (m) 1.76± 0.02 1.75± 0.02

Weight (kg) 78.0± 2.8 77.5± 2.6

Diabetes duration (years) 0 ± 0 24 ± 3

Serum glucose (mmol/L) 4.94± 0.22 7.44± 0.67

HbA1c (%) 5.7± 0.3 7.3± 0.2

Serum C-peptide (nmol/L) 0.77± 0.09 0.01± 0.003

Table 2: Amino acid structure of C-peptide and C-peptide fragments used in this study.

Amino acid structure Position

C-Peptide EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ (1–31)

MF ELGGGPGAG (11–19)

HP LEGSLQ (26–31)

PP EGSLQ (27–31)

C-peptide fragments will do the same has not been deter-
mined. Consequently, the aim of this study was to examine
the influence of C-peptide and its C-terminal fragments, as
well as middle segments on the abnormal deformability of
red blood cells from type 1 diabetes patients. In addition,
aspects of a possible signal transduction pathway were
evaluated.

2. SUBJECTS, MATERIALS, AND METHODS

2.1. Subjects

Blood samples were taken from 23 type 1 diabetes patients
and 15 matched healthy controls (Table 1). Inclusion criteria
were C-peptide serum level < 0.2 nmol/L, diabetes duration
> 2 years, serum creatinine < 2 mg/dL, and no clinically rel-
evant diabetic long-term complications. Hematocrit values
were in the normal range for all patients and controls.

2.2. Materials and methods

Laser diffractoscopy was performed using a Rheodyn SSD
shear stress diffractometer (Myrenne GmbH, Roetgen,
Germany). The method of laser diffractoscopy has been
described in detail previously [21, 23]. In summary, a He-
Ne-Laser detects deformation of erythrocytes between two
parallel glass discs, one of which rotates resulting in defined
shear stresses as per the following equation:

τ = 2πr·η
t·h , (1)

where τ= shear stress, r = laser beam distance from rotation
center, η = viscosity, h = height of gap between discs, and
t = time.

Adjusting for equipment-specific values (r = 25 mm, h =
0.5 mm, and η = 24 mPa), the equation is condensed to

τ = 7.536 Pa·rpm, (2)

where rpm = revolutions per minute.
The applied shear stress range is electronically regulated

and includes 8 levels (0.3 Pa; 0.6 Pa; 1.2 Pa; 3 Pa; 6 Pa; 12 Pa;
30 Pa; 60 Pa).

The erythrocyte deformability measurement detects
scattered-light intensities along orthogonal axes (A, B) of
red blood cells within the laser diffraction light cone.
The erythrocyte elongation index (EI) is calculated by the
following equation:

EI(%) =
(

A− B
A + B

)
·100. (3)

All experiments were carried out at 23◦C, which was ther-
mostatically regulated. Blood samples were collected using
ammonium-heparinated vials and subsequently distributed
to dextran medium (30 μL blood per 2 mL dextran). Stability
tests were performed to exclude significant effects of storage
time and/or serum glucose concentration on erythrocyte
deformability measured by laser diffractoscopy (data not
shown). All measurements of erythrocyte deformability were
carried out before incubation with active ingredients as well
as at 1, 30, and 60 minutes after incubation

C-peptide and C-peptide fragments

Human C-peptide and all C-peptide fragments were pro-
vided by Creative Peptides (Stockholm, Sweden) at a purity
of >98%. C-peptide and its fragments were dissolved in
phosphate buffer and incubations were made at 6.6 nmol/L.
The incubation and mixing of probes were done smoothly to
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avoid external shear stress. The fragments used in this study
were C-terminal hexapeptide, C-terminal pentapeptide, a
middle fragment including residues 11–19, and randomly
scrambled C-peptide; their amino acid sequences are pre-
sented in Table 2.

Ouabain

Ouabain was obtained from Sigma-Aldrich (St. Louis, Mo,
USA). Treatment with ouabain was titrated to achieve a
concentration of 1 μmol/L. Incubations with and without C-
peptide or fragments lasted 30 minutes at 23◦C.

EDTA

Incubations with EDTA (1.6 mg/mL) with and without C-
peptide or fragments lasted 30 minutes at 23◦C. Treatment
with EDTA alone did not alter erythrocyte deformability
(data not shown).

Pertussis toxin

Pertussis toxin was obtained from Sigma-Aldrich. Treatment
with pertussis toxin (1 μg/mL) was conducted for 60 minutes
at 37◦C.

Statistical analysis

Results are expressed as the means ± SD. Gaussian dis-
tribution was checked by the Kolmogoroff-Smirnoff test.
Statistical analysis were done by two-site ANOVA and
Student’s t test. A P-value of less than .05 was regarded as
statistically significant.

3. RESULTS

Erythrocyte deformability was significantly decreased in type
1 diabetes patients compared to healthy controls over the
full range of shear stress tested (Figure 1). In the physio-
logical shear stress range (≤12 Pa), the difference between
diabetic patients and healthy controls amounted to 18–25%
(P < .01–.001). Incubation of the red cells from type 1
diabetes patients with C-peptide completely normalized the
erythrocyte defortmability at all tested shear stress levels
(Table 3). Incubation with the penta- and hexapeptides
also resulted in significant improvements in erythrocyte
deformability over the range of shear stress tested; the
responses to C-peptide and the C-terminal peptides were
similar and there were no statistically significant differences
between these three treatment groups. In contrast, the
middle fragment exerted no significant effect on the diabetes-
induced abnormal erythrocyte deformability. Likewise and
as expected, scrambled C-peptide with a random amino acid
sequence had no beneficial effect on erythrocyte deformabil-
ity.

Pretreatment of erythrocytes from patients with type 1
diabetes with ouabain or EDTA completely abolished the
C-peptide-, penta- and hexapeptide-induced improvements
in deformability as shown in Figure 2 for the pentapeptide
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Figure 1: Erythrocyte elongation index (EI) (%) ± SD for
erythrocytes from healthy controls (open columns) and type 1
diabetes patients (filled columns) at different levels of shear stress.
∗P < .05. ∗∗P < .01. ∗∗∗P < .001 versus controls.

at the shear stress 1.2 Pa. Similar results were obtained for
all levels of shear stress. Pretreatment of erythrocytes with
pertussis toxin in itself increased erythrocyte deformability
significantly (P < .05) in the shear stress range of 0.6–12 Pa.
Therefore, the possible influence of G-protein inactivation
on the effects mediated by C-peptide and its fragments could
not be evaluated.

4. DISCUSSION

The present results confirm and extend previous obser-
vations indicating that red blood cell deformability is
compromised in diabetes [19–21] and that this abnormality
can be corrected by C-peptide [23]. Thus, using whole
blood samples and laser diffractoscopy, a method with
high reproducibility (CV < 1%), erythrocyte deformability
measured in blood samples from type 1 diabetes patients was
found to be reduced by 18–25% over the physiological shear
stress range (0.6–12 Pa), in keeping with previous results
using the same methodology [23]. Exposing blood cells from
the diabetic patients to 6.6 nM, C-peptide was found to fully
normalize membrane deformability. We now show that not
only the native, full length C-peptide but also its C-terminal
penta- and hexapeptides possess this capability. In contrast, a
middle segment comprising residues 11–19 of C-peptide had
no effect. The specificity of the observed effects is attested by
the finding that scrambled C-peptide, a control peptide with
its residues assembled in random order, had no detectable
effect.

The current results for the pentapeptide are in line
with previous reports that it competes with C-peptide for
cellular binding [1], that it elicits an increase in intra-
cellular Ca2+-concentration [4], activates PKC isoforms,
causes phosphorylation of ERK1/2 and JNK, and stimulates
Na+, K+-ATPase activity [6, 17, 24]. Studies evaluating the
pentapeptide’s cellular binding/competition characteristics,
its stimulatory effect on intracellular Ca2+-concentrations
and ERK1/2 phosphorylation demonstrate that it is the
N-terminal Glu-residue of the pentapeptide (Glu 27 of
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Table 3: Erythrocyte elongation index (EI) (%) in the shear stress range 0.6–12 Pa for different treatment groups, n = 23.

Shear stress

0.6 Pa 1.2 Pa 3 Pa 6 Pa 12 Pa

Healthy controls 5.87± 0.72∗ 14.37± 0.61∗ 29.08± 0.79∗ 39.19± 1.02∗ 45.93± 0.85∗

Diabetes patients 4.38± 0.63 11.77± 0.49 26.01± 0.60 35.48± 0.84 43.34± 0.92

C-peptide 5.40± 0.82∗ 14.11± 0.85∗ 28.34± 1.58∗ 39.07± 1.46∗ 45.82± 1.43∗

HP 5.77± 0.81∗ 14.18± 1.17∗ 28.61± 1.37∗ 38.49± 1.62∗ 45.82± 1.81∗

PP 6.12± 0.93∗ 14.02± 1.37∗ 28.23± 1.46∗ 38.85± 1.54∗ 45.20± 1.74∗

MF 4.42± 0.89 11.39± 1.07 25.82± 1.24 35.79± 0.98 43.39± 1.17

SCR 4.10± 0.91 11.25± 1.07 25.58± 1.07 35.64± 0.91 43.48± 1.00
∗P < .01versus type 1 diabetes patients.
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Figure 2: Erythrocyte elongation index (EI) (%) ± SD for
erythrocytes from healthy controls and type 1 diabetes patients. The
latter cells were incubated with C-peptide, hexapeptide (HP), and
pentapeptide (PP) from the C-terminal region of C-peptide as well
as a middle fragment (MF) and scrambled peptide (SCR, control).
Results for combined incubation with PP and oubain or EDTA
are also shown. Data are obtained at the shear stress level 1.2 Pa.
∗∗∗P < .001 versus untreated erythrocytes from type 1 diabetes
patients.

C-peptide) that is of primary importance for its bioactivity;
alanine substitution of the other four residues has little or
no effect on the pentapeptide’s bioactivity [4, 25, 26]. Its
bioactivity has been found to be similar to that of the native
peptide both in the above in vitro studies and in invivo
experiments evaluating its stimulatory effect on whole-
body glucose utilization [18] and its inhibition of diabetes-
induced glomerular hyperfiltration [27] in streptozotocin-
diabetic rats.

The C-terminal hexapeptide was found to be equally
potent as the pentapeptide and the native C-peptide with
regard to its amelioration of diabetes-induced abnormal red
blood cell deformability (Figure 2). Only little information is
available with regard to the physiology of the hexapeptide but
the current findings are in line with previous observations
that it is capable of stimulating Na+, K+-ATPase in renal
tubular segments with potency similar to that of the
pentapeptide [17]. In contrast to the findings for the two C-
terminal segments, there was no indication that the middle
fragment (residues 11–19) exerted a measurable effect on
diabetes-induced abnormal red cell deformability. Variable
results have been reported previously for middle fragments;
mild stimulation of Na+, K+-ATPase in renal tubule segments
[17] but no effect on glucose utilization under in vivo
conditions [18] have been observed.

Exposing red blood cells from patients with type 1
diabetes to either oubain or EDTA resulted in complete
abrogation of the normalizing effect by the penta- and
hexapeptides or C-peptide on erythrocyte deformability.
Evaluation of a G-protein involvement in the signalling
pathway could not be carried out since exposure of the
erythrocytes to pertussis toxin in itself resulted in alteration
of red cell deformability in contrast to previous findings for
rabbit erythrocytes [28]. Nevertheless, the results indicate
that the beneficial effects of the peptides are mediated
via a Ca2+-dependent stimulation of erythrocyte Na+, K+-
ATPase, in analogy with the previously established signal
transduction pathway for C-peptide and Na+, K+-ATPase in
human renal tubular cells [24], even though the EDTA results
may suggest that other metal ions also are of importance for
the signal transduction [29].

Exposure of erythrocytes to C-peptide and its C-terminal
fragments is thus likely to result in augmented generation
and release of ATP, as has been observed directly in the
case of C-peptide and both normal and diabetic red blood
cells [29]. ATP is a recognized stimulus of nitric oxide
synthase of platelets and erythrocytes [30, 31]. Nitric oxide,
besides being a potent vasodilator, is also effective in
eliciting improved red blood cell deformability as a result of
direct action of nitric oxide on the erythrocyte membrane
[32, 33]. In addition, C-peptide-related improvement of red
cell deformability may be mediated not via ATP but by
direct stimulation of red cell nitric oxide synthase. The



Thomas Hach et al. 5

latter is functionally similar to that of endothelial cells
[31], and C-peptide and most likely also its C-terminal
fragments are known to stimulate and cause induction
of endothelial nitric oxide synthase [8, 10]. The above
mechanisms are likely to contribute to the maintenance of
normal erythrocyte membrane plasticity and the extent to
which they are modified in diabetes is unknown. However,
irrespective of the exact mechanism involved, the present
findings demonstrate that both C-peptide and its C-terminal
fragments are capable of effectively normalizing the diabetes-
induced reduction in red blood cell deformability. It is
probable that this effect contributed importantly to the
observed improvement in regional blood flow of skin, mus-
cle, myocardium, and peripheral nerve in animals and type
1 diabetes patients, following administration of C-peptide
to physiological concentrations [11–13, 34]. Furthermore,
the beneficial clinical effects of C-peptide on early-stage
neuropathy [14] and nephropathy [15] in type 1 diabetes
may in part be related to correction of the abnormal red cell
deformability and subsequently improved microcirculation.
Further clinical trials are warranted document and define
the role of C-peptide and its C-terminal fragments in the
treatment and/or prevention of microvascular complications
of type 1 diabetes.
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there is evidence that C-peptide decreases glomerular hyperfiltration and increases glucose utilisation. Nevertheless, there is still
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lasting studies in humans.
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1. IN VITRO STUDIES

Zierath et al. [1] showed that physiological concentrations
of human C-peptide stimulate glucose transport in human
skeletal muscle in a dose-dependent manner. In order to elu-
cidate the mechanisms by which C-peptide stimulates glu-
cose transport in human skeletal muscle, they investigated
the interaction between C-peptide and insulin binding to re-
ceptors, the potential role of C-peptide in activating the re-
ceptor tyrosine kinase, the influence of counter-regulatory
hormones on the C-peptide activation of the glucose trans-
port, and the effect of C-peptide in glucose transportation
in skeletal muscle from patients with insulin-dependent dia-
betes mellitus [2]. They demonstrated that C-peptide partly
shares a common pathway with insulin in stimulating skele-
tal muscle glucose transportation as simultaneous exposure
of maximal concentrations of insulin and C-peptide did not
result in an additive effect of 3-o-methylglucose transport.
C-peptide did not alter the binding of insulin to the insulin
receptor nor was shown to have a specific binding to muscle
crude membranes. C-peptide stimulates glucose transport by
mechanism independent of insulin receptor and tyrosine ki-
nase activity and in contrast to insulin, catecholamines did
not reveal a counter-regulatory effect on the C-peptide me-
diated glucose transport. Under in vitro conditions, a stimu-
lation of glucose transportation could be also demonstrated
by patients with insulin-dependent diabetes mellitus. Despite

chronic deprivation of C-peptide in vitro, exposure of skele-
tal muscle strips from patients with insulin-dependent dia-
betes mellitus to a physiological concentration of C-peptide
increased the glucose utilisation measured by an augmented
3-o-methylglucose transport [2]. In vitro studies with iso-
lated mouse muscle showed that C-peptide did not stimulate
glycogen synthesis in isolated mouse muscle [3].

2. ANIMAL STUDIES

In 1983 it has been demonstrated that in alloxan-treated rats,
supra-physiololgical concentrations of C-peptide increased
and prolonged the hypoglygemic effect of exogenous insulin
on whole body glucose uptake [4]. As glucose transport can
be stimulated by NO [5, 6], the aim of an euglycemic clamp
study in streptozotocin-induced diabetes rats was to exam-
ine whether C-peptide in physiological concentrations in-
creases whole body glucose utilisation and whether such an
effect is diminished by an NO synthase inhibitor. Physio-
logical concentrations of homologous rat C-peptide I or II
augmented significantly glucose disposal rate (GDR) by 80–
90% and metabolic clearance rate (MCR) for glucose by 100–
125% in diabetic rats, whereas no effects could be detected
in healthy control rats. A further increase in C-peptide con-
centrations did not let to further effects on GDR or MCR
[7]. L-NMMA, a known inhibitor of NO-synthase, was able
to block about 85% of the C-peptide-induced increase in
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Figure 1: C-peptide levels in healthy controls and patients with di-
abetes type 1 during the euglycemic clamp.

GDR. These results suggest that a major proportion of the
C-peptide stimulation of glucose utilisation is mediated by
NO [7].

Moreover, it could be shown that C-terminal fragments,
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 streptozotocin-induced diabetes
rats [8].

3. SHORT-TERM HUMAN STUDIES

During a euglygemic clamp study in 11 patients with type 1
diabetes mellitus C-peptide was infused in two periods over
60 minutes in a concentration of 5 and 30 pmol/kg/min and
compared with 10 patients who received saline infusion. Af-
ter infusion of low-dose C-peptide, whole body glucose util-
isation rose by approximately 25% (P < .05), whereas no
changes in the saline group were detected. The high-dose
C-peptide infusion given to 7 of the 11 patients resulted in
a small further increase of about 15% (P < .05) in glucose
utilisation [9].

Forearm uptake of glucose after a 5-minute rhythmic
dynamic exercise with a handergometer increased signifi-
cantly after C-Peptide infusion (−4.8 ± 3.1 versus 13.6 ±
3.2 umol·min−1100 mL−1) in patients with diabetes melli-
tus [10]. We investigated in our study with 13 patients with
type 1 diabetes mellitus and 13 healthy control glucose util-
isation after administration of C-peptide (8 pgmol/kg/body
weight/min) over 2 hours during an euglycemic clamp proce-
dure with either a high-dose (1.0 Ul/kg body weight/min) or
a low-dose insulin infusion (0.25 mU/kg body weight/min).
The C-peptide levels reached are shown in Figure 1. After
C-peptide infusion, glucose utilisation increased in patients
with diabetes mellitus (51.5 ± 25.6 versus 74.51 ± 22.93 g)
and healthy controls (74.91 ± 22.01 versus 99.38 ± 24.24 g)
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Figure 2: Glucose utilisation in g during an euglygemic clamp with
low and high insulin concentrations in healthy controls (C), Dia-
betes mellitus type 1 and after administration of C-peptide (C+C)
and (D+C).

statistically significant (P < .001) during high-dose insulin
infusion and from 16.31 ± 13.34 to 18.8 ± 16.2 g in the dia-
betic patients and from 20.74 ± 9.96 to 35.8 ± 13.5 g in the
healthy controls, the results are given in Figure 2 [11]. In a
recent study [12], it has been discussed that C-peptide might
increase the bioavailability of insulin by promoting the dis-
aggregation of hexameric insulin. The combined injection of
insulin and C-peptide required a greater amount and longer
duration of glucose than insulin alone in patients with di-
abetes type 1. In another setting, the same group applied
insulin and C-peptide in the same and in two separate de-
pots and found that the reduction in plasma glucose was sig-
nificantly faster when administered in the same depot. The
amount of glucose that has to be infused in order to avoid a
hypoglycaemia was 129% (P < .01) by administration in the
same depot.

4. LONG-TERM HUMAN STUDIES

In a randomized, double-blind study 18 patients with type 1
diabetes received either regular insulin mixed with equimo-
lar amounts of biosynthetic human C-peptide or insulin
alone for 1 month as subcutaneous infusions using an in-
sulin pump. At the end of the study, fructosamine levels
decreased by about 16% from 3.8 ± 0.3 to 3.2 ± 0.1 (P <
.05) mmol/L and HbA1c by about 10% from 8.0 ± 0.7% to
7.3 ± 0.5% (P < .05%). Fasting blood glucose tended to be
lower in the insulin and C-peptide treated group (NS). No
statistically significant changes could be demonstrated in the
insulin group [13].

5. DISCUSSION

C-peptide in nanomolar concentrations binds specifically to
cell membranes, assumable by a G-protein-coupled receptor.
After activation of a Ca (2+)- and MAP Kinase-dependent
pathway, the Na,K-ATPase and the endothelial nitric oxide
synthase are stimulated, resulting in an increase of nitric ox-
ide [14]. Increased local release of nitric oxide by C-peptide,
resulting in an increased subcutaneous blood flow, might
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enhance insulin absorption and therefore glucose utilisation
[15].

Several studies as cited above have shown that C-peptide
increases glucose utilisation either in vitro or in vivo. The
effect seems to be a consequence of the stimulation of glu-
cose transport in the skeletal muscle, independent of the
insulin receptor or the thyrosine kinase activity, but medi-
ated through nitric oxide [7]. When C-peptide concentra-
tions are increased above the physiological range, no further
stimulation of glucose utilisation can be demonstrated [7].
This might be explained by the hypothesis that C-peptide
receptors on cell membranes are relatively few and show
high-affinity binding, thereby reaching saturation at low C-
peptide concentrations [15].

In conclusion, recent studies have demonstrated that C-
peptide is not an inert peptide, but a biologically active sub-
stance which has besides other effects regulatory influence on
glucose metabolism. But still many mechanisms of C-peptide
action have to be resolved.

Longer lasting studies are needed in order to evaluate
continuing improvement of glucose utilisation in patients
with type 1 diabetes.
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The C-peptide of proinsulin is important for the biosynthesis of insulin and has for a long time been considered to be biologically
inert. Animal studies have shown that some of the renal effects of the C-peptide may in part be explained by its ability to stimulate
the Na,K-ATPase activity. Precisely, the C-peptide reduces diabetes-induced glomerular hyperfiltration both in animals and
humans, therefore, resulting in regression of fibrosis. The tubular function is also concerned as diabetic animals supplemented
with C-peptide exhibit better renal function resulting in reduced urinary sodium waste and protein excretion together with the
reduction of the diabetes-induced glomerular hyperfiltration. The tubular effectors of C-peptide were considered to be tubule
transporters, but recent studies have shown that biochemical pathways involving cellular kinases and inflammatory pathways may
also be important. The matter theory concerning the C-peptide effects is a metabolic one involving the effects of the C-peptide on
lipidic metabolic status.This review concentrates on the most convincing data which indicate that the C-peptide is a biologically
active hormone for renal physiology.

Copyright © 2008 L. Rebsomen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

Diabetes mellitus is a chronic metabolic disorder relative
to insulin deficit that induces metabolic and degenerative
complications in various organs, including nerves, heart,
and kidneys [1]. C-peptide, secreted in blood stream in
equimolar amounts with insulin, was considered to be a reli-
able marker of residual beta-cell function [2–4]. During the
past decade, numerous studies in both humans and animals
have demonstrated that C-peptide, although not influencing
blood sugar control, might play a role in preventing and
potentially reversing some of the chronic complications of
type 1 diabetes, especially diabetic nephropathy [5–23]. Thus
C-peptide may be an active peptide with relevant physiologic
effects different from and complementary to those of insulin
[24]. Several theories have been raised to explain C-peptide
effects on renal function during diabetes. This review focuses
on the most convincing theories that are implicated in C-
peptide effects on renal function.

2. C-PEPTIDE AND GLOMERULAR FUNCTION

2.1. C-peptide Effects on Renal Function have been
Demonstrated in Humans

Johansson et al. conducted a double blind study that
measured glomerular filtration rate and proteinuria in type

1 diabetic patients with basal microalbuminuria, a marker
of early stages of diabetic nephropathy. After three months
of substitution by both C-peptide and insulin, patients
exhibited a better glycemic control, a reduction of diabetes-
induced glomerular hyperfiltration and microalbuminuria
[7]. In another study, they confirmed that proteinuria
was significantly reduced in the C-peptide group during
the cross-over period [9]. Both studies were conducted
in diabetic patients so that the effects of C-peptide could
not be differentiated from an improved glycemic control.
However, the same group examined the short-term effect
of C-peptide infusion on renal function in insulin-treated
diabetic patients and found similar results on glomerular
filtration rate [5]. Altogether, these papers strongly argue for
a specific C-peptide-related effect on glomerular function.

Recently, Fiorina et al. observed that renal and pancreatic
transplantation of diabetic patients resulted in a better renal
graft outcome.

They observed kidney and erythrocyte Na,K-ATPase
activity, and stabilization of microalbuminuria correlated
with residual pancreatic secretion [14, 15]. In chronic
renal failure type 1 diabetic patients, residual pancreatic
activity, restored by kidney-pancreas transplantation resulted
in enhanced kidney graft survival, hypertrophy, and vascular
function [25]. Furthermore, combined kidney-pancreas
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transplantation was associated with better high-energy phos-
phates metabolism than in kidney alone transplantation,
suggesting that restoration of beta-cell function positively
affects kidney graft metabolism [26]. All these data raised the
question of C-peptide being a “kidney protector” [27].

2.2. Similar Studies were Conducted in Animal Models

In experimental conditions, several groups have shown that
streptozotocin-induced diabetic rats treated with C-peptide
exhibit improvement of metabolic status, renal function, and
reversal of some of the morphologic changes associated with
diabetic nephropathy [20, 21, 28].

Sjoquist et al. showed that perfusion of C-peptide results
in significantly reduction of both proteinuria and diabetes-
induced glomerular hyperfiltration which is considered to
be the initial state of diabetic nephropathy in streptozotocin
rats. They also showed that C-peptide also restores renal
functional reserve [20]. In another study, they confirmed
that 14 days of C-peptide perfusion prevented glomerular
hypertrophy [21].

Theses results were confirmed by Kamikawa et al. that
could demonstrate, in the same experimental model, that C-
peptide suppresses diabetes-induced abnormal glomerular
eNOS expression [29].

The mechanisms involved in glomerular effects was
supposed to be an constriction of the glomerular afferent
arteriols [30].

Altogether, these studies suggest that the absence of C-
peptide contributes to the initial state of diabetic nephropa-
thy. Evidence comes from specific studies that the C-terminal
EVARQ fragment of the C-peptide molecule is responsible
for most of the observed effects [31].

Although seducing, the glomerulocentric view of renal
function during diabetes has been challenged by Thomson
et al. that explored to tubuloglomerular feedback in this
situation [32]. The results of their studies clearly established
that a tubulocentric view of diabetes-associated nephropathy
could be considered [33].

Interestingly, renal C-peptide effects were also constant
with this hypothesis.

3. C-PEPTIDE AND TUBULAR FUNCTION

More than twenty years ago, Wald et al. suggested that
tubular Na,K-ATPase activity was related to glomerular
filtration rate during diabetes [34]. Several groups have
confirmed the time-dependant evolution of Na,K-ATPase
activity during diabetes, and the role of Na transport (for
review see [35]). Recently, Kim et al. have raised the
hypothesis that uncontrolled diabetes results in increased
levels of several proteins including sodium transporters such
as BSC1. They suggested that the enhanced expression of
sodium transporters are compensatory changes that prevent
a progressive decline in urinary concentrating ability despite
the continuing osmotic diuresis [36]. Thus they showed that
the regulation of BSC1 was not dependant on vasopressin
during streptozotocin-induced diabetes in brattelboro rats
[36]. Bardoux et al. have shown that vasopressin plays a

crucial role in the onset and aggravation of the renal com-
plications of diabetes. The mechanisms involve the tubular
fluid in the loop of Henle, inhibition of the tubuloglomerular
feedback control of glomerular function, and alterations in
glomerular hemodynamics [37].

All these data support the hypothesis that the renal
tubule is involved early in the course of diabetic nephropathy.
Therefore, the effects of C-peptide substitution on renal
tubule during type 1 diabetes were considered.

3.1. The Transport Theory

The Na,K-ATPase is an ubiquitous membrane-bound
enzyme complex that plays fundamental role in cellular
function. The basic function of the Na,K-ATPase is to
maintain the high Na+ and K+ gradient across the plasma
membrane of animal cells, at the expense of ATP hydrolysis
(for review see [38]). Cellular C-peptide action is mediated
through Na,K-ATPase activation in various organs including
kidney [18, 19, 39]. Interestingly, Na+,K+-ATPase activity is
increased during the first weeks after diabetes onset, and then
decreased in various organs damaged by long-term diabetic
degenerative complications, including kidney [40–47].

We have shown that C-peptide restores both glomerular
and tubular function in diabetic rats. In vivo, C-peptide
supplementation for one month improved body weight
in streptozotocin-induced diabetic rats and decreased uri-
nary sodium wasting [28]. A compensatory mechanism
to conserve water and solute may involve changes in the
abundance of the medullary transport proteins involved in
the sodium handling. In a recent study, we observed that
in vivo C-peptide supplementation for one month induced
no changes in kidney abundance and transcription status of
several tubular sodium transporters including the epithelial
sodium channel (EnaC), and NKCC2/BSC1 cotransporter
in diabetic rats. In this study, rats were made diabetic after
streptozotocin injection and then were submitted to infusion
with physiological doses of either insulin, homologous C-
peptide, or both (unpublished data). Thus the transport
theory of C-peptide’s action is probably not relying on
changes in amounts of renal tubule Na transporters.

3.2. The Biochemical Theory

Even if the trigger of sodium Na transport is not dependent
on changes in Na transporters, the effects on Na,K-ATPase
activity and expression are permanent findings. Several
groups have shown that C-peptide action was probably
secondary to biochemical changes. The first argument was
found in renal cells that exhibited intracellular calcium
increase secondary to C-peptide exposure [18]. Then several
groups showed that incubation of various cell line types
with C-peptide resulted in PKC, MAPK, ERK activation (for
review see [24]).

Other studies have suggested that diabetes is a state of
increased renal nitric oxide (NO) activity as assessed by
urinary excretion of nitrites and nitrates (NOx), and that
NO synthase inhibitors reverse the increased glomerular
filtration rate (GFR) observed in experimental diabetes.
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Interestingly, in contrast to the effects on renal haemody-
namics, NO does not play an important role in the altered
renal sodium handling observed in experimental diabetes
[48].

3.3. The Inflammatory Theory

C-peptide causes multiple molecular and physiological
effects, and improves renal and neuronal dysfunction in
patients with diabetes. However, whether C-peptide con-
trols the inhibitor kappaB (IkappaB)/NF-kappaB-dependent
transcription of genes, including inflammatory genes
was unknown. Peroxisome proliferator-activated receptor
gamma (PPARgamma) has key roles in the regulation of adi-
pogenesis, inflammation, and lipid and glucose metabolism.
These issues were progressively answered. In an in vitro
model, both insulin and C-peptide induced a concentration-
dependent stimulation of PPARgamma transcriptional activ-
ity [49]. Another step was made by Kitazawa et al. that
showed that C-peptide stimulates the transcription of
inflammatory genes via activation of a PKC/IkappaB/NF-
kappaB signaling pathway [50]. The inflammatory theory
was further supported by Maezawa et al. that reported C-
peptide TGF-beta surppession in STZ-model [51].

These experimental data confirm that C-peptide exerts a
wide range of cellular effects (see Figure 1). Some of them
may be relevant to explain renal tubular effects.

3.4. The metabolic theory

The effects of C-peptide on lipidic metabolic status have
not been documented yet. Thus the effects of C-peptide on
PPAR expression triggered the curiosity on the role of the
adipocyte network and its relationship with renal physiology.
Preliminary results of our group showed that C-peptide infu-
sion for one month improved lipidic status of streptozotocin
rats, by reducing cholesterol and triglycerid levels, but did
not influence renal PPAR gamma expression (rebsomen et
al. work in progress). On the other side, C-peptide reduced
the adiponectin released by human adipocytes (Khammar et
al. work in progress). Thus if the mechanism of C-peptide
effect on lipid metabolism remains to be elucidated, it is
known that diabetes results in inhibition of several enzymatic
reactions that are accessible to nutritional supplementation,
and influence renal tubular physiology [52]. Although the
metabolic theory stays to be documented, both the influence
of the PPAR system on diabetic nephropathy and of C-
peptide on PPAR are becoming obvious [53, 54].

In addition, these studies strongly suggest that both renal
glomerule and tubule are a major site of C-peptide action.
During type 1 diabetes, C-peptide substitution restores in
part the functional properties of the renal tubule and,
therefore, allows better renal function and metabolic status.

4. CONCLUSION

In humans, C-peptide exerts a regulatory and physiologic
influence on renal function in patients with type 1 diabetes.
Successful islet transplantation has been associated with
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Figure 1: Modelization of C-peptide effects on renal tubule. The
EVARQ fragment of C-peptide binds to a membrane G-protein
couple receptor of a tubule cell. Intracellular calcium increase
results in activation of PKCa and affects Na,K-ATPase activity.
Together with this effect, an increase of intracellular kinases results
in either activation or inhibition of inflammatory mediators. Green
indicates stimulation, red inhibition. Arrows in dash lines are
suggested pathways.

improvements in kidney graft survival rates and function
among uremic patients with type 1 diabetes mellitus and
kidney grafts. This suggests that together with the positive
effects of normalization of glycometabolic control, successful
islet transplantation exerts beneficial effects on kidney func-
tion, in part by restoring the C-peptide secretion, a situation
closer to the endogenous pancreatic function. Although
the mechanisms are not fully understood, a hormonal
therapeutic role of C-peptide as an active protective factor
for the diabetic kidney should be considered.
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and M. Sjöquist, “Effects of C-peptide on glomerular and renal

size and renal function in diabetic rats,” Kidney International,
vol. 60, no. 4, pp. 1258–1265, 2001.

[22] A. A. F. Sima, W. Zhang, K. Sugimoto, et al., “C-peptide
prevents and improves chronic type I diabetic polyneuropathy
in the BB/Wor rat,” Diabetologia, vol. 44, no. 7, pp. 889–897,
2001.

[23] P. Vague, T. C. Coste, M. F. Jannot, D. Raccah, and
M. Tsimaratos, “C-peptide, Na+, K+-ATPase, and diabetes,”
Experimental Diabesity Research, vol. 5, no. 1, pp. 37–50, 2004.

[24] J. Wahren, J. Shafqat, J. Johansson, A. Chibalin, K. Ekberg,
and H. Jörnvall, “Molecular and cellular effects of C-peptide—
new perspectives on an old peptide,” Experimental Diabesity
Research, vol. 5, no. 1, pp. 15–23, 2004.

[25] P. Fiorina, M. Venturini, F. Folli, et al., “Natural history of
kidney graft survival, hypertrophy, and vascular function in
end-stage renal disease type 1 diabetic kidney-transplanted
patients: beneficial impact of pancreas and successful islet
cotransplantation,” Diabetes Care, vol. 28, no. 6, pp. 1303–
1310, 2005.

[26] P. Fiorina, G. Perseghin, F. De Cobelli, et al., “Altered
kidney graft high-energy phosphate metabolism in kidney-
transplanted end-stage renal disease type 1 diabetic patients:
a cross-sectional analysis of the effect of kidney alone and
kidney-pancreas transplantation,” Diabetes Care, vol. 30, no.
3, pp. 597–603, 2007.

[27] A. M. J. Shapiro, “Islet transplants and impact on secondary
diabetic complications: does C-peptide protect the kidney?”
Journal of the American Society of Nephrology, vol. 14, no. 8,
pp. 2214–2216, 2003.

[28] L. Rebsomen, S. Pitel, F. Boubred, et al., “C-peptide replace-
ment improves weight gain and renal function in diabetic
rats,” Diabetes & Metabolism, vol. 32, no. 3, pp. 223–228, 2006.

[29] A. Kamikawa, T. Ishii, K. Shimada, et al., “Proinsulin C-
peptide abrogates type-1 diabetes-induced increase of renal
endothelial nitric oxide synthase in rats,” Diabetes/Metabolism
Research and Reviews, vol. 24, no. 4, pp. 331–338, 2007.

[30] L. Nordquist, E. Y. Lai, M. Sjöquist, A. Patzak, and A.
E. G. Persson, “Proinsulin C-peptide constricts glomerular
afferent arterioles in diabetic mice. A potential renoprotective
mechanism,” American Journal of Physiology, vol. 294, no. 3,
pp. R835–R841, 2008.

[31] L. Nordquist, E. Moe, and M. Sjöquist, “The C-peptide
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Diabetic polyneuropathy (DPN) occurs more frequently in type 1 diabetes resulting in a more severe DPN. The differences in
DPN between the two types of diabetes are due to differences in the availability of insulin and C-peptide. Insulin and C-peptide
provide gene regulatory effects on neurotrophic factors with effects on axonal cytoskeletal proteins and nerve fiber integrity. A
significant abnormality in type 1 DPN is nodal degeneration. In the type 1 BB/Wor-rat, C-peptide replacement corrects metabolic
abnormalities ameliorating the acute nerve conduction defect. It corrects abnormalities of neurotrophic factors and the expression
of neuroskeletal proteins with improvements of axonal size and function. C-peptide corrects the expression of nodal adhesive
molecules with prevention and repair of the functionally significant nodal degeneration. Cognitive dysfunction is a recognized
complication of type 1 diabetes, and is associated with impaired neurotrophic support and apoptotic neuronal loss. C-peptide
prevents hippocampal apoptosis and cognitive deficits. It is therefore clear that substitution of C-peptide in type 1 diabetes has a
multitude of effects on DPN and cognitive dysfunction. Here the effects of C-peptide replenishment will be extensively described
as they pertain to DPN and diabetic encephalopathy, underpinning its beneficial effects on neurological complications in type 1
diabetes.

Copyright © 2008 Anders A. F. Sima et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. INTRODUCTION

Diabetes is an increasingly common metabolic disorder that
affects the nervous system in a variety of ways. It impacts on
the peripheral nervous system (PNS) in a progressive fashion
resulting in diabetic polyneuropathies (DPNs), which as a
group is the most common chronic diabetic complication
[1]. It also affects the central nervous system (CNS) resulting
in progressive cognitive impairment and is associated with
an increased risk for the development of Alzheimer’s disease
[2, 3]. The mechanisms underlying these complications are
several and are not necessarily the same in type 1 and type
2 diabetes [2, 4–6]. Historically, hyperglycemia, which is a
common clinical attribute of both types of diabetes, has
been regarded as the major underlying factor initiating the
complications. However, this does not explain differences in
the neurological complications in the two types of diabetes,
nor does it explain the only partial benefits in curbing the
progression or preventing the complications in trials aimed

at optimal hyperglycemic control, such as the DCCT and
UKPDS trials [7, 8]. Downstream effects of hyperglycemia on
the polyol pathway and oxidative stress have been the targets
for numerous clinical trials with marginal effects at best
[9–11]. These data strongly suggest that factors other than
hyperglycemia are involved in the initiation and progression
of DPN. Such factors may differ in the two types of diabetes
as suggested by epidemiological studies. The prevalence of
DPN in type 2 diabetes is about 50% after 25 years of
diabetes, whereas in type 1 diabetes it is close to 100% after
15-years disease duration [12–14], suggesting a more rapid
progression of DPN in type 1 diabetic subjects.

DPN involves both somatic and autonomic peripheral
nerves and is characterized as a progressive dying back
axonopathy. The structural pathology, however, differs in the
two types of diabetes in that the axonopathy is more severe
in type 1 DPN and is in type 2 DPN associated with a greater
frequency of primary segmental demyelination. Type 1 DPN
is also characterized by progressive nodal and paranodal
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degeneration with significant impact on nerve function,
abnormalities which do not occur in type 2 diabetes [4, 5,
15].

One factor that differs between type 1 and type 2
diabetes and is likely the explanation for some of the
differences in DPN is the degree of perturbed insulin
signaling due to insulin deficiency in type 1 diabetes and
insulin resistance associated with hyperinsulinemia in type
2 diabetes. Insulin signaling exerts besides its hypoglycemic
effect a multitude of metabolic and molecular effects, which
are not commonly recognized. Pertaining to DPN, insulin
signaling has prominent effects on Na+/K+-ATPase and NO
activities important for the metabolically induced acute
nerve dysfunction. It transduces strong neurotrophic effects
on its own and possesses generegulatory functions on other
neurotrophic factors such as IGF-1, NGF, and NT-3 as well
as their receptors. Furthermore, it is an important regulator
of postranslational modifications of neuroskeletal and cell
adhesive proteins, and besides that it possesses a strong
antiapoptotic effect. Considering these effects, it is not totally
surprising that strict hyperglycemic control alone will not
provide total protection against DPN [7, 8], or CNS for that
matter, in diabetic subjects and that mechanistic, functional,
and structural differences exist between the neurological
complications occurring in the two types of diabetes [16].

Insulin is secreted from pancreatic beta cells in response
to glucose. Simultaneously, proinsulin C-peptide is secreted
in equimolar quantities. Insulin’s half-life in the circulation
is short whereas that of C-peptide is substantially longer
[17, 18]. C-peptide was initially believed to be a waste
product of insulin synthesis until the molecular bases for its
intriguinginsulin-like effects were delineated [19, 20].

In this review, we will briefly describe recent data
pertaining to the interaction between insulin and C-peptide,
outline the pathogenetic mechanisms underlying type 1
DPN, and contrast these to those of type 2 DPN. We will
describe the effects of C-peptide on somatic and small fiber
neuropathy and briefly summarize the effects on primary
diabetic encephalopathy.

2. INSULIN AND C-PEPTIDE INTERACTIONS

After its discovery in the 1960s by Steiner [21–23], it was
believed that C-peptide, which plays an intricate part in
the biosynthesis and folding of insulin, would have an
insulin-like glucose lowering effect. Since this turned out
not to be the case, C-peptide was abandoned and dismissed
as a nonfunctional peptide. However, in the 1990s, the
Karolinska group and others demonstrated effects on blood
flow, incipient diabetic nephropathy, and neuropathy in type
1 diabetic subjects [24–27]. This led to renewed interests in
the action of C-peptide. The Karolinska group demonstrated
specific binding of C-peptide to cell surfaces and suggested
that it acted via a G-protein-related receptor mechanism
[28]. Detailed studies by Grunberger et al. [19, 20, 29]
demonstrated that C-peptide autophosphorylates the insulin
receptor in the presence of insulin and stimulates p38 MAP-
kinase and PI-3 kinase activity and reduces the activation of
JNK phosphorylation, with subsequent dose-related effects

on Na+/K+-ATPase activity and NO [30–32]. These experi-
ments seemed to suggest an insulinomimetic effect, although
despite years of effort by us and the Karolinska group,
we failed to identify a specific C-peptide receptor. Further
studies revealed an interesting stoichiometric relationship
between insulin and C-peptide pertaining to insulin signal-
ing activities. It was shown that in the presence of high
concentrations of insulin, C-peptide has an inhibitory effect
on the combined insulin-signaling activity, whereas in the
presence of low insulin concentrations C-peptide enhances
insulin signaling [19, 20, 33]. Recent data have suggested
that the enhanced insulinomimetic effect displayed by C-
peptide is due to its ability to dehexamerize insulin and
thereby enhance the intrinsic actions of insulin itself [34]. As
of yet unpublished data have demonstrated that the effects
exerted by C-peptide on insulin action can be prolonged
by its binding of metal-ions such as chromium and iron.
It therefore appears that C-peptide interacts in a complex
way with insulin to produce its supporting insulinomimetic
effects.

3. MECHANISMS UNDERLYING TYPE 1
AND TYPE 2 DPN

The progressive evolution of pathogenetic factors responsible
for DPN can be divided into an early and reversible metabol-
ic phase and a partly overlapping progressively irreversible
structural phase [1, 35] (Figure 1).

An early metabolic perturbation is activation of the
polyol pathway by excessive glucose, resulting in accumula-
tion of sorbitol and fructose and depletion of other osmolytes
such as taurin and myoinositol [36–38]. Myoinositol deple-
tion results in insufficient diacylglycerol for Na+/K+-ATPase
activation [36]. The more severe Na+/K+-ATPase defect
in type 1 DPN is accounted for the additional defects
in protein kinase C activity caused by insulin and C-
peptide deficiencies [39] (Figure 1). Impaired endoneurial
blood flow underlies endoneurial hypoxemia caused by
impaired eNOS expression and NO activity, abnormalities,
which are magnified by insulin and C-peptide deficien-
cies [32, 40, 41] (Figure 1). These aberrations have also
been associated with hyperglycemia-induced mitochondrial
dysfunction, overproduction of superoxide, oxidative, and
nitrosative stress [41, 42]. Such early reversible metabolic
abnormalities are associated with nerve conduction slowing,
which is significantly more severe in type 1 BB/Wor-rats
than in their type 2 counterparts the BBZDR-rats [39, 43]
(Figure 2). These differences appear to be mainly due to
differences in the Na+/K+-ATPase defect [37, 39, 43, 44].
Since the excitation of the nodal membrane underlying the
propagation of nerve conduction depends on the inward
flux of Na+, decreased Na+/K+-ATPase activity results in
improper inactivation of intra-axonal Na+ with decreased
permeability and intra-axonal Na+ accumulation, potentially
resulting in conduction block [45, 46].

Functional abnormalities of small nerve fibers, partic-
ularly unmyelinated fibers and small myelinated Aδ fibers,
occur early and underlie hyperalgesia and allodynia or
neuropathic pain [48–50] (Figure 3). This is associated
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Pathogenetic mechanisms in DPN
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∗ ∗ ∗

↑ Oxidative stress
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↑ Nonenzymatic glycation

↓ Neurotrophism

Apoptosis ?

Immediate gene responses

Transcription factors
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degeneration/loss
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Figure 1: Scheme of pathogenetic events in type 1 (hyperglycemic and insulin and C-peptide deficient) and type 2 (hyperglycemic)
BBZDR/Wor-rats. Insulin and C-peptide deficiencies add significantly to early metabolic abnormalities such as Na+/K+-ATPase and NO
activities underlying the acute and reversible nerve conduction defect (dark gray). Subsequent changes with respect to gene regulatory
mechanisms and suppression of major neurotrophic factors and their receptors lead to severe axonal degeneration, atrophy, and loss; nodal
and paranodal degenerative changes; and impaired nerve fiber regeneration (dark gray). Such changes are responsible for the chronic and
increasingly irreversible nerve dysfunction, which are more severely expressed in type 1 diabetes. Mechanisms on which C-peptide has
preventive or corrective effects are indicated with (∗).

with increased formation of Na+-channels and α-adrenergic
receptors resulting in hyperexcitability and ectopic dis-
charges in C-fibers, which appears to be the initiating event
[51–54]. Other mechanisms which contribute to and sustain
pain are related to remodeling of large Aβ fibers which form
collaterals with excitotoxic effects on nociceptive spinal cord
neurons which amplify pain [54, 55]. Additional central
nervous system mechanisms involving noradrenalin and
serotonin reuptake as well as gabaergic effects are involved
leading to different levels of sensitization of pain. These
functional defects occur earlier and to a greater extent in type
1 DPN as compared to that of type 2 DPN [48] (Figure 3).
On the other hand, hyperalgesia appears to persist for a
longer period of time in type 2 diabetic rats (Figure 3),
which may explain the fact that nociceptive neuropathy is
more common in type 2 than in type 1 patients [56]. The
early damage to small peripheral nerve fibers appears to
result from decreased neurotrophic support by insulin and
nerve growth factor (NGF) both of which are particularly
neurotrophic to small nociceptive ganglion cells [57, 58].

Impaired insulin and/or NGF support may also explain
the occurrence of painful diabetic neuropathy in prediabetic
patients with impaired insulin function [59, 60], and noci-
ceptive neuropathy in prediabetic rats with impaired glucose
tolerance but without overt hyperglycemic diabetes [61]. It
therefore appears that although hyperglycemia remains an
important factor in the pathogenesis of DPN, differences

in metabolic influences due to the presence or absence of
insulin action modulate the severity of DPN and is likely to
be the main explanation for the differences in DPN between
the two types of diabetes.

The structural and progressively irreversible DPN is
characterized by axonal atrophy and loss, which is more
severely expressed in type 1 as compared to type 2 DPN in
experimental diabetes [39, 43, 48] (Figures 1 and 4). Addi-
tional changes that characterize experimental and human
type 1 DPN is a progressive degenerative process affecting
the paranodal and nodal apparati [4, 5, 16, 62] (Figure 5).
On the other hand, primary segmental degeneration is a
more common feature of type 2 human and experimental
diabetes, which may relate to abnormalities in caveolin-1
signaling, which in turn is modulated by cholesterol levels
[4, 5, 16, 39, 63].

Cytoskeletal neurofilaments (NFs) and tubulins are
major constituents of the axon and their expression levels
and phosphorylation status determine axonal function and
size [64, 65]. Reduced expression of NFs and tubulins
occurs in experimental models of diabetes [66–69] and is
associated with decreased axonal transport of NFs [70, 71]
due to aberrant phosphorylation by phosphorylating protein
kinases [71–73]. NFs are unique to neurons and interact
with microtubules thereby forming the basis for axonal
transport. NFs consist of three intermediate filaments, NFL,
NFM, and NFH, forming coiled-coil dimers which align in



4 Experimental Diabetes Research

0

40

50

60

70

M
N

C
V

(M
/s

) ∗∗∗
##,† ∗∗∗

#,†

∗∗ ∗∗∗

#,†

∗∗
∗∗∗∗∗∗

2 mo 4 mo 8 mo

Control
BB/Wor

BB/Wor + C
BBZDR/Wor

∗∗∗ P < .001
∗∗ P < .01
∗ P < .05 versus control
## P < .01
# P < .05 versus BBZDR/Wor-rats
† P < .01 versus BB/Wor treated with C-peptide

Figure 2: Longitudinal measurements of motor nerve conduction
velocities (MNCVs) in the sciatic-tibial conducting system. Note
a progressive decline in MNCV in type 1 BB/Wor-rats with
duration of diabetes. This decline is significantly milder in type
2 BBZDR/Wor-rats and only become significant after 4 months
of diabetes. C-peptide replacement from onset of diabetes had
significant effects on MNCVs although these are not completely
prevented [17, 39, 47].

5

10

15

20

25

30

P
la

n
ta

r
te

st
(s

)

1 wk 1 mo 2 mo 3 mo 4 mo 5 mo 6 mo 7 mo 8 mo

Control
BB/Wor

BB/Wor + C-peptide
BBZDR/Wor

Figure 3: Longitudinal measurements of thermal hyperalgesia
in type 1 BB/Wor-rats without and with C-peptide replacement
from onset of diabetes compared to duration- and hyperglycemia-
matched type 2 BBZDR/Wor-rats and age-matched control rats.
Note more severe hyperalgesia in type 1 as compared to type 2 rats
and with partial but significant prevention in C-peptide treated rats
[48, 49].

a staggered fashion. Several neurotrophic factors like NGF,
NT-3, IGF-1, insulin, and C-peptide stabilize NF transcripts
[14, 74, 75]. Aberrant phosphorylation of NFs perturbs their
function and interaction with other cytoskeletal components
resulting in malalignment of the cytoskeleton, impaired
axonal function, atrophy, and eventually loss [14, 76–78].

Several kinases are involved in NF phosphorylation such
as cyclin-dependent kinases including Cdk5 and the MAP
kinases Erk 1/2, SAPK [72], and GSKβ [79–81].

Tubulins assemble into microtubules and provide for
axonal transport and polarity [1]. Microtubule-associated
proteins like MAP1B and tau regulate their assembly [82–
84]. Inhibition of GSK-3β abolishes MAP1B phosphoryla-
tion which impacts on microtubule stability [85]. Reduced
expression of NFs and tubulins occur already in 2-mo
diabetic type 1 BB/Wor-rats and tend to progress with
duration of diabetes, whereas similar changes occur later and
are significantly milder in type 2 BBZDR/Wor-rats [43, 66].
Simultaneously, neurofilaments become hyperphosphory-
lated in type 1 diabetic rats via upregulation of phosphory-
lating stress kinases like SAPK and GSK-3β which emanate
from impaired insulin, IGF-1, and C-peptide signaling [86].
The structural consequences as would be expected, therefore
affect type 1 DPN more severely than type 2 DPN with
unmyelinated fibers being particularly vulnerable [16, 48]
(Figures 2, 3, 4, and 6). A further difference between
type 1 and type 2 DPN occurs in sympathetic autonomic
nerves. STZ- and BB/Wor-rats develop dystrophic axonal
changes consisting of accumulations of NFs, tubolovesicular
conglomerates, and degenerated organelles. These changes
have been related to insulin and IGF-1 deficits and do not
occur to a significant degree in type 2 BBZDR/Wor-rats [87].

The differences in insulin-deficiency-mediated effects on
neurotrophic factors and downstream deficits in the expres-
sion and phosphorylation status of neuroskeletal proteins
also affect the regenerative capacity of injured nerves. Hence,
the immediate gene responses following nerve injury and
upregulation of the expression of neuroskeletal, mRNAs, and
proteins are more severely perturbed in type 1 BB/Wor-rats
as compared to their type 2 counterpart, the BBZDR/Wor-
rats [43, 66, 69].

In recent years, it has been suggested by several investi-
gators [88, 89] that DPN is in part caused by mitochondrial
dysfunction-related apoptosis of dorsal root ganglion cells.
However, it is difficult to reconcile this loss of DRG neurons
in the absence of peripheral sensory nerve fiber loss in
the streptozotocin diabetic rat. Although apoptotic stresses
do occur, more so in type 1 diabetic DRG cells than in
those of type 2 diabetes, these appear to be counteracted
by antiapoptotic mechanism [90, 91]. Instead the degener-
ation and eventually loss, particularly of small nociceptive
neurons, of DRGs in type 1 BB/Wor-rats appear to be due
to degeneration and vacuolation of the Golgi apparatus [92].

Probably the most intriguing difference encountered
in DPN in the two types of diabetes is the progressive
degeneration of the paranodal ion-channel barrier in type
1 DPN, which is unaffected in DPN accompanying type 2
diabetes [4, 5, 39, 62] (Figures 1 and 5). This abnormality
when first described [4, 62] caused some controversy, since
it could not be identified in mostly type 2 diabetic nerve
[93–95]. The tight junctions which make up the paranodal
barrier are composed of cell adhesive molecules localized to
the axolemma such as casper, Na β-channels and contactin
and receptor protein tyrosin phosphatase β (RPTP-β) on
the terminal loops of the myelin sheath (Figure 5). The
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Figure 4: Magnitudes of myelinated axon degeneration as assessed by teased fiber analysis (a) and ultrastructural quantification of axoglial
dysjunction (b), a measure of paranodal degeneration. Note a significantly more severe axonal degeneration in type 1 as compared to type 2
rats. C-peptide treatments from onset of diabetes and as an intervention between 5 and 8 months had significant preventive and corrective
effects on axonal degeneration. In (b) type 2 diabetes was not affected by paranodal degeneration in contrast to type 1 diabetes showing
profound degeneration. C-peptide treatments had significant preventive and therapeutic effects on paranodal degeneration [17, 39, 47].

interaction of these adhesive molecules depends on their
posttranslational modifications, which become progressively
compromised in type 1 DPN, resulting in a breakup of
tight junctional structures and the barrier itself [62, 96–99].
Simultaneous defects in Na β-channels and ankyrinG of the
nodal axolemma dislodge the Na-α-channels which become
lateralized [97–99] (Figure 5). These abnormalities result in
decreased density of nodal Na-α-channels with profound
consequences as to the propagation of conduction impulses
[45, 62, 96–98]. Interestingly, the insulin receptor, which is
markedly downregulated in type 1 diabetes, colocalizes with
paranodal tight junctions and decorates the nodal axolemma
[100].

4. THE EFFECT OF C-PEPTIDE REPLACEMENT
ON TYPE 1 DPN

Initial in vitro studies on the effect of C-peptide, demon-
strated insulin-like effects [19, 20, 29, 101–105]. With regard
to DPN, we and several other groups demonstrated a dose-
related beneficial effect on neural Na+/K+-ATPase activity
[17, 31, 47], which constitutes the most important early
metabolic abnormality with consequences pertaining to
nerve conduction velocity as outlined above. Neurovascular
dysfunction associated with oxidative stress has emerged
as a contributing factor in the acute development of DPN
[42, 106–109].

C-peptide promotes the release of NO in endothelial cells
in a concentration-dependent manner [110]. In addition,
it increases the expression of eNOS protein and mRNA
which appears to be mediated via a MAP-kinase-dependent
mechanism [102, 110–112]. These observations are consis-
tent with in vivo findings in humans and animal models
[24, 25, 27, 32, 33, 113, 114].

The effect of C-peptide replacement in type 1 BB/Wor-
rats, resulted in correction of endoneurial perfusion, the
nerve conduction defect, and attenuated thermal hyperal-
gesia [32]. It did not demonstrate an effect on oxidative
stress. Inhibition of eNOS, but not of cyclooxygenase,
reversed the positive effects of C-peptide [32]. Interestingly,
in hyperglycemia-matched type 2 BBZDR/Wor-rats, neu-
rovascular deficits and increased oxidative stress were not
accompanied by nerve conduction slowing or hyperalgesia
[32]. These findings indicate that sensory nerve conduc-
tion deficits and small fiber function are not inevitably
consequences of increased oxidative stress or decreased
endoneurial blood flow in this type 2 rodent model
[32].

Insulin and C-peptide exert on their own neurotrophic
and antiapoptotic effects [115–117]. In addition, C-peptide
has corrective effects on the expression of several neu-
rotrophic factors such as NGF, IGF-1, and NT-3 and
their respective receptors [49, 50, 118] (Figure 7). These
regulatory effects appear to be mediated by early gene
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regulatory effects of c-fos particularly on NGF as well as
by transcriptional factor NFκB with wider implications [66,
115]. The insulin receptor itself is in peripheral nerve located
primarily to the paranodal and nodal regions of myelinated
fibers and to small nociceptive neurons in the DRGs [58,
100].

In the sciatic nerve, the expression of the insulin receptor
is upregulated in the BB/Wor-rat, whereas its expression in
type 2 BBZDR/Wor-rats is downregulated by more than 50%
[66], in contrast the insulin receptor expression becomes
progressively downregulated in DRGs of the type 1 model
and remains unchanged in type 2 rats [48]. Systemic IGF-1
is decreased in both models [3], whereas NGF and NF-3 are
impaired in sciatic nerves of the BB/Wor-rat but not in the
type 2 BBZDR/Wor-rat [48] and their respective receptors
are significantly more severely affected in the type 1 model
[48]. These aberrations in the expression of neurotrophic
factors and their receptors in the BB/Wor-rat are fully
prevented by full continuous substitution of C-peptide [49]
and are significantly improved following intervention with
C-peptide [50]. Such beneficial effects on the neurotrophic
supporting network transcend into effects on major neu-

roskeletal proteins such as NFs and neurotubulins [86, 118],
their postranslational modifications, and ultimately axonal
size, a major determinant of axonal function, hence resulting
in prevention and even reversal of nerve dysfunction [6,
17, 31, 49, 50] (Figures 2 and 3). As mentioned earlier,
nociceptive DRG neurons are specifically responsive to
insulin and NGF. It is therefore not totally surprising that
nociceptive nerve fibers are particularly vulnerable to the
diabetic insult. In the type 1 model, they are more severely
affected than in the type 2 rat [48] showing a progressive
axonal atrophy coupled with nociceptive neuronal atrophy
with ultimate C-fiber loss and loss of substance P and
calcitonin-gene-related neurons [49, 50]. The progressive
distal fiber loss and subsequent neuronal atrophy and loss are
not likely to reflect apoptotic cell death. Instead, apoptotic
stresses which indeed do occur are likely to be counteracted
by antiapoptotic elements such as heat shock proteins [119].
In a recent study, we demonstrated profound changes of the
Golgi apparatus particularly in small sensory DRG neurons
in the type 1 BB/Wor-rat and suggested that this may reflect
neurotrophic withdrawal with degeneration of cytoskeletal
binding proteins and microtubules [92].
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Figure 6: The effect of type 1 and type 2 diabetes on unmyelinated axonal size (a) and numbers (b) in the sural nerve in 7-8 month diabetic
rats. Note in type 1 rats, significant atrophy (a) and loss (b) of unmyelinated fiber, whereas no significant deficits were detectable in type 2
BBZDR/Wor-rats. Replenishment with C-peptide resulted in significant prevention of C-fiber atrophy (a) and loss (b) [17, 47].
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Figure 7: Expression of the receptors of neurotrophic factors in dorsal root ganglia in 8-month type 1 diabetic (D1) and type 2 diabetic
(D2) rats, as well as type 1 rats replaced with C-peptide. (c) compared to age-matched control rats . Note marked decreases in the expression
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were significantly prevented by C-peptide replacement in type 1 diabetic rats [50].

The impact of insulin-signaling on regulation of neu-
rotrophic support is also reflected by the effect of C-peptide
on normalizing nerve fiber regeneration in the BB/Wor-rat
[118].

As mentioned above, one of the most characteristic
abnormalities occurring in type 1 human and experimental

diabetes is the progressive nodal and paranodal degeneration
[4, 16, 62]. Axoglial dysjunction is a progressive degeneration
of the paranodal ion-channel barrier which eventually
results in paranodal degeneration and reparative intercalated
internodes [4, 62]. This abnormality is not specific for type
1 DPN, but occurs in a series of clinical and experimental
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Table 1: Summary of the corrective effects of C-peptide on
metabolic, molecular, functional, and structural parameters in DPN
and primary diabetic encephalopathy. Arrows indicate a decrease
(↓) or increase (↑) in the parameter in the non-C-peptide-treated
situation. The original findings are referenced.

Diabetic Neuropathy

Abnormality References

↓Na+/K+-ATPase [29, 88]

↓eNOS, NO [31, 95]

↓c-fos [63]

↓NFκB [84]

↓NGF, TrkA [49, 50, 98]

↓IGF-1, IGF-1R [49, 50, 98]

↓NT-3, TrkC [49, 50]

↓Insulin Receptor [49, 50]

↓Neurofilaments [74, 98]

↓Tubulins [74, 98]

↓Substance P [49, 50]

↓CGRP [49, 50]

↓Cell adhesive molecules [82]

↑DRG neuronal atrophy
[49, 50]

and loss

↓NCV [16, 29, 31, 49, 50, 74, 82, 88, 95]

↑Axonal atrophy and loss [16, 49, 50, 74, 88, 98]

↓Nerve fiber regeneration [98]

↑Axoglial dysjuction [16, 82, 88]

Primary Diabetic Encephalopathy

↓Insulin Receptor [96, 97, 104, 114, 115]

↓IGF-1, IGF-1R [97, 104, 114, 115]

↑Caspase 3 [114, 115]

↑Caspase 12 [114, 115]

↑Tau Unpublished data

↑Apoptosis [113, 115]

Cognitive function [114, 115]

neuropathies [120]. At the node, the voltage-gated Na+α-
channels are held in place by auxiliary subunits β1 and β2

Na-channels which act as adhesive molecules. Interaction
between contactin, ankyrinG, and β-subunits are critical for
the enrichment and localization of Na+α-channels to the
nodal axolemma. AnkyrinG1 interacts with other nodal cell
adhesion molecules and its postranslational modifications
are important for these interactions. It interacts with the Na-
channel β-subunits which in turn interact with RPTP-β.

At the paranode, the myelin loops adhere to the axo-
lemma via tight junctions. Caspr is part of these and
interacts with contactin and RPTP-β. Caspr’s cytoplasmic
tail mediates protein-protein interaction through binding
with p85 at SH3 domains [99]. In myelinated nerve fibers,
insulin receptors are particularly concentrated to the node
and the paranode [100]. In type 1 DPN, caspr and contactin
become significantly downregulated together with RPTP-β
associated with a defect in caspr’s p85 binding. p85, the reg-
ulatory subunit of phosphatidyl-inositol 3-kinase, is possibly
mediated by insulin signaling (Figure 5). This sequence of

events leads to disruption of the tight junctions [99]. At the
node of Ranvier, the expression of Na+-channel α-subunits
is not altered, although the β1-subunit is downregulated
together with contactin and ankyrinG. In addition, the latter
undergoes O-linked N-acetylglucosylation, which inhibits
its phosphorylation and interaction with the Na-channel
β-units and contactin. This leads to dislodgement of Na-
channel α-subunits, which now migrate laterally through the
breached paranodal ion-channel barrier [97, 99].

C-peptide substitution in type 1 BB/Wor-rats prevents
the degenerative processes of the paranode and the node
of Ranvier [99] and intervention with C-peptide repairs the
paranodal apparatus as evidenced by an increased number
of intercalated internodes [17]. It therefore appears as if
these functionally significant lesions in type 1 DPN relate to
abnormalities in insulin-signaling.

5. PRIMARY DIABETIC ENCEPHALOPATHY IN TYPE 1
DIABETES AND THE EFFECT OF C-PEPTIDE

Cognitive deficits occur more commonly in diabetic patients
than in the nondiabetic population [121–125]. This is
probably in part due to ischemic pathologies due to cerebral
micro- and macrovascular disease, which may be con-
founded by hypertensive cerebral angiopathy or to repeated
episodes of severe hypoglycemia. Such conditions have been
referred to as secondary diabetic encephalopathy. However,
there is now growing evidence to suggest that cognitive
impairments may be consequent to perturbed metabolism in
diabetes or so-called primary diabetic encephalopathy [126].
Impaired memory, problem solving ability, and intellectual
development have been documented in patients with type 1
diabetes. Such signs and symptoms have been accompanied
by electrophysiological and structural abnormalities [127–
130]. These appear to be more common in patients with early
onset of diabetes and may in part relate to interference with
normal brain development [124, 131, 132].

Cognitive decline in patients with type 2 diabetes may
be associated with an increased risk for the development of
Alzheimer’s disease due to CNS insulin resistance and other
confounding factors, such as overweight and hypercholes-
terolemia [2, 122, 123].

Deficits in cognitive function have also been documented
in experimental models of diabetes. In the streptozotocin-
induced diabetic rat, impaired cognitive performances have
been associated with abnormalities in hippocampal long-
term potentiation indicative of abnormal synaptic plasticity,
changes that are reversed by insulin treatment [133, 134].
We have demonstrated that impaired spatial memory in
diabetic BB/Wor-rats is preceded by significant reductions in
the expression of IGF-1, IGF-II, IGF-1 receptor and insulin
receptor in hippocampus in 2 months diabetic rats [135].
These early findings were followed by increasingly impaired
deficits in Morris water maze-testing, laddering of genomic
DNA in hippocampus and frontal cortex associated with
elevated Bax/Bcl-XL ratios, increased caspase 3 activity, and
neuronal loss in hippocampus [117, 135]. In these stud-
ies, full replacement with proinsulin C-peptide attenuated
the functional cognitive deficits, normalized hippocampal
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expression of insulin and IGF-1 receptors, Bax expression,
and that of cleaved PARP, active caspase 3, and caspase 12.
These effects were associated with significant reductions in
hippocampal neuronal loss [117, 136].

On the other hand, in a recent study [3] of the type
2 BBZDR/Wor-rat, we demonstrated in the frontal cortex
perturbed amyloid precursor protein (APP) metabolism
with increased accumulation of β-amyloid, soluble APP, and
a 3-fold increase of Aβ C-terminal fragments. These changes
were associated with insulin resistance and decreased expres-
sion of insulin and IGF receptors and increased deposition
of phospho-tau. The consequence of these abnormalities
was decreased synapse density, neuritic degeneration, and
neuronal loss [2, 3]. Parallel studies in the type 1 counterpart,
the BB/Wor-rat, showed similar changes although they were
significantly milder as compared to type 2 rats [3]. Interest-
ingly though, amyloid deposition and increased phospho-tau
were not affected by C-peptide replacement (unpublished
data, Li and Sima).

It is therefore clear that cognitive deficits occur in rodent
models of diabetes, which have not been genetically manip-
ulated. The underlying molecular abnormalities appear to
differ in type 1 and type 2 diabetes. In the former, it appears
to be mainly caused by a deficit in insulin signaling and
availability of neurotrophic support, which can be modified
by C-peptide replacement. In contrast, the rather profound
Alzheimer-like changes in type 2 diabetes appear to relate
to insulin-resistance and possibly elevated cholesterol levels,
abnormalities which do not appear to be responsive to C-
peptide treatment.

6. CONCLUDING THOUGHTS AND APPEALS

It is becoming increasingly evident that DPN differs in the
two types of diabetes. This is not totally surprising when
considering the underlying pathophysiologic differences
between type 1 and type 2 diabetes. The only commonality of
the two disorders is hyperglycemia. Although hyperglycemia
remains a prominent factor in the pathogenesis of the
chronic complications, probably equally important is the
role of insulin or lack thereof together with its prime
assistant C-peptide. Recognizing such differences will open
up areas of untapped therapeutic possibilities. One of these
concerns C-peptide. As outlined in this review, unlike
earlier examined therapeutic approaches which have met
with disappointing results, C-peptide corrects a number of
key pathogenetic mechanisms involved in DPN and has
experimentally and in limited clinical trials proven to be
highly efficacious in preventing and even reversing DPN
in type 1 diabetes. In view of this, it is surprising that
major insulin manufacturing companies as well as main
granting agencies have approached this new evolving area
with such skepticism. The overriding concept is almost
embarrassingly simple: since the discovery of insulin and the
lack thereof in type 1 diabetes, we have for more than 80
years replaced it in type 1 patients and thereby saved millions
of lives, who however still develop the late complications
with significant disabilities. Would not it now be about time
to also replace insulin’s companion and thereby prevent

millions of type 1 patients from developing the devastating
late complications? This concept takes on an even greater
dimension and urgency, when considering the preliminary
data eluded to in this review, indicating the potential effect of
C-peptide substitution in preventing cognitive impairments
and even dementia in type 1 diabetic patients. Therefore,
we appeal to the pharmaceutical industry and federal and
private agencies to get involved. A great leap in the treatment
of type 1 diabetes may be just around the corner.
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1. INTRODUCTION

Neuropathy is one of the most common long-term compli-
cations accompanying diabetes mellitus. It affects patients
with both type 1 and type 2 diabetes, but it progresses more
rapidly and its manifestations are more severe in type 1 di-
abetes [1, 2]. Diabetic neuropathy is defined by the pres-
ence of detectable sensory, motor, and autonomic deficits on
clinical examination, with or without the presence of symp-
toms [3, 4]. As many as 50% of the patients may be asymp-
tomatic, diagnosis may only be made on examination or, in
some cases, when the patient presents with a painless foot ul-
cer [5]. Other patients may not volunteer symptoms but on
inquiry admit that their feet feel numb or dead. A thorough
neurological examination of the lower limb usually reveals
sensory loss of vibration, pressure, pain, and temperature
perception mediated by small and large fibers, and absent
ankle reflexes. In addition to manifestations of autonomic
neuropathy, for example, impaired cardiovascular and gas-
trointestinal functions, signs of peripheral sympathetic auto-
nomic dysfunction are also frequently seen in patients with

diabetes and may include a warm or cold foot, sometimes
with distended dorsal foot veins, dry skin, and the presence of
calluses under pressure-bearing areas. Diabetic neuropathies
may present as rapidly reversible hyperglycemic neuropathy
and focal or multifocal neuropathies, but the most relevant
clinical form is the persistent distal symmetric polyneuropa-
thy (DSPN) [4].

The DSPN is characterized as a gradual progression in
structural changes consisting of distal axonal degeneration
of “dying-back” type [6, 7] most prominent in the lower
limbs, but involves also small fiber sensory dysfunction early
in the course of the condition [7]. The prevalence of DSPN
is approximately 30% for diabetes patients in general [8],
but the number varies greatly in the literature related to the
definition chosen for presence of diabetic neuropathy and
the methodology chosen to assess its presence. Clinical ex-
aminations and patients’ symptom assessment are consid-
ered important tools in the evaluation of neuropathy sta-
tus, but both techniques rely greatly on subjective compo-
nents and have thus poor reproducibility and specificity. As-
sessments using more objective markers of polyneuropathy,
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Figure 1: Change in peak sensory nerve conduction velocity in the
sural nerves following 3–6 months of C-peptide replacement treat-
ment (red bar) or placebo (gray bar) to patients with type 1 dia-
betes. The figure presents pooled data from [19, 20].

such as especially nerve conduction velocity (NCV) but also
vibration perception threshold (VPT), may serve not only
as reliable methods for detection of neuropathy, but the re-
sult may also be used for the prediction of mortality in dia-
betic patients [9, 10]. The pathogenesis of diabetic neuropa-
thy involves metabolic effects mediated directly and indi-
rectly by hyperglycemia, resulting in oxidative stress, acceler-
ated polyol pathway metabolism and generation of advanced
glycation endproducts [11–13]. Furthermore, diabetic neu-
ropathy is accompanied by reduced nerve Na+,K+-ATPase
activity, and microvascular abnormalities (e.g., reduced en-
doneurial perfusion) [14]. Type 1 diabetes is associated with
specific structural nerve abnormalities that are not frequent
in type 2 diabetes. These abnormalities include axonal at-
rophy and characteristic nodal and paranodal changes that
contribute to the progressive deterioration of nerve conduc-
tion velocity [15–17]. In contrast, in type 2 diabetes the ax-
onal degeneration is milder and no or only minimal nodal
and paranodal abnormalities occur [17, 18]. However, after
several years type 2 diabetes often become insulin and C-
peptide deficient, and at this stage it is most likely that the
type 2 DSPN will start presenting with characteristics similar
to that of type 1 neuropathy.

In the case of type 1 diabetes, available data suggest
that C-peptide deficiency is an important contributing factor
to the characteristic structural abnormalities [21]. In con-
formity with this hypothesis several studies have demon-
strated that it is possible to retard the progression of diabetic
complications by intensified insulin treatment and improved
metabolic control, but development of neuropathy cannot be
prevented [22–24]. Thus, other factors, such as C-peptide
deficiency, are likely to be of importance for the progres-

sion of diabetic neuropathy in type 1 diabetes. Evidence doc-
umenting significant physiological effects of C-peptide has
been presented during the latest decades. It shows that C-
peptide, in contrast to previous belief, possesses the charac-
teristics of a bioactive peptide. C-peptide binds specifically
to various cell membranes, including endothelial, renal and
nerve cells [25], with subsequent activation of an intracel-
lular signaling cascade resulting in stimulation of endothe-
lial nitric oxide synthase (eNOS) and Na+,K+-ATPase [26].
Moreover, recent data indicate that C-peptide stimulates sev-
eral transcriptional factors, as well as several neurotrophic
factors [27]. Thus, it has been demonstrated that exogenous
administration of C-peptide in replacement dose to patients
lacking endogenous C-peptide results in restoration of re-
duced blood flow in several tissues [28–31] and improvement
of renal [32] and nerve function, the latter reviewed below.
It is also a long-standing clinical observation that compared
with type 1 diabetes patients in whom beta-cell secretion
ceases totally, those patients who retain a low-endogenous
C-peptide and insulin secretion are less prone to develop mi-
crovascular long-term complications involving the kidneys,
the eyes, or the nervous system [33–35].

2. CLINICAL STUDIES ON C-PEPTIDE AND
NERVE FUNCTION

To date, only a few studies on the clinical effects of C-
peptide on nerve function have been performed, but several
preclinical studies indicate significant effects on diabetes-
induced nerve dysfunction and structural abnormalities [36–
38]. The available clinical results indicate beneficial effects of
C-peptide on both peripheral and autonomic nerve function
in type 1 diabetes patients. Thus, in a double-blind, placebo-
controlled study including 46 type 1 diabetes patients, with
an average age of 29 years and approximately 10 years of di-
abetes duration, and with reduced sensory nerve and mo-
tor nerve conduction velocities (NCV) but no other signs of
neuropathy, C-peptide replacement (1.8 mg/day) or placebo
was given for 3 months together with the patients’ regular
insulin therapy [19]. Sensory nerve conduction velocity as-
sessed in the sural nerve bilaterally, but not motor NCV (per-
oneal nerve), increased gradually during the study. The in-
crease after 3 months amounted to 2.7 m/s, corresponding to
an 80% correction of the initial conduction velocity deficit in
these patients. This change was accompanied by an improve-
ment in vibration perception assessed on the dorsum of the
feet, although these patients had essentially normal percep-
tion thresholds already at baseline. This improvement is con-
sistent with an improved sural nerve function since vibration
perception in this anatomic region is primarily mediated via
the large fibers of the sural nerve.

The improvement in nerve function demonstrated in this
early patient population is now confirmed and extended in
a recently completed clinical trial including patients with
diabetic neuropathy [20]. The study was a double-blind,
placebo-controlled, randomized multicenter study, includ-
ing 161 type 1 diabetes patients, with an average age of 44
years and 29 years of diabetes duration and defined DSPN
(according to the San Antonio criteria [3]). At baseline their
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sensory nerve conduction velocity assessed in the sural nerve
(SCV) was on average 2.6 SD below normal, and follow-
ing 6 months of C-peptide replacement treatment there was
a statistically significant improvement in SCV for the pa-
tients receiving C-peptide, amounting to 0.48± 0.19 m/s as-
sessed as peak velocities and 0.93 ± 0.29 m/s for the initial
response (the velocity change from baseline for the fastest
axon in the nerve). However, these changes were not statis-
tically significantly different from the change in the placebo
group. The number of responders, defined as patients with
an improvement in peak SCV > 1 m/s, was statistically sig-
nificantly greater in the group receiving C-peptide as com-
pared to those receiving placebo (37% versus 19%, resp., p <
.032). It is noteworthy though that among the included pa-
tients some had substantial nerve conduction deficits at base-
line and with the study duration of no more than 6 months
it is conceivable that the patients who were relative less af-
fected at baseline may have a greater potential for improve-
ment. Thus, a subgroup analysis was performed in the subset
of patients with the least affected SCV at baseline (half of the
patient population). In this group, C-peptide administration
for 6 months resulted in an improvement that was 1.03 m/s
greater as compared to the change in the corresponding
placebo treated patients (P < .014). Analyzing the number
of responders in this half of the patient population revealed
that among patients receiving C-peptide, 39% demonstrated
an improvement in SCV >1 m/s whereas only 5% among
the placebo treated patients showed a similar change P <
.004. Accompanying these changes in sural nerve conduc-
tion velocity there where, however, no statistically significant
change in motor nerve conduction velocity, but there was an
improvement within the C-peptide treated patients for vi-
bration perception. There was also a trend towards an im-
provement in neurological examination scores following C-
peptide. Combining these data provides evidence of a ther-
apeutic improvement of diabetes-induced peripheral nerve
dysfunction following C-peptide administration in patients
with type 1 diabetes; 3–6 months of C-peptide replacement
to patients with early stage neuropathy resulted in approx-
imately 1.5 m/s in sensory nerve conduction velocity (see
Figure 1) accompanied by other signs of nerve function im-
provements.

There is also evidence of beneficial effects of C-peptide
administration to type 1 patients with signs of autonomic
neuropathy. Deficient autonomic nerve function may be
evaluated in patients as reduced heart rate variability (HRV)
during deep breathing, a measurement that, with a high de-
gree of reproducibility, primarily reflects vagal function. Pa-
tients were studied twice under normoglycemic conditions
and during 3-hours intravenous infusion of either human C-
peptide or saline in a double-blind study. At baseline HRV
was reduced 13±1% (normal reference value 24%) and dur-
ing the C-peptide infusion which restored plasma concentra-
tions to physiological levels, the HRV improved to 20 ± 2%,
while no change was seen after saline infusion (p < .001) [39].
The heart rate brake index after a tilting maneuver was also
improved after C-peptide for 3 hours in the patients show-
ing reduced index before the study. In agreement with these
results, a 20% improvement in HRV was seen after 3 months

of C-peptide replacement in type 1 diabetes patients whereas
no change or a slight deterioration was observed in the same
patients during a placebo treatment period [32].

3. TREATMENT OF DIABETIC NEUROPATHY

There is no effective pharmaceutical therapy available for di-
abetic neuropathy today. The onset and the progression of
the diabetes-induced abnormalities may be delayed by main-
tenance of good glycemic control [22–24]. In the DCCT, the
incidences of diabetes neuropathy were substantially lower
in patients on intensive insulin treatment as compared to
conventional insulin therapy [23]. For the patients in the
DCCT secondary prevention group, with an average age of
28 years and a diabetes duration of 9 years, the 2% improve-
ment in HbA1c seen following 5 years of intensified insulin
treatment was accompanied by an improved SCV of 1.5 m/s
whereas patients with unchanged metabolic control in the
conventional treatment group experienced a 2.2 m/s reduc-
tion in SCV. Interestingly, the patients in this group are di-
rectly comparable to the patients in the first C-peptide in-
tervention study (average age 29 years and diabetes duration
of 10 years) where 3 months of C-peptide replacement re-
sulted in 2.7 m/s improvement in SCV, and it is of note that
these patients were already on an intensified insulin treat-
ment regimen [19]. The magnitude of the response follow-
ing C-peptide replacement treatment occurred completely
independent of improved glycemic control, and in fact in
top of an already good glycemic control. This suggests that
the C-peptide is in fact acting on DSPN disease-modifying
mechanisms. Impaired nerve blood flow secondary to per-
turbed nitric oxide metabolism [36, 38] and reduced levels of
nerve Na+,K+-ATPase activity [40, 41] are both factors that
have been implicated in the pathogenesis of the DSPN [7].
The ability of C-peptide to improve endoneurial blood flow
and Na+,K+-ATPase activity as well as its stimulation of neu-
rotrophic factors as demonstrated in several animal models
of type 1 diabetes [27, 37, 40] is thus likely to contribute to
the positive effects of the peptide.

In addition to improved insulin therapy, most therapeu-
tic interventions previously evaluated for DSPN have been
directed toward correction of the adverse effects of hyper-
glycemia. For example, one approach involves the reduction
of the intracellular sorbitol accumulation by aldose reductase
inhibitors (ARI). Although shown to have beneficial effects
on neuropathy [42, 43], several clinical trials involving ARIs
have been discontinued because of unacceptable adverse ef-
fects, for example, skin rash, renal toxicity, and serious hep-
atic effects [44]. A new and apparently well-tolerated ARI,
ranirestat, is currently in development, and phase II data in-
dicate that its administration for 60 weeks to mostly type
2 diabetes patients has beneficial effects on nerve function
[45, 46]. Another compound also aiming to minimize the ef-
fects of hyperglycemia is the specific protein kinase C beta
inhibitor, ruboxistaurin, but recent clinical development has
not documented impressive clinical effect [47].

It has become increasingly apparent that DSPN presents
a clear unmet medical need, and the health authorities and
representatives for patient associations have expressed their



4 Experimental Diabetes Research

concern [5]. Previously, the regulatory agencies have re-
quired efficacy on symptom relief and reduced wound and
amputation frequency in order to accept a new drug appli-
cation. However, it is now becoming increasingly recognized
that treatment should be started well, before the deteriora-
tion of nerve function has reached the stage of severe symp-
toms and wounds. Moreover, the treatment should not only
be directed at a symptom relief but to modify the underlying
disease mechanisms. In the case of peripheral neuropathy ac-
companying type 1 diabetes, the beneficial effects on nerve
function following C-peptide replacement therapy may in-
dicate a new potential treatment paradigm, even though ex-
tended clinical trials will be needed to finally elucidate its use-
fulness.
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[30] B.-L. Johansson, S. Sjöberg, and J. Wahren, “The influence of
human C-peptide on renal function and glucose utilization



K. Ekberg and B.-L. Johansson 5

in Type 1 (insulin-dependent) diabetic patients,” Diabetologia,
vol. 35, no. 2, pp. 121–128, 1992.

[31] B.-L. Johansson, H. von Bibra, A. Hansen, and J. Wahren, “Ef-
fects of C-peptide on regional myocardial function in patients
with Type 1 diabetes,” Diabetes, vol. 50, p. A256, 2001.

[32] B.-L. Johansson, K. Borg, E. Fernqvist-Forbes, A. Kernell, T.
Odergren, and J. Wahren, “Beneficial effects of C-peptide on
incipient nephropathy and neuropathy in patients with Type
1 diabetes mellitus,” Diabetic Medicine, vol. 17, no. 3, pp. 181–
189, 2000.

[33] S. Sjöberg, R. Gunnarsson, M. Gjötterberg, A. Lefvert, A. Pers-
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Östman, “Residual C-peptide excretion is associated with a
better long-term glycemic control and slower progress of
retinopathy in Type I (insulin-dependent) diabetes mellitus,”
Journal of Diabetic Complications, vol. 5, no. 1, pp. 18–22,
1991.

[35] G. Zerbini, R. Mangili, and L. Luzi, “Higher post-absorptive
C-peptide levels in Type 1 diabetic patients without renal com-
plications,” Diabetic Medicine, vol. 16, no. 12, pp. 1048–1049,
1999.

[36] M. A. Cotter, K. Ekberg, J. Wahren, and N. E. Cameron, “Ef-
fects of proinsulin C-peptide in experimental diabetic neu-
ropathy: vascular actions and modulation by nitric oxide syn-
thase inhibition,” Diabetes, vol. 52, no. 7, pp. 1812–1817, 2003.

[37] A. A. F. Sima, W. Zhang, K. Sugimoto, et al., “C-peptide pre-
vents and improves chronic Type I diabetic polyneuropathy
in the BB/Wor rat,” Diabetologia, vol. 44, no. 7, pp. 889–897,
2001.

[38] M. Stevens, F. Li, W. Zhang, and A. A. F. Sima, “C-peptide pre-
vents impaired endoneurial blood flow but does not effect ox-
idative stress in Type 1 BB/Wor rats,” Journal of the Peripheral
Nervous System, vol. 8, p. 196, 2003.

[39] B.-L. Johansson, K. Borg, E. Fernqvist-Forbes, T. Odergren,
S. Remahl, and J. Wahren, “C-peptide improves autonomic
nerve function in IDDM patients,” Diabetologia, vol. 39, no. 6,
pp. 687–695, 1996.

[40] Y. Ido, A. Vindigni, K. Chang, et al., “Prevention of vascular
and neural dysfunction in diabetic rats by C-peptide,” Science,
vol. 277, no. 5325, pp. 563–566, 1997.

[41] M. Stevens, J. Dananberg, E. Feldman, et al., “The linked roles
of nitric oxide, aldose reductase and, (Na+,K+)-ATPase in the
slowing of nerve conduction in the streptozotocin diabetic
rat,” Journal of Clinical Investigation, vol. 94, no. 2, pp. 853–
859, 1994.

[42] N. Hotta, “New approaches for treatment in diabetes: al-
dose reductase inhibitors,” Biomedecine & Pharmacotherapy,
vol. 49, no. 5, pp. 232–243, 1995.

[43] A. A. F. Sima, V. Bril, V. Nathaniel, et al., “Regeneration and re-
pair of myelinated fibers in sural-nerve biopsy specimens from
patients with diabetic neuropathy treated with sorbinil,” The
New England Journal of Medicine, vol. 319, no. 9, pp. 548–555,
1988.

[44] M. Foppiano and G. Lombardo, “Worldwide pharmacovigi-
lance systems and tolrestat withdrawal,” The Lancet, vol. 349,
no. 9049, pp. 399–400, 1997.

[45] V. Bril, R. Buchanan, and the AS-3201 Study Group, “Aldose
reductase inhibiton by AS-3201 in sural nerve from patients
with diabetic sensorimotor polyneuropathy,” Diabetes Care,
vol. 27, no. 10, pp. 2369–2375, 2004.

[46] V. Bril, R. Buchanan, and the Ranirestat Study Group, “Long-
term effects of Ranirestat (AS-3201) on peripheral nerve func-
tion in patients with diabetic sensorimotor polyneuropathy,”
Diabetes Care, vol. 29, no. 1, pp. 68–72, 2006.

[47] A. Vinik, V. Bril, P. Kempler, et al., “Treatment of symptomatic
diabetic peripheral neuropathy with the protein kinase C β-
inhibitor ruboxistaurin mesylate during a 1-year, randomized,
placebo-controlled, double-blind clinical trial,” Clinical Ther-
apeutics, vol. 27, no. 8, pp. 1164–1180, 2005.



Hindawi Publishing Corporation
Experimental Diabetes Research
Volume 2008, Article ID 385108, 5 pages
doi:10.1155/2008/385108

Review Article
C-Peptide and Atherogenesis: C-Peptide as
a Mediator of Lesion Development in Patients
with Type 2 Diabetes Mellitus?

Nikolaus Marx and Daniel Walcher

Department of Internal Medicine II—Cardiology, University of Ulm, Ulm 89073, Germany

Correspondence should be addressed to Nikolaus Marx, nikolaus.marx@uniklinik-ulm.de

Received 1 November 2007; Accepted 28 January 2008

Recommended by Thomas Forst

Patients with insulin resistance and early type 2 diabetes exhibit an increased propensity to develop a diffuse and extensive pattern
of arteriosclerosis. Typically, these patients show increased levels of C-peptide and over the last years various groups examined the
effect of C-peptide in vascular cells as well as its potential role in lesion development. While some studies demonstrated beneficial
effects of C-peptide, for example, by showing an inhibition of smooth muscle cell proliferation, others suggested proatherogenic
mechanisms in patients with type 2 diabetes. Among them, C-peptide may facilitate the recruitment of inflammatory cells into
early lesions and promote lesion progression by inducing smooth muscle cell proliferation. The following review will summarize
the effects of C-peptide in vascular cells and discuss the potential role of C-peptide in atherogenesis in patients with type 2 diabetes.

Copyright © 2008 N. Marx and D. Walcher. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. INTRODUCTION

Patients with diabetes and insulin resistance exhibit an in-
creased propensity to develop arteriosclerosis with its se-
quelae acute myocardial infarction and stroke [1]. Due
to peripheral insulin resistance, these patients temporarily
demonstrate elevated levels of the proinsulin cleavage prod-
uct C-peptide. For a long time, C-peptide has been con-
sidered to be biological inert until recent work in kidney
cells suggest that C-peptide can activate intracellular signal-
ing pathways such as NA-K-ATPase [2, 3]. In addition, ex-
perimental data have shown activation of MAP kinase in fi-
broblasts and lung endothelial cells as well as activation of
protein kinase C and PI3-kinase through C-peptide [4, 5].
These data suggested that C-peptide may be biologically ac-
tive. Moreover, various groups demonstrated that C-peptide
administration in patients with type 1 diabetes mellitus ame-
liorates diabetes-induced renal and nerve dysfunction [6, 7].
Wallerath et al. demonstrated that C-peptide stimulates the
release of NO in endothelial cells in vitro and that this ef-
fect is mediated by an induction of Ca2+ influx into the cells
[8]. Such mechanism may also explain some of the beneficial
effects of C-peptide in type 1 diabetes.

In addition, recent work addressed effects of C-peptide
in vascular cells; the following review will focus on these ef-
fects and discuss the potential relevance for atherogenesis in
patients with type 2 diabetes.

2. ATHEROGENESIS

According to our current understanding, atherogenesis is an
inflammatory process in the vessel wall with different phases
and stages [9]. The early phase, before any appearance of
microscopic or macroscopic changes, is characterized by en-
dothelial dysfunction. Under the influence of cardiovascular
risk factors, the endothelium looses its integrity and becomes
permeable for plasma compounds like low-density lipopro-
tein (LDL) which can enter the vessel wall and deposit in the
subendothelial space. In addition, during endothelial dys-
function the endothelium releases cytokines and chemotactic
proteins and expresses adhesion molecules on the cell sur-
face. Such mechanisms facilitate the recruitment of mono-
cytes and CD4+ lymphocytes, important inflammatory cells
during lesion development [10]. Once these cells have en-
tered the vessel wall, monocytes differentiate to macrophages
and express scavenger receptors on their surface to promote
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the uptake of oxidized LDL. These lipid-loaden cells then
become foam cells, the classical cellular substrate of fatty-
streaks. Foam cells release various kinds of proinflamma-
tory and prothrombotic mediators and play a critical role in
plaque progression. CD4+ lymphocytes are also attracted by
chemokines and enter the vessel wall as naı̈ve TH0 cells. In
the subendothelial space, these cells then encounter antigens
like oxidized LDL and differentiate towards TH1 cells which
release proinflammatory cytokines such as IFNγ, TNFα, and
IL-2. Some of these cytokines then enhance endothelial ex-
pression and release of T-cell specific chemokines, creating
a vicious cycle of cell activation and cell recruitment [11]. In
addition, these TH1 cytokines activate other cells in the vessel
wall like macrophages and smooth muscle cells (SMCs), thus
orchestrating the inflammatory response in the vessel wall.
With increased recruitment of these inflammatory cells fatty
streaks develop and SMCs from the media start to proliferate
and migrate into the intima. As lesion formation progresses,
advanced and potentially complicated lesions are formed.
These lesions may lead to a progressive narrowing of the ves-
sel wall thus potentially creating stable angina if located in
the coronary artery. Alternatively, these plaques may become
vulnerable and upon rupture can cause an acute coronary
syndrome [12].

3. C-PEPTIDE DEPOSITION IN EARLY
ARTERIOSCLEROTIC LESIONS

Since endothelial dysfunction with increased permeability
occurs in patients with insulin resistance and early type
2 diabetes, a group of patients with temporarily high C-
peptide serum levels, it has been hypothesized that C-
peptide might deposit in the vessel wall in these patients in
early atherogenesis. Immunohistochemical analyses of early
arteriosclerotic lesions of patients with diabetes from the
PDAY study (pathobiological determinants of atheroscle-
rosis in youth) revealed C-peptide deposition mainly in
the subendothelial space and the intima. Some of the di-
abetic subjects also exhibited C-peptide deposition in the
media. In contrast, only very little C-peptide deposition
has been found in early arteriosclerotic lesions of nondia-
betic subjects. Computer-assisted analyses revealed signifi-
cantly higher C-peptide deposition in lesions from diabetic
individuals compared to lesions of age, sex, and risk fac-
tor matched nondiabetic subjects [13]. Interestingly, no de-
position of insulin or proinsulin was detectable in diabetic
or nondiabetic subjects. Staining of parallel sections as well
as immunofluorescence techniques demonstrated colocal-
isation of C-peptide with intimal monocyte/macrophages
and CD4+ lymphocytes in some of the diabetic individuals
[14]. In the studies cited above, C-peptide deposition has
been found in 100% of the 21 diabetic individuals exam-
ined, while monocyte infiltration was only present in 77%,
and CD4+ lymphocyte infiltration only in 57%. These data
suggested that C-peptide deposition may precede mono-
cyte and T-cell migration into the vessel wall. Based on
this observation, the hypothesis was raised that C-peptide
may deposit in the vessel wall during early atherogenesis
and then—through chemotactic effects—promote the re-

cruitment of monocytes and CD4+ lymphocytes. Still, it re-
mains unclear to what extent other peptides may also de-
posit in the subendothelial space and exhibit similar ef-
fects.

4. CHEMOTACTIC ACTIVITY OF C-PEPTIDE TOWARDS
MONOCYTES AND CD4+ LYMPHOCYTES

In vitro migration assays, employing a modified Boyden
chamber, revealed that C-peptide induces the migration of
both monocytes and CD4+ lymphocytes in a concentration-
dependent manner. Interestingly, insulin did not have such
an effect. The chemotactic effects of C-peptide on these cells
were within the range of very well-established chemokines
like MCP-1 and RANTES. In addition, checkerboard analy-
ses showed that C-peptide induces chemotaxis rather than
chemokinesis [13, 14]. Interestingly, C-peptide does not
exhibit any chemotactic activity towards neutrophils, cells
which are not present in arteriosclerotic lesions.

Inhibition migration assays as well as western blot analy-
ses and activity assays demonstrated that C-peptide mediates
its chemotactic activity through an as of yet unidentified per-
tussis toxin sensitive G-protein coupled receptor with subse-
quent downstream activation of PI3-kinase γ.

In summary, these data suggest that—during endothe-
lial dysfunction with increased endothelial permeability—C-
peptide may deposit in the arterial intima in patients with
insulin resistance and early type 2 diabetes mellitus and sub-
sequently attract monocytes and CD4+ lymphocytes into the
vessel wall (Figure 1). Such mechanisms may promote lesion
development and potentially explain why patients with di-
abetes develop such a diffuse and extensive pattern of arte-
riosclerosis at a very early time point.

In addition to these proatherogenic effects, interesting
data in monocyte-like THP1 cells showed that C-peptide in-
creases the expression of CD36, an important scavenger re-
ceptor for the macrophage uptake of oxidized LDL in arte-
riosclerotic lesions [15]. These data suggest that C-peptide—
in addition to its chemotactic effects on monocytes—may
also promote the differentiation of monocyte/macrophages
towards foam cells, thus representing another potential
proatherogenic effect of C-peptide.

5. C-PEPTIDE AND SMOOTH MUSCLE
CELL PROLIFERATION

Since C-peptide also colocalized with SMCs in the media
of early arteriosclerotic lesions in some diabetic subjects, it
has been suggested that C-peptide could also exhibit biolog-
ical activity in these cells [16]. SMCs play a crucial role in
the development of arteriosclerotic lesions and the forma-
tion of fatty streaks. In addition, SMCs are of critical im-
portance in the formation of restenosis after coronary in-
tervention: after vascular injury these cells start to prolifer-
ate and then migrate into the developing neointima, becom-
ing the major cellular substrate of the restenotic tissue [17].
These mechanisms seem to be accelerated in patients with
diabetes and insulin resistance, thus contributing to their in-
creased risk of restenosis after coronary intervention [18, 19].
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Figure 1: Potential role of C-peptide in early atherogenesis in patients with insulin resistance and early type 2 diabetes mellitus. During
endothelial dysfunction with increased endothelial permeability, C-peptide could deposit in the intima and through its chemotactic activity
on monocytes and CD4+ lymphocytes facilitate the recruitment of these inflammatory cells into the vessel wall.

Several mechanisms like the release of growth factors from
activated platelets as well as the secretion of stimulatory
mediators from inflammatory cells have been shown to in-
duce SMC proliferation during atherogenesis and resteno-
sis formation [9]. Conflicting data exist on the role of C-
peptide in SMC proliferation. A recent report coming from
Kobayashi et al. demonstrated an inhibition of rat SMC pro-
liferation after 3 days of treatment with human C-peptide
under high glucose concentrations [20]. These effects ob-
served at high C-peptide concentrations (100 nmol/L) were
mediated by an inhibition of PDGF-beta receptor expres-
sion as well as by a reduction in p42/p44 MAP-kinase phos-
phorylation. These data are in contrast to results from our
own group demonstrating an induction of SMC prolifera-
tion upon C-peptide stimulation [16]. In our experimental
setting, human C-peptide induced the proliferation of hu-
man SMCs while rat C-peptide exhibited similar effects in rat

SMCs. These mitogenic effects of C-peptide on SMCs were
inhibited by a specific inhibitor of Src-kinase as well as trans-
fection of cells with short interference RNA (siRNA) against
Src. Similarly, inhibition of PI3-kinase and MAP-kinase re-
duced C-peptide-induced SMC proliferation. Moreover, C-
peptide induced Src phosphorylation as well as activation of
PI3-kinase and ERK 1/2, promoting the concept that these
signalling molecules are involved in C-peptide induced SMC
proliferation. Moreover, C-peptide increased cyclin D1 ex-
pression as well as phosphorylation of the retinoblastoma
protein (Rb). These data suggest that C-peptide induces SMC
proliferation and demonstrate another mechanism how C-
peptide may contribute to plaque development and resteno-
sis formation in patients with insulin resistance and early
type 2 diabetes. Different experimental conditions may ac-
count for the discrepant results between the two studies cited
and future work is warranted to further elucidate this issue.
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6. C-PEPTIDE AND MICROVASCULAR THROMBUS
FORMATION IN MICE

Interesting experimental data demonstrated a delay of mi-
crovascular thrombus formation in normal and diabetic
mice upon high-dose C-peptide treatment. Such mecha-
nisms were most likely mediated by a reduction in endothe-
lial plasminogen activator inhibitor 1 (PAI-1) expression in
arterioles and venules, but not by an effect on platelet activa-
tion. Interestingly, concomitant treatment with insulin abol-
ished the effect of C-peptide on microvascular thrombus for-
mation [21]. These data suggest that C-peptide could exhibit
antithrombotic actions in vivo.

Additional effects of C-peptide on endothelial function
as well as on endothelial-leukocyte interaction are discussed
by Kunt and Pfutzner in the same issue of this journal.

7. SUMMARY AND FUTURE PROSPECTS

The majority of data described above suggest that C-peptide
may promote lesion development in patients with type 2
diabetes mellitus and insulin resistance, while the applica-
tion of C-peptide in type 1 diabetic patients who lack C-
peptide has been shown to improve diabetic microvascular
complications such as diabetic neuropathy. Is the potential
proatherogenic action of C-peptide in contrast to such clin-
ical benefits of C-peptide treatment in patients with type
1 diabetes?—Definitely not. When one compares the situa-
tion of C-peptide in type 1 and type 2 diabetic patients with
the clinical presentation of hypo- and hyperthyroidism, C-
peptide’s effects are not contradictory. L-thyroxine treatment
in patients with hypothyroidism is without any doubt bene-
ficial, but elevated levels of L-thyroxine in those with hyper-
thyroidism can cause serious clinical manifestations. Similar
mechanisms may apply for C-peptide: supplementation of
C-peptide in type 1 diabetic patients may be beneficial while
an increase in C-peptide levels in patients with insulin resis-
tance and type 2 diabetes may be harmful.

Further studies in animal models of arteriosclerosis are
warranted to examine whether the hypothesis of C-peptide’s
proatherogenic effects holds true in vivo. Moreover, addi-
tional work is needed to identify the C-peptide receptor.
Such a receptor could be an interesting therapeutical target
for both, patients with type 1 or type 2 diabetes. Activating
such a receptor could be beneficial in type 1 diabetic patients,
while blocking of C-peptide receptors in patients with insulin
resistance and early type 2 diabetes may help to prevent vas-
cular complications from early on.
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Type 1 diabetes mellitus is characterized by an insulin defi-
ciency resulting from the destruction of pancreatic β-cells.
Recently, a novel subtype of type 1 diabetes has been
recorded and referred to as fulminant type 1 diabetes, which
accounts for approximately 20% of Japanese ketosis-onset
type 1 diabetes [1, 2]. Fulminant type 1 diabetes has the
following clinical characteristics: duration of hyperglycemic
symptoms is 4 days on average; a high prevalence of pre-
ceding common cold-like and gastrointestinal symptoms;
a near-normal level of glycated hemoglobin in spite of
very high plasma glucose levels associated with ketoacidosis,
sometimes related to pregnancy; and increased serum pan-
creatic enzyme levels, absent C-peptide levels (fasting serum
C-peptide < 0.10 nmol/L or stimulated serum C-peptide <
0.17 nmol/L soon after the disease onset), but virtually no
detectable autoantibodies against constituents of pancreatic
β-cells. The process of β-cell destruction is extremely rapid.
Of note, in contrast to autoimmune type 1A diabetes, the
deficiency of insulin secretory capacity has already become
almost complete even at onset of diabetes, and the capacity
rarely recovers after the onset. The patients are treated with
recombinant human insulin, but C-peptide is not replaced.
Thus, fulminant type 1 diabetes could serve as a good model
of nature to explore the physiological role of C-peptide.

We conducted a nationwide survey in Japan to assess
the development of microvascular complications in fulmi-
nant type 1 diabetes of 5 years’ duration in comparison with

acute-onset autoimmune type 1A diabetes [3, 4]. Five-year
cumulative incidence of microangiopathy was 24.4% in ful-
minant type 1 diabetes and 2.6% in type 1A diabetes. The
cumulative incidence of each microangiopathy was signif-
icantly higher in fulminant type 1 diabetes than in type
1A diabetes; retinopathy was 9.8% versus 0% (P = .014),
nephropathy 12.2% versus 2.6% (P = .015), and neuropa-
thy 12.2% versus 1.3% (P = .010), respectively. Also, logis-
tic regression analysis showed that decreased C-peptide se-
cretion was a risk for retinopathy (β = 0.29;P = .04,β =
−0.27;P < .05, resp.) and neuropathy (β = 0.39,P = .01;β =
−0.25,P < .05, resp.). Mean HbA1c levels were similar in ful-
minant and type 1A diabetes group during the follow-up pe-
riods. However, mean M-value, mean insulin dosages, and
the frequency of severe hypoglycemic episodes were signif-
icantly higher, and mean postprandial C-peptide level was
significantly lower in fulminant type 1 diabetes than in type
1A diabetes (0.08 ± 0.04 versus 0.24 ± 0.15 nmol/L, P =
.0007). These results suggest that depleted and irreversible
insulin production is associated with unstable blood glucose
control, as indicated by increased M-value, and thereby high
incidence of diabetic microvascular complications in fulmi-
nant type 1 diabetic patients. Here, the following interpre-
tation is possible: lack of C-peptide itself (Figure 1), in ad-
dition to instability of glucose levels, might play a role in
the development of microangiopathy in fulminant type 1
diabetic patients. Indeed, the mean postprandial C-peptide
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Figure 1: Serum C-peptide levels for 5 years from fulminant dia-
betes onset. Adapted from [4].

levels were almost undetectable even at the onset of diabetes
(0.06± 0.03 nmol/L) and throughout the 5-year study in ful-
minant diabetic patients, while they were detectable at and
decreased gradually after the onset in classical type 1A dia-
betes [5, 6].

C-peptide has been considered to be a good marker of in-
sulin secretion and has no biological activity of its own. How-
ever, over the last decade, several reports have suggested that
C-peptide exerts a number of physiological effects, which are
probably mediated by stimulation of Na+, K+-ATPase, and
endothelial nitric oxide synthetase activities in several tissues
[7]. At the early stage of type 1 diabetes, C-peptide replace-
ment was shown to result in diminished urinary albumin
excretion rate and ameliorates nerve dysfunction [8]. In the
light of these data, fulminant type 1 diabetes could provide
an ideal setting to explore whether C-peptide administration
benefits patients with diabetes in reducing microangiopathy.

ACKNOWLEDGMENTS

This study was supported in part by a grant-in-aid from the
Japanese Society for the Promotion of Science (KAKENHI)
(19790641, 19591087, 19591069), a grant from The Naito
Foundation (2007), and a grant from Takeda Science Foun-
dation (2007).

REFERENCES

[1] A. Imagawa, T. Hanafusa, J. Miyagawa, and Y. Matsuzawa, “A
novel subtype of type 1 diabetes mellitus characterized by a
rapid onset and an absence of diabetes-related antibodies,” The
New England Journal of Medicine, vol. 342, no. 5, pp. 301–307,
2000.

[2] A. Imagawa, T. Hanafusa, Y. Uchigata, et al., “Fulminant type 1
diabetes. A nationwide survey in Japan,” Diabetes Care, vol. 26,
no. 8, pp. 2345–2352, 2003.

[3] Y. Murase, A. Imagawa, T. Hanafusa, et al., “Fulminant type 1
diabetes as a high risk group for diabetic microangiopathy—a
nationwide 5-year-study in Japan,” Diabetologia, vol. 50, no. 3,
pp. 531–537, 2007.

[4] T. Hanafusa, A. Imagawa, H. Iwahashi, et al., “Report of the
committee of the Japan diabetes society on research on fulmi-

nant type 1 diabetes mellitus: analysis of HLA serotype and di-
abetic microangiopathy,” Journal of the Japan Diabetic Society,
vol. 50, pp. 825–833, 2007, Japanese.

[5] The Diabetes Control Complications Trial Research Group,
“The effect of intensive treatment of diabetes on the develop-
ment and progression of long-term complications in insulin-
dependent diabetes mellitus,” The New England Journal of
Medicine, vol. 329, no. 14, pp. 977–986, 1993.

[6] The Diabetes Control Complications Trial Research Group,
“Effect of intensive therapy on residual β-cell function in pa-
tients with type 1 diabetes in the diabetes control and compli-
cations trial. A randomized, controlled trial,” Annals of Internal
Medicine, vol. 128, no. 7, pp. 517–523, 1998.

[7] Y. Ido, A. Vindigni, K. Chang, et al., “Prevention of vascular
and neural dysfunction in diabetic rats by C-peptide,” Science,
vol. 277, no. 5325, pp. 563–566, 1997.

[8] B. L. Johansson, K. Borg, E. Fernqvist-Forbes, A. Kernell, T.
Odergren, and J. Wahren, “Beneficial effects of C-peptide on
incipient nephropathy and neuropathy in patients with type 1
diabetes mellitus,” Diabetic Medicine, vol. 17, no. 3, pp. 181–
189, 2000.


