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■ Abstract 
Although long believed to be inert, C-peptide has now been 
shown to have definite biological effects both in vitro and in 
vivo in diabetic animals and in patients with type 1 diabetes. 
These effects point to a protective action of C-peptide against 
the development of diabetic microvascular complications. 
Underpinning these observations is undisputed evidence of 
C-peptide binding to a variety of cell types at physiologically 
relevant concentrations, and the downstream stimulation of 
multiple cell signaling pathways and gene transcription via 
the activation of numerous transcription factors. These 
pathways affect such fundamental cellular processes as re-
absorptive and/or secretory phenotype, migration, growth, 
and survival. Whilst the receptor remains to be identified, 

experimental data points strongly to the existence of a spe-
cific G-protein-coupled receptor for C-peptide. Of the cell 
types studied so far, kidney tubular cells express the highest 
number of C-peptide binding sites. Accordingly, C-peptide 
exerts major effects on the function of these cells, and in the 
context of diabetic nephropathy appears to antagonise the 
pathophysiological effects of major disease mediators such 
as TGFβ1 and TNFα. Therefore, based on its cellular activity 
profile C-peptide appears well positioned for development as 
a therapeutic tool to treat microvascular complications in 
type 1 diabetes. 
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Introduction  
 

 lsewhere in this issue other authors clearly 
 describe numerous physiological effects of 
 C-peptide in multiple organ systems, and 

beneficial effects of C-peptide on the development 
of microvascular complications in type 1 diabetes 
(T1D). It is now unequivocally established that C-
peptide has biological effects, but important ques-
tions remain. C-peptide interacts with individual 
cells to control intracellular processes governing 
cell functions such as growth, proliferation, death, 
transport, secretion, and ultimately whole organ 
function. Appreciation of the mechanisms by 
which circulating C-peptide interacts with these 
cells is crucial to the full understanding of a mole-
cule that must surely be regarded as a peptide 

hormone in its own right. Dissection of the key 
components of C-peptide signaling pathways from 
receptors to effector molecules will be necessary to 
facilitate its full development towards the clinical 
arena. This paper describes what is known about 
C-peptide/cell interactions, the intracellular con-
sequences of these interactions, and what can be 
deduced from this information with respect to the 
unanswered questions about the C-peptide func-
tion. 

Activation of cell signaling pathways 
by C-peptide 

It is now well established that application of C-
peptide to a variety of cell types results in activa-
tion of intracellular signaling pathways. Many of 
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these pathways are relevant to the pathogenesis 
and/or treatment of microvascular complications. 

C-Peptide activation of the Na+/K+-ATPase 

The first description of C-peptide signaling 
functions came from study of the ubiquitous 
Na+/K+-ATPase. Impaired activity of Na+/K+-
ATPase is seen in a variety of cell types in diabe-
tes (Table 1), and contributes to the pathogenesis 
of diabetic complications [1-4]. The kidney tubule 
is a rich source of Na+/K+-ATPase. Ohtomo et al. 

described activation of this enzyme by rat C-
peptide in rat kidney tubules at low nanomolar 
concentrations [5]. This effect was abolished by 
pertussis toxin, suggesting involvement of a G-
protein-coupled receptor (GPCR). The effect also 
appeared dependent on intracellular Ca2+ concen-
tration. Subsequently, the same investigators 
studied the ability of many different C-peptide 
fragments and amino acids to activate Na+/K+-
ATPase. They discovered that the C-terminal pen-
tapeptide alone was able to elicit full activity (see 
also subsection “Structure-function relationships of 
C-peptide binding and signaling”). 

Erythrocyte membranes from T1D patients 
with complete C-peptide deficiency exhibit reduced 
Na+/K+-ATPase activity resulting in impaired cell 
deformability and increased blood viscosity [6]. In-
fusion of C-peptide into such patients increases 
plasma cGMP and moves erythrocyte membrane 
Na+/K+-ATPase activity towards normal levels, 
with a maximal observed effect at achieved 
plasma C-peptide levels of ~3.5 nM [7]. Analogous 
improvements in rat nerve Na+/K+-ATPase activity 
and function have also been observed after exoge-
nous administration of C-peptide [8]. 

Studies in rat kidney medullary thick ascend-
ing limb tubules indicate that C-peptide treatment 
at physiological concentrations activates Na+/K+-
ATPase, with concomitant phosphorylation of the 
Na+/K+-ATPase α-subunit, and translocation of the 
Ca2+-dependent protein kinase C (PKC)-α to the 
membrane [9]. Maestroni et al. studied C-peptide 
effects on the vasopressin-activated calcium mobi-
lising receptor (VACM-1) [10]. They found that low 
C-peptide concentrations increased expression of 
VACM-1 at both RNA and protein levels in human 
fibroblasts and mesangial cells [10]. Given that 
vasopressin also stimulates Na+/K+-ATPase activ-
ity, enhancement of vasopressin action via upregu-
lation of VACM-1 provides another mechanism for 
C-peptide action relating to Na+/K+-ATPase. 

Consequently, C-peptide at physiological con-
centrations stimulates Na+/K+-ATPase dependent 
on intracellular Ca2+ and PKC, and sensitive to 
pertussis toxin. Replacement of C-peptide in dia-
betic animals and patients with T1D has a salu-
tary effect on Na+/K+-ATPase activity in a variety 
of tissues affected by diabetic complications. 

The effect of C-peptide on endothelial nitric ox-
ide synthase (eNOS) 

Following in vivo administration of C-peptide 
to patients with T1D, microvascular blood flow to 
tissues and organs, including muscle, skin, and 

Abbreviations: 
 

3T3 cells - 3-day transfer, inoculum 3 x 105 cells 
3T3-L1 cells - 3T3 cells with fibroblast-like morphology 
ATF-1 - activating transcription factor-1 
BAEC - bovine aortic endothelial cell 
Bcl-2 - B-cell lymphoma 2 
COX-2 - cyclooxygenase-2 
C-peptide - connecting peptide 
CRE - cAMP response element 
CREB - CRE-binding protein 
EMT - epithelial mesenchymal transformation 
ERK - extracellular signal-regulated kinase 
EGSLQ - sequence of the human C-peptide carboxy(C)-
terminal pentapeptide 
EVARQ - sequence of the rat C-peptide carboxy(C)-
terminal pentapeptide 
GPCR - G-protein-coupled receptor 
GTP - guanosine triphosphate 
GTPγS - guanosine 5’-3-O-(thio)triphosphate 
ICAM-1 - inter-cellular adhesion molecule 1 
IRS-1 - insulin receptor substrate 1 
JNK - c-Jun N-terminal kinase 
LEII cells - lung capillary endothelial cells 
MAPK - mitogen-activated protein kinase 
Na+/K+-ATPase - sodium, potassium adenosintriphos-
phatase, also sodium-potassium pump 
NO - nitric oxide 
eNOS - endothelial nitric oxide synthase 
NF-κB - nuclear factor-kappa light-chain enhancer of acti-
vated B cells 
NPY - neuropeptide Y 
OK - opossum kidney 
PI-3-kinase - phosphatidylinositide-3-kinase 
PKC - protein kinase C 
PLC - phospholipase C 
PPARγ - peroxisome proliferator-activated receptor 
PPRE - peroxisome proliferator response element 
PTC - proximal tubular cell 
RhoA - ras homolog gene family member A 
RNA - ribonucleic acid 
T1D - type 1 diabetes 
T2D - type 2 diabetes 
TGF-β1 - transforming growth factor beta, isoform 1 
TNF-α - tumor necrosis factor alpha 
TNF-R1 - tumor necrosis factor receptor 1 
TNF-R2 - tumor necrosis factor receptor 2 
TRAF2 - TNF receptor-associated factor 2 
VACM-1 - vasopressin-activated calcium mobilising recep-
tor 1 
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kidney, is consistently augmented [11], and likely 
relates to stimulatory effects on nitric oxide (NO) 
pathways. C-peptide evoked increased glucose 
utilization in streptozotocin diabetic rats [12]. and 
increased glucose transport. Metabolism by mus-
cle tissue is also NO-dependent [13, 14]. C-
peptide-mediated arteriolar dilatation is similarly 
reliant on NO [15, 16]. In a bovine aortic endothe-
lial cell (BAEC) model, Wallerath et al. reported 
that at physiological post-prandial concentrations, 
C-peptide stimulated NO release following a rise 
in intracellular Ca2+ (Table 1) [17]. The authors 
speculated that C-peptide signaled increased cel-
lular Ca2+ influx, and activation of Ca2+-sensitive 
endothelial NOS (eNOS), thus explaining the 
vasodilatory effects of C-peptide observed in vivo 
[17]. Such findings have now been confirmed by 
other workers who demonstrated upregulation of 
eNOS gene transcription and NO release depend-
ent on the upstream phosphorylation and activa-
tion of extracellular signal-regulated mitogen acti-
vated protein kinase (ERK) [18]. 

 In addition to vasodilatation, activation of 
the NO system by C-peptide may have other con-
sequences. In C-peptide-injected rats, the levels of 
aortic basal eNOS gene expression and NO pro-
duction are both increased. At the same time, re-
duced cell surface levels of the adhesion molecules 

P-selectin and ICAM-1 on the microvascular endo-
thelium are observed. Consequently, leuko-
cyte/endothelial interactions are attenuated [19]. 
These observations in non-diabetic rats raise the 
possibility of an immunomodulatory or anti-
inflammatory action of C-peptide, and deserve 
more study in diabetic animals. 

C-peptide mediated stimulation of mitogen-
activated protein kinases (MAPKs) 

MAPKs are serine threonine-specific kinases 
that respond to extracellular signals, and link cell-
surface receptors, or chemical and physical 
stresses to fundamental regulatory targets within 
cells. They control such critical functions as 

 
 
 
Table 1. Signaling elements influenced by C-peptide according to cell types studied 
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Legend: Numbers in brackets refer to the relevant references cited in the text.
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growth, gene expression, survival, and adaptation 
[20-22]. The MAPK family includes the ERKs 1 
and 2, c-Jun N-terminal kinases, p38s, and ERK5. 

C-peptide has a clear ability to activate mem-
bers of the MAPK family. Prompted by the finding 
of synergy between C-peptide and neuropeptide Y 
(NPY) signaling in the activation of Na+/K+-
ATPase [5], Kitamura and colleagues studied C-
peptide effects on MAPK in Swiss 3T3 cells [23]. 
Both researcher groups used immunoblotting to 
look for phosphorylated activated ERK1 and 
ERK2, and an ERK-specific in vitro kinase assay. 
These workers showed that C-peptide briskly acti-
vated ERK in Swiss 3T3 cells detectable at a con-
centration as low as 1 pM and maximal at 1 nM 
[23]. This stimulatory effect was also seen with 
NPY, but not retro-sequenced or D-amino acid 
human C-peptides, and ERK activation was abol-
ished by pertussis toxin. This C-peptide response 
was also cell type-specific given that no ERK 
stimulation was observed in 3T3-L1 cells, L6E9 
muscle cells, HepG2 hepatoma cells, NG108.15 
neuroblastoma cells, or C6 glioma cells [23]. 

Activation of ERK is involved in the positive 
regulation of eNOS gene transcription, suggesting 
that C-peptide-stimulated eNOS expression may 
be ERK-dependent. To clarify the potential link 
between these phenomena studies of transcription 
factor activation were performed in LEII mouse 
lung capillary endothelial cells (Table 1) [24]. 
Here, C-peptide stimulated both p38 and ERK ac-
tivities, whereas insulin activated only ERK, but 
not p38 MAPK. In addition, C-peptide activated 
the cAMP response element (CRE)-binding protein 
(CREB)/activating transcription factor-1 (ATF-1) 
in a p38-dependent manner, resulting in the bind-
ing of these transcription factors to CRE. It was 
subsequently confirmed that enhanced eNOS 
transcription in BAECs following C-peptide 
treatment was also MAPK-dependent [18]. Differ-
ences in C-peptide responses between various cell 
types clearly exist such that in BAECs ERK acti-
vation is required for eNOS gene transcription. 
Whereas in LEII cells. relevant transcription fac-
tor activation follows stimulation of p38. 

Renal tubular disease is a prominent feature of 
diabetic nephropathy, and C-peptide responses in 
tubular cells have been well studied. In the im-
mortalized opossum kidney (OK) proximal tubular 
cell line, C-peptide potently activates ERK, maxi-
mally at a concentration of 300 pM, and declining 
thereafter with a bell shaped dose response curve 
[25]. Furthermore, C-peptide also induced activa-
tion of Akt in OK cells. This event was sensitive to 
wortmannin, and indicative of phosphatidylinosi-

tide-3-kinase (PI-3-kinase) activation. The dose 
response curve for Akt activation revealed a 
maximal effect at a C-peptide concentration of 5 
nM, and remained constant thereafter up to a C-
peptide concentration of 100 nM. This effect is 
quite distinct from that for ERK activation. More-
over, C-peptide evoked Ca2+ influx into OK cells, 
with a consequent translocation and activation of 
PKCα [25]. These findings are in agreement with 
the earlier studies by Tsimaratos et al. that 
showed PKC-induced activation of kidney Na+/K+-
ATPase in C-peptide-exposed tubular segments [9] 
(see above, section C-Peptide activation of the 
Na+/K+-ATPase, and Table 1 for a summary of sig-
naling elements in different cell types).  

These signaling events had important func-
tional consequences with significant enhancement 
of proliferation seen in C-peptide-treated cells 
[25]. All of these events were sensitive to pertussis 
toxin, providing further evidence of the likely 
presence of a GPCR for C-peptide. The absence of 
these growth effects mediated by C-peptide in kid-
ney tubular cells may be of key importance in dia-
betic nephropathy, where tubular cell loss and tu-
bular atrophy are prominent. 

Most recently, C-peptide has been found to 
promote translocation of the low molecular weight 
guanosine triphosphate (GTP)-binding protein, 
RhoA, from the cytoplasm to the membrane of 
human kidney proximal tubular cells [26]. This 
effect was completely reliant on the upstream ac-
tivation of phospholipase C (PLC). In fact, in these 
cells, the activation of ERK, JNK, and PKC-ε and -
δ were each sensitive to PLC inhibition, indicating 
an obligate dependency on upstream PLC activa-
tion by C-peptide. Again, all stimulatory effects of 
C-peptide were pertussis toxin-sensitive [26]. 

The signal transduction through which C-
peptide activates MAPK can now be described as: 
i) C-peptide binds to a pertussis toxin-sensitive 
GPCR, ii) PLC is activated, iii) subsequently in-
creased diacylglycerol and intracellular Ca2+ levels 
stimulate several PKC isoforms, iv) PKC-
dependent activation and translocation of RhoA to 
plasma membrane occurs, and v) MAPKs are 
phosphorylated and activated. 

C-peptide activation of PI-3-kinase 

The PI 3-kinases are a family of enzymes that 
phosphorylate the hydroxyl group at the third po-
sition of the inositol ring of phosphatidyinositol, 
and regulate a diverse range of cellular functions, 
including growth, proliferation, survival, differen-
tiation, motility, and intracellular trafficking [27]. 
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Many functions of PI-3-kinases are related to their 
ability to activate protein kinase B (Akt). The PI-
3-kinases are a key component of insulin signaling 
pathways, and they are of substantial interest in 
diabetes research [27]. 

Robust activation of PI-3-kinase by physiologi-
cal concentrations of C-peptide has now been dem-
onstrated in OK cells [25], Swiss 3T3 fibroblasts 
[23], SH-SY5Y neuroblastoma cells [28], human 
CD4+ T cells [29], and L6 myoblasts [30]. In CD4+ 
lymphocytes, PI-3-kinase is activated via Src 
kinase, and in turn activates several members of 
the Rho-GTPase family [29, 31]. Consequently, 
both Rho kinase and LIM kinase are stimulated, 
which impact in turn on myosin light chain and 
cofilin, respectively, to facilitate cell body contrac-
tion and migration [31]. As a direct consequence of 
this signaling, it is now recognized that stimula-
tion of PI-3-kinase by C-peptide acting alone is re-
sponsible for: i) enhancement of neuronal and kid-
ney tubular cell proliferation [25, 28], ii) increased 
T cell migration [29], iii) stimulation of perox-
isome proliferator activated receptor-γ (PPARγ) in 
kidney tubule cells and associated gene transcrip-
tion [32], and iv) upregulated glycogen synthesis 
in skeletal muscle cells [30]. 

Effects of C-peptide on transcription factors 

Many of the changes in cell phenotype and 
function that follow signaling by bioactive mole-
cules are mediated by altered gene and protein 
expression. It is therefore not surprising that C-
peptide regulates activity of multiple cell tran-
scription factors. Kitamura et al. described phos-
phorylation and activation of CREB, ATF-1 and 
ATF-2 in LEII cells [24], where 1 nM C-peptide 
and phorbol ester, used as a positive control, were 
equipotent. Activated CREB and ATF proteins are 
transcription factors that bind to specific cAMP 
response elements (CREs) in DNA, thereby regu-
lating transcription. Gel mobility shift assays 
clearly showed the binding of CREB to CRE in C-
peptide-treated cells although the specific genes 
subject to regulation were not identified [24]. 

In neuroblastoma cells, C-peptide treatment 
enhanced expression and translocation of nuclear 
factor-κB (NF-κB), and expression of the Bcl-2 pro-
tein, a central mediator of NF-κB-controlled anti-
apoptotic effects [28]. Modulation of NF-κB activ-
ity in Swiss 3T3 by C-peptide has also been dem-
onstrated, where 1 nM C-peptide activates NF-κB-
dependent transcription of cyclooxygenase-2 
(COX-2) following upon upstream activation of 

PKC [33]. COX-2, a cytokine-inducible gene, is the 
rate-limiting enzyme in the conversion of arachi-
donic acid to prostaglandin, but the potential con-
sequences of its upregulation by C-peptide remain 
unclear. 

We performed detailed studies of transcription 
factor activation in OK proximal tubular cells (Ta-
ble 1) [32, 34], and compared C-peptide effects to 
those of insulin, whilst focusing on PPARγ and 
NF-κB. PPARγ is a member of the nuclear hor-
mone receptor family, and is the target for the in-
sulin-sensitizing thiazolidinediones, currently 
used as therapeutic agents in the treatment of 
type 2 diabetes (T2D) [35]. The expression of 
PPARγ may also be regulated by insulin [36]. Us-
ing transient transfection of a peroxisome prolif-
erator response element, (PPRE)-luciferase re-
porter construct, we showed that both C-peptide 
and insulin transactivated PPRE via PPARγ [32]. 
C-peptide (EC50 4 nM) was more potent than insu-
lin (EC50 10nM) in this regard, but both agents 
evoked phosphorylation of PPARγ similarly via ac-
tivation of PI-3-kinase. One consequence of PPARγ 
activation by C-peptide and insulin was enhanced 
transcription of the prototypic PPARγ regulated 
gene, CD36 [32]. 

Clearly, there is a degree of overlap between 
insulin and C-peptide signaling with both agents’ 
effects being directed via PI-3-kinase towards 
PPARγ. However, only the effects of C-peptide 
were attenuated by pertussis toxin. Therefore, C-
peptide must be signaling through a receptor sys-
tem fundamentally distinct from that of insulin. 
These data indicate an important novel mecha-
nism, whereby C-peptide and insulin may interact 
to regulate glycemia, and the expression of 
PPARγ-regulated genes such as those involved in 
metabolic control and inflammation. 

C-peptide evoked signaling in kidney tubular 
cells blocks the actions of deleterious media-
tors in diabetic nephropathy 

The identification of signaling pathways regu-
lated by C-peptide in kidney cells has resulted in 
studies to establish proof of principle that C-
peptide may act as a protective agent in diabetic 
nephropathy. To this end, we investigated 
whether C-peptide could counteract adverse ef-
fects precipitated by the administration of TNF-α 
or TGF-β1 to kidney proximal tubular cells. TNF-α 
is recognized as a major player in the development 
of diabetic nephropathy, and may contribute to 
tubular cell apoptosis and tubular atrophy promi-
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nently observed in diabetic nephropathy [37-40]. 
TNF-α is a pleiotropic peptide cytokine, capable of 
eliciting a wide spectrum of cellular responses, in-
cluding differentiation, proliferation, inflamma-
tion, and cell death, via interaction with two 
members of the TNF receptor family, TNF-R1 and 
TNF-R2 [39]. TNF-α is predominantly produced by 
monocytes/macrophages, and also, by T and B-
lymphocytes and glomerular mesangial cells [40, 
41]. Its binding to TNF-R1 may trigger apoptotic 
pathways by recruitment of death effector adaptor 
molecules, with subsequent activation of caspase 
cascades, and anti-apoptotic pathways by a path-
way involving TNF receptor-associated factor 2 
(TRAF2) and NF-κB. Integration of these events 
determines the eventual cellular response to TNF-
α stimulation. In particular, NF-κB stimulates 
transcription of anti-apoptotic factors that modu-
late the caspase cascade. Thus, NF-κB activity 
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 re-
duced viability and induced apoptosis [34]. This 
was completely prevented by pre-treatment with 
insulin or C-peptide. Both insulin and C-peptide 
activated NF-κB simultaneously, but insulin dis-
played a typical sigmoidal dose with maximal NF-
κB activation at an applied concentration of 100 
nM. In contrast, C-peptide showed a completely 
different bell shaped curve of NF-κB stimulation, 
maximal with a 5 nM applied concentration. Per-
tussis toxin blocked only the C-peptide effect. In 
this work, the ability of C-peptide to prevent TNF-
α-induced apoptosis appeared to be due to its abil-
ity to induce the expression of survival genes such 
as TRAF2 via NF-κB activation [34]. 

Overwhelming evidence implicates TGF-β1 is a 
predominant factor mediating proximal tubular 
cell (PTC) phenotypic changes and fibrosis in dia-
betic nephropathy [42, 43]. Production of TGF-β1 
by PTC in diabetes is stimulated in part by high 
glucose and advanced glycation end products [44, 
45]. In the proximal tubule, TGF-β1 is a key me-
diator of epithelial mesenchymal transformation 
(EMT), and modulates the expression of several 
epithelial cell recognition and organizational pro-
teins, including cadherins [46], catenins, and the 
actin cytoskeleton [47]. Blockade of TGF-β1 action 
is a key therapeutic target in diabetic nephropa-
thy. Application of C-peptide to human proximal 
tubular cells blocks the typical phenotypic and cy-
toskeletal changes caused by TGF-β1, as seen at 
the light microscope level [48]. C-peptide also pre-
vents TGF-β1-induced upregulation of expression 
of both type I and type II TGF-β1 receptors, and 

abolishes TGF-β1-mediated phosphorylation and 
transcriptional activity of Smads -2 and -3 [48]. 
Where examined, pertussis toxin pre-treatment 
inhibited the action of C-peptide. 

These studies provide new evidence in support 
of the ability of C-peptide to regulate the expres-
sion of beneficial genes in the face of pathophysi-
ological stimuli relevant to the development and 
pathology of diabetic nephropathy. 

Evidence for a C-peptide receptor 

To exert hormone-like activity, C-peptide must 
have a receptor, but this is yet to be identified. 
The following lines of evidence support the exis-
tence of a specific C-peptide receptor. 

C-Peptide binding to cells 

As a result of studying the binding of radio-
labeled C-peptide to a rat islet cell tumor com-
posed predominantly of β-cells, a curvilinear 
Scatchard plot indicative of specific displaceable 
C-peptide binding was derived by Flatt et al. [49]. 
High affinity, specific binding of rhodamine-C-
peptide to membranes from human skin fibro-
blasts, saphenous vein endothelial cells, and renal 
tubular cells was subsequently demonstrated in 
sub-fL volumes using sensitive fluorescence corre-
lation microscopy [50]. The maximal numbers of 
binding sites, 1,000-1,500 per cell, were found on 
renal tubular cells, and these were 50% occupied 
by 0.3 nM C-peptide, with full saturation being 
achieved with 0.9 nM C-peptide. Binding was spe-
cific, displaced by excess intact C-peptide (but not 
by scrambled C-peptide), insulin, or insulin-like 
growth factors-I or -II [50]. Pertussis toxin pre-
treatment also markedly attenuated C-peptide 
binding, thus implicating a GPCR. 

An affinity (Kd) of 0.3nM was in complete 
agreement with the documented potency of C-
peptide in signaling experiments. Furthermore, 
this affinity suggests that, in the presence of nor-
mal pancreatic β-cell function, these receptors 
should be fully occupied in the face of background 
circulating C-peptide concentrations. Hence, no 
further response would necessarily follow exoge-
nous administration, thus explaining absent C-
peptide responses after administration to healthy 
subjects. Although circulating concentrations of C-
peptide are known, concentrations of bioactive 
peptide in the vicinity of physiologically relevant 
C-peptide receptors, for example in the kidney tu-
bule, have not been studied. 
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Structure-function relationships of C-peptide 
binding and signaling 

A number of careful studies have evaluated the 
relative abilities of various C-peptide fragments to 
recapitulate the activity of the intact molecule us-
ing Na+/K+-ATPase activity in rat kidney tubules 
as a functional readout [5]. Two regions of C-
peptide appear to have functional importance in 
these assays. The rat C-peptide carboxy(C)-
terminal pentapeptide, EVARQ, elicited 100% of 
the activity of intact C-peptide, whereas the re-
maining portion of the molecule was completely 
inactive. The corresponding region of human C-
peptide (EGSLQ) elicited 75% activity. The C-
terminal pentapeptide also has the ability to dis-
place binding of full length C-peptide to cell mem-
branes [50]. Glutamic acid and glutamine residues 
at positions 1 and 5 of this pentapeptide are gen-
erally conserved in mammals. Similar well-
defined, functional C-terminal regions are also 
found in many other hormones, including gastrin 
and cholecystokinin. The properties of the C-
terminal pentapeptide delineated by these studies 
are typical of those of a peptide ligand agonist act-
ing via a receptor. 

Mid-C-peptide sequences only partially reca-
pitulate the activity of the intact molecule. des-
(27-31)-C-peptide has no activity, but some non-
naturally occurring sequences containing D-amino 
acid isomers display some bio-activity. Peptides 
greater than 9 amino acids in length show de-
creased activity. These findings are reminiscent of 
those described by Ido et al. (8) who found that 
some D-amino acid C-peptide enantiomers, and 
reverse sequence peptides, were able to activate 
Na+/K+-ATPase, and regulate nerve and vascular 
function in diabetic rats. This behavior is not com-
patible with a peptide/receptor interaction. It is 
more associated with a non-specific pep-
tide/membrane interaction independent of chiral-
ity, but dictated by structural features related at 
least in part to sequence. 

The activity balance between these two regions 
in vivo is likely to be of importance. Most recently, 
the combination of conserved glutamic acid resi-
dues at positions 3, 11, and 27 of C-peptide, to-
gether with of helix-promoting residues in the N-
terminal segment [51], have been shown to be re-
quired for efficient signaling. Taken together, 
these studies demonstrate that the C-terminal 
pentapeptide of C-peptide possesses properties 
typical for a peptide ligand interacting with a spe-
cific receptor. Also, it shows that the C-peptide 

molecule comprises a three-part structure where 
the N- and C- terminal sections participate in 
functional interactions, and the mid-region serves 
as a joining segment [11, 51]. 

Evidence indicating C-peptide binding to a G-
protein coupled receptor 

The binding of C-peptide to cell membranes is 
reduced by pre-treatment with pertussis toxin (see 
above). Also, the great majority of signaling 
events, and resulting alterations in cell phenotype 
mediated by C-peptide, are inhibited by the pre-
treatment of cells with pertussis toxin [11, 50]. 
This toxin ADP-ribosylates and inactivates mem-
bers of the Gαi and Gαo families of heterotrimeric 
G-proteins, and suggests that these proteins are 
involved in C-peptide-activated signaling. In addi-
tion, C-peptide stimulates GTPγS binding to Gαi in 
kidney tubular cells [34]. Such a guanine nucleo-
tide exchange typically occurs on G-protein alpha 
subunits following agonist ligation of a GPCR. 
Therefore, the most straightforward explanation 
of these observations is that C-peptide influences 
cellular signaling events via a G-protein-coupled 
receptor involving Gαi. 

Insulin-mimetic actions of C-peptide 

Some components of C-peptide signaling path-
ways are shared with those of insulin. It has been 
suggested that C-peptide may signal through the 
insulin receptor. In one study, C-peptide activated 
insulin receptor tyrosine kinase, tyrosine phos-
phorylation of IRS-1, MAPK, PI-3-kinase, p90 ri-
bosomal S6 kinase, glycogen synthase kinase-3, 
and glycogen synthesis [30]. However, upstream 
steps in the signaling pathway were not tested for 
pertussis toxin sensitivity [30]. In contrast, other 
workers found no evidence of insulin receptor acti-
vation by C-peptide [52]. However, insulin-
mediated effects are never sensitive to pertussis 
toxin, and insulin fails to displace C-peptide bind-
ing to cells [50]. Furthermore, using plasmon 
resonance no interaction of C-peptide with soluble 
purified insulin receptor is seen [53]. 

Therefore, a direct insulin receptor-mediated 
effect of C-peptide seems most unlikely. The bal-
ance of evidence points more strongly to C-peptide 
mediation of its own distinct signaling via a spe-
cific GPCR, with possible subsequent transactiva-
tion of receptor tyrosine kinases occurring through 
well established pathways [54, 55]. 
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Current priorities and future per-
spectives 

There can be no doubt that C-peptide is bioac-
tive with multiple functions relevant to the devel-
opment of complications in T1D. More interesting 
C-peptide actions are likely to be uncovered in the 
near future, but identification of the receptor is 
the really urgent goal. The balance of evidence 
strongly favors a GPCR, and strenuous efforts 
should be made to find it. The rewards are poten-
tially huge and the biomedical impact will be sub-
stantial. 

Although there is a belief that several investi-
gators may have tried to find this, there are no 
peer reviewed original publications in this area. In 
a review paper, Luzi et al. reported some unsuc-
cessful attempts to identify a C-peptide receptor 
using conventional approaches, but methodology 
was brief and this cannot be regarded as a defini-
tive negative report [56]. Alternative and more in-
tensive approaches may well be successful. Also 
potentially relevant to this point are recent de-
scriptions of a divalent metal ion dependency of C-
peptide activation [57]. We have often observed 
variable cell responses to C-peptide when C-
peptide is applied to cells in defined salt solutions 
lacking divalent metals. This is particularly evi-
dent when measuring changes in intracellular 
[Ca2+]. However, studies performed with C-peptide 
presented in cell culture media containing the 
requisite metals generally display more robust 
and easily reproducible responses. Receptor clon-
ing studies dependent on the binding of labeled C-

peptide to λ phage expression libraries may need 
to take these observations into account, as may 
other affinity chromatographic approaches, as well 
as studies examining binding of C-peptide to cells 
and plasma membranes. 

It is relatively straightforward to envisage how 
replacement of C-peptide may elicit biological ef-
fects in T1D when the peptide is completely ab-
sent. All clinical studies of C-peptide so far have 
focused exclusively on patients with T1D. How-
ever in T2D, elevated C-peptide levels are often 
found, at least in the earlier stages of the disease, 
and many affected patients may develop microvas-
cular complications in the face of elevated ambient 
C-peptide levels. Given the high prevailing C-
peptide levels in T2D, and bearing in mind the ex-
perimentally derived affinity of C-peptide binding 
[50], it is likely that any cognate receptor would be 
fully occupied and quite possibly desensitized with 
down-regulation of signaling. Very recent data 
from Meyer et al. suggest that C-peptide resis-
tance may also be present in T2D alongside insu-
lin resistance [58]. 

The evolution of understanding about C-
peptide from inert by-product to bioactive peptide 
has been fascinating. The physiological effects are 
solidly underpinned by unequivocal signaling 
properties, and evidence of activity at the cellular 
level. The challenge now is to use these observa-
tions to guide the development of C-peptide sci-
ence more firmly towards clinical trials and appli-
cations. 
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