
REVIEW
          

www.The-RDS.org 203  DOI 10.1900/RDS.2009.6.203 

DIABETIC
STUDIES

The Review of

 

  
 
 

C-Peptide: 
The Missing Link in Diabetic Nephropathy? 

 
 

Lina Nordquist1 and John Wahren2 
 
 

 
1 Department of Medical Cell Biology, Division of Integrative Physiology, Uppsala University, 75123 Uppsala, Sweden. 2 Department of 

Molecular Medicine and Surgery, Karolinska Institutet, Stockholm, Sweden. Address correspondence to: Lina Nordquist, 
 e-mail: lina.nordquist@mcb.uu.se 

 
 
 

Manuscript submitted September 14, 2009; resubmitted October 2, 2009; accepted October 12, 2009 

 
 
■ Abstract 
Proinsulin C-peptide has been found to exert beneficial ef-
fects in many tissues affected by diabetic microvascular 
complications, including the kidneys. Glomerular hyperfil-
tration and microalbuminuria are early markers of diabetic 
nephropathy. C-peptide at physiological concentrations ef-
fectively reduces diabetes-induced glomerular hyperfiltra-
tion via constriction of the afferent arteriole, dilation of the 
efferent arteriole, and inhibition of tubular reabsorption in 
experimental models of type 1 diabetes. The glomerular hy-
pertrophy and mesangial matrix expansion seen in early 
diabetes can be reduced or prevented by C-peptide admini-

stration, possibly via interference with TGF-β1 and TNFα 
signaling. Several of C-peptide’s reno-protective effects have 
been confirmed in human studies; reduced glomerular hy-
perfiltration and diminished urinary albumin excretion have 
been documented in type 1 diabetes patients receiving re-
placement doses of C-peptide for periods of up to 3 months. 
In this review, we critically summarize the current state of 
knowledge regarding C-peptide’s renal effects, and discuss 
possible mechanisms of its beneficial effects in diabetic 
nephropathy. 
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Introduction  
 

 iabetic nephropathy is typically defined as a 
 progressive deterioration in kidney func- 
 tion, initially represented by augmented 

glomerular filtration rate (GFR), glomerular hy-
pertrophy, and urinary leakage of albumin. A pro-
gressive increase in protein excretion, serum 
creatinine levels, and gradually diminished GFR 
are part of the subsequent clinical picture. Glome-
rulosclerosis and tubulo-interstitial fibrosis are 
commonly seen on microscopic examination of re-
nal biopsies. Hypertension and cardiovascular dis-
ease are frequent co-morbidities, and correlate 
with angiopathy of the capillaries in the renal 
glomeruli. 

There are several hypotheses for the patho-
genic mechanisms that result in the progression of 
diabetes-induced renal dysfunction. In early dia-
betic nephropathy, glomerular pressure increases, 
causing an increased GFR [1]. Glomerular hyper-
tension and hyperfiltration may play a crucial role 
in the subsequent development of overt diabetic 
nephropathy [1], and thus represent potential 
therapeutic targets for the prevention of diabetic 
nephropathy. During the past decade, proinsulin 
C-peptide has emerged as a bioactive peptide in its 
own right, and recent research indicates that it 
may play an important role in renal pathophysiol-
ogy. 

Exogenous C-peptide administration in type 1 
diabetes has been shown to exert beneficial effects 
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in many tissues affected by microvascular compli-
cations. This finding is supported by the fact that 
pancreas or islet transplantation is accompanied 
by significant amelioration of glomerular struc-
tural abnormalities after ten years of restored en-
dogenous C-peptide levels and normoglycemia [2, 
3]. Direct evidence confirms that C-peptide has the 
capacity to exert a series of beneficial effects on 
the diabetic kidney. A reduction in diabetes-
induced glomerular hyperfiltration, diminished 
albumin excretion, and decreased glomerular hy-
pertrophy have all been shown to accompany C-
peptide administration in diabetic animals and 
type 1 diabetes patients [4-9]. In this report, the 
beneficial effects of C-peptide on the diabetic kid-
ney will be reviewed, with regard to basic science 
and clinical aspects, with particular attention to 
the possible physiological mechanisms involved. 

Effects on hyperfiltration 
Early in the development of diabetic nephropa-

thy, there is a marked increase in GFR. Diabetes-
induced glomerular hyperfiltration has been pro-
posed as an independent risk factor for the devel-
opment of nephropathy in this disorder [10]. 
Therapeutic interventions aiming at reducing the 
augmented GFR delays the progression of kidney 
damage [11]. It is known that both the native C-
peptide and its carboxy-terminal pentapeptide 
fragment normalize diabetes-induced glomerular 
hyperfiltration in experimental diabetes [7]. 

Regulators of glomerular filtration 
The glomerular microcirculation and the 

glomerular capillary pressure (Pcap) are largely 
regulated via fine-tuning of the vascular resis-
tances of the afferent and efferent glomerular ar-
terioles. As defined by the Starling equation, al-
terations in these vascular resistances, and thus 
in Pcap, exert substantial effects on GFR (Figure 1). 
The connection between vascular resistance and 
GFR is Pnet, the net driving force for filtration. Pnet 
is determined by the hydraulic pressure (P) ex-
erted by the fluid as well as the oncotic pressure 
gradient (∆Πonc) generated by proteins in the 
blood. The hydrostatic pressure in the glomerular 
capillaries, Pcap, is the force driving fluid from the 
blood across the glomerular capillary and podocyte 
membranes into the tubular system; thus altera-
tions in Pcap directly modify GFR. Changes in Pcap 
may be the result of alterations in afferent and ef-
ferent arteriolar diameter, which regulate the 
pressure transmitted into the glomerular capillar-
ies [12, 13]. A constriction of the afferent arteriole 
or dilation of the efferent arteriole induces a re-
duction in Pcap, and lowers Pnet which in turn re-
duces GFR. Thus, the interplay between the vas-
cular resistances of the afferent and efferent arte-
rioles is a powerful determinant of GFR. 

 
Pcap approximately equals the sum of the early 

intratubular hydrostatic pressure (Ptub) and ∆Πonc. 
Ptub is dependent on the balance between tubular 
reabsorption and the volume filtered across the 
glomerular capillary [14]. When augmented, Ptub 

will reduce GFR. ∆Πonc is regulated by the differ-
ences in protein concentration between the glome-
rular capillaries and the filtered fluid in Bowman’s 
space and the proximal tubulus. Under normal 
circumstances, the protein concentration of the 
fluid in Bowman’s space is close to zero. Thus, 
both ∆Πonc and Ptub exert opposing forces on glome-
rular filtration, limiting the flux of filtrate into the 
tubular system. Intrarenal acute changes in ∆Πonc 
may be induced by alterations in the fraction of 

Abbreviations: 
 

ATP - adenosine triphosphate 
Ca2+- bivalent ionic calcium 
C-peptide - connecting peptide 
∆Πonc - oncotic pressure gradient 
FF - filtration fraction 
GFR - glomerular filtration rate 
K+ - potassium ion 
Kf - ultrafiltration coefficient 
MD - macula densa 
Na+ - sodium ion 
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 
P - hydraulic pressure 
Pcap - glomerular capillary pressure 
Pnet - net driving force for filtration 
Ptub - intratubular hydrostatic pressure 
TGF - tubuloglomerular feedback 
TGF-β1 - transforming growth factor beta, isoform 1 
TNF-α - tumor necrosis factor alpha 

 
 

GFR = Kf (Pcap - Ptub) - ∆Πonc 
 
 
Figure 1. The Starling equation. The equaltion includes 
the effect of hydrostatic and oncotic forces on the move-
ment of fluid across capillary membranes. The equation 
above is modified for approximating GFR, but can be 
applied to all capillary flow. 
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renal blood flow filtered to the tubular side of the 
nephron, termed the filtration fraction (FF) [15]. 
During normal conditions, FF largely reflects the 
balance between afferent and efferent arteriolar 
resistances. Thus, effects of FF on ∆Πonc will fur-
ther increase the impact of afferent and efferent 
arteriole vascular resistances on Pnet and GFR. 
When FF is reduced, this decreases the protein 
concentration in the blood that leaves the glome-
rulus. This, in turn, reduces the driving force for 
reabsorption into the peritubular capillaries from 
the proximal part of the tubule, a chain of events 
referred to as the glomerulo-tubular balance. 

Glomerular filtration is also affected by the 
biophysical characteristics of the capillary wall. 
The ultrafiltration coefficient (Kf) is dependent on 
the hydraulic conductivity and the size of the fil-
tration surface area. 
GFR is dynamically 
regulated by tubu-
loglomerular feedback 
(TGF), a regulating func-
tion further described 
below. Finally, a regula-
tory mechanism has 
been proposed according 
to which alterations in 
early proximal tubular 
sodium transport may 
affect glomerular filtra-
tion through alterations 
in Ptub, which directly in-
fluences Pnet [16, 17]. 
This hypothesis is con-
sistent with reports of a linear correlation between 
GFR and Na+/K+-ATPase activity in the kidney 
cortex in experimental diabetes [18, 19]. 

Glomerular afferent and efferent ar-
teriolar tone 

Due to their influence on ∆Πonc and Pcap, con-
striction of the afferent arteriole and dilation of 
the efferent arteriole, respectively, contributes to a 
lower glomerular filtration pressure, and may 
normalize GFR. The afferent glomerular arteriolar 
diameter is increased in animal models of type 1 
diabetes [20], which contributes to a rise in GFR. 
Dilators of the efferent arteriole such as angio-
tensin-converting enzyme inhibitors, as well as af-
ferent constrictors such as low protein diets, may 
reduce GFR, and tend to improve long-term renal 
function in a similar manner [11, 21-23]. 

C-peptide administration most likely influences 
the intraglomerular filtration pressure in the dia-

betic state in two ways. Firstly, the peptide simul-
taneously constricts the afferent arteriole, and in-
duces a dilation of the efferent arteriole, resulting 
in a reduction of Pcap and GFR in diabetic rats. Sec-
ondly, C-peptide constricts isolated renal afferent 
arterioles from diabetic mice [24] (Figures 2 and 
3). Also, in a recent in vivo study, it could be dem-
onstrated that C-peptide simultaneously reduces 
GFR, tubular stop-flow pressure, and filtration 
fraction without altering renal blood flow [6]. 
These findings are consistent with a reduction in 
efferent arteriolar resistance. They are also in 
agreement with previous reports on C-peptide and 
renal blood flow [6, 25, 26]. Similar actions on re-
nal afferent-efferent arteriole tone have previously 
been reported for Ca2+ channel blockers and nitric 
oxide synthase inhibitors [27, 28]. 

Tubuloglomerular feedback 
Glomerular hyperfiltration in diabetes may in 

part be secondary to alterations in tubuloglomeru-
lar feedback (TGF) [29]. TGF is an intrarenal 
mechanism that stabilizes GFR and the tubular 
electrolyte load to match the tubular handling ca-
pacity. A prerequisite for TGF is the anatomical 
juxtaposition of each tubule to its corresponding 
glomerulus. The macula densa (MD) consists of 
specialized epithelial cells localized where the re-
turning tubulus approaches its glomerulus. These 
cells represent a sensor mechanism for electro-
lytes. An increased tubular flow rate results in 
augmented tubular NaCl load, which may be 
sensed by the MD, and result in a feedback con-
striction of the afferent arteriole. However, it was 
recently shown that TGF is unlikely the mediator 
of diabetes-induced hyperfiltration, since hyperfil-
tration occurs in adenosine A1-receptor-deficient 
mice which lack a functional TGF mechanism [30, 

 
 

A B C

 
 

Figure 2. C-peptide-induced constriction of isolated renal afferent arteriole from 
a diabetic mouse. A: the arteriole at baseline. B: the arteriole after 15 minutes of 
C-peptide perfusion. C: the arteriole after 30 minutes of C-peptide perfusion. 

 



 

206  The Review of DIABETIC STUDIES Nordquist, Wahren 
  Vol. 6 ⋅ No. 3 (Special Issue) ⋅ 2009 

 

Rev Diabet Stud (2009) 6:203-210  Copyright © by SBDR 

31]. In addition, it has been demonstrated that C-
peptide constricts the afferent arteriolar also in 
isolated arterioles that lack an intact tubulus. 
This suggests that a TGF-mediated mechanism is 
unlikely involved in the effects of C-peptide on the 
afferent arteriolar diameter in diabetes. 

Tubular effects of C-peptide 
Increased renal Na+/K+-ATPase activity and 

augmented oxygen consumption during hyperfil-
tration have been observed in several models of 
experimental diabetes [18, 19, 32, 33]. C-peptide is 
reported to inhibit Na+/K+-ATPase in isolated 
proximal tubular cells from diabetic animals [6], 
an effect accompanied by normalization of basal 
proximal tubular oxygen consumption [34]. The 
diabetes-specific C-peptide-induced inhibition of 
Na+/K+-ATPase is supported by the in vivo obser-
vation that C-peptide also alters lithium clearance 
and fractional sodium excretion secondary to a re-
duction in tubular sodium reabsorption in diabetic 
animals [6]. 

It is likely that C-peptide exerts a direct effect 
on renal sodium transport by activating Na+/K+-
ATPase in tubular cells under normoglycemic con-
ditions [35, 36] via phosphorylation of the α-
subunit of Na+/K+-ATPase [36]. Interestingly, not 
only the native full-length C-peptide but also its 
C-terminal penta- and hexapeptides have the ca-
pacity to stimulate Na+/K+-ATPase activity [37]. In 
contrast, in hyperglycemic diabetic animals, C-
peptide’s effect on renal Na+/K+-ATPase is in the 

opposite direction, as also indicated by a lowering 
of tubular oxygen consumption by C-peptide in the 
diabetic state [6]. These observations suggest that 
C-peptide has state-specific effects. An analogous 
effect has been observed for endothelial nitric ox-
ide synthase (eNOS) and C-peptide; although gen-

erally reported to be a stimulator 
of eNOS activity at normal glu-
cose concentrations, C-peptide 
has been found to reduce diabe-
tes-induced increases in renal 
eNOS levels [38, 39]. The back-
ground to these seemingly para-
doxical effects of C-peptide is not 
apparent, but may be related to 
the profound alterations in in-
tracellular signaling that accom-
panies diabetes and hyperglyce-
mia. 

Alterations in early proximal 
tubular sodium transport may in 
themselves influence glomerular 
filtration. In diabetes, proximal 
tubular Na+ reabsorption in-
creases due to increased cortical 
Na+/K+-ATPase activity [19, 33, 
40, 41]. Similarly, a decrease in 
Na+ reabsorption in the early 
proximal tubule increases Ptub, 

and thereby reduce Pnet and lower GFR. Accord-
ingly, a C-peptide-induced reduction in Na+ reab-
sorption is accompanied by a decrease in GFR. 
Consequently, the C-peptide-induced inhibition of 
diabetic proximal Na+/K+-ATPase activity and so-
dium reabsorbtion seen in diabetic animals and 
cells from diabetic rats may contribute to a de-
crease in diabetic hyperfiltration [6]. 

C-peptide and kidney oxygenation 
Despite accounting for only 0.5% of total body 

mass, the kidney consumes approximately 10% of 
the whole body oxygen uptake. Of the kidney oxy-
gen consumption, approximately 80% is related to 
tubular electrolyte and glucose transport through 
activity of the sodium pump (Na+/K+-ATPase) [42]. 
The major renal consumer of energy is Na+/K+-
ATPase, located basolaterally in proximal tubular 
cells within the renal cortex. 

It has been shown that renal oxygen consump-
tion is increased in diabetic cells, and that diabetic 
kidneys have reduced tissue oxygen availability 
[43, 44]. In several studies, increased renal Na+/K+-
ATPase activity has been linked to hyperfiltration, 
and to the increase in oxygen consumption [18, 19, 
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Figure 3. Constriction of afferent arterioles. C-peptide induces dose-
dependent constriction of afferent arterioles in diabetic mice. No effect was 
seen for scrambled C-peptide or vehicle. Via normalization of hyperfiltra-
tion, this may be one of the mechanisms in the renoprotective action of C-
peptide. Modified from [24]. 
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32, 33]. Via inhibition of Na+/K+-ATPase, C-peptide 
may contribute to a normalization of the basal 
oxygen consumption of proximal tubules in dia-
betic animals [6]. 

C-peptide may also influence oxygenation 
through effects on nitric oxide release. In addition, 
C-peptide can improve diabetes-reduced erythro-
cyte deformability [45]. This has the potential to 
improve capillary blood flow, thus improving oxy-
gen availability in the kidney, and other affected 
tissues. 

C-peptide and renal structural ab-
normalities in diabetes 

Profound changes of glomerular and tubular 
structures are hallmarks of diabetic renal disease. 
It is well established that glomerular mesangial 
matrix expansion and capillary basement mem-
brane thickening occurs early in the development 
of nephropathy. This causes an increase in glome-
rular volume and augmented width of the podo-
cyte interdigital processes [46]. At the same time, 
there is also an increase in tubular volume, due to 
expansion of the mesenchymal tissue. These ab-
normalities are followed by the gradual develop-
ment of glomerulosclerosis and tubulointerstitial 

fibrosis as the disorder progresses. In this context, 
it is of interest that C-peptide has been found to 
exert a direct influence not only on renal function, 
as discussed above, but also on renal structural 
changes. Diabetes-induced glomerular hypertro-
phy is prevented or diminished in streptozotocin-
diabetic rats treated with homologous C-peptide in 
physiological concentrations. At the same time, a 
reduction in GFR and urinary albumin excretion 
is observed in these rats [9]. The amelioration of 
glomerular changes following C-peptide admini-
stration is secondary to a diminished expansion of 
glomerular mesangial matrix [47]. No detailed in-
formation is available regarding C-peptide’s possi-
ble effects on the tubular structural abnormalities 
in diabetes. 

It is not fully clear how C-peptide exerts its 
beneficial effects in this regard. Transforming 
growth factor-β1 (TGF-β1), overexpressed in renal 
cells in diabetes, has been suggested as a major 
malefactor in the development of morphological 
changes in diabetes by stimulating the mesen-
chymal formation of collagen IV, and eliciting fi-
brosis in renal tissues [48]. It has been reported 
that C-peptide has a protective effect on early dia-
betic glomerular changes in response to TGF-β1 in 
streptozotocin-diabetic mice. In addition, an in-
hibitory effect of C-peptide on TGF-β1-induced 
gene expression has been demonstrated in a 
mouse podocyte cell line [49]. Likewise, C-peptide 
is reported to effectively reverse TGF-β1-induced 
structural changes in proximal tubular cells [50]. 
The mechanism by which this occurs is not fully 
understood, but there is evidence that C-peptide 
has an impact on TGF-β1 signaling [50]. It may 
also be that other mechanisms for C-peptide’s 
beneficial effects are involved. The cytokine TNFα, 
capable of eliciting a wide spectrum of cellular re-
sponses including inflammation and cell death, is 
increased in diabetic nephropathy [51]. It has been 
reported that C-peptide, via activation of NF-κB-
regulated survival genes, protects against TNFα-
mediated renal tubular injury [52]. Irrespective of 
the mechanisms involved, the findings suggest a 
potential role for C-peptide in the therapy of dia-
betic nephropathy. 

Studies in patients with type 1 diabe-
tes 

Short-term effects of C-peptide administration 
in type 1 diabetes have been studied in a group of 
young patients without signs of renal disease [53]. 
C-peptide was infused i.v. for 2 h to reach physio-
logical concentrations. GFR decreased by 7%, re-
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Figure 4. Urinary albumin excretion. Geometric means of 
urinary albumin excretion in type 1 diabetic patients given 
C-peptide plus insulin (filled columns) or placebo plus insu-
lin (open columns) for 3 months. Asterisks indicate signifi-
cant differences from the baseline period. Modified from [4]. 
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nal plasma flow increased slightly, and renal FF 
decreased from 19% to 16%. This corresponds to 
reports from animal studies. In healthy subjects, 
C-peptide had no measurable effects on renal 
function. 

These studies were extended to include more 
prolonged periods of C-peptide administration. In 
a double-blind randomized study, type 1 diabetic 
patients with incipient nephropathy received re-
placement doses of C-peptide for one month ad-
ministered by subcutaneous infusion via a pump 
besides their regular insulin therapy [5]. All pa-
tients showed elevated GFR and mild microalbu-
minuria at study start. In C-peptide-treated pa-
tients, GFR fell by 6%, and urinary albumin excre-
tion decreased by approximately half the initial 
value. At the same time, no significant change was 
observed in controls receiving insulin only. Indices 
of glycemic control improved slightly in the C-
peptide group, but not in the controls. This possi-
bly contributed to the positive outcome [5]. 

In another study with cross-over design involv-
ing type 1 patients with slightly more advanced 
renal dysfunction, C-peptide was administered 
subcutaneously for 3 months in replacement doses 
via 4 daily injections [4]. Pre-study albumin excre-
tion was in the range 25-220 µg/min, and de-
creased gradually throughout the study period. At 
the end of the study, albumin excretion had fallen 
by approximately 40% in the C-peptide treated pa-
tients, but remained unchanged or was slightly 
increased in controls (Figure 4). Indices of glyce-
mic control were similar in the C-peptide group 
and the controls, and all patients were normoten-
sive throughout the study. The background to the 
observed reduction in albumin excretion is not ap-
parent, but may in part be sought in a diminished 
intraglomerular pressure. The findings confirm 

that the results obtained in animal studies trans-
late into beneficial effects in patients with type 1 
diabetes. Further studies of longer duration and 
involving type 1 patients with more advanced re-
nal disease are warranted. 

Concluding comments - what next? 
Based on the currently available data it is ap-

parent that C-peptide has the capacity to exert a 
number of beneficial effects on the functional and 
structural abnormalities of kidneys in diabetes. 
Further information on the mechanisms by which 
C-peptide reduces hyperfiltration and albuminuria 
would be helpful. Likewise, additional data char-
acterizing C-peptide’s modulatory influence on 
glomerular and tubular structural abnormalities 
are required. It should be noted that most of the 
present data have been generated in cell systems 
or animal experiments, while only few human 
studies have been carried out. Consequently, clini-
cal trials involving C-peptide administration to-
gether with regular insulin therapy for prolonged 
periods of time (6-12 months) in type 1 patients at 
different stages of nephropathy are urgently 
needed to advance our knowledge of the peptide’s 
therapeutic potential. 

Finally, it should be considered that, at this 
time, little is known about possible C-peptide ef-
fects in type 2 diabetes. It may well be that in type 
2 diabetic patients, who have reached a stage of 
relative insulin deficiency, C-peptide may exert a 
positive effect on the renal dysfunction that fre-
quently accompanies this disorder. Thus, studies 
involving C-peptide administration in type 2 dia-
betes patients are also warranted. 
 

Disclosures: Dr. Wahren reports that he is employed 
at Cebix Inc., CA, USA. 
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