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ABSTRACT

Type 1 diabetes mellitus (T1DM) is characterized by the deficiencies of insulin and C-peptide. Mounting
evidences have proved the beneficial effects of C-peptide on the renal function in TIDM. However, it is
still controversial about the roles of C-peptide in T2DM nephropathy since the level of C-peptide fluc-
tuates greatly at different stages of T2DM. In the present study, we found that the serum C-peptide
concentration was much lower in GK rats with diabetic nephropathy than that in normal counterparts. A
sustained supplementation of C-peptide at a physiological level could ameliorate urinary albumin, in-
dependent of blood glucose control. C-peptide treatment improved glomerulosclerosis and podocyte
morphology and reduced the thickness of glomerular basement membrane as compared with saline
treatment control. Moreover, it decreased fibronectin synthesis in diabetic glomeruli and in cultured rat
mesangial cells accompanied by a down-regulation of RAGE and an up-regulation of PKA. Interestingly,
H-89, a PKA inhibitor, could reverse the inhibition effect of C-peptide on fibronectin production in
cultured mesangial cells. These findings suggest that C-peptide level is low in T2DM rats with ne-
phropathy and a treatment with a physiological dose of C-peptide can prevent renal injury in diabetic GK
rats.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

released at equimolar concentrations to insulin. Previously C-pep-
tide has been considered to have no biological activity [2]. But

Diabetic nephropathy (DN) is a leading cause of end-stage renal
disease worldwide. The common treatments for DN are to improve
blood glucose control and normalize blood pressure. However, no
satisfactory therapeutic modality is currently available. Thus it is
imperative to establish effective therapeutic strategies against DN
etiology.

In recent years, the impact of proinsulin C-peptide has been
highlighted in the development of vascular disease. C-peptide acts
in ensuring the correct folding of A and B chains to enable align-
ment and interchain disulfide bond formation [1]. Cleaved from
insulin in secretory granules within pancreatic B cells, C-peptide is
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recently, accumulating data have demonstrated its endocrine-like
activity in both human and animal models of type 1 diabetes
mellitus (T1DM). C-peptide replacement during T1IDM might be
beneficial in the prevention or amelioration of diabetic complica-
tions such as neuropathy, nephropathy, retinopathy, cardiovascular
disease (CVD) and impaired wound healing [3,4,5,6,7,8,9]; and C-
peptide could ameliorate structural and functional renal distur-
bances by acting independently of blood glucose control
[10,11,12,13].

C-peptide has been shown to reduce renal complications of
T1DM, diminish glomerular hyperfiltration [14], reduce micro-
albuminuria [15], decrease mesangial expansion [16] and increase
endothelial nitric oxide synthase (eNOS) [17]. The mechanism of
renoprotective role of C-peptide is mediated through Na+/K+-
ATPase activation [18]. C-peptide also prevents glomerular hyper-
trophy by suppressing mesangial matrix expansion in a TIDM rat
model [19].


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:zwj-72@163.com
mailto:Lou.j@mail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2015.02.022&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2015.02.022
http://dx.doi.org/10.1016/j.bbrc.2015.02.022
http://dx.doi.org/10.1016/j.bbrc.2015.02.022

S. Xu et al. / Biochemical and Biophysical Research Communications 458 (2015) 674—680 675

In T2DM, there are different opinions about the function of C-
peptide. In the early stage of T2DM, the serum levels of insulin and
C-peptide greatly increase over normal levels because of insulin
resistance. Some studies have reported that high C-peptide level is
correlated with the occurrence of macrovascular complications and
cardiovascular deaths [20,21]. But a recent study of newly diag-
nosed T2DM has shown that C-peptide concentration is not asso-
ciated with the incidence of cardiovascular events or the
development of retinopathy [22]. Another larger-scale study among
hospitalized T2DM patients has shown that with the progression of
diabetic retinopathy, there are lower levels of fasting and 2-h
postprandial C-peptide [23]. Although being in a state of insulin
resistance and relative insulin insufficiency, TZ2DM might progress
to a late-stage insulin- and C-peptide-deficiency due to pancreatic
B-cell demise [24] and require exogenous insulin and C-peptide
supplement. Since the natural progression of B-cell function is
complex in T2DM, further studies are warranted to elucidate the
action of C-peptide on DN in T2DM patients.

Here we employed Goto-Kakizaki (GK) rat as a T2DM model and
detected the C-peptide level in rats developed into DN. We exam-
ined the effect of supplemented C-peptide at physiological level on
renal morphology and function, and also evaluated the effects of
long-term administration of homologous C-peptide at a physio-
logical dose on inhibiting the action of AGE-RAGE system
(advanced glycation end products (AGE)-receptor for AGE (RAGE)
system) and on activating the protein kinase A (PKA) system.

2. Materials and methods
2.1. Animals and DN model

Eight-week-old male GK rats were purchased from Shanghai
SLAC Laboratory Animal Company (Shanghai, China). All rats were
maintained on a 12-h light/dark cycle and received a standard
laboratory diet and water. All animal experiments were performed
in accordance with the protocols and guidelines approved by the
Animal Ethics Committee of China—Japan Friendship Hospital. After
a 2-week high-fat diet, only rats with blood glucose levels
>16.7 mM for 3 consecutive days were defined as diabetic. Then the
diabetic rats received conventional chow for another 10 weeks. A
DN animal model was established when the 24 h urinary albumin
level surpassed 400 ug [25].

2.2. Experimental protocols

A total of 24 GK rats with DN were divided into 3 groups ac-
cording to a random number table (n =8 each). C-peptide group:
an ALZET micro-amount osmotic pump (Type 2004; Alzet, USA),
infused with 2 ml rat C-peptide-llsolution (AnaSpec, Inc), was
surgically implanted into the abdominal cavity. C-peptide was
released at a constant rate of 50 pmol x kg~! x min~. The osmotic
pump was replaced with fresh solution every 4 weeks. Insulin
group: 2.5 IU insulin glargine was administered via subcutaneous
injection once daily. DN group: a micro-amount osmotic pump,
infused with 2 ml isotonic sodium chloride, was implanted into
abdominal cavity and the solution was released at the same rate as
in C-peptide group. Eight specific pathogen free-grade male Wistar
rats of comparable age and body weight (250—300 g) were used as
controls (normal group). The treatment duration was 12 weeks in
all groups.

2.3. Detection of serum C-peptide

After 2-week treatment, the animals were euthanized with 2.5%
pentobarbital sodium (i.p.) and serum was isolated from venous

blood. A rat C-peptide radioimmunoassay kit (R&D, Shanghai,
China) was used for measuring the concentration of C-peptide.

2.4. Measurements of blood glucose and urinary albumin

Blood glucose levels were detected, via tail vein, with blood
glucose meter (Johnson & Johnson, New Brunswick, NJ, USA). For
measurement of urinary albumin, all rats were placed in metabolic
cages for 24 h and then the urine samples were collected. A rat
albumin ELISA kit (Assaypro, St. Charles, MO, USA) was used for
measuring the levels of urinary albumin.

2.5. Electron microscopy

Kidney cortex section was fixed in 2% glutaraldehyde and
post-fixed in 1% osmium tetroxide. Tissue sections were prepared
for transmission electron microscopy. Glomerular basement
membrane (GBM) and podocyte morphologies were observed
using a JEOL 1010 transmission electron microscope (JEOL, Tokyo,
Japan).

2.6. Histology and immunohistochemistry

Renal sections were stained with periodic acid-Schiff (PAS) ac-
cording to the standard procedures. Section immunostaining was
performed with primary antibody against fibronectin (Abcam, UK),
RAGE (Sigma—Aldrich, Shanghai, China) and PKA (Abcam, UK).
Antigen signals were detected with horseradish peroxidase-
conjugated secondary antibody and visualized with DAB sub-
strate. Then the slides were photographed under light microscope
(Olympus, Tokyo, Japan).

2.7. Isolation of glomerular tissues

Rat kidneys were surgically harvested from each rat after
euthanasia. Renal cortex was homogenized and passed through a
100-mesh sieve. The filtrate was applied to a 300-mesh metal sieve
and the remaining glomeruli were harvested for subsequent
experiments.

2.8. Culture of rat primary mesangial cells

Mesangial cells were purchased from Pricells Company (Wuhan,
China) and cultured in DMEM (Gibco, USA) supplemented with 10%
fetal calf serum (Gibco, USA), 0.4% bovine pituitary extract, 5 pg/ml
insulin (Sigma, USA), 10 ng/ml basic fibroblast growth factor
(Peprotech, U.K.), transferrin (Sigma, USA), 1.0 pug/ml epinephrine,
100 ng/ml hydrocortisone, 2 mM L-glutamine, 100 U/ml penicillin
and 100 pg/ml streptomycin.

2.9. Effects of C-peptide on fibronectin synthesis

Mesangial cells seeded in 96-well plate were cultured in serum-
free medium or serum-free medium containing AGEs (400 pg/ml,
Abcam, Cambridge, CB4 OFL, UK), AGEs (400 pg/ml) + insulin (1 [U/
ml), AGEs (400 pg/ml) + C-peptide (5 pm), AGEs (400 pg/ml) + C-
peptide (5 pm)+ H-89 (10 uM) for 48 h. The supernatants were
collected and the concentrations of fibronectin were detected by a
rat fibronectin ELISA kit (Millipore, USA).

2.10. Real-time PCR
Total RNA was extracted with total RNA isolation kit (Qiagen,

USA) and 2 pg of total RNA was reverse transcripted with reverse
transcription kit (Promega, USA). Real-time PCR was performed on
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an ABI 7500 sequence detection system (Applied Biosystems, Foster
City, CA, USA) with a SYBR green real-time PCR Master Mix (Toyobo,
Shanghai, China). Relative quantification of transcript levels was
performed by 2~ 24 method. The relative amount of target mRNA
was normalized to -actin mRNA.

2.11. Western blot

Total protein was extracted with SDS Lysis Buffer (Nanjing
Keygen, China). 50 pg of total protein was fractionated and trans-
ferred onto a PVDF membrane. Immunoblotting was performed
with primary antibodies against actin, fibronectin, RAGE and PKA,
respectively. Horseradish peroxidase-conjugated rabbit anti-mouse
IgG was used as the secondary antibody. Enhanced chem-
iluminescence (Millipore, Shanghai, China) was used for detection.

2.12. Statistical analyses

The data were presented as mean =+ standard deviation. The
software SPSS17.0 was used for statistical analyses. A one-way
ANOVA was used for intergroup data comparison. P < 0.05 and

P < 0.01 denote statistical significance.

3. Results
3.1. C-peptide level in diabetic GK rats with nephropathy

C-peptide level in T2DM rats with nephropathy was first
analyzed. C-peptide level was much lower in DN rats
(0.13 + 0.02 nmol/L) than in normal group (1.49 + 0.12 nmol/L)
(P < 0.01). C-peptide level returned to physiological level in C-
peptide group (1.43 + 0.1 nmol/L). However, no difference existed
between insulin group (0.08 + 0.01 nmol/L) and DN group
(0.13 + 0.02 nmol/L).

3.2. Effects of C-peptide on glycemia and albuminuria

The blood glucose was as high as 20 mM in DN group. Glycemia
was not significantly affected by C-peptide treatment. As expected,
blood glucose in insulin treated group dramatically declined , and
it was statistically lower than those of vehicle and C—peptide
groups (Supplemental Table 1).

The 24 h urinary albumin levels increased gradually in DN and
insulin groups. However, in C-peptide group, the 24 h urinary al-
bumin level did not increase further but slightly decreased. After a
6-week treatment, significant differences existed in 24 h urinary
albumin levels between C-peptide and DN groups (P < 0.01)
(Table 1).

3.3. Effects of C-peptide on morphology of glomeruli and GBM

Histological examination of kidney revealed greater glomer-
ulosclerosis in vehicle-treated diabetic rats compared to normal

rats. In addition, there was an accumulation of extracellular matrix
in mesangium. C-peptide but not insulin treatment improved
glomerular sclerosis (Fig. 1A).

Normal ultrastructures of GBM and podocyte were observed in
normal rats; while increased GBM thickness and severe effacement
of foot processes appeared in DN group rats, accompanied with
dramatic albuminuria. C-peptide treatment could prevent the
thickening of GBM and the development of foot process efface-
ment. However, insulin treatment almost had no effect on reducing
the GBM thickness and foot process effacement (Fig. 1B).

3.4. Effects of C-peptide on the expression of fibronectin

For understanding the protection of C-peptide on GBM, fibro-
nectin, one of the major extracellular matrix proteins, was
measured in glomeruli and cultured mesangial cells. In DN
glomeruli, fibronectin was markedly up-regulated in vehicle-
treated rats compared with normal group. C-peptide but not in-
sulin prevented the induction of fibronectin synthesis (Fig. 2A). The
result was confirmed at both mRNA level by real-time PCR(Fig. 2B)
and at protein level by Western blot (Fig. 2C).

As mesangial cell is the major cell type for extracellular matrix
synthesis, we then examined the effect of C-peptide on the syn-
thesis of fibronectin in mesangial cells. Rat primary mesangial cells
were cultured with AGEs to mimic diabetic condition. As shown in
Fig. 2D, AGEs promoted fibronectin releasing from mesangium; but
when C-peptide was administrated with AGEs together, fibronectin
concentration was lower than AGEs group. However, insulin did not
inhibit fibronectin production induced by AGEs.

3.5. Effects of C-peptide on the expression of RAGE

Due to the important roles of AGEs-RAGE in DN, the effect of C-
peptide on RAGE expression was investigated. In glomeruli, RAGE
was up-regulated in DN group compared with normal group. C-
peptide treatment, but not insulin, inhibited the induction of RAGE
as revealed by immunochemistry (Fig. 3A), real-time PCR(Fig. 3B)
and Western blot (Fig. 3C). Similar results were found in cultured
mesangial cells as revealed by real-time PCR (Fig. 3D) and Western
blot (Fig. 3E).

3.6. Effects of C-peptide on the expression of PKA

In our previous study, up-regulation of RAGE was accompanied
by decreased PKA level; and PKA activation protected diabetic
kidney from microvasculopathy. Therefore we examined whether
C-peptide could affect the expression of PKA. In glomeruli, PKA was
down-regulated in DN group versus normal group. C-peptide
treatment, but not insulin, up-regulated PKA as revealed by
immunohistochemistry staining (Fig. 4A), real-time PCR (Fig. 4B)
and Western blot (Fig. 4C). Similar results were found in cultured
mesangial cells by real-time PCR (Fig. 4D) and Western blot
(Fig. 4E).

Table 1

Effect of the C-peptide treatment on albuminuria in GK diabetic nephropathy rats (ug/24 h).
Groups Time

0 week 2 weeks 4 weeks 6 weeks 8 weeks 10 weeks 12 weeks

Normal 168.5 + 25.3 167.2 + 27.7 1711 £ 194 164.8 + 10.6 154.8 + 21.3 166.3 + 4.8 179.2 + 285
DN 536.9 + 354 586.4 + 53.2 723.1 +91.7 719.8 + 82.2 923.7 + 100.4 1158.1 + 1825 1881.9 + 161.7
C-peptide 533.3 +29.6 528.9 + 40.8 490.4 + 42.2 408.7 + 80.7* 321.3 + 56.7* 283.4 + 79.5* 279.1 + 56.4*
Insulin 560.2 + 58.6 597.48 + 83.2 542.2 + 69.8 786.4 + 98.3 1011.7 + 181 1203.5 + 113.1 1693.7 + 185.4

*P<0.01 vs DN group and Insulin group.
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Fig. 1. Effects of C-peptide on structure of GBM. Diabetic GK rats with nephropathy were treated for 12 weeks with vehicle, C-peptide or insulin. Normal rats of a comparable age
were used as normal control. 1A: Representative glomerular morphology of all groups by PAS staining. 1B: Transmission electron microscopic analyses of kidney samples. Stars

indicated the areas of podocyte foot process effacement.

3.7. Effects of PKA inhibitor on fibronectin synthesis

H-89, a PKA inhibitor, was used to determine the role of PKA in
the function of C-peptide on fibronectin synthesis. The amount of
fibronectin increased in AGEs group (274.6 + 22.0 pg/L) versus
control group (186.2 + 13.4 pg/L) (P < 0.01). C-peptide treatment
could inhibit fibronectin release (212.2 + 19.4 pg/L) induced by
AGEs (P < 0.01), while H-89 (286.9 + 29.3 pug/L) reversed the effect
of C-peptide on fibronectin release (P < 0.01). These data suggested
that C-peptide inhibited fibronectin synthesis mediated by PKA.

4. Discussion

C-peptide has been proven to be a bioactive peptide with ben-
eficial effects on renal function in TIDM [12,14]. However, whether
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T2DM rats also respond to C-peptide treatment is unknown. The
present study demonstrated the therapeutic effects of C-peptide in
GK rats with DN.

As a non-obese Wistar substrain with an onset of T2DM in early
life, GK rat was selected because of mild hyperglycemia and renal
structural changes such as glomerular hypertrophy and thickening
of glomerular basement membrane [26]. These characteristics
mimicked the manifestations of human DN.

C-peptide level stays high in the early stage of T2DM due to
insulin resistance and pancreatic B-cell compensation. However,
DN usually occurrs during the late stage of T2DM which is featured
by dysfunction of pancreatic B-cell. The deficiencies of C-peptide
and insulin have been observed in progressive p-cell loss during the
later stage of T2DM [9,24], and C-peptide level in rats with DN is
much lower than normal. It has been reported that patients with
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Fig. 2. Effects of C-peptide on fibronectin production in GBM and cultured mesangial cells. The kidneys of rats in all groups were harvested after a 12-week treatment.
Immunohistochemical staining (A), real-time PCR (B) and Western blot (C) were used for detecting fibronectin. In addition, the effects of C-peptide on the release of fibronectin by
primary cultured rat mesangial cells were detected by ELISA (D). In Figs. B and C * P < 0.01 vs. normal group, and #P < 0.01 vs. DN group. In Fig. D *P < 0.01 vs. control group and

#P < 0.01 vs. AGEs group.



678 S. Xu et al. / Biochemical and Biophysical Research Communications 458 (2015) 674—680

Normal

7 *
< — — — c—
H] 6 .g 6 *
i3 i s
o] a3 #
5 # G2 3
202 g5 2
51 2e
g o £° o
d D g & & PRI
2 4 N
Q N QY »
o‘@ QQ\} \(\"o 0‘& & \(\"\)
< &

Insulin

L e —

& 3 e — — —
Z 225 * £ 25
€3 g2 *
wE 2 83y ?
(-9
8515 wE 15 #
c [Ch-
S 2 i < 1
g9 € g
',a:-,Eo.s g2 os
&7 o 8¢ o
[
> SRR -3 3>
S & & & S & F &
RO & &
s v E&E O &
< (;Q

Fig. 3. Effects of C-peptide on the expression of RAGE. After a 12-week treatment of vehicle, C-peptide or insulin, kidneys were immunohistochemically stained for RAGE (3A).
The expression of RAGE in glomeruli was evaluated by real-time PCR (3B) and Western blot (3C) *P < 0.01 vs. normal group. In addition, the expression of RAGE in cultured
mesangial cells was also evaluated by real-time PCR (3D) or Western blot (3E) *P < 0.01 vs. control group and #P < 0.01 vs. AGEs group.

progressive diabetic retinopathy has lower levels of fasting and 2 h
postprandial C-peptide [23]. These observations suggest that dia-
betic microvascular diseases might be associated with low C-pep-
tide level.

Supplementation with C-peptide may be an alternative treat-
ment for TIDM and the late stage T2DM with low C-peptide level.
Dose selection of C-peptide might be based on the relative amounts
of C-peptide and its putative receptor. The receptor for C-peptide is
not yet elucidated, but binding studies have demonstrated specific
binding sites in various cell types. For example, Rigler R et al.
demonstrated that there are 1000—1500 C-peptide binding sites
per cell on renal tubular cells, and co-addition of excess intact C-
peptide is able to displace binding [27]. This study provides
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evidence for the existence of a specific GPCR (G-protein-coupled
receptor) for C-peptide, which can be fully saturated within the
physiological C-peptide concentration range. Thus, in the presence
of normal pancreatic B-cell function, these receptors should be fully
occupied by prevailing C-peptide concentrations, and therefore no
further response may be expected with exogenous administration.
This feature may explain the absence of response when C-peptide is
administered to healthy subjects [28] and indicate that the thera-
peutic dose of C-peptide is preferred at physiological level.
Albuminuria is a sensitive marker of DN. DN rats were treated
with physiological supplementation of C-peptide for 12 weeks. The
most profound effect of C-peptide therapy was the amelioration of
albuminuria in diabetic rats without a significant change of blood
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Fig. 4. Effects of C-peptide on the expression of PKA. Kidneys tissue was immunohistochemically stained for PKA (4A). The expression of PKA in glomeruli was evaluated by real-
time PCR (4B) or Western blot (4C) *P < 0.01 vs. normal group, and #P < 0.01 vs. DN group. In addition, the expression of PKA in cultured mesangial cells was also evaluated by real-
time PCR (4D) or Western blot (4E) *P < 0.01 vs. control group, and #P < 0.01 vs. AGEs group.
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glucose. It was consistent with previous studies [29]. The devel-
opment of albuminuria is associated with an injury of glomerular
filtration barrier. Analyzing the histological results, we suggested
that the mechanism of reducing albuminuria by C-peptide included
reducing glomerulosclerosis, normalizing the structure of glomer-
ular filtration barrier and preventing GBM thickening and podocyte
effacement. C-peptide has been reported to prevent mesangial
matrix expansion in TIDM [ 16]. Fibronectin, a major composition of
GBM, increased during DN. C-peptide suppressed fibronectin in-
duction in rat glomeruli and cultured mesangial cells. C-peptide can
also reduce urinary albumin by normalizing renal hyperfiltration.
Insulin treatment in patients with newly diagnosed T1DM often
failed to normalize renal hyperfiltration, but C-peptide replace-
ment treatment or patients with T2DM who had maintained
endogenous insulin and C-peptide secretion generally did not
develop glomerular hyperfiltration [28].

C-peptide has been shown to initiate multiple signaling cascades
to exert cellular functions. Physiological concentrations of C-peptide
activates extracellular signal regulated kinase, phosphatidylinositol
3-kinase, protein kinase C, elevates intracellular calcium, and stim-
ulates transcription factors NF-kB and peroxisome proliferator-
activated receptor- y [5]. C-peptide prevents or ameliorates reac-
tive oxygen species (ROS) production through inhibiting protein
kinase C (PKC)-dependent NADPHoxidase 2 (NOX2) activity, which
ultimately attenuates cytosolic and mitochondrial ROS cycling [4].
This effect may reduce AGE formation under hyperglycaemic con-
ditions. On the other side, in the present study, the direct effect of C-
peptide on the AGE pathway was investigated. Studies have revealed
AGEs as a major environmental factor for diabetic renal injury and
RAGE as a major genetic factor [30]. Here C-peptide treatment could
depress the expression of RAGE in renal glomeruli and cultured
mesangial cells. A blockade of RAGE inhibited the development of
DN and enhanced wound repair in murine models [31].

Our previous study showed that an up-regulation of RAGE was
accompanied by decreased PKA; and PKA activation might protect
the kidney of diabetic animals [25]. Recent studies have indicated
that PKA activation can reduce the generation of ROS in endothelial
cells [32]. Here we found that C-peptide could up-regulate PKA level
and PKA inhibitor could abolish the effect of C-peptide on fibro-
nectin synthesis. These results indicate an important role of PKA in
the action of C-peptide. The down-regulation of PKA by AGEs could
be reversed by blocking the mesangial cells with anti-RAGE, which
indicated the up-regulation of PKA by C-peptide may partly result
from down-regulation of RAGE (Supplemantal Fig 1). In addition,
PKA signaling was reported to crosstalk with ERK signaling path-
ways, which mediated the renoprotection of C-peptide [33].

Therefore C-peptide treatment down-regulates RAGE and acti-
vates the PKA system in diabetic kidney. As a result, fibronectin
content in GBM was reduced. In short, C-peptide treatment could
effectively prevent the development of nephropathy in T2DM.
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