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C-peptide exhibits a late induction effect on matrix
metallopeptidase-9 in high glucose-stimulated rat mesangial cells
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Abstract. Insufficient matrix metalloproteinase (MMP)-9
and MMP-2 is considered to be a contributor of extracellular
matrix (ECM) accumulation in diabetic nephropathy (DN).
C-peptide can reverse fibrosis, thus exerting a beneficial effect
on DN. Whether C-peptide induces MMP-9 and MMP-2 to
reverse ECM accumulation is not clear. In the present study, in
order to determine ECM metabolism, rat mesangial cells were
treated with high glucose (HG) and C-peptide intervention,
then the early and late effects of C-peptide on HG-affected
MMP-9 and MMP-2 were evaluated. Firstly, it was confirmed
that HG mainly suppressed MMP-9 expression levels.
Furthermore, C-peptide treatment induced MMP-9 expression
at 6 h and suppressed it at 24 h, revealing the early dual effects
of C-peptide on MMP-9 expression. Subsequently, significant
increase in MMP-9 expression at 72, 96 and 120 h C-peptide
treatment was observed. These changes in MMP-9 protein
content confirmed its expression changes following late
C-peptide treatment. Furthermore, at 96 and 120 h C-peptide
treatment reversed the HG-inhibited MMP-9 secretion, further
indicating the late induction effect of C-peptide on MMP-9.
The present results demonstrated that C-peptide exerted a late
induction effect on MMP-9 in HG-stimulated rat mesangial
cells, which may be associated with the underlying mechanism
of C-peptide's reversal effects on DN.

Introduction

Diabetic nephropathy (DN), the leading cause of end stage
renal disease, is the major cause of mortality in type 1 diabetes
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mellitus (DM) and the second most severe complications in
type 2 diabetes (1,2). Deposition of extracellular matrix
(ECM) in mesangial areas is a feature of DN, and mesangial
cells have been proposed to be the determinant of ECM
accumulation (3,4). However, the mechanism underlying ECM
accumulation in DN is not fully clarified.

Matrix metalloproteinases (MMPs) are a family of
zinc-dependent endopeptidases that can degrade numerous
types of ECM components (5,6). Among others, MMP-2 basally
expresses while MMP-9 is an inducible enzyme, both of which
primarily degrade types-I and -1V collagen and laminin, major
components of ECM (7-9). Generally, MMP-2 and MMP-9
are involved in tumor metastasis (6,10). Furthermore, it has
been shown that insufficient MMP-2 and MMP-9 may be a
contributor of ECM accumulation in DN (11). However, the
expression levels of MMP-2 and MMP-9 in DN remain contro-
versial, and even short- and long-term hyperglycemia may
exert differential effects (8,12-14). As an inducible enzyme,
MMP-9 may be more easily affected in patients with DN (15).
Therefore, the changes of MMP-2, and particularly MMP-9,
for high glucose (HG) stimulation require clarification.

C-peptide is the linker between the A-chain and B-chain
of insulin. Lack of C-peptide along with insulin is the primary
feature of type 1 DM and late stage of type 2 DM (16).
C-peptide has been found to have unique beneficial effects
on DN, attenuating glomerular and tubular injury (17-19).
Physiological concentration of C-peptide can reverse
the fibrosis of glomerular and recover renal function in
DN (20-22). Various mechanisms have been reported for the
protective effects of C-peptide, such as binding to its receptor
on the cell membrane, transporting into the cytoplasm and
nucleus, and interacting with functional proteins to exhibit
its effect (23-25). In a prior study, we observed that C-peptide
could dynamically localize in the nucleus to serve its functions
in HG-stimulated mesangial cells, which provided an impetus
for further clarifying the intrinsic mechanism of its unique
reversal effect on DN (26). Although it has been reported that
C-peptide exerted little effect on MMP-2 in diabetic rats (22),
the short- and long-term effects of C-peptide on MMP-9 and
MMP-2 in HG-treated mesangial cells remains unknown.

In the present study, rat mesangial cells were cultured to
investigate the short- and long-term effects of C-peptide on
HG-affected MMP-9 and MMP-2 expression levels. After
mesangial cells were treated, MMP-9 and MMP-2 mRNA
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expression levels, MMP-9 protein content and secretion were
evaluated using reverse transcription-quantitative polymerase
chain reaction (RT-qPCR), western blot and enzyme-linked
immunosorbent assay (ELISA) analyses.

Materials and methods

Cells and treatment. The rat mesangial cell line (HBZY-1)
was obtained from China Center for Type Culture Collection
(Wuhan, China) and cultured in Dulbecco's modified Eagle's
medium (DMEM; Thermo Fisher Scientific Co., Ltd.,
Shanghai, China) containing 5 mM glucose and 10% fetal
bovine serum (Thermo Fisher Scientific Co., Ltd.). Cells
were cultured in 20, 25, 30 and 35 mM HG (Thermo Fisher
Scientific Co., Ltd.) or control (5 mM) glucose for 24 h, then
treated with 30 mM HG for 3, 6, 12, 24, 48 and 72 h. MMP-9
and MMP-2 mRNA expression levels were subsequently
evaluated. Subsequently, 0.1,0.3,0.5,0.7 and 0.9 nM C-peptide
(Shanghai Taishi Biotechnology Co., Ltd., Shanghai, China)
was used to treat the HG-stimulated mesangial cells for 3, 6,
12 and 24 h, then 0.7 nM C-peptide treatment expanded to
120 h, the MMP-9 and MMP-2 mRNA expression levels were
evaluated. Furthermore, MMP-9 protein content was evalu-
ated for 6, 72, 96 and 120 h C-peptide treatment. In addition,
the MMP-9 secretion for HG and C-peptide treatments were
detected. Low glucose (LG, 5 mM) was used as control.

RT-qPCR. The MMP-9 and MMP-2 transcription was
evaluated by RT-qPCR. Total RNA was isolated using TRIzol
reagent (Takara Bio, Inc., Otsu, Japan) and reverse transcribed
into cDNA using RevertAid First Strand cDNA synthesis
Kit (Fermentas; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), followed by PCR amplification using the specific
primers (Sangon Biotech Co., Ltd., Shanghai, China). Rat
MMP-9 forward primer, 5'-~AAACCCTGCGTATTTCCA
TTCATC-3', and reverse primer, 5'-CACATCTCTCCTGCC
GAGTTGC-3' with 185 bp product; MMP-2 forward primer,
5'"TGGAAGCATCAAATCGGACTG-3', and reverse primer,
5'-CCACCCTCTTAAATCTGAAATCAC-3' with 186 bp
product. A Rotor-Gene 3000 system (Corbett Life Science;
Qiagen, Shenzhen, China) was used to perform the PCR
reaction, using aSYBR Premix Ex Taq II (RR82LR; Takara
Biotechnology Co., Ltd., Dalian, China) and analyze the data.
Actin primers were used as an internal standard.

Western blot analysis. The protein content of MMP-9 was
detected using the protocol previously described, using
an anti-MMP-9 antibody (1:500; #3852; Cell Signaling
Technology, Inc., Danvers, MA, USA) (27), and the horseradish
peroxidase-labeled secondary antibody (1:5,000; 074-1506;
Kirkegaard & Perry Lab, Inc., Gaithersburg, MA, USA). Band
intensity was quantified and calculated. Actin was routinely
served as a loading control (1:1,000; #4967; Cell Signaling
Technology, Inc., Danvers, MA, USA).

ELISA. Following treatment, the culture medium was
collected to analyze the MMP-9 secretion by ELISA (H146-4;
Nanjing Jiancheng Bioengineering Institute, Nanjing, China),
according to the manufacturer's instructions. Standards and
samples were added to wells of the plate and incubated for
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Figure 1. Effects of high glucose (HG) on MMP-9 and MMP-2 mRNA
expression levels. The mRNA expression levels of MMP-9 and MMP-2
were detected using reverse transcription-quantitative polymerase chain
reaction. (A) After the cells were stimulated with different concentrations
of HG, MMP-9 and MMP-2 expression decreased, most markedly at 30 mM
HG treatment. (B) For 30 mM HG treatment, MMP-9 expression decreased
significantly, except for its sharp increase at 6 h, while MMP-2 expression
showed no significant changes. ““P<0.01 vs. 0 h group. Experiments were
repeated three times. MMP, matrix metalloproteinase.

72 (h)

1 h. After the wells were washed with the ELISA wash buffer,
the conjugated antibody was added and incubated for 1 h.
Then the wells were washed with the ELISA wash buffer. The
substrate was added in the wells and incubated for 15 min. The
stop solution was added and absorption was measured using
an ELISA reader at 450 nm (Multiskan Spectrum: Thermo
Fisher Scientific, Inc.). All tests were performed in duplicate.

Statistical analysis. Statistical analysis of the data was
performed using SPSS 17.0 software (SPSS, Inc., Chicago,
IL, USA). Comparisons between two groups were performed
using Student's #-test. All values are presented as the
mean =+ standard deviation. P<0.05 were considered to indicate
a statistically significant difference.

Results

Early dual effects of C-peptide on MMP-9 expression
in HG-treated mesangial cells. The concentration and
time-dependent effects of HG on MMP-9 and MMP-2
expression levels were detected. Both MMP-9 and MMP-2
expression levels decreased following HG stimulation, most
markedly at 30 mM HG (Fig. 1A). Then at 30 mM HG incu-
bation, MMP-9 expression decreased significantly compared
with the O h group, except for an increase at 6 h; however,
MMP-2 expression showed no significant changes (Fig. 1B).
The results confirmed that HG suppressed MMP-9 expression
in mesangial cells.

After pretreatment with HG for 24 h, the early effects of
C-peptide on MMP-9 and MMP-2 expression were investigated.
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Figure 2. Early effects of C-peptide on high glucose (HG)-affected matrix
metalloproteinase. (MMP)-9 and MMP-2 mRNA expression levels. After
the cells were pretreated with HG for 24 h, and incubated with different
concentrations of C-peptide for different priods, the mRNA expression levels
of MMP-9 and MMP-2 were detected by reverse transcription-quantitative
polymerase chain reaction. (A) MMP-9 expression could be induced at 6 h,
but significantly inhibited along with treatment time, most markedly at 24 h,
with similar effects of 0.5, 0.7 and 0.9 nM C-peptide treatment. (B) MMP-2
expression showed no significant differences among groups. ‘P<0.05 vs.
0 nM group. Experiments were repeated three times.

Although C-peptide treatment induced an increase in MMP-9
expression at 6 h, MMP-9 expression decreased over time,
particularly at 24 h. Furthermore, 0.5,0.7 and 0.9 nM C-peptide
produced a similar effect on MMP-9 expression (Fig. 2A).
However, no significant difference in MMP-2 expression was
observed among groups (Fig. 2B). The results showed that
C-peptide exhibited an early dual effect on MMP-9 expression
within 24 h treatment in HG-treated mesangial cells.

Late induction effect of C-peptide on MMP-9 in HG-treated
mesangial cells. The treatment time was expanded to 120 h,
and the late effects of C-peptide on MMP-9 and MMP-2
expression levels were investigated. It was found that MMP-9
expression increased markedly between cells treated for
72 and 96 h, although the early changes were inconsistent and
not significant (Fig. 3A). However, MMP-2 expression was
disordered, but significantly decreased following 96 and 120 h
of treatment (Fig. 3B).

Then, the late induction effect of C-peptide on MMP-9
expression was further verified by evaluation of its protein
content (Fig. 4). Compared with that in the LG group, the
MMP-9 protein content decreased in the HG group. The
HG-inhibited MMP-9 protein content was significantly
induced by 72, 96 and 120 h of C-peptide treatment. The
results suggest that C-peptide had a late induction effect on
MMP-9 in HG-treated mesangial cells.

Late reversal effect of C-peptide on HG-suppressed MMP-9
secretion. After treatment, the culture medium was collected
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Figure 3. Late effects of C-peptide on high glucose (HG)-affected matrix
metalloproteinase. (MMP)-9 and MMP-2 mRNA expression. After the cells
were pretreated with HG for 24 h, and incubated with 0.7 nM C-peptide for
different time, the mRNA expression levels of MMP-9 and MMP-2 were
detected by reverse transcription-quantitative polymerase chain reaction.
(A) MMP-9 expression increased significantly at 72, 96 and 120 h treatment.
(B) MMP-2 expression decreased at 96 and 120 h treatment. “'P<0.01 or
“P<0.05 vs. 0 h group. Experiments were repeated three times.
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Figure 4. Late effects of C-P on HG-suppressed MMP-9 protein content.
(A) After the cells were pretreated with HG for 24 h, and incubated with
0.7 nM C-P for different time, MMP-9 protein content was detected by
western blot analysis. (B) Although decreased for HG incubation, the MMP-9
protein content increased significantly for 72, 96 and 120 h C-peptide treat-
ment. "P<0.05 vs. LG group; #P<0.01 vs. HG group. Experiments were
repeated three times. MMP, matrix metalloproteinase; LG, low glucose; HG,
high glucose; C-P, C-peptide.

for detection of MMP-9 secretion. The HG-suppressed MMP-9
secretion from mesangial cells was initially verified. MMP-9
secretion was found to be suppressed by 25 and 30 mM HG
treatment (Fig. 5A). Furthermore, after 30 mM HG incuba-
tion, the MMP-9 secretion time-dependently decreased, with a
significant difference at 24, 48 and 72 h (Fig. 5B).

Thus, the effects of C-peptide on the HG-suppressed
MMP-9 secretion were investigated (Fig. 5C). Compared
with the LG group, the MMP-9 secretion was significantly
inhibited by HG incubation. Furthermore, HG-suppressed
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Figure 5. Effects of C-P on HG-suppressed MMP-9 secretion. After treatment, the culture medium was collected for enzyme-linked immunosorbent assay
detection of MMP-9 secretion. (A) MMP-9 secretion was significantly inhibited by 25 and 30 mM HG incubation for 24 h. "P<0.05 vs. 5 mM group. (B) MMP-9
secretion was significantly suppressed by 30 mM HG incubation. "P<0.05 vs. 0 h group. (C) HG inhibited MMP-9 secretion was significantly increased for
0.7 nM C-P treatment at 96 and 120 h. "P<0.05 vs. LG group; “P<0.05 vs. HG group. Experiments were repeated three times. MMP, matrix metalloproteinase;

LG, low glucose; HG, high glucose; C-P, C-peptide.

MMP-9 secretion was significantly increased at 96 and 120 h
C-peptide treatment, although no evident effect was observed
earlier than this. The results demonstrated that C-peptide had
a late reversal effect on the HG-suppressed MMP-9 secretion.

Discussion

Although C-peptide has reversal effects on the fibrosis of
glomerular in DN (18-22), the underlying mechanism is not
clarified. Insufficient MMP-2 and MMP-9 is considered to be
a contributor of ECM accumulation (11). Whether C-peptide
regulates MMP-2 and MMP-9 to reverse fibrosis is unclear.
In the present study, we found that C-peptide exhibited a late
induction effect on MMP-9 in HG-stimulated rat mesangial
cells, which may represent the underlying mechanism of
C-peptide's reversal effects on DN.

Basal MMP-2 and inducible MMP-9 primarily degrade
collagen and laminin, major components of ECM (28).
Although insufficient MMP-2 and MMP-9 may lead to ECM
accumulation, the expression levels of MMP-2 and MMP-9
in DN remain controversial (29). In the present study, marked
changes of MMP-2 expression were not observed for HG
stimulation. The MMP-9 expression was markedly inhibited
by HG treatment, with the exception of a sharp increase at
6 h. Furthermore, HG-inhibited MMP-9 was verified by its
secretion detection. The results revealed that as an inducible
enzyme, MMP-9 was more susceptible to be affected by HG,
which predominantly inhibited MMP-9 expression, indicating
that MMP-9 insufficiency may be a contributing factor of
ECM accumulation in DN.

C-peptide has reversal effects on the fibrosis of glomerular
in DN (30). Although a number of mechanisms have been
reported for the protective effects of C-peptide (23-25), they
are not specific to DN and to not fully explain the anti-fibrosis
effects of C-peptide. It has been reported that C-peptide

exerted little effect on MMP-2, which is basally expressed and
was hardly affected by HG (19). On the other hand, whether
C-peptide induces MMP-9 to reverse ECM accumulation is
unknown. In the present study, the short- and long-term effects
of C-peptide on MMP-9 and MMP-2 in HG-treated mesangial
cells were investigated.

Firstly, the early effects of C-peptide on MMP-9 and MMP-2
expression levels at 24 h were detected. The MMP-2 expres-
sion showed no significant changes, consistent with previous
results (22). Physiological concentrations of C-peptide inhibited
MMP-9 expression at 24 h treatment, except for a sharp increase
at 6 h, revealing the early dual effects of C-peptide on MMP-9
expression. Next, the treatment time was expanded to 120 h to
investigate the late effects of C-peptide on MMP-9 and MMP-2
expression levels. Notably, it was found that MMP-9 expression
was markedly induced, while MMP-2 expression was inhibited.
In addition, the changes of MMP-9 protein content confirmed
the late induction effect of C-peptide on MMP-9 expression.

Furthermore, ELISA results showed that C-peptide had
a significant late reversal effect on the HG-inhibited MMP-9
secretion, although the early effect was unchanged. The
decreased MMP-9 secretion in response to HG stimulation
and unchanged MMP-9 secretion for short-period C-peptide
treatment indicated that the sharp increases in MMP-9 mRNA
expression in response to HG and C-peptide at 6 h may be due
to the inducibility of MMP-9 mRNA.

In conclusion, the results demonstrated that C-peptide
exhibited a late induction effect on MMP-9 in HG-stimulated
rat mesangial cells, which may be associated with the under-
lying mechanism of C-peptide's reversal effects on DN.
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