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Hyperglycemia-mediated microvascular damage has been proposed to originate from excessive generation of mitochondrial
superoxide in endothelial cells and is the suggested mechanism by which the pathogenesis of diabetes-induced renal damage occurs.
C-peptide has been shown to ameliorate diabetes-induced renal impairment. Yet, the mechanisms underlying this protective
benefit remain unclear. The objective of this study was to determine whether C-peptide affords protection to renal microvascular
endothelial cell mitochondria during hyperglycemia. Conditionally immortalized murine renal microvascular endothelial cells
(MECs) were exposed to low (5.5 mM) or high glucose (25 mM) media with either C-peptide (6.6 nM) or its scrambled
sequence control peptide for 24 or 48 hours. Respiratory control ratio, a measure of mitochondrial electrochemical coupling, was
significantly higher in high glucose renal MECs treated with C-peptide than those of high glucose alone. C-peptide also restored
high glucose-induced renal MEC mitochondrial membrane potential changes back to their basal low glucose state. Moreover,
C-peptide prevented the excessive mitochondrial superoxide generation and concomitant reductions in mitochondrial complex
I activity which are mediated by the exposure of the renal MECs to high glucose. Together, these data demonstrate that C-
peptide protects against high glucose-induced generation of mitochondrial superoxide in renal MECs via restoration of basal
mitochondrial function.

1. Introduction

Diabetic renal impairment, a serious and frequent compli-
cation of both type I and type II diabetes [1, 2], is a leading
cause of chronic renal disease [3, 4]. The pathobiology of dia-
betic renal impairment is founded in the microcirculation. It
is well established that the chronic hyperglycemia associated
with diabetes directly damages the microcirculation, leading
to small vessel dysfunction [5]. More specifically, hyper-
glycemia has been shown to selectively damage endothelial
cells because their glucose transport rate is not diminished,
leading to an excessive accumulation of glucose within them
[6, 7]. As a consequence, the elevated intracellular glucose
that ensues leads to increased generation of mitochondrial

superoxide, proposed as a central player in the pathogenesis
of all diabetic complications [6]. Several reports contend that
the diabetic state increases mitochondrial superoxide genera-
tion both in in vitro high glucose conditions [8–11] as well as
in diabetic animal models [12, 13]. Furthermore, this exces-
sive superoxide generation leads to the subsequent accu-
mulation of other free radicals, thereby imparting diffuse
damage to proteins and mitochondrial DNA, and ultimately
leading to mitochondrial dysfunction [14, 15].

Complex I is the first member of the mitochondrial
membrane-bound electron transport chain and its sub-
strates/cofactors have the lowest potentials in the chain
[16]. Inhibition of the electron transport chain during
pathological conditions and/or the build-up of NADH (and
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subsequent elevation in the NADH/NAD+ ratio) has been
shown to contribute significantly to superoxide generation
by complex I [17]. Under physiological conditions, mito-
chondrial superoxide originates predominantly from com-
plex I and complex III [18, 19], yet growing evidence suggests
that complex I alone is responsible for the majority of the
superoxide produced within intact mammalian mitochon-
dria [20].

C-peptide, a byproduct of insulin biosynthesis [21], had
long been thought to be physiologically inert. However, sev-
eral studies have reported the beneficial effects of exogenous
C-peptide on renal function in type 1 diabetes [22, 23]. In
fact, short-term infusions of C-peptide have been shown to
improve glomerular hyperfiltration and reduce albuminuria
[24–26], whereas long-term administration improved overall
renal function in diabetic patients [27, 28]. Not surprisingly,
many in vitro studies have been aimed at delineating the
molecular and cellular basis for the observed actions of C-
peptide [29–31]. Despite these reports, the exact nature of its
bioactivity and physiologic impact on the renal microcircu-
lation during diabetes needs further clarification. Given that
C-peptide, administered in the absence of insulin, provides
benefits to general renal and microvascular function during
type I diabetes, our central hypothesis follows that C-peptide
independently affords protection to high-glucose exposed
renal microvascular endothelial cells (MECs) by diminishing
mitochondrial superoxide generation via restoration of basal
mitochondrial complex I activity. To examine this, we
evaluated the effects of C-peptide treatment on renal MEC
mitochondrial respiration, membrane potential changes,
superoxide production, and complex activity while exposed
to a high glucose environment.

2. Materials and Methods

Biosynthetic C-peptide (NH2- E V E D P Q V A Q L E -
L G G G P G A G D L Q T L A L Q V A R Q-COOH) and
its scrambled sequence peptide control (NH2-
LGGGPQVGTLLAQVEQEAEDGLDVRLAQQPA-COOH),
both with a purity greater than 90% (HPLC), was synthesized
by PrimmBiotech, Inc. (Cambridge, MA). The scrambled
sequence peptide control has the same composition as
the native C-peptide, but with the amino acid residues in
random order. Cell culture media was supplied by Gibco
(Invitrogen, Carlsbad, CA). All other chemicals were from
Sigma Chemical (St. Louis, MO), with the exception of
MitoSOX Red [3,8-phenanthradinediamine, 5-(6′ tri-
phenylphosphoniumhexyl)-5,6 dihydro-6-phenyl], which
was purchased from Molecular Probes (Invitrogen, Carlsbad,
CA).

2.1. Cell Culture. Conditionally immortalized renal micro-
vascular endothelial cells (MECs) were obtained from Dr.
Isaiah J. Fidler (MD Anderson Cancer Center). Cells were
derived from the kidneys of transgenic mice harboring the
temperature-sensitive SV-40 large T antigen, referred to as
H-2Kb-tsA58 mice [32]. Cells were either grown in a T75
flask or 100 mm plates in a humidified incubator gassed

with 5% CO2 and 95% O2 in DMEM containing 5% fetal
bovine serum and supplemented with nonessential amino
acids, penicillin, and streptomycin. Cells were used between
passages 3–10 and renal MECs were grown and maintained
at 33◦C. Once the cells reached 50–60% confluence, they
were shifted to 37◦C to permit activation of the temperature
sensitive antigen and retention of the original endothelial cell
phenotype. After 48 hours at 37◦C, cells were serum deprived
for 24 hours to allow for synchronization of cell cycles
prior to treatments. Cells were subsequently divided into
the following groups and medium was supplemented with
the following agents: (A) low-glucose—5.5 mM D-glucose
(LG); (B) low-glucose with C-peptide—6.6 nM (LG + C-
pep); (C) high-glucose—25 mM D-glucose (HG); (D) high-
glucose with C-peptide—6.6 nM (HG + C-pep); (E) low-
glucose with scrambled peptide, 6.6 nM and (F) high glucose
with scrambled peptide for either 24- or 48-hours. Low
glucose cells were also treated with 19.5 mM raffinose to serve
as an osmotic control. We chose to treat cells with 6.6 nM
of C-peptide because that is the physiological postprandial
concentration observed in humans [33] and this concentra-
tion is comparable to the previous literature involving in vitro
C-peptide studies [34]. For the sake of clarity and brevity,
we did not present data on the high-glucose/low-glucose +
scrambled peptide control groups since they did not differ
from their respective nontreatment conditions for any of the
parameters assessed. Renal MECs treated with high-glucose
did not exhibit any changes in cell viability (as assessed by
trypan blue exclusion), nor did they demonstrate changes
in their characteristic cobblestone morphology (data not
shown).

2.2. Mitochondrial Respiration Assays. Mitochondrial respi-
ration (a marker for mitochondrial electrochemical cou-
pling) was measured by oxygen consumption rates in digi-
tonin-permeabilized renal MECs using a Clark-type oxygen
electrode [14]. Cells were trypsinized, centrifuged at 1000 g
for 10 min and resuspended in 10 mL of respiration buffer
containing (in mmol/L) 20 HEPES, 10 MgCl2, and 250
sucrose with 100–150 µg of digitonin. Cells were then
incubated on ice for 10 minutes, washed three times with
respiration buffer containing 0.5% bovine serum albumin,
followed by resuspension at 5–8 million cells per 1.5 mL of
respiration buffer into a Gilson chamber (Gilson; Middleton,
WI). The chamber was maintained at 30◦C and attached to
YSI 5300 Biological Oxygen Monitor (YSI; Yellow Springs,
OH) [35]. After an initial period of stabilization, the
substrates glutamate and malate (100 mM of each) were
added followed by ADP. Protein content was determined
using the Bradford method (BCA Protein assay, Pierce),
and values were expressed as nmol O2 consumed/min/mg
protein. State 3 respiration is an active state of maximal
respiration with ADP and substrates, while state 4 respiration
is a slow respiration state with low ADP and substrates [36].
The respiratory control ratio (RCR), a ratio of the state 3 to
state 4 respiration rates, is a measure coupling the transfer of
electrons driving oxygen consumption and proton transfer
driving ATP synthesis.
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2.3. Mitochondrial Membrane Potential Measurements.
Assessments of mitochondrial membrane potential (ΔΨm)
were performed using a previously described method [37],
which employs the J-aggregate lipophilic cationic dye,
JC-1 (Molecular Probes; Eugene, OR). Briefly, renal MECs
were incubated in the dark with JC-1 (7.5 µM, 30 min at
37◦C) following either the 24- or 48-hour treatments. After
incubation, renal MECs were measured for fluorescence
emission at 530 nm (monomer = green) and at 590 nm
(J-aggregates = red) in a F-2500 Fluorescence Spectrophoto-
meter (Hitachi High Technologies America; Pleasanton,
CA) equipped with a cover slip holder and using an excita-
tion wavelength of 488 nm. Relative ΔΨm changes were
calculated using the ratio of the J-aggregate to monomer
(590 nm/530 nm). Values were expressed as fold increase
in J-aggregate/monomer fluorescence over control cells.
As a complement, cells were grown on six-well dishes and
observed using an Eclipse 800 Fluorescence Microscope
(Nikon; Melville, NY) equipped with a dual filter for
fluorescein and rhodamine.

2.4. Mitochondrial Superoxide Measurements. Mitochondrial
superoxide was measured using a previously described flow
cytometry method [38]. Briefly, after the 24- or 48-hour
treatments, MitoSOX Red was added to fresh media to a
final concentration of 5 µM according to manufacturer’s
instructions. The renal MECs were incubated with the
MitoSOX for 30-minutes in the dark, washed two times
with PBS containing calcium and magnesium. Antimycin
(100 µM), a complex III inhibitor, was used as a control. Flow
cytometry measurements were carried out using a FACScal-
ibur (BD Biosciences; San Jose, CA). A laser at 488 nm excited
MitoSOX Red, and data was collected at forward and side
scatter, 582/42 nm (FL2) channels. Data were presented in
the FL2 channel. Cell debris, represented by a distinct low
forward scatter, was gated out of the analyses.

2.5. Mitochondrial Complex Activity Measurements. Mito-
chondrial complex I, III, and IV activities were assessed
using the previously described method of Trounce et al. [39].
Complex activities were expressed as nmol/min/mg protein.

2.6. Western Blotting. Cell supernatants were obtained from
the renal MECs grown in 100 mm plates and subjected to
24-hour treatments. While adherent, cells were washed twice
with ice-cold PBS followed by treatment with ice-cold 1X
RIPA Buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl,
1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, 1 µg/mL leupeptin) sup-
plemented with protease and phosphatase inhibitor cock-
tails, for 5-minutes on ice. Renal MECs were scraped gently
using a rubber policeman, collected into a 1.5 mL centrifuge
tube and sonicated briefly to ensure complete lysis of cells.
The extract is then centrifuged for 10 minutes at 14,000 g
to obtain the supernatants. Protein concentration was deter-
mined using Pierce BCA protein assay kit (Thermo Fisher
Scientific Inc., Rockford, IL)

Cell supernatants (equivalent to 40 mg of protein) were
separated on a 4–12% Novex NuPAGE Bis-Tris gels using
Novex system (Invitrogen, Carlsbad, CA) and then trans-
ferred on to nitrocellulose membrane. Membranes were then
blotted for Extracellular-Signal Regulated Kinase (ERK)1/2
(p44/p42 [ERK1/2] 137F5 Rabbit mAb), Phospho ERK1/2
(p44/p42 [ERK1/2] (Thr202/Tyr204) Rabbit mAb), p38
Mitogen-Activated Protein Kinase (MAPK) mAb, and phos-
pho p38 MAPK (Thr180/Tyr182) Rabbit mAb (Cell signal-
ing, Danvers, MA), followed by incubation with peroxidase
conjugated anti-rabbit secondary antibody. Membranes were
developed with ECL advance detection reagent (Amersham,
GE Healthcare, Piscataway, NJ) followed by detection of
chemiluminescent signal using G:Box, Gel Imager (Syngene,
Synoptics Ltd.). Densitometric analysis was performed using
Gene Tools (Syngene) software and data were calculated
as arbitrary units. Phosphorylated MAPK phosphorylations
were normalized to total MAPK levels.

2.7. Statistical Analysis. Statistical significances were deter-
mined using standard ANOVA procedures. If significance
was found, the effects were tested further by using the Stu-
dent Newman-Keuls post hoc comparison. A probability of
0.05 was accepted as statistically significant, and the sample
sizes for each experimental group provided a statistical power
of greater than 80%. Data are expressed as means ± SEM.

3. Results

3.1. C-Peptide Ameliorated Defects in Mitochondrial Electro-
chemical Coupling during High Glucose Exposure of Renal
MECs. State 3 mitochondrial respiration is the slope of
measured oxygen consumption in the presence of glutamate-
malate and ADP. State 3 respiration rates were significantly
decreased in high glucose cells at both 24- and 48-hours. C-
peptide treatment restored state 3 respiration to basal levels
(Figure 1(a); P < 0.02). State 4 respiration is the slope of
measured oxygen consumption after ADP depletion. State
4 respiration was increased in high glucose cells at both 24-
and 48-hours while C-peptide treatment restored state 4 res-
piration (Figure 1(b)). RCR, the ratio of state 3-to-state 4 res-
piration, is a measure coupling the transfer of electrons driv-
ing oxygen consumption and proton transfer driving ATP
synthesis. RCRs were significantly decreased in high glucose
cells at both 24- and 48-hours and were restored with C-
peptide (Figure 1(c); P < 0.0001). These data demonstrate
that C-peptide abrogates mitochondrial respiratory defects
caused by high glucose.

3.2. C-Peptide Restored the Mitochondrial Membrane Poten-
tial (ΔΨm) of Renal MECs during High Glucose Exposure.
Changes in ΔΨm were measured in renal MECs using JC-1
staining. At 24-hours, high glucose exposure resulted in sig-
nificant hyperpolarization of the mitochondrial membrane
(Figure 2; P < 0.009). Subsequently, endothelial mitochon-
dria were depolarized after 48-hour (Figure 2; P < 0.002).
Treatment with C-peptide resulted in restoration of ΔΨm at
both 24- and 48-hours of exposure to a high glucose stress.
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Figure 1: (a) State 3 respiration is the slope of measured O2 consumption in the presence of glutamate-malate and ADP. ∗, significantly
different than low-glucose and high-glucose + C-peptide (P < 0.02). (b) State 4 respiration is the slope of measured O2 consumption after
ADP depletion. (c) RCR is the ratio of state 3 to state 4 respiration. ∗, significantly less than low-glucose and high-glucose + C-peptide
(∗P < 0.0001). n = 8 experiments. Data represent mean ± SEM.

3.3. C-Peptide Reduced the Excessive Mitochondrial Superoxide
Levels Observed in High Glucose Exposed Renal MECs. Using
MitoSOX Red and measuring fluorescence by flow cytome-
try, the exposure of renal MECs to high glucose significantly
elevated mitochondrial superoxide generation (Figure 3(b);
P < 0.0001) compared to low glucose at both 24- and 48-
hours. C-peptide treatment restored mitochondrial superox-
ide generation to basal levels at both time points.

3.4. C-Peptide Improves Mitochondrial Complex I Activity in
High Glucose Exposed Renal MECs. Renal MECs exposed to
high glucose exhibited significant reductions in complex I
activity at 24- and 48-hours (Figure 4(a); (P < 0.002 at 24 hr
and P < 0.0009 at 48 hr), with no change to complex III
and IV (Figures 4(b) and 4(c)). C-peptide restored complex
I activity back to levels observed with low glucose.

3.5. C-Peptide Activates Extracellular Signal Regulated Kinase
(ERK) 1/2 in High Glucose Exposed Renal MECs. C-peptide

treatment resulted in activation of ERK 1/2 (Figure 5(a);
P < 0.0005) in high glucose exposed renal MECs, however
it failed to induce phosphorylation of p38 MAPK.

4. Discussion

Chronic hyperglycemia is the main trigger initiating diabetic
renal impairment. However, to varying degrees, chronic
hyperglycemic injury affects all of the cell types within the
glomerular, vascular and tubulointerstitial compartments
of the kidney. However, the initial stages of diabetic renal
impairment can be ascribed to dysfunction of glomerular
capillaries and barrier function, which clinically manifest
as hyperfiltration and microalbuminuria. The glomerulus
is composed of endothelial cells, podocytes, and mesangial
cells, all of which play a crucial role in maintaining
barrier function. Furthermore endothelial cells, both from
glomeruli and the tubulointerstitium, play an important role
in the overt hyperglycemic damage to the kidney due to
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Figure 2: (a) At 24 hours, high glucose resulted in significant mitochondrial membrane hyperpolarization. Subsequently, endothelial
mitochondria were depolarized (after 48 hours). Treatment with C-peptide resulted in restoration of ΔΨm at both 24 and 48 hours of
exposure to a high glucose stress. ∗, significantly greater than low-glucose and high-glucose + C-peptide (P < 0.009); #, significantly less
than low-glucose and high-glucose + C-peptide (P < 0.002). Data represent means ± SEM and n = 6 experiments. (b) Representative
fluorescence micrographs of renal MECs treated with JC-1.

the previously discussed deficiency in glucose transport. The
murine renal microvascular endothelial cells utilized in this
study are an ideal cell type to study the effects of high
glucose-induced deleterious changes that ultimately lead to
renal microvascular endothelial dysfunction.

This study demonstrates, for the first time, that C-
peptide confers protection against hyperglycemia-mediated
mitochondrial dysfunction in endothelial cells. We show that
C-peptide inhibits high glucose-induced changes to mito-
chondrial respiration, membrane potential, superoxide gen-
eration, and complex I activity. Several studies suggest that
C-peptide prevents diabetes-induced renal microvascular
complications, and subsequently improves renal function
[24–28]. Although mitochondrial superoxide generation has
been widely implicated in the pathogenesis of diabetic micro-
vascular complications [5, 7], there is a dearth of knowledge
regarding the impact of C-peptide on diabetes-induced
mitochondrial dysfunction. This is the first investigation
addressing whether the protection rendered by C-peptide
during diabetes involves the mitochondria.

Our studies examining the effect of C-peptide on hyper-
glycemia-mediated mitochondrial dysfunction suggest that
C-peptide improved mitochondrial respiration in high

glucose-exposed renal MECs. Mitochondrial respiration is
a reflection of its capacity to synthesize ATP, which occurs
by means of the electron transport chain and oxidative
phosphorylation. The processes of electron transfer and
ATP generation are tightly coupled, with respiratory control
ratio used as an indicator of the extent of electrochemical
coupling. Recent reports using the mitochondria isolated
from diabetic animals demonstrated compromised mito-
chondrial respiration [12, 13, 40]. Recently, Palmeira et al.
[14] reported impairment of mitochondrial respiration
rates under similar high-glucose conditions in HepG2
cells. Clearly, there is a need to delineate the mechanisms
underlying high glucose-mediated damage to microvascular
endothelial cells, the main cell type associated with diabetic
end-organ complications. Since it has already been shown
that C-peptide prevents diabetes-induced renal microvas-
cular complications [25, 26], restoration of mitochondrial
respiration and attenuation of mitochondrial superoxide
generation in high glucose-exposed renal MECs is a legiti-
mate channel by which C-peptide can exert these beneficial
renal effects during diabetes.

It is well recognized that the major pathways involved in
the pathogenesis of diabetic microvascular dysfunction are
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Figure 3: (a) Representative histograms of MitoSOX Red flow cytometry data at 24 hrs. Y-axes represent the number of counts of cells that
emit fluorescence. X-axes represent the average fluorescence intensity of cells. (a1) represents treatment conditions; (a2) represent vehicle
control and positive control. (b) Fold-change of mean fluorescence intensity of cells, including the control of low-glucose + antimycin. ∗,
significantly different than low-glucose and high-glucose + C-peptide (P < 0.0001). #, significantly different than high-glucose and low-
glucose + antimycin (P < 0.0001).
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Figure 4: Mitochondrial complex activity, as measured by spectrophotometry. (a) There is a significant decrease in complex I activity in
high-glucose exposed renal MECs compared to low-glucose and high-glucose + C-peptide at both 24- and 48-hours. ∗, significantly less
than low-glucose and high-glucose + C-peptide (P < 0.002 at 24 hr and P < 0.0009 at 48 hr). #, significantly greater than high glucose at
48 hr (P < 0.05). (b) and (c) Both complex III and IV activities are not different among the treatment conditions. Data represent mean ±
SEM; n = 16 experiments.

activated by hyperglycemia-mediated superoxide generation
by the mitochondria [6]. Hyperglycemia results in the
increased availability of reducing equivalents NADH and
FADH2, which in turn lead to increased electron transfer
through the mitochondrial electron transport chain. The
overall rate of this electron transport is governed by mito-
chondrial respiratory control, which ultimately is the ampli-
tude of the electrochemical trans-membrane proton gradi-
ent. In our studies, we believe that the high glucose environ-
ment generates a high transmembrane proton gradient and
high ΔΨm, thereby prolonging the presence of the superox-
ide generating intermediate-ubiquinone [41, 42]. This is in
agreement with the findings of others demonstrating changes
in ΔΨm in high glucose-exposed cells [37, 43]. We also
showed that C-peptide treatment prevented both the hyper-
polarization, and the subsequent depolarization, in high
glucose-exposed renal MECs. We propose that the increases
in ΔΨm, described as hyperpolarization, may result in
the partial inhibition of electron transport chain complexes

leading to a large stimulation of mitochondrial superoxide
generation. Our studies also show increased superoxide gen-
eration by the mitochondria in high glucose-exposed renal
MECs, which was abrogated by treatment with C-peptide.
A similar increase in mitochondrial superoxide generation
upon exposure to high glucose has also been reported
in various other cell types [8, 10, 11, 37, 43].

Although all of the complexes of the mitochondrial
electron transport chain contribute to total mitochondrial
superoxide generation, growing evidence now suggests that
complex I produces most of the superoxide generated within
intact mammalian mitochondria [44]. It is well known that
complex II also has the capacity to produce superoxide, but
this only occurs while in the presence of specific inhibitors
and is not a physiologically relevant site of generation [45].
Complex III, on the other hand, has been shown to produce
large amounts of superoxide, at least in the presence of anti
mycin [45]. To characterize the role of each individual com-
plex in the generation of excessive mitochondrial superoxide
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Figure 5: Cell supernatants obtained after 24 hr treatments were subjected to western blotting analysis for detection of phosphorylated ERK
isoforms (p44 kDa/pERK1 and p42 kDa/pERK2) and Phosphorylated p38 MAPK isoforms. (a) Phosphorylated MAPK band intensities were
normalized to total MAPK levels. ∗significantly greater than all other groups (P < 0.0005). Data are expressed as percent change relative to
control low glucose treatment. Data represent mean ± SEM, n = 6. (b) Representative western blot images.

in our high glucose model, we assessed the activities of com-
plex I, III, and IV. As expected in our high glucose exposed
renal MECs, we found a significant reduction in complex
I activity, with no apparent changes to the activities of com-
plex III and IV. This is in accordance with the observations
of others [35, 43–45]. Further, Lambert and Brand [17] have
shown that high superoxide generation by the mitochondria
requires inhibition of complex I activity. Surprisingly, C-
peptide prevented the reduction in complex I activity caused
by the high glucose exposure, in the absence of any effect
on basal complex III and IV activities. Moreover, increased
mitochondrial superoxide generation exacerbates mitochon-
drial oxidative stress further and leads to conversion of the
mitochondrial glutathione pool to glutathione disulfide [46].
Glutathionylation of complex I has been shown to contribute
to oxidative damage to its subunits and loss of activity
[47, 48].

C-peptide has been shown to be a potent stimulant of
MAPKs [49–51]. Activation of ERK by C-peptide has been
shown in numerous cell types [31, 52–54]. Our experiments
to study the effect of C-peptide on MAPKs yielded similar
results demonstrating the activation of ERK1/2. This is
especially important because several recent studies indicate
that ERK 1/2 may affect the mitochondrial activities by
regulating the expression of mitochondrial proteins in the
nucleus in addition to having intrinsic mitochondrial activ-
ities [55]. Specifically, ERK1/2 has been shown to localize
to mitochondria in human alveolar macrophages and control
mitochondrial membrane potential as well as ATP produc-
tion [56]. However, the exact mechanisms by which ERK1/2
are translocated and regulated in the mitochondria are still
obscure and are beyond the scope of our study.

In this work, we have shown that C-peptide protects renal
MECs exposed to a high glucose environment from mito-
chondrial dysfunction via improvements to mitochondrial
electrochemical coupling and reductions in mitochondrial
superoxide generation through restoration of mitochondrial
respiratory complex I activity. Together, these data not only
support the continued thought that C-peptide treatment
affords protection against high glucose environments, but
that its unique impact on the mitochondria should be a
mechanism pursued in more detail.

5. Conclusions

Our work demonstrates that C-peptide curtailed high
glucose-induced mitochondrial functional impairments in
renal MECs. Although interest in the physiologic benefits
of C-peptide has persisted for more than two decades, C-
peptide has yet to make its way into standard treatment
regimens for various diabetic complications. The findings
from our work have to be confirmed in vivo, but provides
proof-of-principle evidence in support of the inclusion of C-
peptide to the existing therapeutic regimen for treatment of
diabetic complications, specifically those related to diabetes-
induced renal impairment.
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and M. Sjöquist, “Effects of C-peptide on glomerular and renal
size and renal function in diabetic rats,” Kidney International,
vol. 60, no. 4, pp. 1258–1265, 2001.
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P. Pacher, “Simple quantitative detection of mitochondrial
superoxide production in live cells,” Biochemical and Biophys-
ical Research Communications, vol. 358, no. 1, pp. 203–208,
2007.

[39] I. A. Trounce, Y. L. Kim, A. S. Jun, and D. C. Wallace, “Assess-
ment of mitochondrial oxidative phosphorylation in patient
muscle biopsies, lymphoblasts, and transmitochondrial cell
lines,” Methods in Enzymology, vol. 264, pp. 484–509, 1996.

[40] X. Shen, S. Zheng, V. Thongboonkerd et al., “Cardiac mito-
chondrial damage and biogenesis in a chronic model of type
1 diabetes,” American Journal of Physiology, vol. 287, no. 5, pp.
E896–E905, 2004.

[41] S. S. Korshunov, V. P. Skulachev, and A. A. Starkov, “High
protonic potential actuates a mechanism of production of
reactive oxygen species in mitochondria,” FEBS Letters, vol.
416, no. 1, pp. 15–18, 1997.

[42] A. P. Rolo and C. M. Palmeira, “Diabetes and mitochondrial
function: role of hyperglycemia and oxidative stress,” Toxicol-
ogy and Applied Pharmacology, vol. 212, no. 2, pp. 167–178,
2006.

[43] M. Kanwar, P. S. Chan, T. S. Kern, and R. A. Kowluru, “Oxida-
tive damage in the retinal mitochondria of diabetic mice:
possible protection by superoxide dismutase,” Investigative
Ophthalmology and Visual Science, vol. 48, no. 8, pp. 3805–
3811, 2007.

[44] M. D. Brand, C. Affourtit, T. C. Esteves et al., “Mitochondrial
superoxide: production, biological effects, and activation of
uncoupling proteins,” Free Radical Biology and Medicine, vol.
37, no. 6, pp. 755–767, 2004.

[45] K. Green, M. D. Brand, and M. P. Murphy, “Prevention of
mitochondrial oxidative damage as a therapeutic strategy in

diabetes,” Diabetes, vol. 53, supplement 1, pp. S110–S118,
2004.

[46] T. R. Hurd, R. Requejo, A. Filipovska et al., “Complex I
within oxidatively stressed bovine heart mitochondria is gluta-
thionylated on Cys-531 and Cys-704 of the 75-kDa subunit:
potential role of Cys residues in decreasing oxidative damage,”
Journal of Biological Chemistry, vol. 283, no. 36, pp. 24801–
24815, 2008.

[47] S. M. Beer, E. R. Taylor, S. E. Brown et al., “Glutaredoxin
2 catalyzes the reversible oxidation and glutathionylation
of mitochondrial membrane thiol proteins: implications for
mitochondrial redox regulation and antioxidant defense,”
Journal of Biological Chemistry, vol. 279, no. 46, pp. 47939–
47951, 2004.

[48] T. R. Hurd, N. J. Costa, C. C. Dahm et al., “Glutathionylation
of mitochondrial proteins,” Antioxidants and Redox Signaling,
vol. 7, no. 7-8, pp. 999–1010, 2005.

[49] T. Kitamura, K. Kimura, B. D. Jung et al., “Proinsulin C-
peptide rapidly stimulates mitogen-activated protein kinases
in swiss 3T3 fibroblasts: requirement of protein kinase C,
phosphoinositide 3-kinase and pertussis toxin-sensitive G-
protein,” Biochemical Journal, vol. 355, no. 1, pp. 123–129,
2001.

[50] T. Kitamura, K. Kimura, B. D. Jung et al., “Proinsulin C-
peptide activates cAMP response element-binding proteins
through the p38 mitogen-activated protein kinase pathway in
mouse lung capillary endothelial cells,” Biochemical Journal,
vol. 366, no. 3, pp. 737–744, 2002.

[51] T. Kitamura, K. Kimura, K. Makondo et al., “Proinsulin
C-peptide increases nitric oxide production by enhancing
mitogen-activated protein-kinase-dependent transcription of
endothelial nitric oxide synthase in aortic endothelial cells of
Wistar rats,” Diabetologia, vol. 46, no. 12, pp. 1698–1705, 2003.

[52] G. Grunberger, X. Qiang, Z. Li et al., “Molecular basis for the
insulinomimetic effects of C-peptide,” Diabetologia, vol. 44,
no. 10, pp. 1247–1257, 2001.

[53] Z. G. Li, X. Qiang, A. A. F. Sima, and G. Grunberger, “C-
peptide attenuates protein tyrosine phosphatase activity and
enhances glycogen synthesis in l6 myoblasts,” Biochemical and
Biophysical Research Communications, vol. 280, no. 3, pp. 615–
619, 2001.

[54] Z. Zhong, O. Kotova, A. Davidescu et al., “C-peptide stimu-
lates Na+,K+-ATPase via activation of ERK1/2 MAP kinases
in human renal tubular cells,” Cellular and Molecular Life
Sciences, vol. 61, no. 21, pp. 2782–2790, 2004.

[55] R. Seger, T. Hanoch, R. Rosenberg et al., “The ERK signaling
cascade inhibits gonadotropin-stimulated steroidogenesis,”
Journal of Biological Chemistry, vol. 276, no. 17, pp. 13957–
13964, 2001.

[56] M. M. Monick, L. S. Powers, C. W. Barrett et al., “Constitutive
ERK MAPK activity regulates macrophage ATP production
and mitochondrial integrity,” Journal of Immunology, vol. 180,
no. 11, pp. 7485–7496, 2008.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


