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Proinsulin C-peptide prevents hyperglycemia-induced
vascular leakage and metastasis of melanoma cells in
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ABSTRACT: C-peptide has a beneficial effect against diabetic complications, but its role in hyperglycemia-induced
metastasis is unknown.We investigated hyperglycemia-mediated pulmonary vascular leakage andmetastasis and
C-peptide inhibition of these molecular events using human pulmonary microvascular endothelial cells
(HPMVECs) and streptozotocin-induced diabetic mice. VEGF, which is elevated in the lungs of diabetic mice,
activated transglutaminase 2 (TGase2) in HPMVECs by sequential elevation of intracellular Ca2+ and reactive
oxygen species (ROS) levels. VEGF also induced vascular endothelial (VE)-cadherin disruption and increased the
permeabilityofendothelial cells,bothofwhichwerepreventedby theTGase inhibitorsmonodansylcadaverineand
cystamine or TGM2-specific small interfering RNA. C-peptide prevented VEGF-induced VE-cadherin disruption
and endothelial cell permeability through inhibiting ROS-mediated activation of TGase2. C-peptide supplemen-
tation inhibitedhyperglycemia-inducedROSgenerationandTGase2activationandpreventedvascular leakageand
metastasis in the lungs of diabeticmice. The role of TGase2 in hyperglycemia-induced pulmonary vascular leakage
andmetastasiswas furtherdemonstrated indiabeticTgm22/2mice.These findingsdemonstrate thathyperglycemia
inducesmetastasis, and C-peptide prevents the hyperglycemia-inducedmetastasis in the lungs of diabetic mice by
inhibiting VEGF-induced TGase2 activation and subsequent vascular leakage.—Jeon, H.-Y., Lee, Y.-J., Kim, Y.-S.,
Kim, S.-Y., Han, E.-T., Park,W. S., Hong, S.-H., Kim, Y.-M., Ha,K.-S. ProinsulinC-peptide prevents hyperglycemia-
inducedvascular leakageandmetastasis ofmelanomacells in the lungsofdiabeticmice.FASEBJ. 33, 000–000 (2019).
www.fasebj.org
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Diabetes mellitus (DM) is a serious metabolic disease in
which a state of chronic hyperglycemia results in micro-
andmacrovascular complications from progressive blood
vessel damage anddysfunction (1). Epidemiologic studies
reported that DM induces metastases of non–muscle-
invasive bladder and prostate cancers (2, 3). However, the
results from another study suggested that DM is as-
sociated with a lower risk of metastasis in patients
with non–small-cell lung cancer (4), indicating that the

association of diabetes with metastasis is controversial. A
number of studies reported that in vitro treatment of
pancreatic, breast, and colon cancer cells with high glu-
cose promotes metastatic potential including epithelial–
mesenchymal transition, invasiveness, andmobility (5–7).
However, whether hyperglycemia in diabetic patients or
animal models can induce metastasis is not clear.

The mortality of cancer patients is primarily caused by
metastasis, which is a challenging clinical problem for
treatment (8). Cancer metastasis is a multistep process
involving the dissociation of cancer cells from their pri-
mary site, intravasation into blood vessels, survival in
circulation, extravasation from blood vessels, and coloni-
zation at secondary sites (9, 10). To interrupt this process,
treatments have targeted angiogenesis, with the idea
that blocking new blood vessel formation in tumors
will stop or slow their growth (11). Indeed, a variety of
antiangiogenics, including bevacizumab, sunitinib, and
regorafenib, have shown beneficial effects in clinical trials
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against the metastases of colorectal, breast, lung, and
prostate cancers (11–13). Recently, an alternative strategy
for treating metastasis has focused on extravasation me-
diated by vascular permeability (14, 15), which is regu-
lated by a variety of inflammatory cytokines and growth
factors, including VEGF (16).

A main feature of type 1 DM is a deficiency of
C-peptide (17), a 31 aa polypeptide cleaved from pro-
insulin and released into circulation by pancreatic
b-cells in equimolar concentrations with insulin (18).
Recently, C-peptide has emerged as a potential candi-
date for treating various diabetic complications, in-
cluding diabetic neuropathy, nephropathy, retinopathy,
vascular dysfunctions, and impaired wound healing
(1, 17, 19–23). C-peptide replacement protects against
hyperglycemia-induced vascular damage by activating
AMPK a and inhibiting mitochondrial dysfunction
(1, 23) and prevents impaired wound healing by activat-
ing angiogenesis and inhibiting inflammation in diabetic
mice (22). C-peptide also prevents VEGF-induced vascu-
lar permeability in the retinas of diabetic mice by inhibit-
ing reactive oxygen species (ROS)-mediated activation
of transglutaminase 2 (TGase2) (21, 24). However, the ef-
fects ofC-peptideagainstVEGF-inducedvascular leakage
in the lung andhyperglycemia-inducedmetastasis are not
known.

TGase2, also known as tissue transglutaminase, is
a member of the TGase family and catalyzes the Ca2+-
dependent cross-linking of glutamine and lysine resi-
dues (25). TGase2 is ubiquitously expressed and is in-
volved in various cellular processes, including cell death,
proliferation, adhesion, migration, and cytoskeletal re-
organization (25–27). TGase2 is associated with diabetic
vasculopathy and retinopathy via the induction of endo-
thelial cell apoptosis and vascular permeability (1, 24) and
is also involved in cardiovascular, celiac, and neurode-
generative diseases (28–30). Furthermore, TGase2 induces
the epithelial mesenchymal transition of various cancer
cells and promotes tumor progression (31–33); however,
the role of TGase2 in endothelium for hyperglycemia-
induced metastasis is not clear.

The aim of this study was to determine whether hy-
perglycemia induces metastasis and the role of C-peptide
in VEGF-induced pulmonary vascular leakage and
hyperglycemia-induced metastasis. We hypothesized that
C-peptide inhibits TGase2 to prevent pulmonary vascular
leakage and metastasis in the lungs. We found that VEGF
activated TGase2 though the sequential elevation of
intracellular Ca2+ and ROS levels, leading to VE-cadherin-
mediated permeability in human pulmonary microvascu-
lar endothelial cells (HPMVECs). These VEGF-induced
effects were prevented in vitro by C-peptide supplemen-
tation. We also found that C-peptide replacement ther-
apy prevented hyperglycemia-induced ROS generation,
TGase2 activation, vascular leakage, and metastasis in
the lungs of diabetic mice. The essential roles of TGase2 in
VEGF-induced vascular leakage and metastasis were fur-
ther demonstrated using diabetic Tgm22/2 mice. Our
findings suggest that C-peptide prevents hyperglycemia-
induced vascular leakage and metastasis in the lungs of
individuals with diabetes.

MATERIALS AND METHODS

Cell culture

HPMVECs were purchased from the Applied Cell Biology
Research Institute (Cell Systems, Kirkland, WA, USA) and
maintained on 2% gelatin-coated plates in M199 medium sup-
plemented with 20% fetal bovine serum (FBS), 3 ng/ml basic
fibroblast growth factor, 5 U/ml heparin, 100 U/ml penicillin,
and 100 mg/ml streptomycin in a humidified 5%CO2 incubator.
For experiments, cells were incubated for 6 h in low-serum me-
dium supplemented with 1% FBS and the antibiotics. B16F10
cells, obtained from American Type Culture Collection (Manas-
sas, VA, USA), were maintained at 37°C in DMEM supple-
mented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml
streptomycin in a humidified 5% CO2 incubator.

Measurement of intracellular Ca2+ levels and
ROS generation

Intracellular Ca2+ levels and ROS generation were determined
using Fluo-4-AM and 29,79-dichlorodihydrofluorescein diacetate
[(H2DCFDA); Thermo Fisher Scientific, Waltham, MA, USA],
respectively, as described by Lee et al. (24). Peaks of fluorescence
intensities at the single-cell level were determined for 10 ran-
domly selected cells per experiment.

Measurement of in situ TGase activity

In situ TGase transamidation activity was determined by a con-
focalmicroscopic assay as described by Lee et al. 34). In brief, cells
were incubated at 37°C with 10 ng/ml VEGF for 2 h and treat-
ed with 1 mM 5-(biotinamido)pentylamine (BAPA) for the last
1 h. Cells were fixed, permeabilized, and treated with FITC-
conjugated streptavidin (1:200; MilliporeSigma, Burlington, MA,
USA) for 1 h. The fluorescence intensities of stained cells were
determined by confocal microscopy (FV-300; Olympus, Tokyo,
Japan) for 10 randomly selected cells/experiment (fold change).

On-chip TGase activity assay

On-chipTGaseactivityassaywasperformedwith fibrinogenarrays
(35). In brief, aliquots (1 ml each) of reaction mixtures containing
mouse lung lysates (n = 10/group) were applied to fibrinogen ar-
rays at 37°C for 30 min. BAPA incorporation catalyzed by TGase2
wasprobedwith10mg/mlCy3-conjugatedstreptavidin for30min.

Immunostaining in HPMVECs

HPMVECs were incubated with various inhibitors for 30 min
and treated with 10 ng/ml VEGF for 90 min. Fixed cells were
incubated overnight at 4°C with mAbs against VE-cadherin,
b-catenin, g-catenin, or vinculin (1:200; Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) and incubatedwith FITC-conjugated goat
anti-mouse antibodies (MilliporeSigma). Labeled cells were vi-
sualized by confocalmicroscopy (Olympus). Adherens junctions
were quantitatively analyzed at the single-cell level for 10 ran-
domly selected cells per experiment.

In vitro permeability assay

In vitro permeability was assessed as described by Lee et al. (24).
HPMVECs were grown to confluence on gelatin-coated inserts
(Costar;Corning,Corning,NY,USA). The cellswere treatedwith
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10 ng/ml VEGF for 90 min and probed with 1 mg/ml 40-kDa
FITC-dextran (MilliporeSigma) for the last 60min.The amountof
FITC-dextran in the lower chamber was measured with a
microplate spectrofluorometer (Molecular Devices, Sunnyvale,
CA, USA).

Transfection with TGM2-specific siRNA

HPMVECs were transfected with TGM2-specific siRNA as de-
scribed by Lee et al. (24). In brief, cells were transfected with
various concentrations of TGM2-specific siRNA or 100 nM con-
trol siRNA (Dharmacon, Lafayette, CO, USA) with siLentFect
lipid reagent (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s instructions. The expression of TGase2 was an-
alyzed by Western blot with TGase2 pAb (1:1000; Santa Cruz
Biotechnology).

Transendothelial migration assay

A total 13 105 HPMVECs were plated in the upper chamber of a
gelatin-coatedTranswell insertandgrowntoconfluence (Corning).
Melanoma cells were labeled with 1 mg/ml calcein-AM (Thermo
FisherScientific) for 30min,detachedby trypsin-EDTA,andplated
on top of the endothelial monolayer. The cells were allowed to
migrate for 24 h at 37°C in 5% CO2. DMEM medium containing
10%FBSwasused as a chemoattractant. TheTranswellswere then
fixed with 3.7% formaldehyde, and the cells migrated to the
basolateral side of the membrane was visualized by confocal mi-
croscopy (K1-Fluo; Nanoscope Systems, Taejon, Korea).

Generation of diabetic mice

Six-weeks-old male C57BL/6 mice were obtained from DBL
(EumSeong, Korea). Tgm22/2 mice (C57BL6) were prepared by
disrupting exons 5 and 6 of TGase2 by homologous re-
combination, as described by Lee et al. (24). Mice received single
intraperitoneal injections of streptozotocin (200 mg/kg body
weight; MilliporeSigma) freshly prepared in 100 mM citrate
buffer (pH 4.5), as described by Bhatt et al. (1). Mice with non-
fasting blood glucose concentrations $19 mM, polyuria, and
glycosuria were considered diabetic. All animal experiments
conformed to the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health, Bethesda, MD, USA) and were
approved by the Institutional Animal Care and Use Ethics
Committee of Kangwon National University.

Determination of VEGF levels in mouse lungs

VEGF levels in mouse lungs were determined with an ELISA
QuantikinemouseVEGFELISAkit (R&DSystems,Minneapolis,
MN,USA), according to themanufacturer’sprotocol. Fourweeks
after streptozotocin injections, mice were killed by cervical dis-
location, and the lungswere rapidly dissected and homogenized
in ice-cold lysis buffer. The lysateswerecentrifugedat 13,000 rpm
for 20 min at 4°C, and VEGF concentrations were determined
with an ELISA reader (Molecular Devices).

C-peptide supplementation using osmotic pumps

One week after streptozotocin injections, diabetic mice
were anesthetized with intraperitoneal injections of 2.5% tri-
bromoethanol [(Avertin) 240 mg/kg; MilliporeSigma]. Anes-
thesia was monitored via the pain reflex reaction. Mice were
implantedwithAlzetMini-osmotic pumps (model 2004; Durect,

Cupertino, CA, USA) for the delivery of human C-peptide
(Peptron, Daejeon, Korea) at a delivery rate of 35 pmol/min per
kilogram. The average serum C-peptide level of C-peptide–
supplemented diabetic mice (n = 7), which was assessed with a
human-specific C-peptide kit (MilliporeSigma) according to the
manufacturer’s protocol, was 1.28 6 0.13 nM. Control and
nonsupplemented diabetic mice underwent sham operations.
Four weeks after streptozotocin injection, the mice were sub-
jected to themeasurements of ROS levels, in vivo TGase activity,
vascular leakage, and metastasis in the lungs.

Metastasis study

B16F10 murine melanoma cells induce metastasis formation in
the lungs after injection into the caudal vein. Two weeks after
streptozotocin injections, normal (n = 12), diabetic (n = 11), and
C-peptide–supplemented (n = 12) mice were intravenously in-
jectedwith B16F10 cells (53 105) in 200ml PBS. Twoweeks later,
the mice were euthanized by cervical dislocation, and the lungs
were removed and bleached in Fekete’s solution (70% ethanol,
3.7% paraformaldehyde, 0.75 M glacial acetic acid). Metastasis
was assessed by counting metastatic lung nodules under a dis-
section microscope and by hematoxylin and eosin staining.

Measurement of ROS generation in mouse lungs

ROS levels in mouse lungs were determined with dihydroethi-
dium by confocal microscopy (34). In brief, the lungs were dis-
sected and quickly frozen in OCT compound (Sakura Finetek,
Torrance, CA, USA). Cryosections (60 mm thick) were prepared
on a microtome-cryostat (Leica Biosystems, Wetzlar, Germany)
and incubated with 10 mM dihydroethidium (Thermo Fisher
Scientific) in PBS for 30 min at 37°C. The ROS levels in the cry-
osections were also determined by incubating with 10 mM
H2DCFDA in PBS for 10 min at 37°C, as described by Bhatt et al.
(36). The stained sections (n = 8/group) were observed by con-
focalmicroscopy (Olympus, Tokyo, Japan), andROS levelswere
quantitatively analyzed via fluorescence intensities.

Measurement of in vivo TGase activity in
mouse lungs

In vivo TGase activity in mouse lungs was determined by con-
focal microscopy (24). In brief, mice were deeply anesthetized
and 48 ml 100 mM BAPAwas injected into the right ventricle of
each mouse and allowed to circulate for 10 min. The mice were
euthanized by cervical dislocation, and their lungs were fixed,
permeabilized, and treated with FITC-conjugated streptavidin
[1:200 (vol/vol)] for 1 h and then embedded in a cryosectioning
medium. Cryosections (20 mm thick) of the lungs (n = 8/group)
were observed by confocal microscopy (Olympus), and in vivo
TGase activities were quantitated by determining fluorescence
intensities with FluoView software (FV-300; Olympus).

Visualization of TGase2 expression in the lung

Lung cryosections underwent antigen retrieval with 0.01 M cit-
rate buffer (pH6.0) for 20min at 95°C. After cooling for 20min at
room temperature, the sections were permeabilized, blocked,
and incubated with polyclonal TGase2 antibodies (1:200; Santa
Cruz Biotechnology) overnight at 4°C. The sections were then
probed with Alexa 680-conjugated goat anti-rabbit antibodies
(1:1000; Li-Cor Biosciences, Lincoln, NE, USA) for 2 h at room
temperature. TGase2 expression was visualized by confocal mi-
croscopy (Nanoscope Systems).
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Measurement of vascular leakage in the lung

Microvascular leakage in the mouse lungs was investigated by
confocal microscopy (24). In brief, mice were deeply anesthetized,
and 1.25 mg of 500-kDa FITC-dextran (MilliporeSigma) was in-
jected into therightventricleofeachmouseandallowedtocirculate
for 5 min. The mice were euthanized by cervical dislocation, and
the lungs were dissected, immediately fixed, and embedded in
OCTcompound (Sakura). Cryosections (20mmthick) of lungs (n=
8/group) were stained with the endothelial cell-specific marker
Alexa 647-isolectin B4 (1:1000; Thermo Fisher Scientific). Micro-
vascular leakagewas quantitated by determining the fluorescence
intensities of FITC-dextran extravasated from the lung vessels.

Statistical analysis

Data processingwas performedwith Prism software (GraphPad
Software, La Jolla, CA,USA) andOrigin 6.1 software (OriginLab,
Northampton, MA, USA). Data are expressed as themeans6 SD

of results in at least 3 independent experiments. Statistical sig-
nificance was determined using Student’s t test. A value of P ,
0.05 was considered statistically significant.

RESULTS

C-peptide inhibits hyperglycemia-induced
metastasis in the lungs of diabetic mice

To investigate whether hyperglycemia can induce can-
cer metastasis, we used an experimental lung metas-
tasis model by intravenous injection of B16F10 cells to
streptozotocin-induced diabetic mice. The number of
metastatic nodules in the lungs of diabetic mice was sig-
nificantly higher than that of normal mice (Fig. 1A, B).
Microscopic examination of the sections of the lungs
showed that nodular area in diabeticmicewas higher than
that in normal mice (Fig. 1C, D). These results show that
hyperglycemia can induce cancermetastasis in thediabetic
lung.

We next examined whether C-peptide could prevent
hyperglycemia-induced metastasis in the diabetic lung.
C-peptide was continuously administered with sub-
cutaneously implanted osmotic pumps in diabetic mice.
Thehyperglycemia-inducedmetastasiswas suppressedby
supplementation with C-peptide (Fig. 1A, B), and the
nodular area was also significantly reduced by C-peptide
in the lungs of diabetic mice (Fig. 1C, D). However,
C-peptide had no inhibitory effect on hyperglycemia-
induced metastasis when it was supplemented 4 d after
intravenous injection of melanoma cells (data not shown).
Heat-inactivatedC-peptide also hadno inhibitory effect on
the hyperglycemia-induced metastasis (data not shown).
Our results demonstrate that hyperglycemia induces can-
cer metastasis and C-peptide prevents hyperglycemia-
induced metastasis in the lung of diabetic mice.

VEGF activates TGase2 by elevating
intracellular Ca2+ and ROS levels in HPMVECs

To understand the mechanism of the hyperglycemia-
induced cancer metastasis in the diabetic lung, we investi-
gated VEGF-induced activation of TGase2 in HPMVECs.

Streptozotocin-induced hyperglycemia significantly ele-
vated theaverage level ofVEGF in the lungsofdiabeticmice
compared to that in the lungs of controls (102 6 24.4 vs.
46.4 6 5.2 pg/mg protein; n = 6). We found that VEGF
increased TGase activity in a time-dependent manner, with
maximum activation at 2 h (Fig. 2A). To determine the
contribution of TGase2 to this activity, we transfected the
endothelial cells with TGM2-specific siRNA, which sup-
pressed TGase2 protein expression in a dose-dependent
manner, with a maximum effect at 100 nM (Fig. 2B). This
siRNA transfectionhadnoeffect on endothelial cell viability
(data not shown). TGM2-specific siRNA prevented VEGF-
induced TGase activation, whereas the control siRNA had
no effect (Fig. 2C). TGM2-specific or control siRNA alone
showed negligible effects on TGase activity. These results
demonstrate that primarily TGase2, but not other members
of the TGase family, contribute to the VEGF-induced in-
crease in TGase activity in pulmonary endothelial cells.

Tostudy the rolesof intracellularCa2+andROS inVEGF-
induced TGase2 activation, we treated HPMVECs with
various inhibitors. VEGF increased intracellular Ca2+ levels,
and this increasewas inhibitedby theCa2+ chelatorBAPTA-
AM,butnot by theROSscavengersN-acetylcysteine (NAC)
and trolox (Hoffman-LaRoche, Basel, Switzerland) or the
TGase inhibitors monodansylcadaverine (MDC) and cyst-
amine (Fig. 2D). VEGF induced intracellular ROS genera-
tion, which was significantly inhibited by BAPTA-AM and
the ROS scavengers, but not by the TGase inhibitors (Fig.
2E), suggesting that intracellular Ca2+ is involved in
VEGF-induced ROS generation. VEGF-induced activation
of TGase2 was inhibited by BAPTA-AM and the ROS
scavengers (Fig. 2F), indicating that VEGF activates TGase
via the elevation of intracellular ROS and Ca2+ levels. As
expected, the TGase inhibitors prevented VEGF-induced
elevation of TGase2 activity. These results show that VEGF
activated TGase2 via sequentially elevating intracellular
Ca2+ and ROS levels in HPMVECs.

Role of TGase2 in VEGF-induced VE-cadherin
disruption and endothelial cell permeability
in HPMVECs

To investigate the role of TGase2 in VEGF-mediated pul-
monary vascular leakage, we studied the effects of MDC
and cystamine on VEGF-induced adherens junction dis-
ruption in HPMVECs. VEGF induced VE-cadherin disas-
sembly, which was inhibited by the TGase inhibitors (Fig.
3A) and prevented by BAPTA-AM or the ROS scavengers
NAC and trolox. Changes in the integrity of VE-cadherin
were quantitatively analyzed by measuring the peak
fluorescence intensities of line profiles (Fig. 3B). The role of
TGase2 in pulmonary vascular leakage was further in-
vestigated with an in vitro endothelial cell monolayer
permeability assay. VEGF increased endothelial perme-
ability, which was inhibited by BAPTA-AM, the ROS
scavengers, and the TGase inhibitors (Fig. 3C). Thus, it is
likely that TGase2, via intracellularCa2+ andROS,disrupts
VE-cadherin to increase the permeability of HPMVECs.

To confirm the role of TGase2 in VEGF-induced endo-
thelial cell permeability, we investigated the effects of
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TGM2-specific siRNA in HPMVECs. VEGF-induced VE-
cadherin disruption was prevented by TGM2-specific
siRNA transfection (Fig. 3D). In the absence of VEGF
treatment, TGM2-specific or control siRNA had no effect
on VE-cadherin. TGM2-specific siRNA also prevented
VEGF-induced in vitro endothelial permeability (Fig. 3E),
confirming that TGase2 plays a critical role in VEGF-
mediated endothelial cell permeability and that this likely
occurs through the disruption of VE-cadherin.

C-peptide prevents VEGF-induced intracellular
events in HPMVECs

The role of C-peptide in VEGF-induced intracellular
events in HPMVECs was investigated. Treatment with

C-peptide inhibited VEGF-induced ROS generation in a
dose-dependent manner, with a maximum effect at 1 nM
(Fig. 4A). C-peptide also prevented VEGF-induced TGase
activation in a dose-dependent manner (Fig. 4B). As
expected, no effectswere observedwith a heat-inactivated
C-peptide (datanot shown).C-peptidehadnoeffecton the
VEGF-induced increase in intracellular Ca2+ levels (Fig.
4C). However, C-peptide inhibited VEGF-induced adhe-
rens junction disruption (Fig. 4D) and pulmonary endo-
thelial cell permeability (Fig. 4E). C-peptide inhibited
VEGF-induceddisruptionofb-cateninandg-catenin (data
not shown). Furthermore, VEGF induced vinculin as-
sembly in focal adhesions; this assemblywaspreventedby
C-peptide (data not shown). We then evaluated the in-
hibitory effect of C-peptide on the VEGF-induced passage
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Figure 1. C-peptide prevention against hyperglycemia-induced metastasis in the lungs of diabetic mice. Diabetic mice were
supplemented with C-peptide (CP) by using osmotic pumps and melanoma metastasis was investigated. A) Representative images
of melanoma metastasis in lungs. B) Scatter plots of lung metastatic nodules (n = 12 for normal, n = 11 for diabetic, n = 12 for
diabetic+CP). C) Representative hematoxylin and eosin staining images from 1 lobe of the lungs. D) Metastatic area of whole
lung was quantified by image-analysis software (n = 5/group). ***P , 0.001. Scale bar, 2 mm.
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of B16F10 cells across the endothelial barrier. Pretreatment
of C-peptide for 30 min inhibited the migration of mela-
noma cells for VEGF across the HPMVECs monolayer in
a concentration manner, with a maximum effect at 1 nM

(datanot shown).However, posttreatmentwithC-peptide
3 h after plating the melanoma cells on the endothelial
monolayer hadno inhibitory effect on thismigration (data
not shown). These results suggest that C-peptide protects

Figure 2. VEGF activates TGase2 via intracellular Ca2+ elevation and ROS generation in HPMVECs. A) Time course changes in
VEGF-induced TGase activation. HPMVECs were incubated with 10 ng/ml VEGF for the indicated times. In situ TGase activity
was determined by confocal microscopy. B, C) HPMVECs were transfected with the indicated concentrations (B) or 100 nM (C)
of TGM2-specific siRNA or 100 nM control (Ctrl) siRNA. Endothelial cells were treated with 10 ng/ml VEGF, and in situ TGase
activity was assessed by confocal microscopy. B) Dose-dependent inhibition of TGase2 expression by TGM2-specific siRNA.
TGase2 expression was determined by Western blot analysis. C) TGM2-specific siRNA prevention of VEGF-induced TGase
activation. D, E) Effects of various inhibitors on the elevation of intracellular Ca2+ (D) and ROS (E). HPMVECs were treated with
10 ng/ml VEGF in the presence of 5 mM BAPTA-AM, 1 mM NAC, 0.5 mM trolox, 20 mM MDC, or 50 mM cystamine (Cys).
Intracellular Ca2+ and ROS levels were determined by confocal microscopy. F) Effects of various inhibitors on VEGF-induced
TGase activation. Results are expressed as means 6 SD from 3 independent experiments. ***P , 0.001.
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Figure 3. Inhibitors and TGM2-specific siRNA reverse VEGF-induced VE-cadherin disruption and endothelial cell monolayer
permeability in HPMVECs. A–C) HPMVECs were incubated with 5 mM BAPTA-AM, 1 mM NAC, 0.5 mM trolox, 20 mM MDC, or
50 mM cystamine (Cys) for 30 min and treated with 10 ng/ml VEGF for 90 min. Treated cells were subjected to confocal
microscopic visualization of VE-cadherin (A, B) and an in vitro endothelial cell permeability assay (C). A) Representative images
of VE-cadherin. Scale bar, 20 mm. B) Adherens junctions were quantitatively analyzed by using peak fluorescence intensities at
the single-cell level. C) In vitro endothelial cell monolayer permeability assay. D, E) HPMVECs were transfected with 100 nM
TGM2-specific siRNA or control siRNA and treated with 10 ng/ml VEGF. TGM2-specific siRNA inhibited the VEGF-induced
VE-cadherin disruption (D) and in vitro endothelial cell permeability (E). Results are expressed as means 6 SD from
3 independent experiments. RFI, relative fluorescence intensity. ***P , 0.001.
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HPMVECs from VEGF-induced disruption of adherens
junctions and subsequent pulmonary vascular leakage by
inhibiting ROS-mediated activation of TGase2.

C-peptide prevents hyperglycemia-induced
ROS generation, TGase activity, and
pulmonary vascular leakage in the
lungs of diabetic mice

To validate our in vitro findings for the preventative ef-
fects of C-peptide, we supplemented diabetic mice with
C-peptide using osmotic pumps and investigated ROS
generation and TGase2 activation in the lungs. With the
use of dihydroethidium, we found that intracellular ROS
levels increased in the lungs of diabetic mice compared to
that innormal controls, and this increasewaspreventedby
C-peptide (Fig. 5A,B). Thepreventative effectofC-peptide
against hyperglycemia-induced ROS generation was also

demonstrated by usingH2DCFDA in the lungs of diabetic
mice (Fig. 5C).

Similar effects were observed with regard to
hyperglycemia-induced TGase activation. An on-chip ac-
tivity assay showed a significant increase in the average
TGase activity in the lysates from lungs of diabetic mice
compared with that from the controls (Fig. 6A). A 2-fold
increase in TGase activity was also observed in vivo (Fig.
6B), and it was blocked by C-peptide supplementation
(Fig. 6C).

Because C-peptide prevented hyperglycemia-induced
ROS generation and TGase activation in the lungs of di-
abetic mice, we next investigated whether the peptide
also prevents hyperglycemia-induced pulmonary vascu-
lar permeability. Pulmonary vascular leakage in the lungs
was observed as higher levels of FITC-dextran extravasa-
tion in diabetic mice than in normal controls, and it
was blocked by C-peptide supplementation (Fig. 6D, E).
These resultsdemonstrate thatC-peptide supplementation

Figure 4. C-peptide prevents VEGF-induced intracellular events in HPMVECs. HPMVECs were incubated with the indicated
concentrations (A, B) or 1 nM C-peptide (CP) or heat-inactivated C-peptide (HI-CP) (C–E) for 30 min and treated with 10 ng/ml
VEGF for 10 min (A), 2 h (B), or 90 min (D, E) and analyzed by confocal microscopy. A, B) Dose-dependent C-peptide inhibition
of VEGF-induced ROS generation (A) and in situ TGase activation (B). C) No effect of C-peptide on the VEGF-induced elevation
of intracellular Ca2+. D, E) Effects of C-peptide on the VEGF-induced disruption of VE-cadherin (D) and endothelial cell
monolayer permeability (E). Results are expressed as means 6 SD from 3 independent experiments. *P , 0.05, **P , 0.01,
***P , 0.001. NS, nonsignificant.
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inhibits hyperglycemia-induced ROS generation, TGase
activation, and vascular leakage in the lungs of diabetic
mice.

No vascular leakage or metastasis in the lungs
of diabetic Tgm22/2 mice

To determine the role of TGase2 in hyperglycemia-
induced vascular leakage and metastasis in the lungs, we
examinedTgm22/2mice. The loss of TGase2 expression in
Tgm22/2micewas verified byWestern blot analysis (Fig.
7A) and immunohistochemistry (Fig. 7B). In contrast to the
high levels of FITC-dextran extravasation in the lungs of
diabetic wild-type (C57BL/6) mice, vascular leakage was
not detectable in the lungs of nondiabetic or diabetic
Tgm22/2 mice (Fig. 7C), which is consistent with the re-
sults from in vitro experiments. Moreover, the number of
metastatic nodules was not significantly increased in di-
abetic Tgm22/2 mice compared with that in nondiabetic
Tgm22/2 mice (Fig. 7D), and hyperglycemia-induced
metastasis in diabetic Tgm22/2 mice was significantly
lower than that in diabetic C57BL/6 mice.

The results presented herein demonstrate that hy-
perglycemia induced metastasis and that C-peptide
prevents hyperglycemia-induced pulmonary vascular
leakage and subsequent metastasis by inhibiting VEGF-
induced activation of TGase2 in the lungs of diabetic
mice.

DISCUSSION

In this study, hyperglycemia induced metastasis and
C-peptide prevented the hyperglycemia-induced metas-
tasis by inhibiting VEGF-induced intracellular events, in-
cluding elevation of intracellular ROS levels, TGase2
activation, adherens junctiondisassembly and subsequent
vascular leakage in pulmonary endothelial cells and the
lungs of diabetic mice (Fig. 8). From these results, we
present 3 key findings: 1) hyperglycemia stimulates cancer
metastasis, 2) this stimulation can be prevented by
C-peptide supplementation, and 3) the TGase2 has an
important role in VEGF-stimulated pulmonary vascular
leakage and lung metastasis. Thus, we propose that
TGase2 is the key enzyme for hyperglycemia-induced
lung metastasis and that C-peptide is a potential thera-
peutic candidate for treating diabetic metastasis.

Epidemiologic studies have indicated that DM is a risk
factor for cancer incidence, but its association with cancer
metastasis is controversial. It is reported that DM induces
metastases of non–muscle-invasive bladder and prostate
cancers (2, 3), but not of non–small cell lung cancer (4).
Some studies have shown that in vitro treatmentwith high
glucose can promote the epithelial–mesenchymal transi-
tion andmetastatic potential of cancer cells (6, 7, 37). High
glucose stimulated the migration behavior of MCF-7
breast cancer cells (6). High glucose also promoted mi-
gration and invasion of cholangiocarcinoma cells via
O-GlcNAcylation (37). Colon cancer cells showed increased

Figure 5. C-peptide supplementation inhibits
hyperglycemia-induced ROS generation in the
lungs of diabetic mice. A) Representative images
of dihydroethidium staining. The images on the
bottom are higher magnifications of the areas
indicated in images on the top. Scale bars,
bottom: 50 mm; top: 200 mm). B, C) ROS levels
were quantified by measuring the fluores-
cence intensities of dihydroethidium (B) and
H2DCFDA (C). ***P , 0.001.
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cell proliferation, invasion, and tumor progression by high
glucose treatment. However, the molecular mechanism of
hyperglycemia-induced metastasis in diabetic patients and
animal models is not clear. Furthermore, the role of the en-
dothelium in hyperglycemia-induced vascular invasion of
cancer cells has not been known. In this study, our data
show that hyperglycemia promotes the metastasis of

melanoma cells to the lung by stimulating pulmonary vas-
cular leakage.Thus, it is likely thatdiabetes is a risk factor for
metastasisofbladder,prostate, and lungcancers, although it
is necessary to prove the association between hyperglyce-
mia and metastasis in other cancers.

The vascular effects and metastasis observed in this
study were prevented by C-peptide supplementation,

Figure 6. C-peptide supplementation inhibits hyperglycemia-induced TGase activation and vascular leakage in the lungs of
diabetic mice. A) Determination of TGase activity in the lung lysates of normal and diabetic mice (n = 10/group) by using well-
type amine arrays in an on-chip TGase activity assay. B–E) Diabetic mice were supplemented with C-peptide (CP) by using
osmotic pumps, and in vivo TGase activity (B, C) and vascular leakage (D, E) were investigated. B) Representative images of in
vivo TGase activity in lungs. C) In vivo TGase activity was quantified by measuring the fluorescence intensity (n = 8/group). D)
Representative image of vascular leakage in lungs. E) Vascular leakage was quantified by measuring the fluorescence intensity of
FITC-dextran in the lungs (n = 8/group). Scale bars, 100 mm. ***P , 0.001.
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which has been shown beneficial effects against diabetic
microvascular complications including neuropathy, ne-
phropathy, and retinopathy in animal models of diabetes

and in patientswith type 1DM (17, 18, 22). Several clinical
studies show that C-peptide supplementation improved
impaired nerve Na+/K+-ATPase activity and diminished

Figure 7. There was no vascular leakage or metastasis in the lungs of diabetic Tgm22/2 mice. A, B) Determination of TGase 2
expression in the lungs of wild-type (Tgm2+/+) and Tgm22/2 mice by Western blot analysis (A) and immunofluorescent staining
(B). C) No vascular leakage of FITC-dextran was observed by confocal microscopy in the lungs of diabetic Tgm22/2 mice (n = 8/
group). Top: Representative images of vascular leakage. Bottom: Scatter plots of vascular leakage. D) No melanoma metastases
(counted under a dissection microscope) were seen in the lungs of diabetic Tgm22/2 mice (n = 12 for normal, n = 11 for diabetic,
Tgm2+/+ data from Fig. 6D). Top: Representative images of melanoma metastasis. Bottom: scatter plots of lung metastatic nodules.
***P , 0.001. NS, non-significant. Scale bars, (B) 50 mm; (C) 100 mm.
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Figure 8. Proposed model depicting the protective
effect of C-peptide against hyperglycemia-induced
metastasis by inhibiting ROS-mediated activation
of TGase2 in the lungs of diabetic mice. AJ,
adherens junction.
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NO availability in nerves under conditions of diabetic
peripheral neuropathy (18). A recent clinical trial using a
long-acting C-peptide showed improvement in the
threshold for vibration perception on the big toe but had
no effect on bilateral sural nerve conduction velocity (38).
Moreover, C-peptide reduced glomerular hyperfiltration
rates andurinary albumin secretion in patientswith type 1
DM and animal models (18, 19). In this present study, we
show that C-peptide can prevent hyperglycemia-induced
pulmonary vascular permeability and lung metastasis in
diabetic mice. Thus, C-peptide supplementation may ef-
fectively prevent diabetic microvascular complications
including diabetic metastasis.

We recently reported that TGase2 plays a role in the
VEGF-induced collapse of vascular integrity and micro-
vascular leakage in the retinas of diabetic mice (24, 34). In
this study,we now identify TGase2 as a key enzyme in the
mechanism linking hyperglycemia with metastasis in the
lungs enabled by such vascular leakage. Indeed, TGase2
is overexpressed and implicated in the metastases of
many types of cancers, including ovarian, melanoma, and
breast cancers (39–41). However, the role of TGase2 in
hyperglycemia-induced pulmonary endothelial perme-
ability and subsequent metastasis is not known. In the
current study, hyperglycemia elevated TGase2 levels via
an upregulation of VEGF and subsequent increases in in-
tracellular Ca2+ and ROS levels in pulmonary endothelial
cells. The increase in VEGF disrupted adherens junctions
in epithelial cells, which was suppressed by inhibitors
(MDC and cystamine) and TGM2-specific siRNA. Con-
sistently, these hyperglycemia-induced molecular events
were not induced in the lungs of Tgm22/2 mice. In this
way, TGase2 represents an additional therapeutic target
for preventing hyperglycemia-induced vascular perme-
ability and diabetic metastasis.

In summary,we found that an upregulation of VEGF
under diabetic (i.e., hyperglycemic) conditions acti-
vates TGase2 by elevating intracellular Ca2+ and ROS
levels, resulting in a loss of pulmonary vascular in-
tegrity, which promotes cancer metastasis. Moreover,
we found that C-peptide supplementation can pre-
vent these effects and represents a potential drug for
treating hyperglycemia-induced metastasis and vas-
cular leakage-associated diseases in patients with
diabetic.
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