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Abstract: Microvascular hyperpermeability followed by burn injury is the main cause of shock, and cardiovascular
collapse can result if the condition is treated improperly. Our previous studies demonstrated that granulocyte/
macrophage colony-stimulating factor (GM-CSF) clearly reduces microvascular permeability and protects microves-
sels against burn injury. However, the mechanism underlying the protective function of GM-CSF on burn-injured mi-
crovessels remains unknown. This study aimed to investigate the effect and mechanism of GM-CSF on endothelial
cells after exposure to burn serum. We demonstrated that GM-CSF reduced post-burn endothelial “capillary leak” by
inhibiting the activity of RhoA and maintaining the membrane localization of VE-cadherin. Membranous VE-cadherin
enhances adherens junctions between endothelial cells and co-localizes with and activates VEGFR2, which protect
cells from burn serum-induced apoptosis. Our findings suggest that the protective mechanism of GM-CSF on burn
serum-injured endothelial monolayer hyperpermeability is achieved by strengthening cell adherens junctions and

improving cell viability.
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Introduction

The increasing permeability of microvessels is
the most important pathological manifestation
after burn injury, and this manifestation is evi-
dent during the entire disease course [1]. In the
early stage of burn, extensive systemic endo-
thelial capillary leakage and subsequent inter-
stitial edema directly lead to dysfunction in
multiple organs and hypovolemic shock [2]. In
the middle and later stages when wound heal-
ing is the main concern, increased wound swell-
ing, secretion, and infection are also induced
by local microvascular hyperpermeability [3].
Therefore, a clear understanding of the mecha-
nism associated with burn-induced hyperper-
meability and the development of potential
therapies to attenuate this process is essential
to cure burn patients. Previous studies sug-
gested that inflammatory biochemical media-
tors in the serum of burn patients, such as cyto-
kines, kinins, and histamines, disrupt inter-
endothelial junction assembly [4], which ulti-
mately results in microvascular hyperperm-
eability.

Granulocyte/macrophage colony-stimulating fa-
ctor (GM-CSF), a cytokine with pleiotropic func-
tions, protects and enhances the function of
various cells, including keratinocytes, macro-
phages, endothelial cells, and fibroblasts [5].
These cells are necessary for accelerating
wound healing; thus, GM-CSF was successfully
utilized to accelerate epithelization, vascular-
ization, and contraction of different types of
wounds [6, 7]. Our research team has applied
GM-CSF to rats with deep partial-thickness
burn wounds and demonstrated that increased
angiogenesis is associated with GM-CSF treat-
ment [8]. More interestingly, we also discovered
that the anti-leakage function of microvessels
in burn wounds was significantly improved after
GM-CSF treatment. However, the exact cytobio-
logical mechanisms governing this phenome-
non have not been studied.

In this study, we aimed to elucidate the anti-
leakage functions of GM-CSF on burn serum-
injured endothelial cells and to identify the
potential mechanisms that mediate this pro-
cess.
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Materials and methods
Burn serum preparation

Sex-matched Sprague-Dawley rats (220 to 250
g) were provided by the Experimental Animal
Research Laboratory at Sun Yat-sen University
in China. The rats were anesthetized with an
intraperitoneal injection of 3 ml/kg chloral
hydrate (10%). A dorsal area equivalent to 30%
of the total body surface area was shaved and
exposed to an electrically heated brass rod for
8 seconds with a constant pressure and tem-
perature (1 kg, 80°C), producing a clearly defi-
ned deep partial thickness burn wound [8, 9].
In the control (sham) group, animals were
shaved and subjected to the same but unheat-
ed brass rod. Arterial blood was collected six
hours after burning or sham treatment, and
serum was obtained by centrifugation at 6,000
rpm for 20 minutes. Treatment of the animals
was conducted in strict accordance with the
Care and Use of Laboratory Animals of the
National Institutes of Health. The Committee
on the Ethics of Animal Experiments of Sun Yat-
sen University approved the protocol.

Cell culture and treatment

Human dermal microvascular endothelial cells
(HDMVECSs) purchased from ATCC (ATCC® PCS-
110-010™) were cultured in DMEM (Sigma, St
Louis, MO, USA) containing 10% fetal bovine
serum (Sigma). After achieving confluence,
cells were starved in serum-free DMEM for 4
hours prior to treatment. Burn serum-induced
injury to HDMVECs was achieved using 30%
burn serum (diluted in PBS), and cells treated
with 30% normal serum (sham group) were
used as controls. To investigate the protective
function of GM-CSF, GM-CSF (R&D, Minneapolis,
MN, USA) reconstituted in sterile PBS contain-
ing 0.1% bovine serum albumin (BSA) [10] was
premixed in DMEM for 1 hour prior to adding
burn serum or normal serum.

Lentiviral transduction

To generate more stable overexpression trans-
fectants, endothelial cells were transfected
with lentiviral particles containing RhoA-exp-
ressing vectors (Cyagen Biosciences, Guang-
zhou, China). Briefly, cells were seeded in 6-well
plates at a density of 2 x 10° cells/well. Then,
after achieving 50% confluency, cells were
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transfected with the lentivirus (MOl = 20) and
polybrene (5 yg/ml). After an 8-h infection peri-
od, the lentivirus-containing culture medium
was replaced by fresh medium, and G418 (1
mg/ml, Sigma) was used to select stable
clones. The efficiency of RhoA overexpression
was determined by immunoblot analysis.

Evaluation of the barrier integrity of endothe-
lial cells

HDMVECs (1 x 10%/well) were grown as mono-
layers in fibronectin-coated transwell cell cul-
ture inserts (BD Biosciences, Franklin Lakes,
NJ, USA). Cells were exposed to 30% normal
serum, 30% burn serum, 30% burn serum +
BSA, or 30% burn serum + GM-CSF. Next, 5 ml
of FITC-albumin (5 mg/mL) was added to the
luminal (upper) chambers, and the medium in
the abluminal (lower) chambers were collected
and analyzed using a luminescence spectrom-
eter (Perkin Elmer, Beaconsfield, United Kin-
gdom) at excitations of 494 nm and 520 nm.

To further investigate the integrity of endotheli-
al cells in different conditions, transendothelial
electrical resistance (TEER) was detected using
a Millicell electrical resistance apparatus
(Endohm-6 and EVOM, World Precision Inst-
ruments, Sarasota, FL, USA) [11]. The TEER
value of the cell-free transwell insert was used
as background resistance for all resistance
measurement comparisons.

Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde at
room temperature for 20 minutes. After being
washed three times, cells were permeabilized
with 0.1% Triton X-100 (Sigma) and incubated
with 5% BSA for 30 minutes to block non-spe-
cific antigen. Then, cells were incubated with
monoclonal anti-VE-cadherin (1:250, Abcam,
Cambridge, UK) and anti-B-catenin (1:200,
Abcam) antibodies simultaneously overnight at
4°C. After washing with PBS, cells were incu-
bated with secondary antibody conjugates
(Alexa Fluor 594 anti-mouse and Alexa 488
anti-goat) (Abcam) in the dark for 1 hour. In
addition, 4'6-diamidino-2 phenylindole (Sigma)
was used for nuclear staining. Fixed cells were
observed under a fluorescence microscope
(BX51 WI Olympus, Allen, PA, USA), and images
were obtained in five randomly selected fields.
Negative control experiments were performed
by omitting the primary antibody.
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Figure 1. Burn serum increased the permeability of endothelial monolayers to FITC-albumin in a time-dependent
manner (A). Burn serum reduced TEER values of endothelial monolayers in a time-dependent manner (B). (*p <
0.05 compared with no serum). GM-CSF reduced burn serum-induced cell leakage (C) and enhanced TEER values
(D) in a dose-dependent fashion, and 40 ng/ml was the most effective concentration (*p < 0.05 compared with
sham serum, #p < 0.05 compared with burn serum).

Immunoblotting analysis ish peroxidase (HRP) and developed with an

enhanced chemiluminescence kit (GE Heal-
RIPA buffer (Invitrogen, Carlsbad, CA, USA) was thcare, Piscataway, NJ, USA). Densitometric
used for total cellular protein extractions. A analysis was performed using Image J software
membrane/cytosol protein extraction kit (Be- (National Institutes of Health, Bethesda, MD,
yotime Biotechnology, Shanghai, China) was USA).

used for cell membrane and cytosolic protein
extraction. Equal amounts of protein were sep-
arated by SDS-PAGE and transferred to nitro-
cellulose membranes (Amersham, Chalfont,
UK) for immunoblotting. The membranes were
incubated with primary antibodies for 2 hours.

Co-immunoprecipitation assay

Pre-cooled RIPA buffer containing protease
inhibitors (Roche, Indianapolis, IN, USA) was
used to lyse cells. Lysates were precleared by
incubation with protein A cross-linked to aga-

The following primary antibodies were used: rose (Sigma) followed by incubation with anti-
VE-cadherin (1:500), B-catenin (1:1000), p- VE-cadherin antibodies. Immunocomplexes
ROCK (1:1000), ROCK (1:800) (all from Abcam), were collected by centrifugation and then
p-MLK, MLK (1:500), p-Akt (1:500), Akt immunoblotted with antibodies raised against
(1:1000) (all from Cell Signaling, Danvers, MA, B-catenin (1:1000) or VEGFR2 (1:1000). The
USA), a-tubulin (1:1000), and B-actin (1:500) blots were subsequently incubated with an
(all from Santa Cruz, CA, USA). Bound primary appropriate HRP-conjugated secondary anti-
antibodies were visualized with appropriate body (1:5000) and detected using an enhanced
secondary antibodies conjugated to horserad- chemiluminescence reagent.
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Small GTPase activity assay

Activities of small GTPases, including RhoA,
Cdc42, and Racl, were assessed using a Rho
assay kit and a Rac/Cdc42 assay kit (Millipore,
Billerica, MA, USA), following the manufactur-
er's standard instructions. Briefly, cells were
grown to approximately 70% confluency and
serum starved overnight. Agarose beads conju-
gated with a glutathione S-transferase (GST)-
tagged Rho-binding domain of Rhotekin were
used to pull down endogenous RhoA-GTP from
cell lysates. To pull down Cdc42-GTP and Rac1-
GTP, agarose beads conjugated with a GST-
tagged p21 binding domain of PAK1 was used.
The active forms of RhoA, Cdc42, or Racl were
assessed by Western blotting using individual
GTPases. RhoA, Cdc42, or Racl activity was
normalized to the corresponding total protein.

TUNEL sstaining

To evaluate cell apoptosis in different condi-
tions, a terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) assay was performed using
the FragEL™ DNA Fragmentation Detection Kit
(EMD Millipore). Briefly, cells grown on slides
were equilibrated with the terminal deoxynucle-
otidyl transferase (TdT) equilibration buffer and
subsequently incubated with the labeling reac-
tion mixture. The slides were examined under a
microscope (BX51 WI Olympus), and cells
stained with brown were identified as apopto-
sis. Apoptotic cells were counted in five ran-
domly selected high-power fields (magnifica-
tion, x 400), and the apoptosis index was
defined as the ratio of apoptotic cells to total
cells.

MTT assay

MTT assay was used to assess the cell viability.
Briefly, cells (2 x 10%/well) were seeded in
96-well plates and then incubated with the MTT
solution (5 mg/ml, Sigma) until a purple precipi-
tate was visible. MTT-formazan crystals were
solubilized with DMSO (Sigma), and then mea-
sured with a microplate reader at a wavelength
of 570 nm corrected to 650 nm. Values were
normalized to controls.

Statistical analyses

Data in this study are expressed as the mean +
SD. Significant differences between the sham
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control and each experimental group were com-
pared using one-way ANOVA with Bonferroni/
Dunnett post-hoc tests. The differences bet-
ween experimental groups were compared
using the unpaired Student’s t-test or one-way
ANOVA followed by post hoc analysis with the
Bonferroni test. All statistical analyses were
performed using SPSS 18.0 software (SPSS,
Chicago, IL, USA), and p < 0.05 was considered
to be statistically significant.

Results

GM-CSF attenuates burn serum-induced endo-
thelial monolayer hyperpermeability

When compared with endothelial monolayers
exposed to serum from sham rats (normal
serum), endothelial monolayers exposed to
serum from burn rats (burn serum) displayed a
significant increase in permeability in a time-
dependent manner (Figure 1A). In addition, the
TEER value of endothelial monolayers was
decreased in a time-dependent fashion upon
exposure to the burn serum (Figure 1B). After
GM-CSF treatment, endothelial monolayer lea-
kage was significantly decreased (Figure 1C),
and the TEER value increased (Figure 1D);
these effects were dependent on the concen-
tration of GM-CSF. For example, 40 ng/ml
GM-CSF was the most effective concentration
in this study, and we used this concentration in
the following experiments.

GM-CSF strengthens endothelial cell adherens
junctions of after burn serum damage

Given that adherens junctions, which are
formed by membrane-localized VE-cadherin
and its intracellular partner 3-catenin, play an
important role in controlling paracellular per-
meability to circulating leukocytes and solutes
[12, 13], we thus investigated the presence
and location of VE-cadherin and B-catenin. The
results indicated that in control group, wherein
endothelial cells were treated with normal
serum, VE-cadherin and (-catenin colocalized
at the cell-cell borders in a continuous pattern
(Figure 2A_ ). Upon treatment with burn serum,
cell-cell contacts were lost or clearly reduced.
In addition, the expression of cell surface-asso-
ciated VE-cadherin and the accumulation of
-catenin bound to VE-cadherin were signifi-
cantly diminished (Figure 2A, ). This distribu-
tion pattern was not altered upon treatment

Am J Transl Res 2015;7(3):474-488
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Figure 2. The cell membrane distribution of VE-cadherin (A, ., ,.) and B-catenin (A, 6.10,14)- NUcClei were stained with DAPI(A, |, ). Co-localization (merged images)
of VE-cadherin and B-catenin (A4,8, " 16)- (Scale bar = 20 um). Quantitative determination of the association between VE-cadherin and B-catenin by Co-IP assay. Burn
serum caused a dissociation of B-catenin from VE-cadherin, and this effect was reversed by GM-CSF (B). Cellular distribution of VE-cadherin was quantified by im-
munoblot (C). Burn serum induced a shift in VE-cadherin localization from the membrane to the cytosol fraction. GM-CSF attenuated this change and maintained
the membrane expression of VE-cadherin (D, E), (*p < 0.05).
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Figure 3. GM-CSF enhanced the burn serum-diminished association of VE-cadherin and VEGFR2 (A). Low pAkt ex-
pression was observed after burn serum treatment, and the levels were increased to approximately normal levels
when cells were pre-treated with GM-CSF (B). The number of apoptotic cells (shown in brown) increased after burn
serum exposure, whereas the number of cells was unaltered by BSA treatment and attenuated by GM-CSF treat-
ment (C) (Scale bar = 50 ym). GM-CSF increased cell viability in burn serum conditions as measured by the MTT

assay (D). (*p < 0.05).

with BSA, the solution that was used to dilute
GM-CSF powder (Figure 2A ). Importantly,
when burn serum-damaged cells were treated
with GM-CSF, cell-cell contacts resumed an
uninterrupted pattern, wherein VE-cadherin
associates with B-catenin to form distinct adhe-

sive structures (Figure 2A3_16).

Furthermore, immunoblotting was used to
accurately quantify VE-cadherin distribution
and its association with B-catenin. The results
indicate that VE-cadherin was mainly expressed
at cell membrane in normal conditions, where-
as burn serum reduced this expression pattern.
GM-CSF pretreatment attenuated burn serum-
induced changes and restored the membrane
expression of VE-cadherin (Figure 2B). Rega-
rding the association of VE-cadherin and
B-catenin, we also observed that burn serum
clearly reduced VE-cadherin and [(-catenin
binding, whereas GM-CSF maintained VE-ca-
dherin and B-catenin binding, even in the pres-
ence of burn serum (Figure 2C, 2D).

GM-CSF inhibits burn serum-induced cell
death by enhancing the association between
VE-cadherin and VEGFR2

VEGFR2 associates with VE-cadherin at cell-
cell contacts [14], and this interaction modu-
lates cell survival through activating the phos-
phatidylinositol (Pl) 3-kinase/Akt signaling pa-
thway [15, 16]. Thus, we detected VE-cadherin
and VEGFR2 binding in various conditions.
VEGFR2 dissociated from VE-cadherin after
exposure to burn serum, whereas GM-CSF
restored this association (Figure 3A). Regarding
the activation of the PI3K/Akt signaling path-
way, we examined Akt phosphorylation and
found that pAkt expression was reduced in
burn serum conditions, and this effect was not
altered after BSA treatment. Conversely, GM-
CSF pretreatment increased pAkt levels in
endothelial cells, even in response to burn
serum-damaged conditions (Figure 3B). To fur-
ther understand the protective effect of GM-
CSF on endothelial cell survival, TUNEL and
MTT analysis were used to evaluate cell apop-
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tosis and cell viability, respectively. A significant
increase in apoptotic cells and a more rapid
descending rate of cell survival were noted in
endothelial cells exposed to burn serum.
Significantly, GM-CSF treatment not only
reduced the number of apoptotic cells but also
enhanced cell viability under burn serum condi-
tions (Figure 3C, 3D).

GM-CSF inhibited burn serum-induced RhoA
activation and subsequent ROCK and MLK
Phosphorylation

The Rho family of GTPases, including RhoA,
Racl, and Cdc42, interact with and activate
downstream effector proteins when bound to
GTP; these GTPases, have been implicated in
the regulation of cellular junctional complexes
[47]. Therefore, we utilized a GTP-pull-down
assay to identify which Rho GTPases were
responsible for GM-CSF function. As shown in
Figure 4A and 4B, burn serum significantly
increased active (GTP-bound) RhoA, Racl, and
Cdc42, whereas the addition of BSA did not
later the activation of these proteins. GM-CSF
reduces active RhoA; however, it had no effect
on Racl and Cdc42 activation. To demonstrate
that the RhoA signaling pathway is involved in
GM-CSF function, we constructed recombinant
lentiviral particles encoding a constitutively
active form of RhoA (Figure 4C) to investigate
whether ROCK and MLK, the downstream
effector proteins of RhoA, are altered accord-
ingly. As shown in Figure 4D and 4E, ROCK and
MLK phosphorylation increased after burn
serum treatment, whereas phosphorylation
was not altered by the addition of BSA. GM-CSF
notably reversed these changes and reduced
pROCK and pMLK expression, restoring approx-
imately normal expression levels. Importantly,
GM-CSF did not decrease pROCK and pMLK
expression in RhoA-overexpressing endothelial
cells.

RhoA overexpression attenuates the function
of GM-CSF in adherens junction maintenance

To further clarify the important role of RhoA in
the protective function of GM-CSF, we assessed

Am J Transl Res 2015;7(3):474-488
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Figure 4. Burn serum mark-
edly increased the levels of
activated RhoA, Racl, and
Cdc42 in endothelial cells. GM-
CSF treatment reduced active
RhoA, not Racl or Cdc42 (A,
B). The efficiency of RhoA ex-
pression in endothelial cells
was determined by immunob-
lotting (C). GM-CSF inhibited
burn serum-stimulated ROCK
and MLK phosphorylation, and
these effects were inhibited by
RhoA overexpression (D, E). (*p
< 0.05).
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VE-cadherin/B-catenin junctional complex for-
mation in RhoA-overexpressing endothelial
cells. Our results indicate that cell-cell contacts
were disrupted and that cell membrane-associ-
ated VE-cadherin and [B-catenin expression was
decreased in burn serum-treated cells (Figure
5A, ); these effects were reversed by GM-CSF
(Figure 5A, ). However, in RhoA-overexpressing
endothelial cells, VE-cadherin and B-catenin
was not present at cell-cell contacts, even in
the presence of GM-CSF (Figure 5A , ..
Immunoblotting also indicated that VE-cadherin
expression in the cell membrane and its asso-
ciation with B-catenin (Figure 5B) were decr-
eased upon exposure to burn serum. GM-CSF
restored the membrane localization of VE-
cadherin and increased VE-cadherin/B-catenin
complex formation. in normal endothelial cells
but not in RhoA-overexpressing cells (Figure
5C, 5D). Additionally, RhoA overexpression
remarkably inhibited GM-CSF-induced reduc-
tions in FITC-albumin diffusion and increased
TEER values under burn serum conditions
(Figure 5E, 5F).

RhoA overexpression inhibits the anti-apoptot-
ic function of GM-CSF by inhibiting the associa-
tion of VE-cadherin and VEGFR2

Based on our previous results indicating that
RhoA overexpression reduced the membrane
expression of VE-cadherin, which regulates cell
survival via associations with VEGFR2, we
hypothesized that RhoA plays an important role
in the anti-apoptotic function of GM-CSF. Using
co-immunoprecipitation assay, we found that
the association between VE-cadherin and VE-
GFR2 was significantly reduced (Figure 6A) and
pAkt expression was decreased in RhoA-over-
expressing cells (Figure 6B), even in the pres-
ence of GM-CSF. TUNEL and MTT analysis also
demonstrated that RhoA overexpression ren-
dered GM-CSF ineffective. In addition, in RhoA-
overexpressing cells, the number of apoptotic
cells increased, and the cell survival rate
decreased, even after GM-CSF treatment
(Figure 6C, 6D).

Discussion

Post-burn microvascular hyperpermeability is
associated with large fluid shifts and edema
formation in both damaged and non-damaged
tissues [3, 18]. The presence of edema in a
local burn wound can increase the inflammato-
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ry exudation and delay wound healing, and sys-
temic edema can directly cause or exacerbate
multiple organ dysfunction and can even cause
shock and/or death [2]. Thus, inhibiting micro-
vascular hyperpermeability is the most impor-
tant task when treating burns.

GM-CSF, a cytokine with pleiotropic bioactive
functions, has received increasing attention
given its efficacy in hematopoietic progenitor
cell mobilization and skin cell activation [19]. In
recent years, GM-CSF has been successfully
employed in the treatment of poorly healing
wounds of diverse etiologies [6, 7]. Our previ-
ous study on burns demonstrated that GM-CSF
stabilizes microvessels and decreases vascular
permeability after burn injury in addition to pro-
moting microvessel formation [8]. Therefore,
we hypothesized that GM-CSF function as an
anti-leakage agent to protect endothelial cells
from burn damage. In this study, we exposed
endothelial cells to serum from burned rats to
mimics in vivo microvascular injury [20] and
demonstrated that GM-CSF considerably re-
duced endothelial hyperpermeability and en-
hanced its barrier integrity after burn serum
treatment. Next, we further investigated the
mechanism underlying the anti-leakage func-
tion of GM-CSF. Previous studies have demon-
strated that, various inflammatory mediators
that released into the serum after thermal inju-
ry, such as interleukin 6, interleukin 8, tumor
necrosis factor «, and transforming growth fac-
tor B, disrupt inter-endothelial junction assem-
bly, thereby opening intercellular gaps and
causing endothelial hyperpermeability [21].
Adherens junctions, which form through the
binding of the membrane portion of VE-cadherin
to its intracellular partners, such as (B-catenin,
primarily exist in endothelial cells and are
responsible for maintaining cell-cell interac-
tions [22]. Disruption of these junctional com-
plexes contributes to the loss of endothelial
monolayer integrity and consequently creates
an endothelial “capillary leak” [23, 24]. In this
study, burn serum-stimulated cells exhibit a
complete loss of or truncated VE-cadherin/[-
catenin complexes in cell-cell contacts. GM-CSF
pretreatment prevented this loss and main-
tained VE-cadherin/B-catenin complex localiza-
tion at cell junctions. To clarify the mechanism
by which GM-CSF restored endothelial junction-
al complex organization, we detected the cellu-
lar distribution of VE-cadherin. Studies have
demonstrated that membrane VE-cadherin
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Figure 5. Burn serum caused a loss of cell surface-associated VE-cadherin and B-catenin expression (A, ). GM-
CSF prevented the loss of VE-cadherin and B-catenin membrane expression (A, ,); these effects were unaltered by

scrambled siRNA (A

9—12)

and reversed by RhoA overexpression (A

GM-CSF enhanced VE-cadherin and B-catenin

13—16) :

binding in the burn serum conditions. RhoA overexpression reduced this binding, even in the presence of GM-CSF
(B). GM-CSF increased the membrane expression of VE-cadherin after exposure to burn serum, which was inhibited
by RhoA overexpression (C, D). RhoA overexpression attenuated GM-CSF function by reducing FITC-albumin diffu-
sion and increasing TEER values upon burn serum treatment (E, F) (*p < 0.05).

acts as an anchor, recruiting cytoplasmic
B-catenin to adhere to membranes and form
cadherin-catenin junctional complexes [25,
26]. Our previous research also indicated that
the loss of membrane localized VE-cadherin
directly resulted in detached junctional com-
plexes, thereby causing endothelial hyperper-
meability [27 JCP]. In this study, VE-cadherin
was translocated from membranes to the cyto-
plasm after exposure to burn serum. GM-CSF
reversed this translocation and maintained the
membrane expression of VE-cadherin. More
interestingly, membrane localized VE-cadherin
interacts with endothelial-specific signaling
proteins. For example, VE-cadherin can bind to
vascular endothelial growth factor receptor 2
(VEGFR2) [14, 28, 29] and modulate cell sur-
vival through the phosphatidylinositol (Pl)
3-kinase/Akt signaling pathway [16]. Therefore,
we assessed the binding of VE-cadherin and
VEGFR2 as well as downstream Akt phosphory-
lation. GM-CSF remarkably enhanced the asso-
ciation between VE-cadherin and VEGFR2, acti-
vated the PI3K/Akt pathway by phosphorylating
Akt, and subsequently protected endothelial
cells against burn serum-induced death.

Although these above observations suggested
that GM-CSF-mediated improvements in endo-
thelial monolayer leakage after burn serum
injury was related to VE-cadherin membrane
expression, which enhances adherent junction-
al complex formation and Akt activation, the
exact mechanism by which GM-CSF modulates
VE-cadherin membrane expression is unclear.
Previous studies have implicated small G-pr-
oteins, including RhoA, Racl, and Cdc42, in the
regulation of endothelial permeability by affect-
ing adherens or tight junctions [30, 31]. Num-
erous reports also link the disruption of endo-
thelial junctions by inflammatory cytokines,
thrombin, and histamine with Rho/ROCK acti-
vation [32-34]. Accordingly, we performed a
GTP-pull-down assay to identify whether these
small G-proteins are involved GM-CSF function.
Our results demonstrated that GM-CSF signifi-
cantly inhibited RhoA activation, not Racl or
Cdc42. In addition to the downstream activa-
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tion of RhoA, ROCK and MLK exhibited a low
level of phosphorylation, suggesting that RhoA
plays an essential role in GM-CSF function. To
further verify our hypothesis, we overexpressed
RhoA in burn serum-damaged cells. We noted
reductions in adherent junctional complexes,
the association between VE-cadherin and
VEGFR2, Akt phosphorylation, even after GM-
CSF treatment. Additionally, we also found that
GM-CSF does not decrease burn serum-in-
duced endothelial hyperpermeability or main-
tain cell survival in RhoA-overexpressing cells.

In summary, GM-CSF is a strong protective
cytokines that protects endothelial cells from
thermal injury. Our study demonstrates that
GM-CSF administration maintains the mem-
brane expression of VE-cadherin by inhibiting
the activation of RhoA. Membrane VE-cadherin
enhances the integrity of the endothelium by
forming junctional complexes with (-catenin
and improves cell survival via associations with
VEGFR2. The results of our study indicate that
GM-CSF can be used as an anti-leakage agent
for burn treatment.
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