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Abstract

Increased vascular permeability contributes to life-threatening
pathological conditions, such as acute respiratory distress
syndrome. Current treatments for sepsis-induced pulmonary
edema rely on low–tidal volume mechanical ventilation, fluid
management, and pharmacological use of a single angiogenic or
chemical factor with antipermeability activity. However, it is
becoming clear that a combination of multiple angiogenic/chemical
factors rather than a single factor is required for maintaining stable
and functional blood vessels. We have demonstrated that mouse
platelet-rich plasma (PRP) extract contains abundant angiopoietin
(Ang) 1 and multiple other factors (e.g., platelet-derived growth
factor), which potentially stabilize vascular integrity. Here, we
show that PRP extract increases tyrosine phosphorylation levels
of Tunica internal endothelial cell kinase (Tie2) and attenuates
disruption of cell–cell junctional integrity induced by inflammatory
cytokine in cultured humanmicrovascular endothelial cells. Systemic
injection of PRP extract also increases Tie2 phosphorylation in
mouse lung and prevents endotoxin-induced pulmonary edema and
the consequent decreases in lung compliance and exercise intolerance

resulting from endotoxin challenge. Soluble Tie2 receptor, which
inhibits Ang-Tie2 signaling, suppresses the ability of PRP extract to
inhibit pulmonary edema in mouse lung. These results suggest that
PRP extract prevents endotoxin-induced pulmonary edema mainly
through Ang-Tie2 signaling, and PRP extract could be a potential
therapeutic strategy for sepsis-induced pulmonary edema and
various lung diseases caused by abnormal vascular permeability.
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Clinical Relevance

We have demonstrated that platelet-rich plasma (PRP) extract
up-regulates Tunica internal endothelial cell kinase activity
and prevents LPS-induced vascular leakage in mouse lungs.
PRP extract could be a potential therapeutic approach for
sepsis-induced acute respiratory distress syndrome as well as
other diseases caused by abnormal vascular permeability.

Uncontrolled vascular leakage contributes to
various life-threatening pathological conditions,
such as acute respiratory distress syndrome
(ARDS). In ARDS, excess fluid leaks out of the
alveolar capillaries, causing pulmonary edema,
which leads to impairment of alveolar gas
exchange and refractory hypoxemia (1). Almost
half of patients with severe sepsis develop
ARDS, and the mortality rate of sepsis-induced

ARDS is higher than 60% (2). Furthermore,
the long-term quality of life of patients who
survive ARDS is adversely affected even after
recovery from the acute phase (3). Despite
a great amount of effort, most of the current
pharmacological approaches for treating
sepsis-induced pulmonary edema, which rely
on the use of a single antipermeability factor,
such as activated protein C (4), are not very

successful. Because it has been recognized that
multiple angiogenic and growth factors
are required for formation and stabilization of
capillary blood vessels (5, 6), new approaches
using combinations of multiple factors will
likely improve current pharmacological
treatments for sepsis-induced ARDS.

In addition to coagulation factors,
platelets release many bioactive angiogenic
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factors, including platelet-derived epidermal
growth factor, platelet-derived growth factor
(PDGF), vascular endothelial growth
factor (VEGF), basic fibroblast growth
factor, angiopoietins (Angs), and
transforming growth factor (TGF)-b, and
enhance angiogenesis, tissue regeneration,
and wound healing (7, 8). Thus, platelet-
rich plasma (PRP), which contains
combinations of various platelet-derived
chemical factors, has been extensively used
in the orthopedic and periodontal fields (9).
In addition, platelets and platelet-derived
factors are known to maintain endothelial
barrier functions in the lung (10, 11).
Recently, we have reported that PRP
extract from mouse whole blood contains
abundant Ang1, which stabilizes blood
vessels and maintains vascular integrity,
and lower amounts of other angiogenic
factors (e.g., PDGF, VEGF) (12). The
Ang-Tunica internal endothelial cell kinase
(Tie2) pathway contributes to the
pathogenesis of endotoxin-induced lung
injury (13–15) and bronchopulmonary
dysplasia (16, 17), a neonatal lung injury
accompanied by an increase in lung
vascular permeability (18). Thus, PRP
extract may control vascular permeability
through Ang-Tie2 signaling.

In this study, we have demonstrated
that PRP extract attenuates the disruption of
cell–cell junctional integrity induced by the
inflammatory cytokine, TNFa, in capillary
endothelial cells in vitro and prevents
endotoxin-induced pulmonary edema in
mouse lung through Ang-Tie2 signaling.
Although Ang1 is known to prevent sepsis-
induced ARDS in various animal models
(13–15), there are several limitations,
including: (1) technical difficulty and
high costs of preparing clinically relevant
amounts of Ang1 protein; and (2) safety
issues in cell-based Ang1 delivery or use of
viral constructs to deliver therapeutically
relevant amounts of Ang1 inside the body.
In contrast, PRP extract, which has already
been applied clinically in the orthopedic
and periodontal fields, is generated
autologously from peripheral blood by
a simple method, can be stored stably at
2808C (12), and has little immunological
reaction and no risk of unnecessary
pathogen transfer. However, the
mechanism and effects of PRP extract on
pulmonary edema have not been tested as
a therapeutic strategy for lung injury. This
study demonstrates a novel role for PRP
extract as a promising therapeutic approach

for sepsis-induced ARDS and various
human diseases caused by abnormal
vascular permeability.

Materials and Methods

Materials
Anti-CD31 and anti-vascular endothelial
(VE)-cadherin monoclonal antibodies
were from Transduction Laboratories
(Lexington, KY). Anti–b-actin monoclonal
antibody was from Sigma (St. Louis, MO).
Anti-Tie2 monoclonal antibody was from
Upstate (Lake Placid, NY). Anti–phospho-
Tie2 (Tyr992) antibody was from R&D
Systems (Minneapolis, MN). LPS and TNF-
a were from Sigma. Recombinant Ang1
and soluble Tie2 receptor were from
R&D (Minneapolis, MN). Human lung
microvascular endothelial (L-HMVE) cells
(Lonza, Walkersville, MD) were cultured
as described previously (13, 15, 16).

Preparation of PRP Extract
The in vivo animal study was performed in
strict accordance with the recommendations
in the Guide for the Care and Use of
Laboratory Animals of the National
Institutes of Health. The protocol was
reviewed and approved by the Animal Care
and Use Committee of Boston Children’s
Hospital (protocol numbers 13-10-2526R,
10-12-1810R). PRP extract was prepared
as described previously (12). Briefly, CD1
(8–12 wk of age; Charles River Laboratory,
Wilmington, MA) mice were anesthetized
with Ketamine (intraperitoneal injection)
and whole blood was collected via cardiac
puncture. The blood was anticoagulated
with 3% acid-citrate dextrose (1/10 vol) and
centrifuged at 100 3 g for 15 minutes at
room temperature. PRP (middle layer of
the tube) was collected and sonicated using
an ultrasonic water bath sonicator for
30 seconds to release the factors from the
concentrated platelets. Each sample was
centrifuged at 10,000 3 g for 10 minutes
and the clear, cell-free supernatant was
collected and stored at 2808C as PRP
extract. As a control vehicle, protein
concentration–matched mouse serum
was used.

Gene Knockdown
Gene knockdown was performed using
the RNA interference technique (19). small
interfering RNA (siRNA) for human Tie2
was a smart pool siRNA from Dharmacon

(Lafayette, CO) (16). Cells were transfected
with 30 nM of siRNA duplexes using
Silentfect (Bio-Rad, Hercules, CA) according
to the manufacturer’s instructions, and
were used for each assay after incubation
for 48 hours (16, 19). As a control, siRNA
duplex with irrelevant sequence (QIAGEN,
Germantown, MD) was used.

Cell Analysis Methods
L-HMVE cells were cultured for 12 hours and
immunostaining was performed with VE-
cadherin antibody (13, 15, 20). Monolayer
junction formation was analyzed using
a confocal Leica SP2 microscope (Leica,
Buffalo Grove, IL) (15, 20). Endothelial cell
permeability was determined by measuring
leakage of FITC-labeled BSA (Sigma) through
the monolayer of L-HMVE cells, as described
previously (13, 15). FITC-albumin (final
concentration, 1 mg/ml) was added to the
luminal chamber for 6 hours, and samples
were taken from both the luminal and
abluminal chamber for fluorometric analysis.
Where indicated, vehicle, TNF-a (20 ng/ml),
PRP extract (1:250, vol/vol), or soluble Tie2
receptor (1 mg/ml) was added to the luminal
chamber with FITC-labeled BSA. Fluorescence
readings were converted with the use of
a standard curve to albumin concentration.
These concentrations were used to determine
the permeability coefficient of albumin, as
described previously (13, 15).

In Vivo Pulmonary Vascular
Permeability Assay
Mice (8–12 wk old) were treated with
LPS (2.5 mg/kg, intraperitoneal) and lung
vascular permeability was assessed 24 hours
after injection (13, 15, 20). The lung
vascular permeability was measured using
Evans blue dye or low–molecular weight
(LMW), fluorescently labeled dextran (MW
4,000; sigma) leakage (13, 15, 20). Evans
blue dye was extracted from the lung by
incubation with formamide (708C for 24 h)
and the absorbance of extracted dye was
measured at 620 nm. Dextran leakage was
quantified using a macro designed for
National Institutes of Health’s ImageJ
software that counts colored pixels
between thresholds selected to minimize
background, yielding a percentage of total
image area, which was then normalized
to vessel density, with each parameter
analyzed independently (15).

Mouse lung wet:dry weight ratio was
used to measure lung water accumulation
after LPS injection (14). Lung wet weight
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was determined immediately after removal
of the right lung. Lung dry weight was
determined after the lung had been dried in
an oven at 508C for 24 hours. The wet:dry
ratio was calculated by dividing the wet
weight by the dry weight.

Bronchoalveolar lavage (BAL) fluid
was collected by infusing 0.9% NaCl in two
separate 0.5-ml aliquots. The fluid was
recovered by gentle suction and placed on
ice for immediate processing. An aliquot
of the BAL fluid was processed immediately
for differential cell counts by performing
cytospin preparations and staining with
modified Wright-Giemsa stain (Diff-Quik;
American Scientific Products, McGaw
Park, IL) (15, 20). Separately, protein
concentration of the supernatant of BAL
fluid was measured by bicinchoninic acid
protein assay kit (Bio-Rad).

Histological Analysis
Lungs were processed and embedded in
optimal cutting temperature compound,
as previously described (5). Serial step
sections, 10 mm in thickness, were taken
along the longitudinal axis of the lobe.
Lungs were analyzed using hematoxylin
and eosin (H&E) staining (15, 16, 20). For
decellularization of the lung, we perfused
the lung with decellularization buffer (0.5%
SDS/water) through the right ventricle for
1 hour; we then cryosectioned and analyzed
the collagen structure by Picrosirius red
staining and observed the structure using
a light microscope (17, 20).

Measurement of Static
Lung Compliance
Static lung compliance was evaluated 1 week
after LPS challenge, as described previously
(21–24). Briefly, mice were anesthetized
with ketamine (100 mg/kg, intraperitoneal)
and placed in a chamber containing 100%
oxygen to deflate the lung. A catheter
(20-gauge blunt needle) was inserted into the
trachea and the chest wall and diaphragm
were opened carefully to avoid damage to
the lungs. The cannula was connected to
a three-way stopcock, which was connected
to a silicon pressure sensor (Freescale
Semiconductor, Austin, TX). The pressure
transducer was calibrated with an H2O
manometer before each measurement. The
pressure transducer output signal was
direct current–coupled, sampled at 20 Hz,
and displayed in scrolling mode at 1 second
per division with a Tektronix digital
oscilloscope Model TBS 1,022 (Tektronix,

Beaverton, OR). The lungs were inflated
with air in 0.1-ml increments every 10
seconds to a maximal pressure of 30 mm
H2O and then deflated in stepwise fashion.
Airway opening pressure and lung volume
curves were generated for each treatment.
Lung compliance was determined by
calculating the slope of the curve.

Exercise Capacity
Mice were run according to a predetermined
protocol, and we assessed the ability of
untrained mice to run for distance (15).
Mice were initially acclimated to the
treadmill environment for 30 minutes. For
warm-up and for further familiarization
with treadmill running, mice were required

to run at a relatively easy pace of 10 m/min
for 30 minutes. Then, the speed of the
treadmill was increased to 20 m/min, and
we recorded the exercise duration and
distance mice could run until exhaustion.
Exhaustion was defined operationally as
the time at which a mouse was unable,
or refused, to maintain its running speed
despite encouragement by mild electrical
stimulation.

Statistical Analysis
All phenotypic analysis was performed by
masked observers unaware of the identity of
experimental groups. All statistical data
were analyzed using GraphPad Prism V5.0
(GraphPad Software, Inc., La Jolla, CA).
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Figure 1. Platelet-rich plasma (PRP) extract attenuates disruption of endothelial cell–cell junctional
integrity in human lung microvascular endothelial (L-HMVE) cells treated with TNF-a in vitro. (A)
Immunofluorescence micrographs showing cell–cell junction structure detected by VE-cadherin
staining in L-HMVE cells treated with TNF-a, PRP extract, or both in combination (scale bar, 50 mm).
49,6-Diamidino-2-phenylindole (DAPI) staining shows the nucleus of each cell. Arrowheads show the
regions where cell–cell junctions are disrupted. As a control, cells were treated with protein
concentration–matched mouse serum. (B) Graph showing endothelial permeability in L-HMVE cells
treated with TNF-a, PRP extract, or both in combination (*P , 0.05). Permeability (Pa) values are
expressed as percentage of control cells. Error bars represent SEM of three independent
experiments.
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Error bars (SEM) and P values were
determined from the results of at least three
independent experiments. The ANOVA
with post hoc Student’s t test was used
for analysis of statistical significance.

Results

PRP Extract Preserves Endothelial
Cell–Cell Junctional Integrity In Vitro
We have recently reported that mouse
PRP extract contains abundant Ang1, an
antipermeability factor, which preserves
cell–cell junctional integrity and stabilizes
blood vessel structure (12, 13, 15). Thus, we
first explored whether PRP extract controls
vascular barrier function in cultured
L-HMVE cells. VE-cadherin–containing
cell–cell junctions, which resist traction
forces generated by the actin cytoskeleton,
control vascular permeability (13, 15, 20).
Immunocytochemical analysis revealed that
cell–cell junctions were well developed in
control L-HMVE cells, whereas they were
disrupted in L-HMVE cells treated with the
inflammatory cytokine, TNF-a (20 ng/ml),
and this effect was attenuated by treatment
with PRP extract (1:250, vol/vol) (Figure 1A).
Consistent with our previous report (13, 15),
TNF-a increased vascular permeability by
1.2-fold, as measured by quantitating the flux
of fluorescently labeled albumin across
the endothelial cell monolayer cultured in
a Transwell chamber in vitro, and PRP extract
suppressed increases in vascular permeability
induced by TNF-a to basal levels (Figure 1B).
These results suggest that PRP extract
prevents disruption of endothelial cell–cell
junctions induced by TNF-a in vitro.

PRP Extract Preserves Cell–Cell
Junctional Integrity through
Ang-Tie2 Signaling
PRP extract contains abundant Ang1
(12), and recombinant Ang1 stabilizes
endothelial cell–cell junctional integrity
through tyrosine phosphorylation of its
receptor, Tie2 (13). Therefore, we next
examined whether PRP extract induces
Tie2 phosphorylation in L-HMVE
cells. When L-HMVE cells were incubated
with PRP extract (1:250, vol/vol) or protein
concentration–matched mouse serum
for 30 minutes, PRP extract increased the
levels of Tie2 phosphorylation by 4.9-fold
(Figure 2A). Similar effects were also
observed in TNF-a (20 ng/ml)–treated
L-HMVE cells; Tie2 phosphorylation levels
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Figure 2. PRP extract suppresses disruption of endothelial cell–cell junctional integrity in L-HMVE cells
treated with TNF-a through angiopoietin (Ang)–Tunica internal endothelial cell kinase (Tie2) signaling.
(A) Immunoblots showing tyrosine-phosphorylated Tie2, total Tie2, and b-actin protein levels in L-HMVE
cells treated with PRP extract or in combination with TNF-a. Quantitative results (ratio of phosphorylated
Tie2 to total Tie2) were normalized to cells treated with protein concentration–matched mouse serum
(*P , 0.05). (B) Immunoblots showing Tie2 and b-actin protein levels in L-HMVE cells treated with
Tie2 small interfering RNA (siRNA) or siRNA with irrelevant sequences. (C) Graph showing endothelial
permeability in L-HMVE cells treated with TNF-a, PRP extract, or in combination with soluble Tie2
receptor (sol Tie2) or Tie2 siRNA (*P, 0.05). Pa values are expressed as percentage of control, untreated
cells. Error bars represent SEM of three independent experiments. (D) Immunofluorescence micrographs
showing cell–cell junction structure detected by VE-cadherin staining in L-HMVE cells treated with TNF-a,
PRP extract, or in combination with soluble Tie2 receptor (sol Tie2) or Tie2 siRNA (scale bar, 35 mm).
DAPI staining shows the nucleus of each cell. Arrowheads show the regions where cell–cell junctions are
disrupted. As a control, cells were treated with protein concentration–matched mouse serum.
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were 2.4-fold higher in L-HMVE cells
treated with TNF-a in combination with
PRP extract (Figure 2A). To further
examine whether PRP extract preserves
cell–cell junctional integrity in TNF-
a–treated L-HMVE cells through Ang-Tie2
signaling, we treated cells with soluble
Tie2 (1 mg/ml), which blocks Ang-Tie2
signaling, or siRNA against Tie2, which
decreased the protein expression of Tie2
in L-HMVE cells (Figure 2B) (12, 16).
PRP extract suppressed TNF-a–induced
disruption of cell–cell junctions (Figure 2D)
and decreased permeability (Figure 2C)
in L-HMVE cells, whereas these
antipermeability abilities of PRP extract
were attenuated by treating cells with
soluble Tie2 or Tie2 siRNA (Figures 2C and
2D). These results suggest that PRP extract
exerts its antipermeability effects through
Ang-Tie2 signaling in L-HMVE cells
in vitro.

PRP Extract Prevents Endotoxin-
Induced Vascular Leakage
in Mouse Lung In Vivo
To determine whether PRP extract
suppresses lung vascular leakage in
endotoxin-induced lung injury in vivo, we
treated adult mice with the endotoxin,
LPS (2.5 mg/kg, intraperitoneal), which
induces the development of pulmonary
edema and ARDS in humans with sepsis,
and is widely accepted as a physiological
animal model for sepsis-induced ARDS
(13, 15, 20). Consistent with in vitro results,
PRP extract (20 ml, intraperitoneal)
up-regulates tyrosine phosphorylation
levels of Tie2 in LPS-treated mouse lungs
(Figure 3A). To determine whether PRP
extract prevents endotoxin-induced
increase in pulmonary vascular permeability
in vivo, we measured vascular permeability
in mouse lungs by measuring leakage of
fluorescently labeled LMW dextran (Figures
3B and 3C) or Evans blue dye (Figure 3D)
(13, 15, 20). Systemic LPS treatment
increased lung vascular permeability 4.9-
and 2.6-fold 24 hours after the treatment
compared with untreated control mice
when measured using fluorescent-labeled
LMW dextran and Evans blue dye leakage,
respectively (Figures 3B–3D). Consistent
with in vitro results, the LPS-induced
increase in lung vascular permeability
was significantly suppressed in PRP
extract–treated mice (Figures 3B–3D). We
also confirmed the results by performing
H&E staining of lung sections and

measuring wet:dry lung weight ratio. The
alveolar septa were thickened and protein
and inflammatory cells leaked into the

alveolar spaces in the H&E–stained, LPS-
treated lung sections, and wet:dry lung
weight ratio was higher in the mouse lungs
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Figure 3. PRP extract prevents vascular leakage in endotoxin-induced mouse lung injury through Ang-
Tie2 signaling. (A) Immunoblots showing tyrosine-phosphorylated Tie2, total Tie2, and b-actin protein
levels in mouse lungs treated with LPS or in combination with PRP extract. (B) Immunofluorescence
micrographs showing low–molecular weight (LMW), fluorescently labeled dextran leakage (green) and
blood vessel structures (CD31 staining, magenta) in mouse lungs treated with LPS, PRP extract, or in
combination with soluble Tie2 (sol Tie2) for 1 day (top, scale bar, 25 mm). Micrographs showing the
hematoxylin and eosin (H&E)–stained mouse lungs treated with LPS, PRP extract, or in combination
with soluble Tie2 (sol Tie2) for 1 day (bottom, scale bar, 25 mm). (C) Graph showing the leaked dextran
density normalized to vessel density in mouse lungs treated with LPS, PRP extract, or in combination
with soluble Tie2 for 1 day (n = 7, mean 6 SEM; *P , 0.05). (D) Lung vascular permeability
detected by Evans blue dye leakage in mice treated with LPS, PRP extract, or in combination with soluble
Tie2 for 1 day (n = 10, mean6 SEM; *P, 0.05). (E) Wet:dry lung weight ratio of mouse lungs treated with
LPS, PRP extract, or in combination with soluble Tie2 for 1 day (n = 7, mean 6 SEM; *P , 0.05).
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treated with LPS for 1 day compared
with control untreated lungs, whereas
cotreatment with PRP extract reversed
these effects (Figures 3B and 3E). The
number of immune cells that migrated
through the endothelial barrier into the
BAL fluid also increased by threefold in
the LPS-treated mice, whereas this effect
was attenuated in mice cotreated with PRP
extract (Figures 4A and 4B). Total protein
levels in the BAL fluid also increased by
1.3-fold 1 day after LPS challenge, and
this protein leakage was inhibited by
cotreatment with PRP extract (Figure 4C).
These results suggest that PRP extract
suppresses endotoxin-induced vascular
leakage and proinflammatory effects
in mouse lungs. Importantly, Ang
depletion using soluble Tie2 receptor
(2 mg, intraperitoneal) suppressed the
antipermeability effects of PRP extract
in mouse lung (Figures 3B–3E), and
increased the number of immune cells and
level of protein leakage into the BAL fluid
in vivo (Figures 4A–4C), suggesting that
Ang-Tie2 signaling contributes to the

antipermeability effects of PRP extract and
mediates the suppression of endotoxin-
induced lung vascular permeability in vivo.

It has been reported that the long-term
quality of life of patients who survive
acute-phase ARDS is severely affected (3).
Extracellular matrix (ECM) structure
and lung tissue mechanics are known to
change after lung injury and contribute
to impairment of lung function (17, 20).
Characterization of collagen structure,
a major ECM component in the lung, using
picrosirius red staining, which detects
fibrillar collagens, on the decellularized
lung sections (17), revealed that thickness
and density of collagen fibers increased
in the lung sections of LPS-treated mice
compared with those in control, untreated
lungs, and collagen structures were restored
by PRP treatment (Figure 5A). The mean
static lung compliance 1 week after LPS
challenge was also significantly lower
compared with control, untreated mice,
and cotreatment with PRP extract inhibited
this reduction (Figure 5B). As a more
physiological assay, we also analyzed

exercise capacity by measuring the total
distance mice were able to run using
a rodent treadmill exercise protocol, and
found that the running distance was
decreased by 71% in LPS-treated mice
1 week after LPS challenge, whereas
cotreatment with PRP extract suppressed
the exercise intolerance induced by LPS
(Figure 5C). These results indicate that
PRP extract prevents impairment of
physiological lung function after the
acute phase of endotoxin-induced lung
injury. Importantly, although Ang1 is the
major component of PRP extract, which
suppressed the endotoxin-induced increase
in vascular permeability, equivalent
concentration of recombinant Ang1 (1 ng,
intraperitoneal) alone failed to suppress
lung vascular leakage and exercise
intolerance in LPS-treated mice (Figures
5D and 5E). These results suggest that,
although Ang1-Tie2 signaling is a major
pathway through which PRP extract
stabilizes blood vessels and preserves
vascular integrity in the lungs, combination
with other angiogenic factors in PRP
extract may be necessary to prevent
acute lung injury.

Discussion

Tightly regulated vascular permeability
is critical to maintaining lung function,
whereas deregulated vascular permeability
contributes to the pathogenesis of acute
lung injury and ARDS (1, 13). Here, we
show that PRP extract, which contains
abundant Ang1, a potent endogenous
antipermeability factor, and lower amounts
of other angiogenic factors (12), controls
lung vascular permeability by altering
Ang-Tie2 signaling. PRP extract increases
tyrosine phosphorylation levels of Tie2 and
attenuates disruption of cell–cell junctional
integrity induced by the inflammatory
cytokine, TNF-a, in human microvascular
endothelial cells in vitro. PRP extract
also prevents endotoxin-induced acute
pulmonary edema, chronic impairment of
lung function, and exercise intolerance in
mice in vivo, whereas soluble Tie2 receptor,
which inhibits Ang-Tie2 signaling,
suppresses the antipermeability effects of
PRP extract in mouse lung. These results
suggest that PRP extract prevents
endotoxin-induced pulmonary edema
mainly through Ang-Tie2 signaling, and
that PRP extract will be a potential
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endotoxin-induced mouse lung injury. (A) Micrographs showing the immune cells migrated through
the endothelial barrier into the alveolar space (BAL fluid) in the mouse lungs treated with LPS,
PRP extract, or in combination with soluble Tie2 (sol Tie2) for 1 day, detected by Wright-Giemsa
staining (scale bar, 50 mm). (B) Graph showing the immune cell count in the BAL fluid from the
mouse lungs treated with LPS, PRP extract, or in combination with soluble Tie2 for 1 day (n = 8, mean6
SEM; *P , 0.05). (C) Protein concentration in BAL fluid from the mouse lungs treated with LPS,
PRP extract, or in combination with soluble Tie2 for 1 day (n = 7, mean 6 SEM; *P , 0.05).
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therapeutic intervention for sepsis-induced
ARDS and other diseases associated with
abnormal vascular permeability.

Mouse PRP extract contains abundant
Ang1 and lower amounts of other
angiogenic factors (e.g., PDGF), which
potentially stabilize vascular integrity
and decrease vascular permeability (12).
Although PRP extract suppressed the
endotoxin-induced increase in lung
vascular permeability, the equivalent

concentration of recombinant Ang1 alone
could not reproduce the effects of the
extract. This may be because other
angiogenic factors in the extract, such as
VEGF and PDGF, may potentially interact
with the Ang-Tie2 system and enhance its
antipermeability effects (25, 26). In fact, it is
recognized that a combination of multiple
angiogenic factors, rather than a single
factor, is preferred for maintenance of
stable and functional blood vessels (5, 6).

For example, VEGF, a well known
vascular permeability factor, is one of the
components of PRP extract (12). Although
an excess amount of VEGF causes
pulmonary edema (27), physiological levels
of VEGF expression have protective effects
on alveolar epithelium after lung injury
(28), and lower VEGF levels in the
plasma are associated with a higher
mortality rate in patients with ARDS (29).
VEGF activates tyrosine phosphorylation
of Tie2 in endothelial cells (26), and may
positively modulate Ang1-Tie2 signaling to
enhance endothelial barrier function (30).
Furthermore, PRP also contains various
other growth factors, such as keratinocyte
growth factor and epidermal growth factor,
that stimulate lung repair after damage by
endotoxin (31, 32). Thus, multiple factors
contained in PRP extract may interact
with each other to prevent LPS-induced
pulmonary edema in vivo.

It is known that Ang1 and Ang2 bind
to a common receptor, Tie2, antagonize
each other, and control blood vessel
maturation and stabilization (15, 33); Ang1
stabilizes blood vessel formation (13, 33,
34), whereas Ang2 destabilizes the blood
vessel structure and increases vascular
permeability in lung injury (14). Although
Ang1 is the major component of PRP
extract generated by our protocol, PRP
extract also contains a lower amount of
antagonistic Ang2 (12). Thus, the addition
of either soluble Tie2 receptor, which
traps both Ang1 and Ang2, or Tie2 siRNA
may inhibit the destabilizing effects of
Ang2 in PRP extract on endotoxin-treated
lungs, resulting in only partial suppression
of the antipermeability effects of PRP
extract in vitro and in vivo.

It has been reported that adenoviral-
or cell-based Ang1 delivery (35, 36), or
injection of recombinant Ang1 (13),
prevents LPS-induced acute lung injury in
the animal model. However, viral delivery
of Ang1 may not be plausible in human
patients. In addition, cell-based Ang1
delivery requires the generation of
genetically modified mesenchymal stem
cells (36), and large-scale production of
recombinant Ang1 is costly and technically
challenging because of aggregation and
insolubility of the protein (37). PRP extract,
which contains not only Ang1, but multiple
other factors required for preventing
pulmonary edema, is generated from
autologous peripheral blood by a simple
method, can be preserved stably at 2808C
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Figure 5. PRP extract recovers physiological lung function in endotoxin-induced mouse lung injury.
(A) Micrographs showing the picrosirius red–stained decellularized mouse lung sections treated
with LPS or in combination with PRP extract for 1 day and assessed 7 days after LPS challenge (scale
bar, 25 mm). (B) The mean static lung compliance of mice treated with LPS or in combination with
PRP extract for 1 day and assessed 7 days after LPS challenge (n = 7, mean 6 SEM; *P , 0.05).
(C) Exercise capacity of mice treated with LPS or in combination with PRP extract for 1 day and
assessed 7 days after LPS challenge by total running distance according to a rodent treadmill
exercise protocol (n = 10, mean 6 SEM; *P , 0.05). (D) Lung vascular permeability detected by
Evans blue dye leakage in mice treated with LPS or in combination with PRP extract or Ang1 for
1 day (n = 10, mean 6 SEM; *P , 0.05). (E) Exercise capacity of mice treated with LPS or in
combination with PRP extract or Ang1 for 1 day and assessed 7 days later by total running distance
according to a rodent treadmill exercise protocol (n = 10, mean 6 SEM; *P , 0.05).
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for a long period (12), and can be optimized
by adding extra recombinant factors or by
modifying the preparation method. Given
these observations, PRP extract could be
a good therapeutic tool for treating patients
with sepsis-induced ARDS, and disease-
targeted customized PRP extract may
expand applications of PRP extract to
various other diseases caused by abnormal
vascular permeability.

Although platelets enhance
angiogenesis and integrate lung vasculature
(11), platelets also contribute to neutrophil-
mediated lung injury (38). Platelet-derived
adhesion molecules, such as P-selectin,
enhance the interaction between platelets
and neutrophils and exaggerate lung
injury (39). Direct interaction of platelets
with neutrophils and monocytes and
communication between the endothelium,
neutrophils, and platelets appear to cause
vascular injury (40). In fact, it has been
reported that platelet depletion reduces
lung injury in mouse models (41).
However, our results reveal that the
extract from platelets stabilizes blood
vessel integrity and prevents pulmonary

edema in a mouse endotoxin-induced
lung injury model. Consistently, it has
been reported that platelets release various
factors, such as sphingosine-1-phosphate
(42), that promote endothelial barrier
function (43). Platelet-derived soluble
factors and the interactions of platelets with
other cellular components in the lung may
have distinct roles in maintenance of
vascular integrity and pathogenesis of
ARDS.

In addition to soluble angiogenic
factors, changes in ECM mechanics
(stiffness) control angiogenesis (17, 19)
and lung vascular permeability (20). In fact,
ECM stiffness increases in endotoxin-
treated lungs (20), tumor tissues (44, 45),
and fibrotic lungs (46), in which
microvessels are leaky. Because ECM
stiffness controls angiogenesis through Tie2
signaling in neonatal lung developmental
disorders (e.g., bronchopulmonary
dysplasia) (17), and Ang-Tie2 signaling is
involved in destabilization of blood vessels
in various diseases in which tissue stiffness
is changed (13, 17, 47), in addition to
chemical regulators, it appears that physical

changes in ECM mechanics regulate lung
vascular permeability through Ang-Tie2
signaling. Given that platelet-derived
soluble factors inhibit sepsis-induced ARDS
by inhibiting macrophage-dependent
inflammation (48), and that immune cells
play important roles in remodeling of
ECM structures in the lung (49, 50),
PRP extract may prevent LPS-induced
pulmonary edema by preserving lung ECM
structures as well.

In summary, we have demonstrated
that PRP extract up-regulates Tie2 activity
and prevents LPS-induced vascular
leakage in mouse lungs. PRP extract could
be a potential therapeutic approach for
sepsis-induced ARDS as well as other
diseases caused by abnormal vascular
permeability. n
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