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Abstract
Vascular endothelial growth factor (VEGF) is a prime regulator of vascular permeability. Acute lung injury (ALI) is characterized
by high-permeability pulmonary edema in addition to refractory hypoxemia and diffuse pulmonary infiltrates. In this study, we
examined whether VEGF can be implicated as a pulmonary vascular permeability factor in sepsis-associated ALI. We found that
a great increase in lung vascular leak occurred in mice instilled intranasally with lipopolysaccharide (LPS), as assessed by IgM
levels in bronchoalveolar lavage fluid. Treatment with the VEGF-neutralizing monoclonal antibody bevacizumab significantly
reduced this hyperpermeability response, suggesting active participation of VEGF in non-cardiogenic lung edema associated
with LPS-induced ALI. However, this was not solely attributable to excessive levels of intrapulmonary VEGF. Expression levels
of VEGF were significantly reduced in lung tissues from mice with both intranasal LPS administration and cecal ligation and
puncture (CLP)-induced sepsis, which may stem from decreases in non-endothelial cells-dependent VEGF production in the
lungs. In support of this assumption, stimulation with LPS and interferon-γ (IFN-γ) significantly increased VEGF in human
pulmonary microvascular endothelial cells (HPMECs) at mRNA and protein levels. Furthermore, a significant rise in plasma
VEGF levels was observed in CLP-induced septic mice. The increase in VEGF released from HPMECs after LPS/IFN-γ
challenge was completely blocked by either specific inhibitor of mitogen-activated protein kinase (MAPK) subgroups. Taken
together, our results indicate that VEGF can contribute to the development of non-cardiogenic lung edema in sepsis-associated
ALI due to increased VEGF secretion from pulmonary vascular endothelial cells through multiple MAPK-dependent pathways.
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Introduction

Sepsis is a potentially life-threatening medical emergency that
is caused by the body’s extreme response to an infection. The
advent of the new definition of sepsis, which has been

published recently, prompts a reappraisal of organ dysfunction
as the hallmark of sepsis (Singer et al. 2016). Sepsis affects
every major organ, including the lung, liver, and kidney, with-
in the body, ultimately leading to the failure of one or more
organs. The respiratory system is the most affected organ of
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the body, and lung dysfunction is the first step in the develop-
ment of multiple organ failure in septic patients. Acute lung
injury (ALI) and its most extreme form, acute respiratory dis-
tress syndrome (ARDS), are the manifestations of lethal and
complex respiratory dysfunction and are characterized by ex-
plosive and diffuse pulmonary infiltrates, leading to non-
cardiogenic alveolar edema and, ultimately, refractory hypox-
emia (Tsushima et al. 2009; Matuschak and Lechner 2010).

Vascular endothelial growth factor (VEGF), also known as
VEGF-A, is a glycoprotein originally isolated as a tumor cell-
secreted vascular permeability factor (Plouet et al. 1989) and,
since then, it has long been documented that VEGF serves as
the prime regulator of vascular permeability (Bates 2010).
While VEGF has been subsequently shown to have additional
potent mitogenic and angiogenic properties (Ferrara 2004;
Sharma et al., 2011), significant amounts of VEGF are known
to exist in the normal human lung without significant
mitogenesis or angiogenesis (Barratt et al. 2014). In the normal
lung, VEGFmay function as a survival factor for epithelial cells
and endothelial cells in a paracrine manner (Gerber et al. 1998;
Mura et al. 2006; Roberts et al. 2007). In the meanwhile, VEGF
may contribute to the development of non-cardiogenic pulmo-
nary edema associated with ALI/ARDS. Lung-targeted overex-
pression of human VEGF165, using an adenoviral gene vector,
has been shown to result in pulmonary edema and increased
vascular permeability in mice (Kaner et al. 2000). In addition, it
has been revealed that the high ventilation-induced increase in
pulmonary microvascular permeability in mice can be attenu-
ated by knockdown of VEGF by short-interfering RNAs (Li
et al. 2011). Moreover, pretreatment with adenovirus-encoding
soluble VEGF receptor (VEGFR) 1 has been found to prevent
ischemia-reperfusion-induced lung injury in rats (Godzich et al.
2006). However, a role of VEGF in pulmonary vascular
hyperpermeability accompanied by sepsis-associated ALI is
not fully understood.

In the present study, by conducting in vivo and in vitro
experiments using rodent models of sepsis-associated ALI
and human pulmonary microvascular endothelial cell line,
respectively, we attempted to test the hypothesis that VEGF
may contribute to non-cardiogenic high vascular permeability
pulmonary edema in ALI associated with sepsis.

Materials and methods

Experimental animal models

All animal experimental procedures were conducted in accor-
dance with the National Institute of Health Guidelines on the
use of laboratory animal and with approval of the Care and
Use Committee of the University of Toyama.

In the first series of experiments, we used the cecal ligation
and puncture (CLP)-induced sepsis mouse model. CLP-

induced sepsis is regarded as a highly clinically relevant mod-
el of polymicrobial sepsis, because it reproduces many hall-
marks of sepsis occurring in human patients (Hubbard et al.
2005). The surgical procedure to generate CLP-induced sepsis
was conducted according to our previous reports (Tomita et al.
2015; Kawakami et al. 2018; Yamashita et al. 2018). In brief,
male BALB/c mice (Sankyo Lab Service, Tokyo Japan), 8–
12 weeks old, were anesthetized with 3–4% sevoflurane by
inhalation, and a middle abdominal incision was made. The
cecum was mobilized, tightly ligated (1 cm from the cecum
tip), punctured twice with a 21-gauge needle, and gently
squeezed to expel small amounts of feces. Then, the bowel
was repositioned to the peritoneal cavity, and the laparotomy
site was closed with sterile suture (the skin and muscle were
sutured separately). Sham-operated control underwent the
same procedure except for ligation and puncture of the cecum.
Both groups of animals were fed the same diet and water ad
libitum, and housed in an environment with controlled tem-
perature, constant humidity, and a daily 12-h light-dark cycle
(Yamashita et al. 2018). All animals after CLP surgery were
lethargic, showed lack of interest in their environment,
displayed piloerection, and had crusty exudates around their
eyes, as opposed to sham-operated animals that were healthy,
moving freely and eating (Matsuda et al. 2010). All mice
received subcutaneous injection of 0.5 ml sterile normal saline
immediately after surgery. At 18 h after surgery, blood sam-
ples were collected and inflation-fixed lungs were harvested
frommice treated with 80–100 mg/kg ketamine and 10 mg/kg
xylazine hydrochloride.

In the second series of experiments, mice, under light an-
esthesia, were instilled intranasally with 60 μg of lipopolysac-
charide (LPS) (Escherichia coli 055:B5; List Biological
Laboratories, Campbell, CA, USA) in 60 μl of sterile 0.9%
NaCl solution. Control animals received equivalent volume of
vehicle saline solution. When bevacizumab, which neutralizes
VEGF and blocks its signal transduction through VEGF re-
ceptors (Papadopoulos et al. 2012), was used, it was intrave-
nously given to mice at a dose of 40 μg at 60 min before
administration of LPS. Animals were euthanized at 24 h after
LPS challenge. All experimental data were analyzed in a
blinded fashion.

Cell culture

The immortalized human pulmonary microvascular endothelial
cell line (HPMEC-ST1.6R), which was developed by means of
co-transfection of a plasmid encoding the catalytic component
of telomerase and a plasmid encoding the simian virus 40 large
T antigen (Krump-Konvalinkova et al. 2001; Unger et al.
2002), was kindly provided by Drs. C. James Kirkpatrick and
Ronald E. Unger at Johannes Gutenberg University (Mainz,
Germany). HPMEC-ST1.6R cells were routinely maintained
on tissue culture plastic ware in M199 medium (Sigma-

2366 Naunyn-Schmiedeberg's Arch Pharmacol (2020) 393:2365–2374



Aldrich, St. Louis, MO, USA) supplemented with 20% (v/v)
heat-inactivated fetal bovine serum, 25 μg/ml endothelial cell
growth supplements (Sigma-Aldrich), 50 μg/ml sodium hepa-
rin (Sigma-Aldrich), 1% (v/v) penicillin/streptomycin (Nacalai
Tesque, Kyoto, Japan), and 50 μg/ml G418 (Nacalai Tesque).
Cells were cultured at 37 °C under a humidified atmosphere
containing 5% CO2 and 95% air.

In HPMEC-ST1.6R cells, the presence of interferon
(IFN)-γ can highly amplify the inflammatory responses to
LPS (Suzuki et al. 2018). Thus, cells were stimulated with
1 μg/ml LPS and 10 ng/ml IFN-γ (R&D Systems,
Minneapolis, MN, USA). When mitogen-activated protein ki-
nase (MAPK) inhibitors, PD98059 (30 μM; Cayman
Chemical, Ann Arbor, MI, USA), SB203580 (20 μM;
Adipogen Life Sciences, Epalinges, Switzerland), SP600125
(50 μM; Cayman Chemical), and JNK-IN-8 (1 μM; Merck,
Darmstadt, Germany) were used, they were added to the me-
dium for 60 min before challenge with LPS and IFN-γ. LPS/
IFN-γ stimulation was stopped at the indicated time points by
aspirating off the culture medium and then adding ice-cold
PSS before harvesting.

Enzyme immunoassay for cytokines and VEGF

Blood levels of tumor necrosis factor (TNF)-α, interleukin
(IL)-1β, IL-6, and monocyte chemoattractant protein-1
(MCP-1) were measured by the use of commercially available
enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s
instructions. Tomeasure the concentrations of VEGF in serum
and culture medium samples, Mouse VEGF Quantikine
ELISA Kit (R&D System) and Human VEGF DuoSet
ELISA (R&D System) were used, respectively. The plate
was read on a microplate reader (Nippon-InterMed, Tokyo,
Japan). Assays were performed in duplicate.

Evaluation of pulmonary microvascular leak

To estimate pulmonary microvascular permeability, IgM
was selected as a marker of permeability and its con-
centration in bronchoalveolar lavage (BAL) fluid was
determined immunologically by IgM Mouse Uncoated
ELISA Kits with Plates (Thermo Fisher Scientific,
Rockford, IL, USA). A polyethylene catheter was
inserted into the trachea, BAL was performed by repeat-
edly infusing and removing 1 ml of PBS, and the third
drainage of effluent was kept as BAL fluid.

RNA extraction and quantitative real-time polymer-
ase chain reaction (PCR)

Total RNA was isolated from HPMEC-ST1.6R cells and
lung tissues with the use of Sepazol®-RNA I Super G

(Nacalai Tesque) according to the manufacturer’s man-
ual. ReverTra Ace qPCR RT Master Mix (Toyobo,
Osaka, Japan) was used for the reverse transcription
reaction, and real-time PCR analyses were performed
using PowerUp™ SYBR® Green Master Mix (Thermo
Fisher Scientific), as described in the manufacturers’
instructions. Values were normalized to the housekeep-
ing gene GAPDH according to the manufacturer’s pro-
tocol (MX3000P real-time PCR system; Agilent
Technologies Inc., Santa Clara, CA, USA). Additional
details are described by our laboratory (Kawakami et al.
2018; Yamashita et al. 2018; Suzuki et al. 2018). The
PCR primers were designed as follows: forward 5’-
TGCAGATTATGCGGATCAAACC-3′ and reverse 5′-
TGCATTCACATTTGTTGTGCTGTAG-3′ for VEGF,
forward 5′-CAGGCCCAGTTTCTGCCATT-3′ and re-
verse 5 ′-TTCCAGCTCAGCGTGGTCGTA-3 ′ for
VEGFR1, forward 5′-CCAGCAAAAGCAGGGAGTCT
GT-3′ and reverse 5′-TGTCTGTGTCATCGGAGTGA
TATCC-3 ′ for VEGFR2, and forward 5 ′-TGTG
TCCGTCGTGGATCTGA-3 ′ and reverse 5 ′-TTGC
TGTTGAAGTCGCAGGAG-3′ for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

Western blot analysis

HPMEC-ST1.6R cells were grown in 100-mm dish, har-
vested, and lysed in 300 μl of RIPA buffer (25 mM
Tris–HCl, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS, pH 7.4) containing protease
inhibitor cocktail on ice. The lysates were centrifuged
at 18,000×g for 10 min at 4 °C and the resulting su-
pernatants were collected. The protein concentration in
the remaining supernatant was measured using BCA
Protein Assay Kit (Nacalai Tesque). Blotting procedure,
chemiluminescent detection, and densitometric analysis
were carried out as described in our previous reports
(Kawakami et al. 2018; Suzuki et al. 2018). Samples
(50–100 μg of protein) were separated with 10% SDS-
PAGE gel electrophoresis and then transferred to
polyvinylidene difluoride filter membrane. The mem-
brane was probed with the following primary antibod-
ies: anti-human extracellular signal-regulated protein ki-
nase (ERK) 1/2 mouse monoclonal antibody (1:1000;
Cell Signaling, Danvers, MA, USA), anti-human
phospho-ERK1/2 (Thr-202/Tyr-204) rabbit monoclonal
antibody (1:1000; Cell Signaling), anti-human c-Jun N-
terminal kinase (JNK) rabbit monoclonal antibody
(1:1000; Cell Signaling), anti-human p38 rabbit mono-
clonal antibody (1:1000; Cell Signaling), anti-human
phospho-p38 (Thr-180/Tyr-182) mouse monoclonal anti-
body (1:1000; Cell Signaling), anti-human JNK (Thr-
183/Tyr-185) mouse monoclonal antibody (1:1000; Cell
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Signaling), and anti-human GAPDH chicken polyclonal
antibody (1:1500; EMD Millipore, Billerica, MA, USA).
IRDye®-labeled secondary antibodies were purchased
from LI-COR Bioscience (Lincoln, NE, USA) and
Odyssey CLx Infrared Imaging System (LI-COR
Bioscience) was employed for primary antibody detec-
tion. GAPDH was used as the loading control.

Statistical analysis

Results are presented as mean ± standard error. Data were an-
alyzed by the use of Prism software (version 6; GraphPad
Software, San Diego, CA, USA). Statistical analysis was per-
formed by Student’s t test or one-way analysis of variance
(ANOVA) followed by Tukey’s multiple-comparison test.
Differences were considered to be statistically significant
when a P value was < 0.05.

Results

VEGF expression in mice with CLP-induced sepsis

The CLP rodent model, which causes peritonitis and leads to a
polymicrobial sepsis, represents an indirect insult similar to
the pathogenesis of ALI/ARDS (Villar et al. 1994). Indeed,
we have clearly demonstrated that mice 18–24 h after CLP
surgery display marked hypoxemia, increased lung vascular
permeability, and histological damage in lungs, including wall
thickening, inflammatory infiltrate, and hemorrhage (Takano
et al. 2011; Oishi et al. 2012; Imaizumi et al. 2018).

When blood levels of pro-inflammatory cytokines were
measured using an ELISA, the sham-operated control animals
had extremely low levels of the cytokines examined here. The
mice 18 h after CLP-induced sepsis exhibited marked eleva-
tions in blood levels of TNF-α, IL-1β, IL-6, and MCP-1

Fig. 1 VEGF expression in mice with CLP-induced sepsis. (a) Blood
levels of TNF-α, IL-1β, IL-6, and MCP-1 (n = 6). (b) Plasma levels of
VEGF (n = 3–5). The blood was collected 18 h after surgery.
Proinflammatory cytokines and VEGF were measured by an ELISA.

(c) The mRNA levels of VEGF, VEGFR1, and VEGFR2 in lung tissues
were quantified by real-time PCR. Lung tissues were harvested 18 h after
surgery. Values are normalized to GAPDH (n = 6). *P < 0.05, **P < 0.01,
and ***P < 0.001 vs. the sham-operated control group
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(Fig. 1a). Sepsis induction by CLP also resulted in a signifi-
cant elevation in plasma VEGF protein levels in mice
(Fig. 1b). Plasma VEGF in CLP mice was increased 2.1-fold
in comparison with sham-operated control animals. However,
the VEGF mRNA level was significantly downregulated in
lung tissues frommice with CLP-induced sepsis (Fig. 1c). We
further examined VEGFRmRNA levels in CLP mouse lungs.
VEGF regulates vascular permeability by activating 2 recep-
tors, VEGFR1 (Flt-1) and VEGFR2 (KDR/Flk1) (Shibuya
2011). As shown in Fig. 1c, VEGFR1 mRNA was increased
and VEGFR2 mRNA was decreased in lung tissues of CLP
mice compared with sham-operated controls.

Pulmonary vascular permeability in mice intranasally
instilled with LPS

To assess changes in pulmonary vascular permeability, BAL
supernatant was analyzed for IgM using an ELISA. Intranasal
challenge with LPS resulted in a highly significant 14.5-fold
increase in pulmonary vascular permeability (Fig. 2a).
Treatment with bevacizumab, which neutralizes VEGF and
blocks VEGFR signaling (Papadopoulos et al. 2012), signifi-
cantly but partially attenuated lung vascular permeability as
compared with that shown inmice challenged with LPS alone.

We also examined VEGF mRNA levels in lung tissues of
mice intranasally instilled with LPS. As seen in CLP-induced
septic mice, pulmonary mRNA expression was significantly
downregulated in mice challenged with LPS (Fig. 2b).

VEGF expression in human pulmonary microvascular
endothelial cells

In the immortalized human pulmonary microvascular endo-
thelial cell line HPMEC-ST1.6R, the time course of changes
in gene expression of VEGF and its receptors after co-
administration of LPS and IFN-γ were investigated. The
mRNA level of VEGF was gradually increased, reached a
maximum at 3–6 h, and then showed a return toward the
baseline at 24 h (Fig. 3a). The mRNA level of VEGFR1
showed a trend toward increasing throughout 3–24 h obser-
vation period (Fig. 3b). VEGFR2 mRNA remained virtually
unchanged in a wide range of time after stimulation with LPS
and IFN-γ (Fig. 3c). When the amounts of VEGF in culture
media were measured by an ELISA, LPS/IFN-γ challenge
resulted in a significant increase in the protein level of
VEGF (Fig. 4b).

The MAPK signaling cascades are generally thought to be
important in the pathogenesis of ALI/ARDS (Newton and
Holden 2006; Qian et al. 2016). When activation of the three
major subgroups of MAPK family, ERK1/2, p38, and JNK,
was assessed by increases in their phosphorylation levels, co-
administration of LPS and IFN-γ resulted in significant acti-
vation of all three families of MAPKs in HPMEC-ST1.6R

cells (Fig. 4a). We thus examined whether expression of
VEGF in human pulmonary microvascular endothelial cells
is regulated by MAPKs. When HPMEC-ST1.6R cells were
treated with PD98059, an inhibitor of MAPK kinase which is
an ERK1/2 upstream activator, or SB203580, which is widely
used as a specific inhibitor of p38 MAPK, the LPS/IFN-γ-
induced increase in VEGF protein levels was strongly blocked
(Fig. 4b). Treatment with SP600125, an anthrapyrazolone in-
hibitor of JNK, also abrogated the VEGF protein increase in
HPMEC-ST1.6R cells stimulated with LPS/IFN-γ (Fig. 4b).
The striking inhibition of the LPS/IFN-γ-induced VEGF up-
regulation was similarly observed by treatment with another

Fig. 2 Involvement of VEGF in lung vascular hyperpermeability in mice
after LPS administration. LPS (60 μg) was instilled intranasally and
animals were euthanized at 24 h after LPS challenge. (a) Lung vascular
permeability was assessed by IgM levels in BAL fluid from mouse lungs
(n = 3–4). Bevacizumab (40 μg) was intravenously injected to mice
60 min before LPS challenge. (b) The mRNA levels of VEGF in lung
tissues were quantified by real-time PCR. Values are normalized to
GAPDH (n = 5). ***P < 0.001 vs. control. ##P < 0.01 vs. LPS alone
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JNK inhibitor JNK-IN-8, which is far more selective for JNK
than SP600125 (Brain et al. 2003) (Fig. 4b).

Discussion

We demonstrated in this study for the first time that VEGF
contributed to pulmonary vascular hyperpermeability when
LPS was intranasally administrated in mice. Intranasal admin-
istration of LPS has long been widely used as an appropriate
model in which ALI can be directly induced (Gharib et al.
2006; Bosmann et al. 2013; Juschten et al. 2019), and in-
creased pulmonary vascular permeability is a critical and
non-redundant pathological process involved in the ALI de-
velopment (Herold et al., 2013). We found that treatment with
the VEGF-neutralizing monoclonal antibody bevacizumab re-
sulted in a significant inhibition of the increase in pulmonary
vascular permeability caused by intranasal LPS challenge, as
evidenced by changes in IgM levels in BAL fluid frommouse
lungs. Previous reports have well established that the amounts
of IgM in BAL fluid are related with alterations in alveolar-
capillary barrier and lung vascular permeability (Kantrow
et al. 2009; Matute-Bello et al. 2011; Johnston et al. 2012).
Intriguingly, while bevacizumab is clinically used for treat-
ment of advanced cancers of the lung, colon, brain, kidney,
and others by counteracting the angiogenic effect of VEGF, its
ability to reduce the increase in vascular permeability associ-
ated with VEGF expression may help relieve patients with the
potentially serious morbidity and symptoms that accompany
peritumoral edema (Gil-gil et al. 2013). Our findings imply
the active participation of VEGF in non-cardiogenic high vas-
cular permeability pulmonary edema associated with LPS-
induced ALI (Fig. 5). However, the preventive effect of
bevacizumab on LPS-induced pulmonary vascular
hyperpermeability was partial. Our previous study has shown
that treatment with NG-nitro-L-arginine, an inducible nitric
oxide (NO) synthase (iNOS) inhibitor, or diphenhydramine,
a histamine H1-receptor antagonist, significantly but incom-
pletely inhibited LPS-induced lung vascular permeability in
mice (Matsuda et al. 2004), which suggests that NO and his-
tamine may also be partly responsible for mediating increased
lung vascular leak following LPS challenge. We thus assume
that several vascular permeability molecules, including
VEGF, NO, and histamine, can be excessively produced and
thereby actually contribute to the development of pulmonary
edema in sepsis-associated ALI. Indeed, great increases in

�Fig. 3 Time course of changes in mRNA levels of VEGF (a), VEGFR1
(b), and VEGFR2 (c) in human pulmonary microvascular endothelial
cells after challenge with LPS and IFN-γ. HPMEC-ST1.6R cells were
stimulated with 1 μg/ml LPS and 10 ng/ml IFN-γ. Values are expressed
as fold increase above the vehicle value normalized GAPDH (n = 5–7).
*P < 0.05 vs. time 0
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gene and protein expression of iNOS and histidine decarbox-
ylase, an enzyme that only forms histamine in mammals, have
been observed in the lungs of mice after induction of sepsis
with LPS (Matsuda et al. 2004).

Unexpectedly, expression of VEGF in lung tissues was
significantly downregulated rather than upregulated in two
murine models of ALI, intranasal LPS administration and
CLP-induced sepsis. This observation is consistent with a
str ing of human studies showing a reduct ion in
intrapulmonary VEGF in the early stages of ALI/ARDS
(Maitre et al. 2001; Thickett et al. 2002; Abadie et al. 2005),
although a conflicting result was reported in mice exposed to
LPS in a nebulization chamber (Karmpaliotis et al. 2002). The

reduced levels of intrapulmonary VEGF in ALI/ARDS may
be explained by direct injury to and clearance of epithelial
type 2 cells (Medford and Millar 2006) which are considered
to be the main source of VEGF in lungs (Kaner and Crystal
2001). In this regard, caution would be required in the inter-
pretation of the observed decrease in VEGF levels in lung
tissues, since the total amount of intrapulmonary VEGF may
be determined by the deduction of VEGF released from dif-
ferent intrapulmonary components, such as epithelial cells and
vascular endothelial cells, which can be variably affected by
endotoxin. As reported in human studies (Maitre et al. 2001;
Thickett et al. 2002; Azamfirei et al. 2010), we found a sig-
nificant rise in plasma levels of VEGF in mice with CLP-

Fig. 4 Involvement of MAPK
activation in VEGF released from
human pulmonary microvascular
endothelial cells after challenge
with LPS and IFN-γ. HPMEC-
ST1.6R cells were stimulated
with 1 μg/ml LPS and 10 ng/ml
IFN-γ. (a) Activation of MAPKs
in HPMEC-ST1.6R after
challenge with LPS and IFN-γ.
Levels of phosphorylation and
total expression of ERK1/2, p38,
and JNK before and 5 min after
LPS/IFN-γ challenge were
determined by Western blotting.
In the top trace of each panel,
typical Western blots are shown.
In the bottom trace, the summary
of quantification of densitometric
measurements as ratio of
phospho-MAPK relative to
MAPK is presented (n = 4–7).
*P < 0.05 and **P < 0.01 vs.
unstimulated value. (b) Effects of
MAPK inhibitors onVEGF levels
in HPMEC-ST1.6R cells
stimulated with LPS/IFN-γ for
24 h. PD98059 (30 μM),
SB203580 (20 μM), SP600125
(50 μM), or JNK-IN-8 (1 μM)
was added 1 h before LPS/IFN-γ
challenge. The VEGF levels
released from cells into the cell
culture medium were measured
by an ELISA (n = 4). **P < 0.01
vs. control. ###P < 0.001 vs. LPS/
IFN-γ alone
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induced sepsis. This rise in plasma VEGF levels seems likely
to be attributed to the release from vascular endothelial cells.
We showed that stimulation with LPS/IFN-γ resulted in a
significant upregulation of VEGF expression in human pul-
monary microvascular endothelial cells at mRNA and protein
levels, implying that endotoxin positively regulates endothe-
lial cell-derived VEGF in a transcription manner. It should be
added that neutrophils may also contribute to the increased
VEGF plasma levels in CLP-induced septic mice, because
these hemocytes have been shown to produce various vascular
permeability molecules, including VEGF, in certain circum-
stances such as inflammation (Taichman et al. 1997; DiStasi
and Ley 2009).

In line with our recent report (Suzuki et al. 2018), stimula-
tion with LPS/IFN-γ significantly activated three major sub-
groups of MAPK family, ERK1/2, p38, and JNK, in human
pulmonary microvascular endothelial cells, as assessed by

their phosphorylation levels. Each specific inhibitor of these
MAPK subgroups completely blocked the increase in VEGF
protein levels caused by LPS/IFN-γ challenge. This suggests
that endotoxin upregulates VEGF expression in pulmonary
microvascular endothelial cells through multiple MAPK-
dependent pathways. It is noteworthy that MAPK signaling
is linked to increased expression of growth factors, including
VEGF, in different cell types (Li et al. 2000; Pagès et al. 2000;
Rak et al. 2000; Schrma et al. 2011).

VEGF displays broad vascular functions, including vascu-
lar permeability, via binding to and activating its specific re-
ceptors, VEGFR1 and VEGFR2 (Shibuya 2011). In this
study, in lung tissues from CLP-induced septic mice,
VEGFR1 mRNA was upregulated and VEGFR2 mRNA
was downregulated compared with sham-operated controls.
Furthermore, LPS/IFN-γ application showed a trend to in-
crease VEGFR1 mRNA in human pulmonary microvascular

Fig. 5 Schematic diagram of the
participation of VEGF released
from pulmonary vascular
endothelial cells in non-
cardiogenic high vascular
permeability pulmonary edema
associated with LPS-induced
ALI. See text for details
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endothelial cells. However, it is not clear at this time whether
altered expression of VEGFR1 can be involved as regulatory
mechanisms to transduce VEGF-mediated vascular
hyperpermeability signals. Several lines of evidence provide
that VEGFR1 may function as a decoy receptor and negative-
ly regulate VEGF functions (Sato et al. 2000; Cao 2009).
Accordingly, what role, if any, is played by altered
VEGFR1 expression observed in this study in the pathophys-
iology of sepsis-associated ALI awaits further study.

In conclusion, the present results indicate that VEGF can
contribute to the development of non-cardiogenic pulmonary
edema in sepsis-associated ALI as a result of increased VEGF
secretion from pulmonary vascular endothelial cells through
multiple MAPK-dependent pathways (Fig. 5). As such, anti-
VEGF therapy may be of value in ALI/ARDS. However, it is
proposed that VEGF also displays a protective effect on the
alveolar epithelium following injury (Medford and Millar
2006). Therefore, a deeper understanding of the role of
VEGF in the lung will be required before treatment modulat-
ing VEGF may be used in ALI/ARDS. Thus, it remains the
subject of our ongoing study to precisely grasp VEGF biology
in the body, including the lungs, under sepsis.
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