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Objective: investigation of the VEGF expression in the lung tissue of ARDS patients and also the VEGFS
plasmatic levels of these patients.
Material and method: there were examined immunohistochemical lung specimens from 10 ARDS patiens
which were compared to a control group. The VEGF seric levels was determined using ELISA method, at the
same time with the tissue sampling from ARDS patients and during the hospital stay in case of the control
group of non ARDS patients.
Results: patients who died because of ARDS had VEGF pulmonary expression significantly decreased comparing to
non-ARDS patients (p<0.001). The seric VEGF levels of ARDS patients were raised comparing to non-ARDS patients
(p<0.001).
Conclusions: A decreased alveolar type II cells, was noticed in ARDS evolution, therefore reducing the VEGF
production in the alveolar space and also contributing to the decrease in lung perfusion, but also to the consecutive
increase of VEGF plasmatic level.
Keywords: ARDS, Vascular endothelial growth factor

Acute

respiratory distress syndrome (ARDS), the
most severe form of acute lung injury (ALI), remains
a devastating condition characterised by difuse injury
of the alveolo-capillary wall and alveolar and
interstitial oedema consecutive to increased
pulmonary vascular permeability. It concerns 1,5-8,3
cases in every 100 000 patients, still having a
signifiant mortality of 30-50% despite improvements
in the management of sepsis and lung protective
ventilation strategy.2 There is a heterogeneous group
of conditions, both direct or indirect insults, such as,
sepsis, trauma, apiration, massive blood transfusion or
burns which predispose to ARDS. The pathogenetic
basis of ARDS and factors governing susceptibility
are incompletely understood. Markers of both
epithelial and endothelial injury have been correlated
with outcome8, wheras the severity of ARDS depends
significantly on the balance between alveolar
epithelial and/or vascular endothelial injuries and
their repair rnechanisms.13
Vascular endothelial cell growth factor (VEGF)
was identified by its properties to increase
permeability and acts as a cellular growth factor,
hence its potential
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for a key role in the pathogenesis of ALI/ARDS. The
VEGF family has several members, and each acts
through specific receptors. The human VEGF gene
family includes VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E., and placenta growth factor
(PlGF), all with multiple and diverse biological
functions. The genes for VEGF family members also
rely on alternative exon splicing to confer various
isoforms for biological and functional specificity.9
The most studied molecule of the VEGF family is
VEGF-A. lts double effect, both permogen and
mitogen3 induces vascular endothelial cell
proliferation and promotes survival by induction of
anti-apoptotic proteins bcl-2 and Al.5 VEG. F
increases microvascular permeability, but also it also
exerts bioactivity outside the vascular endotheliurn:
macrophages, type II pneumocytes, and monocytes
for which it may be chernotactic.4 The biological
activity of VEGF is dependent on interaction with
specific receptors (VEGF-R1, 2, and 3), which are
expressed not only by endothelial cells, but also by
activated macrophages and alveolar type II epithelial
cells.1 VEGF acts also on a family of coreceptors, the
neuropilins.10
The objective of this study was to investigate the
VEGF expression in the lung tissue of ARDS
patients and also the VEGF plasmatic levels of these
patients compared to a control group.
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MATERIAL AND METHOD
We realized a prospective study including 10 patients
diagnosed with ARDS. These patients were evaluated
daily during their stay in the ICU and those included in
this study accomplished the ARDS diagnosis criteria as
recommended by the international American-European
consensus conference. The parameters needed to assess
the SOFA score were determined daily and were refered
to the score obtained on the fist day of setting the ARDS
diagnostic.
Lung specimens from ARDS patients were obtained by
bronchoscopy or by autopsy in case of the deceased
patients. The controls were 10 patients deceased from
other causes than ARDS from whom necroptic pulmonary
tissue samples were obtained and processed as for the
ARDS patients.
All lung samples were standard stained using
Haematoxylin Eosine and were examined in order to
assess the histopathological diagnosis of ARDS: presence
of hyaline membranes, type II pneumocyte proliferation
associated with myofibroblast proliferation.
The determination of VEGF expression in the
pulmonary tissue was performed using specific
monoclonal antibodies VEGF, clones VG1 and JH 121
produced by LabVision firm. A charge-coupled video
camera coupled with an optical microscope, was used to
view the sections and to digitize images to a PC host
computer using a program of assisted quantification. At
least 10 fields per section were analysed and the results
were given as the ratio (%) of stained surface area over
the total field surface area.
The VEGF seric level was determined using the
ELISA method, at the same time with the tissue sampling
of the ARDS patients and during the hospital stay in case
of the control group of non ARDS patients. Plasma probes
were aquired for VEGF measurement using the Human
VEGF ELISA kit with crossed reactivity for VEGF 165,
VEGF 121 and PGDE (BioLife Group).
The statistical analysis of data. was made using media
and standard deviation through soft SPSS, version 17.0.
RESULTS
The ARDS etiology of the studied patients was mainly
extrapulmonary (7 cases out of 10) (Figure 1) and the
demografical and clinical data of the ARDS patients
appear in Table I.

Figure 1. Causes of ARDS
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Table I. Demographic and clinical data of ARDS patients
Parameters
Age
Male/Female
PaO2/FiO2 (average, extremes)
Period of mechanical ventilation
(average days, extremes)
ICU stay (average days, extremes)
SOFA score (the ARDS diagnostic day)
(average extreme values)
Mortality

Value
52 (31-71)
6/4
128(61-191)
11.37 (4-26)
18.37 (4-39)
6 (4-9)
40% (4/10)

The mortality of ARDS patients was of 40 % (4
out of 10 patients). Pa02/ Fi02 ratio was lower than
200 for all the ARDS patients according to one of
diagnostic criteria, but this ratio will be subsequent
modified for the survivors (assessed in the day of
extubation) comparing to the non-survivors (assessed
in the day of death), with a mean of 282 for survivors
versus 128 for the non-survivors (p<0.05) Figure 2).

Figure 2. Dynamic of PaO2/FiO2 ratio in ARDS patients

The mean period of ICU stay was 18 days (with a
maximum of 39 days) and the mean ventilation
period was 11 days (with a maximum of 26 days).
The mean SOFA score aquired in the first day of ICU
stay was 6, with similar values for survivors and for
the non survivors.
Patients who died because of ARDS had a VEGF
pulmonary expression significantly decreased
compared to non-ARDS patients: 8,5 (4,1-9,9) versus
28,7 (9,5-48,6) (p<0,001) (Figure 3).
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Figure 3. Distribution of VEGF expression in ARDS vs
non ARDS patients
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On the other hand, the seric VEGF levels of ARDS
patients were raised (230 pg/ml) compared to nonARDS patients (131 pg/ml) (p<0,001) (Figure 4).

Figure 4. Distribution of serum VEGF level in ARDS vs non
ARDS patients

Alveolar macrophages were immunopositive in
both groups.
No significant statistical differences were noted
between the two groups with regard to age, gender,
period of ARDS conditioned, number of ICU days.
DISCUSSIONS
In the normal lung tissue, VEGF is highly
compartmentalised, with levels within the alveolar
space 500 times than over the plasma figures8, despite
VEGF production being closely associated with
1.
hypoxia response element. In vitro studies have
demonstrated an abundance of VEGF especially in the
alveolar epithelium (including the A549 cell line and
primary human cultured type II pneumocytes) which
suggests that the alveolar epithelium is the
predominant source.1,12 The expression of VEGF in
ARDS varies, depending of epithelial and endothelial
damage. In the early stages of ARDS plasma VEGF
levels rise and intrapulmonary levels fall, with
normalisation of both during recovery.11 A possible
explication of this variation is that the alveolar injury
is the primary modulator of the alveolar level of VEGF
in ARDS. This variation is probably the consequence
of VEGF degradation by proteases released from
infiltrated neutrophils and other inflammatory cells in
the alveolar space.
VEGF release takes place in 3 phases paralleling
the development of ARDS. The initial injury of the
lung and the proinflammatory cytokines stimulate the
production and the release of VEGF from type II
pneumocytes, alveolar macrophages and marginal
neutrophils.
Subsequently, the endothelial-alveolar barrier is
exposed to high concentration of VEGF, which alters
the adherence jonction complexes (AJC) leading to
microvascular injury and interstitial oedema. As the
ARDS lesions develop, there is a distruction of type I
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and II alveolar epithelium, with a release of protease
from neutrophils which leads to the decrease of
VEGF concentration in the alveolar compartment.
This pulmonary compartment deprivation of VEGF
besides the release of VEGF from other organs
increases the VEGF seric concentration, as ARDS
represents only the pulmonary manifestation of a
widespread endothelial injury in multiple organs.
During the recovery period of ALI (when this
appears!) type I and II alveolar epithelial cells begin
to reapear, the VEGF production rises, wich may
participate in the angiogenesis, an important
component of lung repair.
The over-expression of pulmonary VEGF, leads
to increased vascular pulmonary permeability and
consequently pulmonary oedema.6 Nevertheless, the
VEGF expression in human alveolar epithelial cells
also facilitates neovascularization, contributing to
endothelial injury repair.9
Low VEGF pulmonary levels were associated
with the severity of ARDS, whereas high VEGF
levels were associated with the recovery from
ARDS, signalling the role of VEGF in the pulmonary
injury repairing process.11
CONCLUSIONS
A decreased alveolar type II cells, induced by
apoptosis was noticed in ARDS evolution, therefore
reducing the VEGF production in the alveolar space
and also contributing to the decrease in lung
perfusion, but also to the consecutive increase of
VEGF plasmatic level.
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Objective: To investigate the changes both of the VEGF expression and of the specific receptors (VEGF-R1 and VEGF-R2) in the
exudative and the proliferative stage of ARDS patients compared to normal pulmonary tissue.
Material and methods: Lung specimens from 61 ARDS patients in the exudative or proliferative stage, obtained by bronchoscopy
(11 patients), or by autopsy (50 patients) were examined immunohistochemical and histopathological and were subsequently compared to a control group.
Results: For the bioptic lung samples, following the time frame for the exudative stage of ARDS we noted a VEGF-R1 decrease. It
was still expressed in some alveolocytes. As for VEGF, its expression decreased in the pulmonary tissues (p < 0.01). In the proliferative stage, after the appearance of the hialyne membranes, VEGF is expressed in the alveolocytes, but the expression of VEGF-R1
decreased significantly, except for some alveolocytes located in pulmonary areas free of hyaline membranes which continued to be
positive for VEGF-R1. VEGF-R2 was marked out only in the bronchial epithelium, both in the exudative and the proliferative stage.
The same alterations were observed for the necroptic lung samples, but the number of alveolar cells positive for VEGF-R1 was lower
compared to the bioptic ones (p < 0.01).
Conclusions: The persistence of VEGF-R1 in the alveolar cells located in pulmonary areas free of hyaline membranes proves that only
a part of these cells were destroyed in ARDS. The number of non-damaged alveolar cells seems to be critical for the survival.
Keywords: ARDS, VEGF, VEGF-R1 and VEGF-R2

Introduction
Vascular endothelial growth factor (VEGF) is known to be
an important angiogenic factor and it is incriminated in
the adjustment of vasculature permeability of the different
organs, including the lungs. The VEGF is expressed both
in physiological and pathological conditions. Although
its name refers to its expression on vascular endothelium,
VEGF is also incriminated in mitogenesis, migration of monocytes and macrophages, development of nervous tissue,
urothelium and tumoral tissue. The survival of the newly
formed endothelial cells is also VEGF dependent [1].
The gene for VEGF family members relies on alternative exon splicing to confer various isoforms for biological
and functional specificity [2]. The human VEGF gene
family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D,
VEGF-E, and placenta growth factor (PlGF). The most
studied molecule of the VEGF family is VEGF-A.
The individual biologic effects of VEGF depend on the interaction with specific tyrosine kinase receptors (VEGF-R)
expressed on angioblast or endothelial cells. VEGF-A and
-B bind Flt-1/VEGF-R1 (fms-like tyrosine kinase), VEGF-A and -C bind Flk-1/VEGF-R2, VEGF-C and -D
bind Flt-4/VEGF-R3. VEGF acts also on a family of coreceptors, the neuropilins [3].
VEGF-R1 is also expressed on trophoblastic cells, monocytes and mesangial renal cells. In tumoral angiogenesis, its

binding to VEGF seems to be mediated by the monocytes
migration, and is ten times less expressed than the VEGFR2 binding [4].
In adults, VEGF-R2 is also expressed on hematopoietic
stem cells, megakaryocytes and retinian progenitor cells.
Although the affinity for VEGF is less strong than that
of VEGF-R1, it seems that the VEGF effects are mainly
transmitted through the VEGF-A/VEGF-R2 couple [1].
The binding of VEGF165 to VEGF-R2 seems to be stimulated by heparin [5]. As opposed to VEGF-R1, VEGF-R2
does not mark the monocytes.
VEGF-R3 is expressed mainly on the endothelium of lymphatic vessels and is specific for VEGF-C and VEGF-D.
In the acute respiratory distress syndrome the specific role
of these receptors is not yet elucidated.
The objective of this study was to investigate the changes
both of the VEGF expression and of the specific receptors
(VEGF-R1 and VEGF-R2) in the exudative and the proliferative stages of ARDS patients compared to the normal
pulmonary tissue.
Material and methods
Lung specimens from 61 ARDS patients were obtained by
bronchoscopy (11 patients), or by autopsy (50 patients)
in case of deceased patients. In this study we included patients who accomplished the ARDS diagnosis criteria as
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Table I. Distribution of patients according to the stage of ARDS,
and the way of sampling the pulmonary tissue.

Table III.

Causes of ARDS

Cause
Exudative stage
(n=12)

Proliferative stage
(n=47)

Bronchoscopy

9

2

Autopsy

3

47

recommended by the International American-European
Consensus Conference, and who were in the exudative
(day 0-4) and the proliferative stage (day 2-8) of ARDS
(Table I), excluding the patients in the fibrotic stage.
In the control group were included 61 patients, deceased
from other causes than ARDS, from whom necroptic pulmonary tissue samples were obtained and processed as for
the ARDS patients.
The obtained lung samples were prepared in order to assess
a histopathological standard examination and an immunohistochemical analysis using specific monoclonal antibodies, as it follows:
ff Haematoxylin Eosine standard stain - in order to assess
the histopathological diagnosis of ARDS: presence of
hyaline membranes, type II pneumocyte proliferation
associated with myofibroblast proliferation.
ff Determination of VEGF expression in the pulmonary
tissue - using specific monoclonal antibodies VEGF-A,
clones VG1 and polyclonal antibodies Flt-1/VEGFR1
and Flk-1/KDR/VEGFR2.
The image evaluation was done using a computer assisted
quantification program. At least 10 fields per section were
analyzed and the results were given as the ratio (%) of stained surface area over the total field surface area.
Data were analyzed using Graph Pad Prism 5. Results are
presented as medians (interquartile range) in the text. Data
are presented as columns indicating the median. Differences between groups were estimated using the KruskalWallis test with post hoc Mann-Whitney analysis. p-values
<0.05 were considered statistically significant.
Results
The demographical and clinical data of these patients show
that PaO2/ FiO2 ratio was lower than 200 for all the ARDS
patients according to one of the diagnostic criteria. This ratio was mentained at a low level in both cases: patients ith
Table II. Demographic and clinical data of ARDS patients
Parameters

Value

Age (yr) – median/interquartile range

56.6 (23.6-74.5)

Male/Female (number)

34/27

PaO2/FiO2 (median/interquartile range)
At admittance in ICU

134 (56 -198)

Day of transbronchial biopsy

162 (78 – 210)

Day of death

124 (65 – 204)

Period of mechanical ventilation (days) (median/interquartile range)

18.4 (4.8 – 27.1)

ICU stay (days) (median/interquartile range)

21.4 (4.1-39.5)

Number of patients (n=61)

Pulmonary
Chest trauma
Bronchopneumonia
Extrapulmonary

22
14
8
39

Sepsis

20

Liver dysfunction

7

Massive transfusion

4

Acute pancreatitis

8

transbronchial biopsy, assessed in the day of lung parenchyma sampling (162±13.75), and non-survivors assessed
in the day of their death (124±12.80) (p > 0.05) (Table
II).
The ARDS etiology of the patients included in the study
was mainly extrapulmonary (Table III).
The expressions of VEGF, VEGF-R1 and VEGF-R2 according to the exudative or the proliferative stage of ARDS
are shown in Figure 1.
In the exudative stage of ARDS, on the bioptic lung samples, compared to controls, both VEGF and VEGF-R1,
were expressed in the endothelium and the alveolocytes.
Subsequently, compared to controls, VEGF-R1 was expressed only in some alveolocytes (18.50±5,03 vs. 14.72±3,63,
p < 0.05), but the VEGF expression decreased in the pulmonary tissue (26.83±3.43 vs. 7.52±1.41, p < 0.01).
In the proliferative stage, after the appearance of the hialyne membranes, VEGF is expressed in the alveolocytes
(7.12±1.45), but the expression of VEGF-R1 decreased
significantly (7.28±1.40). Only some alveolocytes, located
in pulmonary areas free of hyaline membranes continued
to be positive for VEGF-R1.
VEGF-R2 was expressed only in the bronchial epithelium,
both in the exudative and the proliferative stage, with a lack
of expression in the alveolocytes or hyaline membranes.
All the necroptic pulmonary samples had hyaline membranes, and expressed the VEGF and its receptors in a similar
manner to the proliferative stage of similar samples obtained
by transbronchial biopsy. The number of alveolar cells positive for VEGF-R1 was lower for the necroptic lung samples
compared to the bioptic ones (7.21±2.11 vs. 14.55±3.72,
p < 0.01).
Discussions
In the pathogenesis of ARDS three phases could be described: the decreasing VEGF expression in the alveolocytes,
the increasing VEGF seric level; the destruction of the surfactant and formation of hyaline membranes followed by
the apoptosis of the alveolar cells in those regions.
VEGF release takes place in 3 phases paralleling the development of ARDS. The initial injury of the lung and the
proinflammatory cytokines stimulates the production and
the release of VEGF from type II pneumocytes, alveolar
macrophages and marginal neutrophils [6].
The persistence of VEGF-R1 in the alveolar cells located
coincident values with those of Article
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The soluble form of VEGF-R1 is present in bronchial lavage fluid and it could be an antagonist for soluble form
of VEGF. So, VEGF165 decrease in plasma in early stages
of ARDS and at the same time VEGF121 and VEGF-R1
increase in bronchial fluid and bronchial epithelium. Probably one of these forms of VEGF can stimulate VEGF-R2
and it could promote endothelial activation. [14].

Fig. 1. The VEGF, VEGF-R1 and VEGF-R2 expression in normal
and ARDS lung tissues

in pulmonary areas free of hyaline membranes proves that
only a part of these cells were destroyed in ARDS. The
number of non-damaged alveolar cells seems to be critical
for survival.
The exact role of VEGF receptors in ARDS was not yet
clarified.
Although VEGF-R1 has a greater affinity for VEGF, it seems that the main receptor for bioactivity of VEGF in the
lung is VEGFR2. This aspect was proved by experimental
studies which showed that in R2 knock-out rats the developement of endothelial islands was not possible but in R1
knock-out rats an excessive proliferation of angioblasts was
observed [7].
The identification of VEGF-R1 in the distal pulmonary
epithelium suggests a possible autocrine role for the VEGF
in the proliferation and differentiation of alveolar epithelium [7]. VEGF-R1 plays a dual role: a negative role
in the embryonic angiogenesis and a positive role in the
adult’s angiogenesis [9], being expressed not only on the
endothelial cells, but also on the cells of the macrophagic
line. Experimental studies suggest that VEGF-R1 mediates
vascular reorganizing, as the VEGF-R1 inactivation causes
a severe derangement of the vascular system [10].
VEGF-R2 mediates the VEGF activity concerning endothelial permeability.
VEGF signaling is required for the maintenance of adult
lung alveolar structures [11] and the withdrawal of VEGF
leads to endothelial cell apoptosis. The increased septal cell
death in lungs is associated with reduced lung expression of
VEGF and VEGFR-2 [12].This is consistent with a diminished lung perfusion, suggesting a protective mechanism
for endothelial cell survival. This aspect was proven by
some authors in experimental models who observed that
endothelial cells survival was increased through oxidative
stress increasing, alveolar enlargement and alveolar cell
apoptosis following VEGF blocking [13].

Conclusions
The persistence of VEGF-R1 in the alveolar cells located
in pulmonary areas free of hyaline membranes proves that
only a part of these cells were destroyed in ARDS. The
number of non-damaged alveolar cells seems to be critical
for the survival.
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Acute respiratory distress syndrome (ARDS), the most
severe form of acute lung injury (ALI), remains a
devastating condition with a high mortality. It is
characterised by alveolar injury and increased pulmonary
vascular permeability. Vascular endothelial cell growth
factor (VEGF) was identified by its properties to increase
permeability and act as a cellular growth factor, hence its
potential for a key role in the pathogenesis of ALI/ARDS.
This review describes the basic biology of VEGF and its
receptors as an essential prerequisite to discussing the
available and sometimes paradoxical published data,
before considering a paradigm for the role of VEGF in the
human lung.
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healthy alveolar capillary membrane is
essential for the gas exchange function of
the human lung. Injury and loss of this
tissue contributes to the pathology of many
forms of lung disease of which the archetypal
example would be the most extreme form of
acute lung injury (ALI)—namely, acute respiratory distress syndrome (ARDS).1 An understanding of the mechanisms involved in the injury and
repair of this tissue would have significant
impact on the clinical management and treatment of this and many other lung conditions.
Vascular endothelial growth factor (VEGF) was
originally identified by its properties as both a
permogen and a mitogen, key elements in the
function of the alveolar capillary membrane,
leading to interest in its role in many forms of
lung disease, particularly ARDS.2 3 Intriguingly,
in healthy human subjects VEGF protein levels
are highly compartmentalised, with the directly
oxygenated alveolar levels 500 times higher
(2 nM) than plasma levels, despite VEGF production being closely associated with a hypoxia
response element.4 5 These levels in normal
alveoli are significant, twice the concentration
previously shown to induce permeability and
mitogenesis (particularly angiogenesis) in vivo.3
However, in healthy lung these processes are
extremely restricted. These data suggest an
important persistent or additional function of
VEGF within the human lung that has not yet
been characterised, which is normally tightly
regulated and which goes awry in ALI/ARDS.
Current in vitro work, animal models, and
clinical studies are somewhat conflicting as to

the role of VEGF in ALI/ARDS. We attempt to
resolve these apparent conflicts in the available
data by proposing a unifying hypothesis for the
role of VEGF in injured lung pertinent to ALI/
ARDS—namely, that VEGF protects the alveolar
epithelium with a role in repair following lung
injury, but causes fluid flux across the exposed
endothelium if the alveolar capillary membrane
is functionally breached.

ACUTE RESPIRATORY DISTRESS
SYNDROME (ARDS)
ARDS, the most extreme form of ALI, was first
described in 1967.1 It is more common than is
perhaps appreciated with an estimated incidence
of 75 per 100 000 in some studies.6 It is estimated
to account for nearly 16 500 deaths annually in
the USA, roughly equal to the number of deaths
due to HIV and emphysema, increasing to 74 500
if ALI is considered overall.7 ARDS continues to
have a significant mortality of more than 35%
despite recent improvements in ventilator strategies and in sepsis management.8 A host of
conditions, including sepsis, trauma, aspiration,
massive blood transfusion and burns, both direct
and indirect insults, predispose to ARDS.
However, exposure to a given ‘‘insult’’ does not
guarantee that ARDS will follow; for example,
there is a 40–60% risk of ARDS following Gram
negative sepsis.9 Although the underlying
mechanisms and factors governing susceptibility
remain unclear, ARDS is characterised by alveolar epithelial injury and increased vascular
permeability.6 Markers of both epithelial and
endothelial injury have been correlated with
outcome.6 10–12 An additional factor is the potential to induce damage by mechanical ventilation
itself.13 14 Survival from ARDS requires resolution
of these features and renewed integrity of the
alveolar capillary membrane.

BIOLOGY OF VASCULAR ENDOTHELIAL
GROWTH FACTOR (VEGF)
To appraise and understand the published
evidence in this area, it is essential to have some
understanding of the basic biology of VEGF.
Abbreviations: AE, alveolar epithelial; ALI, acute lung
injury; AP, activator protein; ARDS, acute respiratory
distress syndrome; FLT, fms-like tyrosine kinase; HUVEC,
human umbilical venous endothelial cell; LPS,
lipopolysaccharide; NRP, neuropilin; VEGF, vascular
endothelial growth factor; VEGF-R1, VEGF-R2, vascular
endothelial growth factor receptor 1 and 2
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VEGF
The superfamily of VEGF proteins consists of at least six
members that are structurally and functionally related but
with predominantly differing key roles.15 This review is
confined to the importance of VEGF-A, termed VEGF
throughout the text. These properties have led to investigation of this molecule in cancer, vascular diseases, chronic
inflammatory disorders, and ALI as well as many other lung
diseases including asthma, emphysema, pulmonary fibrosis,
lung cancer, and pulmonary hypertension. VEGF is a 34–
46 kDa glycoprotein that was first isolated from tumour cells
but other cellular sources include macrophages, smooth cells,
and epithelial cells.2 16 It is a potent angiogenic factor and
critically regulates vasculogenesis such that embryos lacking
a single VEGF allele have a lethal phenotype due to abnormal
vascular development including that of the lung.17 It both
induces vascular endothelial cell proliferation and promotes
survival by induction of anti-apoptotic proteins bcl-2 and
A1.18–21 VEGF increases microvascular permeability 20 000
times more potently than histamine.2 3 Targets for VEGF
bioactivity outside the vascular endothelium include macrophages, type II pneumocytes, and monocytes for which it
may be chemotactic.22–26 It also has a vasodilatory function.27
VEGF isoforms
Alternate splicing of the VEGF gene (6p21.3) transcript leads
to the generation of several splice variants (isoforms) of
differing sizes, the subscript relating to the number of amino
acids present (VEGF121, VEGF145, VEGF148, VEGF165,
VEGF183, VEGF189 and VEGF206).28–30 VEGF165 is the predominant isoform and most biologically active in the
physiological state.31 The longer isoforms are cell associated
(exons 6 and 7 have heparin binding activity allowing
binding to the extracellular matrix) compared with the
shorter diffusible isoforms.29 Plasmin, the acute phase
protein, can also cleave the isoforms to form PL-VEGF110
and a recently identified isoform, VEGF165b, is inhibitory in
function and may not be detected in standard VEGF assays
necessitating reappraisal of current VEGF data.32 The
mechanisms by which splicing occurs and is regulated are
poorly understood.
VEGF-R1 and VEGF-R2
All VEGF isoforms bind to the tyrosine kinase receptors,
VEGF receptor 1 (VEGF-R1) and VEGF receptor 2 (VEGFR2).15 31 33 They were initially thought to be largely confined
to vascular endothelium but have subsequently been detected
elsewhere including activated macrophages, AE2 cells, and
neutrophils.22–25 34–36 Hence, VEGF is capable of having its
effect on both sides of the alveolar capillary membrane on
both the epithelial and endothelial surfaces. There is evidence
that the signal transduction cascades for VEGF-R1 and
VEGF-R2 are different and, although VEGF-R1 has greater
affinity for VEGF, VEGF-R2 is tyrosine phosphorylated much
more efficiently upon ligand binding.22 31 VEGF-R2 is
regarded as the main signalling receptor for VEGF bioactivity
(angiogenesis, proliferation and permeability) and can cause
proliferation in cells lacking VEGF-R1.37 38 VEGF-R2 knockout mice fail to develop blood islands or organised blood
vessels resulting in early death.39 VEGF-R2 also has a prosurvival function with anti-apoptotic effects on human
umbilical venous endothelial cells (HUVECs).40 In contrast,
VEGF-R1 rarely induces cellular proliferation in cells lacking
VEGF-R2.26 26 41–44 This has led to the suggestion that VEGFR1 may function mainly as a decoy receptor, although this is
still contentious. Nevertheless, VEGF-R12/2 mice die
between days 8.5 and 9.5 in utero from excessive proliferation of angioblasts, supporting a negative regulatory role on
VEGF by VEGF-R1 at least during early development.45 46 In
addition, targeted deletion of the tyrosine kinase domain but
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not the VEGF binding domain on VEGF-R1 does not cause
death or obvious vascular defects, although it is required for
some other functions such as monocyte chemotaxis.26 42
Alternate splicing leads to a soluble form of VEGF-R1 (sflt)
which can act as an inhibitor of VEGF activity.47

Neuropilins (NRP-1, 2)
By contrast, the neuropilins (NRP-1, NRP-2) are isoformspecific VEGF binding sites of different size and affinity to
VEGF-R1 and VEGF-R2.48 49 They are expressed by endothelial cells in many adult tissues but lack the intracellular
component containing tyrosine kinase activity and are
regarded as VEGF co-receptors, being unable to signal
themselves without the involvement of VEGF-R2. NRP-1 is
isoform-specific, recognising exon 7 of VEGF (binding
VEGF165 but not VEGF121), and increases the effect of
VEGF165 by enhancing its binding to VEGF-R2.50 This may
also partially account for the greater mitogenic potency of
VEGF165 compared with the VEGF121 isoform. Studies also
support a role for NRP-1 in vasculogenesis and angiogenesis.
NRP-1 knockout and over expressing mice both die prematurely from vascular defects.51 52 In contrast, NRP-22/2 are
viable but do have absent or reduced lymphatic vessels and
capillaries.53 54
VEGF polymorphism
Several functional human VEGF polymorphisms have been
described.55–57 Significant interindividual variations in plasma
VEGF levels and gene expression related to the presence of
polymorphism have been reported.58–60 In one study a CT
substitution at position 936 distal to the start of translation in
the 39-untranslated region of the VEGF gene on chromosome
6 was associated with a 75% reduction in plasma levels in
both heterozygotes and homozygotes in a Caucasian population.55 No such changes in plasma levels were detected in
another genetic association study, but this may have been
due to different racial populations.61 This polymorphism
results in altered binding of the transcription factor activator
protein 4 (AP-4), although whether the abolition of the AP-4
binding site is of specific relevance to the reduction in VEGF
protein expression remains unclear.55 The effect of the CT
genotype on intrapulmonary levels remains unknown at the
current time.

VEGF AND THE ALVEOLAR SPACE
Studies of ARDS/ALI need to consider both sides of the
alveolar capillary membrane (fig 1A). Isolated cellular studies
of epithelial or microvascular endothelial cells give additional
insight to animal models and clinical studies, as discussed
below. In vitro studies have demonstrated an abundance of
VEGF in lung tissue, especially in alveolar epithelium,
including the A549 cell line and primary human cultured
type II pneumocytes.62–65 Indeed, the highest levels of VEGF
mRNA are found in animal and human lung, which suggests
that the alveolar epithelium is the predominant source.62 66
Although the embryonic role of VEGF is undoubted, in all
species studied to date adult lungs contain higher amounts of
VEGF mRNA transcript than the developing lung. Changes in
relative isoforms have also been observed with maturity,
suggesting an ongoing role.67 VEGF-R1, NRP-1, and NRP-2
are all expressed in normal lung.25 68 Primary human type 2
alveolar epithelial (AE2) cells are known to express VEGF-R2,
the main functioning VEGF receptor, which would facilitate
an autocrine role in the air space for VEGF in addition to its
well known paracrine effects on the vascular bed.15 24
Studies suggesting a pathological role for VEGF in the
alveolar space
The properties of VEGF described previously have led many
workers to the hypothesis that VEGF would be solely
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VEGF
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Abstract
Background: The properties of vascular endothelial growth factor (VEGF) as a potent vascular
permogen and mitogen have led to investigation of its potential role in lung injury. Alternate spliced
VEGF transcript generates several isoforms with potentially differing functions. The purpose of this
study was to determine VEGF isoform expression and source in normal and ARDS subjects and
investigate the expression and regulation of VEGF isoforms by human alveolar type 2 (ATII) cells.
Methods: VEGF protein expression was assessed immunohistochemically in archival normal and
ARDS human lung tissue. VEGF isoform mRNA expression was assessed in human and murine lung
tissue. Purified ATII cells were cultured with proinflammatory cytokines prior to RNA extraction/
cell supernatant sampling/proliferation assay.
Measurements and Main Results: VEGF was expressed on alveolar epithelium, vascular
endothelium and alveolar macrophages in normal and ARDS human lung tissue. Increases in VEGF
expression were detected in later ARDS in comparison to both normal subjects and early ARDS
(p < 0.001). VEGF121, VEGF165 and VEGF189 isoform mRNA expression increased in later ARDS (p
< 0.05). The ratio of soluble to cell-associated isoforms was lower in early ARDS than normal
subjects and later ARDS and also in murine lung injury. ATII cells constitutionally produced VEGF165
and VEGF121 protein which was increased by LPS (p < 0.05). VEGF165 upregulated ATII cell
proliferation (p < 0.001) that was inhibited by soluble VEGF receptor 1 (sflt) (p < 0.05).
Conclusion: These data demonstrate that changes in VEGF isoform expression occur in ARDS
which may be related to their production by and mitogenic effect on ATII cells; with potentially
significant clinical consequences.
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(p < 0.05) at 4 hours (Fig 4b–d). Other pro-inflammatory
stimuli (TNF, IL-1) and lower concentrations of VEGF165
did not alter relative VEGF isoform expression. These
results were confirmed by Q-PCR showing a doubling of
VEGF189 and VEGF165 compared to control (p < 0.05) in
response to LPS 10 μg/ml and VEGF 10 ng/ml (Figure 4e–
f).
ATII VEGF protein levels and response to LPS
Having determined the production of VEGF isoforms at
the mRNA level we went on to assess the release of the soluble isoforms (VEGF121, VEGF165) by the cultured cells.
ATII cells express significant amounts of VEGF121 and
VEGF165 constitutively (Figure 5). These levels significantly increased with time in human ATII supernatant (p
< 0.01 vs control at 24 hours). At 24 hours, LPS (100 ng/
ml) further stimulated VEGF production (p < 0.05).
ATII proliferation
Having determined the production of VEGF by the ATII
cell population, we explored the potential effect of
VEGF165 on these cells. An increase in human ATII cell
proliferation as assessed by 3H-thymidine was detected
with 5 ng/ml VEGF165 (p < 0.001), comparable to levels
detected previously in bronchoalveolar lavage fluid[8]).
Furthermore, with the addition of a natural VEGF inhibitor, soluble VEGFR1 (sflt), there was a significant reduction in proliferation compared to serum control (p <
0.05) suggesting an autocrine effect (Figure 6). The addition of sflt alone and in combination with VEGF165
showed no significant difference in cell number compared
to serum control (p > 0.05) but did significantly inhibit
VEGF165-induced increase in cell number (p < 0.001 compared to 5 ng/ml VEGF165). This suggested that VEGF165
was inducing proliferation rather than survival alone.
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Discussion
Previous observational data by ourselves and others have
demonstrated plasma VEGF levels rise and intrapulmonary levels fall in the early stages of lung injury with normalization of both during recovery[7,8]. Similarly,
reduced levels of VEGF have been described in normal
smokers and patients with idiopathic pulmonary fibrosis
(IPF); other conditions in which damage to the alveolar
epithelium may be present[26].
Potential explanations for the apparent reduction in
intrapulmonary VEGF levels in early ARDS are manifold
and not mutually exclusive. They include increased membrane-bound rather than soluble isoforms, changes in isoform expression and damage to the alveolar-capillary
membrane with consequent leakage of intrapulmonary
VEGF into the vascular bed [27-30].
We therefore assessed expression of VEGF and its specific
isoforms by immunohistochemistry and isoform-specific
RT-PCR (as isoform-specific antibodies are not available)
in archival normal and ARDS lung tissue. We demonstrated a significant up-regulation of VEGF in later ARDS
tissue compared to normal subjects. However in early
ARDS, in contrast to our epithelial lining fluid (ELF) findings we did not detect a reduction in total VEGF expression[8]. One other group has also explored this area, but
using different timepoint characteristics, whole tissue
homogenates including inflammatory cells and did not
assess differential isoform expression[11]. In both these
studies ELISA methodology was used which detects only
the soluble isoforms, VEGF121 and VEGF165[8].
In order to consider changes in isoform expression as a
possible explanation for these discrepancies, we assessed
mRNA as there are no isoform-specific antibodies currently. No significant reduction in VEGF isoform expression occurred in early ARDS in comparison to normal
subjects although a trend was suggested. However, significant changes were detected between early and later ARDS
in all isoforms and there was a significant decrease in the
relative ratio of soluble to cell-associated isoforms in early
ARDS compared to later ARDS and normal subjects. In the
context of our previous ELF findings, this data is supportive of the suggestion that isoform switching is a critical
regulatory mechanism for VEGF bioactivity in that isoform-specificity may be important in ligand-VEGF receptor interactions[31]. Furthermore, there is more potential
for soluble VEGF to have extrapulmonary effects which is
extremely relevant since the most common cause of death
in ARDS is multi-organ system failure[32,33].
Obtaining ARDS lung tissue is limited by the lack of surgical biopsies of this disease in our clinical practice and
theoretically necropsy lung tissue might introduce selec-
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tion bias for a more severe spectrum of ARDS, as intrapulmonary VEGF levels are known to be lower in nonsurvivors with ARDS[8]. There was no evidence of any significant lung disease in the normal necropsy lung tissue,
but it is conceivable that the extra-pulmonary disease
process contributing to death might have affected VEGF
levels although recent data suggests this is not the
case[25]. In order to investigate this possibility we
repeated this analysis in snap frozen lung tissue from our
multiple dose LPS-induced lung injury model at day 5
post initial injury, reflecting early ARDS [23]. These data
supported the human post mortem findings of an increase
in cell-associated VEGF in an ARDS situation.
Previous in vitro studies had confirmed VEGF is abundant
in lung and suggested the alveolar epithelium as a key
source [5,6,34]. Several lines of in vitro evidence have
pointed to a possible role for VEGF in lung repair and
recovery following injury[19,29,35,36]. In one LPSinduced murine model of lung injury, intrapulmonary
levels of VEGF increased following injury for 96 hours,
mirroring the increase in bronchoalveolar lavage fluid
protein and neutrophils with significant VEGF localization to lung epithelium but increases mainly in inflamma-

tory cells [37]. However, previous experiments performed
in our laboratory have confirmed pg/ml levels of expression of VEGF in cultured alveolar macrophage supernatants from patients with ARDS and "at risk" of ARDS
suggesting that they are unlikely to be the main cellular
source of VEGF, although they may contribute [8]. In both
newborn and adult rabbit, hyperoxic lung injury resulted
in a relative reduction in VEGF189 and parallel increase in
VEGF121 and VEGF165 mRNA expression with normalization to control values during recovery[38]. Therefore, we
went on to investigate the role of human ATII cells as both
a source and potential target for VEGF bioactivity.
We initially established at the mRNA level that ATII cells
express the major VEGF isoforms (VEGF121,165) (both soluble) and VEGF189 (membrane-associated). The specific
functions of these isoforms have not been clearly identified in humans although genetically modified mouse
models suggest they may be significant. Ideally, we would
have isolated ATII cells from ARDS lung biopsies and
undertaken mRNA analysis but this was not possible as
described above. We have also shown that VEGF165 is differentially upregulated by various exogenous compounds,
in particular LPS.
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Decreased VEGF concentration in lung
tissue and vascular injury during ARDS
Y. Abadie*,#, F. Bregeon", L. Papazian+, F. Lange1, B. Chailley-Heu*,, P. Thomase,
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ABSTRACT: Endothelial injury is an important prognostic factor in acute respiratory distress
syndrome (ARDS). Decreased production of vascular endothelial growth factor (VEGF) in ARDS
may favour vascular lesions, since VEGF promotes endothelial survival by inhibiting apoptosis.
This study sought to document low VEGF levels in lung tissue from ARDS patients, to determine
whether the cause was injury to alveolar type II cells (the main pulmonary source of VEGF) and to
evaluate the vascular consequences. Lung specimens were obtained by open biopsy or autopsy
from 29 patients with severe ARDS (two survivors) and five controls.
As compared with controls, homogenates of lung tissue from ARDS patients contained less
VEGF (median (interquartile range) ARDS 8.2 (4.7–12.2) versus controls 28.4 (9.9–47.1) ng?g-1
protein). Increased immunostaining with surfactant protein B was seen in ARDS lungs. Extensive
cellular apoptosis (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick-end labelling staining), including endothelial and alveolar type II cells, was demonstrated,
and vascular bed density (CD31 immunostaining) decreased in ARDS lungs as compared with
controls. VEGF levels were negatively correlated to apoptotic endothelial cell counts.
In conclusion, decreased vascular endothelial growth factor levels in lung tissue may
participate in the decrease in lung perfusion in acute respiratory distress syndrome.
KEYWORDS: Alveolar type II cells, endothelial apoptosis, lung tissue

he detailed morphological description
of acute respiratory distress syndrome
(ARDS) by BACHOFEN and WEIBEL [1]
includes a decrease in lung capillary density.
Conceivably, the resulting decrease in lung
perfusion may lead to an increase in alveolar
dead space, which has been recently shown to be
a major prognostic factor during ARDS [2]. The
pathophysiology of vascular lesions in ARDS is a
challenging issue that has received little attention
[3]. Recently, HAMACHER et al. [4] have demonstrated that bronchoalveolar lavage fluids of
ARDS patients exhibit an ex vivo pro-apopotic
activity against pulmonary microvascular
endothelial cells [4]. Conversely, a decrease in
survival factors (anti-apoptotic) of the endothelium may be an alternative hypothesis. Low
levels of vascular endothelial growth factor
(VEGF) have been found in the lungs of patients
with early ARDS [5, 6]. This VEGF decrease
may contribute to the genesis of vascular injury,
inasmuch as VEGF has been demonstrated to be a
major survival factor for endothelium [7]. VEGF
(or VEGF-A) is a highly conserved, dimeric,
heparin-binding glycoprotein (molecular weight

46 kDa). At least four different VEGF transcripts
resulting from alternate splicing of a single gene
have been identified in human cells. VEGF121
and VEGF165 are secreted in a soluble form,
whereas VEGF189 and VEGF206 remain cellsurface associated or are primarily deposited
in the extracellular matrix. VEGF seems to
specifically affect endothelial cell growth,
survival and permeability. In the lung, VEGF
is expressed primarily by epithelial cells and
macrophages. VEGF is also produced by and
stored in both human platelets and polymorphonuclear neutrophils. The biological activity of
VEGF is dependent on interaction with specific
receptors (VEGF-R1, 2, and 3), which are
expressed not only by endothelial cells, but also
by activated macrophages and alveolar type II
epithelial cells. Endothelial survival is mediated
via VEGF-R2/kinase insert domain-containing
receptor (KDR) [8]. The aim of this study was
two-fold: to determine whether the decrease in
lung VEGF is related to epithelial injury, and
whether it may be associated with increased
endothelial apoptosis and decreased capillary
density.
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VASCULAR ENDOTHELIAL GROWTH FACTOR AND ARDS

MATERIALS AND METHODS
Selection of acute respiratory distress syndrome and
control patients
ARDS was defined as recommended by the international
American–European consensus conference [9]. Lung specimens from ARDS patients were obtained by open lung biopsy
or autopsy at the Sainte Marguerite Hospital, Marseille, France,
and frozen immediately at -80 ˚C for subsequent examination.
Open lung biopsies were performed for clinical reasons, as
detailed elsewhere [10]. The controls were patients undergoing
thoracic surgery to treat nonsmall cell lung cancers, in whom
lung tissue (normal appearance on microscopic examination)
was sampled at a distance from the tumour area and processed
as for the ARDS patients. The institutional review board for
human studies (Sainte Marguerite Hospital, Marseille, France)
approved the study protocol.
Histopathological examination
Sections that were 5 mm in thickness were cut from frozen lung
tissue. All lung samples were stained (haemalum/eosin/
saffron) for standard histopathological analysis in a blind
fashion by a single histopathologist (F. Lange). Patients with
ARDS were classified as having early or late disease, based on
symptom duration at lung sampling (,5 days or o5 days) and
on the presence of standard histological criteria for early or late
ARDS [11]. Presence of an inflammatory exudate and hyaline
membranes in the alveoli, denudation of the basement membrane, and oedema of the alveolar wall characterised the early
exudative phase. The late fibroproliferative phase was characterised by type II pneumocyte proliferation associated with
myofibroblast proliferation and/or fibrosis. This classification,
based on both clinical and histological criteria, was used
because it is more reliable than either set of criteria used alone;
acute lung injury and resulting injury of the alveolar capillary
wall can occur before the criteria for ARDS are met, and
histological lesions are known to be patchy, with coexistence of
early-stage and late-stage features in adjacent lung regions.
Protein expression in lung tissue homogenates
Quantitative determinations of VEGF and VEGF-R2/KDR
protein expressions in tissue samples were performed using
ELISAs, as recommended by the manufacturer (R and
D Systems, Minneapolis, MN, USA). The VEGF ELISA kit
recognises both VEGF121 and VEGF165 (soluble forms).
Samples were solubilised by homogenisation in lysis buffer
containing 20 mM hydroxyethyl piperazine ethane sulfonic
acid, 0.5 mM ethylene glycol tetra-acetic acid, 1 mM dithiothreitiol and 0.32 M sucrose (pH 7.4) for VEGF measurement,
and in Tris buffer containing phenylmethylsulfonyl fluoride
and 3-(3-cholaminopropyl diethylammonio)-1- propane sulfonate for VEGF-R2 measurement. Protein content was determined using the method of Bradford (Bio-Rad, Richemond,
CA, USA). VEGF and VEGF-R2 protein concentrations in each
sample were normalised for total protein concentration in the
tissue homogenate.
Immunohistochemistry
Apoprotein surfactant protein B
Alveolar type II epithelial cells were detected using a specific
rabbit polyclonal antibody directed against surfactant protein
(SP)-B (Chemicon, Temecula, CA, USA), and negative controls
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were run with nonimmune rabbit serum (Sigma, St. Louis, MI,
USA). The current authors chose to assess SP-B because this
protein is more specific of type II alveolar epithelial cells than
SP-A, and SP-C is known to be downregulated in animal
models of acute lung injury. Tissue sections were placed in
methanol at -20 ˚C, and then incubated in hydrogen peroxide
(3% in PBS) to quench endogenous peroxidase. After rinsing,
nonspecific antigenic sites were blocked by incubation with 2%
normal goat serum (Sigma) in PBS with 0.05% Tween 20 for
30 min at room temperature. The slides were then incubated
with anti-human SP-B antibody (at a dilution of 1:1,000) or
negative control serum in a moist chamber for 2 h (room
temperature). Subsequently, the slides were washed in PBS
with 0.05% Tween 20, and then incubated with a horseradish
peroxidase-conjugated goat anti-rabbit antibody (Catalag
Laboratories, Burlingame, CA, USA) and revelation substrate
(diaminobenzidine (DAB) chromogen) in the dark for 7 min.
Tissue sections were counterstained with haematoxylin. All
tissue sections were examined using a light microscope (final
magnification 4006), and the number of positive cells was
counted in 10 fields taken at random. Since the degree of tissue
distension can vary across lung specimens, to ensure that the
surface area assessed was the same in all specimens, the same
number of alveoli in each tissue sample was evaluated.
Proliferating cell nuclear antigen
Proliferating nuclei were identified by staining for proliferating cell nuclear antigen (PCNA) with monoclonal antibody
PC10 (PCNA staining kit; Zymed, San Francisco, CA, USA).
Vascular endothelial growth factor and vascular endothelial
growth factor receptor 2
VEGF was detected using a specific mouse monoclonal
antibody (MAB293; R and D Systems), and VEGF-R2 was
detected using a mouse monoclonal antibody directed against
the extracellular domain of the receptor (KDR-1; Sigma).
Negative controls were run with nonimmune mouse immunoglobulin (Ig)G2B (R and D Systems) and IgG1 (Sigma).
Tissue sections were placed in 1% paraformaldehyde and
incubated in hydrogen peroxide (3% in PBS) to quench
endogenous peroxidase. After rinsing, nonspecific antigenic
sites were blocked by incubation with 2% normal goat serum
(Sigma) in PBS with 0.05% Tween 20 for 30 min at room
temperature. The slides were incubated with anti-human
VEGF antibody (at a dilution of 1:160) and anti-VEGF-R2
antibody (at a dilution of 1:800), in the presence of 1% bovine
serum albumin (BSA) or negative control serum, in a moist
chamber for 2 h (room temperature). Tissues were washed in
PBS, treated with biotinylated goat anti-mouse Ig (Sigma) as a
secondary linking antibody, and labelled with peroxidaseconjugated streptavidin (Sigma). DAB chromogen was used to
visualise the antibody, and tissues were counterstained with
haematoxylin.
Endothelial cell staining and apoptosis detection
Apoptosis was assessed by the terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end
labelling (TUNEL) method. Briefly, apoptotic fragments
were detected by adding digoxigenin-labelled nucleotides
with terminal deoxynucleotidyl transferase using the
APOPDETECT Plus Peroxidase in situ Apoptosis Detection
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Image analysis
A charge-coupled device Iris camera (CDD Iris; Sony France,
Paris, France), coupled with an optical microscope (Leitz
Laborlux, Wetzlar, Germany), was used to view the sections
and to digitise colour images to a PC host computer. CD31 and
TUNEL staining were estimated with Perfect Image software
(ClaraVision, Orsay, France), which differentiates colours
based on their red–green–blue proportions with a ¡10%
variation. At least 10 fields per section were analysed, with
approximately the same number of alveoli. Results are given as
the ratio (%) of the blue- (CD31) or brown- (TUNEL) stained
surface area over the total field surface area (CD31 or TUNEL
staining relative to total field surface).
Statistical analysis
Results are presented as medians (interquartile range) in the
text. Data are presented as box-plots indicating the median and
the 10th, 25th, 75th and 90th percentiles. Differences between
groups were estimated using the Kruskal-Wallis test with post
hoc Mann-Whitney analysis. To assess the possible influence of
VEGF on pulmonary microcirculation, the relationships linking VEGF levels to endothelial quantification and apoptosis
were assessed by Spearman’s rank correlation. p-Values ,0.05
were considered statistically significant.
RESULTS
Patient characteristics
A total of 29 ARDS patients were studied (20 males and nine
females; median age 64 yrs (50–73)). Their median acute
physiology and chronic health evaluation II score at admission
was 16.9 (13.6–23.6). Open lung biopsy was performed as a
diagnostic procedure in 15 patients and immediately after
death in 14 patients.
At the time of lung tissue sampling, the arterial oxygen
tension/inspiratory oxygen fraction ratio was ,200 mmHg in
22 patients and 200–300 mmHg in seven patients. The cause of
ARDS was direct lung injury in 17 patients (related to infection
EUROPEAN RESPIRATORY JOURNAL

in 11 and to inhalation in six) and indirect lung injury in 12
patients (nonpulmonary sepsis in seven, nonseptic shock in
four, and pancreatitis in one). The six patients who died within
5 days after ARDS onset were classified as having acute ARDS,
whereas the remaining 23 patients were classified as having
late ARDS; histological findings confirmed the classification
in every case. Survival was only 7% (two out of 29) in this
selected population.
The control group was composed of five patients (all males;
median age 65 years (54–70)).
Vascular endothelial growth factor expression in lungs from
acute respiratory distress syndrome and control patients
VEGF levels in the lung homogenates were lower in the ARDS
patients than in the controls: 8.2 (4.7–12.2) versus 28.4 (9.9–47.1)
ng?g-1 protein, respectively (p50.03). There was no difference
between the early and late ARDS subgroups (fig. 1). Results
were similar when VEGF concentrations were normalised per
gram of lung weight. In the controls, immunostaining for
VEGF (fig. 2) labelled the bronchiolar cells and alveolar
macrophages and strongly labelled some alveolar type II
epithelial cells. Alveolar type I epithelial cells were negative. In
the ARDS patients, staining was highly heterogeneous.
Bronchiolar and alveolar epithelial cells were negative in some
areas and positive in others, even within a tissue section. In
early ARDS tissue samples, inflammatory cells were also
positive.
Vascular endothelial growth factor receptor 2 expression in
lungs from acute respiratory distress syndrome and control
patients
There was no significant difference between VEGF-R2 concentrations measured by ELISA in lung homogenates from
ARDS and control patients (116 (78–157) versus 156 (131–
191) ng?g-1 protein). No difference was found between early
and late ARDS patients.
Immunostaining for VEGF-R2 was noted in endothelial cells in
the control group; however, not all endothelial cells were

50
40
VEGF ng·g-1 protein

Kit (Qbiogen Inc., Carlsbad, CA, USA), according to the
manufacturer’s instructions. Nuclei of apoptotic cells appeared
brown and granular. To quantify the extent of microvascular
endothelial apoptosis, co-staining with an anti-human mouse
monoclonal antibody to CD31 (WM-59; PharMingen, San
Diego, CA, USA) was used, which recognises the endothelial
surface marker platelet/endothelial cell adhesion molecule 1.
TUNEL sections were incubated with 2% normal goat serum
(in PBS with 0.05% Tween 20), and, subsequently, with the
primary anti-CD31 antibody (1:100,000 dilution, in PBS with
1% BSA) overnight at 4 ˚C. Mouse nonimmune IgG1 (Sigma)
was used as the negative control. Biotinylated goat anti-mouse
antibodies (Sigma) were applied for 30 min at room temperature, followed by avidin-biotin peroxidase (Sigma) complexes
for 30 min (room temperature). True Blue Peroxidase substrate
was used as the final chromogen (KPL Laboratories,
Gaithersburg, MD, USA). No counterstaining was used, to
avoid possible interference with the specific dark-blue immunostaining of the endothelial cell surface. Double staining
was considered positive when specific cells displayed a
brown nucleus with a surrounding blue-to-black membraneimmunoreactive pattern. Positive cells were counted in 10
randomly selected areas (final magnification 4006).
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FIGURE 1.

Controls

Vascular endothelial growth factor (VEGF) concentrations in the

lung homogenates of patients with early-stage (,5 days; n56) or late-stage (o5
days; n523) acute respiratory distress syndrome (ARDS) and of control patients
(n55). VEGF was measured by immunoassay. The box-plot shows the median and
the 10th, 25th, 75th and 90th percentiles. *: p,0.05 compared with control patients.
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THE LUNG ENCOMPASSES AN INTRICATE network of airway and
vascular structures. The vast pulmonary capillary bed is crucial
in allowing efficient gas exchange to occur between the alveoli
and circulating blood supply. The lung is also among the
organs with highest levels of vascular endothelial growth factor
(VEGF) (26). This angiogenic growth factor is essential for
pulmonary development and is well known to play an important role as a vascular permeability factor (10, 11, 23). An
emerging concept in adult organisms is that VEGF may provide a protective function against injury or oxidative stress.
Thus VEGF is decreased in the lungs of hyperoxia-exposed
mice and increases above control levels during recovery in
normoxia (20, 25). Furthermore, elevated VEGF levels have
been reported in patients with acute respiratory distress syndrome and LPS-induced lung injury in mice (17, 31). Administration of VEGF to neonatal and preterm mice with respiratory distress syndrome, generated by hypoxia inducible factor
(HIF)-2␣ knockout, increased surfactant biosynthesis and im-

proved survival rates (6). Likewise, overexpression of pulmonary IL-13 protected mice from hyperoxic lung injury through
a VEGF-dependent pathway, and adenoviral-delivered VEGF
has been reported to increase survival from hypoxic pulmonary
hypertension (7, 27). Thus VEGF appears to be an important
factor in lung injury, repair, and survival.
VEGF protects endothelial cells from apoptotic cell death
through the coordinate signaling of phosphatidyl 3-kinase/Akt
and inhibition of p38 MAPK (12, 13). Furthermore, insufficient maintenance of VEGF levels has been reported to inhibit
capillary formation in neonatal mice and to lead to regression
of newly formed vessels in the retina, heart, and liver (3, 8, 11).
A limited number of studies have examined the consequences
of VEGF inactivation in adult organs (30). In patients with
severe emphysema, VEGF levels are reduced in the bronchoalveolar lavage, sputum, and lung tissue (18, 21). These findings
would suggest that insufficient pulmonary VEGF levels may
impede the ability of pulmonary endothelial or epithelial cells
to repair from injurious aldehydes and oxidants found in
cigarette smoke. Recently, Kasahara and colleagues (19)
blocked the action of a VEGF receptor VEGFR-2 (KDR/Flk-1)
in rats through chronic administration of the chemical inhibitor
SU5416. Loss of VEGFR-2 function resulted in increased
alveolar size and septal cell apoptosis without a change in the
inflammatory cell profile (5, 19). Furthermore, biopsies of
human emphysema tissue revealed apoptosis of both alveolar
epithelial and endothelial cells (18). Apoptotic cells have also
been detected in mice with emphysema due to elastase instillation (24), and recently the direct administration of the apoptotic enzyme caspase-3 or nodularin, a proapoptotic serine/
threonine kinase inhibitor, was found to rapidly and transiently
(within hours) induce lung apoptosis that led to changes in
alveolar structure and lung mechanics that persisted for 15
days (1).
Through the use of a Cre-LoxP strategy to site-specifically
ablate the pulmonary VEGF gene, the importance of VEGF for
the maintenance of alveolar structure and lung mechanics may
be determined. We were, therefore, interested in the effects of
long-term downregulation of pulmonary VEGF on the lung
pressure-volume relationship, alveolar size, and apoptosis of
alveolar septal cells. Permanent destruction of alveolar septal
wall structures and decreased elastic recoil would be consistent
with emphysema. As such, structural and mechanical measurements were made at 5 and 8 wk after-infection of VEGFloxP
transgenic mouse lungs with an adeno-associated cre recombinase virus (AAV/Cre).
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phenotype in mice. J Appl Physiol 97: 1559 –1566, 2004. First
published June 18, 2004; 10.1152/japplphysiol.00221.2004.—To test
the hypothesis that VEGF is important for the maintenance of alveolar
structure and elastic properties in adult mice, lung-targeted ablation of
the VEGF gene was accomplished through intratracheal delivery of an
adeno-associated cre recombinase virus (AAV/Cre) to VEGFloxP
mice, and the effects were followed for 8 wk. Control mice were
similarly treated with AAV/Cre. Pulmonary VEGF levels were reduced by 86% at 5 wk postinfection but returned to normal levels by
8 wk. VEGF receptor VEGFR-2 levels were also reduced at 5 wk (by
51%) and returned to control values by 8 wk. However, alveolar septal
wall destruction (increased mean linear intercept) and loss of lung
elastic recoil (increased compliance) persisted for 8 wk. No decrease
in alveolar cell proliferation was detected by Western blot or immunohistochemical analysis of proliferating cell nuclear antigen. Increased alveolar septal cell and bronchial epithelial cell apoptosis was
detected by terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling analysis at 5 wk. Total lung caspase-3 levels and
enzyme activity were also increased at 5 wk. No obvious accumulation of inflammatory cells was observed at any time after tracheal
instillation of AAV/Cre. Thus a transient decrease in pulmonary
VEGF leads to increased alveolar and bronchial cell apoptosis, air
space enlargement, and changes in lung elastic recoil (processes that
are characteristic of emphysema) that persist for at least 8 wk.
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hypertension (7, 27). Thus VEGF appears to be an important
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through the coordinate signaling of phosphatidyl 3-kinase/Akt
and inhibition of p38 MAPK (12, 13). Furthermore, insufficient maintenance of VEGF levels has been reported to inhibit
capillary formation in neonatal mice and to lead to regression
of newly formed vessels in the retina, heart, and liver (3, 8, 11).
A limited number of studies have examined the consequences
of VEGF inactivation in adult organs (30). In patients with
severe emphysema, VEGF levels are reduced in the bronchoalveolar lavage, sputum, and lung tissue (18, 21). These findings
would suggest that insufficient pulmonary VEGF levels may
impede the ability of pulmonary endothelial or epithelial cells
to repair from injurious aldehydes and oxidants found in
cigarette smoke. Recently, Kasahara and colleagues (19)
blocked the action of a VEGF receptor VEGFR-2 (KDR/Flk-1)
in rats through chronic administration of the chemical inhibitor
SU5416. Loss of VEGFR-2 function resulted in increased
alveolar size and septal cell apoptosis without a change in the
inflammatory cell profile (5, 19). Furthermore, biopsies of
human emphysema tissue revealed apoptosis of both alveolar
epithelial and endothelial cells (18). Apoptotic cells have also
been detected in mice with emphysema due to elastase instillation (24), and recently the direct administration of the apoptotic enzyme caspase-3 or nodularin, a proapoptotic serine/
threonine kinase inhibitor, was found to rapidly and transiently
(within hours) induce lung apoptosis that led to changes in
alveolar structure and lung mechanics that persisted for 15
days (1).
Through the use of a Cre-LoxP strategy to site-specifically
ablate the pulmonary VEGF gene, the importance of VEGF for
the maintenance of alveolar structure and lung mechanics may
be determined. We were, therefore, interested in the effects of
long-term downregulation of pulmonary VEGF on the lung
pressure-volume relationship, alveolar size, and apoptosis of
alveolar septal cells. Permanent destruction of alveolar septal
wall structures and decreased elastic recoil would be consistent
with emphysema. As such, structural and mechanical measurements were made at 5 and 8 wk after-infection of VEGFloxP
transgenic mouse lungs with an adeno-associated cre recombinase virus (AAV/Cre).

Address for reprint requests and other correspondence: E. C. Breen, Univ. of
California, San Diego, Dept. of Medicine 0623A, 9500 Gilman Dr., La Jolla,
CA 92093-0623 (E-mail: ebreen@ucsd.edu).

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

vascular endothelial growth factor; caspase; cre recombinase; apoptosis

http://www. jap.org

8750-7587/04 $5.00 Copyright © 2004 the American Physiological Society

1559

Downloaded from jap.physiology.org on February 5, 2012

Tang, Kechun, Harry B. Rossiter, Peter D. Wagner, and Ellen
C. Breen. Lung-targeted VEGF inactivation leads to an emphysema
phenotype in mice. J Appl Physiol 97: 1559 –1566, 2004. First
published June 18, 2004; 10.1152/japplphysiol.00221.2004.—To test
the hypothesis that VEGF is important for the maintenance of alveolar
structure and elastic properties in adult mice, lung-targeted ablation of
the VEGF gene was accomplished through intratracheal delivery of an
adeno-associated cre recombinase virus (AAV/Cre) to VEGFloxP
mice, and the effects were followed for 8 wk. Control mice were
similarly treated with AAV/Cre. Pulmonary VEGF levels were reduced by 86% at 5 wk postinfection but returned to normal levels by
8 wk. VEGF receptor VEGFR-2 levels were also reduced at 5 wk (by
51%) and returned to control values by 8 wk. However, alveolar septal
wall destruction (increased mean linear intercept) and loss of lung
elastic recoil (increased compliance) persisted for 8 wk. No decrease
in alveolar cell proliferation was detected by Western blot or immunohistochemical analysis of proliferating cell nuclear antigen. Increased alveolar septal cell and bronchial epithelial cell apoptosis was
detected by terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling analysis at 5 wk. Total lung caspase-3 levels and
enzyme activity were also increased at 5 wk. No obvious accumulation of inflammatory cells was observed at any time after tracheal
instillation of AAV/Cre. Thus a transient decrease in pulmonary
VEGF leads to increased alveolar and bronchial cell apoptosis, air
space enlargement, and changes in lung elastic recoil (processes that
are characteristic of emphysema) that persist for at least 8 wk.

J Appl Physiol 97: 1559 –1566, 2004.
First published June 18, 2004; 10.1152/japplphysiol.00221.2004.

HIGHLIGHTED TOPIC

Lung Growth and Repair

Lung-targeted VEGF inactivation leads to an emphysema phenotype in mice
Kechun Tang, Harry B. Rossiter, Peter D. Wagner, and Ellen C. Breen
Division of Physiology, Department of Medicine, University of California, San Diego, La Jolla, California 92093-0623
Submitted 27 February 2004; accepted in final form 9 June 2004

THE LUNG ENCOMPASSES AN INTRICATE network of airway and
vascular structures. The vast pulmonary capillary bed is crucial
in allowing efficient gas exchange to occur between the alveoli
and circulating blood supply. The lung is also among the
organs with highest levels of vascular endothelial growth factor
(VEGF) (26). This angiogenic growth factor is essential for
pulmonary development and is well known to play an important role as a vascular permeability factor (10, 11, 23). An
emerging concept in adult organisms is that VEGF may provide a protective function against injury or oxidative stress.
Thus VEGF is decreased in the lungs of hyperoxia-exposed
mice and increases above control levels during recovery in
normoxia (20, 25). Furthermore, elevated VEGF levels have
been reported in patients with acute respiratory distress syndrome and LPS-induced lung injury in mice (17, 31). Administration of VEGF to neonatal and preterm mice with respiratory distress syndrome, generated by hypoxia inducible factor
(HIF)-2␣ knockout, increased surfactant biosynthesis and im-

proved survival rates (6). Likewise, overexpression of pulmonary IL-13 protected mice from hyperoxic lung injury through
a VEGF-dependent pathway, and adenoviral-delivered VEGF
has been reported to increase survival from hypoxic pulmonary
hypertension (7, 27). Thus VEGF appears to be an important
factor in lung injury, repair, and survival.
VEGF protects endothelial cells from apoptotic cell death
through the coordinate signaling of phosphatidyl 3-kinase/Akt
and inhibition of p38 MAPK (12, 13). Furthermore, insufficient maintenance of VEGF levels has been reported to inhibit
capillary formation in neonatal mice and to lead to regression
of newly formed vessels in the retina, heart, and liver (3, 8, 11).
A limited number of studies have examined the consequences
of VEGF inactivation in adult organs (30). In patients with
severe emphysema, VEGF levels are reduced in the bronchoalveolar lavage, sputum, and lung tissue (18, 21). These findings
would suggest that insufficient pulmonary VEGF levels may
impede the ability of pulmonary endothelial or epithelial cells
to repair from injurious aldehydes and oxidants found in
cigarette smoke. Recently, Kasahara and colleagues (19)
blocked the action of a VEGF receptor VEGFR-2 (KDR/Flk-1)
in rats through chronic administration of the chemical inhibitor
SU5416. Loss of VEGFR-2 function resulted in increased
alveolar size and septal cell apoptosis without a change in the
inflammatory cell profile (5, 19). Furthermore, biopsies of
human emphysema tissue revealed apoptosis of both alveolar
epithelial and endothelial cells (18). Apoptotic cells have also
been detected in mice with emphysema due to elastase instillation (24), and recently the direct administration of the apoptotic enzyme caspase-3 or nodularin, a proapoptotic serine/
threonine kinase inhibitor, was found to rapidly and transiently
(within hours) induce lung apoptosis that led to changes in
alveolar structure and lung mechanics that persisted for 15
days (1).
Through the use of a Cre-LoxP strategy to site-specifically
ablate the pulmonary VEGF gene, the importance of VEGF for
the maintenance of alveolar structure and lung mechanics may
be determined. We were, therefore, interested in the effects of
long-term downregulation of pulmonary VEGF on the lung
pressure-volume relationship, alveolar size, and apoptosis of
alveolar septal cells. Permanent destruction of alveolar septal
wall structures and decreased elastic recoil would be consistent
with emphysema. As such, structural and mechanical measurements were made at 5 and 8 wk after-infection of VEGFloxP
transgenic mouse lungs with an adeno-associated cre recombinase virus (AAV/Cre).

Address for reprint requests and other correspondence: E. C. Breen, Univ. of
California, San Diego, Dept. of Medicine 0623A, 9500 Gilman Dr., La Jolla,
CA 92093-0623 (E-mail: ebreen@ucsd.edu).

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

vascular endothelial growth factor; caspase; cre recombinase; apoptosis

http://www. jap.org

8750-7587/04 $5.00 Copyright © 2004 the American Physiological Society

1559

Downloaded from jap.physiology.org on February 5, 2012

Tang, Kechun, Harry B. Rossiter, Peter D. Wagner, and Ellen
C. Breen. Lung-targeted VEGF inactivation leads to an emphysema
phenotype in mice. J Appl Physiol 97: 1559 –1566, 2004. First
published June 18, 2004; 10.1152/japplphysiol.00221.2004.—To test
the hypothesis that VEGF is important for the maintenance of alveolar
structure and elastic properties in adult mice, lung-targeted ablation of
the VEGF gene was accomplished through intratracheal delivery of an
adeno-associated cre recombinase virus (AAV/Cre) to VEGFloxP
mice, and the effects were followed for 8 wk. Control mice were
similarly treated with AAV/Cre. Pulmonary VEGF levels were reduced by 86% at 5 wk postinfection but returned to normal levels by
8 wk. VEGF receptor VEGFR-2 levels were also reduced at 5 wk (by
51%) and returned to control values by 8 wk. However, alveolar septal
wall destruction (increased mean linear intercept) and loss of lung
elastic recoil (increased compliance) persisted for 8 wk. No decrease
in alveolar cell proliferation was detected by Western blot or immunohistochemical analysis of proliferating cell nuclear antigen. Increased alveolar septal cell and bronchial epithelial cell apoptosis was
detected by terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling analysis at 5 wk. Total lung caspase-3 levels and
enzyme activity were also increased at 5 wk. No obvious accumulation of inflammatory cells was observed at any time after tracheal
instillation of AAV/Cre. Thus a transient decrease in pulmonary
VEGF leads to increased alveolar and bronchial cell apoptosis, air
space enlargement, and changes in lung elastic recoil (processes that
are characteristic of emphysema) that persist for at least 8 wk.

1566

PULMONARY VEGF INACTIVATION LEADS TO EMPHYSEMA

GRANTS
This study was funded by National Heart, Lung, and Blood Institute Grant
PPG 5P01HL17731 and the Tobacco-Related Disease Research Program Grant
12RT-0063. H. B. Rossiter is a Fellow of the Wellcome Trust UK 064898.

19.

REFERENCES

20.

J Appl Physiol • VOL

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.
31.
32.
33.

34.

35.

36.

37.

97 • OCTOBER 2004 •

www.jap.org

Downloaded from jap.physiology.org on February 5, 2012

1. Aoshiba K, Yokohori N, and Nagai A. Alveolar wall apoptosis causes
lung destruction and emphysematous changes. Am J Respir Cell Mol Biol
28: 555–562, 2003.
2. Basu S, Binder RJ, Suto R, Anderson KM, and Srivastava PK.
Necrotic but not apoptotic cell death releases heat shock proteins, which
deliver a partial maturation signal to dendritic cells and activate the NF-B
pathway. Int Immunol 12: 1539 –1546, 2000.
3. Benjamin LE, Hemo I, and Keshet E. A plasticity window for blood
vessel remodelling is defined by pericyte coverage of the preformed
endothelial network and is regulated by PDGF-B and VEGF. Development
125: 1591–1598, 1998.
4. Brown KR, England KM, Goss KL, Snyder JM, and Acarregui MJ.
VEGF induces airway epithelial cell proliferation in human fetal lung in
vitro. Am J Physiol Lung Cell Mol Physiol 281: L1001–L1010, 2001.
5. Churg A, Wang RD, Tai H, Wang X, Xie C, Dai J, Shapiro SD, and
Wright JL. Macrophage metalloelastase mediates acute cigarette smokeinduced inflammation via tumor necrosis factor-␣ release. Am J Respir
Crit Care Med 167: 1083–1089, 2003.
6. Compernolle V, Brusselmans K, Acker T, Hoet P, Tjwa M, Beck H,
Plaisance S, Dor Y, Keshet E, Lupu F, Nemery B, Dewerchin M, Van
Veldhoven P, Plate K, Moons L, Collen D, and Carmeliet P. Loss of
HIF-2␣ and inhibition of VEGF impair fetal lung maturation, whereas
treatment with VEGF prevents fatal respiratory distress in premature mice.
Nat Med 8: 702–710, 2002.
7. Corne J, Chupp G, Lee CG, Homer RJ, Zhu Z, Chen Q, Ma B, Du Y,
Roux F, McArdle J, Waxman AB, and Elias JA. IL-13 stimulates
vascular endothelial cell growth factor and protects against hyperoxic
acute lung injury. J Clin Invest 106: 783–791, 2000.
8. Dor Y, Djonov V, Abramovitch R, Itin A, Fishman GI, Carmeliet P,
Goelman G, and Keshet E. Conditional switching of VEGF provides new
insights into adult neovascularization and pro-angiogenic therapy. EMBO
J 21: 1939 –1947, 2002.
9. Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, and
Henson PM. A receptor for phosphatidylserine-specific clearance of
apoptotic cells. Nature 405: 85–90, 2000.
10. Ferrara N. Vascular endothelial growth factor: molecular and biological
aspects. Curr Top Microbiol Immunol 237: 1–30, 1999.
11. Gerber HP, Hillan KJ, Ryan AM, Kowalski J, Keller GA, Rangell L,
Wright BD, Radtke F, Aguet M, and Ferrara N. VEGF is required for
growth and survival in neonatal mice. Development 126: 1149 –1159,
1999.
12. Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA, Dixit V, and
Ferrara N. Vascular endothelial growth factor regulates endothelial cell
survival through the phosphatidylinositol 3⬘-kinase/Akt signal transduction pathway. Requirement for Flk-1/KDR activation. J Biol Chem 273:
30336 –30343, 1998.
13. Gratton JP, Morales-Ruiz M, Kureishi Y, Fulton D, Walsh K, and
Sessa WC. Akt down-regulation of p38 signaling provides a novel
mechanism of vascular endothelial growth factor-mediated cytoprotection
in endothelial cells. J Biol Chem 276: 30359 –30365, 2001.
14. Gu H, Marth JD, Orban PC, Mossmann H, and Rajewsky K. Deletion
of a DNA polymerase beta gene segment in T cells using cell type-specific
gene targeting. Science 265: 103–106, 1994.
15. Hautamaki RD, Kobayashi DK, Senior RM, and Shapiro SD. Requirement for macrophage elastase for cigarette smoke-induced emphysema in
mice. Science 277: 2002–2004, 1997.
16. Henson PM, Bratton DL, and Fadok VA. The phosphatidylserine
receptor: a crucial molecular switch? Nat Rev Mol Cell Biol 2: 627– 633,
2001.
17. Karmpaliotis D, Kosmidou I, Ingenito EP, Hong K, Malhotra A,
Sunday ME, and Haley KJ. Angiogenic growth factors in the pathophysiology of a murine model of acute lung injury. Am J Physiol Lung
Cell Mol Physiol 283: L585–L595, 2002.
18. Kasahara Y, Tuder RM, Cool CD, Lynch DA, Flores SC, and Voelkel
NF. Endothelial cell death and decreased expression of vascular endothe-

lial growth factor and vascular endothelial growth factor receptor 2 in
emphysema. Am J Respir Crit Care Med 163: 737–744, 2001.
Kasahara Y, Tuder RM, Taraseviciene-Stewart L, Le Cras TD,
Abman S, Hirth PK, Waltenberger J, and Voelkel NF. Inhibition of
VEGF receptors causes lung cell apoptosis and emphysema. J Clin Invest
106: 1311–1319, 2000.
Klekamp JG, Jarzecka K, and Perkett EA. Exposure to hyperoxia
decreases the expression of vascular endothelial growth factor and its
receptors in adult rat lungs. Am J Pathol 154: 823– 831, 1999.
Koyama S, Sato E, Haniuda M, Numanami H, Nagai S, and Izumi T.
Decreased level of vascular endothelial growth factor in bronchoalveolar
lavage fluid of normal smokers and patients with pulmonary fibrosis. Am J
Respir Crit Care Med 166: 382–385, 2002.
Kuroki M, Voest EE, Amano S, Beerepoot LV, Takashima S, Tolentino M, Kim RY, Rohan RM, Colby KA, Yeo KT, and Adamis AP.
Reactive oxygen intermediates increase vascular endothelial growth factor
expression in vitro and in vivo. J Clin Invest 98: 1667–1675, 1996.
Leung DW, Cachianes G, Kuang WJ, Goeddel DV, and Ferrara N.
Vascular endothelial growth factor is a secreted angiogenic mitogen.
Science 246: 1306 –1309, 1989.
Lucey EC, Keane J, Kuang PP, Snider GL, and Goldstein RH.
Severity of elastase-induced emphysema is decreased in tumor necrosis
factor-␣ and interleukin-1␤ receptor-deficient mice. Lab Invest 82: 79 – 85,
2002.
Maniscalco WM, Watkins RH, Finkelstein JN, and Campbell MH.
Vascular endothelial growth factor mRNA increases in alveolar epithelial
cells during recovery from oxygen injury. Am J Respir Cell Mol Biol 13:
377–386, 1995.
Marti HH and Risau W. Systemic hypoxia changes the organ-specific
distribution of vascular endothelial growth factor and its receptors. Proc
Natl Acad Sci USA 95: 15809 –15814, 1998.
Partovian C, Adnot S, Raffestin B, Louzier V, Levame M, Mavier IM,
Lemarchand P, and Eddahibi S. Adenovirus-mediated lung vascular
endothelial growth factor overexpression protects against hypoxic pulmonary hypertension in rats. Am J Respir Cell Mol Biol 23: 762–771, 2000.
Santos S, Peinado VI, Ramirez J, Morales-Blanhir J, Bastos R, Roca
J, Rodriguez-Roisin R, and Barbera JA. Enhanced expression of vascular endothelial growth factor in pulmonary arteries of smokers and
patients with moderate chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 167: 1250 –1256, 2003.
Schafer G, Cramer T, Suske G, Kemmner W, Wiedenmann B, and
Hocker M. Oxidative stress regulates vascular endothelial growth factor-A gene transcription through Sp1- and Sp3-dependent activation of
two proximal GC-rich promoter elements. J Biol Chem 278: 8190 – 8198,
2003.
Tang K, Breen EC, Gerber HP, Ferrera NM, and Wagner PD.
Capillary regression in vascular endothelial growth factor-deficient skeletal muscle. Physiol Genomics 18: 63– 69, 2004.
Thickett DR, Armstrong L, and Millar AB. A role for vascular endothelial growth factor in acute and resolving lung injury. Am J Respir Crit
Care Med 166: 1332–1337, 2002.
Thurlbeck WM. The internal surface area of nonemphysematous lungs.
Am Rev Respir Dis 95: 765–773, 1967.
Tuder RM, Zhen L, Cho CY, Taraseviciene-Stewart L, Kasahara Y,
Salvemini D, Voelkel NF, and Flores SC. Oxidative stress and apoptosis
interact and cause emphysema due to vascular endothelial growth factor
receptor blockade. Am J Respir Cell Mol Biol 29: 88 –97, 2003.
Vandivier RW, Fadok VA, Ogden CA, Hoffmann PR, Brain JD,
Accurso FJ, Fisher JH, Greene KE, and Henson PM. Impaired clearance of apoptotic cells from cystic fibrosis airways (Abstract). Chest 121:
89S, 2002.
Vandivier RW, Ogden CA, Fadok VA, Hoffmann PR, Brown KK,
Botto M, Walport MJ, Fisher JH, Henson PM, and Greene KE. Role
of surfactant proteins A, D, and C1q in the clearance of apoptotic cells in
vivo and in vitro: calreticulin and CD91 as a common collectin receptor
complex. J Immunol 169: 3978 –3986, 2002.
Wickenden JA, Clarke MC, Rossi AG, Rahman I, Faux SP, Donaldson K, and MacNee W. Cigarette smoke prevents apoptosis through
inhibition of caspase activation and induces necrosis. Am J Respir Cell
Mol Biol 29: 562–570, 2003.
Xiao X, Li J, and Samulski RJ. Production of high-titer recombinant
adeno-associated virus vectors in the absence of helper adenovirus. J Virol
72: 2224 –2232, 1998.

1566

PULMONARY VEGF INACTIVATION LEADS TO EMPHYSEMA

GRANTS
This study was funded by National Heart, Lung, and Blood Institute Grant
PPG 5P01HL17731 and the Tobacco-Related Disease Research Program Grant
12RT-0063. H. B. Rossiter is a Fellow of the Wellcome Trust UK 064898.

19.

REFERENCES

20.

J Appl Physiol • VOL

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.
31.
32.
33.

34.

35.

36.

37.

97 • OCTOBER 2004 •

www.jap.org

Downloaded from jap.physiology.org on February 5, 2012

1. Aoshiba K, Yokohori N, and Nagai A. Alveolar wall apoptosis causes
lung destruction and emphysematous changes. Am J Respir Cell Mol Biol
28: 555–562, 2003.
2. Basu S, Binder RJ, Suto R, Anderson KM, and Srivastava PK.
Necrotic but not apoptotic cell death releases heat shock proteins, which
deliver a partial maturation signal to dendritic cells and activate the NF-B
pathway. Int Immunol 12: 1539 –1546, 2000.
3. Benjamin LE, Hemo I, and Keshet E. A plasticity window for blood
vessel remodelling is defined by pericyte coverage of the preformed
endothelial network and is regulated by PDGF-B and VEGF. Development
125: 1591–1598, 1998.
4. Brown KR, England KM, Goss KL, Snyder JM, and Acarregui MJ.
VEGF induces airway epithelial cell proliferation in human fetal lung in
vitro. Am J Physiol Lung Cell Mol Physiol 281: L1001–L1010, 2001.
5. Churg A, Wang RD, Tai H, Wang X, Xie C, Dai J, Shapiro SD, and
Wright JL. Macrophage metalloelastase mediates acute cigarette smokeinduced inflammation via tumor necrosis factor-␣ release. Am J Respir
Crit Care Med 167: 1083–1089, 2003.
6. Compernolle V, Brusselmans K, Acker T, Hoet P, Tjwa M, Beck H,
Plaisance S, Dor Y, Keshet E, Lupu F, Nemery B, Dewerchin M, Van
Veldhoven P, Plate K, Moons L, Collen D, and Carmeliet P. Loss of
HIF-2␣ and inhibition of VEGF impair fetal lung maturation, whereas
treatment with VEGF prevents fatal respiratory distress in premature mice.
Nat Med 8: 702–710, 2002.
7. Corne J, Chupp G, Lee CG, Homer RJ, Zhu Z, Chen Q, Ma B, Du Y,
Roux F, McArdle J, Waxman AB, and Elias JA. IL-13 stimulates
vascular endothelial cell growth factor and protects against hyperoxic
acute lung injury. J Clin Invest 106: 783–791, 2000.
8. Dor Y, Djonov V, Abramovitch R, Itin A, Fishman GI, Carmeliet P,
Goelman G, and Keshet E. Conditional switching of VEGF provides new
insights into adult neovascularization and pro-angiogenic therapy. EMBO
J 21: 1939 –1947, 2002.
9. Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, and
Henson PM. A receptor for phosphatidylserine-specific clearance of
apoptotic cells. Nature 405: 85–90, 2000.
10. Ferrara N. Vascular endothelial growth factor: molecular and biological
aspects. Curr Top Microbiol Immunol 237: 1–30, 1999.
11. Gerber HP, Hillan KJ, Ryan AM, Kowalski J, Keller GA, Rangell L,
Wright BD, Radtke F, Aguet M, and Ferrara N. VEGF is required for
growth and survival in neonatal mice. Development 126: 1149 –1159,
1999.
12. Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA, Dixit V, and
Ferrara N. Vascular endothelial growth factor regulates endothelial cell
survival through the phosphatidylinositol 3⬘-kinase/Akt signal transduction pathway. Requirement for Flk-1/KDR activation. J Biol Chem 273:
30336 –30343, 1998.
13. Gratton JP, Morales-Ruiz M, Kureishi Y, Fulton D, Walsh K, and
Sessa WC. Akt down-regulation of p38 signaling provides a novel
mechanism of vascular endothelial growth factor-mediated cytoprotection
in endothelial cells. J Biol Chem 276: 30359 –30365, 2001.
14. Gu H, Marth JD, Orban PC, Mossmann H, and Rajewsky K. Deletion
of a DNA polymerase beta gene segment in T cells using cell type-specific
gene targeting. Science 265: 103–106, 1994.
15. Hautamaki RD, Kobayashi DK, Senior RM, and Shapiro SD. Requirement for macrophage elastase for cigarette smoke-induced emphysema in
mice. Science 277: 2002–2004, 1997.
16. Henson PM, Bratton DL, and Fadok VA. The phosphatidylserine
receptor: a crucial molecular switch? Nat Rev Mol Cell Biol 2: 627– 633,
2001.
17. Karmpaliotis D, Kosmidou I, Ingenito EP, Hong K, Malhotra A,
Sunday ME, and Haley KJ. Angiogenic growth factors in the pathophysiology of a murine model of acute lung injury. Am J Physiol Lung
Cell Mol Physiol 283: L585–L595, 2002.
18. Kasahara Y, Tuder RM, Cool CD, Lynch DA, Flores SC, and Voelkel
NF. Endothelial cell death and decreased expression of vascular endothe-

lial growth factor and vascular endothelial growth factor receptor 2 in
emphysema. Am J Respir Crit Care Med 163: 737–744, 2001.
Kasahara Y, Tuder RM, Taraseviciene-Stewart L, Le Cras TD,
Abman S, Hirth PK, Waltenberger J, and Voelkel NF. Inhibition of
VEGF receptors causes lung cell apoptosis and emphysema. J Clin Invest
106: 1311–1319, 2000.
Klekamp JG, Jarzecka K, and Perkett EA. Exposure to hyperoxia
decreases the expression of vascular endothelial growth factor and its
receptors in adult rat lungs. Am J Pathol 154: 823– 831, 1999.
Koyama S, Sato E, Haniuda M, Numanami H, Nagai S, and Izumi T.
Decreased level of vascular endothelial growth factor in bronchoalveolar
lavage fluid of normal smokers and patients with pulmonary fibrosis. Am J
Respir Crit Care Med 166: 382–385, 2002.
Kuroki M, Voest EE, Amano S, Beerepoot LV, Takashima S, Tolentino M, Kim RY, Rohan RM, Colby KA, Yeo KT, and Adamis AP.
Reactive oxygen intermediates increase vascular endothelial growth factor
expression in vitro and in vivo. J Clin Invest 98: 1667–1675, 1996.
Leung DW, Cachianes G, Kuang WJ, Goeddel DV, and Ferrara N.
Vascular endothelial growth factor is a secreted angiogenic mitogen.
Science 246: 1306 –1309, 1989.
Lucey EC, Keane J, Kuang PP, Snider GL, and Goldstein RH.
Severity of elastase-induced emphysema is decreased in tumor necrosis
factor-␣ and interleukin-1␤ receptor-deficient mice. Lab Invest 82: 79 – 85,
2002.
Maniscalco WM, Watkins RH, Finkelstein JN, and Campbell MH.
Vascular endothelial growth factor mRNA increases in alveolar epithelial
cells during recovery from oxygen injury. Am J Respir Cell Mol Biol 13:
377–386, 1995.
Marti HH and Risau W. Systemic hypoxia changes the organ-specific
distribution of vascular endothelial growth factor and its receptors. Proc
Natl Acad Sci USA 95: 15809 –15814, 1998.
Partovian C, Adnot S, Raffestin B, Louzier V, Levame M, Mavier IM,
Lemarchand P, and Eddahibi S. Adenovirus-mediated lung vascular
endothelial growth factor overexpression protects against hypoxic pulmonary hypertension in rats. Am J Respir Cell Mol Biol 23: 762–771, 2000.
Santos S, Peinado VI, Ramirez J, Morales-Blanhir J, Bastos R, Roca
J, Rodriguez-Roisin R, and Barbera JA. Enhanced expression of vascular endothelial growth factor in pulmonary arteries of smokers and
patients with moderate chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 167: 1250 –1256, 2003.
Schafer G, Cramer T, Suske G, Kemmner W, Wiedenmann B, and
Hocker M. Oxidative stress regulates vascular endothelial growth factor-A gene transcription through Sp1- and Sp3-dependent activation of
two proximal GC-rich promoter elements. J Biol Chem 278: 8190 – 8198,
2003.
Tang K, Breen EC, Gerber HP, Ferrera NM, and Wagner PD.
Capillary regression in vascular endothelial growth factor-deficient skeletal muscle. Physiol Genomics 18: 63– 69, 2004.
Thickett DR, Armstrong L, and Millar AB. A role for vascular endothelial growth factor in acute and resolving lung injury. Am J Respir Crit
Care Med 166: 1332–1337, 2002.
Thurlbeck WM. The internal surface area of nonemphysematous lungs.
Am Rev Respir Dis 95: 765–773, 1967.
Tuder RM, Zhen L, Cho CY, Taraseviciene-Stewart L, Kasahara Y,
Salvemini D, Voelkel NF, and Flores SC. Oxidative stress and apoptosis
interact and cause emphysema due to vascular endothelial growth factor
receptor blockade. Am J Respir Cell Mol Biol 29: 88 –97, 2003.
Vandivier RW, Fadok VA, Ogden CA, Hoffmann PR, Brain JD,
Accurso FJ, Fisher JH, Greene KE, and Henson PM. Impaired clearance of apoptotic cells from cystic fibrosis airways (Abstract). Chest 121:
89S, 2002.
Vandivier RW, Ogden CA, Fadok VA, Hoffmann PR, Brown KK,
Botto M, Walport MJ, Fisher JH, Henson PM, and Greene KE. Role
of surfactant proteins A, D, and C1q in the clearance of apoptotic cells in
vivo and in vitro: calreticulin and CD91 as a common collectin receptor
complex. J Immunol 169: 3978 –3986, 2002.
Wickenden JA, Clarke MC, Rossi AG, Rahman I, Faux SP, Donaldson K, and MacNee W. Cigarette smoke prevents apoptosis through
inhibition of caspase activation and induces necrosis. Am J Respir Cell
Mol Biol 29: 562–570, 2003.
Xiao X, Li J, and Samulski RJ. Production of high-titer recombinant
adeno-associated virus vectors in the absence of helper adenovirus. J Virol
72: 2224 –2232, 1998.

1566

PULMONARY VEGF INACTIVATION LEADS TO EMPHYSEMA

GRANTS
This study was funded by National Heart, Lung, and Blood Institute Grant
PPG 5P01HL17731 and the Tobacco-Related Disease Research Program Grant
12RT-0063. H. B. Rossiter is a Fellow of the Wellcome Trust UK 064898.

19.

REFERENCES

20.

J Appl Physiol • VOL

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.
31.
32.
33.

34.

35.

36.

37.

97 • OCTOBER 2004 •

www.jap.org

Downloaded from jap.physiology.org on February 5, 2012

1. Aoshiba K, Yokohori N, and Nagai A. Alveolar wall apoptosis causes
lung destruction and emphysematous changes. Am J Respir Cell Mol Biol
28: 555–562, 2003.
2. Basu S, Binder RJ, Suto R, Anderson KM, and Srivastava PK.
Necrotic but not apoptotic cell death releases heat shock proteins, which
deliver a partial maturation signal to dendritic cells and activate the NF-B
pathway. Int Immunol 12: 1539 –1546, 2000.
3. Benjamin LE, Hemo I, and Keshet E. A plasticity window for blood
vessel remodelling is defined by pericyte coverage of the preformed
endothelial network and is regulated by PDGF-B and VEGF. Development
125: 1591–1598, 1998.
4. Brown KR, England KM, Goss KL, Snyder JM, and Acarregui MJ.
VEGF induces airway epithelial cell proliferation in human fetal lung in
vitro. Am J Physiol Lung Cell Mol Physiol 281: L1001–L1010, 2001.
5. Churg A, Wang RD, Tai H, Wang X, Xie C, Dai J, Shapiro SD, and
Wright JL. Macrophage metalloelastase mediates acute cigarette smokeinduced inflammation via tumor necrosis factor-␣ release. Am J Respir
Crit Care Med 167: 1083–1089, 2003.
6. Compernolle V, Brusselmans K, Acker T, Hoet P, Tjwa M, Beck H,
Plaisance S, Dor Y, Keshet E, Lupu F, Nemery B, Dewerchin M, Van
Veldhoven P, Plate K, Moons L, Collen D, and Carmeliet P. Loss of
HIF-2␣ and inhibition of VEGF impair fetal lung maturation, whereas
treatment with VEGF prevents fatal respiratory distress in premature mice.
Nat Med 8: 702–710, 2002.
7. Corne J, Chupp G, Lee CG, Homer RJ, Zhu Z, Chen Q, Ma B, Du Y,
Roux F, McArdle J, Waxman AB, and Elias JA. IL-13 stimulates
vascular endothelial cell growth factor and protects against hyperoxic
acute lung injury. J Clin Invest 106: 783–791, 2000.
8. Dor Y, Djonov V, Abramovitch R, Itin A, Fishman GI, Carmeliet P,
Goelman G, and Keshet E. Conditional switching of VEGF provides new
insights into adult neovascularization and pro-angiogenic therapy. EMBO
J 21: 1939 –1947, 2002.
9. Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, and
Henson PM. A receptor for phosphatidylserine-specific clearance of
apoptotic cells. Nature 405: 85–90, 2000.
10. Ferrara N. Vascular endothelial growth factor: molecular and biological
aspects. Curr Top Microbiol Immunol 237: 1–30, 1999.
11. Gerber HP, Hillan KJ, Ryan AM, Kowalski J, Keller GA, Rangell L,
Wright BD, Radtke F, Aguet M, and Ferrara N. VEGF is required for
growth and survival in neonatal mice. Development 126: 1149 –1159,
1999.
12. Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA, Dixit V, and
Ferrara N. Vascular endothelial growth factor regulates endothelial cell
survival through the phosphatidylinositol 3⬘-kinase/Akt signal transduction pathway. Requirement for Flk-1/KDR activation. J Biol Chem 273:
30336 –30343, 1998.
13. Gratton JP, Morales-Ruiz M, Kureishi Y, Fulton D, Walsh K, and
Sessa WC. Akt down-regulation of p38 signaling provides a novel
mechanism of vascular endothelial growth factor-mediated cytoprotection
in endothelial cells. J Biol Chem 276: 30359 –30365, 2001.
14. Gu H, Marth JD, Orban PC, Mossmann H, and Rajewsky K. Deletion
of a DNA polymerase beta gene segment in T cells using cell type-specific
gene targeting. Science 265: 103–106, 1994.
15. Hautamaki RD, Kobayashi DK, Senior RM, and Shapiro SD. Requirement for macrophage elastase for cigarette smoke-induced emphysema in
mice. Science 277: 2002–2004, 1997.
16. Henson PM, Bratton DL, and Fadok VA. The phosphatidylserine
receptor: a crucial molecular switch? Nat Rev Mol Cell Biol 2: 627– 633,
2001.
17. Karmpaliotis D, Kosmidou I, Ingenito EP, Hong K, Malhotra A,
Sunday ME, and Haley KJ. Angiogenic growth factors in the pathophysiology of a murine model of acute lung injury. Am J Physiol Lung
Cell Mol Physiol 283: L585–L595, 2002.
18. Kasahara Y, Tuder RM, Cool CD, Lynch DA, Flores SC, and Voelkel
NF. Endothelial cell death and decreased expression of vascular endothe-

lial growth factor and vascular endothelial growth factor receptor 2 in
emphysema. Am J Respir Crit Care Med 163: 737–744, 2001.
Kasahara Y, Tuder RM, Taraseviciene-Stewart L, Le Cras TD,
Abman S, Hirth PK, Waltenberger J, and Voelkel NF. Inhibition of
VEGF receptors causes lung cell apoptosis and emphysema. J Clin Invest
106: 1311–1319, 2000.
Klekamp JG, Jarzecka K, and Perkett EA. Exposure to hyperoxia
decreases the expression of vascular endothelial growth factor and its
receptors in adult rat lungs. Am J Pathol 154: 823– 831, 1999.
Koyama S, Sato E, Haniuda M, Numanami H, Nagai S, and Izumi T.
Decreased level of vascular endothelial growth factor in bronchoalveolar
lavage fluid of normal smokers and patients with pulmonary fibrosis. Am J
Respir Crit Care Med 166: 382–385, 2002.
Kuroki M, Voest EE, Amano S, Beerepoot LV, Takashima S, Tolentino M, Kim RY, Rohan RM, Colby KA, Yeo KT, and Adamis AP.
Reactive oxygen intermediates increase vascular endothelial growth factor
expression in vitro and in vivo. J Clin Invest 98: 1667–1675, 1996.
Leung DW, Cachianes G, Kuang WJ, Goeddel DV, and Ferrara N.
Vascular endothelial growth factor is a secreted angiogenic mitogen.
Science 246: 1306 –1309, 1989.
Lucey EC, Keane J, Kuang PP, Snider GL, and Goldstein RH.
Severity of elastase-induced emphysema is decreased in tumor necrosis
factor-␣ and interleukin-1␤ receptor-deficient mice. Lab Invest 82: 79 – 85,
2002.
Maniscalco WM, Watkins RH, Finkelstein JN, and Campbell MH.
Vascular endothelial growth factor mRNA increases in alveolar epithelial
cells during recovery from oxygen injury. Am J Respir Cell Mol Biol 13:
377–386, 1995.
Marti HH and Risau W. Systemic hypoxia changes the organ-specific
distribution of vascular endothelial growth factor and its receptors. Proc
Natl Acad Sci USA 95: 15809 –15814, 1998.
Partovian C, Adnot S, Raffestin B, Louzier V, Levame M, Mavier IM,
Lemarchand P, and Eddahibi S. Adenovirus-mediated lung vascular
endothelial growth factor overexpression protects against hypoxic pulmonary hypertension in rats. Am J Respir Cell Mol Biol 23: 762–771, 2000.
Santos S, Peinado VI, Ramirez J, Morales-Blanhir J, Bastos R, Roca
J, Rodriguez-Roisin R, and Barbera JA. Enhanced expression of vascular endothelial growth factor in pulmonary arteries of smokers and
patients with moderate chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 167: 1250 –1256, 2003.
Schafer G, Cramer T, Suske G, Kemmner W, Wiedenmann B, and
Hocker M. Oxidative stress regulates vascular endothelial growth factor-A gene transcription through Sp1- and Sp3-dependent activation of
two proximal GC-rich promoter elements. J Biol Chem 278: 8190 – 8198,
2003.
Tang K, Breen EC, Gerber HP, Ferrera NM, and Wagner PD.
Capillary regression in vascular endothelial growth factor-deficient skeletal muscle. Physiol Genomics 18: 63– 69, 2004.
Thickett DR, Armstrong L, and Millar AB. A role for vascular endothelial growth factor in acute and resolving lung injury. Am J Respir Crit
Care Med 166: 1332–1337, 2002.
Thurlbeck WM. The internal surface area of nonemphysematous lungs.
Am Rev Respir Dis 95: 765–773, 1967.
Tuder RM, Zhen L, Cho CY, Taraseviciene-Stewart L, Kasahara Y,
Salvemini D, Voelkel NF, and Flores SC. Oxidative stress and apoptosis
interact and cause emphysema due to vascular endothelial growth factor
receptor blockade. Am J Respir Cell Mol Biol 29: 88 –97, 2003.
Vandivier RW, Fadok VA, Ogden CA, Hoffmann PR, Brain JD,
Accurso FJ, Fisher JH, Greene KE, and Henson PM. Impaired clearance of apoptotic cells from cystic fibrosis airways (Abstract). Chest 121:
89S, 2002.
Vandivier RW, Ogden CA, Fadok VA, Hoffmann PR, Brown KK,
Botto M, Walport MJ, Fisher JH, Henson PM, and Greene KE. Role
of surfactant proteins A, D, and C1q in the clearance of apoptotic cells in
vivo and in vitro: calreticulin and CD91 as a common collectin receptor
complex. J Immunol 169: 3978 –3986, 2002.
Wickenden JA, Clarke MC, Rossi AG, Rahman I, Faux SP, Donaldson K, and MacNee W. Cigarette smoke prevents apoptosis through
inhibition of caspase activation and induces necrosis. Am J Respir Cell
Mol Biol 29: 562–570, 2003.
Xiao X, Li J, and Samulski RJ. Production of high-titer recombinant
adeno-associated virus vectors in the absence of helper adenovirus. J Virol
72: 2224 –2232, 1998.

6

Am J Respir Crit Care Med, 2001, Vol. 164, pp. 1601–1605

Vascular Endothelial Growth Factor May Contribute to
Increased Vascular Permeability in Acute Respiratory
Distress Syndrome
DAVID R. THICKETT, LYNNE ARMSTRONG, SUSAN J. CHRISTIE, and ANN B. MILLAR
Lung Research Group, University of Bristol, Medical School Unit, Southmead Hospital, Westbury on Trym, Bristol, United Kingdom

The development of noncardiogenic pulmonary edema is a characteristic feature of acute respiratory distress syndrome (ARDS).
We hypothesized that vascular endothelial growth factor (VEGF)
would play an important role in this process. Plasma VEGF was
measured in 40 patients with ARDS, 28 at-risk patients, 14 normal
control subjects, and 9 ventilated control subjects. Cultured peripheral blood mononuclear cells (PBM) supernatant VEGF was
measured in 21 patients with ARDS and 12 at-risk patients, respectively. The functional importance of VEGF as a mediator of endothelial permeability was assessed by measuring albumin flux across
human pulmonary endothelial cell monolayers. Plasma VEGF was
significantly elevated in patients with ARDS compared with at-risk
patients, normal control subjects, and ventilated control subjects
(p  0.01, p  0.0001, and p  0.002, respectively). PBM from patients with ARDS produced significantly more VEGF in vitro than
at-risk patients (p  0.05). Albumin flux across human pulmonary
endothelial cell monolayers was significantly increased following
the addition of plasma from patients with ARDS compared with
plasma from normal control subjects (p  0.008). When VEGF activity in plasma was neutralized by the addition of a soluble VEGF
inhibitor, the albumin flux induced by ARDS plasma was reduced
by 48%. We conclude that VEGF makes a significant contribution
to the endothelial cell permeability-inducing activity in plasma
from patients with ARDS, and may play an important role in the
development of noncardiogenic pulmonary edema in ARDS.
Keywords: ARDS; VEGF; endothelial; permeability

The syndrome of acute respiratory distress in adults (ARDS)
is a devastating disease with a mortality that remains unacceptably high (1). Pulmonary injury in ARDS results in the
disruption of the alveolar–capillary membrane. It is now commonly believed that inflammatory mediators create an acute
inflammatory response in the microvessels of the lung (and
other organs) and that locally released inflammatory cell
products damage the endothelial cells resulting in increased
permeability. A wide range of vasoactive agents, including
eicosanoids, endothelins, and nitric oxide, is released, which
modulate vascular tone at a local level. The overall result is a
loss of functional and structural vascular integrity (2). The
purpose of this study was to determine if vascular endothelial
growth factor (VEGF) plays a role in this process.
VEGF has been identified as a key molecule in the control
of vascular permeability via interactions with the endothelial
cell (3). In vitro studies have estimated that VEGF is 20,000
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times more potent than histamine at inducing vascular permeability (4). All normal tissues express VEGF mRNA and protein. The human VEGF gene has eight exons, and alternative
splicing of these has resulted in four different mRNA transcripts
leading to at least four different proteins, VEGF121, VEGF165,
VEGF189, and VEGF206, which may have different functions;
VEGF165 and VEGF121 are soluble products, whereas VEGF189
and VEGF206 remain cell associated (5, 6).
The biological activity of VEGF is dependent upon its interaction with specific receptors. Two well-defined receptors
have been identified: Flt-1 and KDR (7). A soluble form of
Flt-1 (sFLT) has been described that may act as a naturally occurring inhibitor of VEGF bioactivity (8). A wide variety of
cells express VEGF receptors, including activated macrophages, neutrophils, vascular endothelial cells, and alveolar
type II epithelial cells (9, 10, 11). Thus, VEGF is potentially
capable of having an effect at both the alveolar epithelial and
endothelial barrier.
Clearly, if VEGF has a role in lung injury, the triggering
factors for its production would be important. VEGF production by peripheral blood monocytes (PBM) is increased in response to lipopolysaccharide (LPS) and tumor necrosis factor
(TNF) treatment (12). Both of these compounds can experimentally induce lung injury and increase vascular permeability, and both TNF and LPS have been strongly implicated in
the pathogenesis of ARDS (13). In addition, hypoxia increases VEGF production via the HIF-1a transcription factor
(14). Increased VEGF production by the lung and peripheral
tissues may, therefore, be an early physiological response to
the sort of systemic insults that precipitate ARDS.
The aims of this study were to determine whether plasma
levels of VEGF were elevated in ARDS, to establish whether
PBMs were an important source of VEGF constitutively or in
response to hypoxia in patients with ARDS, and to determine
the functional importance of VEGF in the plasma of patients
with ARDS.

METHODS
Subjects
Blood samples were obtained from patients within 48 h of admission
to the Intensive Therapy Unit in Southmead Hospital, Bristol, UK. The
severity of lung injury was assessed according to the American–European consensus (15). Patients with bilateral infiltrates on chest x-ray
and a PaO2:FIO2 ratio  200 mm Hg were defined as having ARDS (n 
40). Patients with predisposing risk factors for ARDS, but without
lung injury, were classified as at risk (n  28). These patients did not
subsequently develop ARDS. Although some at-risk patients had elevated lung injury scores with low PO2:FIO2 ratios, none had radiological evidence of bilateral alveolar shadowing and did not, therefore,
fall into the “acute lung injury” category as defined by the consensus
statement. Blood samples were also obtained from 14 nonsmoking
volunteers as normal control subjects and 9 patients who had been
ventilated during abdominal aneurysm repair as ventilated control
(VC) subjects. The etiology and severity scores for the patients with
ARDS and at-risk patients are shown in Table 1.
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Figure 6. Effect of VEGF neutralization on HPAEC permeability. Changes
in absorbance (mean SD) of samples aspirated from the lower chamber of a transwell following addition of FITC-labeled albumin, comparing normal control and ARDS plasma with or without sFLT-Fc chimera.

than plasma from normal control subjects (p  0.008) (Figure
6). Neutralization of VEGF in ARDS plasma by the sFLT-Fc
chimera reduced the FITC-labeled albumin flux across the
monolayers by 48% and abolished the significant difference at
4 h (p  0.78) when compared with normal control plasma.

DISCUSSION
This study has shown for the first time that VEGF levels in
plasma from subjects with ARDS are elevated compared with
appropriate control subjects. VEGF is known to act via specific receptors upon endothelial cells to increase permeability
via alterations in both paracellular (tight junctions) and transcellular (caveolae) pathways (17, 18). In animal experiments,
VEGF has been demonstrated to induce fenestrations in previously nonfenestrated capillaries (19). These actions are dependent upon intracellular third messenger production and the
release of nitric oxide (20). Elevated VEGF levels in ARDS
plasma would, therefore, be expected to contribute to abnormal capillary permeability, which is a characteristic feature of
ARDS.
This study has demonstrated that VEGF levels at Day 4 are
significantly greater in nonsurvivors than survivors of ARDS.
Furthermore, changes in VEGF appear to be associated with
either a good outcome if VEGF levels fall (12% subsequent
mortality), or a bad outcome if VEGF levels rise (78% mortality). Increases in plasma VEGF of over 100% baseline values
were associated with 100% mortality in our cohort. In contrast, there was no relationship between VEGF and mortality
for the at-risk subjects. Our patients with ARDS consisted, for
the most part, of patients with sepsis or infectious causes. This
population has the highest mortality from ARDS, but is not
representative of all patients (e.g., trauma, which has a better
outcome). We considered whether plasma VEGF might be reflecting sepsis by measuring plasma TNF- in our subjects.
There was no significant relationship between TNF- and
VEGF (data not shown). A great deal of research has focused
on identifying predictors of outcome in ARDS. Indices that
have not predicted outcome include measurement of markers
of acute inflammation (LTB4, TNF-, IL-6, and IL-8) and endothelial activation (vWF-antigen, E-selectin) (21–23). These
findings, therefore, need further confirmation before they can
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These findings, therefore, need further confirmation before they can
be considered useful as a clinical marker of poor outcome in
patients with ARDS.
Elevated plasma VEGF levels in ARDS probably reflect
multiple cellular sources. Normal control PBM spontaneously
produce VEGF and the production is known to be cytokine
responsive (12). PBM in active Crohn’s disease produce more
VEGF than inactive disease (24). TNF- did not increase
VEGF production from PBM in our population in contrast to
these studies. However, we have shown that hypoxia is a potent stimulus to PBM VEGF production. Our data suggest
that elevated production of VEGF by PBM may be the source
of increased plasma levels in ARDS.
Hypoxia is also likely to be an important stimulus to peripheral tissue production of VEGF. Hypoxia stimulates
VEGF production from skeletal and cardiac muscle cells, vascular endothelial cells, cerebral glial cells, and dermal fibroblasts (25–28). Serum VEGF levels are elevated in human diseases where vascular damage and tissue hypoxia are features
(e.g., eclampsia, myocardial and cerebral infarction) supporting a role for increased tissue production in hypoxic human
tissues (29–31). The elevated VEGF levels in hypotensive patients with ARDS would also support a role for tissue hypoxia
in determining plasma levels.
Previous studies in ARDS have demonstrated that many
cytokines capable of increasing vascular permeability are elevated in patients with ARDS (2). No single mediator has been
found to be consistently elevated. In addition, little information about the true functional importance of these mediators
in humans is available. Indeed there is no published information as to the effect of VEGF upon human pulmonary endothelial cells. We have shown for the first time that VEGF increases permeability in HPAEC monolayers.
VEGF in vitro significantly increased the permeability of
HPAEC monolayers to VEGF. Plasma from patients with
ARDS significantly increased endothelial cell monolayer permeability compared with normal control plasma, confirming
that circulating factors do play a role in the abnormal capillary
permeability found in ARDS. Neutralization of VEGF bioactivity within this plasma reduced permeability by 48% and
abolished the statistical difference from similarly treated normal control plasma. This in vitro assay suggests, therefore, that
VEGF is of significant functional importance as a determinant
of pulmonary endothelial cell permeability in ARDS.
The measured levels of VEGF within ARDS plasma (0.2–1
ng/ml) were much lower than the dose used to prove that
HPAEC monolayers respond to VEGF (10 ng/ml). It is important to consider that measured plasma levels of VEGF may not
truly reflect local levels at the endothelium due to VEGF165
binding to heparin associated with the endothelium (6). In
addition, many cytokines present within ARDS plasma are
known to increase VEGF secretion or potentiate its actions
(32–35). It is likely, therefore, that cytokine networks augment
the biological effect of VEGF present within ARDS plasma. It
is also possible that other short-lived vasoactive factors may
contribute to vascular permeability in vivo, leading to an overestimate of the role of VEGF from these monolayer studies.
In conclusion, VEGF is elevated in the plasma of patients
with ARDS, particularly after 4 d in subsequent nonsurvivors.
VEGF is able to influence the function of isolated pulmonary
endothelial cells by increasing permeability to albumin. Circulating mediators in plasma derived from patients with ARDS
significantly increase the permeability of pulmonary endothelial cells, and VEGF appears to be an important determinant
of this. Anti-VEGF therapies are currently under investigation as cancer therapy, but further investigation is required before such therapy could be considered in ARDS (36).
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A Role for Vascular Endothelial Growth Factor in Acute
and Resolving Lung Injury
David R. Thickett, Lynne Armstrong, and Ann B. Millar
Lung Research Group, University of Bristol Medical School Unit, Southmead Hospital, Bristol, United Kingdom

We have previously reported, in patients with acute respiratory
distress syndrome (ARDS), elevated plasma levels of vascular endothelial growth factor (VEGF) that became reduced in those who
recovered. To examine the potential effect of VEGF on the epithelial
side of the alveolar–capillary membrane, we compared VEGF levels
in the epithelial lining fluid (ELF) of the same 40 patients with ARDS,
and in 28 patients at risk of ARDS. We measured intrapulmonary
VEGF levels in 23 patients on Days 1 and 4 after admission to the
intensive therapy unit and related these levels to recovery. ELF from
subjects with ARDS contained lower levels of VEGF than did ELF
from at-risk subjects (1,076 and 7,674 pg/ml, respectively, p ⫽
0.0004) and increased ELF levels at Day 4 were associated with
recovery (p ⫽ 0.001). Alveolar macrophages from subjects with
ARDS produced significantly less VEGF than those from at-risk subjects (6.3 and 13.0 pg/ml, respectively, p ⫽ 0.005). Similarly, alveolar
neutrophils from subjects with ARDS produced significantly less
VEGF than those at risk (13.9 and 31.5 pg/ml, respectively, p ⫽
0.03). ELF VEGF levels inversely correlated with Lung Injury Score
(p ⫽ 0.003). These studies suggest that VEGF in the alveolar space
may reflect the development of, and recovery from, acute lung
injury in a manner opposite to that in plasma.
Keywords: acute respiratory distress syndrome; epithelial lining fluid;
vascular endothelial growth factor

Pulmonary injury in acute respiratory distress syndrome
(ARDS) leads to disruption of both sides of the alveolar–
capillary membrane with resultant hyperfiltration, alveolar
flooding, and hypoxia. Endotoxin (lipopolysaccharide [LPS]),
tumor necrosis factor-␣ (TNF-␣), and interleukin (IL)-8 have
all been implicated in the pathogenesis of this condition (1).
The pulmonary endothelium has been considered to provide
the key barrier to protein and fluid flow into the alveolus.
However, some animal models of edema have highlighted
the potential role of the alveolar epithelium (2). Despite
therapeutic advances such as low tidal volume mechanical
ventilation, no specific approaches are available to promote
edema clearance or alveolar epithelial repair (3).
Human vascular endothelial growth factor (VEGF) occurs
as at least four different proteins, VEGF121, VEGF165,
VEGF189, and VEGF206, which may have different functions;
VEGF165 and VEGF121 are soluble products, whereas VEGF189
and VEGF206 remain cell associated (4, 5). Studies of VEGF
have focused on its ability to induce vascular permeability
and act as a mitogen for endothelial cells. The biological
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activity of VEGF is dependent on its interaction with specific
receptors. Three well-defined receptors have been identified:
Flt-1 (also occurring as a soluble form, sFlt), Flt-4, and KDR
(6–8). A wide variety of cells express VEGF receptors, including activated macrophages and alveolar type II epithelial
cells (9–11). VEGF involvement in the control of alveolar–
capillary membrane function has been demonstrated in animal models (12–14). Lung overexpression of adenovirally
delivered VEGF leads to pulmonary edema and increased
lung vascular permeability (12). By contrast, in an interleukin-13 (IL-13) transgenic mouse model of hyperoxic lung
injury and a fetal respiratory distress model, a protective
effect is in part due to increased intrapulmonary VEGF (13,
14). We hypothesized that VEGF plays a role in both the
development and outcome of human ARDS. We have investigated this hypothesis on both sides of the alveolar–capillary
membrane and previously reported our findings concerning
the vascular compartment, where we found increased plasma
VEGF in patients with ARDS (15). To address the role of
VEGF in the alveolar compartment, we measured VEGF
levels in subjects with ARDS and at risk of ARDS at different
stages of the condition as previously reported (15). In view
of the potential interaction between VEGF and IL-13, we
also measured IL-13 in epithelial lining fluid (ELF) (13).
Our findings concur with the study of Maitre and coworkers,
suggesting that in the human lung VEGF levels in ELF were
reduced in early ARDS (16). We have extended those data
by analysis of VEGF in the ELF of patients with resolving
lung injury in whom VEGF levels increase, in contrast to
our previously reported findings in plasma (15). We further
investigated the potential regulation of VEGF production of
alveolar cells (macrophages and neutrophils) by LPS, IL-13,
IL-8, and hypoxia, which have been shown to regulate VEGF
production in other contexts (17, 18). Alveolar cell VEGF
production was also reduced in patients with ARDS in comparison with those at risk. These data indicate that VEGF
concentrations in the alveolar space and plasma change in
opposite directions with recovery from injury (15).
METHODS
Subjects
Patients were studied within 48 hours of admission to the Intensive
Therapy Unit of Southmead Hospital (Bristol, UK) and have previously
been described (15). The severity of lung injury was assessed according
to the American–European consensus statement (19). Patients with
bilateral infiltrates on chest X-ray and a PaO2:FiO2 ratio less than 200 mm
Hg were defined as having ARDS (n ⫽ 40). Patients with predisposing
risk factors for ARDS were classified as at risk (n ⫽ 28). These patients
did not subsequently develop ARDS. Although some at-risk patients
had elevated lung injury scores with low PaO2:FiO2 ratios, none had
radiological evidence of bilateral alveolar shadowing and did not therefore fall into the “acute lung injury” category as defined by the consensus
statement. Resolving lung injury was defined as a reduction in Murray
Lung Injury Score (LIS) of more than 1 and in all cases was due to a
combination of improvement on chest X-ray and PaO2:FiO2. Repeat
bronchoscopy was performed in 23 subjects on Day 4 after admission
to the Intensive Therapy Unit. Of the remaining 17, 8 had died, 6 were
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therapeutic advances such as low tidal volume mechanical
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edema clearance or alveolar epithelial repair (3).
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and VEGF206 remain cell associated (4, 5). Studies of VEGF
have focused on its ability to induce vascular permeability
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activity of VEGF is dependent on its interaction with specific
receptors. Three well-defined receptors have been identified:
Flt-1 (also occurring as a soluble form, sFlt), Flt-4, and KDR
(6–8). A wide variety of cells express VEGF receptors, including activated macrophages and alveolar type II epithelial
cells (9–11). VEGF involvement in the control of alveolar–
capillary membrane function has been demonstrated in animal models (12–14). Lung overexpression of adenovirally
delivered VEGF leads to pulmonary edema and increased
lung vascular permeability (12). By contrast, in an interleukin-13 (IL-13) transgenic mouse model of hyperoxic lung
injury and a fetal respiratory distress model, a protective
effect is in part due to increased intrapulmonary VEGF (13,
14). We hypothesized that VEGF plays a role in both the
development and outcome of human ARDS. We have investigated this hypothesis on both sides of the alveolar–capillary
membrane and previously reported our findings concerning
the vascular compartment, where we found increased plasma
VEGF in patients with ARDS (15). To address the role of
VEGF in the alveolar compartment, we measured VEGF
levels in subjects with ARDS and at risk of ARDS at different
stages of the condition as previously reported (15). In view
of the potential interaction between VEGF and IL-13, we
also measured IL-13 in epithelial lining fluid (ELF) (13).
Our findings concur with the study of Maitre and coworkers,
suggesting that in the human lung VEGF levels in ELF were
reduced in early ARDS (16). We have extended those data
by analysis of VEGF in the ELF of patients with resolving
lung injury in whom VEGF levels increase, in contrast to
our previously reported findings in plasma (15). We further
investigated the potential regulation of VEGF production of
alveolar cells (macrophages and neutrophils) by LPS, IL-13,
IL-8, and hypoxia, which have been shown to regulate VEGF
production in other contexts (17, 18). Alveolar cell VEGF
production was also reduced in patients with ARDS in comparison with those at risk. These data indicate that VEGF
concentrations in the alveolar space and plasma change in
opposite directions with recovery from injury (15).
METHODS
Subjects
Patients were studied within 48 hours of admission to the Intensive
Therapy Unit of Southmead Hospital (Bristol, UK) and have previously
been described (15). The severity of lung injury was assessed according
to the American–European consensus statement (19). Patients with
bilateral infiltrates on chest X-ray and a PaO2:FiO2 ratio less than 200 mm
Hg were defined as having ARDS (n ⫽ 40). Patients with predisposing
risk factors for ARDS were classified as at risk (n ⫽ 28). These patients
did not subsequently develop ARDS. Although some at-risk patients
had elevated lung injury scores with low PaO2:FiO2 ratios, none had
radiological evidence of bilateral alveolar shadowing and did not therefore fall into the “acute lung injury” category as defined by the consensus
statement. Resolving lung injury was defined as a reduction in Murray
Lung Injury Score (LIS) of more than 1 and in all cases was due to a
combination of improvement on chest X-ray and PaO2:FiO2. Repeat
bronchoscopy was performed in 23 subjects on Day 4 after admission
to the Intensive Therapy Unit. Of the remaining 17, 8 had died, 6 were

7 Antioxidants & Redox Signaling, 2008, Vol. 10, No. 6, pp. 1089-1100

7

Antioxidants & Redox Signaling, 2008, Vol. 10, No. 6, pp. 1089-1100

Cytokine & Growth Factor Reviews 10 (1999) 27±39

8

Mini Review

Cytokine regulation of cellular adhesion molecule expression in
in¯ammation
A. Meager*
Division of Immunobiology, National Institute for Biological Standards and Control, Blanche Lane, South Mimms, Potters Bar, Hertfordshire EN6
3QG, UK

Abstract
Cellular adhesion molecules (CAMs) play an essential role in tethering circulating leukocytes to the vascular endothelium at
sites of in¯ammation. They are also instrumental in enabling leukocytes to transmigrate from blood vessels into adjacent
in¯amed tissues. In the absence of signals to stimulate expression of CAMs, the adhesive forces between leukocytes and the
vascular endothelium are below the threshold level required to tether leukocytes. Research in the last decade has shown that
several cytokines, including tumour necrosis factor alpha (TNFa ) and interleukin-1 beta (IL-1b ), potently increase the
expression of many CAMs and thus increase the adhesiveness between leukocytes and the endothelium. The CAM-inducing
activity of these cytokines is therefore crucial to the regulation of in¯ammatory processes. Overactivation of CAM expression is
linked to a number of acute and chronic in¯ammatory conditions, and has led to the rationale of antagonising cytokine activity
and/or CAM expression in order to treat these conditions. The potential application of `adhesion' antagonists for the therapy of
acute/chronic in¯ammatory conditions is brie¯y discussed. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Cellular adhesion molecules
The process of in¯ammation is central to protection
of the host against infectious, and thus potentially
harmful, micro-organisms, e.g., bacteria. In general,
leukocytes circulating in the blood are drawn to sites
of tissue injury or infection by chemoattractant gradients. However, other mechanisms are required to
retard and eventually halt the movement of leukocytes
in order that they can exit the blood vessel and
migrate into the aected areas. The major mechanism
involved in arrest of leukocyte movement is that of cellular adherence through contacts made between the
leukocytes on the one hand and the endothelial cells
lining blood vessels on the other. These contacts are
provided by a number of dierent cell surface molecules which appear to act in succession to ®rstly allow

* Corresponding author. Tel.: +44(0)1707-654-753 ext. 278; fax:
+44(0)1707-650-223.

leukocytes to roll along the endothelial cell layer then
secondly to stop the rolling and thus enable leukocytes
to transmigrate from inside the blood vessel into the
adjacent tissue [1±6]. Here the leukocytes, mainly granulocytes (neutrophils) and lymphocytes, release a
number of mediators and enzymes to produce an in¯ammatory reaction.
Regarding the process of cell adhesion, recent
research has led to the identi®cation and characterisation of many of the cell surface molecules involved.
Basically, for the purposes of discussion, these `cellular
adhesion molecules (CAMs)', as they will now be
called, fall into three families of dierent structural
architecture. They are the selectins, the integrins, and
certain glycoproteins included in the immunoglobulin
superfamily [1±9].
1.1. Selectins
These molecules are characterised by a lectin-like
domain attached to an `epidermal growth factor-like'
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ABSTRACT: Vascular endothelial growth factor (VEGF) is a potent angiogenic and
endothelial survival factor, which is abundantly expressed in the normal lung.
Conceivably, VEGF may be released by numerous cell types found around the
airspaces, including alveolar type 2 cells, alveolar macrophages, and polymorphonuclear neutrophils.
Using a bacteria-induced lung injury model in rats, VEGF expression in lung was
investigated. Both VEGF protein and VEGF messenger ribonucleic acid (mRNA), 4
and 24 h after bacterial challenge (Pseudomonas aeruginosa), were decreased compared
with sham rats.
VEGF protein was also investigated in bronchoalveolar lavage (BAL) from patients
studied within 7 days of acute respiratory distress syndrome (ARDS) onset and in
patients without ARDS. VEGF protein levels in BAL were decreased in patients with
ARDS versus those without (14.3¡11.1 pg?mL-1 versus 76.8¡51.1 pg?mL-1, p~0.03).
In aggregate, these findings show that the initial phase of acute lung injury is
associated with a decrease in vascular endothelial growth factor in the lung. This
downregulation may represent a protective mechanism aimed at limiting endothelial
permeability, and may participate in the decrease in capillary number that is observed
during early acute respiratory distress syndrome.
Eur Respir J 2001; 18: 100–106.

The acute respiratory distress syndrome (ARDS) is
a clinical and pathophysiological entity characterized
by acute, diffuse injury to the alveolar-capillary wall
responsible for respiratory failure. Increases in capillary and alveolar permeability result in interstitial and
alveolar oedema, respectively. The endothelial permeability increase is thought to involve both neutrophildependent and neutrophil-independent mechanisms
[1]. Among factors that can increase endothelial
permeability, the vascular endothelial growth factor
(VEGF) family has not yet been investigated in
ARDS. Three different forms of VEGF are currently
known: VEGF-A (or VEGF), VEGF-B and VEGF-C,
each form having a different affinity for different
membrane receptors: flt-1(or type 1 receptor), fl-k1(or
kinase insert domain-containing receptor (KDR) or
type 2 receptor), type 3 receptor and neuropilin-1.
VEGF is a highly conserved, dimeric, heparin-binding
glycoprotein (molecular weight 46 kDa). At least four
different VEGF transcripts resulting from alternate
splicing of a single gene have been described in human
cells [2]. VEGF 121 and 165 are secreted in soluble
form, whereas VEGF 189 and 206 remain cell-surface
associated or are primarily deposited in the extracellular matrix. VEGF seems to specifically affect
endothelial cell survival, growth and permeability
through binding to the high affinity transmembrane
tyrosine kinase receptor flk-1, predominantly located

INSERM Unité 492, Dépt de Physiologie and Services de Réanimation
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on endothelial cells. In the lung, VEGF may be expressed primarily by epithelial cells and macrophages
[3, 4]. Recently, VEGF has also been shown to be
synthesized and stored by human polymorphonuclear
neutrophils [5, 6]. Although increased capillary wall
permeability is the hallmark of ARDS, a decrease in
capillary number and volume sets in rapidly, and is a
hallmark of subacute and chronic stages of ARDS [7].
A fibroproliferative process characterized by collagen
synthesis in the lung, as reflected by elevated levels of
procollagen III in pulmonary oedema fluid, begins
within the first 24 h of acute lung injury, concurrently
with the acute phase of increased endothelial and
epithelial permeability to proteins [8]. Macroscopically, intra-alveolar fibroproliferation (including
capillary proliferation) is visible within 7 days [9],
indicating that the process probably starts within the
first few days of injury.
Since VEGF, besides its increasing endothelial
permeability capability, has recently been described
as a major survival factor for endothelial cells, the aim
of the present study was to evaluate its evolution at
the initial phase of ARDS. To explore the potential
function of VEGF in acute lung injury, VEGF was
evaluated in a previously described animal model of
severe acute lung injury [10]. The VEGF concentration in bronchoalveolar lavage (BAL) fluid from
patients with severe ARDS at the initial phase of
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Fax: 33 148981777
Keywords: Acute respiratory distress
syndrome
animal study
bronchoalveolar lavage
human study
Pseudomonas aeruginosa pneumonia
Received: August 29 2000
Accepted after revision January 31
2001

on endothelial cells. In the lung, VEGF may be expressed primarily by epithelial cells and macrophages
[3, 4]. Recently, VEGF has also been shown to be
synthesized and stored by human polymorphonuclear
neutrophils [5, 6]. Although increased capillary wall
permeability is the hallmark of ARDS, a decrease in
capillary number and volume sets in rapidly, and is a
hallmark of subacute and chronic stages of ARDS [7].
A fibroproliferative process characterized by collagen
synthesis in the lung, as reflected by elevated levels of
procollagen III in pulmonary oedema fluid, begins
within the first 24 h of acute lung injury, concurrently
with the acute phase of increased endothelial and
epithelial permeability to proteins [8]. Macroscopically, intra-alveolar fibroproliferation (including
capillary proliferation) is visible within 7 days [9],
indicating that the process probably starts within the
first few days of injury.
Since VEGF, besides its increasing endothelial
permeability capability, has recently been described
as a major survival factor for endothelial cells, the aim
of the present study was to evaluate its evolution at
the initial phase of ARDS. To explore the potential
function of VEGF in acute lung injury, VEGF was
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severe acute lung injury [10]. The VEGF concentration in bronchoalveolar lavage (BAL) fluid from
patients with severe ARDS at the initial phase of
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were measured in a rat model of severe bacteriainduced ALI previously developed in the laboratory
[10]. This model has a 24-h mortality of 50%, and
surviving rats exhibit severe hypoxaemia (Pa,O2/FI,O2
ratio y100 mmHg), marked protein leakage in BAL
fluid, increased extravascular lung water, and diffuse
alveolar damage [10, 11]. In the present study, VEGF
protein and mRNA were decreased during the initial
phase of ALI, at least from the fourth to the 24th
hour, compared with control rats. The presented data
from a severe rat ALI model are confirmed by the
finding that VEGF was reduced in the BAL fluid at
the initial phase of lung injury in patients with ARDS.
Patients with ARDS were compared to those who
were free of pulmonary oedema, but were treated with
mechanical ventilation. A significant amount of
VEGF protein was detected in BAL fluid from nonARDS patients, without increased alveolar-capillary
barrier permeability or lung injury. VEGF levels in
ELF were higher than in serum, where platelets may
be a major source [16], suggesting local production by
the lung and a physiological role for VEGF in the
normal lung. VEGF is an angiogenic and permeability
increasing factor that is secreted by almost all the cell
types found in airspaces or their lining during ARDS,
namely alveolar epithelial cells, macrophages, and
polymorphonuclear neutrophils. It was speculated
that the VEGF present in BAL fluid may have been
secreted mainly by alveolar type 2 cells since VEGF
immunolocalization and mRNA expression reportedly occurs primarily in this cell type in the normal
lung [17, 18], and it could act as a physiological
survival factor for endothelial cells via a paracrine
effect.
At least two mechanisms may be proposed to
explain VEGF downregulation during ALI. Firstly,
direct injury of alveolar epithelial cells may lessen the
main source of VEGF in the lung by decreasing the
number of cells producing VEGF. However, such a
mechanism is unlikely since: 1) TUDER et al. [3]
reported a decrease in VEGF mRNA after intraperitoneal injection of lipopolysaccharide (LPS) in rats, a
model in which epithelial injury does not occur [3];
and 2) the present authors previously demonstrated
that alveolar epithelial clearance was stimulated in the
bacteria-induced ALI model, suggesting that alveolar
type 2 cells are still functional in this model [10].
Secondly, the decrease in VEGF synthesis could
constitute a lung response to different kinds of
injuries, whether or not they induce epithelial
damage. Along this line, acute hyperoxia-induced
lung injury, whose charasteristic is endothelial rather
than epithelial injury, is also associated with VEGF
downregulation [19]. Monocrotalline administration
in rats leading to pulmonary hypertension also
decreases lung VEGF protein expression [20].
Downregulation of VEGF synthesis by alveolar
epithelial cells could have occurred, due to the effect
of inflammatory cytokines or cellular proliferation.
Most inflammatory cytokines, which are known to be
elevated in BAL fluid of ARDS patients [21, 22],
stimulate VEGF expression in a variety of cultured
cells [23 – 25] and, consequently, do not explain the
decrease in VEGF in BAL fluid of the ARDS patients.

Therefore, TGF-b was measured in BAL because this
growth factor is known to be one of the most potent
inducers of VEGF synthesis by epithelial cells [26].
Although the TGF-b levels were higher in BAL fluid
in ARDS than in control patients, the TGF-b levels in
ELF were lower in the ARDS patients. This suggests
that the low level of VEGF in ARDS patients may be
due to impaired TGF-b synthesis. However, a
correlation was not found between the level of these
two factors. This finding stresses the fact that a
moderate variation of any marker has to be interpreted with caution when patients with very different
volumes of ELF are compared, even if the method
used to measure these volumes has limitations [27].
The finding of a downregulation of a vascular
permeability factor, VEGF, was unexpected. The
decrease in VEGF may protect lungs from alveolar
flooding. In a recent study using an adenovirusmediated gene transfer, KANER et al. [28] have shown
that VEGF overexpression induces pulmonary
oedema. Since VEGF is a permeability increasing
factor, the decreased VEGF production demonstrated
in the present study does not exclude its involvement
in the early increase of endothelial permeability that
may occur concomitantly with extravascular neutrophil migration at the onset of ARDS. Indeed, VEGF
is stored in polymorphonuclear leukocyte granules [5,
6] and is probably secreted during neutrophil migration across the endothelium rather than within the
airspaces. Moreover, this downregulation could participate in the well-known, but unexplained, decrease
in capillary number and volume reported in the
earliest histological description of ARDS [7]. It can
also be speculated that decreased VEGF expression
during the initial phase of ALI may be due to type 2
cell proliferation and may contribute to the initiation
of alveolar re-epithelialization. The fibroproliferative
response seen in ARDS has been shown to occur
within a few days of the injury [29], and recent studies
have found elevated levels of two growth factors for
alveolar type 2 cells: hepatocyte growth factor and
transforming growth factor-a in BAL fluid from
patients with ARDS [30, 31]. These results point out
the potential importance of epithelial factors in the
early phase of ALI.
In conclusion, the vascular endothelial growth
factor protein decrease in a rat model of severe
acute lung injury was confirmed by findings from
bronchoalveolar lavage fluids of patients with early
acute respiratory distress syndrome. It is speculated
that alveolar vascular endothelial growth factor
downregulation may protect the lungs from alveolar
flooding, participate in the decrease in capillary
number, and contribute to the initiation of alveolar
re-epithelialization.
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ACUTE LUNG INJURY

(ALI) AND its most severe manifestation,
acute respiratory distress syndrome (ARDS), are clinically
defined as severe dysfunction of gas exchange and chest
radiographic abnormalities following a predisposing injury, in
the absence of heart failure (14). ARDS and ALI may occur
following various inciting events, including serious illness,
such as sepsis, trauma, or organ transplantation. Overwhelming
intrapulmonary inflammation, endothelial and epithelial injury,
and consequent reparative responses are key components of the
evolving ALI and progression to ARDS (14, 91).
The hallmarks of ALI are increased capillary permeability,
interstitial and alveolar edema, influx of circulating inflammatory cells, and formation of hyaline membranes. Increased
permeability leads to pulmonary edema, a life-threatening
condition resulting from an imbalance between forces driving
fluid into the air spaces and biological mechanisms for its
removal. The severity and outcome of ALI depend on the
balance between alveolar epithelial and/or vascular endothelial
injuries and their repair mechanisms. The importance of endothelial injury and increased vascular permeability to the formation of pulmonary edema in this disorder is well established
(14, 91).
VEGF plays an important role in several organs by directly
regulating vascular permeability to water and proteins. For
example, in the brain, VEGF is responsible for hypoxia-

induced vascular leakage and edema formation; inhibition of
VEGF activity by a neutralizing antibody can block the
hypoxia-induced increase in vascular permeability (117).
The role of VEGF in the control of pulmonary permeability
is, however, controversial. Systemic expression of VEGF
has been shown to cause widespread multiorgan capillary
leakage in an animal model, suggesting that the overexpression of VEGF plays a pivotal role in the development of
pulmonary edema (67). However, recent animal studies and
clinical data support a protective role for VEGF in ALI and
ARDS patients (30, 133). Understanding the relationship
between VEGF and pulmonary permeability in ALI/ARDS
may lead to the development of novel therapeutic interventions for this syndrome.
In the lung, the regulation of pulmonary permeability and
the expression of VEGF and VEGF-related molecules have
many unique features. Consequently, it is not appropriate to
simply extrapolate knowledge from other organ systems and
apply them to the lung. Therefore, we have undertaken a
systematic review of the literature, focusing on features pertaining to VEGF regulation and function in the lung and in
particular its potential role in the pathophysiology of ALI/
ARDS. In addition to reviewing the current state of knowledge,
the objective of this paper is to further discuss controversial
observations related to the role of VEGF, its related factors,
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and their receptors have been implicated in the regulation of vascular permeability
in many organ systems, including the lung. Increased permeability and interstitial
and pulmonary edema are prominent features of acute lung injury (ALI)/acute
respiratory distress syndrome (ARDS). Extrapolating data from other organ systems and animal experiments have suggested that overexpression of VEGF functions primarily as proinjurious molecules in the lung. Recent data, from animal
models as well as from patients with ARDS, have shown decreased levels of VEGF
in the lung. The role of VEGF and related molecules in ALI/ARDS is, therefore,
controversial: what has become clear is that there are many unique features in the
regulation of pulmonary vascular permeability and in VEGF expression in the lung.
In this review, we explore a growing body of literature looking at the expression
and function of VEGF and related molecules in different models of ALI and in
patients with ALI/ARDS. Novel evidence points to a potential role of VEGF in
promoting repair of the alveolar-capillary membrane during recovery from ALI/
ARDS. Understanding the role of VEGF in this disease process is crucial for
developing new therapeutic strategies for ALI/ARDS.
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and their receptors in ALI/ARDS, offering alternative perspectives on this intricate system.
BIOLOGY OF VEGF AND RELATED MOLECULES

The VEGF family has several members, and each acts
through specific receptors. The biology of VEGFs has recently
been the focus of many excellent reviews (9, 10, 43). Interactions between VEGFs and angiopoietins (Ang) is very important in the regulation of angiogenesis and vascular permeability
(83). For the purpose of this review, we will focus on the role
of VEGF and related molecules that have been implicated to
play in the lung. The characteristics and properties of VEGFs
and Ang and the potential interplay between VEGF and related
molecules and their receptors in the lung are summarized in
Table 1 and illustrated in Fig. 1.
VEGFs

Table 1. Characteristics and properties of VEGF and related molecules in the lung and their
potential role in acute lung injury.
Factor

Sources

Receptor

Stimulating Factor

Hypoxia
Mechanical stretch
ROS
Glucose deprivation
TGF-␤1
IL-6
IFN-␥
IL-13
Endothelin
?

VEGF-A

Alveolar type II cells
Airway epithelial cells
Mesenchymal cells
Macrophages
Neutrophils

VEGFR-1
VEGFR-2
NRP-1

VEGF-B

(Heart)

VEGF-C/D
VEGF-E

Lung ?
Macrophages
?

VEGFR-1
NRP-1
VEGFR-3
VEGFR-2
VEGFR-2

PIGF

Alveolar type II cells

VEGFR-1
NRP-1

?

Ang-1

Airway epithelial cells
Interstitial cells

Tie-2

Hypoxia
VEGF-A

Ang-2

Airway epithelial cells
ECs (at sites of active vascular remodeling)

Tie-2

Ang-3/4

Airway epithelial cells
Interstitial cells

Tie-2

Hypoxia
VEGF
HIF-1␣
?

Proinflammatory
cytokines
?

Potential Functions

EC proliferation
1 Vascular permeability
Angiogenesis
Vasculogenesis
Antiapototic for ECs
Migration of monocytes

Pulmonary vascular remodeling
Lymphangiogenesis
EC migration and proliferation
EC proliferation
1 Vascular permeability
Angiogenesis
1 Vascular permeability
Apoptotic for type II cells
Migration of ECs and monocytes
2 Vascular permeability
Vasculogenesis
Antiapototic for ECs
1 Vascular permeability
Antiapototic for ECs
Postnatal vascular remodeling
2 Vascular permeability
Vasculogenesis
Antiapototic for ECs

PlGF, placenta growth factor; Ang, angiopoietin; EC, endothelial cells; NRP, neuropilin; ROS, reactive oxygen species; TGF, transform growth factor; HIF,
hypoxia-induced factor; 1, increase; 2, decrease.
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The human VEGF gene family includes VEGF-A, VEGF-B,
VEGF-C, VEGF-D, VEGF-E, and placenta growth factor
(PlGF), all with multiple and diverse biological functions (43).
The genes for VEGF family members also rely on alternative
exon splicing to confer various isoforms for biological and
functional specificity (109, 113).
The most studied molecule of the VEGF family is VEGF-A.
The gene encoding human VEGF-A is organized into eight
exons. Multiple protein isoforms are generated through alternative splicing of the pre-mRNA (136). Human VEGF-A isoforms include 121, 145, 165, 183, 189, and 206 amino acids
(VEGF121, VEGF145, VEGF165, VEGF183, VEGF189, and

VEGF206, respectively). VEGF121 is a soluble isoform, whereas
VEGF189, VEGF206, and 60 –70% of VEGF165 are found in
association with cells or sequestered in the extracellular matrix
(43). Most VEGF-A isoforms contain a heparin-binding domain.
VEGF189 and VEGF206 bind to heparin with high affinity (60).
The absence of heparin-binding domain in VEGF121 results in a
loss of mitogenic activity (73), as demonstrated by the observation
that transgenic mice expressing exclusively VEGF120 (mouse
VEGF is one amino acid shorter) die shortly after delivery, due to
severe angiogenic defects (22). VEGF145 and VEGF183 are less
frequent splicing variants (109, 113). Due to its bioavailability and
biological potency, VEGF165 is the predominant isoform of
VEGF-A, and from hereon the abbreviation VEGF refers to
VEGF165, except if otherwise specified.
The major site for VEGF-B expression is the heart (103).
VEGF-B forms heterodimers with VEGF and may, therefore,
modulate its signaling (103). A study on VEGF-B knockout
mice suggested that VEGF-B may have a role in the development of chronic hypoxic pulmonary hypertension in mice by
contributing to pulmonary vascular remodeling (142).
VEGF-C and VEGF-D induce growth of the lymphatic
vasculature in vivo (63). They can also induce capillary endothelial cell (EC) migration and proliferation in culture (19, 95)
and act as vascular permeability factors at higher concentrations (68, 115). VEGF-D shares 61% identity with VEGF-C
(111). VEGF-C and VEGF-D mRNA are most abundant in the
heart, lung, skeletal muscle, colon, and small intestine (95,
104). Furthermore, VEGF-C is highly expressed by activated
macrophages (124).

Invited Review
1606

VEGF AND LUNG INJURY

and their receptors in ALI/ARDS, offering alternative perspectives on this intricate system.
BIOLOGY OF VEGF AND RELATED MOLECULES

The VEGF family has several members, and each acts
through specific receptors. The biology of VEGFs has recently
been the focus of many excellent reviews (9, 10, 43). Interactions between VEGFs and angiopoietins (Ang) is very important in the regulation of angiogenesis and vascular permeability
(83). For the purpose of this review, we will focus on the role
of VEGF and related molecules that have been implicated to
play in the lung. The characteristics and properties of VEGFs
and Ang and the potential interplay between VEGF and related
molecules and their receptors in the lung are summarized in
Table 1 and illustrated in Fig. 1.
VEGFs

Table 1. Characteristics and properties of VEGF and related molecules in the lung and their
potential role in acute lung injury.
Factor

Sources

Receptor

Stimulating Factor

Hypoxia
Mechanical stretch
ROS
Glucose deprivation
TGF-␤1
IL-6
IFN-␥
IL-13
Endothelin
?

VEGF-A

Alveolar type II cells
Airway epithelial cells
Mesenchymal cells
Macrophages
Neutrophils

VEGFR-1
VEGFR-2
NRP-1

VEGF-B

(Heart)

VEGF-C/D
VEGF-E

Lung ?
Macrophages
?

VEGFR-1
NRP-1
VEGFR-3
VEGFR-2
VEGFR-2

PIGF

Alveolar type II cells

VEGFR-1
NRP-1

?

Ang-1

Airway epithelial cells
Interstitial cells

Tie-2

Hypoxia
VEGF-A

Ang-2

Airway epithelial cells
ECs (at sites of active vascular remodeling)

Tie-2

Ang-3/4

Airway epithelial cells
Interstitial cells

Tie-2

Hypoxia
VEGF
HIF-1␣
?

Proinflammatory
cytokines
?

Potential Functions

EC proliferation
1 Vascular permeability
Angiogenesis
Vasculogenesis
Antiapototic for ECs
Migration of monocytes

Pulmonary vascular remodeling
Lymphangiogenesis
EC migration and proliferation
EC proliferation
1 Vascular permeability
Angiogenesis
1 Vascular permeability
Apoptotic for type II cells
Migration of ECs and monocytes
2 Vascular permeability
Vasculogenesis
Antiapototic for ECs
1 Vascular permeability
Antiapototic for ECs
Postnatal vascular remodeling
2 Vascular permeability
Vasculogenesis
Antiapototic for ECs

PlGF, placenta growth factor; Ang, angiopoietin; EC, endothelial cells; NRP, neuropilin; ROS, reactive oxygen species; TGF, transform growth factor; HIF,
hypoxia-induced factor; 1, increase; 2, decrease.
J Appl Physiol • VOL

97 • NOVEMBER 2004 •

www.jap.org

Downloaded from jap.physiology.org on January 30, 2012

The human VEGF gene family includes VEGF-A, VEGF-B,
VEGF-C, VEGF-D, VEGF-E, and placenta growth factor
(PlGF), all with multiple and diverse biological functions (43).
The genes for VEGF family members also rely on alternative
exon splicing to confer various isoforms for biological and
functional specificity (109, 113).
The most studied molecule of the VEGF family is VEGF-A.
The gene encoding human VEGF-A is organized into eight
exons. Multiple protein isoforms are generated through alternative splicing of the pre-mRNA (136). Human VEGF-A isoforms include 121, 145, 165, 183, 189, and 206 amino acids
(VEGF121, VEGF145, VEGF165, VEGF183, VEGF189, and

VEGF206, respectively). VEGF121 is a soluble isoform, whereas
VEGF189, VEGF206, and 60 –70% of VEGF165 are found in
association with cells or sequestered in the extracellular matrix
(43). Most VEGF-A isoforms contain a heparin-binding domain.
VEGF189 and VEGF206 bind to heparin with high affinity (60).
The absence of heparin-binding domain in VEGF121 results in a
loss of mitogenic activity (73), as demonstrated by the observation
that transgenic mice expressing exclusively VEGF120 (mouse
VEGF is one amino acid shorter) die shortly after delivery, due to
severe angiogenic defects (22). VEGF145 and VEGF183 are less
frequent splicing variants (109, 113). Due to its bioavailability and
biological potency, VEGF165 is the predominant isoform of
VEGF-A, and from hereon the abbreviation VEGF refers to
VEGF165, except if otherwise specified.
The major site for VEGF-B expression is the heart (103).
VEGF-B forms heterodimers with VEGF and may, therefore,
modulate its signaling (103). A study on VEGF-B knockout
mice suggested that VEGF-B may have a role in the development of chronic hypoxic pulmonary hypertension in mice by
contributing to pulmonary vascular remodeling (142).
VEGF-C and VEGF-D induce growth of the lymphatic
vasculature in vivo (63). They can also induce capillary endothelial cell (EC) migration and proliferation in culture (19, 95)
and act as vascular permeability factors at higher concentrations (68, 115). VEGF-D shares 61% identity with VEGF-C
(111). VEGF-C and VEGF-D mRNA are most abundant in the
heart, lung, skeletal muscle, colon, and small intestine (95,
104). Furthermore, VEGF-C is highly expressed by activated
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they may act synergistically to regulate vascular permeability.
IFN-␥ can also regulate the expression of VEGF mRNA in a
cell type-specific manner (76, 137, 143). The expression of
IFN-␥ in response to inflammation and wound healing may be
one of the signals that triggers the angiogenic process through
the induction of VEGF expression. A brief exposure of human
monocytes to LPS led to a significant upregulation of the
VEGFR-1 mRNA level (8).
Endothelin (ET) can act via its ET-A receptor to stimulate
the production of VEGF mRNA and protein (101, 127). The
ET-mediated stimulation of VEGF production occurs via increases in the expression of HIF-1␣, even under normoxic
conditions (127).
Oxygen-independent induction of VEGF in the lung. The
role of ischemia-reperfusion injury is central to the pathophysiology of many disorders, including myocardial infarction,
peripheral vascular insufficiency, stroke, major trauma, hypovolemic shock, and sepsis. This is primarily due to the impaired microcirculation and ensuing tissue hypoxia, followed
by reperfusion and reoxygenation. However, pulmonary ischemia is not necessarily associated with tissue hypoxia if the lung
is inflated with oxygen while blood flow is impaired (12). Thus
the vascular injury that occurs in the ischemic pulmonary
vasculature may be independent of hypoxia. Becker and colleagues (11) discovered an oxygen-independent upregulation
of VEGF using an isolated ferret lung model. The degree of
increased VEGF expression during ventilated pulmonary is-

Fig. 2. Overall hypothesis of the role of VEGF in acute lung injury (ALI). Left: in the early stage of lung injury, different insults
and proinflammatory cytokines stimulate the production and release of VEGF from type II cells, alveolar macrophages, and
marginating neutrophils. Therefore, the epithelial-endothelial barrier is exposed to high concentration of VEGF, which may alter
the state of adherens junction complexes (AJCs) and cause vascular leakage and interstitial edema. Middle: during the development
of lung injury, damage of type I and type II epithelial cells and the release of proteases from neutrophils decrease the VEGF
concentration in the alveolar compartment. The loss of compartmentalization and the release of VEGF from other organs and
circulating leukocytes may increase the serum concentration of VEGF. Right: during the recovery of lung injury, type I and type
II cells are being repaired, and the VEGF production can increase again, which may contribute to the repair and angiogenesis by
acting on VEGFR-2. The role of VEGFR-1 in these processes is unknown. ROS, reactive oxygen species.
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and induction of VEGF mRNA was demonstrated in a variety
of cell types, including bovine pulmonary artery ECs (47, 82).
In contrast to VEGF, PlGF seems to be moderately downregulated by hypoxia (108). Expression of VEGFR-1, but not
VEGFR-2, was induced by hypoxia in ECs of the lung, heart,
brain, kidney, and liver (89). The hypoxia-responsive element
has been identified in the promoter of VEGFR-1 but not of
VEGFR-2 (51). Ang-1 and Ang-2 expression is upregulated by
both hypoxia and VEGF (100, 107). Ang-2 expression is
downregulated by basic fibroblast growth factor (87).
Induction by cytokines and other inflammatory mediators. In
addition to hypoxia, VEGF induction has been described in
vivo and in vitro in response to several stimuli, including
reactive oxygen species (27), glucose deprivation (122), inhibition of nitric oxide (61, 139), growth factors (e.g., transform
growth factor-␤1) (15), and various inflammatory cytokines,
such as TNF-␣, IL-6, and IFN-␥ (28, 48, 145) (Fig. 2, left).
Transforming growth factor-␤1 is widely expressed in airway
epithelial cells and has been shown to strongly stimulate VEGF
expression and release by non-ECs, which may contribute to
neovascularization and repair of injuries to the lung endothelium (15). In vitro studies suggest that IL-6 (28, 145) and
TNF-␣ (48) can upregulate VEGF expression. Both IL-6 and
TNF-␣ have been implicated as mediators of increased vascular permeability and remodeling in several disorders (28). IL-6,
like VEGF, is induced in response to hypoxia (145). The
expression of IL-6 and VEGF is closely linked, suggesting that
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chemia was independent of oxygen concentration in the ventilatory gas mixture. Interestingly, the expression of HIF-1␣
mRNA was increased to a similar degree during 180 min of
ventilation, regardless of oxygen concentration, but the increase of HIF-1␣ protein was not significant during hyperoxic
ischemia, even though it increased sixfold in hypoxic ischemic
lungs (11). The mechanisms of this oxygen-independent VEGF
expression are still unknown. Mechanical forces and cytokines
may be involved in these processes. It has been shown that
mechanical stretch increased expression of VEGF (55, 147)
and VEGFR-2 (129), both in vitro and in vivo.
Major Functions of VEGF and Related Molecules

J Appl Physiol • VOL

ROLE OF VEGF AND RELATED MOLECULES IN ALI

Numerous animal studies have alluded to various potential
roles of VEGF and related molecules in ALI. It appears that the
expression and function of these molecules are influenced by
the variability of the injurious factors in different modeling
systems. In-depth comparisons of similar and contrasting results will help us to understand the role of VEGF and related
molecules in ALI.
Overexpression of VEGF Increases Pulmonary Permeability
Kaner et al. (67) demonstrated that the intrapulmonary
overexpression of VEGF through intratracheal administration
of an adenoviral-mediated vector resulted in high-permeability
edema in murine lungs. Pretreatment with soluble VEGFR-1,
which binds to VEGF and prevents it from activating its
cognate receptors, blocked the development of edema. These
data strongly indicate that VEGF and its receptors could
participate in the regulation of pulmonary permeability and that
elevated alveolar VEGF levels could lead to pulmonary edema
(Fig. 2, left). However, the transient and overwhelming expression of VEGF mediated by adenoviral gene transfer may or
may not represent the pathological process of ALI in clinical
settings.
ET may contribute to the formation of pulmonary edema,
particularly under hypoxic conditions, where it increases
VEGF production via the ET-A receptor (23). The ET-B
receptor, on the other hand, is thought to be internalized after
ET binding, in turn acting to reduce circulating levels of ET
protein (36). In ET-B receptor-deficient rats, lung HIF-1␣ and
VEGF content was greater in both normoxia and hypoxia,
compared with controls; accordingly, the pulmonary vascular
leak was more pronounced (23). The inhibition of VEGF with
a VEGF-Trap-soluble decoy receptor markedly reduced pul-
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VEGF and related molecules have profound effects on the
EC biology, by regulating cell proliferation, apoptosis, angiogenesis, vascular permeability, and monocytes recruitment.
Cell proliferation. The ability of VEGF to induce proliferation of ECs from arteries, veins, and lymphatics has been
demonstrated in animal models (80). Although ECs are the
primary target of VEGF, a recent study showed that VEGF can
also stimulate the production of surfactant by alveolar type II
cells (29) and stimulates growth of lung airway epithelial cells
in vitro (17).
Apoptosis. VEGF has been well characterized as an endothelial survival factor, and it prevents microvascular apoptotic
cell loss (1, 53). VEGF survival signals in ECs are mediated by
VEGFR-2 through the phosphatidylinositol 3-kinase/Akt signal transduction pathway (53). VEGF also promotes the expression of antiapoptotic proteins Bcl-2 and A1 in vascular
ECs (52) and can specifically block extrinsic signal-induced
apoptosis of ECs, mediated by TNF receptors and Fas (1).
Prosurvival signaling by VEGF may, therefore, alter the
threshold level of EC susceptibility to intrinsic and extrinsic
inducers of apoptosis (1).
Tsao et al. (138) have recently reported pulmonary emphysema in PlGF-trangenic mice; overexpression of PlGF is associated with increased apoptosis of type II pneumocytes and
reduced expression of VEGF. They further demonstrated that
recombinant PlGF inhibits proliferation and promotes cell
death of mouse type II pneumocytes in culture (138).
Angiogenesis and vasculogenesis. Angiogenesis, a process
of generation of new blood vessels from preexisting vasculature, is accompanied in almost all states by increased vascular
permeability (9). Upregulation of VEGF expression is associated with pathological angiogenesis, which occurs in chronic
hypoxia, tumor growth, and rheumatic and ophthalmic diseases
(16, 89). VEGF expression is also critical for vasculogenesis
during fetal development, as demonstrated by embryonic lethality of heterozygous VEGF-null mutants (42). Interactions
between VEGF and Ang family members may be required for
normal vascular development (16, 89). VEGF and Ang-1 have
distinct roles in vascular development: VEGF is mitogenic and
induces EC differentiation and migration, whereas Ang-1 may
be necessary for stabilization of developing vascular networks.
VEGFR-2 is critical for VEGF-mediated angiogenesis, both in
the developing and in the adult animals (120).
Vascular permeability. The permeability-enhancing effects
of VEGF underlie a significant role of this protein in acute
inflammation. Increased vascular permeability in response to
exogenous VEGF administration has been reported in skin

(26), muscle (112), and gastrointestinal tract (123). Increased
permeability and fenestration (112) have been found in large
vessels (59), microvascular vessels (39), and ECs in culture
(10). Moreover, systemic expression of VEGF has been shown
to cause widespread multiorgan capillary leakage; this effect is
attenuated by concomitant expression of Ang-1 (135).
Ang-1 and Ang-4 have been shown to modulate endothelial
permeability of vessels by altering the state of the adherens
junction complexes (AJCs) (34, 146). AJCs are endothelialspecific structures that regulate the permeability of mature
vessels in response to inflammatory stimuli as well as EC
growth patterns and angiogenesis during embryonic development (49). Ang-1 inhibits vessel leakage in response to VEGF
or other proinflammatory agents, by stabilizing the AJCs (128,
134) and promoting vessel maturation through its antiapoptotic
action (105). The same actions have been proposed for Ang-4,
whereas Ang-2 promotes vascular leakage by antagonizing the
actions of both Ang-1 and Ang-4 through competitive binding
to the Tie-2 receptor (69).
Monocyte recruitment. Treatment of human monocytes with
recombinant VEGF induces monocyte activation and migration. The chemotactic activity of VEGF is mediated by
VEGFR-1 and is inhibited by a specific antiserum against
VEGF, by heat treatment of VEGF, and by protein kinase
inhibitors (8). PlGF may also act as a chemoattractant for
inflammatory cells (65).
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ing inflammatory cells and/or by cells in other organs (Fig. 2,
middle).
VEGF AND ARDS
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Summary and Speculation
The general pathological manifestation of ALI and ARDS is
similar in different models and clinical settings, but the underlying mechanisms are very different. The expression and function of VEGF system in ALI vary, depending on the pathophysiological conditions, timing, and degrees of epithelial and
endothelial damage. It is possible that, in the early stage of lung
injury, acute inflammatory response-induced VEGF release
from alveolar epithelial cells and leukocytes increases the
permeability of endothelial layer of the barrier and contributes
to the formation of interstitial edema in the lung (Fig. 2, left).
With the further development of pulmonary edema, the damage of alveolar epithelial layer may reduce the production of
VEGF in the lung. Bacterial and viral infection, acid aspiration,
and high concentration of oxygen may directly damage the
lung structures and thus reduce the VEGF production (Fig. 2,
middle). During the recovery period of ALI, increased VEGF
from alveolar epithelial cells may function through their receptors to participate in the angiogenesis, an important component
of lung repair (Fig. 2, right). These hypothetic explanations
need to be tested in future investigations.
PERSPECTIVES

This review has highlighted the complexity of the VEGF
system in ALI. In light of this insight, what will be the most
important questions for future studies to determine the role of
VEGF and related molecules in ALI/ARDS?
The Role of Alveolar Epithelium in VEGF-related
Pulmonary Permeability
Although, in general, VEGF and related molecules are
involved in the regulation of vascular permeability and angiogenesis, we should keep in mind the special features in the
lung. In contrast to other organs in which the endothelium
represents the main barrier to capillary leakage, the lung has a
dual epithelial-endothelial barrier. Under normal conditions,
the junctional complex of respiratory epithelium provides an
effective barrier: preventing leakage of solutes and fluid into
the lung. In contrast, paracellular pores through the endothelial
surface allow free passage of hydrophilic solutes (69). Under
pathological conditions, although the loss of integrity in the
endothelial barrier is evidently a prerequisite for development
of interstitial edema, pulmonary edema is a consequence of
loss of integrity in the epithelium. As of now, most of the
studies have focused on the role of VEGF in ECs, and the
involvement of the VEGF system in the regulation of epithelium permeability has not yet been addressed. Furthermore,
alveolar epithelial cells are not only a major source of VEGFs
and Ang, but they also express VEGFRs (17, 41). Selective
blockade of expression of VEGF and/or its receptors from
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Pulmonary injury in ARDS causes disruption of both sides
of the alveolar-capillary interface, with consequential hyperinfiltration, alveolar flooding, and hypoxia. To investigate the
two sides of the alveolar-capillary membrane, both vascular
and alveolar compartments have been studied. Increased
plasma levels of VEGF and a reduction of VEGF in BAL fluid
were documented in 40 patients with ARDS compared with
patients at risk for ARDS (132). In a separate study, Maitre et
al. (86) analyzed BAL fluid from 19 patients with ARDS
collected within the first 7 days from the diagnosis, compared
with BAL fluid from patients without ARDS. This study
corroborated the finding that ARDS is associated with a decrease in VEGF protein in the lung (86). Degradation of VEGF
by proteases released from infiltrated neutrophils and other
inflammatory cells in the alveoli may be responsible for VEGF
decline in the lung. A continuous decrease of VEGF levels in
supernatants of lysed neutrophils in cell culture experiments
was observed and was related to the release of large quantities
of proteases from neutrophils into the culture medium (75).
Furthermore, a decrease in alveolar type II cellularity, due to
apoptosis, has been observed during resolution of ARDS (6),
which may reduce the production of VEGF in the alveolar
space. Release of soluble Fas ligand has been suggested as a
potential mechanism of apoptosis in ARDS (90). This may
partially explain the decrease of VEGF, at least during the
developing phase of ALI/ARDS (Fig. 2, middle).
On the other hand, in the early onset of ALI/ARDS, a
widespread but patchy destruction of the alveolar epithelial
membrane is observed (14). The consequent damage of pneumocytes may lead to increased release of VEGF from the lung
to the plasma, which may partially explain the increase in
VEGF in plasma of ARDS patients (133). In addition, ARDS
represents only the pulmonary manifestation of a widespread
endothelial injury in multiple organs. Approximately 50% of
ARDS cases result from injury process occurring in organs
remote from the lung (2). Stimulation of neutrophils with LPS
and IL-13 from patients with ARDS or at risk resulted in
increased VEGF production (133). Thus VEGF produced by
inflammatory cells and other organs may also contribute to the
increased VEGF levels in plasma (Fig. 2, middle).
During the progression of ARDS, patients with increasing
levels of VEGF in epithelial lining fluid had better recovery
(133). This observation is also intriguing: although VEGF can
increase vascular permeability, there is evidence to support its
protective role in the lung. When transgenic mice overexpressing IL-13 were exposed to hyperoxia, a protective role was
noted, which was associated with increased production of
VEGF in the lung. Furthermore, treatment with VEGF neutralization antibody decreased the survival of IL-13-overexpressing mice exposed to hyperoxia, suggesting that VEGF protects
injured alveolar lining cells by interacting with either
VEGFR-1 or VEGFR-2 (30). VEGF mRNA expression increased in alveolar epithelial cells during recovery from oxygen injury (88). This may be due to type II cell proliferation, as
a reparative response to injury. Increased VEGF may further
protect ECs from apoptosis and promote angiogenesis. In the

same context, the observed reduction of VEGF in plasma of
ARDS patients in the late phase could be due to the recovering
of the alveolar epithelium and endothelium that restores the
barrier to VEGF (133) (Fig. 2, right). Therefore, it remains to
be established whether increased VEGF levels in the lung
during the recovery phase of ARDS represent a marker of
resolution of lung injury, or whether VEGF is actively involved in promoting lung repair of the alveolar-capillary membrane.
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epithelial cells would allow us to separately evaluate the effects
of alveolar epithelial cells in VEGF-related ALI. To achieve
this goal, specific molecular tools or genetically modified
animal models would need to be developed.

clinical settings. Combined efforts from basic scientists and
clinicians will be necessary for the development of specific
treatment strategies to better manage the pulmonary edema in
patients with ALI/ARDS.

Regulation of VEGF and Related Molecules in the Lung

GRANTS

The regulation of VEGF expression in the lung appears to be
different from other organs. In the lung, ischemia is not
necessarily associated with hypoxia; ischemic lung tissues or
poorly perfused areas could be inflated or ventilated with a
high concentration of oxygen. Ex vivo ventilation studies
suggested that oxygen tension may not be the most important
regulator for VEGF expression in the lung (11). This oxygenindependent regulation of VEGF in the lung is unique and
needs to be confirmed by other experimental approaches.
Mechanical forces, derived from the MV, and inflammatory
responses from the preexisting clinical conditions (sepsis,
trauma, acid aspiration, bacterial or viral infection, etc.) may
have profound effects on the expression of VEGF and related
molecules in the lung. Animal models and cell culture studies
should be designed to test these potential mechanisms, both
under physiological conditions and during acute inflammation.

This work was funded by Canadian Institutes of Health Research (CIHR)
Grants MOP-13270 and MOP-42546. C. C. dos Santos is a CIHR Fellow, and
M. Liu is a recipient of Premier’s Research Excellence Award.

To date, most studies only focused on VEGF-A. The information regarding other VEGF family members, Ang, and their
receptors during ALI/ARDS, is largely unknown. Based on this
review of the literature, VEGF and its related molecules should
be studied as a group or an intricate system. This is particularly
important for future clinical studies. The development of bioinformatics and proteomics will enable the investigators to study
these factors simultaneously.
Models for ALI/ARDS, from Bench to Bedside
Currently, one of the major limitations for ARDS studies is
the lack of adequate animal models. Clinically, ARDS usually
lasts several days and weeks. Experimental models as well as
human studies tend to use time points for data collection that
favor convenience. Further studies with careful experimental
designs are necessary to determine the role of VEGF system in
both the early and late phases of pathophysiological processes
following a major inflammatory insult (132, 133).
The expressions of VEGF-related molecules and their functions are mediated through multiple signal transduction pathways, which might be cell type specific. Because most cellular
and molecular studies to date have used ECs from nonpulmonary sources, the conclusions drawn from these studies have to
be taken with caution. Ideally, these studies should be conducted by using pulmonary ECs and preferably from microvesculature. As the permeability in the lung is controlled by
both epithelial and ECs, coculture or organotypic cultures
should be developed to explore this unique feature.
Although the role of the VEGF system in ALI can be
dissected at the cellular and molecular levels and integrated
with data from animal models, clinical investigations still hold
the key to our understanding of this complicated system in
ALI/ARDS. ARDS represents a complex syndrome that includes many subpopulations of patients. Multicenter clinical
studies will be required to collect more data on the expression
and function of VEGF and related molecules according to the
J Appl Physiol • VOL
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11 Oxidative Stress and Apoptosis Interact and Cause Emphysema Due
to Vascular Endothelial Growth Factor Receptor Blockade
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We have previously demonstrated that a failure of pulmonary
endothelial cell survival induced by vascular endothelial growth
factor (VEGF) receptor blockade results in lung alveolar septal
cell apoptosis and emphysema. Because apoptosis and oxidative stress may be pathobiologically linked, we hypothesized
that oxidative stress has a central role in alveolar septal cell
apoptosis and emphysema induced by VEGF receptor blockade.
When compared with control animals, rats treated with the
VEGF receptor blocker SU5416 showed increased alveolar enlargement, alveolar septal cell apoptosis, and expression of
markers of oxidative stress, all of which were prevented by the
superoxide dismutase mimetic M40419. The preservation of
lung structure in SU5416⫹M40419-treated lungs was associated with increased septal cell proliferation, and enhanced
phosphorylation of the prosurvival and antiapoptotic Akt, when
compared with SU5416-treated lungs. Consistent with a positive feedback interaction between oxidative stress and apoptosis, we found that apoptosis predominated in areas of oxidative
stress, and that apoptosis blockade by a broad spectrum caspase
inhibitor markedly reduced the expression of markers of oxidative stress induced by SU5416 treatment. Oxidative stress and
apoptosis, which cause lung cellular destruction in emphysema
induced by VEGF receptor blockade, may be important mediators common to human and experimental emphysema.

Emphysema due to chronic cigarette smoking is a significant
cause of mortality and morbidity worldwide. The presence
of increased lung inflammation in the lungs of smokers,
and the evidence that patients with ␣1-antitrypsin develop
emphysema, led to the hypotheses of inflammation and
protease/antiprotease imbalance to explain emphysema (1).
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We have developed a rodent model of inflammation-independent emphysema based on the blockade of vascular
endothelial growth factor (VEGF) receptor signaling. This
model provides an alternative explanation for emphysema
based on the hypothesis that a failure of the lung cellular
and molecular maintenance program may significantly contribute to the unique characteristics of pulmonary emphysema (2).
Several lines of evidence indicate that VEGF, which is
abundantly expressed in the normal lung (3), has a prosurvival and antiapoptotic role in endothelial cells. VEGF withdrawal causes apoptosis of cultured endothelial cells (4)
and results in vessel regression and apoptotic endothelial
cell death in vivo (5). The evidence of lung airspace enlargement in newborn mice treated with a soluble VEGF receptor (6), and the reports of emphysema induced by endothelial cell immunization (7) or lung-specific deletion of VEGF
using a Cre-Lox approach (8), all support the data obtained
with our model (2). Disruption of survival signals of pulmonary capillary endothelial cells leads to a failure of normal
alveolar septal structure and the data with the model are in
accordance with the prior observations of almost avascular
alveolar septa in emphysematous lungs and decreased expression of VEGF and VEGF receptor 2 (VEGFR 2) in
emphysematous lungs (9).
The role of apoptosis in the lung destruction in emphysema is increasingly being recognized. Emphysema triggered by the VEGF receptor blocker SU5416, which is
characterized by the presence of apoptotic alveolar septal
cells, is prevented by a broad spectrum caspase inhibitor
(2). Furthermore, apoptosis is involved in the pancreatic
elastase instillation model (10). Finally, human emphysematous lungs have increased numbers of apoptotic septal cells
when compared with normal lungs (9, 11).
Oxidative stress has a central role in the regulation of
cell function and maintenance of homeostasis. Low levels
of oxidative stress mediate cell growth and cellular signaling, such as seen with VEGF stimulation of growth of cultured endothelial cells (12). On the other hand, excessive
levels of oxidants cause injury and disease, and have been
implicated in the pathogenesis of emphysema (13). When
high levels of pro-oxidants result in altered cell signaling
due to post-translational modification of tyrosine-containing receptors and enzymes, and damage structural proteins, lipids, and DNA, they trigger apoptosis (14). A vicious
circle might be established, because cells undergoing apoptosis display increased oxidative stress, which further contributes to the apoptosis (15).
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Figure 9. Quantification of 8-HG (left) and 4-HNE
(right) immunostaining of control lungs, SU5416treated, or SU5416⫹zAsp-CH2, with three lungs per
group, 12 fields per lung (CTL versus SU, CTL versus
SU⫹Zasp-CH2, and SU versus SU⫹Zasp-CH2, P ⬍
0.001, ANOVA, with pairwise multiple comparison
performed with the Dunn’s test).
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Pulmonary emphysema, a significant global health problem, is characterized by a loss of alveolar
structures. Because VEGF is a trophic factor required for the survival of endothelial cells and is abundantly expressed in the lung, we hypothesized that chronic blockade of VEGF receptors could induce
alveolar cell apoptosis and emphysema. Chronic treatment of rats with the VEGF receptor blocker
SU5416 led to enlargement of the air spaces, indicative of emphysema. The VEGF receptor inhibitor
SU5416 induced alveolar septal cell apoptosis but did not inhibit lung cell proliferation. Viewed by
angiography, SU5416-treated rat lungs showed a pruning of the pulmonary arterial tree, although
we observed no lung infiltration by inflammatory cells or fibrosis. SU5416 treatment led to a decrease
in lung expression of VEGF receptor 2 (VEGFR-2), phosphorylated VEGFR-2, and Akt-1 in the complex with VEGFR-2. Treatment with the caspase inhibitor Z-Asp-CH2-DCB prevented SU5416-induced
septal cell apoptosis and emphysema development. These findings suggest that VEGF receptor signaling is required for maintenance of the alveolar structures and, further, that alveolar septal cell
apoptosis contributes to the pathogenesis of emphysema.
J. Clin. Invest. 106:1311–1319 (2000).

Introduction
Emphysema is estimated to affect 1.65 million people
in the US (1). Emphysema is defined as abnormal permanent enlargement of the airspaces distal to terminal bronchioles. The pathogenesis of pulmonary
emphysema, which is characterized by the disappearance of alveolar septa, remains enigmatic, although
the protease-antiprotease imbalance hypothesis of
inflammation is widely supported (2). Briefly, the concept is that activated alveolar macrophages release
elastase, which destroys the lung tissue, overwhelming
local antiprotease activities (3). However, because
many cigarette smokers and patients with severe
inflammatory lung parenchyma diseases (like pneumonia and adult respiratory distress syndrome) do not
develop significant emphysema, this hypothesis may
not fully explain the loss of lung tissue in cigarette
smoking–induced emphysema.
Preceding the discovery of the association between
panacinar emphysema and a hereditary deficiency of
α-1-antitrypsin (4), A.A. Liebow (5), based on histological examination of emphysema lungs, pointed out
that the alveolar septa in centrilobular emphysema
appear to be remarkably thin and almost avascular. He
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|

also considered that a reduction in the blood supply of
the small precapillary blood vessels might induce the
disappearance of alveolar septa. We revisit this early
vascular hypothesis of emphysema development and
propose that the disappearance of lung tissue in
emphysema may involve the progressive loss of capillary endothelial and epithelial cells through the
process of programmed cell death, apoptosis (6). One
known survival factor for endothelial cells is VEGF,
initially characterized as a factor that increases endothelial permeability (7) and induces endothelial cell
growth (8). It is not only essential for the normal development of blood vessels in the embryo (9, 10), but it is
also required for survival of endothelial cells. Withdrawal of VEGF leads to endothelial cell apoptosis in
vitro (11, 12) and in vivo (13). VEGF binds to two tyrosine kinase receptors present on endothelial cells:
VEGF receptor 1 (VEGFR-1; Flt-1) and VEGFR-2
(KDR/Flk-1). Although VEGF is highly abundant in
the lung, its normal biological activity in the lung is
not well understood. We postulate that VEGF signaling may be required for the maintenance of adult lung
alveolar structures. We have recently reported increased septal cell death in human emphysematous
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Angiogenesis and vascular remodeling occur throughout
growth and development and involve both proliferation and
regression of vascular endothelial cells. Although extensive
research has been dedicated to the elucidation of the factors
that induce endothelial cell proliferation and differentiation
(for review, see Refs. 1, 2), surprisingly little is known about
the mechanisms that regulate regression of blood vessels.
Rapid degeneration of vascular structures occurs under various
physiological or pathological circumstances. Apoptosis of endothelial cells probably contributes to the maturation of vascular
granulation tissue into avascular scar tissue (3) and to the
pruning of retinal vessels during development (4). Apoptosislike changes in endothelial cells have been also observed in the
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“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
¶ To whom correspondence should be addressed: Dept. of Cardiovascular Research, Genentech, Inc., 1 DNA Way, South San Francisco, CA
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involuting corpus luteum, breast (5), parotid glands undergoing pressure atrophy (6), and fibrotic lung lesions (7). However,
experiments designed to study blood vessel regression in vivo
have not been very successful so far at detecting apoptotic
endothelial cells lining the blood vessels. This may be attributable, at least in part, to the fact that endothelial cells undergoing apoptosis tend to lose their attachment to the basement
membrane. In addition, apoptotic endothelial cell may become
the target of the immune system and thus are eliminated by
phagocytes as soon as they manifest early signs of apoptosis (8).
In vitro, apoptosis often follows withdrawal of a critical trophic
factor. Accordingly, human umbilical vein endothelial (HUVE)1
cells undergo apoptosis after loss of adhesion or serum deprivation (9, 10). Fibroblast growth factor and phorbol esters
reduce the apoptosis of serum-deprived HUVE cells (11), and
heat shock and endotoxin act together to increase apoptosis in
porcine endothelial cells (12).
It has recently been shown that the survival signal mediated
by various growth factors and cytokines may be dependent on
the phosphatidylinositol 39-kinase (PI3-kinase)/Akt signal
transduction pathway (13–19). However, not all survival signals require PI3-kinase activity, and Akt (also referred as
protein kinase Ba or Raca)-independent survival pathways
exist (20 –22). It was shown previously that vascular endothelial growth factor (VEGF) can induce PI3-kinase activity in a
variety of endothelial cell (23–25), but so far a specific biological
function of PI3-kinase in endothelial cells has not been
demonstrated.
The endothelial cell-specific mitogen VEGF has been shown
to be a key positive regulator of normal and abnormal angiogenesis (2, 26). The critical role of VEGF in the development of
the vascular system is emphasized by embryonic lethality after
loss of a single VEGF allele. A growing body of evidence indicates that VEGF may also act as a survival factor for newly
formed blood vessels. In the developing retina, vascular regression in response to hyperoxia has been correlated with inhibition of VEGF release by glial cells (4). Furthermore, administration of anti-VEGF monoclonal antibodies results in
regression of already established tumor-associated vasculature
in xenograft models (27). More recently, using a tetracyclineregulated VEGF expression system in xenografted C6 glioma
cells, it has been shown that decreased levels of VEGF produc1
The abbreviations used are: HUVE, human umbilical vein endothelial; PI3-kinase, phosphatidylinositol 39-kinase; VEGF, vascular endothelial growth factor; rh, recombinant human; PlGF, placenta growth
factor; PBS, phosphate-buffered saline; PI, propidium iodide; bFGF,
basic fibroblast growth factor; sel, selective; KDR, kinase domain
region.
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Vascular endothelial growth factor (VEGF) has been
found to have various functions on endothelial cells, the
most prominent of which is the induction of proliferation and differentiation. In this report we demonstrate
that VEGF or a mutant, selectively binding to the Flk-1/
KDR receptor, displayed high levels of survival activity,
whereas Flt-1-specific ligands failed to promote survival
of serum-starved primary human endothelial cells. This
activity was blocked by the phosphatidylinositol 3*-kinase (PI3-kinase)-specific inhibitors wortmannin and
LY294002. Endothelial cells cultured in the presence of
VEGF and the Flk-1/KDR-selective VEGF mutant induced phosphorylation of the serine-threonine kinase
Akt in a PI3-kinase-dependent manner. Akt activation
was not detected in response to stimulation with placenta growth factor or an Flt-1-selective VEGF mutant.
Furthermore, a constitutively active Akt was sufficient
to promote survival of serum-starved endothelial cells
in transient transfection experiments. In contrast, overexpression of a dominant-negative form of Akt blocked
the survival effect of VEGF. These findings identify the
Flk-1/KDR receptor and the PI3-kinase/Akt signal transduction pathway as crucial elements in the processes
leading to endothelial cell survival induced by VEGF.
Inhibition of apoptosis may represent a major aspect of
the regulatory activity of VEGF on the vascular
endothelium.
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factor; PBS, phosphate-buffered saline; PI, propidium iodide; bFGF,
basic fibroblast growth factor; sel, selective; KDR, kinase domain
region.
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Vascular endothelial growth factor (VEGF) has been
found to have various functions on endothelial cells, the
most prominent of which is the induction of proliferation and differentiation. In this report we demonstrate
that VEGF or a mutant, selectively binding to the Flk-1/
KDR receptor, displayed high levels of survival activity,
whereas Flt-1-specific ligands failed to promote survival
of serum-starved primary human endothelial cells. This
activity was blocked by the phosphatidylinositol 3*-kinase (PI3-kinase)-specific inhibitors wortmannin and
LY294002. Endothelial cells cultured in the presence of
VEGF and the Flk-1/KDR-selective VEGF mutant induced phosphorylation of the serine-threonine kinase
Akt in a PI3-kinase-dependent manner. Akt activation
was not detected in response to stimulation with placenta growth factor or an Flt-1-selective VEGF mutant.
Furthermore, a constitutively active Akt was sufficient
to promote survival of serum-starved endothelial cells
in transient transfection experiments. In contrast, overexpression of a dominant-negative form of Akt blocked
the survival effect of VEGF. These findings identify the
Flk-1/KDR receptor and the PI3-kinase/Akt signal transduction pathway as crucial elements in the processes
leading to endothelial cell survival induced by VEGF.
Inhibition of apoptosis may represent a major aspect of
the regulatory activity of VEGF on the vascular
endothelium.

