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Abstract
Respiratory distress syndrome (RDS) and bronchopulmonary dysplasia (BPD) contribute
significantly to neonatal morbidity and mortality. Pulmonary function depends on the interaction
between alveolar microvasculature and airspace development. While it has been shown in various
animal models that vascular endothelial growth factor (VEGF) and its receptors increase in normal
animal lung development, its pathophysiological role in neonatal respiratory failure is not yet
entirely clear. Current animal and human studies exhibit controversial results. Though animal
models are invaluable tools in the study of human lung disease, inherent differences in physiology
mandate clarification of the timing of these studies to ensure that they appropriately correlate with
the human stages of lung development. The purpose of this review article is to highlight the
importance of considering the temporal relationship of VEGF and lung development in human
neonates and developmentally-appropriate animal models with RDS and BPD.
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INTRODUCTION
Respiratory failure continues to be a common cause of morbidity and mortality among
neonates. For normal gas exchange to occur at birth, the complex processes of alveolar
microvasculature and airspace development must be coordinated. The formation of normal
pulmonary vasculature results from the interplay of many growth factors. This review article
will specifically focus on vascular endothelial growth factor (VEGF) as an important
cytokine for lung development and injury in the premature neonatal population.

VEGF-A is a member of a family of endothelialspecific, heparin-binding, angiogenic growth
factors, which also includes VEGF-B, VEGF-C, VEGF-D, and placental growth factor.
VEGF expression is upregulated by various growth factors, including platelet derived
growth factor, transforming growth factor-beta (TGF-β), tumor necrosis factor-alpha (TNF-
α), and interleukin-1beta (IL-1β), and environmental alterations, including oxidative stress,
acidosis, hyperoxia, and hypoxia. Under hypoxic conditions, hypoxia inducible factor 1-
alpha (HIF1-α) dimerizes with HIF1-β and this complex binds the VEGF promoter, leading
to transcription [1]. Production of VEGF protein and activation of the VEGF-receptor
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(VEGF-R) pathway lead to multiple signaling networks being triggered including the
upregulation of integrin expression, induction of u-plasminogen activator (uPA) and u-
plasminogen activator receptor (uPAR), activation of matrix metalloproteinases (MMPs),
and the production of nitric oxide (NO). VEGF ultimately stimulates endothelial cell
survival, mitogenesis, migration, differentiation, vascular permeability, and mobilization of
endothelial precursor cells from the basement membrane [2].

Specifically, the binding of VEGF to one of its receptors, vascular endothelial growth factor
receptor – 1 (VEGFR-1 or flt-1), mediates endothelial cell migration and vascular
organization; the binding of VEGF to its other receptor, VEGFR-2 (or flk-1), results in
differentiation, proliferation, and migration of endothelial cells, as well as angioblast
differentiation. Lastly, VEGF-C and VEGF-D bind VEGFR-3 (or flt-4) [1].

In humans, alternative messenger RNA (mRNA) splicing of exons 6 and 7 of VEGF
produces 5 isoforms ranging from 121 to 206 amino acids. While the other isoforms show
increasing trends in size and heparin-binding ability, VEGF121 lacks a heparin-binding
domain and is soluble. VEGF189 is highly bound to the extracellular membrane (ECM) and
the predominant isoform in most tissues is VEGF165 [1].

In lung development, VEGF regulates vascularization but its location varies throughout this
process. In the embryonic lung, VEGF is found in the primitive airway epithelium and
mesenchyme but by the pseudoglandular stage, VEGF is expressed mostly by branching
airway epithelial cells. In the mature lung, VEGF is expressed by type II epithelial cells [2].

VEGF and its receptors, -R1 and -R2, increase in normal animal lung development [1, 3–5].
However, D'Angio et al. found in a single study of VEGF protein collected from lung fluid
of newborn (NB) infants born at 24–33 weeks’ gestational age (GA) that increasing GA was
correlated with decreasing VEGF levels on day 1 of life [6]. The pathophysiological roles of
VEGF in the development of respiratory distress syndrome (RDS) and bronchopulmonary
dysplasia (BPD) are currently being investigated. The literature is filled with human and
animal studies exhibiting controversial results regarding the presumed levels of VEGF in
these diseases. For example, comparison of lungs from infants dying with BPD and those
from non-pulmonary causes yielded decreased VEGF mRNA and decreased VEGF
immunostaining in infants with BPD [7]. VEGF levels in pulmonary epithelial lining fluid
obtained by bronchoalveolar lavage (BAL) from intubated premature NBs showed an
elevation in VEGF levels [1], while another study showed that lavage VEGF levels were not
associated with the development of BPD [6].

In this review, we will examine the gestational and postnatal (PN) changes in VEGF
concentrations in humans and developmentally appropriate animal models to:

1. determine how these levels relate to development of RDS and BPD in humans and
developmentally appropriate animal models, and

2. determine how developmentally appropriate animal models might be used to
predict human response to stimuli such as hyperoxia.

The vast majority of the human studies have been done using BAL/tracheal aspirate (TA)
fluid. When human lung tissue or TA cellular samples were used, it has so been specified. In
contrast, the vast majority of animal studies use lung homogenates. VEGF expression and
production is context specific and temporally defined by cell type, and hence, may not be
congruent between developmentally matched human and animal samples. While not ideal,
this is the best data that is available in the literature, as it is technically challenging to collect
BAL/TA samples from fetal animal models (except from the primate models).
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Detailed discussion about the molecular biology of VEGF-signaling pathways in pulmonary
development is beyond the scope of this focused review.

VEGF LEVELS IN HUMANS
In considering VEGF studies done with human babies, it is important to do so in the context
of stages of lung development, as it is known that GA, indicative of maturity, affects VEGF
levels.

The embryonic phase of lung development occurs from 3–7 weeks’ gestation, followed by
the pseudoglandular phase from 5–17 weeks and the canalicular phase at 16–26 weeks. The
saccular stage lasts from 24–38 weeks of gestation. Alveolarization, which consists of
elastogenesis and angiogenesis, occurs during the alveolar phase, occurring from 32 weeks’
GA until 18 months after birth [2].

Preterm infants are often at risk for surfactant-deficient RDS within the first minutes of life.
Development of the pulmonary surfactant system is not complete until the end of the third
trimester but surfactant, which disperses at the air–liquid interface of the alveolus, is
necessary to prevent alveolar collapse. It is composed of phospholipid and glycoprotein,
produced by type II pneumocytes, and functions by reducing surface tension. Though
administration of steroids prenatally and PN surfactant rescue therapy have reduced the
incidence of RDS, current research still aims to refine the timing, method, and dosing
intervals of therapy [8]. The following studies consider the relationship between VEGF and
RDS.

To consider the role of VEGF in RDS, as it may contribute to surfactant secretion and
pulmonary maturation, we can only consider human data within the first 24 hours of life in
babies born prematurely as these infants are still surfactant deficient during this time. By 24
hours, exogenous surfactant replacement has occurred that could potentially increase the
expression of VEGF in the lung, as suggested by animal studies [9, 10].

A study of VEGF protein collected on the first day after birth from infants born at 24–33
weeks’ GA elicited a trend of higher VEGF levels correlating with decreased GA on PN
days 1 and 3 [6]. Exogenous surfactant was administered to these infants. Similarly, Lassus
et al. showed that the concentration of VEGF in TA fluid was higher at birth and during the
first 10 PN days in preterm than in term infants [11]. Exogenous surfactant was also
administered to these infants. Lassus et al. looked at VEGF mRNA in TA samples collected
at a median of 6 days after birth in both preterm and term infants. This study found that
preterm infants with lower VEGF suffered more severe RDS and it identified the presence
of VEGF mRNA in the alveolar epithelium of infants developing BPD [11]. Tsao et al.'s
study looked at cord blood from infants born at 32 weeks’ GA or earlier and showed that
infants who developed RDS had significantly lower cord blood levels of VEGF [12].

Premature infants with RDS are also predisposed to BPD. BPD is a chronic pulmonary
disorder causing morbidity and mortality in premature infants, especially those weighing
less than 1000 g at birth. Most infants who go on to develop BPD are born during the
saccular phase of lung development, which occurs at 24–38 weeks. At this stage, the
potential air spaces are larger and the saccular walls are thinner for gas exchange due to loss
of mesenchymal cells via apoptosis, in addition to the progression of capillaries into a
double loop network.

BPD is commonly defined as having an oxygen requirement at 36 weeks’ postmenstrual age
(PMA) and is attributed to a multitude of factors, including hyperoxic injury from
mechanical ventilation, genetic predisposition, pre- and PN infections, and cytokine
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imbalance. A key component of BPD is dysregulated angiogenesis, though its precise
mechanism remains unclear. Since VEGF levels at birth as well as surfactant replacement
can modify the response to VEGF in the lung, human studies looking at BPD need to go
beyond the first 24 hours of life.

Within the first 24 hours, D'Angio et al. found that higher lavage VEGF levels were
correlated with lower GA at birth but that levels were not associated with the development
of BPD [6]. In contrast, Been et al. considered infants who were ventilated for RDS and
found that significantly lower day 0 (within the first 24h of life) VEGF BAL fluid (BALF)
levels were predictive of BPD but there was no statistical difference in VEGF levels on day
1 in those who did or did not develop BPD [13].

Regarding studies done using samples taken at 72 hours, D'Angio et al. also found that
lower day 3 levels of VEGF correlated with lower birth GA but was still not associated with
development of BPD [6]. Been et al. did find that lower day 3 levels of VEGF were
associated with the development of BPD [13].

Been et al. continued to find that levels equalized at day 7 [6]. Interestingly, analysis of TA
samples from intubated preterm infants resulted in the finding that VEGF levels were
increased when compared to days 1–3 but babies who went on to develop BPD actually had
lower values than those who did not [14].

In another study [15], VEGF concentrations were undetectable in BALF obtained
immediately after birth, but increased thereafter in control infants with RDS who recovered
or went on to develop BPD (requirement of supplemental oxygen at 28 days). The VEGF
concentration increased in the RDS and BPD infants by 4 days of life, but remained
undetectable in the control group. Thereafter, it increased gradually in the BPD and RDS
groups, but increased more rapidly in the control group by 10 days of life. There was no
relationship between concentration of VEGF in the BALF and GA or birth weight [15].

Finally, Bhatt et al. found that lung samples from infants who died of BPD >7 days after
birth had decreased VEGF mRNA and protein [7]. D'Angio et al. identified that VEGF
levels in pulmonary epithelial lining fluid obtained by BALF from intubated human
premature infants rose from days 1 to 3 and continued to be elevated through day 28 if
intubated [1].

SUMMARY OF HUMAN STUDIES
Thus, it appears that in most cases, VEGF levels tend to increase over time in ventilated
preterm infants but lower levels at various time points appear to be associated with the
development of BPD.

In contrast to the above discussion, Bhandari et al.'s study found that babies with RDS who
later developed BPD had higher levels of VEGF in the first 12 hours, a decrease in VEGF in
days 3–5, and increased levels in days 21–28 [8].

It thus appears that VEGF levels tend to be lower in neonates with RDS except for Bhandari
et al.'s study; however, this study looked at VEGF levels in the first 12 hours PN while Tsao
et al.'s study utilized cord blood, which may be influenced by a variety of factors, not
necessarily lung related. Additionally, Lassus et al.'s findings may have been affected by
surfactant replacement therapy.

All studies done in humans were measurements done on VEGF protein except the one by
Bhatt et al. [7], which was done on mRNA. The study described samples taken from infants
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at average PMA of death of 36 weeks, or 90% of full term GA, placing them in the alveolar
stage of lung development. However, the fold change noted in that study was congruent with
most of the other studies measuring VEGF protein in BALF samples, as VEGF decreased in
babies with BPD.

These studies have been summarized in Table 1. For studies conducted on infants between
60% and 70% of GA, there is great disparity among the changes in VEGF levels, but for
infants greater than 70% of GA the VEGF level fold changes tend to be more similar and
less extreme in value (Figure 1).

An important caveat is that BALF/TA has been collected only from neonates who were
intubated and mechanically ventilated. VEGF levels that are compared in infants who either
develop or don't develop BPD are considered a reflection of the degree of ventilator-induced
injury. It would be unethical to intubate and collect BALF/TA from “healthy” neonates, and
hence data from such “controls” are unavailable.

Another important confounding variable is the diagnosis of chorioamnionitis (histological
confirmation being the “gold standard”) that could potentially influence the VEGF
concentrations in the BALF. In the present review, most studies [7, 8, 11, 12, 15] excluded
such infants. It is, however, a confounding variable. A previous study [16] has evaluated
VEGF levels in TA in patients with maternal histological chorioamnionitis. The TA levels in
the group with histological chorioamnionitis (n=18) had increased levels of VEGF
(uncorrected for=total protein), compared to controls (n = 11). This did not reach statistical
significance (P = 0.06) [16].

Three studies in the present review included infants exposed to chorioamnionitis [6, 13, 14].
In the first and second studies, there was no correlation of maternal chorioamnionitis with
VEGF levels at any time [6, 13]. In the third study, significantly increased VEGF in TA
were noted in samples collected on days 4–7, but not on days 1–3, from infants exposed to
clinical chorioamnionitis [14]. Hence, overall, the data would suggest that while maternal
chorioamnionitis does tend to increase VEGF levels in BALF, further confirmation is
required.

VEGF LEVELS IN ANIMAL MODELS
Various animal models at different GA time points have been used to look at VEGF levels,
including but not limited to: rat, mice, rabbit, and baboon models. For the human equivalent
of RDS, it is necessary to evaluate murine studies conducted in the late fetal stages
(~embryonic day 16 onwards) when the lung is surfactant-deficient. The correlation of
animal models of RDS requires the following: studies done using mouse and rat models
must be performed prenatally and those using baboons must look at VEGF levels within the
first 24 hours of PN life and specify whether surfactant was exogenously administered. For
the human equivalent of BPD, studies should largely aim to correlate animal data obtained
with the saccular stage of human development. Hence, for the correlation with human BPD,
it is more appropriate for mice and rat studies to be conducted on animals within the first 4
days of PN life. It is important to point out that PN murine models are not surfactant-
deficient at birth. However, given the increased use of antenatal steroids and exogenous
surfactant replacement therapy in human neonates, the lung maturational level and
surfactant-replete status of such a human premature NB may be considered fairly akin to
that of an early PN murine lung. Baboon studies conducted on 140-day fetal baboons,
approximating 75% of gestation, fulfill both conditions of surfactant-deficiency and
appropriate stage of lung development.
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Prenatal mouse and rat studies are rare but noteworthy because they allow for equivalency
with premature surfactant-deficient human lungs. Akeson et al. showed that conditional
activation of VEGF-A in bronchial epithelial cells during late gestation disrupted pulmonary
angiogenesis and morphological development, resulting in respiratory failure at birth [17].
However, Compernolle et al. showed that loss of HIF-2α and reduction in VEGF resulted in
fatal RDS in neonatal mice. When VEGF was administered by intrauterine or intratracheal
route, it prevented the development of RDS [18].

It has been well recognized that maternal diabetes mellitus (DM) leads to an increased risk
of RDS in their infants [19]. At the molecular level, lower lecithin/sphingomyelin ratios in
the amniotic fluid of pregnancies complicated by DM have been reported. Infants of diabetic
mothers (IDM) are frequently hyperinsulinemic or have insulin resistance. It has been shown
that insulin inhibits the accumulation of surfactant protein A (SP-A) and SP-B mRNA
whereas it has no effect on SP-C mRNA levels in human fetal lung tissue maintained in
vitro [19].

Reduced expression of SP has been observed in fetuses of streptozotocin-induced diabetic
rats or in insulin-treated human fetal lung explants [20]. Phosphatidylinositol 3-kinase
(PI3K) is activated by insulin and is responsible for most of the metabolic actions of insulin.
The involvement of the PI3K pathway in RDS was suggested by a previous report showing
that bronchoalveolar-specific deletion of Pten in mice led to upregulation of the PI3K
pathway in the lung and resulted in RDS [21]. The downstream effectors of PI3K that cause
RDS and the mechanistic link between the PI3K pathway and HIF-2-dependent VEGF
expression in the lung have been elusive. Downstream of the PI3K is the Akt-mTOR
pathway. Interestingly, Ikeda et al. generated a transgenic mouse model for RDS by
overexpressing Akt1 in fetal lung. These mice were delivered by cesarean section at
embryonic day 18.5 and showed downregulation of HIF-2α and VEGF [20]. This suggests
that the PI3K-Akt-mTOR pathway in lung epithelial cells in utero may play a causal role in
the pathogenesis of RDS in infants with diabetic mothers. Thus, increased insulin in IDM
can activate PI3K, which in turn can increase Akt1 and result in decreased VEGF levels
causing reduced expression of SP in the developing lung, predisposing them to increased
risk of RDS.

VEGF LEVELS IN ANIMAL MODELS IN RESPONSE TO HYPEROXIA
Few, if any, studies have looked at VEGF levels in rats prior to PN4; however, most studies
show decreased VEGF levels associated with hyperoxic exposure. Lopez et al. found that
NB rat pups exposed to hyperoxia (>95% O2) exhibited decreased expression of VEGF-R2
mRNA but no change in VEGF mRNA or protein levels from PN0 to PN6 [22]. Lin et al.
showed that NB rat exposure to hyperoxia for 6 days resulted in decreased VEGF protein on
day 7, which persisted through recovery in room air [23]. Likewise, using intra-amniotic
endotoxin exposure and PN hyperoxia, Wang et al. showed that although Flt-1 expression
increased with age, the expression of VEGF and VEGF-R mRNA and protein decreased in
both rats exposed to endotoxin plus hyperoxia and hyperoxia alone on PN7 and PN14 [24].
Further, Thebaud et al. found decreased lung VEGF expression after continuous hyperoxia
exposure from birth till PN14 [25].

In contrast, Hosford et al. found that rat pups exposed to >95% O2 between PN4 and PN14
exhibited increased expression of VEGF protein on PN9 but decreased VEGF mRNA and
protein on day 12 [26]. Additionally, VEGF164 and VEGF120 in neonatal rat pups showed
steady increases up to 2 weeks PN and declined at 12 weeks, with the highest VEGF188
expression at 12 weeks; expression of VEGF-R1 and VEGF-R2 paralleled these trends [27].
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Exposure to 75% O2 at 12 hours after birth for a period of 21 days, however, resulted in
decreased VEGF, VEGFR1, and VEGF-R2 expression in neonatal rat lung tissue [28].

The following studies done using NB mice also tended to show decreased VEGF expression.
Two- to four-day-old mice mechanically ventilated with 40% O2 for 8 hours showed
reduced pulmonary expression of VEGF mRNA after 8 hours while 4–6-day-old mice
similarly mechanically ventilated with 40% O2 for 24 hours showed decreased VEGF
protein [29]. Mokres et al., however, found that 6-day-old mice mechanically ventilated with
40% O2 for 24 hours exhibited no change in lung VEGF-A or VEGF-R1 protein expression
but did show a 50% reduction in lung VEGFR-R2 [30]. Further, Balasubramaniam et al.
showed that 1-day-old neonatal mice exposed to 80% O2 for 10 days yielded decreased lung
VEGF and VEGF-R2 protein [31]. Zimova et al. also showed that hyperoxic injury in NB
mice resulted in decreased VEGF mRNA after 7 days [32].

There have not been many studies conducted using rabbit models but Maniscalco et al.
reported NB rabbit exposure to 100% oxygen. While animals exposed for 4 days had no
change in VEGF mRNA abundance, those exposed for 9 days had an 80% decrease in lung
VEGF expression, which returned to control levels following a 5-day recovery period [3]. In
fact, Watkins et al. demonstrated the differential expression of mRNA splice variants in NB
rabbits exposed to hyperoxic lung injury. After 9 days, levels of VEGF189 decreased while
those of VEGF121 and VEGF165 actually increased. Five days of recovery allowed the return
of all 3 splice variant levels to those of controls [33].

Multiple studies have been done using baboon models and looking at VEGF levels after 7
days PN but the results are inconsistent. Maniscalco et al. [34] used fetal baboons delivered
at 140 days’ gestation (75% of term) ventilated with 100% oxygen for 6 and 10 days and
showed no change in VEGF levels at 6 days but a decrease in VEGF mRNA at 10 days.
Likewise, after 14 days of supplemental oxygen, baboons delivered at 125 days’ gestation
(67% of term) exhibited decreased VEGF mRNA and protein with no difference in splice
variants [4]. VEGF-A and Flt-1 levels were also repressed by premature delivery and
mechanical ventilation in 125-days’ baboons treated for 14 days [35]. In contrast, Asikainen
et al. [36] showed increased VEGF protein after 10–21 days of either 100% O2 or pro re
nata (PRN) exposure in preterm baboons (67% and 75% of term). Interestingly, Tambunting
et al. looked at baboons delivered at 125 and 140 days’ gestation and exposed to 100% O2
for 14 and 10 days, respectively. Both groups exhibited increased VEGF121 mRNA but
decreased VEGF165 and VEGF189 mRNA [37].

SUMMARY OF ANIMAL STUDIES
Animal studies have reported on VEGF protein [20, 30, 31, 36] or both mRNA and protein
[3, 22, 24–26, 28, 29] data. In all the latter group of studies, the VEGF mRNA and protein
measurements were congruent. Studies that only reported VEGF mRNA data [4, 32, 33, 35,
37] appeared to parallel the trends in VEGF changes from other papers. However, the data
points from both mouse and rat studies don't correlate well with each other, mostly because
animals of varying GAs were used. In addition, the baboon studies that showed mRNA data
indicate decreased VEGF in BPD models [34, 37], while those showing protein data indicate
increased VEGF in similar BPD models [36].

Evidently, there are discrepancies concerning the level of VEGF and its receptors in animal
models for neonatal lung disease, which may potentially be explained by considering the
relative lung developmental stage and timing of mRNA and protein measurements. These
studies have been summarized in Table 2. Studies conducted on animals prior to reaching
100% full GA exhibit marked variation in the direction of VEGF change as compared with
controls; however, the graph displays a trend toward decreasing VEGF in those animals
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exposed to hyperoxia who have reached full term and beyond as compared with control
animals of matched GA (Figure 2).

VEGF AS POTENTIAL THERAPY IN HUMANS
Animal data suggests that VEGF may be a potential therapeutic agent to enhance lung
maturation [8, 18], as a potential treatment/preventive approach for human RDS. In a similar
manner, utilizing the hyperoxia-induced animal models of BPD, VEGF directly [25, 38] or
indirectly [39] has been proposed as a potential treatment/preventive approach for human
BPD.

Caution must be exercised for a variety of reasons. First, VEGF has myriad effects including
some potentially life threatening; for example, pulmonary edema and hemorrhage [8, 40].
Second, one would need to be careful about the timing of administration of such a therapy.
Excess VEGF in the early phase of hyperoxia-induced lung injury [8, 41] could potentially
exacerbate the significant side effects.

CONCLUSIONS
VEGF levels in humans tend to be low in the early stages of RDS and low to normal in early
BPD stages. Though VEGF levels tend to increase with time, multiple studies point toward
lower relative levels in infants developing BPD at various chronological points. Bhandari et
al.'s study notably contrasts with some of these trends and suggests a bimodal distribution of
VEGF levels with proportionately higher levels measured within the first 12 hours of life
and by 3–4 weeks PN [8]. To discern the true relative quantity of VEGF right after birth,
before the effects of surfactant replacement have occurred, more studies looking at neonates
within the first hours of life would be helpful.

VEGF and its receptors increase in normal animal lung development [1, 3–5]. Though
animal models are invaluable tools for studying neonatal lung disease, it is important to
clarify the timing of the studies, as the models may not always be akin to what is happening
in human neonates at the specific lung developmental stage. This is evident from the
disparate results obtained, especially from rat and mice studies. Reiteratively, for the human
patient population, we need to consider premature babies who are surfactant deficient and in
the late canalicular/early saccular stage of lung development. Prenatal mouse and rat studies
provide equivalency with premature surfactant-deficient human lungs and these tend to
show decreased levels of VEGF associated with RDS. The few studies that have been
conducted prior to PN4 also show decreased VEGF levels in BPD models [22, 29]. Most
studies go beyond this time point, when the animals are no longer in the saccular stage of
lung development but have entered the alveolar stage, and fail to show consistency in the
results. It also must be noted that the PN murine lung is not surfactant deficient. The above
differences need to be kept in mind when comparing data from animal models to human
neonates. The studies conducted on NB rabbit models for hyperoxia-induced BPD exhibit
the same down regulation of VEGF demonstrated in human studies; however, the results
from baboon studies are less consistent. This may reflect the lack of baboon studies
conducted prior to PN7 as well as the specific VEGF mRNA splice variant measured at
various time points. Importantly, data from equivalent neonatal baboons should come from
those animals delivered around 75% of gestation. Finally, and regarding all animal studies,
if the model data does not seem to match the human data, then the modeling system may not
be appropriate.

Researchers must be cautious about using animal models to make therapeutic decisions for
humans due to existence of some inherent differences in physiology (e.g., surfactant-
sufficiency despite a similar immature lung developmental stage). Importantly, the timing of
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measurement markedly impacts on the results and can explain some discrepant studies.
More data is required before VEGF can be considered as potential therapy in human
premature infants.
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ABBREVIATIONS

BALF Bronchoalveolar Lavage Fluid

BPD Bronchopulmonary dysplasia

ECM Extracellular membrane

GA Gestational age

HIF Hypoxia-inducible factor

IL-1β Interleukin-1 beta

MMP Matrix metalloproteinase

NB Newborn

NO Nitric oxide

PMA Postmenstrual age

PN Postnatal

PRN Pro re nata

RDS Respiratory Distress Syndrome

SP Surfactant protein

TA Tracheal aspirate

TGF-β Transforming growth factor-Beta

TNF-α Tumor necrosis factor-Alpha

uPA u-Plasminogen activator

uPAR u-Plasminogen activator receptor

VEGF Vascular endothelial growth factor

VEGF-R Vascular endothelial growth factor-receptor
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FIGURE 1.
VEGF levels in human infants according to gestational age and stage of lung development.
Data extracted from references [6–8, 12–15]. Key:  = Infants who went on to develop BPD;

 = Infants with RDS;  = Preterm infants without lung disease as compared with control
term infants. The data point in the gray box denotes mRNA. BPD = Bronchopulmonary
dysplasia; RDS = Respiratory Distress Syndrome; VEGF = Vascular endothelial growth
factor.
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FIGURE 2.
VEGF levels in various animal models according to gestational age and stage of lung
development. Data extracted from references [3, 4, 22, 23, 25, 26, 28–33, 35–37]. Key:  =
Baboons exposed to hyperoxia;  = Baboons in room air as compared with control term
animals;  = Rabbits exposed to hyperoxia;  = Rabbits in room air as compared with control
term animals;  = Rats exposed to hyperoxia;  = Mice exposed to hyperoxia. Data points in
gray boxes denote mRNA. VEGF = Vascular endothelial growth factor.
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TABLE 1

Human VEGF Levels at Various Postnatal Time Points

24 hours PN 72 hours PN 4–7 days PN >7 days PN

Increased TA VEGF on day 1 correlated
with lower GA; not correlated with BPD [6]

Decreased TA VEGF
correlated with lower birth
GA; not associated with BPD
[6]

No difference in TA VEGF
[13]

Decreased lung VEGF
associated with BPD [7]

Decreased day 0 TA VEGF predictive of
BPD; no difference in day 1 levels [13]

Decreased TA VEGF
associated with BPD [13]

Decreased TA VEGF
associated with BPD [14]

Increased TA VEGF through
day 28 associated with BPD
[1]

Increased VEGF in first 12 hours associated
with BPD [8]

Higher BALF levels in RDS
and BPD infants, compared to
undetectable levels in
controls [15]

Decreased VEGF in days 3–
5 associated with BPD [8]

Increased VEGF in days 21–
28 associated with BPD [8]

No relationship of BALF levels with GA or
birth weight [15]

Decreased TA VEGF
associated with more severe
RDS [11]

Higher BALF levels in
controls, versus RDS and BPD
by PN10 [15]

Undetectable at birth in BALF [15]

Decreased cord blood VEGF associated
with RDS [12]

BALF = Broncho-alveolar lavage fluid; BPD = Bronchopulmonary dysplasia; PN = postnatal; RA = respiratory distress syndrome, TA = tracheal
aspirate; VEGF = vascular endothelial growth factor.
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