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ABSTRACT: The pathogenesis of idiopathic pulmonary arterial hypertension (PAH) remains

poorly understood. The present authors recently reported that mice with vasoactive intestinal

peptide (VIP) gene disruption show a spontaneous phenotype of PAH, with pulmonary vascular

remodelling and lung inflammation.

To explore the underlying molecular mechanisms in this model, it was examined whether

absence of the VIP gene might alter the expression of additional genes involved in the

pathogenesis of PAH, as single-gene deletions, in the absence of hypoxia, rarely result in

significant pulmonary vascular remodelling.

Lung tissue from mice with targeted disruption of the vasoactive intestinal peptide gene (VIP-/-

mice) and from control mice was subjected to whole-genome gene microarray analysis, and the

results validated with quantitative, real-time PCR. Lungs from VIP-/- mice showed a wide range of

significant gene expression alterations, including overexpression of genes that promote

pulmonary vascular smooth muscle cell proliferation, underexpression of antiproliferative genes

and upregulation of pro-inflammatory genes.

In conclusion, vasoactive intestinal peptide is a pivotal modulator of genes controlling the

pulmonary vasculature, its deficiency alone resulting in gene expression alterations that can

readily explain both the vascular remodelling and associated inflammatory response in

pulmonary arterial hypertension. The present findings shed more light on the molecular

mechanisms of pulmonary arterial hypertension, and could lead to better understanding of the

pathogenesis of human pulmonary arterial hypertension, and hence to improved therapy.

KEYWORDS: Gene expression and regulation, pulmonary hypertension, quantitative PCR, right

heart failure

T
he present authors recently described a
model of pulmonary hypertension in air-
breathing, nonhypoxaemic mice with tar-

geted disruption of the vasoactive intestinal
peptide (VIP) gene (VIP-/- mice) [1]. The pul-
monary vascular abnormalities in these mice,
notably pulmonary vascular smooth muscle and
collagen proliferation, and right ventricular (RV)
hypertrophy are reminiscent of those seen in
idiopathic pulmonary arterial hypertension
(IPAH). There was also evidence of lung inflam-
mation, which may contribute to the pathogen-
esis of IPAH. Both the vascular remodelling and
inflammation were markedly attenuated by VIP
replacement [1]. This mouse model, however,
differs from the human disease in several
respects: 1) pulmonary hypertension is of a

moderate degree; 2) despite often pronounced
medial thickening, intimal proliferation and
plexiform lesions are not observed; and 3) in
contrast to the clinical condition, the mouse
phenotype is more prominently expressed in
males than in females.

The purpose of the present study was to uncover
the molecular mechanisms by which disruption
of the VIP gene could lead to expression of
pulmonary arterial hypertension (PAH), pulmon-
ary vascular remodelling, RV hypertrophy and
lung inflammation. VIP has long been identified
as a pulmonary, as well as systemic, vasodilator,
and is also known to inhibit human pulmonary
arterial smooth muscle cell (PASMC) prolifera-
tion. Its absence, therefore, might be expected to
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predispose to the cardiovascular pathology of pulmonary
hypertension. To the present authors’ knowledge, however, no
other single-gene deletion, especially in the absence of the
added stimulus of chronic hypoxia, has been reported to result
in PAH with significant pulmonary vascular remodelling.
Therefore, it is hypothesised that loss of the VIP gene might
cause major alterations in the expression of multiple genes and
pathways that could explain the development of the PAH
phenotype. To test this hypothesis, lung tissue from VIP-/- and
wild-type (WT) mice was subjected to whole-genome gene
microarray analysis, and the microarray results validated
using quantitative, real-time PCR, with special attention to
genes and pathways known to either promote or modulate
pulmonary vascular remodelling. The current approach has
been advocated as likely to provide insights into the complex
pathogenesis of the disease [2].

MATERIALS AND METHODS

Animals
VIP-/- and control C57BL/6 WT mice were as described [1].
The entire study was approved by the present authors’
institutional animal review committees and was performed
according to the Helsinki Convention for the use and care of
animals.

Agilent whole-genome microarray analysis
Lungs from five male VIP knockout (KO) and five male WT
mice, 20–24-weeks old, were removed from freshly euthanised
animals, immersed in RNAlaterTM (10 mL per 1 mg of tissue;
Ambion, Austin, TX, USA), fresh-frozen in liquid nitrogen and
shipped overnight on dry ice to Superarray Biosciences
(Fredrick, MD, USA). Microarray data were collected at
Superarray Biosciences, using the Whole Mouse Genome
Oligo Microarray Kit with SurePrint technology (4644K slide
format; Agilent Technologies, Palo Alto, CA, USA).

Real-time PCR
The microarray results were validated using quantitative real-
time PCR. RNA was examined from the same lungs subjected
to microarray analysis, i.e. from five KO and five WT mice. The
procedures were carried out and the results were analysed at
Superarray Biosciences. Gene expression data from VIP-/- mice
were quantified relative to data from WT mice, according to
the 2-DDCT method [3]. Differences in fold-change for each gene
were compared pairwise by the two-tailed t-test. Details of the
aforementioned methods can be found in the online supple-
mentary material.

RESULTS

Gene expression alterations
Data obtained from the whole-genome microarray analysis
was filtered with respect to the genes involved in pulmonary
vascular remodelling. All the changes in gene expression
obtained by microarray analysis were validated by quantita-
tive real-time PCR using the lungs of five VIP-/- and five WT
mice (table 1). The results show a wide range of significant
gene expression alterations in VIP-/- mice relative to WT mice.
The alterations fell into three categories, known collectively to
contribute to the PAH phenotype: 1) overexpression of several
key genes associated with pulmonary vasoconstriction and
pulmonary vascular remodelling; 2) underexpression of

dominant vasodilator, antiproliferative genes; and 3) upregu-
lation of inflammatory genes (table 1).

Vasoconstrictor pro-remodelling genes

The expression of genes associated with vascular smooth
muscle cell contraction [4, 5], including myosin light polypep-
tides 1 and 3 (Myl1 and Myl3, with 16.2- and 32.6-fold change,
respectively) and myosin heavy polypeptides 1, 4 and 8 (Myh1,
Myh4 and Myh8, with 331.5-, 294.3- and 37.3-fold change,
respectively) were highly and significantly induced in the
VIP-/- mice, as compared with the WT mice. Genes associated
with smooth muscle cell migration, proliferation and collagen
deposition, including Rho guanosine diphosphate dissociation
inhibitor b (Arhgdib, 1.7-fold change), angiopoietin 1 (Angpt1,
1.7-fold change) [6] and pro-collagen type V alpha1 (Col5a1,
1.3-fold change) [7], were also upregulated slightly but
significantly.

Vasodilator antiremodelling genes

Conversely, genes that constitute the principal lines of defence
against PAH and pulmonary vascular remodelling were
underexpressed relative to WT mice. Together with the VIP
gene (0.01), other genes included: b2-adrenergic receptor
(Adrb2, 0.3); bone morphogenetic protein 2 (BMP2, 0.5),
Smad1 (0.7); guanosine triphosphate (GTP) cyclohydrolase 1
(Gch1, 0.6), the rate-limiting enzyme in the biosynthesis of
tetrahydrobiopterin (BH4) [8], an essential co-factor for the
activity of endothelial nitric oxide (NO) synthase (eNOS or
NOS3); NOS3 itself (0.5), a pivotal regulator of vascular
integrity [9]; prostacyclin synthase (Ptgis, 0.6) [10]; and
vascular endothelial growth factor C (Vegfc, 0.6) [11]. Other
related underexpressed genes included: apolipoprotein E
(Apoe, 0.5), which neutralises platelet-derived growth factor
signalling [12], both of which are also deficient in IPAH
patients.

Inflammatory genes

Genes of several inflammatory cytokines and chemokines,
often linked to vascular remodelling [13, 14], were upregu-
lated. These included: members of the tumour necrosis factor
(TNF) receptor superfamily (Tnfrsf13c and Tnfrsf19, 2.4- and
2.2-fold change); C-C motif chemokine receptors (Ccr6, 4.6-fold
change); and mast cell protease 8 (Mcpt8, 6.8-fold change),
which also has angiotensin-forming activity [15]. These gene
expression alterations are supported by measurements of
inflammatory cytokines, chemokines, immunoglobulin E and
proteases in bronchoalveolar lavage fluid, and cellular infil-
trates in lung sections [16].

Additional gene expression changes noted on microarray
analysis but not yet confirmed by real-time PCR included the
following. 1) From the vasoconstrictor pro-remodelling genes
group: upregulation of Rho GTPase-activating proteins
(Arhgap) [17]; endothelin receptor A (Ednra) [18]; platelet-
derived growth factor b polypeptide (Pdgfb); and platelet-
derived growth factor receptor b polypeptide (Pdgfrb) [19].
2) From the vasodilator antiremodelling genes group: down-
regulation of potassium voltage-gated channels [20]. 3) From
the inflammatory genes group: upregulation of interleukin
(IL)-1a, IL-1b and IL-6, and nuclear factor of activated T-cells
(Nfatc2). Failure to confirm these changes by real-time PCR
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may be because the pathway alterations occur at the transla-
tional level, or additional stimuli, such as hypoxia, are needed in
addition to loss of VIP gene to elicit the changes at the gene level.

DISCUSSION
The results clearly show that disruption of the VIP gene elicits
a dramatic set of significant gene expression alterations,
relative to WT mice. These alterations comprise the three
groups known collectively to be responsible for the PAH
phenotype, namely: 1) overexpression of genes associated with
pulmonary vasoconstriction and pulmonary vascular remodel-
ling; 2) underexpression of vasodilator, antiproliferative genes;
and 3) upregulation of inflammatory genes.

As the whole lung rather than microdissected pulmonary
arteries were examined, it is possible that the changes in gene
expression reflected both vascular and nonvascular alterations
in VIP-/- mice. Nevertheless, the striking similarities between
gene expression changes in VIP-/- mice and those reported in
IPAH (and corresponding proteomic measurements), further

validate the VIP-/- mouse model as one that is closely related to
the human disease, and is therefore suitable for exploring the
complex mechanisms underlying this disorder.

From the present results, VIP emerges as a dominant
modulator of pulmonary vascular remodelling, its absence
alone being sufficient to cause such extensive gene expression
alterations as to result in a reasonable facsimile of the PAH
phenotype: RV systolic pressure 29.5¡1.0 versus
16.3¡2.2 cmH2O (p,0.001), with RV hypertrophy and con-
siderable pulmonary vascular smooth muscle proliferation [1].
VIP exerts many of the actions highlighted by deletion of its
gene, including: 1) increased generation of cyclic adenosine
monophosphate (cAMP) and resultant protein kinase (PK)A
activation; 2) enhancement of NOS3 activity and NO produc-
tion via activation of BH4 [21], and hence of guanylate cyclase
activity; 3) neutralisation of the contractile effect of endothelin
on pulmonary arterial segments and abrogation of the
heightened expression of lung endothelin receptors A and B
during hypoxia [22]; 4) suppression of PASMC proliferation by

TABLE 1 Gene expression data in mice with targeted disruption of the vasoactive intestinal peptide (VIP-/- mice) relative to wild-
type (WT) mice#

Gene Symbol Microarray Real-time PCR

Change VIP-/-/WT p-value" Change VIP-/-/WT p-value"

Vasoconstrictor pro-remodel-

ling genes

Myosin heavy polypeptide 1 Myh1 q 224.9 0.0037 q 331.5 0.0003

Myosin heavy polypeptide 4 Myh4 q 29.4 0.0052 q 294.3 0.0007

Myosin heavy polypeptide 8 Myh8 q 44.3 0.0320 q 37.3 0.0020

Myosin light polypeptide 3 Myl3 q 30.1 0.0051 q 32.6 0.0011

Myosin light polypeptide 1 Myl1 q 21.2 0.0003 q 16.2 0.0005

Angiopoetin 1 Angpt1 NC 1.0 0.8864 q 1.6 0.0262

Pro-collagen type V alpha1 Col5a1 q 1.16 0.2619 q 1.3 0.0562

Rho GDI beta Arhgdib q 1.5 0.0152 q 1.7 0.0499

Vasodilator antiremodelling

genes

Vasoactive intestinal polypep-

tide
Vip Q 0.04 0.0012 Q 0.01 0.0000

b2-Adrenergic receptor Adrb2 Q 0.4 0.0392 Q 0.3 0.0006

Apolipoprotein E Apoe Q 0.8 0.0112 Q 0.5 0.0043

Bone morphogenetic protein 2 Bmp2 Q 0.9 0.0740 Q 0.5 0.0099

NO synthase 3 endothelial cell Nos3 Q 0.6 0.0169 Q 0.5 0.0189

GTP cyclohydrolase 1 Gch1 Q 0.8 0.0295 Q 0.6 0.0056

Prostaglandin I2+ synthase Ptgis Q 0.8 0.1020 Q 0.6 0.0050

Vascular endothelial growth

factor C
Vegfc Q 0.6 0.0465 Q 0.6 0.0217

MAD homolog 11 Smad1 Q 0.8 0.0208 Q 0.7 0.0670

Inflammatory genes

C-C motif chemokine receptor 6 Ccr6 q 2.5 0.0041 q 4.6 0.0033

Mast cell protease 8 Mcpt8 q 7.03 0.1965 q 6.8 0.0144

TNF superfamily member 13c Tnfrsf13c q 1.9 0.0177 q 2.4 0.0156

TNF superfamily member 19 Tnfrsf19 q 1.5 0.0299 q 2.2 0.0523

GDI: guanine nucleoticle dissociation inhibitor; NO: nitric oxide; GTP: guanosine triphosphate; TNF: tumour necrosis factor. #: changes in gene expression, first noted in

microarray analysis, were later confirmed by real-time PCR. The degree of overexpression is indicated by x-fold change, underexpression as a fraction of that in WT

control. ": unpaired two-tailed t-test; +: prostacyclin; 1: Drosophila.
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direct action in vitro [23]; and 5) inhibition of smooth muscle
cell migration via cAMP-dependent PKA activation of Apoe.
Thus, largely through its combined activation of the adenylate
cyclase/cAMP and guanylate cyclase/cyclic guanosine mono-
phosphate pathways, VIP normally creates a set of comple-
mentary and powerful antiremodelling defence mechanisms in
pulmonary vessels.

In addition to its vascular effects, VIP has a number of
important anti-inflammatory effects, including: 1) modulation
of T-cell proliferation and activation; 2) inhibition of nuclear
factor-kB activation; 3) suppression of pro-inflammatory
cytokines TNF-a, IL-6, IL-12, IL-18, chemokine regulated on
activation, normal T-cell expressed and secreted (RANTES),
and inducible NOS; and 4) upregulation of anti-inflammatory
IL-10 [24].

The inflammatory component of PAH pathology in VIP-/- mice
parallels that observed in human PAH. Convincing evidence
exists for various manifestations of lung inflammation in PAH,
particularly in certain forms of the disorder, but the possible
relationship of inflammation to the vascular remodelling
remains uncertain [13, 14]. The co-existence of inflammation
and vascular lesions in the present experimental model
suggests that both pathological processes could have a
common pathogenetic basis.

Finally, while the present results strongly suggest a pivotal role
for the vasoactive intestinal peptide gene as a regulator of both
smooth muscle function and inflammation, vasoactive intest-
inal peptide may share this position of dominance with
another ‘‘master regulator’’: the nuclear factor of activated T-
cells. This transcription factor can trigger both inflammatory
and vascular smooth muscle cell proliferation pathways, and
its activation has recently been invoked as the principal
mechanism of chronic hypoxia-induced pulmonary arterial
remodelling [25] and many of the findings in idiopathic
pulmonary hypertension [26]. Therefore, it is tempting to
speculate that vasoactive intestinal peptide may exert its broad
modulator influence, at least in part, by inhibiting the
activation of the nuclear factor of activated T-cells. Evidence
for such inhibition, in another context, has been reported
previously [27].
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