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Asthma and pulmonary arterial hypertension:

do they share a key mechanism of

pathogenesis?
S.I. Said*,#, S.A. Hamidi*,# and L. Gonzalez Bosc"

ABSTRACT: Although largely distinct and seemingly unrelated, asthma and pulmonary arterial

hypertension (PAH) have important pathological features in common, including inflammation,

smooth muscle contraction and remodelling.

We hypothesised that these common features could be explained by one shared mechanism of

pathogenesis: activation of the transcription factor NFAT (nuclear factor of activated T-cells). If

this concept is validated, it could lead to the introduction of novel therapeutic strategies against

both lung disorders.

In several experimental models, airway remodelling is accompanied by remodelling of smaller

pulmonary arteries, validating the hypothesis of their similar pathogenesis. In addition, lungs of

vasoactive intestinal peptide (VIP) knockout mice express airway hyperresponsiveness with

airway inflammation and PAH with vascular remodelling, with both sets of pathological findings

being reversible with VIP treatment. Preliminary data suggest that absence of the VIP gene leads

to activation of the calcineurin–NFAT pathway, and that VIP is probably a physiological inhibitor of

this pathway.

Enough evidence exists to support the views that asthma and PAH share important pathological

features, probably related to NFAT activation, and that VIP may be a physiological modulator of

this mechanism.
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A
sthma, a disease of the airways, and
pulmonary arterial hypertension (PAH),
a disease of the pulmonary circulation,

have markedly different clinical presentations.
On closer examination, however, the two dis-
eases can be shown to share several key
pathological features.

Asthma is a multifaceted disease characterised by
airway hyperresponsiveness (AHR), airway
inflammation and varying degrees of smooth
muscle cell proliferation termed airway remodel-
ling [1–7]. Research has often focused on one or
another of the component elements of the
asthmatic response, and corresponding therapeu-
tic initiatives have been proposed with varying
degrees of success. However, the disease con-
tinues to present challenges to physicians and
investigators alike. The very complexity of the
disease has stimulated the search for more
comprehensive answers, and even prompted

the question: can a single basic mechanism be at
the root of the major features of asthma? Herein,
we review evidence for the existence of such a
mechanism, one that might also help explain the
basic pathological processes of PAH.

COMMON PATHOLOGICAL FEATURES IN
ASTHMA AND PAH
Both asthma and PAH exhibit three major patho-
logical features: inflammation, smooth muscle
constriction, and smooth muscle cell proliferation.

Inflammation has long been acknowledged as a
cardinal feature of the asthmatic response [1, 7, 8],
and has been gaining increasing recognition as a
significant component of clinical and experimental
PAH phenotypes [9]. In both diseases there is
increased resistance in, and narrowing of, airways
and pulmonary arteries, respectively, due to
airway and pulmonary vasoconstriction [10],
smooth muscle constriction, and thickening of
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the walls caused by smooth muscle and other cell proliferation
known as remodelling. Muscularisation and remodelling of
smaller pulmonary arteries are essential pathological lesions in
PAH [11, 12]. Asthmatic airway inflammation causes tissue
injury and related structural changes that may lead to airway
remodelling, as described in humans and in experimental
models in mice and rats [13–20]. Remodelling includes an
increase in airway wall thickness, fibrosis, smooth muscle mass
and vascularity, as well as abnormalities in extracellular matrix
composition [17, 21]. Recent reviews have addressed the
molecular mechanisms, consequences and significance of air-
way remodelling, along with its lack of responsiveness to
current pharmacological therapy [5–7, 22–25].

These shared pathological features between asthma and PAH
are unlikely to be strictly coincidental. Rather, they probably
reflect a single underlying mechanism that is common to both
diseases. Compelling evidence points to one particular
transcription factor as playing a key role in this mechanism.

CALCINEURIN–NUCLEAR FACTOR OF ACTIVATED T-
CELLS SIGNALLING
Transcription factors of the NFAT (nuclear factor of activated
T-cells) family are master regulators of immune responses, as
well as of gene expression in a host of tissues and organs,
including smooth muscle (fig. 1). Four of the NFAT proteins
(NFATc1, NFATc2, NFATc3 and NFATc4) are normally
cytoplasmic, i.e. inactive. However, upon dephosphorylation
by the Ca2+-responsive phosphatase calcineurin, the proteins
are activated and translocated to the nucleus. Activated NFAT
exerts its multiple regulatory actions by forming co-operative
complexes with other transcription factors, including the
activator protein-1 family of proteins [26].

THE ROLE OF NFAT ACTIVATION IN THE
PATHOGENESIS OF INFLAMMATORY AND
IMMUNOLOGICAL DISORDERS
NFAT proteins are expressed on T-cells and other classes of
immune system cells, such as B-cells, mast cells, eosinophils and
natural killer cells. NFAT proteins are activated by stimulation
of Gq-coupled receptors coupled to Ca2+ mobilisation, such as
antigen receptors on T- and B-cells, and receptors on other cells.
NFAT transcription factors are key regulators of inducible gene
transcription during the immune response. NFAT activation can
also promote smooth muscle cell proliferation and, thus,
contribute to the proliferative reaction in airway remodelling.

EVIDENCE LINKING NFAT ACTIVATION DIRECTLY TO
ASTHMA PATHOGENESIS
In a model of allergic airway inflammation, transgenic mice
expressing dominant-negative NFAT mutant exclusively in T-
cells showed reduced antigen-specific T-helper (Th)2 antibody
levels and interleukin (IL)-4 production by CD4+ T-cells.
Furthermore, accumulation of eosinophils in bronchoalveolar
lavage fluid was delayed and the mice were more resistant to the
development of allergen-induced lung pathology [27]. NFAT
proteins play a central role in the transcriptional regulation of IL-
13 in mast cells and Th2 cells, and IL-13 is both necessary and
sufficient for experimental models of asthma [28]. NFAT
blockade by in vivo transfection of an NFAT decoy precluded
Th2 cytokine expression and AHR in experimental mouse asthma
[29]. Pathophysiological features of asthma expressed in mice

lacking the vasoactive intestinal peptide (VIP) gene are associated
with, and attributable to, NFAT activation.

NFAT ACTIVATION IN THE PATHOGENESIS OF PAH
NFAT activation has been identified in experimental models of
PAH, and in one clinical form of the disease, idiopathic PAH
(IPAH). DE FRUTOS et al. [30] presented evidence that NFATc3
activation mediates chronic hypoxia-induced pulmonary vas-
cular hypertrophy and remodelling in mice, with a-actin
upregulation. KOULMANN, et al. [31] demonstrated the critical
role of calcineurin activation in the production of hypoxia-
induced PAH and right ventricular hypertrophy in rats. Both
pathological findings were fully prevented by treatment with
calcineurin inhibitor cyclosporin A. NFATc2 activation has been
demonstrated in small- and medium-sized pulmonary arteries
of rats with monocrotaline-induced PAH [32]. Cyclosporin A
reversed PAH in vivo and reversed several features of the PAH
phenotype of pulmonary arterial smooth muscle cells
(PASMCs), including decreased voltage gated K+ (KV) current
and KV1.5 expression [32]. Similarly, in IPAH patients, NFATc2
was activated in PASMCs, lung and T-lymphocytes. Inhibition
of NFATc2 decreased PASMC proliferation and increased
apoptosis in vitro [32]. Selective inhibition of calcineurin–
NFAT signalling in the lungs of VIP-/- mice attenuated the
pathological changes of PAH (as well as of asthma) in these
mice, and PASMCs showed predominant nuclear localisation,
i.e. activation of NFATc (unpublished data).

COMBINED FEATURES OF ASTHMA AND PAH IN THE
SAME EXPERIMENTAL MODELS
If the same molecular mechanism underlies the pathogenesis
of both asthma and PAH, we might expect that, at least in some
instances, both airway and vascular pathology might be
expressed concomitantly in the same lung.

We first observed this combined pathology in mice lacking the
VIP gene. As reported earlier, such mice simultaneously
express AHR with airway inflammation, together with PAH,
pulmonary vascular remodelling and perivascular inflamma-
tion (fig. 2). Treatment of the mice with VIP reversed both sets
of phenotypic changes, confirming that they result from the
absence of the VIP gene [33, 34].

In a model of Th2 immune response, C57BL/6 mice developed
severe pulmonary arterial remodelling after immunisation and
prolonged intermittent exposure to intranasal Aspergillus
fumigatus [35]. Despite the vascular remodelling there was no
significant increase in pulmonary arterial pressure. This
unexplained discrepancy raises the possibility that some
asthmatics, such as these mice, might have unrecognised
pulmonary vascular remodelling.

Female BALB/C mice that were sensitised and repeatedly
challenged with ovalbumin developed remodelling of bronchi,
as well as inflammation and remodelling of pulmonary
vessels, both adjacent to [36] and some distance from allergen-
exposed bronchi [37]. There were notable similarities between
the remodelling of airways and pulmonary vessels with regard
to increases in smooth muscle mass, collagen synthesis and
proliferation.

Vascular remodelling was also observed in the same strain of
mice, following chronic exposure to house dust mite, a model
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that induces persistent airway inflammation consistent with
that seen in human asthmatics [38].

As convincing as these observations are, they need to be shown
to apply to human asthmatics as well as to mice [39]. There
have been only isolated reports of pulmonary vascular
pathology in asthmatics. In a group of six subjects who died
during an asthmatic attack, smaller pulmonary arteries
showed ‘‘an important inflammatory process’’ in their walls,
but normal medial and intimal thickness [40]. Another study
reported abnormalities in bronchial arteries in the lungs of
asthmatics, but comparable changes in pulmonary arteries
were not described [41].

DEVELOPMENTAL RELATIONSHIPS OF AIRWAY AND
PULMONARY VASCULAR SMOOTH MUSCLE
The close relationship between the responses of airway and
pulmonary vascular smooth muscle cells in the pathological
settings of bronchial asthma and PAH, respectively, begins
during embryological development of the lung. Thus, pulmon-
ary vascular smooth muscle originates partly from migration
of adjacent airway smooth muscle cells and from surrounding
undifferentiated mesenchymal cells [42]. As in remodelling,
smooth muscle development and proliferation are controlled
by the same or similar signalling molecules, including
glycogen synthase kinase-3/b-catenin and the Wnt family
[43–47]. Although the signals that stimulate their formation
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FIGURE 1. The calcineurin–NFAT (nuclear factor of activated T-cells) pathway and its possible regulation by vasoactive intestinal peptide (VIP). In resting cells, NFAT

resides in the cytoplasm, where it is maintained in a phosphorylated, inactive state. Stimulation of cell-surface receptors coupled to phospholipase C (PLC) results in calcium

mobilisation, initially from intracellular stores, followed by influx of Ca2+ through specialised voltage-dependent Ca2+ channels (VDCC) and Ca2+ release-activated Ca2+

channels (CRAC). Upon activation by Ca2+, the phosphatase calcineurin dephosphorylates NFAT, triggering its activation and nuclear translocation. In the nucleus, NFAT

interacts with other transcription factors, including activator protein (AP)-1, to stimulate gene expression. When NFAT is re-phosphorylated it is exported back to the

cytoplasm. The immunosuppressive drug cyclosporin A inhibits calcineurin interactions with all its substrates, whereas VIVIT selectively inhibits NFAT activation. VIP appears

to inhibit this pathway, but its mechanism of action has yet to be determined. IP3: inositol-1,4,5-triphosphate. Modified from [26].
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may be distinct, airway and vascular smooth muscle cells are
sufficiently alike to raise the question as to whether they can be
differentiated from one another [48].

IS VIP A PHYSIOLOGICAL MODULATOR OF NFAT
ACTIVATION?
In addition to highlighting shared pathological features and a
probable mechanism of pathogenesis between bronchial asthma
and PAH, the findings presented herein suggest an important
physiological interaction between VIP and calcineurin–NFAT
signalling. 1) Lack of the VIP gene results in two phenotypes
attributable to NFAT activation: asthma and PAH (fig. 2). 2)
Replacement therapy with VIP reverses both phenotypes. 3) The
therapeutic effect of VIP in VIP-/- mice duplicates that of the
VIVIT peptide [49], a selective calcineurin/NFAT pathway
inhibitor. 4) These findings suggest that lack of the VIP gene
results in NFAT activation [50]. 5) Preliminary studies indicate
that VIP directly inhibits NFAT activation in transfected cells
(unpublished data). 6) Taken together, these results strongly
point to VIP as a negative regulator of calcineurin/NFAT
signalling. 7) If confirmed, such a role for VIP could imply that it
serves as a physiological defence against bronchial asthma and
PAH. 8) As an anti-proliferative, anti-inflammatory agent, the
peptide would also have a clear therapeutic potential in asthma
and PAH, as well as in autoimmune disorders and as a less toxic
substitute for cyclosporin against organ transplant rejection.

CONCLUSIONS
Although largely distinct and seemingly unrelated diseases,
asthma and PAH have important pathological features in
common, including inflammation, smooth muscle contraction
and remodelling. These common features, although often
unequally manifested in the two disorders, can be explained
by one shared pathogenetic mechanism: activation of transcrip-
tion factor NFAT. If this concept is validated, it could lead to the
introduction of novel, more effective therapeutic strategies
against both lung disorders, and possibly others. Although
particularly notable in ‘‘severe asthma’’, varying degrees of
airway remodelling occur in human asthmatics [2, 24], and in a
variety of experimental models of the disease in rodents. In at
least some of these models, remodelling of the airways is
accompanied by remodelling of smaller pulmonary arteries,
validating the hypothesis of their similar pathogenesis. VIP

emerges as a probable physiological inhibitor of the calcineurin–
NFAT pathway, which explains why deletion of the VIP gene
results in expression of both the asthma and PAH phenotypes
[33, 34]. As a modulator of calcineurin–NFAT signalling, VIP
would be expected to be beneficial in both asthma and PAH [50].
The peptide has shown airway-relaxant, anti-inflammatory and
anti-proliferative actions on human airway smooth muscle cells,
but no major clinical trials of VIP or related peptides have been
reported in asthmatics [51]. Administered by inhalation, VIP
treatment resulted in remarkable improvement in pulmonary
haemodynamics and exercise tolerance in IPAH patients [52].
Confirmation of the effectiveness of VIP in suppressing
calcineurin–NFAT signalling would have additional favourable
therapeutic implications, particularly as a safer alternative to
cyclosporin A in preventing organ transplant rejection.

SUPPORT STATEMENT
S.I. Said and L. Gonzalez Bosc were supported by National Institutes of
Health grants HL-70212 and HL-88151, respectively. The study was
supported by the Dept of Veterans Affairs Medical Center (Northport,
NY, USA).

STATEMENT OF INTEREST
None declared.

REFERENCES
1 Bousquet J, Jeffery PK, Busse WW, et al. Asthma. From

bronchoconstriction to airways inflammation and remodeling.
Am J Respir Crit Care Med 2000; 161: 1720–1745.

2 Benayoun L, Druilhe A, Dombret MC, et al. Airway structural
alterations selectively associated with severe asthma. Am J Respir
Crit Care Med 2003; 167: 1360–1368.

3 Cohn L, Elias JA, Chupp GL. Asthma: mechanisms of disease
persistence and progression. Annu Rev Immunol 2004; 22: 789–815.

4 Pascual RM, Peters SP. Airway remodeling contributes to the
progressive loss of lung function in asthma: an overview. J Allergy

Clin Immunol 2005; 116: 477–486.
5 Boulet LP, Sterk PJ. Airway remodelling: the future. Eur Respir J

2007; 30: 831–834.
6 Mauad T, Bel EH, Sterk PJ. Asthma therapy and airway

remodeling. J Allergy Clin Immunol 2007; 120: 997–1009.
7 Broide DH. Immunologic and inflammatory mechanisms that

drive asthma progression to remodeling. J Allergy Clin Immunol
2008; 121: 560–570.

b) c)a)

FIGURE 2. Haematoxylin and eosin lung sections from a) wild-type mice, b) vasoactive intestinal peptide (VIP)-/- mice and c) VIP-/- mice treated with VIP. Compared with

lungs from controls, wild-type mice and lungs from VIP-/- mice showed peribronchiolar and perivascular lymphocytic and eosinophilic infiltrates, and marked medial

thickening of smaller pulmonary arteries. After treatment with VIP (15 mg intraperitoneal every other day for 4 weeks for a total of 14 injections) both vascular thickening and

inflammation were almost totally abolished. Scale bars525 mm.

S.I. SAID ET AL. PERSPECTIVE

c
EUROPEAN RESPIRATORY JOURNAL VOLUME 35 NUMBER 4 733



8 Ray A, Cohn L. Th2 cells and GATA-3 in asthma: new insights into
the regulation of airway inflammation. J Clin Invest 1999; 104:
985–993.

9 Dorfmüller P, Perros F, Balabanian K, et al. Inflammation in
pulmonary arterial hypertension. Eur Respir J 2003; 22: 358–363.

10 Oka M, Homma N, Taraseviciene-Stewart L, et al. Rho kinase-
mediated vasoconstriction is important in severe occlusive pul-
monary arterial hypertension in rats. Circ Res 2007; 100: 923–929.

11 Voelkel NF, Tuder RM. Cellular and molecular mechanisms in the
pathogenesis of severe pulmonary hypertension. Eur Respir J 1995;
8: 2129–2138.

12 Rabinovitch M. Pathobiology of pulmonary hypertension. Annu
Rev Pathol 2007; 2: 369–399.

13 Salmon M, Walsh DA, Koto H, et al. Repeated allergen exposure of
sensitized Brown-Norway rats induces airway cell DNA synthesis
and remodelling. Eur Respir J 1999; 14: 633–641.

14 Henderson WR Jr, Tang LO, Chu SJ, et al. A role for cysteinyl
leukotrienes in airway remodeling in a mouse asthma model. Am J

Respir Crit Care Med 2002; 165: 108–116.
15 Leigh R, Ellis R, Wattie J, et al. Dysfunction and remodeling of the

mouse airway persist after resolution of acute allergen-induced
airway inflammation. Am J Respir Cell Mol Biol 2002; 27: 526–535.

16 Woodruff PG, Dolganov GM, Ferrando RE, et al. Hyperplasia of
smooth muscle in mild to moderate asthma without changes in
cell size or gene expression. Am J Respir Crit Care Med 2004; 169:
1001–1006.

17 Homer RJ, Elias JA. Airway remodeling in asthma: therapeutic
implications of mechanisms. Physiology (Bethesda) 2005; 20: 28–35.

18 McMillan SJ, Xanthou G, Lloyd CM. Manipulation of allergen-
induced airway remodeling by treatment with anti-TGF-b anti-
body: effect on the Smad signaling pathway. J Immunol 2005; 174:
5774–5780.

19 Henderson WR Jr, Chiang GK, Tien YT, et al. Reversal of allergen-
induced airway remodeling by CysLT1 receptor blockade. Am J

Respir Crit Care Med 2006; 173: 718–728.
20 Lloyd CM, Robinson DS. Allergen-induced airway remodelling.

Eur Respir J 2007; 29: 1020–1032.
21 Elias JA, Zhu Z, Chupp G, et al. Airway remodeling in asthma. J

Clin Invest 1999; 104: 1001–1006.
22 Panettieri RA Jr. Cellular and molecular mechanisms regulating

airway smooth muscle proliferation and cell adhesion molecule
expression. Am J Respir Crit Care Med 1998; 158: S133–S140.

23 Fahy JV, Corry DB, Boushey HA. Airway inflammation and
remodeling in asthma. Curr Opin Pulm Med 2000; 6: 15–20.

24 Ammit AJ, Panettieri RA Jr. Airway smooth muscle cell
hyperplasia: a therapeutic target in airway remodeling in asthma?
Prog Cell Cycle Res 2003; 5: 49–57.

25 Fixman ED, Stewart A, Martin JG. Basic mechanisms of develop-
ment of airway structural changes in asthma. Eur Respir J 2007; 29:
379–389.

26 Kiani A, Rao A, Aramburu J. Manipulating immune responses
with immunosuppressive agents that target NFAT. Immunity 2000;
12: 359–372.

27 Diehl S, Krahl T, Rinaldi L, et al. Inhibition of NFAT specifically in
T cells prevents allergic pulmonary inflammation. J Immunol 2004;
172: 3597–3603.

28 Monticelli S, Solymar DC, Rao A. Role of NFAT proteins in IL13
gene transcription in mast cells. J Biol Chem 2004; 279: 36210–36218.

29 Nakamura Y, Yamauchi K, Inoue H. Novel ribbon-Type NF-AT
decoy oligodeoxynucleotides preclude Th2 cytokines expression
and airways hyperreactivity in experimental asthma. J Allergy Clin

Immunol 2006; 117: S245–S245.
30 de Frutos S, Spangler R, Alo D, et al. NFATc3 mediates chronic

hypoxia-induced pulmonary arterial remodeling with alpha-actin
up-regulation. J Biol Chem 2007; 282: 15081–15089.

31 Koulmann N, Novel-Chate V, Peinnequin A, et al. Cyclosporin A
inhibits hypoxia-induced pulmonary hypertension and right
ventricle hypertrophy. Am J Respir Crit Care Med 2006; 174: 699–705.

32 Bonnet S, Rochefort G, Sutendra G, et al. The nuclear factor of
activated T cells in pulmonary arterial hypertension can be
therapeutically targeted. Proc Natl Acad Sci USA 2007; 104:
11418–11423.

33 Said SI, Hamidi SA, Dickman KG, et al. Moderate pulmonary
arterial hypertension in male mice lacking the vasoactive intestinal
peptide gene. Circulation 2007; 115: 1260–1268.

34 Szema AM, Hamidi SA, Lyubsky S, et al. Mice lacking the VIP
gene show airway hyperresponsiveness and airway inflammation,
partially reversible by VIP. Am J Physiol Lung Cell Mol Physiol 2006;
291: L880–L886.

35 Daley E, Emson C, Guignabert C, et al. Pulmonary arterial
remodeling induced by a Th2 immune response. J Exp Med 2008;
205: 361–372.
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