
Introduction
The typical pathological findings in patients with pri-
mary pulmonary hypertension (PPH) are confined to
the right heart and lung. The disease is uncommon;
its prognosis is usually fatal. Pathological examina-
tion of the pulmonary arteries of PPH patients reveal
impairment of vascular and endothelial homeostasis
that is evidenced from a reduced synthesis of prosta-
cyclin and NO (1, 2) and an increased production of
thromboxane and endothelin-1 (1, 3). Prostacyclin
and its analogues are potent vasodilators and
inhibitors of both platelet aggregation and smooth
muscle cell proliferation (4, 5) and are presently being
applied for the treatment of PPH (6, 7). Pharmaco-
logically, however, most prostanoids are unstable, an
aspect that limits their efficacy, especially when given
continuously. Thus, an alternative approach to the
management of PPH might be the application of

another potent vasodilator with more favorable phar-
macokinetic and pharmacodynamic features.

Among the various hormones of the human body,
the vasoactive intestinal peptide (VIP) shows striking
pharmacological characteristics that might be worthy
of testing for its ability in combating PPH. Hence, we
hypothesized that VIP may play a role in the pathogen-
esis of PPH and could be used as a treatment for the
disease. VIP belongs to the glucagon-growth hor-
mone–releasing factor secretion superfamily. The
sequence has been remarkably well conserved during
the evolution from protochordates to mammals, sug-
gesting an important biological function. VIP consists
of 28 amino acids with a molecular weight of 3,326 Da;
it has been described as a neuroendocrine mediator
with an important role in the water and electrolyte
secretion in the gut (8, 9). In addition, VIP acts as a
potent systemic vasodilator and decreases pulmonary
artery pressure and pulmonary vascular resistance in
monocrotaline-induced pulmonary hypertensive rab-
bits (10) and in healthy individuals (11–13); it inhibits
platelet activation (14) and vascular smooth muscle cell
proliferation (15). Recently, VIP has been shown to pre-
vent experimentally induced arthritis in mice (16).
These biological effects are mediated by specific VIP
receptors (VPAC-1 and VPAC-2) expressed on the cell
surface membrane of normal and various neoplastic
tissues (17, 18). The presence of VPAC receptors has
been shown on airway epithelia, on macrophages 
surrounding capillaries, and in the subintima of 
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pulmonary arteries and veins (19, 20). Stimulation of
VPAC receptors leads to the activation of the cAMP and
cGMP system. Analogously, cAMP- and cGMP-depend-
ent pathways have been shown to mediate the action of
prostacyclins, NO, and phosphodiesterase inhibitors in
the treatment of pulmonary hypertension (5, 21).

Here were present preclinical and preliminary clinical
data suggesting that PPH may be associated with a VIP
deficiency in serum and lung tissue.

Methods
Scintigraphic imaging and analysis. The 123I-VIP distribution
was recorded following intravenous injection in four
healthy individuals according to a standard protocol (18).

Serum VIP, tissue sampling, and cell culture. VIP serum
concentration was determined by radioimmunoassay
(123I-VIP RIA; Immuno-Biological Laboratories, Ham-
burg, Germany), with a detection threshold at 10 pg/ml.
We determined the VIP serum concentration in 45
healthy controls, in eight PPH clinical study patients,
and in an additional four patients with PPH who did
not meet the inclusion criteria for the clinical study. The
latter four patients were on prostacyclin therapy and
were, therefore, excluded from the VIP trial. Addition-
ally, 45 patients suffering from pancreatic cancer served
as positive controls. A previous investigation had report-
ed a relative instability of VIP following drawing of
blood (22); we therefore treated the patients’ sera with
trasylol to prevent degradation of the peptide.

For immunostaining, tissue was obtained from 12
patients subjected to lobectomy, without PPH and
asthma, and 12 PPH patients from the archive. Tissue
donation was regulated by the national ethical com-
mittee and national law.

For Western and Northern blot receptor analysis we
used cultured pulmonary artery smooth muscle cells
(PASMCs) obtained from five PPH patients undergo-
ing lung transplantation and five lung tumor control
patients. Lung lobes were dissected and peripheral
arteries (diameter 1 mm) digested in HBSS containing
2.0 mg/ml collagenase in RPMI culture medium for 10
min (Sigma-Aldrich Handels GmbH, Vienna, Austria).
The adventitia and endothelium were removed, the
remaining media containing 2.0 mg/ml collagenase,
1.0 mg/ml elastase, and 1.0 mg/ml BSA (Sigma-
Aldrich, St Louis, Missouri, USA) was digested at 37°C.

The cells were then resuspended in Sm-BM medium
(Clonetics, Rockland, California, USA) with 10% FCS
(PAA, Linz, Austria), 100 U/ml penicillin (PAA), and
100µg/ml streptomycin (PAA), and seeded into culture
flasks. Following fixation in ice-cold methanol, identi-
fication of the cells was done by immunostaining for
vascular smooth muscle α-actin (Sigma A2547; Sigma-
Aldrich Handels GmbH). Preparations with more than
90% PASMCs were used for experiments.

Immunohistochemistry for VIP protein and VIP receptors.
Rehydrated paraffin sections were stained for VIP and
VIP receptors. Following antigen retrieval in 5 mM
EDTA/PBS (pH 8) for 60 min at 95°C and unspecific
protein blocking in 5% BSA, 0.3% Tween-20 (Merck,
Darmstadt, Germany), and 0.3% Triton-X 100, the sec-
tions were either incubated with rabbit anti-VIP Ab’s
(INCSTAR Corp., Stillwater, Minnesota, USA) diluted
1:750 in commercially available Ab diluent (DAKO A/S,
Glostrup, Denmark) for 17 h, or with mouse anti–VPAC-
1 immunoglobulins (Exalpha Biologicals, Boston, Mass-
achusetts, USA) diluted 1:200 in Ab diluent, or with
mouse anti–VPAC-2 immunoglobulins (Exalpha Bio-
logicals) diluted 1:100 for 16 h at 4°C. Binding sites were
visualized with biotinylated secondary Ab’s (DAKO
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Table 1
Baseline characteristics of the patients

No. Age (yr) Sex NYHA class Weight (kg) Diagnosis Previous or concomitant treatment Time since diagnosis (mo)

1 47 F IV 61 PPH Diuretics, antithrombotic agents 18
2 33 F III 58 PPH Antithrombotic agents 6
3 60 F IV 70 PPH Diuretics, antithrombotic agents, Ca-channel blockers 24
4 52 M III 78 PPH Antithrombotic agents 14
5 26 F III 52 PPH Antithrombotic agents 8
6 33 F IV 62 PPH Diuretics, antithrombotic agents 30
7 51 F IV 82 PPH Diuretics, antithrombotic agents 26
8 54 M III 83 PPH Diuretics, antithrombotic agents, supplemental oxygen 24

Figure 1
VIP scintigraphy. Intravenous injection of 123I-VIP and scintigraphy in
a healthy individual showing high intensities over the lung (outlined
in white and blue) as compared with the region over the heart (yel-
low line) and liver (red line).



A/B), streptavidin-HRP, and diaminobenzidine and
counterstained with hematoxylin (Sigma-Aldrich).
Omission of the primary Ab or preabsorption with the
corresponding antigen served as control.

Immunocytochemistry. PASMCs were fixed, rinsed, and
incubated for unspecific protein blocking. Primary Ab’s
were mouse anti–VPAC-1 immunoglobulins (Exalpha
Biologicals) or mouse anti–VPAC-2 (Exalpha Biologi-
cals), both diluted 1:100 in Ab diluents (DAKO A/B) in
a moist chamber for 50 min at 37°C. Secondary Ab’s
were FITC-labeled goat anti–mouse immunoglobulins
(Sigma-Aldrich Handels GmbH). Slides were rinsed in
PBS and mounted in antifade medium (Citifluor; 
Groepl, Tulln, Austria) containing DAPI (0.1 µg/ml).

Western blot analysis of VPAC receptors. Cells were har-
vested, resuspended in 1 mM Na3VO4, washed twice in
ice-cold PBS/1 mM Na3VO4, and then lysed in RIPA-II
buffer (500 mM NaCl, 50 mM Tris/HCl, pH 7.4, 0.1%
SDS, 1% NP-40, 0.5% Na-DOC, 0.05% NaN3, 1 mM
Na3VO4, plus Complete Protease Inhibitor cocktail) for
30 min on ice. Sonicated cells were centrifuged to
obtain the membrane fraction. Protein concentration
was estimated by the Bradford technique (23). Twenty
micrograms of membrane protein were separated by
gel electrophoreses in 12% SDS-polyacrylamide gels
(Bio Rad Laboratories GmbH, Munich, Germany).
Blotting on PVDF-membrane (Pall Corp., Ann Arbor,
Michigan, USA) was performed overnight. Membranes

stained with Ponceau red were then blocked with 5%
(wt/vol) milk powder/PBS/0.5% Tween. For detection
of VIP receptors, monoclonal anti–VPAC-1 or mono-
clonal anti–VPAC-2 Ab’s (1:100; Exalpha Biologicals
Inc., Watertown, Massachusetts, USA) were added
overnight and visualized with a peroxidase-conjugated
secondary Ab (rabbit anti-mouse diluted 1:100; DAKO
A/B), using the West Pico Chemiluminescence Kit
(Pierce Chemical Co., Rockford, Illinois, USA).

Total RNA extraction and Northern blot analysis. PASMCs
were homogenized in Trizol reagent. Total RNA was
extracted according to the manufacturer’s instructions
(Invitrogen, Lofer, Austria). Transfer of 20 µg of total
RNA onto a S & S Nytran membrane (Schleicher &
Schuell GmbH, Vienna, Austria) was done by capillary
blotting overnight followed by UV cross-linking. Spe-
cific probes for hybridization were generated from
plasmids by restriction. Following agarose gel separa-
tion, the probes were purified with the Qiaex gel
purification kit (Amersham International, Amersham,
United Kingdom) and [32P] dCTP (Amersham Inter-
national). Hybridization was on membranes prehy-
bridized at 42°C in a hybridization solution contain-
ing 50% formamide, 5× Denhardt’s solution, 5× SSC,
and 0.1% SDS. Exposure was on an x-ray film (Hyper-
film; Amersham International).

Radioligand-binding studies. One million PASMCs
from PPH patients and controls were washed in
HEPES buffer (120 mM NaCl, 4 mM KCl, 2.6 mM
KH2PO4, 2 mM CaCl2, 0.6 mM MgCl2, 14 mM D-glu-
cose, and 25 mM HEPES) with 0.1% BSA. Incubation
with increasing concentrations (0.01–20 nM) of 
125I-labeled VIP (New England Nuclear Corp., Boston,
Massachusetts, USA) in the absence (total binding)
and the presence of the same unlabeled ligand (100
nM, nonspecific binding) was performed at 4°C.
Each assay was made in triplicate. After 60 minutes
of incubation, the reaction mixture was diluted 1:10
with assay buffer (4°C) and centrifuged (5,000 g, 10
min, 4°C) to separate membrane-bound from free
ligand. The resulting pellet was counted in a γ count-
er (Cobra-II; GMI Inc., Albertville, Minnesota, USA)
for 1 min. Specific binding was calculated as the dif-
ference between total and nonspecific binding
according to Scatchard (24) by using the program
Origin (1994 version; Microcal Software, Northamp-
ton, Massachusetts, USA) (25).
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Figure 2
VIP serum concentration. VIP serum concentration as determined by RIA
of control individuals, pancreatic cancer patients, and PPH patients.

Figure 3
VIP expression in lung tissue. (a) The immunohis-
tochemical staining of VIP in nerve fibers that were
found within media and media-adventitia junctions
in pulmonary resistance vessels of healthy (normal)
controls. (b) In contrast, PPH patients show a
thickened vessel wall and plexiform lesions without
any specific VIP staining (scale bar = 20 µm).
Arrows indicate VIP immunoreactive fibers.



Cell proliferation. PASMCs were counted (Sysmex cell-
counter; Tao Medical Co., Tokyo, Japan) and trans-
ferred to microtiter plates (96 wells, 104 cells/well in
100 µl medium; Greiner Labortechnik , Kremsmuen-
ster, Austria). Appropriate dilutions of test compounds
were added to a total volume of 200 µl/well and the
plates incubated for 4 days under tissue-culture condi-
tions. Solvent controls were included in all tests. Dose-
response curves were obtained by assessing twofold
dilutions of the drugs in triplicate and used to calcu-
late IC50 concentrations. Cell proliferation was quanti-
fied using a modified tetrazolium dye assay (EZ4U;
Biomedica GmbH, Vienna, Austria) and measurement
of the reduced formazan at 450 nm (ELISA reader;
Eurogenetics, Tessenderlo, Belgium).

Clinical study. Between July 2000 and November 2001
we enrolled eight patients with severe PPH (New York
Heart Association functional class III or IV) (Table 1),
according to the diagnostic criteria of the National
Institutes of Health Registry on PPH (26). The diagno-
sis of PPH was based on clinical assessment, right heart
catheterization, echocardiography, spiral-computed
tomography of the pulmonary arteries, pulmonary
angiography, ventilation/perfusion lung scan, and
complete lung function testing. Pulmonary hyperten-
sion as a result of heart disease, pulmonary disease,
sleep-associated disorders, chronic thromboembolic
disease, autoimmune or collagen vascular diseases, HIV
infection, and liver disease was excluded. Patients treat-

ed with anticoagulant drugs, diuretics, calcium-channel
blockers, or supplemental oxygen were included.
Patients with previous treatment of epoprostenol or
prostacyclin analogues were excluded. Each patient gave
informed consent to participate in the trial, and inves-
tigations were according to institutional guidelines and
to the Declaration of Helsinki principles.

The clinical study was designed as a prospective, con-
trolled intraindividual trial. To be eligible for the treat-
ment with aerosolized VIP, patients had to have PPH
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Figure 4
VIP-receptor immunostaining. (a) Immunocytochemical staining of cultured PASMCs. VPAC-1 shows weak and VPAC-2 strong expression
in normal controls. Both are enhanced in PPH patients (scale bar = 10 µm). (b) Immunohistochemical staining of pulmonary blood vessels
in paraffin-embedded lung tissue. Normal controls show a regular vessel wall and a wide lumen (L). VPAC-1 staining shows a tendency
toward a zonal distribution of the receptors in the media, while the signal for VPAC-2 is distributed more evenly throughout the whole media.
In PPH the vessels show a narrowing of the lumen. Both receptors, particularly VPAC-2, are upregulated in PPH (scale bar = 20 µm).

Figure 5
Receptor expression in cultured PASMCs. (a) Western blot analysis
of VPAC-1 and VPAC-2 (and actin as loading control) in PASMCs
from controls and PPH patients, showing receptor upregulation, par-
ticularly of VPAC-2: lane 1, VPAC-1, control; lane 2, VPAC-1, PPH;
lane 3, VPAC-2, control; lane 4, VPAC-2, PPH. (b) Northern blot
analysis of VIP receptor expression showing upregulation of both
receptor types, which is more marked for VPAC-2: lane 1, VPAC-1,
control; lane 2, VPAC-1, PPH; lane 3, VPAC-2, control; lane 4, VPAC-2,
PPH. β-actin, control for equal loading of RNA.



with severe limitation of exercise capacity refractory to
conventional treatment, including calcium-channel
blockers. The patients were evaluated on an inpatient
basis at baseline and outpatient basis after 4, 8, 12, 16,
and 24 weeks of therapy. The primary end point was
the change from baseline to week-12 and -24 exercise
capacity. Exercise capacity was determined by the 
6-minute walk test (27). All tests were performed over
the same route. The secondary measures of efficacy
were the change from baseline to week 12 in the pul-
monary hemodynamic and the change from base line
to week 12 and 24 in the Borg dyspnea index (28) and
the time of clinical worsening.

Statistical analysis. Baseline demographic, hemody-
namic variables, and exercise capacity are presented as
means plus or minus SD. Variables measured at base-
line and during VIP inhalation in the same patients
were compared by Wilcoxon signed rank test (two-
sided) for paired data. P values less than 0.05 were con-
sidered statistically significant.

VIP serum levels were compared between the groups
by means of the Student t test, and by the Wilcoxon
signed rank test when the data did not allow for com-
puting the mean and standard deviations.

Results
VIP deficiency in PPH. To examine the distribution of
VIP receptors in various organs of humans, scinti-
graphic analysis was applied using 123I-VIP as tracer. We
revealed distinct expression of the VIP receptors with
relatively higher density in lung tissue when compared
with the regions over heart and liver (Figure 1).

Next, we determined the concentration of VIP in cir-
culating blood of humans (Figure 2) by radioim-
munoassay. VIP level in normal subjects (n = 45) was

42.4 ± 17.1 pg/ml. Increased VIP serum concentrations
have been reported for neurogenic tumors, congenital
sensory neuropathy, Crohn disease, ulcerative colitis,
and pancreatic islet cell carcinoma (22). Similarly, we
found elevated VIP serum concentration in pancreatic
cancer patients (n = 45) of 111.7 ± 46.2 pg/ml. In con-
trast, VIP levels in the group of PPH patients (n = 12)
were at the detection threshold of the assay (i.e., 10
pg/ml). This result was confirmed in eight patients
when tested 8 weeks later.

VIP immunoreactive nerve fibers have been found
previously in the median layer of pulmonary arteries
of normal individuals (19, 20, 29). Analogously,
immunochemical staining for the peptide in pul-
monary arteries prepared from resected lungs of con-
trol patients revealed moderate expression of VIP (Fig-
ure 3a). The number of VIP immunoreactive nerve
fibers in the control patients was 1.8 ± 2.93 per blood
vessel (n = 40). In the explanted lung tissue of PPH
patients the small blood vessels (diameter less than 0.3
mm, with or without plexiform lesions) revealed a
number similar to background levels as determined in
a blinded analysis (0.2 ± 0,48, n = 43) and was signifi-
cantly lower (Student t test, P < 0.01; see also Figure
3b) as compared with healthy subjects.

The visualization of VIP receptors in cultured cells
by immunocytochemistry demonstrated that PASM-
Cs express both receptor subtypes. In three experi-
ments a minimum of 100 cells were evaluated per
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Figure 6
Ligand-binding capacity in cultured PASMCs. Ligand binding of 
125I-VIP as a function of concentration to membranes of PASMCs
cultured from healthy controls (n = 3) (a) and PPH patients (n = 3)
(b). Cells (106) were incubated for 60 min at 4°C in the presence or
absence of unlabeled VIP (100 nM) with the various radioligand
concentrations (0.01–20 nM). TB, total binding; NSB, nonspecific
binding; SB, specific binding. (a) The data of controls, where the
specific binding is below 0.3 pmol/6 × 106 cells; (b) PPH cells with
an average specific binding well above 0.6 pmol/6 × 106cells.

Figure 7
Basal proliferation of PASMCs by VIP. VIP inhibited basal prolif-
eration of PASMCs from PPH patients. This inhibitory effect was
dose dependent.



patient who underwent lung transplantation (n = 3).
Immunocytochemical staining for VPAC-1 and VPAC-2
in PASMCs showed consistently higher signal levels
for the PPH group (Figure 4a). In the immunohisto-
chemical staining for VPAC-1 and VPAC-2, a mini-
mum of 50 pulmonary arteries with or without plex-
iform lesions for each group (control or PPH) was
evaluated. Sections from PPH patients consistently
revealed higher staining intensities as compared with
controls (Figure 4b).

Membrane-bound VPAC-1 and VPAC-2 prepared
from PASMCs were assessed by Western blot analysis
showing a specific band of 49 kDa for VPAC-1 and 55
kDa for VPAC-2 in both controls and in PPH patients.
The expression of VPAC-1 was increased approximate-
ly threefold and that of VPAC-2 approximately eight-
fold, as compared with controls (Figure 5a). Data
obtained by Western blot analysis were validated by
Northern blot analysis (Figure 5b).

We also used competitive receptor-binding studies
with 123I-VIP to confirm the presence of two specific
binding sites on primary cell cultures of PASMCs, both
in controls (Figure 6a) and in PPH patients (Figure 6b),
indicating the presence of two VIP receptor types in
PASMCs. In controls (n = 3), Kd was 25.68 ± 3.11 and
38.55 ± 3.95 nM, respectively, corresponding to a Bmax of
0.57 ± 0.05 and 0.58 ± 0.04 pM/106 cells, respectively. In
contrast, the affinity of VIP binding to its receptors on
PASMCs from PPH patients (n = 3) was much higher,
with a Kd of 1.70 ± 0.15 and 0.36 ± 0.13 nM, respective-
ly, and a Bmax of 0.89 ± 0.07 and 0.08 ± 0.01 pM/106 cells.

Growth-inhibiting potential of VIP in vitro. To examine the
effectiveness of VIP in vitro, we characterized its ability
to affect the proliferation of PASMCs. VIP inhibited

basal proliferation of PASMCs from PPH patients (n = 3)
(Figure 7). This inhibitory effect was dose dependent.

Clinical evaluation of VIP in PPH. We investigated safe-
ty and efficacy of VIP inhalation in eight PPH patients
(two men, six women) without previous treatment of
epoprostenol or prostacyclin analogues in a prospec-
tive, controlled, intraindividual study. The patient’s
characteristics are given in Table 1. All eight patients
completed the study.

We tested all patients for acute response to VIP and
NO. Before VIP inhalation, mean pulmonary arterial
pressure (MPAP) was 59 ± 8 mmHg (mean ± SD), CO
was 4.7 ± 2 l/min/m2, SvO2 was 58% ± 7%. The addi-
tion of 100 µg inhaled VIP improved pulmonary
hemodynamics in all patients tested. MPAP decreased
by 10 mmHg to 49 ± 14 mmHg (P < 0.01). CO in-
creased by 0.8 l/min/m2 to 5.5 l/min1/m2 (P < 0.05).
SvO2 rose to 60% ± 9% (P < 0.05). Systemic arterial
pressure and pulmonary capillary wedge pressure did
not change significantly.

All patients demonstrated a negative acute vasodila-
tor response to NO (< 10 mmHg decrease of MPAP and
< 20% decrease of pulmonary vascular resistance by
addition of 20 ppm NO).

After 3 months of daily inhalation of a total of 200 µg
VIP in four single inhalations, mean pulmonary artery
pressure decreased by 13 mmHg from 59 ± 8 mmHg to
46 ± 7 mmHg (P < 0.01) (Table 2). Cardiac output
increased by 1.7 l/min from 4.7 ± 2.0 to 6.4 ± 1.6 l/min
(P < 0.01). Pulmonary vascular resistance decreased by
approximately 50% from 1,009 ± 475 dyne/s/cm5 to
586 ± 165 dyne/s/cm5 (P < 0.01). Mixed venous oxygen
saturation increased from 58% ± 7% to 63% ± 7% 
(P < 0.01). Mean systemic arterial pressure, heart rate,
and pulmonary capillary wedge pressure remained
unchanged. The 6-minute walk distance (27) increased
by 113 m, from 296 ± 138 to 409 ± 102 m (P < 0.01)
after 12 weeks VIP treatment, and by 129 m, from 
296 ± 138 to 425 ± 107 m (P < 0.01), after 24 weeks VIP
treatment (Figure 8), indicating a beneficial effect on
the patients. The Borg dyspnea index (28) decreased by
0.5, from 3.3 ± 1.4 to 2.8 ± 1.2 (P < 0.01) (Table 2) after
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Table 2
Hemodynamic variables and exercise capacity in eight patients with
PPH treated with inhaled VIPA

Measurement Baseline 3 Months

Heart rate 78 ± 12 75 ± 13B

Mean systemic arterial pressure (mmHg) 86 ± 10 84 ± 6B

Mean pulmonary arterial pressure (mmHg) 59 ± 8 46 ± 7C

Pulmonary capillary wedge pressure (mmHg) 9 ± 2 9 ± 2B

Cardiac output (l/min) 4.7 ± 2.0 6.4 ± 1.6C

Pulmonary vascular resistance 1009 ± 475 586 ± 165C

(dyne/s/cm5)
Mixed venous oxygen saturation (%) 58 ± 7 63 ± 7C

6-Minute walk distance (m) 296 ± 138 409 ± 102C

Dyspnea score (Borg index) 3.3 ± 1.4 2.8 ± 1.2C

AValues are mean ± SD. BNot significantly different. CP < 0.01 for the comparison
of preinhalation variables at 3 months with preinhalation variables at baseline.

Figure 8
Six-minute walk test. Physical exercise improvement as determined
by the achieved walk distance in meters during the 6-minute walk
test. Individual data for all eight patients and mean (± SE), starting
from base line to week 12 and week 24. After 12 weeks of 200 µg VIP
inhaled per day, the physical capacity improved significantly as com-
pared with baseline (P < 0.01) and further improved (P < 0.01) when
tested after 24 weeks of treatment.



12 weeks, and by 0.6, from 3.3 ± 1.4 to 2.7 ± 1.3 
(P < 0.01), after 24 weeks of treatment.

Discussion
Using cell biological and clinical data we describe a
pathophysiological role of VIP in PPH. This is evi-
denced from the following: 123I-VIP receptor scintigra-
phy of human organs shows a comparatively high den-
sity for VIP-binding sites in lung tissue. While we failed
to detect VIP in the serum and tissue of PPH patients,
the receptors were upregulated. The substitution by
VIP results in significant improvement of pulmonary
hemodynamics in PPH.

VIP functions as a potent vasodilator and broncho-
dilator (11, 30); it inhibits the proliferation of vascular
and bronchial smooth muscle cells and decreases
platelet aggregation (14). The hormone acts through
two receptor subtypes (VPAC-1 and VPAC-2) coupled
to adenylate cyclase (14, 31, 32). VPAC-2 is abundant in
various peripheral organs, including the lung vascula-
ture (20). We identified the two receptors in PASMCs
of PPH patients and demonstrated an increased expres-
sion in PPH whereby the level of expression was sever-
al-fold higher for VPAC-2. Also, the specific receptor-
binding affinity in PASMCs from PPH patients was
increased, which may reflect the lack of the hormone.

Stimulation of VPAC receptors leads to the activation
of the cAMP and cGMP system. Analogously, cAMP-
and cGMP-dependent pathways have been shown to
mediate the action of prostacyclins, NO, and phospho-
diesterase inhibitors in the treatment of pulmonary
hypertension (5, 21). The efficiency of these pharmaco-
logical agents is hampered, however, by the common
observation of desensitization to treatment due to their
pharmacokinetic and pharmacodynamic properties.

One of the cardinal features of pulmonary hyperten-
sion is increased growth of PASMCs and endothelial
cells within pulmonary arteries (33). Increased growth
was found to be related to an increase of [Ca2+]i in
PASMCs from PPH patients (34). Our observation of
an inhibitory effect of VIP on the increased prolifera-
tion in vitro supports our hypothesis that the peptide
plays a fundamental pathophysiological role in PPH.

Our in vitro data are strengthened by the fact that
the substitution of VIP improved virtually all parame-
ters of the pulmonary circulation relevant for the
prognosis of PPH (13, 35). Safety of VIP inhalation was
shown in studies with healthy and asthmatic subjects
using a VIP concentration of 100 µm per day (36). The
first tests carried out before the actual clinical trial
were performed with intravenous and inhalative appli-
cation (data not shown). Once we saw that the inhala-
tive application was equally effective, however, we
decided to stay with this easier approach. Taking into
account the serum concentration and binding charac-
teristics of VIP in control patients, we estimated an
effective therapeutic concentration range of 100–200
µg per day for treatment of PPH and tested 200 µg per
day in the study. The application via inhalation may

explain why virtually no patients revealed any side
effects. The striking efficacy of VIP inhalation is
stressed by both the significant increase of the mixed
venous oxygen saturation and the increased exercise
capacity in the 6-minute walk test. Considering the
importance of these parameters for the prognosis of
PPH, and in agreement with a rabbit model (10), the
inhalation of VIP may be used alone and/or in combi-
nation as an efficacious treatment of PPH.
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