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Abstract Vasoactive intestinal polypeptide (VIP), an

endogenous neuropeptide normally present in lungs and

other organs, relaxes pulmonary arteries (PAs) in different

species, whereas the underlying mechanisms are still not

fully understood. The aim of this study, therefore, is to

investigate the signal transduction of VIP in the relaxation

of isolated rat PA rings. The isometric tension of the rings

was studied in vitro with force-electricity transducers.

In endothelium-intact (EI) rings, VIP elicited concentration-

dependent relaxation after the rings were pre-contracted by

phenylephrine. A similar effect, though smaller, was

observed in endothelium-denuded (ED) rings. Inhibition of

the endothelial nitric oxide synthase (eNOS) by NG-nitro-

L-arginine methyl ester diminished the VIP-induced vaso-

dilatation of PA rings. The VIP-induced vasorelaxation

was markedly reduced by the inhibition of the phosphati-

dylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling

pathway with wortmannin and LY294002, respectively,

which was seen in EI rings, but not in ED rings. Western

blot analysis revealed that VIP increased the phosphory-

lation of eNOS at Ser 1177, but did not affect the overall

expression of eNOS. In ED rings, the PKA inhibitor H-89

and KATP channel inhibitor glibenclamide almost totally

abolished the vasodilatation effect of VIP. The results

suggested that the vasodilatation effect of VIP on rat PAs is

mediated by both vascular endothelium and smooth mus-

cle, involving respectively the PI3K/Akt-eNOS pathway

and the PKA-KATP channel pathway.

Keywords VIP � PA rings � PI3K/Akt � eNOS � PKA �
KATP channel

Abbreviations

VIP vasoactive intestinal polypeptide

PAs pulmonary arteries

EI endothelium-intact

PE phenylephrine

ED endothelium-denuded

eNOS nitric oxide synthase

L-NAME NG-nitro-L-arginine methyl ester

PI3K/Akt phosphatidylinositol 3-kinase/protein

kinase B

SM smooth muscle

VSM vascular smooth muscle

NO nitric oxide

PPH primary pulmonary hypertension

MA mesenteric artery

AC adenylyl cyclase

p-eNOS phosphorylated eNOS

p-eNOS-Ser1177 phosphorylated eNOS at Ser1177

PAEC pulmonary arterial endothelial cell
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PBS phosphate-buffered saline

DMEM Dulbecco’s modified Eagle’s medium

FBS fetal bovine serum

Introduction

Primary pulmonary hypertension (PPH) is a progressive

and life-threatening disease. Timely diagnosis is necessary

but is often not achieved, as the initial symptoms are

mild, requiring subtle examinations. Its prognosis is rather

poor, with an average survival rate of 2.8 years without

therapeutic intervention [1, 2]. Impairment of endothelial

homeostasis has been revealed, including a reduced syn-

thesis of prostacyclin and nitric oxide (NO) [3, 4] and an

increased production of thromboxane and endothelin-1

[3, 5]. Prostacyclin and its analogues are effective vasodila-

tors. They are also inhibitors of both platelet aggregation and

vascular SM (VSM) cell proliferation [6, 7]. Thus, they have

been applied for the PPH treatment [8, 9]. However, most

prostanoids are pharmacologically unstable, an aspect that

restricts their application, especially when given continuously

for a prolonged period. Therefore, people have been searching

for alternative treatments of PPH, especially endogenous

vasodilators that have more favorable pharmacokinetic and

pharmacodynamic features. Among various endogenous

vasodilators in the human body is the vasoactive intestinal

polypeptide (VIP) whose pharmacological characteristics

seem suitable to combat PPH. Indeed, clinical studies have

shown that as a new concept in management of PPH, VIP

results in substantial improvement of hemodynamic and

prognostic parameters of the disease without evident side

effects [10].

The VIP is one of the most abundant, biologically active

peptides in human lungs. It is a likely neurotransmitter or

neuromodulator of the non-adrenergic non-cholinergic

nervous system in airways and affects many aspects of

pulmonary biology [11]. The VIP induces vasodilatation of

mesenteric arteries (MAs) via activation of the Gs-adenylyl

cyclase (AC) PKA pathway in VSM [12]. Recent studies

have demonstrated that the relaxation effect of VIP on

isolated rat PAs depends in part on the presence of the

endothelium involving endothelial NO [13] and/or cyclo-

oxygenase metabolites [14]. However, the essential sig-

naling pathways for the VIP-induced PAs vasodilatation

are still unclear. To address this issue, we employed ten-

sion studies of PA rings to determine the effect of endo-

thelium and VSM as well as the potential mechanism

involved in the VIP-induced PAs vasodilatation. Our

results suggest that the VIP-induced vasodilatation is

mediated by both endothelium and VSM via distinct

intracellular signaling systems.

Methods

Reagents

Vasoactive intestinal polypeptide was obtained from

Biosynthesis Biotechnology Co. (Beijing, China): PE,

L-NAME, wortmannin, LY294002, carbamylcholine chlo-

ride and H-89 were obtained from Sigma Chemical Co. (St

Louis, MO); phosphorylated eNOS (p-eNOS) at Ser1177

(p-eNOS-Ser1177) antibody and eNOS antibody were from

Cell Signaling Technology, Inc. (Danvers, MA), and

polyclonal actin antibody from Santa Cruz Biotechnology,

Inc. (Sanata Cruz, CA). All other reagents were from

common commercial sources.

Animals

Eleven male Wistar rats weighing 220–350 g were used in

the studies that fully comply with regulations of the Insti-

tutional Animal Care and Use Committee of Harbin

Medical University. The rats were housed in the Animal

Research Center at a controlled ambient temperature of

22 ± 2�C with 50 ± 10% relative humidity and a 12-h

light-dark cycle. After the rats were deeply anesthetized

with an intraperitoneal injection of the 1% chloral hydrate

according to their weight, the thoracic chest was opened,

and the heart and lungs were removed en bloc and placed in

the cold Krebs solution. The secondary PAs (1–1.5 mm in

diameter) were then dissected free, cut into 3-mm rings and

maintained in the cold Krebs solution (see below). During

the procedure, attention was paid to avoid stretching the

vessel unnecessarily and contacting the luminal surface to

ensure the endothelial integrity.

Tension studies of PA rings

The experiments were carried out as detailed in our previous

report [15]. Briefly, each PA ring was mounted on a force

transducer (ALC-MPA, Shanghai Alcbio Biology Technol-

ogy Co., Ltd., China) and placed in a water-jacketed organ

bath. The system allows simultaneous recordings from eight

rings. The rings were bathed with 2 ml oxygenated Krebs

solution containing (mM): NaCl 118, KCl 4.7, CaCl2
2.5, MgSO4 0.57, KH2PO4 1.2, NaHCO3 24 and D-glucose

10 (pH 7.4, at 37�C). The 0.25–0.35 g preload was added to

the rings followed by a 30–40-min equilibration. In the case

of endothelium-denuded preparations, the vessels were

mechanically rubbed by a wolfram wire before equilibration.

Endothelial integrity was examined in all experiments by the

presence of the characteristic relaxation response to car-

bamylcholine chloride (5 9 10-6 M). After equilibration,

each ring was contracted with 10-6 M PE followed by

treatment with carbamylcholine chloride. Vascular rings
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displaying less than 10% relaxation to carbamylcholine

chloride were considered as endothelium-denuded.

Cell culture

Neonatal bovine was used in the studies in full compliance

with the Ethics Committee of Laboratory Animals at Harbin

Medical University. Primary cultures of pulmonary arterial

endothelial cells (PAECs) were prepared as previously

described [16]. In brief, pulmonary conduct arteries were

isolated from lungs of neonatal bovine obtained at a local

abattoir, slit open along their lengths, and washed with

phosphate-buffered saline (PBS) to remove blood. The

vessels were dissected free of fat and excess adventitial tis-

sue, and PAECs were scraped from PAs of neonatal bovine

and cultured in 10-cm Petri dishes in Dulbecco’s modified

Eagle’s medium (DMEM) containing 20% fetal bovine

serum (FBS) and 1% penicillin/streptomycin, then cultured

in a 37�C, 5% CO2 humidified incubator for 3–5 days.

Before each experiment, the cells were incubated in 0.3%

FBS-DMEM for 12–24 h to stop cell growth. Cell viability

(usually[98%) was determined by Trypan blue exclusion.

Experimental protocols

Protocol 1

The effect of VIP on rat EI and ED PA rings: To study

vasorelaxation properties of VIP in the PA rings with and

without endothelium, the rings were pre-contracted with

PE (10-6 M). When the contraction reached a steady state,

cumulative concentration-response curves to VIP were

produced by adding increasing concentrations of VIP (10-9

to 10-5 M).

Protocol 2

The effect of eNOS on VIP-induced relaxation: To test the

hypothesis that the VIP-induced vasodilatation is mediated

through the eNOS signaling pathway, we pre-incubated the

EI and ED PA rings with L-NAME (10-4 M) in the organ

bath for 20 min before 10-6 M PE was injected directly

into the bath, then the effects of VIP were examined.

Protocol 3

Influence of the PI3K/Akt pathway on PA relaxation

induced by VIP: This set of experiments was undertaken to

investigate the hypothesis that the VIP-induced vasodila-

tation is mediated by the PI3K/Akt signaling system. After

EI and ED PA rings were incubated with wortmannin

(10-7 M) or LY294002 (3 9 10-5 M) for 20 min

respectively in an organ bath, 10-6 M PE was added

directly into the bath to investigate the effects of VIP on

PA rings.

Protocol 4

The levels of eNOS and phosphorylated eNOS were stud-

ied in cultured bovine PAECs with Western blotting. After

treatment with VIP for 5–7 min, the cells were washed

twice in ice-cold PBS. Proteins were solubilized and

extracted with 300 ll lysis buffer (Tris 50 mM, pH 7.4,

NaCl 150 mM, Triton X-100 1%, EDTA 1 mM, and PMSF

2 mM) and incubated at 4�C for 30 min. The lysates were

sonicated and centrifuged at 14,000g for 15 min, and the

insoluble fraction was discarded. The supernatants were

collected and stored at -80�C. Protein concentrations were

determined by the Bradford protein assay. Equal amounts

(50 lg) of protein from each sample were mixed and

boiled in SDS-PAGE sample buffer for 5 min. The protein

was subjected to electrophoresis on 8% SDS-polyacryl-

amide gel and transferred to a nitrocellulose membrane

(Millipore, USA) in a Mini Trans-Blot transfer apparatus

(Bio-Rad) under conditions recommended by the manu-

facturer. After incubation overnight at 4�C in a blocking

buffer (0.1% Tween 20 in PBS) containing 5% nonfat

dry milk powder, the membranes were incubated with

commercially available polyclonal antibodies specific for

p-eNOS-Ser1177 and eNOS, respectively. The concentra-

tions of polyclonal p-eNOS-Ser1177 (1:1000 dilution) and

eNOS (1:500 dilution) antibodies were used according to

the manufacturer’s instructions. Blots were then washed

and incubated with anti-rabbit horseradish peroxidase-

conjugated IgG for 120 min at room temperature. The

bound antibody was detected with an enhanced chemilu-

minescence detection system (Amersham). To adjust for

loading differences, blots were reprobed with a monoclonal

antibody to b-actin (Sigma).

Protocol 5

The effect of PKA and KATP channels on VIP-induced

relaxation of VSM: To reveal the mechanism of VIP-

induced relaxation of PA VSM, we incubated ED rings

with H-89 (5 9 10-7 M), the selective and potent inhibitor

of PKA (Sigma), for 30 min and glibenclamide (10-5 M)

for 20 min, respectively. Then 10-6 M PE was added

directly into the organ bath, followed by 10-6 M VIP.

Effects of several agents on the VIP-produced vasore-

laxation were analyzed by comparison of the vasorelaxa-

tion after agent exposure with control produced by 10-6 M

VIP when the maximum vasodilatation was elicited in EI

and ED rings.
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Statistical analysis

The magnitude of vasorelaxation was expressed in g

(mean ± SE), and n is the number of rings. The relaxation

was expressed as the percentage decrease in vascular tones

from the plateau of pre-contraction with PE (10-6 M).

Mean values among the experimental groups were exam-

ined using two-tailed analyses of variance (ANOVA) fol-

lowed by Dunnetts’s or Student’s t tests. The differences

were considered statistically significant when P B 0.05.

Results

Two distinct mechanisms for the PA relaxation

induced by VIP

After 30–40 min equilibration with a 0.25–0.35-g preload,

the PA rings were exposed to 10-6 M PE. The exposure

produced rapid contraction of these rings by 0.4–0.6 g. The

peak contraction was reached in 4–5 min and maintained

for at least 20 min without evident decline. During the

vasoconstriction, administration of VIP (10-9 to 10-5 M)

produced concentration-dependent relaxations of EI rings

(n = 6, Fig. 1a, b). The relationship of force versus VIP

concentration showed a clear sigmoid curve that can be

described with the Hill equation showing the IC50 10-8 M

and the Hill coefficient (h) 1.0 (Fig. 1c). At the maximum

effect, VIP (10-6 M) relaxed the pre-contracted EI rings by

46.7 ± 6.8%.

After removal of the endothelium, VIP remained,

relaxing the PA rings, although its vasodilatation effect was

significantly reduced. The maximum vasodilatation in EI

and ED was produced by 10-6 M VIP. Thus, this con-

centration of VIP (10-6 M) was used in the following PA

ring studies. Interestingly, not only was the maximum

effect decreased to 22.1 ± 2.8% (n = 6, Fig. 1a, b), but

also the IC50 was raised to 9 9 10-8 M and h = 1.2

(Fig. 1d). These results thus suggest that VIP is an effective

PA relaxant, and its action involves not only the VSM, but

also the PA endothelium.

The endothelium effect relied on the PI3K-Akt-eNOS

system

Effect of eNOS

NO is a major player in the endothelium-dependent vaso-

dilatation, although vascular endothelium also releases

other vasorelaxants. Therefore, we studied the NO system

in the VIP-induced PA ring’s relaxation. In EI rings, PE

produced the same degree of vasoconstriction after a pre-

incubation with the eNOS inhibitor L-NAME (10-4 M) for

20 min. After the peak tension was reached, 10-6 M VIP

only reduced the vascular tension by 21.5 ± 3.5% (n = 6),

a level that was about 50% lower than without L-NAME

Fig. 1 a Concentration-

dependent relaxation of EI and

ED PA rings induced by VIP

(10-9 to 10-5 M), which was

pre-contracted with 10-6 M PE.

b The relationship of VIP versus

contractile force in EI (filled
square, n = 6) and ED rings

(open square, n = 6). The

response is expressed as a

percentage of the active tension

originally generated by 10-6 M

PE. Data are expressed as

mean ± SE. *P \ 0.05,

**P \ 0.01 at each point.

c Based on the data in b, the

VIP-force relationship of EI

rings was described with the

Hill equation (y = 1/(1 ? (C/

IC50)h), where y is normalized

force, C is VIP concentration,

IC50 (10-8 M) is the VIP

concentration at 50% force

inhibition, and h (1) is the Hill

coefficient. d Similar data fitting

was done in ED rings. The IC50

is 9 9 10-8 M and h is 1.2
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(P \ 0.01, n = 6; Fig. 2a, c), suggesting that the NO

system in the PA endothelium plays a role in the VIP-

induced PA vasorelaxation. In ED rings, similar treatment

with L-NAME also decreased vasodilatation of VIP to

12.1 ± 3.4%, significantly different from the control ED

rings (P \ 0.05, n = 5; Fig. 2b, d), indicating that a part of

vasorelaxation induced by VIP is mediated by VSM.

Relaxation induced by VIP through the PI3K/Akt

signaling pathway

Subsequently, we examined the potential involvement

of eNOS activity. PA rings with and without endothelium

were pretreated with the PI3K/Akt inhibitors wortmannin

(10-7 M) and LY294002 (3 9 10-5 M), respectively. Then,

the vascular response to 10-6 M VIP was studied after a pre-

contraction with PE. In EI rings the VIP-induced relaxation

was diminished markedly after a treatment with wortmannin

(12.9 ± 3.1%, n = 6) or LY294002 (13.0 ± 4.2%, n = 6),

both of which were significantly lower than the control rings

(P \ 0.01, Fig. 3a–c). In contrast, similar treatments with

these PI3K/Akt inhibitors had no significant effect on the

VIP-induced relaxation of ED rings (P [ 0.05, Fig. 3d).

Western blot analysis

VIP may affect the eNOS by up-regulating its expression

and/or stimulating its activity. To address these issues, we

performed the Western blot analysis in cultured bovine

PAECs. No detectable changes in the eNOS expression

were found after a treatment of the PA rings with 10-6 M

VIP for 5-7 min based on four experiments.

It is known that the eNOS activity is enhanced with

phosphorylation at Ser1177. Thus, we examined the eNOS

phosphorylation using specific phospho-Ser1177 antibod-

ies. In the experiments, cultured bovine PAECs were

treated with 10-6 M VIP for 5–7 min before cell lysis.

Then protein extracts were subjected to the primary anti-

bodies followed by the secondary antibodies. A *140-Da

band was positively labeled, consistent with the size of

total eNOS. This band became stronger after the VIP

treatment (Fig. 4a). Similar results were obtained from four

experiments. Quantitatively, the VIP treatment enhanced

the phosphorylated eNOS by 1.99 times, which was sig-

nificantly different from the control group (P \ 0.05,

n = 4; Fig. 4b). These results suggest that the endothelial

PI3K-Akt-eNOS pathway is likely to underscore the VIP

relaxation of PA rings.

Activation of the PKA-KATP channel in VSM

was necessary for VIP-induced relaxation

Previous study has shown that KATP channels in vascular

VSM are activated by VIP, leading to depolarization and

vasodilatation of MAs [12]. Thus, it is possible that the

KATP channels in the PA VSM are also subject to such a

modulation. To test this hypothesis, we treated the ED

rings with glibenclamide, a specific KATP channel blocker.

Fig. 2 a Representative recording showing the effect of 10-6 M VIP

on 10-6 M PE pre-contracted in the presence of L-NAME in EI rings

(n = 6). b Representative recording showing the effect of 10-6 M

VIP on 10-6 M PE pre-contracted in the presence of L-NAME in ED

rings (n = 5). c In comparison to the EI control group, a treatment of

the EI rings with 10-4 M L-NAME produced significantly smaller

relaxation. d In comparison to the control ED group, similarly,

treatment with 10-4 M L-NAME also diminished relaxation induced

by VIP. Responses are expressed as percentage of the active tension

originally generated by 10-6 M PE. Data were expressed as

mean ± SE. *P \ 0.05; **P \ 0.01 versus control group
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An exposure to 10-5 M glibenclamide greatly reduced the

PA relaxation effect of VIP (9.6 ± 2.3%, P \ 0.01,

n = 10; Fig. 5a, c), suggesting that the KATP channels in

the PAs are targeted by VIP. Since a vascular isoform of

KATP channels (Kir6.1/SUR2B) is activated by PKA by

phosphorylation of the channel protein [12], we studied the

PKA signaling pathway in the VIP signaling. A pretreat-

ment of the ED rings with H-89 (5 9 10-7 M), a selective

PKA inhibitor when used in sub-micromolar concentra-

tions, almost totally eliminated the VIP-induced relaxation

(6.4 ± 2.2%, P \ 0.01, n = 9; Fig. 5b, c), indicating that

the PKA-KATP channel system is attributable to the

relaxation of PA VSM induced by VIP.

Discussion

This is the first systematic study of cellular mechanisms for

PA relaxation by VIP. Several lines of evidence were

obtained at molecular, cellular and tissue levels, showing

the involvement of both the VSM and the endothelium as

well as distinct signaling pathways in these cells. The

PI3K-Akt-eNOS pathway plays a critical role in the

endothelium, whereas the PKA-KATP channel system is

likely to be targeted in the VSM.

Previous studies have suggested the involvement of

endothelium in VIP-induced vasorelaxation, although they

are not always consistent [13, 14, 17, 18]. The inconsis-

tency may be due to different tissues used in the previous

studies [19]. In PAs, our experiments have shown that VIP

produces concentration-dependent relaxations. Removal of

the vascular endothelium significantly attenuated, though

did not abolish, the PA relaxation induced by VIP, indi-

cating that the vasodilatation effects of VIP require the

functional integrity of the endothelium.

The endothelial production of NO is tightly regulated at

the level of its synthesis through the oxidation of L-arginine

by NO synthases (NOSs), a family of three isoenzymes

with overlapping patterns of expression. The NOS3

(eNOS) is expressed in vascular endothelial cells

throughout the body [20] and is the predominant source of

NO production in the pulmonary circulation [21]. The

eNOS is known to be regulated by endothelial PI3 K/Akt

signaling and the consequent phosphorylation of eNOS in

endothelial cells of human umbilical veins and rat lung

vasculatures [22–24]. As shown in our studies, blockade of

the signaling pathway by the PI3K/Akt inhibitors, wort-

mannin and LY294002, or the eNOS inhibitor L-NAME

markedly eliminated the contribution of endothelium to the

relaxation effect of VIP in EI rings. These findings support

that such an intracellular signaling is also activated by VIP

in PA endothelium. Another striking finding of this work is

that VIP elevated phosphorylation of Ser1177-eNOS in bovine

PAECs. These data demonstrate that the PI3K/Akt-eNOS

Fig. 3 a Representative recording showing the effects of 10-6 M

VIP on 10-6 M PE pre-contracted in the presence of wortmannin

(Wort) in EI rings (n = 6). b Representative recording showing the

effect of 10-6 M VIP on 10-6 M PE pre-contracted in the presence of

LY294002 (LY) in EI rings (n = 6). c In comparison to control,

a treatment of the EI rings with either wortmannin or LY294002

produced significantly smaller relaxations. d On the other hand,

treatment with wortmannin (n = 5) or LY294002 (n = 9) did not

produce any significant relaxation in ED rings compared to control

ED. Responses are expressed as percentage of the active tension

originally generated by 10-6 M PE. Data were expressed as

mean ± SE. *P \ 0.05; **P \ 0.01 versus control group
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signal transduction pathway appears to be the endothelial

mechanism for the VIP-induced PA dilation.

Accumulating experimental evidence [25, 26] indicates

that the primary targets of VIP in other vasculatures and

other tissues are the G-protein-coupled VIP receptors,

activation of which leads to activation of the G-protein–

adenylyl cyclase-PKA system. A previous study [12] has

shown that activation of the PKA system is necessary for

the vasodilatation effects of VIP on MAs. In airway VSM,

the elevated cytosolic cAMP levels activate PKA, which

phosphorylates several membrane and/or intracellular pro-

teins, promoting VSM relaxation and bronchodilation [27].

In our present study, the VIP-induced PA dilation is also

seen in ED rings, although the magnitude is only half of the

EI rings (Fig. 1). The endothelium-independent mechanism

in PA VSM has been tackled in the present study, and the

results suggest that the downstream target is the KATP

channel (Fig. 5a, c), which is known to play an important

role in regulating vascular tones in the systemic arterial

system [28]. The current study described that pretreatment

with glibenclamide or H-89 strikingly diminished the

vasorelaxation response to VIP, which was shown in ED

rings, implying that the PKA-KATP system in rat PA VSM

participates in the process of relaxation induced by VIP

(Fig. 5). Therefore, our findings in this study extend the

understanding of the function of KATP channels to the PA

system.

In conclusion, our current studies indicate that vasodi-

latation of the rat PA system by VIP involves both endo-

thelium and VSM, in which two distinct intracellular

Fig. 5 a Representative recording showing the effect of 10-6 M VIP

on 10-6 M PE pre-contracted in the presence of glibenclamide (Glib)

in ED rings (n = 10). b Representative recording showing the effect

of 10-6 M VIP on 10-6 M PE pre-contracted in the presence of H-89

in ED rings (n = 9). c The ED ring relaxation by 10-6 M VIP was

significantly reduced by the 30-min pretreatment with 10-5 M

glibenclamide or 5 9 10-7 M H-89, respectively. Responses are

expressed as percentage of the active tension originally generated by

10-6 M PE. Data were expressed as mean ± SE. *P \ 0.05;

**P \ 0.01 versus control group

Fig. 4 a Bovine PAECs were pre-treated without (control) or with

10-6 M VIP for 5–7 min. Lysates were analyzed by Western blot

with antibodies to p-eNOS-Ser1177 and eNOS. The panel included the

same experiment twice on the left and on the right. b Phosphorylated

Ser1177 eNOS was significantly increased in the VIP-treated group

compared to the control group. Bovine PAECs were treated with

10-6 M VIP for 5–7 min. Data represent mean ± SE, where control

groups were normalized as one from four experiments. *P \ 0.05

versus control group (0 M VIP)
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signaling systems are targeted: i.e., the PKA-KATP system

is a downstream target of VIP signaling in VSM, whereas

the PI3K/Akt-eNOS signaling pathway is a downstream

target of VIP in the endothelium. Although the involve-

ment of each individual pathway has been suggested in

several previous studies [29–32], this current study at the

organ, cell and protein levels provides, to our knowledge,

novel experimental evidence of the signaling pathways.

The demonstration of the VIP effects in PA and its sig-

naling pathways should have impact on the understanding

of pulmonary circulation.
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