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Abstract

Rationale: Stable analogs of vasoactive intestinal peptide (VIP) have been proposed as novel line of therapy in chronic
obstructive pulmonary disease (COPD) based on their bronchodilatory and anti-inflammatory effects. We speculated that
VIP analogs may provide additional benefits in that they exert vasodilatory properties in the lung, and tested this hypothesis
in both ex vivo and in vivo models.

Methods: In isolated perfused mouse lungs and in an in vivo rat model, pulmonary blood vessels were preconstricted by
hypoxia and hemodynamic changes in response to systemic (ex vivo) or inhaled (in vivo) administration of the cyclic VIP
analog RO 25-1553 were determined.

Results: In mouse lungs, RO 25-1553 reduced intrinsic vascular resistance at normoxia, and attenuated the increase in
pulmonary artery pressure in response to acute hypoxia. Consistently, inhalation of RO 25-1553 (1 mg-mL~"' for 3 min)
caused an extensive and sustained (> 60 min) inhibition of the pulmonary arterial pressure increase in response to hypoxia
in vivo that was comparable to the effects of inhaled sildenafil. This effect was not attributable to systemic cardiovascular
effects of RO 25-1553, but to a lung specific reduction in pulmonary vascular resistance, while cardiac output and systemic
arterial hemodynamics remained unaffected. No adverse effects of RO 25-1553 inhalation on pulmonary gas exchange,
ventilation-perfusion matching, or lung fluid content were detected.

Conclusion: Our findings demonstrate that inhaled delivery of the stable VIP analog RO 25-1553 induces a potent and
sustained vasodilatory effect in the pulmonary circulation with no detectable adverse effects. Therapeutic inhalation of RO
25-1553 may provide vascular benefits in addition to its reported anti-inflammatory and bronchodilatory effects in COPD,
yet caution is warranted given the overall poor results of vasodilator therapies for pulmonary hypertension secondary to
COPD in a series of recent clinical trials.
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Introduction Vasoactive intestinal peptide (VIP) is a vasodilatory peptide that
was first isolated from the upper intestine [2] and that exerts
prominent smooth muscle relaxant as well as anti-inflammatory
and immunomodulatory properties [3]. VIP is abundantly present
in normal human lungs, including tracheobronchial smooth
muscle cells, glands of airways, and pulmonary vascular walls
[4,5]. The biological actions of VIP are mediated by two type II
G-protein coupled receptors, VIP/pituary adenylate cyclase-
burden on public health systems are contrasted by the current lack activating polypeptide type I (VPAC1) and type IT (VPAC2) [6],
of effective therapeutic options for prevention or therapy of this which are expressed on airway epithelia, macrophages, and in

disease. pulmonary arteries and veins [7,8]. Recently, VPAC agonists such

Projections for 2020 indicate that chronic obstructive pulmo-
nary disease (COPD) will become the third leading cause of death
worldwide in comparison to ranking 6™ in 1990 and fifth leading
cause of years lost through early mortality or handicap (disability-
adjusted life years) as compared to ranking 12" in 1990 [1]. Yet,
the rapidly increasing incidence and the associated socioeconomic
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as VIP and synthetic analogs thereof have emerged as promising
novel line of therapy for the treatment of obstructive and
inflammatory airway disease such as COPD. As compared to
VIP, the second generation VIP analog RO 25-1553 [9,10] and
the chemically related follow up molecule RO 50-24118 [11] are
biologically more stable, and constitute potent and selective
agonists of VPAC2. RO 50-24118 has been shown to have dual
bronchodilatory and anti-inflammatory effects, in that it relaxes
airway smooth muscle cells, inhibits bronchoconstriction and
attenuates the influx of neutrophils and CD8" T-cells in
inflammatory lung disease [12].

On the vascular side, VIP or its natural analogs have previously
been shown to relax isolated pulmonary artery segments, to
antagonize pulmonary vasoconstriction, and to inhibit the prolifer-
ation of pulmonary vascular smooth muscle cells from patients with
idiopathic pulmonary arterial hypertension [12,13]. However, these
hemodynamic effects are generally short-lived within the range of a
few minutes due to the short half-live of VIP i vivo [14]. Based on the
reported pulmonary vascular effects of VIP, we hypothesized that
stable VIP analogs may exert beneficial effects in COPD patients
that exceed their demonstrated bronchorelaxant and anti-inflam-
matory action. Specifically, stable VIP analogs may concomitantly
exert pulmonary vasodilatory effects, provided that they demon-
strate a similar yet more prolonged vasorelaxant profile as natural
VIP. Such a dual-pronged bronchial and vascular action would be
particularly attractive in light of the fact that pulmonary hyperten-
sion (PH) is prevalent in 30-50% of patients with advanced COPD
[15,16]. Presence of PH has been proposed to have significant
clinical implications in advanced COPD [17] as it is associated with
functional impairment and an increased mortality risk [15], yet
caution is warranted not to mistake such association as proof of a
necessary cause-effect relationship. Notably, analyses of data from
the ASPIRE (Assessing the Spectrum of Pulmonary Hypertension
Identified at a Referral Centre) registry did not detect an association
of compassionate therapeutic targeting of the pulmonary vasculature
with a survival benefit in COPD patients with severe PH; however, a
subset of patients who responded to pulmonary vascular treatment
either by an improvement in WHO functional class or by a fall in
PVR >20% showed an increased cumulative survival as compared
to non-responders [18]. While these findings suggest that targeting
PH may be of potential clinical benefit in at least a subset of
responders, recent clinical trials demonstrate that systemic delivery
of vasodilators such as sildenafil or bosentan not only failed to show
clinical improvement but frequently further aggravated arterial
hypoxemia in COPD patients with PH [19-22].

In the present study, we aimed to evaluate the vasodilatory
potential of the synthetic, stable VIP analog RO 25-1553 in the
pulmonary circulation. To this end, we first determined the dose-
response of pulmonary vascular tone to systemically administered
RO 25-1553 in the isolated perfused mouse lung preparation.
Next, we probed in an i ziwo rat model whether pulmonary
vasodilation could similarly be achieved by inhalative delivery of
nebulized RO 25-1553. In both models, RO 25-1553 consistently
attenuated the pulmonary vasoconstrictive response to hypoxia
without detectable adverse effects on systemic hemodynamic or
pulmonary gas exchange parameters, indicating that therapeutic
administration of VIP agonists may exert additional vasodilatory
effects in COPD patients.

Materials and Methods

Animals
Male C57BL/6 mice of 20-30 g body weight (bw) and male
Sprague-Dawley rats (350—400 g bw) were obtained from Charles
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River Laboratories (St. Constant, QC). All animals received care
in accordance with the "Guide for the Care and Use of Laboratory
Animals" (Institute of Laboratory Animal Resources, National
Academy Press, Washington, DC 1996). The study was approved
by the Animal Care Committee of St. Michaels (ACC protocols
#992 & #995).

Vasorelaxation in isolated perfused mouse lungs

Isolated perfused mouse lungs were prepared as previously
described [23]. In brief, mice were anesthetized by intraperitoneal
injection of pentobarbital sodium (100 mg-kg™' bw; Bimeda-
MTC Animal Health Inc., Cambridge, ON) and placed in a 37°C
water-jacketed chamber (Typ 839, Hugo-Sachs, March, Ger-
many). After tracheostomy, volume-controlled ventilation (Mini-
Vent 845, Hugo-Sachs) was iitiated with a tidal volume of
10 mL/kg bw, 90 breaths/min and a positive end-expiratory
pressure of 2 cmH,O, and mice were ventilated with a normoxic
gas mixture of 21% Oy, 5% COy, and 74% N, (Praxair,
Mississauga, ON). Following a midsternal thoracotomy, 10 U of
heparin were injected into the right ventricle for anticoagulation.
Two cannulas of I mm inner diameter each were inserted into the
pulmonary artery and the left atrium, respectively, and lungs were
perfused by Hank’s Balanced Salt Solution containing 5% bovine
serum albumin and 5% dextran (all Sigma-Aldrich, Oakville, ON)
[24]. Sodium bicarbonate was added to adjust the perfusate pH to
7.4%0.02. After flushing the lungs with =10 mL, the perfusion
circuit was closed and lungs were perfused at 37°C with a constant
flow rate of 50 mL-kg bw™ '*min~" at a left atrial pressure (LAP) of
2 mmHg by a roller pump (Ismatec, Glattbrugg, Switzerland).
Pulmonary arterial pressure (PAP) and LAP were continuously
measured via saline-filled membrane pressure transducers (Hugo-
Sachs) connected to side ports of the inflow and outflow cannulas,
respectively. Pressure transducers were connected to a transbridge
amplifier (Hugo-Sachs) and data were recorded at 150 Hz per
channel (Data Translation 4.0; Data Translation GmbH,
Bietigheim-Bissingen, Germany).

Analysis of pulmonary vasoreactivity in isolated perfused
mouse lungs

As pulmonary vascular tone is physiologically low, the
pulmonary vasodilatory response of the test compound was
assessed in terms of its ability to prevent hypoxic pulmonary
vasoconstriction (HPV). The extent of HPV was quantified in
isolated perfused mouse lungs as increase in PAP (APAP) in
response to hypoxia (1% Og, 5% COy, and 94% Ny; Praxair) and
intrinsic pulmonary vascular resistance Ry was calculated from
pressure-flow (P-Q)) curves at normoxic and hypoxic ventilation as
previously described [24]. To determine Ry, lungs were perfused
at either normoxia or hypoxia with flow rates of 25, 50, 75 and
100 mL-kg bw ™ '*min~' in randomized order for 30 s each to
generate a four-point pressure-flow curve. LAP was adjusted to
2 mmHg at each flow rate, and PAP was measured at the end of
each step. P-Q curves generated under normoxic and hypoxic
ventilation were analyzed by nonlinear regression analysis
according to the distensible vessel model [25] by a least-square
fit to the equation PAP = ([(1+axLAP)+5 axRyxQ]*? — 1)/a
where Ry is the intrinsic vascular resistance of the lung, i.e. the
resistance that would exist if the lung vessels were at their
respective diameter at zero vascular pressure, o is the vascular
distensibility factor describing the relation between vessel diameter
and pressure when the diameter is normalized to the diameter at
zero pressure, and Q) is the applied perfusate flow.
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Monitoring of pulmonary hemodynamics in the intact rat
in vivo

Experiments were performed as previously described in detail
[26,27]. In brief, rats were anesthetized by intraperitoneal
injection of a triple combination of medetomidine (0.5 mg-kg ™'
bw, Domitor®, Dr. E. Gracub AG, Basel, Switzerland), fentanyl
(0.05 mg-kg ' bw, JanssenCilag, Neuss, Germany), and midazo-
lam (5 mg-kg™' bw, Dormicum®, Roche, Basel, Switzerland) [28].
Rats were placed in supine position on a thermostatically
controlled electric heating blanket (Homeothemic Blanket Control
Unit, Harvard Apparatus, March-Hugstetten, Germany) to
maintain body temperature at 38°C. After tracheostomy, rats
were mechanically ventilated with room air at a tidal volume of
6 ml-kg71 bw, 110 breaths/min and a peak inspiratory pressure of
10.5=1 ecmH,0. Via the left carotid artery and the right jugular
vein, polyvinyl catheters with an internal diameter of 0.58 mm
were inserted into the aorta and vena cava for measurement of
arterial and central venous pressure as well as drug administration,
respectively. Following a median thoracotomy the pericardium
was opened and a catheter was introduced via the left auricle into
the left atrium. A second catheter was advanced into the
pulmonary artery via the right ventricle. An ultrasonic flow probe
(Transonic®, Transonic Systems Inc., Ithaca, NY) was placed
around the ascending aorta distal to the branching of the coronary
arteries. Arterial pressure (AP), central venous pressure (CVP),
PAP, LAP and aortic flow (AF) were continuously registered and
digitally recorded. Pulmonary vascular resistance (PVR) was
calculated as arteriovenous pressure difference over flow. Follow-
ing post-surgical stabilization, baseline hemodynamic data were
recorded over 5 min during normoxic ventilation (21% Oy), and
arterial and venous blood gas analyses were performed. For each
blood gas analysis, the pulmonary shunt fraction (Qs/Qf was
calculated according to the classic shunt equation as Qs/
0t=(CcOy — Ca0y)/(CcOy — CvOy) with CaOy, CcOy, and
CvOqy reflecting Oy content in arterial, capillary, and venous
blood. CcOy was calculated from alveolar Oy partial pressure
(PAOy) which was estimated based on the alveolar gas equation
[29]. Ventilation was then either switched to a hypoxic gas
mixture containing 11% O,, balance Ny (Messer Griesheim
GmbH, Ludwigshafen, Germany) or continued at normoxia, and
hemodynamics were again recorded after 5 min, followed by
arterial and venous blood gas analyses. According to the
randomized protocol, the appropriate test compound was inhaled
for 3 min and hemodynamic data were again recorded after 5, 30
and 60 min. At the end of the protocol, a third arterial and venous
blood gas analysis was performed and animals were euthanized by
exsanguinations. For determination of lung edema, lungs were
removed immediately post mortem, weighed, dried in a microwave
oven for 40 min as described [30], re-weighed, and wet-to-dry lung
weight ratio was calculated.

Experimental groups

All drugs were dissolved in 0.9% saline as vehicle. Isolated perfused
mouse lungs. After preparation, isolated perfused lungs were
randomly assigned to one of five experimental groups (n=38
animals each). Lungs in group I did not receive any vasodilator
treatment (control). In groups 1I-IV, isolated lungs were perfused
with the stable VPAC2 agonist RO 25-1553 (kindly provided by
Hoffmann-LaRoche Inc., Nutley, NJ and produced as previously
described) [9] at final concentrations of 0.01, 0.1 and 1 mg-ml™",
respectively. In group V, lungs were perfused with 100 nmol-1 ™!
sildenafil (Pfizer Inc.) as positive control [31]. In wvivo rat
hemodynamics. After completion of surgical preparation, animals
were randomly assigned to one of six experimental groups (n =28
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animals each). Following baseline hemodynamic recordings,
groups 1, 3 and 5 continued on normoxic ventilation, while
groups 2, 4 and 6 were switched to hypoxic ventilation. After a
second hemodynamic recording, groups 1 & 2 inhaled 0.9% NaCl
solution (vehicle control), groups 3 & 4 the test compound RO 25-
1553 (1 mg'ml™"), and groups 5 & 6 inhaled sildenafil
(10 mg-ml™") as positive control [32]. Each drug was nebulized
using an ultrasonic nebulizer (Optineb®, Nebu-Tec, Elsenfeld,
Germany) and inhaled for 3 min at identical peak inspiratory
pressures as used throughout the experiment [26,27].

Statistical analyses

All data are presented as means * SEMs. Treatment groups
were compared by Mann-Whitney U-test or Kruskal-Wallis test.
Normoxia and hypoxia data from the same mouse lung were
compared by Wilcoxon matched pairs signed rank test. Dose-
response curve was generated by non-linear regression analyses
and fitted to a 3-parametric hyperbolic decay curve using
SigmaPlot software (V9.0, Systat Software, San Jose, CA).
Statistical significance was assumed at p<0.05.

Results

RO 25-1553 attenuates pulmonary vasoconstriction in
isolated perfused lungs

In a first set of experiments, we tested whether RO 25-1553 can
attenuate HPV in isolated murine lungs. Basal PAP in isolated
mouse lungs was 5.6%0.1 mmHg and did not differ significantly
between experimental groups. Single pressure tracings given in
Fig. 1A show characteristic changes in pulmonary arterial pressure
(PAP) during variations in perfusate flow (Q). After switching from
normoxic to hypoxic ventilation, PAP increased in control lungs,
yet the magnitude of the HPV response was substantially reduced
in the presence of 1 mg:ml™' of RO 25-1553. Group data
analyses substantiated a distinct increase in pulmonary artery
pressure (APAP) during hypoxic ventilation in control lungs that
was largely attenuated in lungs perfused with 0.1 or 1 mg-ml™" of
RO 25-1553 (Fig. 1B). This inhibition was comparable to the
effect of the phosphodiesterase 5 inhibitor sildenafil (100 nmol-1™")
which served as positive control. Lower concentrations of RO 25-
1553 (0.01 mg'ml™"), however, failed to inhibit HPV. The
resulting dose-response for the inhibitory effect of RO 25-1553
on HPV could be described by a hyperbolic decay curve (Fig. 1B).

Analysis of pressure-flow curves was performed to obtain R as
a pressure-independent measurement of vascular resistance.
Representative raw P-Q) relationships from individual experiments
and calculated corresponding Ry, values are given in Table 1, and
resulting non-linear P-Q) curves are shown for control and RO 25-
1553 (1 mg* ml™ ") perfused lungs at normoxia and hypoxia in Fig.
1C. Ry, which is reflected by the slope of the P-Q curve at its
intercept with the abscissa, increased with hypoxia in control
lungs, whereas perfusion with RO 25-1553 resulted in markedly
lower Ry values both at normoxia and hypoxia. Group analysis of
calculated Ry data confirmed the inhibition of HPV by RO 25-
1553 at concentrations of 0.1 and 1 mg- ml~ ', as well as by
sildenafil, yet not at the lowest concentration of RO 25-1553
(0.01 mg-mlfl; Fig. 1D). In addition, Ry analyses revealed a
reduction in intrinsic pulmonary vascular resistance at normoxia
by 0.1 and 1 mg-ml™" RO 25-1553 as well as by sildenafil that
was not immediately evident from the original PAP values alone
(5.8%£0.2 mmHg in controls versus 5.3+0.2 mmHg at both 0.1
and 1 mg-ml™" RO 25-1553; no significant difference between
groups). This finding demonstrates that RO 25-1553 did not only
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Figure 1. RO 25-1553 attenuates HPV in isolated murine lungs. A) Representative tracings of pulmonary arterial pressure (PAP; lower panel)
in isolated mouse lungs perfused in the absence (control) or presence of RO 25-1553 (1 mg-mL”) during stepwise changes in lung perfusion (Q;
upper panel) at normoxia (21% O2) or hypoxia (1% 02). B) Group data showing the increase in pulmonary artery pressure (APAP) relative to baseline
measured 10 min after the change from normoxic (21% O,) to hypoxic (1% O,) ventilation in isolated mouse lungs perfused with buffer alone
(control), with RO 25-1553 at final concentrations of 0.01, 0.1 or 1 mg-mL“, and in lungs perfused with sildenafil (100 nMol-L™") as positive control.
C) Non-linear regression analysis according to the distensible vessel model yields representative pressure-flow (P-Q) curves for lungs perfused in the
absence (control) or presence of RO 25-1553 (1 mg~mL71) at normoxia and hypoxia. The pressure at Q=0 mI~kgf1 -min~" reflects the LAP which was
set to 2 mmHg, while the corresponding slope of the P-Q curve reflects Ry. D) Group data showing intrinsic vascular resistance Ry at normoxia (21%
0O,) or hypoxia (1% O,) in isolated mouse lungs perfused with buffer alone (control), with RO 25-1553 at final concentrations of 0.01, 0.1 or
1 mg-mL~", and in lungs perfused with sildenafil (100 nMol-L™") as positive control. Group data are means+SEMs; * p<<0.05 vs. control, # p<<0.05 vs.

normoxia, n =8 experiments each.
doi:10.1371/journal.pone.0075861.9001

counteract pulmonary vasoconstriction, but also directly stimulat-
ed pulmonary vasodilation.

RO 25-1553 inhalation reduces hypoxic pulmonary
vasoconstriction in vivo

In a second set of experiments, we tested whether RO 25-1553
exerts a similar vasodilatory effect in the pulmonary vasculature
when a) administered by inhalation and b) in an @ viwo setting
rather than an isolated organ preparation. In anesthetized and
mechanically ventilated rats, a switch from normoxic (21% Oy) to
hypoxic (11% Oy) ventilation caused a characteristic HPV
response in form of a rapid and distinct increase in PAP that
persisted over the remaining observation time of 60 min (Fig. 2A).
Inhalation of either RO 25-1553 (1 mg-ml™") or sildenafil (positive
control; 10 mg-ml ') reversed this increase in pulmonary vascular
tone within < 5 min, while inhalation of 0.9% NaCl as vehicle
control had no effect (Fig. 2A). Calculation of absolute PVR values
demonstrated that the hypoxia-induced increase in PAP and its
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reversal by inhaled RO 25-1553 or sildenafil, respectively, were
indeed attributable to changes in lung vascular resistance (Fig. 2B)
rather than effects on cardiac output, which did not differ between
groups over the course of the experiment (data no shown).

RO 25-1553 inhalation had no detectable adverse effects

in vivo

In the same experiments, we next analyzed whether inhalation
of RO 25-1553 may exert potential adverse effects on systemic
hemodynamics, pulmonary gas exchange, ventilation-perfusion
matching, or lung fluid balance. In parallel to the vasoconstrictive
response in the pulmonary circulation, hypoxic ventilation caused
a vasodilatory response in the systemic circulation as evident by
the concomitant drop in systemic AP (Fig. 2C). Neither inhalation
of RO 25-1553 nor of sildenafil had a detectable effect on AP in
normoxic or hypoxic rats, indicating that the vasodilatory effect of
the inhaled compounds did not spill over into the systemic
circulation. In all experimental groups with hypoxic ventilation,
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Table 1. Representative raw data for the pressure-flow (P-Q) relationships in isolated perfused mouse lungs at different

group control RO 25-1553 sildenafil

concentration - 0.01 mg-ml™’ 0.1 mg-ml~’ 1 mgml’' 100 nmol/I™’
FiO, 0.21 0.01 0.21 0.01 0.21 0.01 0.21 0.01 0.21 0.01
PAP 25 ml-kgfl-minf1 438 491 4.27 4.57 3.82 3.94 3.95 4.02 3.80 3.93
PAP 50 ml-kg™"*min~"' 5.85 6.77 5.88 6.83 5.69 6.12 5.52 5.85 5.56 5.94
PAP 75 ml'kg_l~min_l 7.32 8.40 7.12 8.13 7.14 7.56 6.97 7.24 6.71 7.7
PAP 100 ml-kgﬂ-mini1 8.32 9.47 8.16 9.06 8.22 8.58 8.22 8.49 7.85 8.36
Ro 0.17 0.23 0.18 0.23 0.11 0.13 0.10 0.12 0.11 0.12

doi:10.1371/journal.pone.0075861.t001

arterial blood gas analyses revealed the expected arterial
hypoxemia, yet arterial O partial pressure (PaO,) was not
affected by inhalation of RO 25-1553 or sildenafil in either the
normoxic or the hypoxic groups, respectively (Fig. 3A). Arterial
COy, partial pressure (PaCOy) remained unchanged in all groups
over the course of the experiment (Fig. 3B). Similarly, RO 25-1553
did also not affect Qs/Q¢ in either normoxic or hypoxic lungs,
indicating that the VPAC2 agonist did not interfere with
ventilation/perfusion matching in the lung (Fig. 3C). Yet, in
agreement with the well-described opening of intrapulmonary
arterio-venous shunts by hypoxia [33], Qs/Q¢ increased signifi-
cantly after switching to 11% O, in all hypoxic groups.
Concurrent with previous reports [34], hypoxic ventilation also
caused mild pulmonary edema as indicated by a slight yet
significant elevation in wet-to-dry lung weight ratios (Fig. 4).
Notably however, neither inhalation of RO 25-1553 nor of
sildenafil had a detectable effect on lung fluid content under these
experimental conditions.

Discussion

In the present study, we demonstrate the vasodilatory potential
of the stable VIP analog RO 25-1553 as evident by its ability to
reduce intrinsic vascular resistance in normoxic lungs, and to
antagonize vasoconstriction in hypoxic lungs. RO 25-1553 proved
effective in both an ex viwo mouse and an i vivo rat model when
given either systemically or via inhalation, and its efficacy at
systemic doses of 0.1 mg-ml~' was comparable to that of the
clinically  established  pulmonary  vasodilator  sildenafil
(100 nmol-1™"). No adverse effects of inhaled RO 25-1553 on
systemic hemodynamics, pulmonary gas exchange, ventilation/
perfusion matching or lung edema formation were detectable.
Hence, the effects of VPAC2 agonists in COPD may exceed their
demonstrated dual bronchodilatory and anti-inflammatory poten-
tial, in that they concomitantly exert vasodilatory effects in the
pulmonary circulation.

Despite extensive research efforts, COPD remains a major and
still growing cause of morbidity, mortality, and socioeconomic
health care burden worldwide that has not been matched by
adequate and efficient therapies so far. Recent work has proposed
VIP, one of the major peptide transmitters in the central and
peripheral nervous system, as a promising agent for the treatment
of chronic airway disease including asthma [35] and COPD
[36,37] based on its combined bronchodilatory and immunomod-
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Representative pulmonary artery pressures (PAP; in mmHg) as recorded in individual isolated mouse lungs perfused at flow rates (Q) of 25, 50, 75, and

100 ml-kg~"-min~" and corresponding intrinsic pulmonary vascular resistance values (Ro; in mmHg-ml~'-kg™"-min~") as calculated from the respective 4-point P-Q
curve. Examples are given for normoxic (21% O,) or hypoxic (1% O,) lungs perfused with buffer alone (control), with RO 25-1553 at final concentrations of 0.01, 0.1 or
1 mg-mL~", or with sildenafil (100 nMol-L™"). FiO,; fraction of inspiratory O, (0.21 for normoxia; 0.01 for hypoxia).

ulatory properties. VIP is abundantly present in normal human
lungs [38], along with its receptors, VPAC1 and VPAC2 [7,8,39].
Yet, the therapeutic applicability of VIP is thwarted by its
cardiovascular side effects following systemic administration [40],
and its rapid (<1 min) enzymatic degradation in a biological
environment [41,42]. To avoid systemic side effects, drug delivery
by inhaled application of VIP or its analogs has been proposed
[36] and has proven both effective and lung specific in the present
study, in that inhalation of the VIP analog caused pulmonary, yet
not systemic vasodilation i vive. To overcome the rapid proteolytic
cleavage of VIP, Bolin and coworkers developed RO 25-1553, a
cyclic peptide analog of VIP that contains a lactam ring at the
original primary cleavage site of the VIP molecule, resulting in
higher potency, increased metabolic stability, and hence, a longer
duration of action as compared to VIP [9,43]. In a series of in vitro
and i vivo models, RO 25-1553 has proven effective to attenuate
airway hyperreactivity and inflammation [9,10,44,45], and its
maximum bronchodilatory effect during 24 hours was similar to
that of the reference bronchodilator formoterol in a clinical study
on 24 patients with moderate stable asthma [46].

Of relevance, genetic deletion of VIP in mice causes not only
characteristic hallmarks of chronic airway disease including airway
hyperresponsiveness and peribronchial inflammation, but also
moderate pulmonary arterial hypertension and considerable
pulmonary vascular remodelling [47,48]. Along these lines, VIP
has been found to relax human pulmonary vascular smooth
muscle cells [49], to reverse leukotriene Dy-induced contraction in
1solated pulmonary arteries [50], and to counteract the pulmonary
vasoconstrictor response to U46619 in cats [51]. A similar
vasodilatory effect was also demonstrated for the VIP analog
RO 25-1553 in isolated human pulmonary artery rings pre-
constricted with prostaglandin Fy, [52]. These findings generated
considerable enthusiasm for the use of VIP and VIP analogs as
novel therapeutic strategy in PH that was initially supported by a
couple of single-center clinical trials which reported favorable
effects of inhaled VIP in PH patients [53,54]. A multicenter
randomized controlled trial presented at the Annual Conference of
the American Thoracic Society (ATS) 2010, however, found no
reduction in PVR by VIP as compared to placebo either after
single inhalation or after 12 weeks of treatment, although an
exploratory analysis suggested some potential improvement in 6
minute walk test after 6 months of treatment [55]. With the
publication of the final results from this study pending, the overall
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Figure 2. Inhaled RO 25-1553 attenuates HPV in the absence of systemic cardiovascular effects in vivo. Group data showing A) mean
pulmonary artery pressure (PAP), B) pulmonary vascular resistance (PVR), and C) mean systemic arterial pressure (AP) in rats at normoxic baseline (t=-
25 min), after switch to hypoxic ventilation (11% O,, open symbols) or during continued normoxic ventilation (21% O,, black symbols), respectively
(t=-10 min), and 5, 30 and 60 min following a 3 min inhalation of either 0.9% NaCl (circles), RO 25-1553 (1 mg~mL71; triangles) or sildenafil
(10 mg-mL™~"; squares). Interval of hypoxic ventilation (for hypoxia groups) is indicated by dashed line, time of drug inhalation (t=0 min) by arrow.
Lines connecting individual data points serve assignment to the different study groups and do not reflect exact time course of parameters. Data are

means*+SEMs; * p<<0.05 vs. corresponding normoxia group, # p<<0.05 vs. NaCl group under similar ventilation; n=8 experiments each.

doi:10.1371/journal.pone.0075861.g002

effectiveness of VIP and VIP analogs in PH remains to be resolved
[56].

PH, defined as a mean pulmonary artery pressure exceeding
25 mmHg at rest, is also a common complication with a reported
prevalence of 30-50% in patients with advanced COPD [15,16].
PH secondary to COPD is classified in group 3 of the WHO
classification of PH, i.e. PH associated with lung disease and/or
hypoxia [57], and alveolar hypoxia is considered to be a key
trigger of the disease based on the consistent correlation of
increased PAP and PVR with the severity of hypoxemia in COPD
patients [58-60]. At rest, PH associated with COPD commonly
causes only modest hemodynamic alterations in the pulmonary
circulation as compared to other forms of PH [17]. Yet, mean PAP
is a good predictor of exercise capacity [15,61] and a better
prognostic factor than the forced expiratory volume in the first
second (FEV;) or the degrees of hypoxemia or hypercapnia in

PLOS ONE | www.plosone.org

COPD patients [62]. Over time, PH secondary to COPD tends to
progress with a reported rise in mean PAP of 0.5-1.5 mmHg per
year [63,64], and may ultimately cause exercise intolerance
[65,66], right ventricular dysfunction [67] and thus, potentially
contribute to patient mortality in COPD [68]. While it is tempting
to hypothesize that these associations of PH with clinical outcome
may reflect a significant clinical relevance of PH in COPD, recent
clinical trials targeting the pulmonary vasculature in patients with
COPD and PH seemingly point to the contrary. Systemic delivery
of the dual endothelin receptor antagonist bosentan or the
phosphodiesterase 5 inhibitor sildenafil not only failed to improve
exercise capacity [20-22], stroke volume [21], or quality of life
[20], but also deteriorated arterial hypoxemia and functional
status in patients with severe COPD [22]. These adverse effects
are likely attributable to a non-specific inhibition of HPV by
systemically delivered vasodilators in a heterogeneously ventilated
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Figure 3. Inhaled RO 25-1553 does not impair gas exchange or ventilation-perfusion matching in vivo. Group data showing A) arterial
partial pressure of O, (Pa0,), B) arterial partial pressure of CO, (PaCO,), and C) pulmonary shunt fraction (Qs/Qt) in rats at normoxic baseline (t=-25
min), after switch to hypoxic ventilation (11% O,, open symbols) or during continued normoxic ventilation (21% O,, black symbols), respectively (t=-
10 min), and 60 min following a 3 min inhalation of either 0.9% NaCl (circles), RO 25-1553 (1 mg-mL”; triangles) or sildenafil (10 mg-mL”; squares).
Interval of hypoxic ventilation (for hypoxia groups) is indicated by dashed line, time of drug inhalation (t=0 min) by arrow. Lines connecting
individual data points serve assignment to the different study groups and do not reflect exact time course of parameters. Data are means*SEMs; *

p<0.05 vs. corresponding normoxia group; n=8 experiments each.
doi:10.1371/journal.pone.0075861.g003

lung resulting in impaired ventilation/perfusion matching and
reduced oxygenation [69]. This notion is substantiated by the
finding that sildenafil treatment in COPD patients with PH tends
to divert blood flow to units with a low ventilation/perfusion ratio
of less than one [19].

Inhaled delivery of vasodilators may potentially circumvent this
critical pitfall, in that it restricts the pharmacological effect to
ventilated and aerated lung regions, provided the inhaled drug
does not spill over into the circulation in relevant amounts.
Notably, one of the most effective drugs to attenuate HPV
specifically in ventilated lung areas, namely supplemental oxygen,
is already commonly used in patients with severe COPD and
hypoxemia with or without cor pulmonale. However, oxygenation
typically remains suboptimal and can be further improved by
additional strategies such as non-invasive positive pressure
ventilation [70] or inhalation of nitric oxide [71].

Consistent with a potential advantage of inhaled vasodilator
delivery, inhalation of the stable prostacyclin analog iloprost has

PLOS ONE | www.plosone.org

been reported to achieve short-term improvements in exercise
capacity in the absence of adverse effects on arterial oxygenation
or ventilation/perfusion matching in GOPD patients in two small
clinical trials [72,73], and allowed for long-term improvement of
pulmonary hemodynamics and exercise tolerance over a 2 year
period in a single case of COPD with severe PH [74]. Conversely
however, a recent crossover study in 16 COPD patients with
confirmed PH failed to detect an improvement in six minute walk
test following an acute inhalation of iloprost while oxygenation at
rest significantly decreased [75]. Notably, inhaled doses of 10 and
20 pg iloprost in the latter "negative" study exceeded the
individual doses of 2.5 and 5 pg in the previous, "positive" reports
[73,74], raising the possibility that systemic spillover of the inhaled
drug may have caused or contributed to the observed adverse
effects.

While the final verdict on the therapeutic benefit (or harm) of
vasodilator treatment in COPD with PH is hence still pending,
inhaled drug delivery with minimal systemic spillover would seem
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Figure 4. Inhaled RO 25-1553 does not increase lung water
content in vivo. Group data showing lung wet-to-dry weight ratio as
a measure of lung edema in rats after normoxic (21% O,, black bars) or
hypoxic (11% O,, open bars) ventilation for 70 min and a 3 min
inhalation of either 0.9% NaCl, RO 25-1553 (1 mg-mL™") or sildenafil
(10 mg~mL71) 60 min prior to tissue harvesting. Data are means+SEMs;
* p<<0.05 vs. corresponding normoxia group, n=8 experiments each.
doi:10.1371/journal.pone.0075861.9004

to present the most targeted and thus, promising approach. In the
present study, we therefore tested the pulmonary vasodilatory
potential of RO 25-1553 in the isolated perfused mouse lung as
basic proof-of-principle, and upon inhalation in rats @ vio. In
isolated lungs, RO 25-1553 had a dose-dependent inhibitory effect
on HPV. As the pulmonary circulation is almost completely
dilated under resting conditions [26,27], RO 25-1553 (and
likewise, the positive control sildenafil) did not reduce PAP at
normoxia in isolated murine lungs. However, calculation of
intrinsic vascular resistance which yields a more robust, pressure-
independent measure of vascular tone, also revealed a direct
vasodilatory potential of RO 25-1553 in non-preconstricted lungs.
In vivo, inhalation of RO 25-1553 largely attenuated the hypoxia-
induced increase in PAP, yet without affecting cardiac output, and
thus effectively inhibited the increase in PVR. Importantly, this fall
in PAP and PVR in response to RO 25-1553 inhalation was not
associated with a decrease in systemic arterial pressure (AP) or an
increased pulmonary shunt fraction (Qs/Qf). These findings
indicate that the drug acted specifically on the pulmonary blood
vessels without spillover into the systemic circulation or impair-
ment of ventilation/perfusion matching. Inhaled delivery of RO
25-1553 may therefore potentially circumvent some of the
problems inherent to the systemic delivery of vasodilators in
previous COPD trials.

Of interest, hypoxic ventilation by itself increased the intrapul-
monary shunt fraction and caused mild-to-moderate edema
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cular permeability and/or inhibition of alveolar fluid absorption as
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While the present findings suggest that inhaled RO 25-1553
may strike an attractive balance between beneficial efficiency in
terms of improved pulmonary hemodynamics and absence of
adverse effects on ventilation/perfusion mismatching, lung edema
formation, and systemic hemodynamics in hypoxic lung disease,
caution is clearly warranted not only in light of the recent negative
results with aerosolized iloprost in COPD-related PH [75].
Inhaled vasodilators have also been proposed to promote edema
formation in patients with left heart dysfunction, a common
comorbidity in COPD, by inhibition of the so-called Kitajew reflex
[78]. Finally, we should remind ourselves that the present findings
were obtained in experimental models of acute hypoxia, and
similar efficacy and safety in clinically more relevant chronic
models of COPD and ultimately, clinical trials remains to be
shown.
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