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Purpose: Inhaled nitric oxide (iNO) selectively vasodilates the pulmonary circulation but the
effects are sometimes insufficient. Available intravenous (iv) substances are non-selective and
cause systemic side effects. The pulmonary and systemic effects of iNO and an iv mono-organic
nitrite (PDNO) were compared in porcine models of acute pulmonary hypertension.

Methods: In anesthetized piglets, dose-response experiments of iv PDNO at normal pulmonary
arterial pressure (n=10) were executed. Dose-response experiments of iv PDNO (n=6) and iNO
(n=7) were performed during pharmacologically induced pulmonary hypertension (U46619 iv).
The effects of iv PDNO and iNO were also explored in 5 mins of hypoxia-induced increase in
pulmonary pressure (n=2-4).

Results: PDNO (15, 30, 45 and 60 nmol NO kg ™' min™" iv) and iNO (5, 10, 20 and 40 ppm which
corresponded to 56, 112, 227, 449 nmol NO kgf1 min” ',
U46619-increased mean pulmonary arterial pressure (MPAP) and pulmonary vascular resistance

respectively) significantly decreased the

(PVR) to a similar degree without significant decreases in mean arterial pressure (MAP) or
systemic vascular resistance (SVR). iNO caused increased levels of methemoglobin. At an
equivalent delivered NO quantity (iNO 5 ppm and PDNO 45 nmol kg ' min~' iv), PDNO
decreased PVR and SVR significantly more than iNO. Both drugs counteracted hypoxia-induced
pulmonary vasoconstriction and they decreased the ratio of PVR and SVR in both settings.
Conclusion: Intravenous PDNO was a more potent pulmonary vasodilator than iNO in
pulmonary hypertension, with no severe side effects. Hence, this study supports the potential
of iv PDNO in the treatment of acute pulmonary hypertension.

PDNO, inhaled NO,

vasoconstriction, U46619

Keywords: acute pulmonary hypertension, hypoxia-induced

Introduction

Pulmonary hypertension is traditionally defined as a mean pressure in the pulmonary
artery over 25 mm Hg at rest.' An acute increase in the pulmonary arterial pressure is
common in intensive care patients and correlates to increased mortality, partly due to the
absence of an efficient pharmacologic approach.>* The pulmonary circulation is a low
pressure-high flow system and can tolerate a severalfold increase in cardiac output under
normal conditions.* When pulmonary vessels constrict due to conditions such as acute
respiratory failure and sepsis, or become mechanically obstructed (ie, pulmonary embo-
lism), the pulmonary pressure rises,” ' increasing afterload of the right ventricle. Since
the right ventricle is afterload intolerant,® a hemodynamic malfunction manifests, even-

tually leading to circulatory collapse.’
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Nitric oxide (NO) is an endogenous signal substance

and Vasodilator;m’11

simple in structure but complex in
chemistry. Due to the reactivity of free NO in tissue, the
synthesis has to be rapid when requested, and it is metabo-
lized and cleared quickly.'” Inhalation of NO (iNO) is of
particular interest in pulmonary hypertension considering

13-16 and distribution to ven-

its selective pulmonary action
tilated lung segments.'” However, the summarized effect of
iNO remains controversial since improved survival rates
have not been shown in adult intensive care patients.'®
Today, iNO may be considered as pharmacological therapy
in hypoxemic infants,'” but not on a routine basis in any
category of acute respiratory distress syndrome
(ARDS)."®2%2! Nonetheless, iNO is used in adult ARDS
as a “rescue agent” worldwide since it improves arterial
oxygenation.”’*? The enhancement of arterial oxygenation
is however temporary (up to 24 hrs) and potential toxicity is
of concern.'® Firstly, in high concentrations, iNO reacts
with superoxide anions forming potent oxidants that
damage tissues through lipid peroxidation,” and the risk
of renal injury is not negligible.** Secondly, methemoglo-
bin is produced, impairing oxygen transportation.?
Moreover, iNO is, in some conditions, insufficient and
additional vasodilation may be required. It is suggested
that iNO acts in small vessels peripherally in the pulmon-
ary arterial tree. An additional effect in larger pulmonary
vessels could possibly be generated by an intravenous (iv)
substance.?® Free NO is, however, difficult to handle for
therapeutic use, except in inhaled form, due to rapid inac-
tivation when encountering hemoglobin and the formation
of nitric dioxide in reaction with oxygen.''’ Different
molecular carriers may be utilized to stabilize the radical
in a solution until time of release. Numerous substances
have been developed but few are clinically available.?®
Two types of NO donor drugs have reached the market,
organic nitrates and sodium nitroprusside, but none are
indicated for acute pulmonary hypertension due to adverse
side effects.”®*° Nitroprusside is sensitive to photolysis
and has been reported to cause cyanide intoxication after
long-term use.”®*® Organic nitrates show rapid tolerance
development and cause distinct systemic hypotension.'
Organic nitrites have also been studied, but little progress
has been made in examining these substances in human
clinical trials.>?> These do not present tolerance develop-
ment in animal studies and are, therefore, perhaps clini-
cally advantageous compared to organic nitrates.”’ >
However, the problem with systemic hypotension remains

and formation of methemoglobin have been reported.’**

Thus, new alternatives to NO donor drugs are needed.?®
The recently synthesized 1,2-propanediol mono-organic
nitrites (PDNO) exhibit some selectivity towards the pul-

343539 and are of clinical interest for

monary circulation
further investigation concerning pulmonary potency and
systemic side effects in the context of acute pulmonary
hypertension, but a direct comparison with the gold stan-
dard pulmonary vasodilator, iNO, has not been done.
Therefore, in the present study, we have investigated and
compared the pulmonary and systemic effects of iNO and
PDNO in porcine models of acute pulmonary hypertension

induced by a pulmonary vasoconstrictor and by hypoxia.

Materials and Methods
Study Group

An interventional exploratory animal study was conducted in
the research laboratory at Orebro University Hospital,
September 4-15, 2017. The study comprised 16 locally
farmed, 3—4 month old domestic Hampshire and Yorkshire
crossbreed pigs weighing 21-34 kg. The study was approved
by the regional animal ethics committee in Link&ping,
Sweden (ID: 953), controlled by a licensed veterinarian and
performed by an experienced diploma-certified animal
research team in compliance with European conventions of
experimental animal protection.*’

Animal Preparation and Monitoring

The animals were brought to the laboratory in the morning
of each trial day, having been sedated by injection of
67 mL 40 mg mL™" azaperone (Stresnil Elanco, Herlev,
Denmark) intramuscularly (IM) before the 30-min transpor-
tation. In the laboratory, anesthesia was induced by an IM
injection of 6 mg kg ' of zolazepam and tiletamine (Zoletile
Forte, Virbac, Kolding, Denmark) and 4 mg kg ' azaper-
one. Atropine (Mylan, Stockholm, Sweden) 1.5 mg was
administered IM and a single dose of cefuroxime 750 mg
(GlaxoSmithKline SK AB, Solna, Sweden) was given in
a peripheral vein catheter (1.1 mm, Venflon™ Pro Safety,
BD, Helsingborg, Sweden). After orotracheal intubation
with a 6 mm endotracheal tube (Covidien, Tullamore,
Ireland), the animals were connected to a ventilator (PV
501, Breas Medical AB, Sweden) and to continuous infu-
sions of propofol 5-15 mg kg ' h™' (Fresenius Kabi,
Uppsala, Sweden), fentanyl 5-20 pg kg ' h™' (Meda,
Solna, Sweden), 5% glucose 0.5 mL kg ' h™' (Fresenius
Kabi) and crystalloid hydration solutions 10 mL kg ' h™!
(Ringer-Acetate, Fresenius Kabi) through infusion pumps
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(Alaris GP; Cardinal Health Care, Rolle, Switzerland).
Additional boluses of propofol and/or fentanyl were given
if needed. Ventilation was regulated at a positive end-
expiratory pressure (PEEP) of 5 cm H,0.

Arterial access for blood samples (methemoglobin
[MetHb], hemoglobin [Hb] and blood gases) and measure-
ments of mean arterial pressure (MAP) and heart rate (HR)
were gained through a 5 Fr catheter (Avanti, Cordis, Cashel,
Ireland) placed in the right common carotid artery using the
Seldinger technique. A pulmonary arterial catheter (Swan-
Ganz CCOmbo, 7.5 Fr, Edwards Lifesciences, Irvine, CA,
USA) was inserted through a 9 Fr catheter (Avanti, Cordis) in
the right external jugular vein for measurements of pulmon-
ary arterial pressure, central venous pressure (CVP), contin-
uous cardiac output (CCO; thermodilution technique) and
body temperature. Pulmonary capillary wedge pressure
(PCWP) was determined by intermittent occlusion of the
pulmonary artery catheter. Venous access for fluid and drug
administration was obtained through a central venous cathe-
ter in the left external jugular vein (Avanti, Cordis).
Hemodynamics were monitored (ICU monitor, AS/3,
Datex, Helsinki, Finland) as were ventilation parameters,
eg, tidal volume (TV), minute volume (MV), respiratory
frequency (RF), inspired fraction of oxygen (FiO,), end-
tidal oxygen concentration (ETO,), end-tidal carbon dioxide
concentration (ETCO,), PEEP and peak inspiratory pressure
(PIP), and recorded continuously using the MP150/
Acknowledge 3.9.1 system (BIOPAC systems; Goleta, CA,
USA). The urinary bladder was catheterized with a 12 Fr
urinary catheter (Foley, Bard Limited, Crawley, UK) through
a 3—4 cm midline laparotomy incision. After instrumentation,
5000 IU heparin (LEO Pharma, Malmd, Sweden) was admi-
nistered iv and the animals were covered with blankets to
maintain body temperature. An intervention-free hour fol-
lowed the surgical preparations in order to reach stable base-
line values. After completing the experiments, cardiac arrest
was induced under general anesthesia by iv injection of 40
mM potassium chloride (Braun, Danderyd, Sweden).
Termination of circulation was confirmed by ECG-
registration, blood pressure and respiratory carbon dioxide
measurements.

Drugs

The thromboxane A2-mimetic 9,11-dideoxy-9a, 1lo-
methanoepoxy PGF,,, U46619 (Cayman Chemical, MI,
USA), was supplied in methyl acetate and diluted in NaCl
0.9% to a final concentration of 30 pug mL™'. PDNO was
supplied in a solution of 27 mM (SP Process Development,

Sodertilje, Sweden). All solutions were administered through
syringe pumps. iNO was supplied from a tank (1000 parts
per million [ppm] of nitrogen) and introduced to the inspira-
tory limb of the non-rebreathing ventilator circuit to mix NO
with inspired gas in a Servo 300 ventilator (Siemens-Elema,
Stockholm, Sweden). A portion of inhaled NO and nitric
dioxide continuously passed through a chemiluminescence

analyzer to monitor concentrations.

Experimental Protocol
Three

experiments of PDNO at normal pulmonary arterial pres-

experiments were performed: Dose-response
sure; Dose—response experiments of PDNO and iNO at
pharmacologically increased pulmonary arterial pressure;
Single-dose experiments of iNO and PDNO in hypoxic
pulmonary vasoconstriction. As many experiments as pos-
sible was performed in each animal, but the experiments

were terminated if hemodynamic stability was not reached.

Dose—Response Experiments at Normal Pulmonary
Arterial Pressure

Dose-response experiments at normal pulmonary arterial
pressure were performed with continuous iv infusions of
PDNO doses (n=10; 15, 30 and 60 nmol kg' min™") in
a non-randomized dose arrangement. Hemodynamic para-
meters were studied at baseline and 7-10 mins after dose
augmentation. The animals were hemodynamically stabi-
lized before the next experiment.

Dose—Response Experiments of PDNO and iNO at
Pharmacologically Increased Pulmonary Arterial
Pressure

Pulmonary hypertension was induced by continuous iv
infusions of U46619 (60-150 ng kg ' min ') to a target
of mean pulmonary arterial pressure (MPAP) at 35-45 mm
Hg. After reaching a steady-state, the pigs received PDNO
infusions (n=6; 15, 30, 45 and 60 nmol kg_] min_l) and
inhaled NO (n=7; 5, 10, 20, 40 ppm) in a cross-over non-
randomized fashion; however, three animals received iNO
first and five animals received PDNO first. Blood samples
(Gem 4000, Instrumental Laboratory, Lexington, MA,
USA) and hemodynamic and respiratory parameters were
analyzed at baseline, during U46619 infusion prior to drug
administration, and at each dose of NO donation and iNO
delivery with concurrent U46619 infusion. A washout per-
iod of approximately 30 min was inserted for recovery

between the drugs.
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Single-Dose Experiments of iNO and PDNO in
Hypoxic Pulmonary Vasoconstriction

The fraction of inspired oxygen was reduced to 0.10-0.11
to generate hypoxic pulmonary vasoconstriction. The
experiment was designed as a cross-over trial with three
interventions. The pigs were studied under a five-minute
period of inhaled hypoxic gas alone (control condition)
and under concurrent infusion of 45 nmol kg' min'
PDNO or 20 ppm iNO. The order of interventions was
randomized. Four animals were used, eight experiments
were made since the two animals randomized to start
with control conditions died after their first exposure.
A third animal was randomized to: PDNO - control
condition — iINO and a fourth was randomized to:
iNO — control condition — PDNO. Hemodynamic para-
meters were collected at baseline and after each minute
of hypoxia. Blood samples and respiratory parameters
were measured at baseline and after 5 mins of hypoxia.

Calculations

Pulmonary vascular resistance (PVR) was calculated as
(MPAP — PCWP)/CCO and systemic vascular resistance
(SVR) as (MAP — CVP)/CCO where PCWP and CVP are
pulmonary capillary wedge pressure and central venous
pressure, respectively. Ppm was converted to nmol kg’
min ! using the Ideal Gas Law pV = nRT, where p, V, n,
R and T are pressure of the gas, volume of the gas, amount
of substance of the gas, universal gas constant, and abso-
lute temperature of the gas, respectively.

Statistical Analysis

Descriptive data in the dose—response experiments at nor-
mal pulmonary pressure are presented as mean + standard
error of the mean (SEM). Shapiro—Wilk normality test
confirmed normal distribution and data were analyzed
with linear mixed model for comparison with dose as the

repeated factor. Data of U46619-induced pulmonary
hypertension experiments are expressed as median and
interquartile range (IQR 25th—75th percentile), since the
Shapiro—Wilk normality test revealed deviations from nor-
mal distribution. Analysis from baseline to U46619 was
performed using Wilcoxon signed-rank test. Friedman test
was used for analysis of doses within the groups followed
by multiple comparisons with Wilcoxon signed-rank test.
Mann Whitney U-test was used for comparison between
the groups. The maximal dose of the drugs and the dose of
comparative efficient NO quantity delivered (PDNO

45 nmol kg™' min™'

and iINO 5 ppm) were analyzed.
Posthoc correction of multiple analyses was performed
using the Benjamini-Hochberg procedure, a “step-up”
sequential method of correction,*' with a critical P value
of <0.05. SPSS (version 22, IBM Corp., Armonk, NY,
USA) was used for statistical analyses. No analyses were
made in the experiments of hypoxia-induced vasoconstric-
tion due to the small study group; data are presented as
median (IQR). Graphs were created in GraphPad Prism 7

(GraphPad Software, Inc., San Diego, CA, USA).

Results
Dose—Response Experiments at Normal

Pulmonary Arterial Pressure
PDNO dose-dependently and significantly reduced MPAP,
MAP, CVP, PVR and SVR at all doses (n=10, Table 1).

Dose—Response Experiments of PDNO
and iNO at Pharmacologically Increased

Pulmonary Arterial Pressure

MPAP was comparable between the iNO group (n=7) and the
PDNO group (n=6) at baseline, 24 (IQR 23-26) mm Hg
versus 24 (IQR 23-27) mm Hg. U46619 increased MPAP
to a stable level at 43 (IQR 37-48) mm Hg in the iNO group
and 43 (IQR 41-46) mm Hg in the PDNO group. Both drugs

Table | Hemodynamics in Dose—Response Experiments at Normal Pulmonary Arterial Pressure

HR MAP MPAP CVP cco PCWP PVR SVR
(beats min~') | (mm Hg) [ (mm Hg) | (mm Hg) | (L min™") | (mm Hg) | (mm Hg min L") | (mm Hg min L")
Baseline 99:+4 88+4 22+1 9.2+0.5 4.0+0.2 107404 | 3.0+0.4 20.0+0.8
15 nmol kg ' min”' | 111£6® 713° 19412 8.5+0.4° 3.9+0.2 10205 | 2.3+0.3° 16.20.7°
30 nmol kg”' min™' | 115£7° 67+2° 1812 8.3+0.4° 3.9+0.2 9.4+0.5 24£0.3° 15.50.7%
60 nmol kg”' min”' | 121£7° 60+2* 1812 82404 3.9+0.2 9.4+0.5 2.3£0.3° 13.70.7°

Notes: Hemodynamic variables at baseline and after 7-10 mins of three doses of |.2-propanediol mono-organic nitrites (PDNO) in anesthetized pigs (n=10). *Indicates
statistical difference (P<0.05) from baseline. Data are mean * standard error of the mean (SEM).

Abbreviations: HR, heart rate; MAP, mean arterial pressure; MPAP, mean pulmonary arterial pressure; CVP, central venous pressure; CCO, continuous cardiac output;
PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; SVR, systemic vascular resistance.
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reduced the U46619-induced increase in MPAP dose-
dependently and significantly (Figure 1). Baseline values of
PVR were 2.6 (IQR 2.4-3.5) mm Hg min L™ in the iNO
group and 2.6 (IQR 2.6-3.8) mm Hg min L™ in the PDNO
group. U46619 increased the resistance to 8.3 (IQR
6.7-11.7) mm Hg min L™" in the iNO group and 9.8 (IQR
7.7-12.5) mm Hg min L' in the PDNO group. Both drugs
reduced PVR significantly (Figure 1). At baseline, MAP and
SVR were 76 (IQR 68-85) and 79 (IQR 71-86) mm Hg and
15.0 (IQR 11.8-18.1) and 14.1 (IQR 11.4-16.8) mm Hg min
L in the PDNO group and iNO group, respectively. During
U46619 infusion, MAP and SVR were 69 (IQR 58-79) and
81 (72-90 IQR) mmHg and 18.7 (IQR 14.7-22.7) and 17.8
(IQR 14.4-21.3) mm Hg min L' in the iNO and PDNO
group, respectively. MAP and SVR remained unaffected
during iNO administration and were not significantly
decreased by PDNO infusion (Figure 1). The PVR:SVR
ratio was decreased significantly by both drugs (Table 2).
Arterial partial pressure of oxygen increased (Table 3).
Methemoglobin increased significantly during iNO adminis-
tration (Figure 1, P<0.05 in Friedman test). When comparing
the drugs at equivalent NO quantity delivered (iNO 5 ppm
and PDNO 45 nmol kg ' min™"), PDNO decreased PVR
(P<0.05) and SVR (P<0.05) more than iNO.

Single-Dose Experiments of iNO and
PDNO in Hypoxic Pulmonary

Vasoconstriction

Acute hypoxia increased MPAP, and iNO (n=2) and PDNO
(n=2) markedly suppressed this increase (Figure 2). MAP
decreased in all groups (Figure 2). The decrease in PVR:
SVR ratio was comparable between iNO and PDNO groups
(Figure 2).

Discussion

In this pilot study, we have made a direct comparison of
short-term pulmonary and systemic effects of the iv
organic nitrite NO-donor PDNO and iNO, the gold
standard pulmonary vasodilator, in two piglet models
of acute pulmonary hypertension. In agreement with
prior studies, iNO selectively dilated the pulmonary
circulation in both models of acute pulmonary hyperten-
sion. The novel NO donor PDNO exhibited a potent
dose-dependent pulmonary vasodilatory effect in the
model of pharmacologically induced acute pulmonary
hypertension and completely counteracted the hypoxia-
induced pulmonary vasoconstriction.

Since the toxic effects of NO are partly dose-dependent, it
is essential to use the lowest effective dose. The appropriate
dose of INO is, however, debated. Recommended start dose
of iNO in infants with persistent pulmonary hypertension is
10 ppm and the maximal dose is 20 ppm. In peri-postoperative
treatment associated with heart surgery in adults, the recom-
mended start dose is 20 ppm and the maximal dose is
40 ppm.** In this study, doses of iNO were based on clinically
relevant doses and on prior porcine studies of hypoxic pul-
monary hypertension.'>** The current report indicates that
doses above 5 ppm exert minimal additional pulmonary vaso-
dilation and that iNO in a clinical maximal dose is not capable
of completely reversing an acute rise in pulmonary arterial
pressure. Similar findings have been presented by other
authors.**** However, it seems possible, based on the present
data and the dose-dependent correlation of PDNO, that higher
doses of PDNO may completely reverse an acute increase in
pulmonary arterial pressure. A further dose elevation to con-
firm this was not performed in this study in order to sustain
a clinically relevant MAP of minimum 60 mm Hg.

Administration of NO could also be problematic due to
methemoglobin formation.**>® Methemoglobin is a product
of oxidized nitrosyl hemoglobin, generated from NO com-
bined with hemoglobin. The affinity of NO for hemoglobin is
1500 times that of carbon monoxide*® and the product impairs
the capability of erythrocytes to carry and deliver oxygen to
tissue.*® iNO seems to be safe from significant methemoglobin
formation when given at doses less than 80 ppm.'*'® In
healthy people, methemoglobin levels range from 0% to 3%,
but even concentrations less than 3% have been associated
with increased mortality in critically ill patients treated with
iNO.? In our settings, methemoglobin levels correlated with
the quantity of supplied NO, regardless of route of adminis-
tration (Figure 1E). Hence, our data indicate that the risk of
methemoglobinemia in short-term administration of PDNO

doses up to 60 nmol kg ' min !

would be lower than during
inhalation of clinically accepted iNO doses. In a prior study,
PDNO administration at 60 nmol kg ' min ' over 6 hrs
increased methemoglobin by 0.3%, which suggests that,
even in long-term infusions of PDNO, there is a low risk of
methemoglobin accumulation.*” Notably, iNO at 40 ppm over
30 h does not cause excessive methemoglobinemia,*® which
makes it probable that methemoglobin levels reach a plateau in
long-term NO administration.

In the present study, the lowest dose of PDNO
(15 nmol kg ™' min") had a comparable effect on pulmonary
vascular resistance to that of iNO 40 ppm (449 nmol NO kg '
min', maximal clinical dose in adults). The reason behind
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Figure | Decrease in mean pulmonary arterial pressure (MPAP, A), mean systemic arterial pressure (MAP, B), absolute decrease in pulmonary vascular resistance (PVR, C),
systemic vascular resistance (SVR, D) and percentage of methemoglobin in arterial blood (panel E) during iv administration of |,2-propanediol mono-organic nitrites
(PDNO, n=6) and inhalation of nitric oxide (iNO, n=7) in four doses in anesthetized pigs. *Denotes significant difference from U46619. ®Represents significant difference
between comparable nitric oxide (NO) delivery dose. No statistical analysis was performed on PDNO 15 nmol kg ™' min~', due to only three observations caused by syringe
pump problems. Data are medians and interquartile ranges.

a more potent pulmonary vasodilation of an iv-administered  fully understood but Guarin et al*® proposed a diameter
drug compared to iNO is probably due to a capability to  dependent process of converting NO signal to smooth muscle
affect larger pulmonary vessels.”®*’ The mechanism is not  relaxation or, alternatively, that the diffusion of NO to place
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Table 2 Hemodynamics During Pharmacologically Induced Pulmonary Hypertension

HR (beats min™") CVP (mm Hg) CCO (L min™") PCWP (mm Hg) PVR/SVR
iNO (ppm)
Baseline 103 (95-120) 10.8 (9.0-10.9) 4.6 (3.8-5.1) 11.0 (10.0-13.0) 0.2 (0.2-0.2)
U46619 114 (93-125) 11.6 (11.3-13.8) 33 3.14.4)° 11.0 (10.0-12.0) 0.5 (0.4-0.5)
U46619 +iNO 5 101 (84-110)° 112 (10.5-12.5)° 3.3 (3.1-3.9) 12.0 (11.0-12.0) 0.3 (0.3-0.4)°
U46619 +iNO 10 100 (80-106)° 11.6 (10.5-12.4)° 3.7 (2.8-3.9) 11.0 (11.0-12.0) 0.3 (0.2-0.4)°
U46619 + iNO 20 97 (78-106)° 113 (10.8-11.8)° 3.4 (27-42) 11.0 (11.0-13.0) 0.3 (0.2-0.3)°
U46619 + iNO 40 96 (78-101)° 1.1 (10.7-11.7)>< 3.6 (3.34.2) 11.0 (11.0-14.0) 0.2 (0.2-0.3)>¢
PDNO (nmol kg ' min™")
Baseline 98 (83-106) 10.9 (9.3-11.1) 3.9 (3.8-5.0) 12.0 (10.0-13.0) 0.2 (0.2-0.2)
U46619 110 (100-119) 12.7 (11.5-13.7)* 3.4 (2.6-3.9)° 11.5 (10.5-13.0) 0.5 (0.5-0.7)
U46619 + PDNO 15 94 (91-121) 104 (10.2-11.3) 3.0 (2.7-3.5) 12.0 (9.0-13.0) 0.3 (0.3-0.4)
U46619 + PDNO 30 95 (93-114) 10.6 (10.1-11.2)° 3.7 (3.34.1) 11.0 (10.5-12.3) 0.3 (0.3-0.4)°
U46619 + PDNO 45 102 (94-115) 10.3 (9.2-10.8)° 4.0 (3.44.7) 1.5 (10.8-12.3) 0.3 (0.3-0.4)°
U46619 + PDNO 60 102 (95-114) 102 (9.3-10.8)>¢ 4.0 (3.44.2) 11.0 (10.8-12.3) 0.3 (0.3-0.4)><

Notes: Hemodynamic parameters at baseline, at U466 19 administration (60—150 ng kg ' min~

on PDNO 15 nmol kg min~', due to only three observations caused by syringe pump problems. Data are median and interquartile ranges (IQR).

iv), after 7-10 mins of four doses of |,2-propanediol mono-organic nitrites
infusion (PDNO iv, n=6) and after 7—10 mins of four doses of inhaled nitric oxide (iNO, n=7) in anesthetized pigs. “Indicates statistical difference from baseline to U46619.
PRepresents statistical difference from U46619 to each dose. “Symbolizes significant difference between the highest doses of the drugs. No statistical analysis was performed

Abbreviations: HR, heart rate; CVP, central venous pressure; CCO, continuous cardiac output; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular

resistance; SVR, systemic vascular resistance.

Table 3 Arterial Blood Gases During Pharmacologically Induced Pulmonary Hypertension

pH pCO,; (kPa) pO, (kPa) Hb (gL™")
iNO (ppm)
Baseline 7.53 (7.49-7.60) 49 (4.5-5.0) 134 (12.0-13.4) 80 (75-80)
U46619 7.52 (7.48-7.56) 45 (4.34.7) 12.1 (9.9-13.4) 80 (76-84)
U46619 + iNO 5 7.53 (7.51-7.57)° 42 (4.1-4.5) 13.7 (12.0-14.6)° 80 (75-84)
U46619 + iNO 10 7.53 (7.51-7.58)° 4.1 (3.9-4.5) 12.8 (12.0-14.7)° 80 (76-84)
U46619 + iNO 20 7.54 (7.51-7.57)° 42 (3.9-4.5) 13.0 (12.4-14.5)° 79 (76-85)
U46619 + iNO 40 7.54 (7.51-7.58)° 42 (4.1-4.5) 12.9 (12.4-15.0)° 79 (71-85)
PDNO (nmol kg~' min~")
Baseline 7.56 (7.49-7.57) 45 (4.44.9) 13.9 (11.7-14.1) 74 (70-76)
U46619 7.52 (7.47-7.55) 4.4 (42-48) 11.3 (9.4-13.0)* 79 (73-82)°
U46619 + PDNO 15 7.55 (7.48-7.57) 43 (4.1-4.8) 11.8 (11.0-11.9) 76 (74-76)
U46619 + PDNO 30 7.57 (7.48-7.59)° 42 (3.9-47) 12.6 (11.8-13.6)° 75 (70-84)
U46619 + PDNO 45 7.56 (7.48-7.59)° 42 (3.9-47) 12.8 (12.3-14.0)° 74 (69-81)
U46619 + PDNO 60 7.56 (7.49-7.60)° 42 (4.1-47) 12.6 (12.1-14.0)° 74 (69-77)

Notes: Arterial blood gases at baseline, at U466 19 administration (60—150 ng kg ™' min™"), after 7-10 mins of four doses of |,2-propanediol mono-organic nitrites infusion
(PDNO, n=6) and after 7-10 mins of four fractions of inhaled nitric oxide (iNO, n=7) in anesthetized pigs. “Indicates statistical difference from baseline to U46619.
PRepresents statistical difference from U466 19 to each dose. No statistical analysis was performed on PDNO 15 nmol kg ' min~', due to only three observations caused by
syringe pump problems. Data are median and interquartile ranges (IQR).
Abbreviations: pCO,, arterial partial pressure of carbon dioxide; pO,, arterial partial pressure of oxygen; Hb, hemoglobin.

of action might be affected by the geometric vascular rela-

tionships alone (ie, vessel lumen area, size of vessel wall,
vascular transit time). Regardless of mechanism, the present
data support the assumption of a more potent pulmonary
vasodilation by an iv NO donor than of iNO and strengthens
the belief in a pulmonary selective iv NO donor in severely

diseased humans when iNO is not sufficient.

Clinically available NO donors are, however, non-
selective and cause adverse systemic effects. Evidence that
PDNO has pulmonary favorable qualities was first provided
by Nilsson et al** in a rabbit model of U46619-induced
pulmonary hypertension. PDNO, in contrast to other organic
nitrites, showed some selective pulmonary vasodilatory

action, verified by concentration of exhaled NO and systemic
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Figure 2 Mean pulmonary arterial pressure (MPAP, A), mean systemic arterial pressure
(MAP, B), and ratio of pulmonary and systemic vascular resistances (PVR/SVR, C) at
fraction of inspired oxygen 0.10-0.1 | for 5 mins (hypoxia). Pigs received iv administration
of 45 nmol kg ™' min™' 1,2-propanediol mono-organic nitrites (PDNO, n=2), 20 ppm of
inhaled nitric oxide (iNO, n=2) or hypoxia alone (control, n=4). Data are medians and
interquartile ranges (IQR, only in the control group).

blood pressure measurements. The present data support this
finding. PDNO, in contrast to iNO, caused systemic effects,
but the systemic pressure remained at an acceptable clinical
level and the systemic resistance did not decrease signifi-
cantly. The PVR:SVR ratio, used as a measurement of pul-
monary selectivity in prior studies,**>° decreased to baseline
values, thus supporting that the main vasodilatory effect of
PDNO in the present models was in the pulmonary
circulation.

This pilot study has limitations. The number of animals
was low, limiting the statistical power, especially in the
hypoxia-induced pulmonary hypertension experiments.
These data must therefore be interpreted with caution. The
study was not designed as a superiority or non-inferiority
study but aimed at exploring the pharmacology of PDNO
compared to iNO. Furthermore, the pathogenesis of acute
pulmonary hypertension is complex. It should be acknowl-
edged that this study was implemented on healthy lungs and
is not directly applicable to severely diseased lungs.
However, it is known that thromboxanes and hypoxia are
crucial elements of acute pulmonary hypertension in
sepsis.”! In diseases where regional ventilation and perfusion
are mismatched, iNO may enhance oxygenation more than iv
NO due to redistribution of pulmonary blood flow from non-
ventilated lung segments to ventilated lung segments,
although vasodilation is more prominent with iv NO.*
However, this effect is temporary.'® There is also a risk that
iv NO donors cause enhanced ventilation-perfusion mis-
match. The arterial oxygenation was however unchanged
by PDNO in the present study and in a study of PDNO in
acute experimental pulmonary embolism.*’

In addition, the investigators were not blinded, and the
sequence of drugs administered in the U46619-experiments
was not randomized. It is nevertheless unlikely that rando-
mization or a cumulative effect of the consecutive adminis-
tration of drugs would affect the outcome since the half-lives
of the drugs are short and a washout period for stabilization
of hemodynamic parameters was inserted between the
administrations. However, the reactivity of the vasculature
may alter over time in these models.

Conclusion

Intravenous PDNO was shown to be a potent pulmonary
vasodilator without severe short-term side effects in acute
pulmonary hypertension in pigs. PDNO was more efficient
and more potent than the clinically available pulmonary
selective vasodilator iNO. In addition, iNO slightly increased
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the fraction of methemoglobin, but the methemoglobin levels
were within clinically acceptable limits. This study suggests
that administration of the iv NO donor PDNO in acute
pulmonary hypertension may be favorable. However, long-
term efficacy and safety need to be further investigated.

Abbreviations

ARDS, acute respiratory distress syndrome; pCO,, arterial
partial pressure of carbon dioxide; pO,, arterial partial
pressure of oxygen; CVP, central venous pressure; CCO,
continuous cardiac output; ETCO,, end-tidal carbon diox-
ide concentration; ETO,, end-tidal oxygen concentration;
FIO,, Fraction of Inspired oxygen; HR, heart rate; iNO,
inhaled nitric oxide; IQR, interquartile range; IM, intra-
muscular; iv, intravenous; MAP, mean arterial pressure;
MPAP, mean pulmonary arterial pressure; MetHb, methe-
moglobin; MV, minute volume; NO, nitric oxide; ppm,
parts per million; PEEP, positive end-expiratory pressure;
PIP, peak inspiratory pressure; PCWP, pulmonary capillary
wedge pressure; PVR, pulmonary vascular resistance;
SVR, systemic vascular resistance; TV, tidal volume;
U46619, thromboxane A2-mimetic 9,11-dideoxy-9a, 11a-
methanoepoxy PGF,,; PDNO, 1,2-propanediol mono-
organic nitrites.
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