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Inhaled nitric oxide reverses cell-free hemoglobin-induced
pulmonary hypertension and decreased lung compliance.
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Abstract

Crit Care 1997, 1:111

Background: In order to test the hypothesis that inhaled nitric oxide (NO) reverses the pulmonary
hypertension induced by a.a-diaspirin crosslinked hemoglobin (aaHb), were studied anesthetized pigs
that were administered with a total dose of 200 mg/kg of 10% aaHb. Inhaled NO (5 ppm) was
administered for 10 min, and then discontinued for 10 min. This cycle was then repeated with 10 ppm
inhaled NO.

Results: aaHb caused pulmonary arterial pressure (PAP) to increase from 27 £ 1.7 to 40 £ 3.0 mmHg
(P<0.05) and dynamic lung compliance to decrease from 29+ 1.5 to 23+ 1.6 ml/cmH,O (P < 0.05).
After both doses of inhaled NO, but particularly 10 ppm, PAP was reduced (P < 0.05) and lung
compliance increased (P< 0.05) from the aaHb levels. When inhaled NO was discontinued PAP again
increased and lung compliance decreased to levels significantly different from baseline (P < 0.05).
Conclusion: We conclude that cell-free hemoglobin-induced pulmonary hypertension and decreased
lung compliance can be selectively counteracted by inhaled NO.
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Introduction

Cell-free hemoglobin oxygen-carrying solutions are now
undergoing clinical trials. Such solutions may overcome the
limitations of homologous blood transfusion. Preservation
of cardiovascular function and oxygen transport has been
demonstrated after partial and complete exchange transfu-
sion with cell-free hemoglobin solutions [1-4]. Hemoglobin
solutions may have potential particularly as a resuscitative
fluid due to their pharmacological actions, which cause
increases in arterial pressure and blood flow even in small
doses [5,8].

However, it has been demonstrated that pulmonary hyper-
tension, leading to hypoxemia and hemodynamic instability,
may offset the benefits of cell-free hemoglobin blood sub-

stitutes [7—11]. The main mechanism by which these solu-
tions produce vasoconstriction is by binding and
inactivating nitric oxide (NO) [12-14], a key mediator
responsible for the physiological regulation of the vasodila-
tory tone.

Selective pulmonary vasodilation with inhaled NO adminis-
tration has been widely demonstrated in animal models and
in patients with pulmonary hypertension [15-17].Selective
pulmonary vasodilation occurs because inhaled NO is
rapidly inactivated by hemoglobin as it enters the circula-
tion; hemoglobin's affinity for NO is many thousand times
greater than for either oxygen or carbon monoxide [18-20].
It has also been shown that inhaled NO can attenuate bron-
choconstriction [21,22]. We are unaware of any evaluation
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of the effects of cell-free hemoglobin on lung compliance
and airway resistance.

We hypothesized that inhaled NO will selectively counter-
act the pulmonary hypertension induced by cell-free hemo-
globin blood substitutes. To test our hypothesis we
performed experiments in pigs administered with inhaled
NO after a.a-diaspirin crosslinked hemoglobin (a.eHb) infu-
sion. We also evaluated the effects of aaHb on dynamic
lung compliance and airway resistance, and the response
of these parameters to inhaled NO. Our preliminary results
demonstrated that cell-free hemoglobin-induced pulmonary
hypertension and decreased lung compliance can be
selectively counteracted by inhaled NO.

Materials and methods

The study was performed using five immature female York-
shire pigs, weighing 28.6 £ 0.6kg. The experimental proto-
col was reviewed and approved by the Animal Care and
Use Committee of the University of Texas Medical Branch
at Galveston, with adherence to National Institutes of
Health guidelines for the care and use of laboratory animals
(DDHS Publication, NIH, 86-23).

Animal preparation

The animals were fasted for 12 h before the study, with free
access to water. Anesthesia was induced with an intramus-
clar injection of ketamine hydrochloride (10 mg/kg), atro-
pine sulfate (0.04 mg/kg) and by inhalation of 5%
isoflurane. After endotracheal intubation, an intravenous
bolus of pancuronium bromide (0.08 mg/kg) and fentanyl
(80 u g/kg) was administered. Anesthesia was then main-
tained with a continuous infusion of fentanyl (5 p g/kg/min).
The volume and rate of the ventilator (Servo 900C, Sie-
mens-Elema AB, Solna, Sweden) were set to maintain arte-
rial CO, tension at 35—40 mmHg, using the assist control
mode an I:E ratio maintained at 1:3. An inspired oxygen
fraction of 0.95 was used throughout the experiment, which
maintained an arterial oxygen tension of between 400 and
450 mmHg and an arterial oxygen saturation > 97%. Core
body temperature was maintained with a heating pad and
warming lights.

Polyethylene cannulas were inserted into the abdominal
aorta through the right femoral artery for continuous record-
ing of aortic blood pressure, heart rate and arterial blood
sampling for blood gas analysis, and into the inferior vena
cava through the right femoral vein for infusion of anesthetic
agents, aa. Hb and maintenance fluid (lactated Ringer's
solution; 5 ml/kg/h). A 7.5-F flow-directed thermodiultion
fiberoptic pulmonary artery catheter (Opticath P7110,
Abbott Critical Care Systems, Mountain View, CA, USA)
was guided by pressure monitoring and wave tracings
through the right external jugular vein and the tip placed into
the pulmonary artery. This catheter was used for measure-

ment of pulmonary arterial pressure, continuous mixed
venous oxyhemoglobin saturation (SvO,), and cardiac out-
put by thermodilution (Oximetric 3 SO,/CO computer,
Abbott, Chicago, IL, USA). Each catheter was connected
to a pressures transducer (Transpac Disposable Trans-
ducer, Abbott) and to a Biopac Data Acquistion System
(Model MP100, Biopac Systems, Goleta, CA, USA) for
continuous recording of heart rate, systemic and pulmonary
arterial pressures, and waveforms. Blood samples and
methemoglobin levels were analyzed by a pH/Blood Gas
Analyzer 1303 and CO-Oximeter 482 (Instrumentation
Laboratory, Lexington, MA, USA).

The aaHb used in this study was derived from outdated
human blood and prepared according to previously pub-
lished methods [10,23]. aaHb is crosslinked between the
alpha subunits at a-Lys®® and bis-(3,5-dibromosalicyl)
fumarate. The aaHb solution had a hemoglobin content of
10 g/dl, an osmolality of 300 mOsm/I, an oncotic pressure
of 42 mmHg, a Pg, (PaO, at which 50% of hemoglobin is
saturated with oxygen) of 29 mmHg and had < 4% of its
hemoglobin in the form of methemoglobin. It was provided
through a Cooperative Research & Development Agree-
ment with the Blood Research Detachment of the Walter
Reed Army Institute of Research.

The NO (800 ppm in nitrogen) was titrated using a 3500HL
blender (Sechrist Industries, Anaheim, CA, USA) with com-
pressed air as the mixing gas. The diluted gas was then
connected to the air side of the blender on the Servo 900C.
The gas was titrated to achieve concentrations of 5 ppm
and 10 ppm with 95% oxygen. The inhaled NO concentra-
tion was confirmed using an electrochemical sensor (Pul-
monox Il NO-NO, analyzer, Pulmonox Medical Corp,
Tofield, Alberta, Canada).

Experimental protocol

After a 30-min period of stabilization following surgical
preparation, baseline data were obtained. oo Hb was
administered in cumulative doses of 0.1, 0.5, 1.0 and 2.0
ml/kg, in 5-min intervals to a total dose of 2ml/kg (=200
mg/kg aaHb); the data were collected 10 min after the final
aaHb infusion. Inhaled NO, in concentration of 5 ppm, was
then administered for 10 min and data were recorded. The
inhaled NO was discontinued for 10 min, after which data
were again recorded. This cycle was repeated with 10 ppm
inhaled NO. After the final measurements the animals were
killed with an anesthetic overdose and saturated potassium
chloride solution.

Experimental measurements

Mean arterial pressure (MAP), mean pulmonary arterial
pressure (PAP) central venous pressure (CVP), heart rate
and SvO, were continuously monitored; pulmonary artery
occlusion pressure (PAOP) was measured in 5 min inter-



Table 1
Hemodynamic data (mean £ SEM)
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Variable Baseline aaHb NO 5 ppm OFF NO 10 ppm OFF
MAP (mmHg) 97 £ 3.9 119+ 7.0 117 £9.7 120+ 10.4 117 7.7 116 £ 10.2
CVP (mmHg) 40%15 6.5+1.3 48+1.4 49+09 4519 48+1.7
PAOP (mmHg) 96+1.9 126 £1.7 11.2+£19 106 £1.5 104 £1.3 124+25
HR (beats/min) 106 + 3.9 88+ 45 90+ 7.6 92 +6.7 91 +5.6 95+5.8
Cl (ml/min/m?2) 4.7+04 4.2+0.1 35+04 34+05 3.7+£05 32+05
SVRI (dyn s/ 1603 £ 100 2152 + 147 2952 + 492 2952 £ 570 2655 + 348 3286 *+ 559
cm®m?2)

PVRI(dyn s/cm®m?2) 291 £ 67 513+ 92 485+ 114 657 £ 139 396 + 73 663 + 146
SvO, (%) 93 £ 0.1 80+ 4.3 78 £ 8.4 78 +7.8 77 £5.7 7779

aaHb: ao-crosslinked hemoglobin 200 mg/kg; NO 5ppm = 5ppm inhaled nitric oxide; NO 10 ppm = 10 ppm inhaled nitric oxide; OFF = nitric
oxide discontinued; MAP = mean arterial pressure; CVP = central venous pressure; PAOP = pulmonary artery occlusion pressure; HR = heart rate;
Cl = cardiac index; SVRI = systemic vascular resistance index; PVRI = pulmonary vasclar resistance index; SvO, = mixed venous oxygen saturation

“P<0.05 compared to baseline.

vals. Cardiac output was determined by the thermodilution
technique and is presented as cardiac index determined
using calculated body surface area. Systemic and pulmo-
nary vascular resistance indices (SVRI and PVRI, respec-
tively) were calculated using standard formulae.

All measurements relating to lung volume, pressures, air-
way resistance and dynamic lung compliance were contin-
uously monitored and recorded with a Ventrak Model 1500
(Novametrix Medical Systems, Wallingford, CT, USA). This
system determines dynamic lung compliance by measuring
the peak pressure at zero flow [minus any positive end-
expiratory pressure (PEEP)] and tidal volume delivered and
then calculating the compliance using the following
formula:

Lung compliance (ml/cm H,0O) = change in volume/(peak
pressure-PEEP).

For airway resistance, the system measures the pressure at
the end of inspiration and the peak expiratory flow, then
applies the following formula:

Airway resistance (cmH,O/I/s) = alveolar pressure/(peak
expiratory flow/60).

End expiratory pressure (minus PEEP) is used as the alve-
olar pressure and is measured at the proximal end of the
endotracheal tube.

Firstly, data were recorded at baseline (BL) and 10 min
after 200 mg/kg aoHb infusion (aaHb). Data were then
recorded at the end of each of the following 10-min peri-
ods: inhaled NO at 5 ppm (NO 5 ppm), NO discontinued
(OFF), inhaled NO at 10 ppm (NO 10 ppm), NO discontin-
ued (OFF).

Statistical analysis

Data were analyzed using analysis of variance for a single-
factor experiment with repeated measures on time points
(baseline, aaHb, NO 5 ppm, OFF, NO 10 ppm, OFF).
Fisher's least significant difference procedure was used for
multiple comparisons, with Bonferroni adjustment for
number of comparisons. For all tests P < 0.05 was consid-
ered significant.

Results

Infusion of acHb caused a significant increase of approxi-
mately 50% in PAP (Fig 1) while significant decreases in
SvO, and heart rate were observed (14% and 17%
respectively) (Table 1). Increases in MAP, CVP, PAOP,
PVRI and SVRI were observed after aaHb while cardiac
index was slightly reduced; none of these changes were
statistically significant (Table 1). Dynamic lung compliance
showed a 22% reduction (P < 0.05) while airway resist-
ance increased 14% (not significant) after aaHb infusion
(Fig 2). Inhaled NO at both concentrations, but particularly
10 ppm, ameliorated the aoaHb-induced changes in PAP
and lung compliance (Figs 1 and 2), while only modest
changes in the other variables were observed (Fig 2,Table
1). After inhaled NO 5 ppm, PAP was significantly reduced
(P < 0.05) from aaHb levels, but was slightly higher than
baseline (not significant). When inhaled NO was discontin-
ued, PAP increased to values higher than baseline (P <
0.05), but not significantly different than levels during
inhaled NO 5 ppm. Inhaled NO 10 ppm reduced PAP (P<
0.05) to baseline values, but after NO discontinuation PAP
returned to values that were significantly higher than base-
line (Fig 1).

Lung compliance, which was markedly reduced by aaHb,
showed a modest rise with inhaled NO 5 ppm, while a sub-
stantial increase (P < 0.05) was observed after inhaled NO
10 ppm (Fig 2). When inhaled NO was discontinued, lung
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measurement and for both SVRI and PVRI, which were
higher than baseline (P < 0.05) when inhaled NO was dis-
continued (Table 1).

Discussion

We demonstrated that inhaled NO can selectively reverse
the pulmonary hypertension and decreased lung compli-
ance induced by cell-free hemoglobin. This suggests that
its is possible to effectively control potentially deleterious
side-effects associated with the clinical use of cell-free
hemoglobin-based blood substitutes.

Pulmonary hypertension after cell-free hemoglobin solu-
tions has also been reported by other investigators using
animal models of exchange transfusion, hemodilutin, sepsis
and hemorrhagic shock [7-11]. In a previous study of hem-
orrhaged pigs we showed that, although arterial pressure
and brain blood flow were restored to prehemorrhage val-
ues after small volume (4 ml/kg) infusion of aaHb, a two-
fold increase in pulmonary pressure and a four-fold
increase in pulmonary vascular resistance were undesirable
side-effects [7]. In a subsequent similar study in which
aoHb was used concomitantly with systemic vasodilators,
pulmonary pressure transistenly equalized systemic

(a) Lung compliance and (b) airway resistance. BL = baseline; a.aHb =
aa-crosslinked hemoglobin 200 mg/kg; NO 5 ppm =5 ppm inhaled
nitric oxide; NO 10 ppm = 10 ppm inhaled nitric oxide; OFF = nitric
oxide discontinued. 2P < 0.05 compared to baseline; P #60; 0.05
compared to aoHb.

pressures, leading to marked hemodynamic instability in
two out of six pigs [8].

Cell-free hemoglobin produces its vasopressor effect pri-
marily by binding and scavenging NO [12-14], although
release of endothelin and other vasoconstrictors may play a
role. When hemoglobin is within the red blood cells, NO is
removed as it dissolves into the plasma and ultimately inter-
acts with hemoglobin. When hemoglobin is free in solution,
NO is inactivated to a greater extent, thereby causing vaso-
constriction [18,19].

These properties of cell-free hemoglobin have suggested
its use as treatment for conditions associated with exces-
sive NO production, such as sepsis-induced hypotension
and low systemic vascular resistance [24,25]. However,
cell-free hemoglobin caused a significant exacerbation of



endotoxin-induced pulmonary hypertension and arterial
hypoxemia in endotoxemic pigs [9]. Hypoxemia, respiratory
acidosis and ventilation-perfusion abnormalities were
observed in a canine model of bacteremia after cell-free
hemoglobin infusion [26].

We have demonstrated in this study that dynamic lung
compliance is significantly decreased by cell-free hemo-
globin, a finding that may explain in part some of the venti-
latory problems described in septic animal models [9,26].
Inhaled NO, particularly at a dose of 10 ppm, completely
restored lung compliance. This benefit was observed with-
out significant changes occurring in airway resistance,
although a bronchodilatory effect has been previously
ascribed to inhaled NO [21,22].

The mechanism involved in hemoglobin-induced decreases
in lung compliance is not known. Previous studies have
documented that inhaled NO has a predominant
vasodilating effect on the pulmonary venous vasculature,
thereby lowering the pulmonary capillary pressure and
reducing fluid filtration in the lung [27]. It has been shown
that the inhibition of NO production by L-nitro arginine
methyl ester (L-NAME) caused a higher contraction in pul-
monary veins than in pulmonary arteries in isolated vessels
from septic sheep [28]. Therefore, it is tempting to specu-
late that inhibition of NO by cell-free hemoglobin with sub-
sequent venoconstriction and increased capillary pressure
may increase extravascular lung water, contributing to the
decreased lung compliance.

Surprisingly, human studies evaluating the safety of hemo-
globin-based blood substitutes do not appear to directly
address the potentially dangerous side-effects of pulmo-
nary hypertension and decreased lung compliance. One
study, presented as an abstract [29], in which a very small
dose of cell-free hemoglobin (50 mg/kg) was infused to 11
anesthetized patients showed that mean PAP increased
from 21 to 27 mmHg, measured 30 min after infusion. This
finding illustrates the potential for adverse effects in
humans, particularly in patients with pre-existing diseases
and limited cardiac and pulmonary function. On the other
hand, hundreds of patients have been tested and safety is
claimed with most hemoglobin-based blood substitutes.
Unfortunately only limited data are available in the peer-
reviewed literature, making it difficult to correlate the con-
cerns raised in this study suggests that it will be an effec-
tive approach to selectively counteract the undesirable
side-effects of hemoglobin solutions in the pulmonary
circulation.

Although caution should be exercised when drawing clini-
cal implications from animal studies, the pig is usually con-
sidered an appropriate animal model because of its
anatomical and physiological similarities to humans, partic-
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ularly regarding the heart and lungs. Prospective clinical
studies addressing pulmonary pressures and right ventricle
performance are needed; complete hemodynamic evalua-
tion should be performed in the ongoing blood substitute
trials, as this is the only means to determine whether con-
cerns raised by animal studies are clinically relevant. The
limitations of our study, which include a small sample size,
no control group and short experimental period, resulted
from a small supply of the hemoglobin. However, were
clearly demonstrated the potential for inhaled NO to modu-
late the increased PAP and decreased lung compliance
without major effects in the systemic circulation.

We conclude that inhaled No selectively reverses pulmo-
nary hypertension and decreased lung compliance induced
by cell-free hemoglobin blood substitutes.
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