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Abstract
Hemoglobin-based oxygen carriers (HBOCs) have been studied for decades as red blood cell
substitutes. Profound vasoconstrictor effects have limited the clinical utility of HBOCs and are
attributable to avid scavenging of nitric oxide (NO). Inhaling NO can charge the body's stores of NO
metabolites without producing hypotension and can prevent systemic hypertension induced when
HBOCs are subsequently infused. Concurrent breathing of low NO doses can prevent pulmonary
vasoconstriction after HBOC infusion without augmenting plasma methemoglobinemia.

In 2004, trauma due to automobile accidents claimed more than 43,000 lives in the US
(http://www.cdc.gov/ncipc/wisqars), and many of these individuals had hemorrhagic shock
when they arrived at the hospital. Although clear fluids can be used for resuscitation for brief
periods, the availability of a safe and effective oxygen-carrying fluid, like a hemoglobin (Hb)-
based oxygen carrier (HBOC), could provide far more effective metabolic support for the
organs of the injured body during transport to a facility where type-matched blood would be
available for transfusion. Our blood supply has always been subject to periodic shortages and
vulnerable to infections. HIV and hepatitis virus are recent examples, and the possibility of
new blood-borne infections is another reason that development of a more reliable and safe
oxygen transporter is important. This elusive goal has been pursued for many years without
success, most recently owning to an excess of myocardial infarction and death in patients
receiving HBOCs in clinical trials (Natanson et al. 2008). We believe that the excess of
morbidity and mortality associated with HBOC administration has occurred, in part, because
the important NO-scavenging effects of HBOCs have been inadequately addressed.

Normally sequestered in erythrocytes, when Hb is released into the bloodstream, it triggers a
sequence of reactions producing tissue injury. This tissue injury is seen in a variety of human
disorders, such as malaria and sickle cell disease (O'Donnell et al. 2006, Wood et al. 2008). In
the surgical patient, hemolysis is frequently produced by various hemolytic reactions (e.g.
mismatched transfused blood), as well as pump oxygenator trauma to red blood cells during
cardiopulmonary bypass (Kawahito et al. 2001).

It has been known for 30 years (Savitsky et al. 1978) that infusions of tetrameric Hb produce
severe vasoconstriction and hypertension in patients. Vasoconstriction appears to result from
scavenging of NO by plasma ferrous (Fe2+) heme, thereby lowering the concentration of NO
available to smooth muscle cells in the vascular wall. When the intracellular NO concentration
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falls, the activity of the NO receptor, soluble guanylate cyclase decreases; levels of its product,
the intracellular second messenger cGMP, decline; and vascular smooth muscle cells contract.
In the course of designing HBOCs, several strategies have been explored to reduce NO
scavenging by extracellular ferrous Hb (Figure 1) and has been recently reviewed (Chang
2009). One strategy was directed at reducing delivery of tetramers to the critical abluminal
region between endothelium and vascular smooth muscle (Nakai et al. 1998). One approach
was to produce larger molecules of Hb by cross-linking monomers, and low molecular weight
tetramers were reduced or removed. Crosslinked Hb has been infused in trauma patients when
red blood cells are not available (Moore et al. 2009). In a second approach, Hb molecules were
packaged in nanocells of 250 nm diameter that were coated with polyethylene glycol to reduce
their transport across the endothelium (Sakai et al. 2007). In a second strategy, the structure of
Hb's distal-gas binding pocket was modified by site-directed mutagenesis in E. coli to
selectively reduce the rate of NO binding by 20- to 30-fold (Doherty et al. 1998, Hermann et
al. 2007). A third strategy grew out of the belief that excessive oxygen delivery by HBOC with
low oxygen affinity to arteriolar musculature was the cause of the vasoconstriction. This led
to producing Hb molecules with reduced oxygen and NO affinity (Winslow 2003).

To further characterize the role of NO scavenging in the vasoconstrictor effects of HBOCs and
to develop new strategies to prevent these vasoconstrictor effects, we have studied the
hemodynamic alterations produced by infusions of various Hb preparations in mice and sheep.
The majority of our studies were performed in awake animals to avoid the depressant effects
of general anesthesia. We did not study hemorrhagic shock since that would greatly complicate
our assessment of the hemodynamic effects of HBOCs by adding the major changes of shock,
vasoconstriction, tachycardia, and reduced cardiac output. Thus, we simply intravenously
infused HBOC-201 (polymerized bovine Hb produced by Biopure Corp with 3% tetrameric
Hb) as a 16% of the blood volume “top load”. As a positive control for the vasoconstrictor
effects of extracellular Hb, we infused a solution of Hb prepared from lysed autologous murine
red blood cells. As a negative control, we transfused the same volume of autologous whole
blood. In mice, systolic blood pressure (SBP) was measured with a non-invasive tail cuff blood
pressure system. To perform serial hemodynamic measurements in awake lambs, catheters
were placed in the carotid artery and pulmonary artery, and a tracheostomy was performed
under anesthesia. The sheep were studied after recovery from the anesthesia.

We commenced our studies in mice, since selective breeding has allowed the generation of
genotypes that congenitally do not express isoforms of NO synthase (NOS). To examine the
vasoactivity of HBOCs, we began by studying the effects on SBP of wild-type (WT) mice by
infusing either whole blood (1.44 g Hb/kg), murine tetrameric Hb (0.48 g/kg), or HBOC-201
(1.44 g/kg) over 1 min via a tail vein (see Figure 2A). Blood infusion did change SBP, while
infusing either tetrameric Hb or HBOC-201 caused prolonged systemic hypertension lasting
at least an hour. Subsequent studies of anesthetized WT mice at cardiac catheterization showed
this hypertension to be due to profound systemic vasoconstriction.

To learn if HBOC-201-induced systemic hypertension was caused by scavenging of NO
produced by endothelial NOS (NOS3, the predominant NOS expressed in endothelial cells),
we studied mice that were congenitally NOS3-deficient. These mice are hypertensive, but
infusion of either tetrameric Hb or HBOC-201 did not alter their blood pressure (Figure 2B).
To confirm the importance of the heme component of extracellular tetrameric Hb in its
vasoactive effects, we prepared tetrameric Hb in which the heme moiety was oxidized to the
ferric state (Fe3+). Oxidized Hb is called methemoglobin. Infusion of methemoglobin tetramer
did not produce systemic hypertension in awake WT mice. This finding further convinced us
that the hypertensive reaction to cell-free Hb was due to scavenging of NO produced by NOS3
and not another type of adverse vasoconstrictor reaction (e.g excessive oxygen delivery or
endothelin release) to infused Hb (Winslow 2003, Smani et al. 2007).
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At first glance, it might seem useful to prevent the vasoconstriction produced by HBOC-
induced NO scavenging by replacing or supplementing circulating NO metabolite levels with
infused NO donors (e.g. sodium nitroprusside, nitroglycerin, nitrite, etc). Unfortunately, NO
donors can produce profound systemic vasodilation and hypotension, an unwelcome effect
during resuscitation from hemorrhage. As an alternative approach, we and others evaluated the
ability of inhaled NO to prevent the vasoconstrictor effects of extracellular Hb and HBOCs.
Inhaled NO is a selective pulmonary vasodilator that is FDA-approved to treat pulmonary
hypertension and to increase systemic oxygenation in newborns (reviewed in Bloch et al.
2007). Approximately 30,000 patients are treated each year in the USA with this inhaled
therapeutic agent. Inhaled NO does not produce systemic hypotension or significant
vasodilation owing to its rapid intracellular combination with Hb in the red blood cell (Frostell
et al. 1991). NO oxidizes the Hb, but the red blood cell contains methemoglobin reductase, an
enzyme that rapidly converts the methemoglobin back to ferrous Hb.

Recent evidence suggests that inhaled NO may affect the systemic vasculature, leading to
vasodilation when endogenous NO synthesis is inhibited (Cannon et al. 2001) (although this
vasodilator effect is not evident in mice; Hataishi et al. 2006a). Moreover, inhaled NO can
ameliorate ischemia-reperfusion injury of peripheral organs (Fox-Robichaud et al. 1998,
Hataishi et al. 2006b). Inhaled NO may exert systemic effects via interaction with circulating
cells as they transit the lungs. Alternatively, some NO, once inhaled, may including nitrite,
RSNO, and others, that can regenerate NO in the periphery (Gaston 2006).

It was reported that the systemic vasoconstriction produced by infusion of a Hb solution into
animals could be reversed by inhaling high concentration of NO gas (80 parts per million
(ppm)) (Minneci et al. 2005). Exposing circulating extracellular Hb (in the absence of
methemoglobin reductase) to this high concentration of inhaled NO stably converted the Hb
to methemoglobin and abolished its ability to scavenge NO. Although this strategy might be
useful in treating vasoconstriction due to hemolytic release of Hb, oxidation of an HBOC would
render it incapable of performing its vital function of oxygen delivery as methemoglobin cannot
transport oxygen.

As an alternative strategy, we sought to test the hypothesis that loading body stores of NO
metabolites by breathing NO could prevent the systemic vasoconstriction induced by the
subsequent infusion of an HBOC without impairing the oxygen-carrying capacity of the red
blood cell substitute. Surprisingly, breathing 80 ppm NO for an hour (and then ceasing NO
breathing) before injecting tetrameric Hb completely prevented the systemic vasoconstriction
and hypertension in awake WT mice. We learned that shorter periods of NO inhalation (80
ppm for 15 min or 200 ppm for 7 min) also effectively blocked the systemic hypertension
induced by infusing tetrameric Hb or HBOC-201. Breathing NO before HBOC-201 infusion
did not increase extracellular methemoglobin levels above the 2-3.5% observed in mice
receiving HBOC-201 without inhaled NO. These findings, which were confirmed by invasive
hemodynamic measurements in anesthetized mice, demonstrate the pretreatment with inhaled
NO can prevent HBOC-induced systemic vasoconstriction without impairing the ability of the
HBOC to carry oxygen.

To obtain more complete serial hemodynamic measurements and to confirm our findings in a
second species, we studied 25-kg Suffolk lambs infused a “topload” of 12 ml/kg of either
autologous heparinized blood (drawn 3 days earlier in heparin) or HBOC-201. We learned that,
like the mouse, lambs developed prolonged systemic hypertension to a topload of HBOC-201.
Mean arterial pressure (MAP), mean pulmonary arterial pressure (PAP), systemic vascular
resistance (SVR), and pulmonary vascular resistance (PVR) were all increased immediately
after HBOC-201 infusion in lambs breathing at FiO2 0.3 without added NO. In contrast,
infusion of autologous blood did not significantly alter hemodynamic measurements in awake
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lambs. Once again, we tested the strategy of pretreating lambs with inhaled NO (80 ppm for
one hour) to elevate circulating NO metabolite levels before administering HBOC-201. We
learned that NO pretreatment was able to prevent the HBOC-201-induced systemic
hypertension. However, pretreatment with inhaled NO did not prevent the pulmonary
vasoconstriction (increased PAP and PVR) or the reduced cardiac output (resulting from an
increased vascular resistance) induced by HBOC-201 infusion.

Since pretreatment with inhaled NO did not prevent the acute pulmonary hypertension and
systemic vasoconstriction induced in lambs by HBOC-201 infusion, we hypothesized that after
“preloading” the lamb with NO metabolites, concurrent breathing of low levels of NO might
block the HBOC-induced pulmonary hypertension without causing significant conversion of
the circulating HBOC-201 to inactive methemoglobin. Since it was known that breathing 80
ppm NO during HBOC administration induced marked plasma methemoglobinemia (Minneci
et al. 2005), we sought to identify a lower concentration of NO gas which when inhaled would
dilate the pulmonary vasculature without inducing plasma methemoglobin formation. We
found that continuously breathing NO (<30 ppm) after HBOC-201 administration did not
markedly oxidize either plasma or intracellular Hb.

To examine whether breathing a high concentration of NO before and a lower concentration
of NO after HBOC-201 infusion could block the acute pulmonary hypertension induced by
HBOC administration, we pretreated lambs with 80 ppm NO breathing for 1 h, followed by
infusion of HBOC-201 (12 ml/kg) while continuously breathing 5 ppm NO for 2 h. We found
that this two-level combination of NO breathing prevented the increase of both systemic and
pulmonary vascular resistance induced by HBOC-201 infusion (see Figure 3). Interestingly,
we noted that 2 h after HBOC-201 infusion, when NO breathing was acutely discontinued, the
PAP and PVR immediately increased, but there were no effects on MAP or SVR. After
pretreatment with 80 ppm NO followed by continuously breathing of 5 ppm NO, the
HBOC-201-induced decrease in cardiac output was markedly attenuated. After administration
of HBOC-201, plasma methemoglobin levels in lambs that breathed NO at 80 ppm and then
at 5 ppm did not increase beyond the levels observed in the lambs that received HBOC-201
without NO. Thus inhaling NO at a high concentration to load the animal with NO metabolites,
followed by continuously breathing a low dose of NO during and after HBOC infusion reduced
the vasoactive response to infusion of HBOC-201, suggesting that a simple inhalation strategy
could succeed at minimizing the deleterious hemodynamic effects of infusing NO scavengers.

Breathing NO leads to an accumulation of NO metabolites, including nitrate and nitrite
(Hataishi et al. 2006b, Nagasaka et al. 2008). Nitrite can be converted back to NO via nitrite
reductases, including deoxyhemoglobin (Lundberg et al. 2008) and xanthine oxido reductase
(Casey et al. 2009). We examined whether nitrite administration could prevent the pulmonary
hypertension caused by HBOC-201 infusion in lambs: sodium nitrite (1 mg/kg) was
administered intravenously as an infusion before HBOC-201 was infused. The nitrite infusion
transiently lowered the MAP from baseline 99±2 to 84±3 mmHg (mean±SD, P=0.008). Nitrite
infusion attenuated the systemic hypertension induced by intravenous infusion of HBOC-201
but did not oxidize the HBOC. However, nitrite did not prevent the increases of PAP, PVR, or
SVR or the decrease in cardiac output. In addition, nitrite infusion did not further increase
plasma methemoglobin level.

Nitrate and nitrite levels were measured in plasma samples taken from lambs pretreated with
inhaled NO for 1 h, from lambs treated with two levels of inhaled NO (80 ppm, 1 h before
HBOC infusion and 5 ppm thereafter), and from lambs receiving a nitrite infusion. Plasma
nitrate levels did not change in lambs receiving HBOC-201 alone, but dramatically increased
in lambs breathing NO and in lambs given a nitrite infusion. On the other hand, plasma nitrite
levels did not change in sheep breathing NO, but levels were markedly increased in the lambs

Yu et al. Page 4

Trends Cardiovasc Med. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



given intravenous nitrite before HBOC-201 administration. After the sodium nitrite infusion,
the increase in plasma nitrite levels was transient, and nitrite concentrations returned to the
baseline levels by 15 min after HBOC-201 infusion. These findings suggest that increased
levels of nitrite are not required for the ability of inhaled NO to prevent the vasoconstriction
induced by HBOC-201. On the other hand, a bolus of nitrite followed by an infusion of a lower
dose might also prevent the vasoconstriction induced by HBOCs.

The awake lamb is a commonly-used model for pulmonary circulatory studies of the human
newborn, as it has a muscularized pulmonary arterial circulation. Thus, the lamb may be
excessively susceptible to pulmonary vasoconstriction due to HBOC infusion. However, a
muscularized pulmonary circulation is present in the human newborn as well as the pulmonary
circulation of adults with chronic pulmonary hypertension or other lung vascular diseases. It
is conceivable that newborns and adults with pulmonary vascular diseases may be quite
susceptible to vasoconstriction from HBOC infusion (Serruys et al. 2008). High doses of
inhaled NO can cause methemoglobinemia and may damage the lung and perhaps other organs
(Adhikari et al. 2007). On the other hand, each year thousands of infants with hypoxic
respiratory failure and pulmonary hypertension are treated with inhaled NO, usually
commencing at 20-80 ppm for many hours (The Neonatal Inhaled Nitric Oxide Study Group
1997). Since most of these newborns survive without renal or respiratory failure, it is unlikely
that short-term breathing of such doses of NO gas is toxic.

In conclusion, we have learned that scavenging of endothelial NO produced by NOS3 is the
cause of the systemic vasoconstriction and hypertension induced by i.v. infusion of tetrameric
Hb or HBOC-201 in mice. Pretreatment of mice with inhaled NO can augment body stores of
NO metabolites and prevent the vasoconstriction induced by the subsequent infusion of HBOCs
with impairing their ability to transport oxygen. In awake lambs, pretreatment with inhaled
NO, followed by continuously breathing a low concentration of NO, can prevent the pulmonary
and systemic vasoconstriction induced by HBOC-201 administration without causing any
significant elevation of plasma methemoglobin levels. Although we have not yet studied the
application of the combination of inhaled NO with HBOC administration for treatment of
hemorrhagic shock in the laboratory, we believe that this promising combination therapy merits
further evaluation as a method to enable HBOC administration without producing
vasoconstriction in patients with acute traumatic anemia.
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Figure 1.
The optimal dimension of artificial oxygen carriers. The upper limit of 10 μm in particle
diameter is to prevent capillary plugging and for the sterilization by membrane filters. Small
particles (<10 nm in diameter) have high rates of renal excretion and vascular wall
permeabilities with side effects such as hypertension and neurological disturbances. (Figure
was modified from Sakai et al, 2007; reprinted with permission from Sakai H, et al. J Intern
Med 2007;263:4-15)
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Figure 2.
(A) In WT mice, tail-cuff SBP (mmHg) was measured before and after i.v. infusion of whole
blood (n=7), murine tetrameric Hb (n=5), or HBOC-201 (n=5). *P<0.001 differs versus whole
blood infusion group. (B) In NOS3−/− mice, SBP was measured before and after i.v. infusion
of whole blood (n=5), murine tetrameric Hb (n=5), or HBOC-201 (n=5). There was no increase
of SBP after infusion of murine tetrameric Hb or HBOC-201. (Reprinted with permission from
Yu B, et al. Circulation 2008;117:1982-1990)
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Figure 3.
(A) Mean arterial pressure (MAP), (B) mean pulmonary arterial pressure (PAP), (C) systemic
vascular resistance (SVR), (D) pulmonary vascular resistance (PVR), (E) Cardiac output, and
(F) plasma methemoglobin concentration of awake lambs after infusion of autologous whole
blood (n=6), intravenous HBOC-201 (n=5), or HBOC-201 after pretreatment by breathing 80
ppm NO for 1 h followed by continuously breathing 5 ppm NO for 2 h (high/low NO, n=6).
*P<0.05 HBOC-201 differs from autologous whole blood and from HBOC-201 after high/low
inhaled NO, †P<0.05 autologous whole blood differs from HBOC-201 with or without high/
low inhaled NO, ‡P<0.05 HBOC-201 differs from autologous whole blood, §P<0.05 differs
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from autologous whole blood and HBOC-201. (Reprinted with permission from Yu B, et al.
Anesthesiology 2009;110:113-122)
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