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Cell-free hemoglobins, chemically altered or geneti-
cally expressed in microbial host systems, have been
developed as oxygen-carrying therapeutics. Site-
directed modifications are introduced and serve to
stabilize the protein molecules in a tetrameric and/or
a polymeric functional form. Animal studies, as well as
recent clinical studies, have suggested these proteins
probably deliver oxygen to tissues. However, concerns
still persist regarding the interference of hemoglobin
and its oxidation products with the vascular redox
balance, potentially impeding its clinical usefulness.
This article reviews our current understanding of
heme-mediated toxicities and some of the emerging
protective strategies used to overcome hemoglobin
side reactions.
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INTRODUCTION

The development of blood substitutes for a
variety of clinical applications has progressed

rapidly in recent years. The potential benefits
of a blood substitute include universal com-
patibility, immediate availability, freedom from
disease transmission, and long term storage."!
The proposed indications for an oxygen-carrying
blood substitute are primarily emergency resus-
citation of trauma patients and preoperative
hemodilution during surgical procedures. Other
likely applications of clinical benefit to patients
include the use of these products in treatment of
ischemic diseases, tumor sensitization, and the
treatment of sickle cell anemia.”"! Several oxygen-
carrying products have advanced to Phase I1/111
clinical trails in the United States. The starting
material is stroma-free hemoglobin (SFH) or
chromatographically purified hemoglobin A,,
obtained from sources including outdated human
or bovine blood. In some cases the protein is fully
expressed in a bacterial host system. Various
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TABLE[ Common chemical and non-chemical approaches used in developing hemoglobin-based blood substitutes

Classes of modifications Sites of modifications Developers
Intramolecular cross-linkage
2 nor-2-formylpyridoxal 5-phosphate Val(1)3:-Lys(82)3, NFPLP (Dutch Red Cross)®

bis(3,4-dibromosaliacyl)fumarate
Intramolecular and intermolecular cross-linkage

Glutaraldehyde Surface/multisites
Polyaldehyde (o-raffinose)

Polyethylene glycol (PEG) Surface/multisites

Lys(99)on-Lys(99)a,

DPG pocket and surface/multisites

DCLHb (Baxter);* DBBF (US Army)®

Hemopure (Biopure)
Hemolink (Hemosol)
PEG-Hb (Enzon)

Pyridoxal phosphate and Val(1)3;-Lys(82)3, and surface/multisites PHF (Apex)

polyoxyethylene (POE)

Pyridoxal phosphate and Val(1)3:-Lys(82)8, and surface/multisites Polyheme (Northfield)

glutaraldehyde

Site-directed mutagenesis

Glycine bridge Cross-bridging of 2-a chains in Optro (Somatogen)®
Presbyterian mutant Hb

Encapsulation

Phospholipids Envelops SFH or DBBF US Navy

*Programs have terminated.

Baxter acquired Somatogen and is currently developing second generation recombinant hemoglobins.

chemical and/or genetic alterations have been
employed by industry to produce a stable and
functional blood substitute including intra-
tetrameric cross-linked hemoglobin; polymers
of hemoglobin tetramers, (intra- and inter-tetra-
meric cross-linked), hemoglobin tetramers con-
jugated to non-protein macromolecules or
genetically stabilized tetramers. Hemoglobin
molecules have, in some cases been encapsu-
lated within phospholipid liposomes (Table 1)
(for review see [1]). A major problem with hemo-
globin-based products has been the adverse
reactions encountered in some ongoing clinical
trials. The basis of toxicity is poorly understood as
most research carried out by industry is proprie-
tary, and only a minimal free exchange of informa-
tion among investigators occurs. A recent well
publicized clinical trial in the United States for
traumatic hemorrhagic shock was terminated
early by Baxter Healthcare Corporation because
of a significantly increased mortality in the
patient group treated with diaspirin cross-linked
hemoglobin (DCLHD) relative to the control
group.””! This has intensified the search for safe
and effective blood substitutes and provided

TABLEII Summary of pre-clinical and clinical experiences
with hemoglobin-based blood substitutes

Pre-clinical

Nitric oxide inactivation leading to vasoconstriction
and hypertension

Macrophages activation leading to cytokine release,
vasculitis and thrombosis

Platelet and red cell aggregation

Rapid oxidation to non-oxygen carrying methemoglobin

Cellular damage markers of free radical injury

Enhancement of endotoxin effects

Clinical

Vasoconstriction and hypertension

Gastrointestinal distress

Excessive mortality in patients with acute ischemic
stroke and in patients with traumatic hemorrhagic shock

new impetus for researchers to gain a better
understanding of molecular basis of hemoglobin
toxicity.

Pre-Clinical Experience with
Hemoglobin Solutions

Pre-clinical experience with these modified hemo-
globins, based largely on studies carried out in
a variety of animal model systems, is now avail-
able in the literature (Table II). A side effect of
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most hemoglobin-based blood substitutes is
constriction of the peripheral vessels, which
increases blood pressure by up to 35-40%. Vaso-
constriction is a phenomenon that is still largely
unexplained, however, one widely accepted
mechanism is the removal of nitric oxide (NO), a
natural “vasodilator”, by cell-free hemoglobin."!
Extracellular hemoglobin modified chemically
and stabilized in the tetrameric or polymeric
forms, unlike the red cell, can reach NO produc-
tion sites, in the microvasculature where this
reaction is believed to initially occur. Inflamma-
tory responses to the infusion of a variety of
hemoglobin solutions have been reported. The
observation of transient hemorrhagic lesions
with the infusion of glutaraldehyde-polymerized
bovine hemoglobin (polyHb) that was character-
ized by “small vessel vasculitis” led to the recog-
nition that endothelial cell injury plays a central
role in the mechanism of toxicity of hemoglobin
solutions.”! Recent studies on the hemostatic
and hematological effects of cell-free hemoglobin
showed that pyridoxylated hemoglobin poly-
oxyethylene (PHP) produced thrombocytopemia
and bleeding by promoting aggregation of plate-
lets and caused loss of sequestration of red cells
due to continued bleeding and clumping of
cells which greatly compromised the survival of
dogs with severe hemorragic shock.” The rapid
oxidation (autoxidation) of hemoglobin to
non-functional methemoglobin is an important
concern in the use of hemoglobin as an oxygen-
carrying product. The uncontrolled spontaneous
oxidation of ferrous iron compromises the efficacy
and in some instances the safety of the infused
hemoglobin-blood substitute. A case in point is
the published report on the limitation of efficacy
due to autoxidation of bovine glutaraldehyde-
polymerized hemoglobin in an ovine model of
exchange transfusion.!! The circulating levels
of methemoglobin were increased from 3% to
40% in the first 24-hour of infusion with hemo-
globin. The question of how much methemoglo-
bin is too much was recently addressed in a

rat model of 30% exchange transfusion of con-
jugated hemoglobin with polyethylene glycol
(PEG-HD)."”! It was estimated that metHb levels
greater that 10% can significantly decrease the
ability of this hemoglobin to oxygenate tissues.
No direct, but considerable circumstantial evi-
dence suggests that the production and inter-
action of potentially harmful free radicals can
result from the infusion of cell-free hemoglobin
preparations. Pancreatic and liver enzymes in a
number of animal models of exchange transfu-
sion were reported to be elevated, suggesting
possibly a free-radical mediated injury. Increased
levels of amylase and lipase after hemoglobin
infusion in animal models have been frequently
observed.”®! Plasma creatine phosphokinase (CK)
and lactate dehydrogenase (LDH) activities,
indicators of tissue injury, were reported to be
unusually high in a severe hemorrhage swine
model resuscitated with diaspirin cross-linked
hemoglobin (DBBF).””! Interestingly, the pattern
and magnitude of lactate, CK and LDH ele-
vations seen in these studies were similar to
those reported in humans in a recent clinical
trial infused with DCLHb, the commercial ana-
log of DBBE™ Direct implication of hemo-
globin mediated free radical injury was recently
reported in neuronal cell cultures. Hemoglobin
killed neurons while leaving glial cells intact;
however addition of antioxidants and iron
chelators were protective against hemoglobin
mediated cytotoxicity."

Endotoxin, a bacterial product, and hemo-
globin have been shown to exert synergistic
toxicity when hemoglobin is given in a clinically
relevant dose as an oxygen-transporting resusci-
tation system.!"® This is quite worrisome since
these products are given in some instances to
trauma victims with contaminating wounds."?
Biochemically, hemoglobin has been shown to
act as a binding protein for bacterial endotoxin
(lipopolysaccharide, LPS) and that both the struc-
ture and biological activity of LPS is altered in
the presence of hemoglobin.™® In vitro studies
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showed that LPS induces oxidation of chemically
modified hemoglobin (DBBF).['4!

Clinical Experience with Hemoglobin
Solutions

Hemoglobin-induced hypertension remains a
prominent obstacle to clinical application of
hemoglobin-based blood substitutes. Although
the mechanism of this hypertensive effect is not
yet fully understood, most investigations have
focused on the interaction between hemoglobin
and NO.P! NO is believed to be the endothelial
relaxing factor (EDRF), induces blood vessel
dilation and reduces blood pressure by relaxing
vascular smooth muscle. Removal of NO by
hemoglobin, as it extravasates the endothelium
lining of blood vessels, results in an unopposed
vasoconstriction of blood vessels and hyperten-
sion. In human trials with current generation
blood substitutes, gastrointestinal discomfort
has been universally reported. The symptoms
include nausea, vomiting, diarrhea, dyspagia or
generalized abdominal pain. These symptoms
are believed to be related to NO scavenging by
hemoglobin, causing localized spasm through-
out the gastrointestinal tract, particularly lower
esophageal sphincter muscles.!® The hemody-
namic effects and toxicity of small doses of
DCLHb in critically ill patients were initially
reported with positive outcome.’® The vasso-
pressor action of this hemoglobin has been shown
to normalize hemodynamic imbalances in these
patients."®! However, in a recent controlled
safety study of DCLHD in acute ischemic stroke
patients, there were more adverse events and
deaths in the DCLHb-treated patients than in the
control group."® Mortality was also higher in
DCLHb-treated patients with severe hemorrhagic
shock than control group treated with saline. Of
the total number of patients (112), 98 (88%) were
infused with DCLHD or saline solution. After 28
days, 24 (46%) of the 52 patients infused with
DCLHbD died, compared to 8 (17%) of the 46
patients infused with saline solution.'’

Molecular Basis of Hemoglobin Toxicity
Hemoglobin is a Redox Active Molecule

Hemoglobin within its natural red blood cell
environment is found in high concentrations
and in a medium rich in organic phosphates, 2,3-
diphosphoglycerate (2,3-DPG) which stabilizes
the tetrameric form, the only functional form of
hemoglobin. The red cells provide a highly
specialized enzymatic machinery that catalyze
the breakdown of superoxide (O ) and hydro-
gen peroxide (H,O,) produced by the sponta-
neous oxidation of the ferrous iron. Reductase
systems, which catalyze the reduction of the
ferric iron back to ferrous state, that reversibly
bind oxygen, are also present. In spite of these
protective mechanisms 1-3% of the hemoglobin
in the red cell is oxidized at any given time.!"”’
Chemical and genetic modifications of cell-free
hemoglobin are undertaken in order to prevent
tetramer dissociation so as to prolong its intra-
vascular retention and to lower the oxygen
affinity, thus ensuring tissue oxygenation. Cross-
linking either by the use of bifunctional reagents
or genetic stabilization of the hemoglobin tetra-
mer, polymerization or decoration of the surface
of the hemoglobin molecule has for the most
part successfully resolved the problems of circu-
latory retention and oxygen delivery. However,
the redox reactivity of cell-free hemoglobin and
its impact on the physiological processes has not
been fully appreciated (Figure 1)."®! Hemoglobin
outside the red cell undergoes constant and
uncontrolled redox transition into non-functional
form, the ferric (metHb) as it reversibly binds to
oxygen (autoxidation} (Equations 1 and 2)

Hb* 0, & Hb*" 4+ 0, (1)
Hb™ = Hb** + 05~ 2)

Another redox transition of hemoglobin that
may occur in the presence of hydrogen or lipid
peroxide is the conversion of the ferrous or the
ferric form of hemoglobin into a higher oxidation
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HEME REDOX STATES BIOLOGICAL ACTIVITIES

' Ferrous
- Carries O,
-  Reacts with NO (fast)

Autoxidation ¢

' Ferric
‘@’ « Non-functional
- + Reacts with NO (slow)
Pseudo- Ub HOOH

peroxidase

cycle ' Ferryl
+ Cytotoxic
- « Reacts with NO (siow)

FIGURE 1 Redox transition of hemoglobin. Hemoglobin
exists predominantly in the ferrous form, which reversibly
binds oxygen. Ferrous hemoglobin undergoes spontaneous
oxidation to the ferric form, which dose not carry oxygen
(autoxidation). Ferri-hemoglobin (met) is also formed by a
NO mediated oxidation of the heme iron. In the presence of
H;O,, both the ferrous and the ferric forms of hemoglobin
undergo rapid transformation to higher oxidation states, the
ferryl, an extremely reactive form of hemoglobin.

state, the ferryl form.""® Chemical and genetic
manipulations were also found to accelerate
both autoxidation of hemoglobin and in some
instances promote the formation and stability of
hemoglobin in its ferryl form. With a redox
potential value close to that of hydroxyl radical,
ferryl hemoglobin may thus represent a signifi-
cant toxic pathway. If these redox reactions of
hemoglobin were to occur uncontrollably in
human physiology, it might explain some of
the unique toxicological effects associated with
the use of hemoglobin-based products. Recently,
we described a mechanism to account for this
unique redox chemistry of hemoglobin, based
largely on studies carried out on both DBBF
and recombinant myoglobins.'>?” The model
consists of a simple reaction scheme, reflecting
H,0, reactions with ferrous (Hb**O,) to form
the ferryl (Hb*") intermediate. This is followed
by an autoreduction of the Fe*" iron back to Fe>*.

In the presence of additional H,O,, Hb* is
converted back to Hb*" completing the catalytic
cycle (Equation 3)

HOOH i
2+ 4 N\ 3+
Hb' 0, =", Hb" ——— Hb &)
ki Vi )
HOOH

We have shown that, besides modifying ligand
interactions, clamping of « subunits with DBBF
can also affect the tendency of this hemoglobin
to undergo oxidative modification and to pro-
duce the Hb** species in solution. The reaction
of DBBF with H,0, produces a persistent Hb**
in solution suggesting that it possess less effec-
tive enzymatic activity (pseudoperoxidase).
A new radical that was detected by EPR (g=
2.006) in the reaction of ferric DBBF with H>O,,
not found in native methemoglobin A, was
recently reported.” The differences in the extent
and nature of the radicals formed in the cross-
linked Hb may have important implications in
the amount of oxidative damage it can induce.
In vitro evidence on the detection of the ferryl
form of DBBF has recently been documented
in a number of experimental settings; mono-
layer of endothelial cells, endothelial cells sub-
jected to ischemia/reperfusion and in cells that
lack the antioxidant mechanism i.e., gluta-
thione.?”>?Y Documented cellular toxicity that
has been attributed to the ferryl heme includes
increases in lipid peroxidation, LDH release,
and DNA fragmentation. There are markers of
cell injury and death by apoptosis and necrosis.
Although no in vivo evidence suggests that the
cytoxicity of cell-free hemoglobin is directly asso-
ciated with the ferryl iron, a causative role for
the redox cycling of myoglobin in rhabdomyo-
lysis-induced renal failure has recently been
reported.”®!

Hemoglobin is a Scavenger of Vascular NO

Nitric oxide has emerged as an important
chemical messenger in the control of many
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physiological processes in vivo, including neuro-
transmission, inflammation, platelet aggrega-
tion, and regulation of gastrointestinal vascular
smooth muscle.” The biological actions of
NO are brought about by its binding and acti-
vating smooth muscle guanylyl cyclase, which
trigger a biochemical cascade resulting in a vari-
ety of tissue-specific responses. A large number
of in vitro and in vivo studies concluded that
soluble (i.e. cell-free) forms of hemoglobin causes
vasoconstriction by scavenging endogenously
produced NO and that hypertension seen in
patients infused with hemoglobin preparations
is due to the depletion of NO in the wall of
the vasculature.® NO reacts rapidly with an
extremely high-affinity to the “deoxy” form of
hemoglobin (Equation 4).””) In the case of oxy-
hemoglobin, NO does not bind to the heme but
reacts directly with the bound oxygen of the
HbO, molecule to form methemoglobin and
nitrate (Equation 5).%®) As a consequence the
bound oxygen oxidizes both the heme iron
and NO.

Hb** + NO = HbNO (4)

Hb**O, + NO = Hb*' + NO;  (5)

NO can bind, at much slower rate with the met
“ferric” state of hemoglobin to form ferric-NO
complex, which can be reduced by additional
NO. These processes could contribute to redox
cycling of hemoglobin, thus NO acts as an oxi-
dant or reductant in reactions with hemoproteins
(Equations 6 and 7)./

Hb*" + NO < Hb>" — NO (6)

Hb** —NO = Hb*' —NO+NO*  (7)

Another, less appreciated role for NO in mam-
malian physiology, which may directly impact
the redox chemistry of hemoglobin, is its
antioxidant function.® The two major antioxi-
dant mechanisms of NO are: (1) direct oxygen-
radical scavenging capable of maintaining a
balance between reactive oxygen and nitrogen

intermediates at the tissue level (Equation 8) and
(2) direct redox interaction with hemoproteins
that suppresses the formation of potent cytotoxic
oxidants, i.e. heme-associated ferryl radicals
(Equation 9).P"

NO + O~ = ONOO™ (8)

Hb*" 4+ NO = Hb** + NO; (9)

The balance between NO and O] in the vas-
culature can, however, be disrupted under a
variety of non-physiological processes (e.g.,
inflammation, ischemia, diabetes and sepsis)m]
and/or in the presence of cell-free hemoglobin in
favor of more powerful oxidants, i.e. ONOO™
{product of NO with O} ") and H,0O,. Hemoglobin
present in close proximity to ONOQO™ production
sites in the vasculature can contribute to possible
in vivo toxicity by a two step mechanism involving
(1) direct oxidation of the heme iron and (2)
nitration of tyrosine residues on the molecule,
leading to subsequent instability and heme loss
from the protein.'**

Cell-free hemoglobin may present a low risk
to healthy individuals with normal redox status,
however, patients with a compromised vascul-
ature and poor antioxidant status, i.e., diabetes,
hypertension, myocardial infraction and acute
ischemic stroke, may be at greater risk, as recent
clinical trial failures with DCLHb have demon-
strated.>'% Although the primary event respon-
sible for the microvascular effects of hemoglobin
solutions is believed to be the removal of NO
by hemoglobin, subsequent oxidative reactions
between hemoglobin and oxidants of the vascu-
lar system (i.e. HyO, and ONOO™) may poten-
tially lead to a vascular inflammatory cascade of
reactions progressing to multi-organ failure.

FUTURE DIRECTIONS

The major thrust in blood substitute research is
directed towards the suppression or the elimi-
nation of hemoglobin side reactions, which are
believed to be detrimental to both hemoglobin
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and the surrounding tissue, i.e. vascular endo-
thelium. One obvious strategy that is aimed at
preventing the interference of hemoglobin with
NO metabolism is to increase the molecular size
of hemoglobin from a tetramer (64kDa) to lar-
ger molecular size(s) that average between 300-
400 kDa. In some instances the smaller molecular
component of hemoglobin (<64 kDa), which is
believed to extravasate readily the endothelial
barrier are all but eliminated (<1-3%).[34%!
However, several recent reports based on ani-
mal studies and calculation of NO kinetics at
the vascular level argue against extrava-
tion as a singular mechanism because of the
extremely high affinity of hemoglobin for NO,
which creates large diffusion gradients. Intravas-
cular flow has recently been shown to have no
effect on the reaction between NO and cell-free
hemoglobin in the lumen, because the latter
forms a homogenous solution and is not subject
to the hemodynamic separation whereas in the
case of intraerthyrocytic hemoglobin, an RBC-free
zone in the microcirculation has been shown to
effectively decrease erythrocyte consumption of
NO.B*! Intuitively, it can be argued that cell-free
hemoglobin, regardless of its molecular size can
readily reach NO production sites and hemoglo-
bin encapsulation within a red cell is the only
viable strategy to prevent hypertension. Indeed
attempts to polymerize hemoglobin molecule into
oligomers attenuated hemodynamic responses
but still triggered blood pressure increases.'>” !
Another approach that specifically targets the
reaction sites of NO on the hemoglobin molecule
appears to be a promising strategy in resolving
the hemoglobin pressor effect. Genetic modifica-
tion, intended to alter the size and polarity of
naturally occurring amino acids in and around
the distal heme pocket of both a- and $-chains of
hemoglobin, can reduce the rate of NO scaven-
ging by hemoglobin, and thus, reduced hemo-
globin vasoactivity in animals.®®*! To prevent
free radical mediated toxicity of hemoglobin,
trace amounts of superoxide dismutase (SOD)
and catalase (CAT) have been cross-linked to
hemoglobin. PolyHb—SOD-CAT has been shown

to be effective in reducing ferryl hemoglobin
formation and other free radicals in animal
models.*! Peroxide and superoxide-mediated
neutrophil adherence to human endothelial cells
was inhibited by hemoglobin coupled to stable
nitroxyl radicals (nitroxides). Nitroxides possess
the added advantage of SOD and CAT-like
properties.ml

References

[11 TM.S. Chang (1997) Blood Substitutes: Principles,
Methods, Products and Clinical Trials, Vol. 1. Karger-Landes,
Basel.

[2] E.R. Sloan, M. Koenigsberg, D. Gens, M. Cipolle, ]. Runge,
M. Mallory and G. Rodman (1999) Diaspirin cross-linked
hemoglobin (DCLHD) in the treatment of severe trau-
matic hemorrhagic shock: A randomized controlled
efficacy trial. Journal of American Medical Association, 282,
1857-1864.

[3] A. Gulati, A. Barve and A.P. Sen (1999) Pharmacology of
hemoglobin therapeutics. Journal of Laboratory Clinical
Medicine, 133, 112-119.

[4]1 W. Bleeker, J. Agterberg, E. La Hey, G. Rigter, L. Zappeij
and J. Bakker (1996) Hemorrhagic disorders after admin-
istration of glutaraldehyde-polymerized hemoglobin. In:
Blood Substitutes: New Challenges (Eds. RM. Winslow,
K.D. Vandegriff and M. Intaglietta), Birkhauser, Boston,
Basel, Berlin, pp. 112-124.

[51 CF. Mackenzie, G.M. Barnas, R.H. Christenson,
M.S. Delaney, J.E. Williams, R. Parr, R. Sakamoto,
G.L. Alonszana and B.F. Trump (1997) Hemostatic and
hematological profiles with free hemoglobin solutions
following resuscitation from severe hemorrhagic shock in
dogs. Anesthesiology, 87, A216.

[6] R. Lee, K. Neya, T.A. Svizzero and G.J. Vlahakes (1995)
Limitations of the efficacy of hemoglobin oxygen carrying
solutions. Journal of Applied Physiology, 78, 236-242.

[7]1 R. Linberg, C.D. Conover, K.L. Shum and R.G.L. Shorr
(1998) Hemoglobin-based oxygen carriers: how much
methemoglobin is too much? Artificial Cells Blood Sub-
stitutes and Immobilized Biotechnology, 26, 133—148.

[8] J.R. Hess (1999) Blood substitutes for surgery and trauma:
efficacy and toxicity issues. Biodrugs, 12, 81-91.

[91 J.R. Hess, V.W. Macdonald and W.W. Brinkley (1993)
Systemic and pulmonary hypertension after resuscitation
with cell-free hemoglobin. Journal of Applied Physiology, 74,
1769-1778.

[10] R. Saxena, A.D. Wijnhoud, H. Carton, W. Hacke, M. Kaste,
RJ. Przybelski, KIN. Stern and PJ. Koudstaal (1999)
Controlled safety study of a hemoglobin-based oxygen
carrier, DCLHD, in acute ischemic stroke. Stroke, 30,
993-996.

[11]1 S.5. Panter and R.F. Regan (1998) Interactions of hemo-
globin with central nervous system. In: Red Blood Cell
Substitutes: Basic Principles and Clinical Applications.
(Eds. AR. Rudolph, R. Rabinovici and G.Z. Feuerstein),
Marcel Dekker, New York, pp. 219-234.

[12] C.T. White, AJ. Murray, D.J. Smith, J.R. Greene and
R.B. Bolin (1986) Synergistic toxicity of endotoxin and
hemoglobin. Journal of Laboratory Medicine, 108, 132-137.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/22/11

For personal use only.

348 Al ALAYASH

[13] W. Kaka, R.I. Roth and J. Levin (1994) Hemoglobin: a
newly recognized lipopolysaccharide (LPS) binding pro-
tein which enhances LPS biological activity. Journal of
Biological Chemistry, 269, 25078-25 084.

[14] W. Kaka, RI. Roth, K.D. Vandegriff, G.C. Chen,
EA. Kuypers, RM. Winslow and J. Levin (1995) Effects
of bacterial endotoxin on human cross-linked and native
hemoglobins. Biochemistry, 34, 11176-11185.

[15] E.M. Ketcham and C.B. Cairns (1999) Hemoglobin-based
oxygen carriers: development and clinical potential.
Annals of Emergency Medicine, 33, 326-337.

[16] G. Reah, AR. Bodenham, A. Mallick, EK. Dally and
RJ. Przybelski (1997) Initial evaluation of diaspirin cross-
linked hemoglobin (DCLHb™) as a vasopressor in
critically ill patients. Critical Care Medicine, 25, 1480-1488.

[17] H.EE Bunn and B.G. Forget (1986) Hemogiobin: Molec-
ular Genetic and Clinical Aspects. W.B. Saunders Co.,
Philadelphia.

[18] AL Alayash (1999) Hemoglobin-based blood substitutes:
oxygen catriers, pressor agents, or oxidants? Nature
Biotechnology, 17, 545-549.

[19] RE. Cashon and A.L Alayash (1995) Reactions of
human hemoglobin Ay and two cross-linked derivatives
with hydrogen peroxide: differential behavior of the
ferrylintermediate. Archives of Biochemistry and Biophysics,
316, 461-469.

[20] A1 Alayash, B.A. Brockner-Ryan, R.F. Eich, J.S. Olson
and R.E. Cashon (1999) Reactions of sperm whale
myoglobin with hydrogen peroxide: effects of distal
pocket mutations on the formation and stability of the
ferryl intermediate. Journal of Biological Chemistry, 274,
2029-2037.

[21] ]. Dunne, D.A. Svistunenko, M.T. Wilson, A.L. Alayash
and C.E. Cooper (1998) Reactions of cross-linked ferric
haemoglobins with hydrogen peroxide. Biochemical
Society Transactions, 26, S230.

[22] D.W. Goldman, R.J. Breyer, D. Yeh, B.A. Brockner-Ryan
and A.l. Alayash (1998) Acellular hemoglobin-mediated
oxidative stress toward endothelium: a role for ferryl iron.
American Journal of Physiology, 275, H1046-H1053.

23] L. McLeod and Al Alayash (1999) Detection of a
ferryl intermediate in an endothelial cell model after
hypoxia/reoxygenation. American Journal of Physiology,
46, H92-H9%9.

[24] F. IX Agnillo, F. Wood, C. Porras, V.W. Macdonald and
AL Alayash (2000) Effects of hypoxia and glutathione
depletion on hemoglobin- and myoglobin mediated
oxidative stress toward endothelium. Biochimica et Bio-
physica Acta, 1495, 150-159.

[25] K.P. Moore, S.G. Holt, R.P. Patel, D.A. Svistunenko,
W. Zackert, D. Goodier, B.J]. Reeder, M. Clozel, R. Anand,
C.E. Cooper, J.D. Morrow, M.T. Wilson, VM. Darley-
Usmar and L.J. Roberts (1998) A causative role for redox
cycling of myoglobin and its inhibition by alkalinization
in the pathogenesis and treatment of rhabdomyolysis-
induced renal failure. Journal of Biological Chemistry, 273,
31731-31737.

[26] S. Moncada, R M.S. Palmer and E.A. Higgs (1991) Nitric
oxide: physiology, pathophysiology and pharmacology.
Pharmacology Reviews, 43, 109-142.

[271 V.S. Sharma, T.G. Traylor and R. Gardiner (1987) Reaction
of nitric oxide with heme proteins and model compounds
of hemoglobin. Biochemistry, 26, 3837-3843.

[28] RE Eich, T. Li, D.D. Lemon, D.H. Doherty, SR. Curry,
J.E Aitken, AJ. Matthews, K.A. Johnson, R.D. Smith,

G.N. Philips and J.S. Olson (1996) Mechanism of
NO-induced oxidation of myoglobin and hemoglobin.
Biochemistry, 35, 6976—6983.

[29} AL Alayash, J.C. Fratantoni, C. Bonaventura,
J. Bonaventura and R.E. Cashon (1993) Nitric oxide
binding to human ferrihemoglobins cross-linked between
either alpha or beta subunits. Archives of Biochemistry and
Biophysics, 303, 332-338.

[30] M.S. Joshi, J.L. Ponthier and J.R. Lancaster (1999) Cellu-
lar antioxidant and pro-oxidant actions of nitric oxide.
Free Radical Biology and Medicine, 27, 1357-1366.

[31] N.V. Gorbunov, N.M. Elsayed, E.R. Kisin, A.V. Kozlov
and VE. Kagan (1997) Air blast-induced pulmonary
oxidative stress: interplay among hemoglobin, antioxi-
dants and lipid peroxidation. American Journal of Physiol-
ogy, 272, L320-1.334.

[32] VM. Darley-Usmar, Wiseman and B. Halliwell (1995)
Nitric oxide and oxygen radicals; a question of balance.
FEBS Letters, 369, 131-135.

[33] AL Alayash, B.A. Brockner Ryan and R.E. Cashon (1998)
Peroxynitrite-mediated heme oxidation and protein mod-
ification of native and chemically modified hemoglobins.
Archives of Biochemistry and Biophysics, 349, 65-73.

[34] S.A. Gould, L.R. Segal, H.L. Seghal, R. DeWoskin and
G.S. Moss (1998) The clinical development of human
polymerized hemoglobin. In: Blood Substitutes: Principles,
Methods, Products and Clinical Trials. Vol. 11 (Ed.
TM.S. Chang). Karger-Landes, Basel, pp. 12-28.

[35] L.B. Pearce and M.S. Gawryl (1998) Overview of

preclinical and clinical efficacy of Biopure’s HBOCs.
In: Blood Substitutes: Principles, Methods, Products and
Clinical Trials. Vol. I1 (Ed. TM.S. Chang). Karger-Landes,
Basel, pp. 82-98.

[36] X. Liu, M.].S. Miller, M.S. Joshi, H. Sadowska-Krowicha,
D.A. Clark and J.R. Lancaster (1998) Diffusion-limited
reaction of free nitric oxide with erythrocytes. Journal of
Biological Chemistry, 273,18709-18713.

[37) Z. Abassi, S. Kotob, E Pieruzzi, M. Abouassali,
H.R. Keiser, J.C. Fratantoni and A.I. Alayash (1997) Effects
of polymerization on the hypertensive action of diaspirin
cross-linked hemoglobin in rats. Journal of Laboratory
Clinical Medicine, 129, 603-610.

[38] S.M. Kasper, M. Walter, F. Grune, M. Walter, N. Amr,
H. Erasmi and W. Buzello (1998) Effects of increased doses
of bovine hemoglobin on hemodynamics and oxygen
transport in patients undergoing preoperative hemodilu-
tion for elective abdominal aortic surgery. Anesthesia and
Analgesia, 87, 284-291.

{39] D.H. Doherty, M.P. Doyle, S.R. Curry, RJ. Vali, T]. Fattor,
].S. Olson and D.D. Lemon (1998) Rate of reaction with
nitric oxide determines the hypertensive effect of cell-free
hemoglobin. Nature Biotechnology, 16, 672—-676.

[40] M.P. Doyle, 1. Apostol and B.A. Kerwin (1999) Glutar-
aldehyde modification of recombinant human hemoglo-
bin alters its hemodynamic properties. fournal of Biological
Chemistry, 274, 2583-2591.

[41] F. D’Agnillo and TM.S. Chang (1998) Polyhemoglobin-
superoxide dismutase-catalase as a blood substitute
with antioxidant properties. Nature Biotechnology, 16,
667-672.

[42] N. Okayama, ]J.H. Park, L. Coe, D.N. Granger, L.I. Ma,
CJ.C. Hisa and ].5. Alexander (1999) Polynitroxyl oo-
hemoglobin (PNH) inhibits peroxide and superoxide-
mediated neutrophil adherence to human endothelial
cells. Free Radical Research, 31, 53-~58.

RIGHTS

i,



