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ABSTRACT

Direct cytotoxic effects associated with hemoglobin (Hb) or myoglobin (Mb) have been ascribed to redox reac-
tions (involving either one- or two-electron steps) between the heme group and peroxides. These interactions are
the basis of the pseudoperoxidase activity of these hemoproteins and can be cytotoxic when reactive species are
formed at relatively high concentrations during inflammation and typically lead to cell death. Peroxides relevant
to biological systems include hydrogen peroxide, lipid hydroperoxides, and peroxynitrite. Reactions between
Hb/Mb and peroxides form the ferryl oxidation state of the protein, analogous to compounds I and II formed in
the catalytic cycle of many peroxidase enzymes. This higher oxidation state of the protein is a potent oxidant ca-
pable of promoting oxidative damage to most classes of biological molecules. Free iron, released from Hb, also
has the potential to promote oxidative damage via classical “Fenton” chemistry. It has become increasingly evi-
dent that Hb/Mb redox reactions or their by-products play a critical role in the pathophysiology of some disease
states. This review briefly discusses the reactions of Hb/Mb with biological peroxides, potential cytotoxicity and
the impact of these interactions on modulation of cell signaling pathways regulated by these reactive species. Also
discussed in this article is the role of heme-protein chemistry in relation to the toxicity of hemoproteins. Antioxid.
Redox Signal. 3, 313-327.

INTRODUCTION between structure and function in proteins (for

review, see 5). The heme group, which is the

HEME—BASED OXYGEN BINDING and delivery
proteins are found in a wide variety of or-
ganisms, including most vertebrates and a
number of invertebrate species. In mammals
and many other higher vertebrates, the part-
nership of hemoglobin (Hb) (the oxygen trans-
port protein) and myoglobin (Mb) (the oxygen
storage protein) plays the key role in the dis-
tribution of oxygen from the environment to
respiring tissues. Both have been extensively
studied for decades and have contributed sub-
stantially to our knowledge of the relationship

central component providing the oxygen bind-
ing function, is identical in both proteins. The
substantial differences in functionality between
the two proteins are the result of variation in
globin structure and subunit organization; pro-
viding an excellent example of molecular “en-
gineering.” Mb, which consists of a single
polypeptide chain with associated heme, binds
oxygen reversibly in a simple, noncooperative
fashion. The more complex multisubunit struc-
ture of Hb (two « chains and two B chains, each
with associated heme group) allows for both
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cooperative binding of oxygen and modulation
of in vivo oxygen affinity by a number of al-
losteric factors, including pH, organic phos-
phates, and carbon dioxide (5).

The binding of oxygen by both proteins is de-
pendent on keeping the heme iron in the fer-
rous state (Fe?"), which, in an oxidizing envi-
ronment, is not the most stable form. In the
absence of cellular reduction systems, the heme
iron in both proteins tends to autoxidize to the
ferric iron (Fe®**) form, which renders them un-
able to bind oxygen. This process is roughly
equivalent to the “rusting” of metallic iron in
an oxidizing environment (83).

In addition to their function in oxygen de-
livery and storage, both Hb and Mb have been
demonstrated to catalyze a variety of oxidative
reactions and processes in vitro (33). Central to
many of these “secondary functions” is a per-
oxidase-like activity first described by Keilin
and Hartree (44). Both ferrous and ferric forms
of the proteins are reactive. Hydrogen perox-
ide (H,O,) oxidizes ferric Mb and Hb to an ox-
oferryl (Fe*") heme-centered radical and a glo-
bin-centered radical, a state similar to
peroxidase I. This oxoferryl species is a strong
oxidant, capable in vitro of oxidizing numerous
reducing substrates, including cellular and vas-
cular components.

There is increasing evidence that these ox-
idative processes can, and do, occur in vivo.
H,0, is produced in tissues under a variety of
conditions, in large part due to leakage from
the normal electron transport processes in ac-
tively respiring cells (71). Accelerated H,0,
production is thought to occur after hypoxia
when ischemic tissue is reperfused with oxy-
genated media (98). Other peroxides of biolog-
ical significance such as lipid peroxides
(LOOH) and peroxynitrite (ONOO™), the prod-
uct of the reaction of the free radicals nitric ox-
ide (NO) and superoxide (O, 7), can also in-
teract with free Hb and Mb, leading to
oxidative processes and potential cellular dam-
age (10).

Vascular endothelium plays a pivotal role in
the inflammatory process by coordinating the
recruitment of inflammatory cells to sites of in-
jury. Various physiological mediators are uti-
lized in this process (57). Hb and/or Mb are
thought to gain access to these sites due to in-

ALAYASH ET AL.

jury-related hemolysis or muscle cell rupture.
Interactions of the heme proteins with the vas-
cular system under these conditions of inflam-
mation are now thought to play a key role in
the pathophysiology of oxidant-induced vas-
cular injury, including cerebral hemorrhage,
blast injury, crush injury, myocardial isch-
emia/reperfusion, and rhabdomyolysis. Fur-
ther complications are thought to arise through
disruption of key signaling pathways resulting
from alteration or destruction of important
physiological mediators. In this review, we dis-
cuss the potential cytotoxicity associated with
the reactions between Hb and Mb with biolog-
ical peroxides and the impact of these reactions
on the modulation of cell signaling pathways.

PEROXIDE REACTIONS WITH
Hb AND Mb

H>0,

The reactions between the respiratory pro-
teins Hb or Mb and H,O, have been extensively
characterized and proceed via a two-electron
oxidation process (for review, see 28). Reaction
of Hy,O, with either Fe?* or Fe?" hemoprotein
produces the ferryl species, a potent oxidant in
which the heme is formally two oxidation
equivalents above the Fe?" and is referred to
as Fe*" (27). If reactions occur with the Fe3*
form, protein-based radicals are also formed
(87, 88). The radical represents the second oxi-
dizing equivalent, and both peroxyl and car-
bon-based radicals are formed simultaneously.
A cyclic mechanism including peroxide-de-
pendent oxidation of Fe3* heme and reduction
of Fe** heme and radical has been proposed (4,
73) [Eq. 1]. Hb-based radical species have been
detected in whole blood, indicating that H,O,
can react with HbFe** /HbFe®*" in red blood
cells in the presence of endogenous mecha-
nisms that remove H,O, (88).
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Fe'" is a potent oxidant capable of oxidatively
damaging most biological substrates, including
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lipids, nucleic acids, and amino acids (12, 27,
31, 45, 61, 76, 78, 97). Formation of Fe*" of
both Hb and Mb was correlated to cytotoxic-
ity in an endothelial cell culture model of
ischemia/reperfusion and more so in cells
that lack their antioxidative mechanisms such
as glutathione (21, 51). Recent insights have
identified the redox cycle between MbFe?*
and MbFe*" as an important modulator of in-
jury in kidneys of rhabdomyolytic rats (58).
This added more impetus to research efforts
by many groups investigating the effects of
oxidative reactions mediated by hemopro-
teins in other pathological processes. A fur-
ther example that will be discussed in more
detail later includes oxidative damage to low-
density lipoprotein (LDL) mediated by Hb, a
process that has been correlated with free Hb
concentrations in hemodialysis patients (97).
Oxidative damage to apoB (the protein com-
ponent of LDL) is a key event that transforms
LDL into a proatherogenic form that in turn
promotes atherogenesis.

The globin-based radical of HbFe** has re-
cently been detected in normal human blood
by electron paramagnetic resonance (EPR) (88).
Interestingly, the source of H,O; in blood is
considered to be the dismutation of Oy~ pro-
duced via the autoxidation of Hb. Furthermore,
similar to Mb (61), Hb protein radicals may be
able to initiate lipid peroxidation reactions di-
rectly by abstraction of allylic hydrogens (Pa-
tel and Svistunenko, unpublished observa-
tions). In addition to intermolecular cross-links,
globin radical formation also forms intramo-
lecular cross-links between the heme and
amino acids (16, 45). The functional conse-
quences of these modifications are not yet
known, but are likely to lead to protein degra-
dation and release of iron. In the case of Mb,
the treatment with H,O, leads to covalent al-
teration of the prosthetic group with concomi-
tant formation of a protein-bound adduct that
transforms Mb from an oxygen storage protein
to an oxidase, capable of producing additional
H,0, (67, 68). Under similar conditions, Hb un-
dergoes similar oxidative modifications, but
shows no enzymatic activity (69). Visible ab-
sorption, fluorescence, and low—temperature
EPR studies recently showed that the reaction
of oxyHb with H,O; leads to heme degrada-
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tion. This process involves the reaction of an
additional HyO, molecule with HbFe** to pro-
duce HbFe®** and O,"~ radical anion. O," ™~ pro-
duced in the heme pocket reacts with the por-
phyrin entity, resulting in heme degradation
and release of iron (60)

LOOH

Oxidation of lipids is implicated in many dis-
ease states, including atherosclerosis where
peroxidation of fatty acids within LDL is a crit-
ical event in transforming this particle into a
proatherogenic form (11). Oxidation of mem-
brane lipids can alter membrane fluidity and
integrity, eventually leading to cell lysis. Fur-
thermore, specific lipid oxidation products can
modulate a variety of signaling processes that
affect responses including the control of apop-
tosis, response to inflammation, and regulation
of vascular tone (11, 72, 85). The mechanisms
by which LOOH may modulate cell signaling
are not known. Possibilities include reactions
with peroxidases and/or direct interactions
with specific receptors and transcription
factors. As discussed above, an example of a
disease process relevant to heme protein-de-
pendent oxidative damage to lipids is rhab-
domyolysis where Mb-dependent formation of
vasoconstrictive Fp-isoprostanes from arachi-
donic acid peroxidation results in kidney dam-
age and failure (58).

Hb is a potent catalyst of lipid peroxidation.
The proposed mechanism (see Fig. 1) involves
one-electron redox reactions with LOOH (58,
73). Redox cycling of the iron between the Fe3*
and Fe*" oxidation states catalytically decom-
poses LOOH forming lipid peroxyl and alkoxyl
radicals, which then propagate the chain reac-
tion. In addition, HbFe** (and protein radicals)
has the potential to initiate lipid peroxidation
directly (61). This has been demonstrated with
Mb, and specific binding and oxidation of
linoleic acid into the heme crevice have been
demonstrated. Whether LOOH can gain access
to the heme in native tetrameric Hb is not
known, and proposed mechanisms that allow
for these interactions include a role for Hb
dimers (78) or transfer of heme into the lipid
phase (13). Consistent with these concepts,
cross-linking strategies that structurally stabi-
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LOOH
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FIG. 1. Proposed scheme for interaction between
metHb and membrane LOOH. MetHb reacts with LOOH
forming ferrylHb and lipid alkoxyl radicals (LO") (step
1). In turn, ferrylHb reacts with another LOOH reform-
ing metHb and lipid peroxyl radicals (LOO") (step 2).
Both LOO" and LO" can propagate the chain of lipid per-
oxidation by abstracting a hydrogen atom from a polyun-
saturated fatty acid (LH) (step 3). The resultant carbon-
centered lipid radical (L°) rapidly reacts with oxygen
forming more LOO" (step 4). LOH, lipid hydroxide.

lize the Hb tetramer inhibited lipid peroxida-
tion reactions catalyzed by ferric heme (78).

ONOO™

ONOO7, the reaction product of NO and
O;"7, has been implicated in numerous
pathologies in which an inflammatory compo-
nent is involved (74). The reaction between
O,"~ and NO is diffusion-limited (k = 67 X
10° M~! s71) and can compete with Hb-de-
pendent scavenging of NO. Similar to other
peroxide-containing molecules, ONOO™ also
reacts with Hb. In contrast, however, ONOO~
reacts relatively rapidly (k = 10* M~ ! s71) with
HbFe?* (3). This is significantly faster than re-
actions between HbFe?™ and either H,O, or
LOOH (73). Reaction with erythrocytes may
therefore be a significant route for removal of
ONOO™ formed in extracellular compartments
in the vasculature. ONOO™ can enter the blood
cell either by diffusion through the lipid bilayer
or via the anion channel where it then can re-
act with HbFe?" forming HbFe3* (metHb) (22,
49). Concomitantly, tyrosine residues in the
protein become nitrated in this reaction (3). Us-
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ing direct ESR, it was recently shown that in
human red blood cells, ONOO~ induced a
long-lived singlet signal at ¢ = 2.004 arising
from Hb (55). Analysis of the visible spectra of
Hb/ONOO™ mixture revealed that, in the pres-
ence of CO,, HbFe?* was oxidized to HbFe*",
which rapidly decays to a lower iron oxidation
state, HbFe3*. It was suggested that the ¢ =
2.004 radical observed in ESR spectrum was an
intermediate formed during HbFe** decay. En-
dogenous scavenging of ONOO™ by erythro-
cytes may thus be viewed as a beneficial pro-
cess protecting the endothelium from oxidative
and/or nitrosative stress incurred under ex-
cessive inflammation.

The mechanism of reaction between Hb and
ONOO™ was recently studied with Hb in var-
ious oxidation and ligation states. The reaction
of ONOO™ with HbFe?* led to rapid and com-
plete oxidation of the heme iron to HbFe3*
within a 3-s reaction time in a rapid scanning
spectrophotometer. When the observation pe-
riod was extended to 8 s, the spectral footprint
of the HbFe*" was indeed detected (3). Bolus
addition of a molar excess of ONOO™ to
HbFe®*, HbFe3*CN™~ (cyanomet derivative of
Hb), HbCO (carbon monoxy derivative of Hb),
and HbFe!" induced no changes in the oxi-
dized iron, but it displaced ligated CO and re-
duced HbFe** back to HbFe®*". These mecha-
nistic studies also established that ONOO™
oxidizes the heme center of Hb via a direct in-
ner-sphere mechanism (3). The presence of free
Hb in close proximity to ONOO™ production
sites in the vasculature may therefore contrib-
ute to possible in vivo toxicity by a two-step
mechanism involving (i) direct oxidation of the
heme iron and (ii) nitration of the tyrosine
residues on the Hb molecule, leading to insta-
bility and heme loss (3).

EFFECTS OF Hb ON
PEROXIDE-MEDIATED
CELL SIGNALING

The biological peroxides discussed herein
have been implicated as regulators of redox-
sensitive cell signaling pathways (86). For ex-
ample, reactive species have been implicated in
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the regulation of hematopoiesis (80). Several
studies have shown that H,O, regulates tran-
scriptional and translational events in many
cell types (39, 47, 56). The exact targets that
H,0O; reacts with, to either stimulate or repress
a given pathway, are not known, but down-
stream targets include the mitogen activated
protein kinases and nuclear factor kB (NF«B).
These are important components of numerous
redox-sensitive signaling pathways that link
extracellular stimuli to gene regulation (59).
Similarly, lipid peroxides are intermediates in
the cascade of reactions forming compounds
that mediate an inflammatory response (79).
Recently, more specific roles have been re-
ported, including modulation of endothelial
cell NO synthase (75).

Relatively little is known of the signaling
roles of ONOO™ and, in fact, its production is
generally considered a deleterious event. How-
ever, recent data indicate that this is not always
the case, and at low physiological concentra-
tions (in the nanomolar range) ONOO™ may
have cardioprotective functions. For example,
exogenous addition of ONOO™ decreased P-se-
lectin expression and protected against isch-
emia/reperfusion injury (62). Furthermore, en-
dogenous production of this reactive nitrogen
species in endothelial cells modulates shear-de-
pendent activation of c-Jun N-terminal kinase
(JNK) (95). These effects are not deleterious
and, in fact, protect the cell from subsequent
oxidative or nitrosative insults.

The effects of reactions between Hb and bi-
ologically relevant peroxides in the context of
cell signaling have not been explored. The con-
centrations of cell-free Hb that can be achieved
upon administration is high (in the millimolar
range in terms of heme) (28) and can poten-
tially compete with endogenous reactions that
consume the peroxides mentioned. No sys-
tematic studies have been conducted address-
ing these issues, but reactions between Hb and
H,0O; generated during reperfusion of ischemic
endothelial cells were demonstrated (51).
Therefore, similar to NO, the effects of Hb on
cell function may be more subtle than oxida-
tive damage mediated by HbFe*" and involve
perturbation of redox-sensitive signaling path-
ways (Fig. 2).
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FIG. 2. Potential modulation of cell signaling in en-
dothelial cells exposed to shear stress by cell-free Hb.
Shear stress stimulates production of NO and O,"~ in en-
dothelial cells, which react together to form ONOO™.
Scavenging of NO by oxyHb is predicted to increase H,0O,
production from O,"~, a process catalyzed by superoxide
dismutase (SOD). OxyHb can be oxidized to metHb by
NO, ONOO~, and H,O; (not shown for purposes of clar-
ity). In turn, metHb can modulate ONOO~ and H,0O, con-
centrations by reactions that lead to ferryl Hb (Hb** = O)
production. Both reactive oxygen and nitrogen species
can regulate transcription and translation processes. The
downstream targets of reactive species remain poorly de-
fined. Examples include regulation of soluble guanylate
cyclase (sGC), JNK, NF«B, or iron response element (IRE)
activity. Examples of specific genes known to be regu-
lated by reactive species include the antioxidants heme
oxygenase (HOX) and glutathione (GSH), and the proin-
flammatory adhesion molecules VCAM-1 and ICAM-1

BIOLOGICAL EXAMPLES OF Hb AND
Mb REDOX REACTIONS

Ischemia/reperfusion and myocardial injury

Sustained ischemia results in a complex se-
ries of changes, and when ischemia is followed
by reperfusion (reoxygenation), this adds fur-
ther complexity to the pathophysiology of or-
gans. The xanthine oxidase system, a key
source for O," 7, is not present in the human
myocardium, but present only in endothelial
cells in human heart (24). Although activated
phagocytes in oxidatively damaged tissue con-
tribute to the oxidant pool, Mb has emerged as
an important source of reactive oxygen species
in myocardium (39). Like Hb, the autoxidation
of Mb represents a potential significant source
of Oy"~ and H;0O; due to the relatively high
concentration of Mb within the heart (up to 0.5
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mM) (89). Mb has been suggested to contribute
to ischemia /reperfusion injury through the ox-
idation of arachidonic acid that can accompany
its reaction with H,O; (31).

Recent theoretical calculations of Mb autox-
idation in human myocytes containing 150 uM
Mb have shown that the rate of O,"~ produc-
tion would increase by 0.35 uM/min from Mb
autoxidation (38). These calculations take into
account the degree of tissue oxygenation, nor-
mal tissue pH, and a 70% drop in flow rate to
mimic ischemic conditions within 15 min of ar-
terial occlusion (38). Thus, it appears that the
increased rate of Mb autoxidation caused by
conditions relevant to ischemia/reperfusion
can be a major source of O,"~ and HyO; in
reperfused heart. Redox cycling of H,O, as part
of the normal protective mechanisms may not
provide total protection during oxidative chal-
lenge to muscle. MbFe** that persists longer in
tissue may therefore perpetuate these oxidative
reactions (21). Observations that MbFe** has
been detected in isolated ischemic rat hearts (6)
and the reported protective role of ascorbate
in induced ischemic arrest associated with
cardiopulmonary bypass confirm a model for
ischemia /reperfusion, whereby MbFe** would
play a key role (32).

Brain injury

Degenerative changes are known to occur in
the endothelium of major cerebral arteries in
patients who die from cerebral vasospasm af-
ter subarachnoid hemorrhage and in animal
models of experimental subarachnoid hemor-
rhage (30). Recent evidence suggests that Hb-
induced oxidative stress plays a central role in
the pathogenesis of vasospasm after hemor-
rhage (19, 48). Under normal circumstances,
plasma Hb does not cross the blood-brain bar-
rier. Nonetheless, under pathophysiological
conditions, such as subarachnoid hemorrhage,
head trauma, and stroke, lysed erythrocytes re-
lease large amounts of Hb and iron inside the
brain. Neurons and glial cells are exposed to
Hb and its oxidation products that promote ox-
idative stress, delayed neurotoxicity, and liq-
uefaction of brain tissue. Two possible mecha-
nisms responsible for Hb side reactions and
toxicity in the brain have been suggested. The
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first mechanism implicates the higher intracel-
lular calcium in brain tissue resulting from Hb
exposure, which may affect cell function and
may cause cell death (96). Another possible
mechanism is Hb-driven free radical damage,
specifically DNA damage that has been sup-
ported by use of free radical scavengers. In vitro
exposure of neurons to Hb has been associated
with cell death in a dose-dependent manner
(18, 63). Hb induced apoptotic changes in en-
dothelial cells, and endothelial cell death might
be an important part of vasospasm develop-
ment in brain.

Although ultrapure Hb, free of any impuri-
ties, does not cause apoptotic death in endo-
thelial cell culture (19), induction of subarach-
noid hemorrhage in brain of mice by injection
of autologous hemolysate over the right pari-
etal cortex was recently shown to induce DNA
fragmentation and apoptotic cell death (50).
Heme oxygenase (HO-1) immunoreactivity
was most abundant in the cortex adjacent to the
hemolysate injection site, confirming a heme-
mediated origin of this toxicity. Incubation of
rat brain homogenates with Hb (0-10 uM), but
not hemin, induced lipid peroxidation up to 24
h, and this effect was suppressed by the use of
deferoxamine, an iron chelator, and by the use
of the NO-releasing compound S-nitrosoglu-
tathione (92). The report that Hb-mediated neu-
ronal death was completely blocked by preex-
posure of cortical cell culture with the
anti-ferryl Trolox points to a role for Hb higher
oxidation products in brain toxicity (77). This
is extremely relevant to the use of cell-free Hb
as blood substitutes in patients with a possibly
compromised blood-brain barrier, as the cen-
tral nervous system contains high amount of
lipids, which can be a target for lipid peroxi-
dation.

Blast injury

Detonation of explosives or firing of large
caliber weapons, as well as accidental occupa-
tional explosions, produce high-energy im-
pulse noise (blast) waves characterized by in-
stantaneous sharp increases in atmospheric
pressure. Exposure to blast waves can cause in-
jury, predominantly to the gas-filled organs,
i.e., lungs. Lung injury is characterized by a me-
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chanical damage to alveolar septa and rupture
of blood vessels resulting in hemorrhage and
edema (26). Biochemically, blast injury results
in increased lipid peroxidation, antioxidant de-
pletion, and disruption of calcium transport.
Stimulated blast injury in rats exposed to low
levels of blast overpressure leads to a contu-
sion-type injury in lungs and appearance of Hb
oxidation products in lung tissue, which may
act as potential initiators of oxidative stress and
lipid peroxidation (26). Another consequence
of air blast in lung was reported to be a dra-
matic drop in both water- and lipid-soluble an-
tioxidants, resulting in a lower total antioxidant
capacity (7). A mechanism based on a redox cy-
cling between HbFe** and HbFe*" has been
suggested to account for the observed deple-
tion of ascorbate and reduced glutathione and
for the lack of a significant accumulation of the
HbFe®* at 60 min after exposure (36).

With the increased use of lightweight body
armor and improved helmet design, the inci-
dence of nonpenetrating impact injuries among
soldiers on the modern battlefield is expected
to increase. The tissue immediately under the
affected area can undergo considerable trauma,
not dissimilar to a crush injury involving a
number of muscle groups and blood vessels.
Mb released into surrounding tissue and vas-
culature can enter the general circulation. Pool-
ing of blood at the injury site can result in large
hematomas containing red blood cells that
break down and release Hb into the surround-
ing tissue and vasculature. Both heme-contain-
ing proteins (Hb and Mb) can exacerbate tissue
damage and have the potential to cause cellu-
lar damage and death away from the primary
site of injury. The interactions between small
quantities of oxidized heme proteins and sus-
ceptible target cells were recently investigated
in endothelial cell-based model systems (21).
Transient oxidation of both Hb and Mb to their
respective ferryl forms occurred rapidly and
correlated with a drop in the cellular glu-
tathione. MbFe**, but not HbFe*", was ob-
served in samples analyzed at the end of treat-
ment (3 h), which may explain the greater
toxicity observed with Mb as compared with
Hb. Studies on oxidative mechanisms of dif-
ferent hemoproteins are expected to be related
to toxicities caused by impact injuries, which
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may ultimately help in the development of bet-
ter strategies against blast injury.

Rhabdomyolysis

Rhabdomyolysis (literally “stripped muscle
dissolution”) is a biological and clinical condi-
tion that takes places as result of Mb disposi-
tion in the kidney, causing ~7% of all cases of
acute renal failure in the United States. The ba-
sis of the renal failure in rhabdomyolysis has
been attributed to both intense renal vasocon-
striction and renal tubular necrosis (40). Recent
animal studies have shown that these events
are initiated by a redox cycle between MbFe**
and MbFe®*, triggering lipid peroxidation in
the kidney without invoking the release of free
iron (58). Optical as well as EPR spectra taken
in kidney extracts from rats with induced renal
damage confirmed the existence of Mb redox
forms. The detection of F,-isoprostane, a potent
vasoconstrictor (43, 46), in urine of these ani-
mals suggested that lipid peroxidation is a fea-
ture of rhabdomyolysis. The reactivity of the
MbFe** was shown to be markedly reduced at
alkaline pH, which led the authors to suggest
that urine alkalinization, a common clinical
treatment, provides a protection against Mb-in-
duced renal injury (58). A follow-up study by
the same group of researchers was carried out
recently in eight patients with rhabdomyolysis
and renal impairment. Urinary excretion of F,-
isoprostanes was strikingly higher in patients
than in the normal control group. The MbFe**
formation was assessed by measuring the for-
mation of cross-linked heme in urine collected
from these patients (41). Evidence that MbFe**
occurs in vivo was obtained by showing that a
high percentage of the heme present in the
urine of patients with rhabdomyolysis was
cross-linked to protein (41).

Earlier studies on the evaluation of renal tox-
icity of ultrapure bovine Hb-based blood sub-
stitute in rats showed sharp increases in crea-
tinine, and higher death at higher doses of Hb.
Interestingly, urine alkalinization in these ani-
mals ameliorated Hb-mediated renal toxicity
by preventing Hb oxidation and precipitation
as tubular casts of the oxidized protein (8). It is
tempting to speculate that a redox cycle be-
tween the HbFe*" and HbFe®*states may have
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occurred in the kidney of these animals infused
with Hb-based blood substitutes similar to that
occurring in thabdomyolytic animals.

Atherosclerosis

Oxidative modification of human LDL is
thought to play a major role in the develop-
ment of atherosclerosis. Free hemin, Hb, Mb,
and horseradish peroxidase were reported to
promote LDL lipid peroxidation (9, 42, 52, 93).
Hb oxidizes lipids by mechanisms that are both
peroxide- and heme-dependent. At the high
concentration of Hb found in red blood cells,
even a minimal vascular hemolysis is believed
to be sufficient to yield plasma Hb at the mi-
cromolar concentration that can trigger LDL
peroxidation (9, 93). These reactions can occur
when plasma-heme-binding mechanisms such
as haptoglobin, albumin, and hemopexin are
overwhelmed. It has been shown that up to
10% of plasma LDL consists of particles of a
mildly oxidized LDL, referred to as LDL™, and
that a proportion of this species is linked to the
oxidative stress induced during inflammatory
events (82). Reactive oxygen species generated
during these processes have been proposed
agents responsible for LDL oxidation in the
artery wall. Free Hb can potentially mediate the
LDL~ formation, because Hb-based radicals
were found in blood in vivo and are well known
to initiate lipid peroxidation (53, 70,78, 94, 97).
Recently, Hb released from erythrocytes dur-
ing hemodialysis has been demonstrated to be
covalently bound to LDL (97). A correlation be-
tween cell-free Hb and the extent of LDL for-
mation was observed consistent with the abil-
ity of cell-free Hb to promote oxidative damage
to lipids by interactions with biological mole-
cules.

LOOH and H,O; can initiate a redox cycle
between HbFe** and HbFe3" (53, 54). The ox-
idation to the HbFe*" has been reported to be
accompanied by a protein-based radical, likely
involving the amino acid tyrosine. These Hb-
based radicals can initiate lipid peroxidation
and promote oxidative cross-linking of LDL. In
hemodialysis patients, who are at higher risk
of developing atherosclerosis, higher LDL™
levels were found during ex vivo blood circu-
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lation through a model system resembling clin-
ical hemodialysis (97). The increased dityrosine
content and the presence of heme in LDL after
blood circulation confirmed that Hb-mediated
redox reaction, possibly via HbFe** /HbFe®*
transition, may have been responsible for the
high LDL" levels in hemodialysis patients (97).

Blood substitutes

Cell-free Hbs, chemically altered or geneti-
cally expressed in microbial host systems, have
been developed as oxygen-carrying therapeu-
tics. These site-directed modifications are in-
troduced and serve to stabilize the protein mol-
ecules in their tetrameric or polymeric
functional form (17). The proposed indications
for an oxygen-carrying blood substitute are pri-
marily emergency resuscitation of trauma pa-
tients and preoperative hemodilution during
surgical procedures. Other likely applications
of clinical benefit to patients include the use of
these products in treatment of ischemic dis-
eases, tumor sensitization, and the treatment of
sickle cell anemia. Animal studies, as well as
recent clinical studies, have shown that these
proteins probably deliver sufficient oxygen to
tissues (17). However, concerns still persist re-
garding the spontaneous oxidation (autoxida-
tion) of Hb and its redox reactions with tissue
oxidants that may potentially impede its clini-
cal usefulness (1). The vascular endothelium is
a source of a number of oxidants and has
emerged as the primary target of Hb-based tox-
icity due to its proximity to the circulating pro-
tein. Hb, unlike red cells, can diffuse through
the endothelial barrier lining the vessel wall,
where it can potentially reach NO and disturb
the physiological balance between NO, O;" ",
ONOO7, and HO; (1). The presence of cell-
free Hb within close proximity to these oxi-
dants may potentially be detrimental to both
Hb and the surrounding tissues (Fig. 2).

Diaspirin cross-linked Hb (DBBF-Hb), an
intramolecularly cross-linked tetramer with
bis(3,5-dibromosalicyl)fumarate (DBBF), has
been extensively studied in vitro and in ani-
mal models. In recent years, considerable re-
search and development efforts have been in-
vested in the commercial analogue, DCLHDb or
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HemAssist, produced by Baxter Healthcare
Inc., and its noncommercial analogue, DBBF-
Hb, produced by the U.S. Army. The produc-
tion and development of both Hbs have re-
cently been halted by both the Army and
Baxter due to, in the case of DCLHDb, reports
of excessive fatalities in late clinical trials (81,
84). In vitro studies on this Hb revealed that
besides modifying ligand interactions, a sub-
units cross-linking with DBBF can also affect
the tendency of this Hb to undergo oxidative
modification and the production of HbFe** in
solution (35, 51). The reaction with H,O, pro-
duces persistent DBBF-HbFe** in solution,
suggesting that it possesses less effective
pseudoperoxidase activity (14). A new radical
was recently detected with EPR (g = 2.006) in
the reaction of metDBBF with H,O,, not found
in native metHbA (25). The differences in the
extent and nature of the radical formed in the
cross-linked Hb may have important implica-
tions in the amount of oxidative damage it can
induce.

In vitro evidence on the detection of DBBF-
HbF** has recently been documented in a
number of experimental settings: monolayer of
endothelial cells, endothelial cells subjected to
ischemia/reperfusion, and cells that lack the
antioxidant mechanism, i.e., glutathione (21, 35,
51). DBBF-Hb may have favorable oxygen-
binding properties; however, the unique redox
chemistry, ie., suppressed ability to remove
H,0; and susceptibility to oxidative damage,
may have contributed to its toxicity.

Cell-free Hb may present a low risk to
healthy individuals with normal redox status,
however, patients with a compromised vascu-
lature and poor antioxidant status, ie., dia-
betes, hypertension, myocardial infarction, and
acute ischemic stroke, may be at greater risk,
as recent clinical trial failures with DCLHb
have demonstrated (81, 84). Although the pri-
mary event responsible for the microvascular
effects of Hb solutions is believed to be the re-
moval of NO by Hb, subsequent oxidative re-
actions between Hb and oxidants of the vascu-
lar system (i.e., H,O, and ONOO™) may
potentially lead to a vascular inflammatory cas-
cade of reactions progressing to multiorgan
failure (Fig. 2).
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PROTECTION STRATEGIES AGAINST
HEMOPROTEIN TOXICITY

Inhibition of the reactions between Hb
and peroxides

Several antioxidant enzymes and molecules
safely detoxify peroxides in both
the intra- and extracellular compartments (29).
Despite the presence of these systems however,
formation of HbFe** in whole blood has been
demonstrated (88). However, HbFe** does not
accumulate and oxidative damage to the red
blood cell is likely prevented due to a compro-
portionation reaction between HbFe** and
HbFe?* (34). The product of this reaction is
HbFe3*. Coupled with the endogenous metHb
reductase system, these reactions represent a
protective pathway that can remove peroxide
formation without exposing the red blood cell
to an oxidative stress (34).

The role of this protective pathway in cell-
free Hb solutions is less clear due to the lower
concentrations of HbFe?" and the decreased ca-
pacity of plasma to reduce HbFe** back to
HbFe®*. However, biological reductants pres-
ent in the plasma may limit oxidative reactions
mediated by HbFe** formed outside the ery-
throcyte (29). Therapeutically, Hb-based oxy-
gen carriers that do not readily react with per-
oxides or show decreased HbFe!" reactivity
would be good candidates for a blood substi-
tute. Structural modification of Hb can modu-
late HbFe** reactivity. For example, cross-link-
ing of the 8 subunits rather than the « subunits
produced proteins that have better pseudoper-
oxidase activity (14, 69). Surface modification
of pyridoxal phosphate cross-linked human Hb
with polyoxyethylene produced less HbFe**
than nonconjugated human Hb (90). These re-
sults are encouraging from the perspective that
HbFe** reactivity can be modulated. Another
very promising strategy is to cross-link Hb with
trace amounts of superoxide dismutase and
catalase (20). This strategy prevents HbFe**
production and protects against oxidative
damage mediated by this Hb derivative. Simi-
lar results have been obtained using polynitro-
sylated Hb that was shown to inhibit reactive
oxygen species-dependent activation of leuko-
cyte adherence to the endothelium (64).
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Several recently published reports have
demonstrated the antioxidant effects of NO,
specifically in restoring the hypervalent heme
to its less toxic ferric form. Bolus addition of
NO protected against tert-butyl hydroperox-
ide-induced oxidative damage in human ery-
throleukemia K562 cells with different intra-
cellular Hb concentrations (36) and in cardiac
myocytes (37). ESR evidence was presented to
show that NO exhibits a potent, targetable anti-
oxidant effect against oxidative damage pro-
duced by HbFe*" and MbFe*" in vitro (36, 37).
Incubation of Hb or Mb with bovine aortic en-
dothelial cells subjected to 3 h of hypoxia
caused transient oxidation of these hemopro-
teins to the ferryl form. Formation of the ferryl
intermediate was decreased in a concentration-
dependent manner by the addition of L-argi-
nine after 3 h of hypoxia. Optimal inhibition of
the ferryl heme, possibly due to the antioxidant
action of NO, was achieved with 900 uM L-argi-
nine (21).

Lessons learned from studying
naturally occurring hemoproteins and
recombinant prototypes

Studies on variously modified Hbs devel-
oped as blood substitutes provide a window
into the unique nature of the heme-protein
chemistry. Subtle differences, brought about by
changes distant to the heme pocket, can in
some cases determine the ability of a given Hb
to generate or interact with oxygen and nitro-
gen free radicals (1, 14). Amino acids in and
around the heme pocket of Hb/Mb have been
largely conserved thoughout evolution with
the exception of some human mutant and ani-
mal Hbs. Comparison of the local heme envi-
ronment in Hbs, which exhibit differences in
ligand affinity as a result of species differenti-
ation, chemical alteration, or genetic mutation,
has been successfully employed (2, 66). Animal
models, such as those facing diverse oxidative
environments, may present an interesting
model in which the relationship between struc-
ture and functional behavior of their oxygen
transport/storage proteins and the structural
dynamics governing their redox reactions can
be determined (15).

The globin-centered radical has a limited life-
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time, whereas, in the absence of a suitable re-
ducing substrate, the ferryl radical can persist
for minutes or hours, finally autoreducing to
the ferric state (or a modified ferric state). The
autoreduction process is protein-specific. Thus,
although horse and sperm whale Mbs display
similar oxygen binding thermodynamics and
kinetics, the rate of autoreduction of the Fe**
radical in these proteins differs by a factor of
eight (91). This difference has been attributed
to the single substitution proximal to the heme
of a tyrosine in the sperm whale protein
(Tyr'1) for the phenylalanine (F) found in the
majority of mammalian Mbs. The half-lives of
MbFe** from different species at 25°C were re-
cently determined (33) (e.g., horse, 8 h; dimer
of sperm whale Mb, 5 h; sperm whale, 1.5 h).
Studies from our labaortoty (Cashon et al., un-
published observations) show that the rates of
Fe*" radical autoreduction for the yellowfin
tuna and carp Mbs are very much like that seen
with the horse Mb, even though the distribu-
tion of tyrosine residues differs from that of
mammalian proteins. To our knowledge, no
studies have been carried out to determine if
the Fe*' radical generated in human Mb re-
sembles that from the horse (same configura-
tion of the tyrosine residue) or the sperm whale
Mb. This could be of possible significance in
studies that extrapolate findings from sperm
whale Mb oxidation studies to possible impli-
cations in human physiology or pathophysiol-
ogy.

These observations involving comparisons
of Mbs from a wide variety of species seem to
suggest an important generalization. There ap-
pears to be no absolute correlation between
oxygen-binding parameters, stability of the
heme iron to autoxidation, and the stability of
the Fe** species formed by the reaction of the
protein with H,O,, even though the architec-
ture of the oxygen-binding pocket is highly
conserved in most species. This reinforces con-
clusions gained from studies using a wide va-
riety of modified Hbs and mutant Mbs (4, 14).
The peroxidative stability of the binding char-
acteristics of the Hb/Mb and the characteris-
tics of the Fe?* species can be modulated sep-
arately with the proper choice of perturbation
of the heme pocket.

Site-directed mutagenesis is a potentially ef-
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FIG. 3. Structure of heme pocket region of sperm whale Mb and the key amino acid substitutions in the bind-
ing pocket. (a) The normal binding pocket configuration with histidine (H64) as the distal ligand and leucine (L29)
in the back portion of the pocket. (b) These key residues are substituted for glutamine (Q) and phenylalanine (F) to
produce L29F/H64Q. The spheres represent oxygen (red), iron (green), nitrogen (blue), and carbon (white). Yellow
ribbons represent portions of the protein. The coordinates for sperm whale Mb were taken from the Brookhaven pro-

tein data bank.

fective tool for engineering Hb for use in trans-
fusion medicine because it allows the fine tun-
ing of protein function and stability. At this
point, Mb has provided a simple prototype for
these experiments. In native Mb, a distal

residue (H64) forms a hydrogen bond with un-
bound oxygen that is critical to maintaining
heme iron in the ferrous state by stabilizing and
inhibiting protonation of the bound oxygen
(Fig. 3a) (65). Replacement of H64 with a polar
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FIG. 4. Fractional changes of oxyMb, metHb, and ferryl Mb during the oxidation of sperm whale Mb (a) and the
double mutant L29F/H46Q (b) with H,0,. Normalized time courses for the reaction of 20 uM (heme) of the proteins
with 50 uM H,0O, at 37°C in 50 mM phosphate, pH 7.0.The concentration versus time curves associated with the re-
action of the proteins with H,O, are according to a published working model (4).
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side chain increases the rate of autoxidation. As
the size of the residue at position 29 (leucine)
is changed, by replacement with larger pheny-
lalanine (F), so are the rates of autoxidation and
oxygen dissociation changed. Double and even
triple mutants were also constructed in an ef-
fort to minimize or take advantage of the role
of specific amino acids in and around the heme
pocket (65). Replacing H64 with glutamine (Q)
slows the initial oxidation by peroxide and in-
creases the reduction of Fe*' back to Fe’'.
Combining the mutation H64Q with L29F re-
sults in Mb with enhanced resistance to metMb
formation in the absence of antioxidant en-
zymes (i.e., catalase and superoxide dismutase)
due to its own high pseudoperoxidase activity,
which rapidly removes any H,O, produced in
the initial stages of autoxidation (4) (Figs. 3b
and 4). Generally, increasing the polarity of the
heme pocket residues at positions B10 and E11
promotes protein stability. These residues act
as an “oil-like” coating to inhibit the rusting of
the iron by water and oxygen, H,O, and NO.
This also suggests that H,O, oxidizes heme
iron by an inner-sphere mechanism. It is inter-
esting to note that the double mutation
(L29F/H64Q) occurs naturally in the Mb of
Asian elephants, and similar multiple replace-
ments have been used to reduce the rate of NO-
induced oxidation of both recombinant MbO,
and blood substitute prototypes without com-
promising oxygen affinity (23).

ABBREVIATIONS

DBBEF, bis(3,5-dibromosalicyl)fumarate; DBBF-
Hb, diaspirin cross-linked hemoglobin; EPR,
electron paramagnetic resonance; Fe?*, fer-
rous; Fe3*, ferric; Fe**, ferryl; Hb, hemoglobin;
H,0, and HOOH, hydrogen peroxide; JNK, c-
Jun N-terminal kinase; LDL, low-density
lipoprotein; LOOH, lipid hydroperoxides; Mb,
myoglobin; NFkB, nuclear factor kB; NO, nitric
oxide; O, 7, superoxide anion radical; ONOO™,
peroxynitrite.
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