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Abstract

Significance: The broad classes of O2-binding proteins known as hemoglobins (Hbs) carry out oxygenation and
redox functions that allow organisms with significantly different physiological demands to exist in a wide
range of environments. This is aided by allosteric controls that modulate the protein’s redox reactions as well
as its O2-binding functions. Recent Advances: The controls of Hb’s redox reactions can differ appreciably from
the molecular controls for Hb oxygenation and come into play in elegant mechanisms for dealing with
nitrosative stress, in the malarial resistance conferred by sickle cell Hb, and in the as-yet unsuccessful designs
for safe and effective blood substitutes. Critical Issues: An important basic principle in consideration of Hb’s
redox reactions is the distinction between kinetic and thermodynamic reaction control. Clarification of these
modes of control is critical to gaining an increased understanding of Hb-mediated oxidative processes and
oxidative toxicity in vivo. Future Directions: This review addresses emerging concepts and some unresolved
questions regarding the interplay between the oxygenation and oxidation reactions of structurally diverse
Hbs, both within red blood cells and under acellular conditions. Developing methods that control Hb-
mediated oxidative toxicity will be critical to the future development of Hb-based blood substitutes.
Antioxid. Redox Signal. 18, 2298–2313.

General Principles

Emergence of proteins capable of transporting O2

In this review, we examine the adaptive changes in the
molecular controls of hemoglobin (Hb) oxygenation and

oxidation that have evolved to meet the highly varied phys-
iological and environmental demands of respiring organisms.
Globins came into being during the planet’s long early period
of anoxia/hypoxia, and recent studies show that globins are
either expressed or inducible in almost all cells (98). Studies
have shown that one evolutionary pathway of Hb is that of a
multipurpose domain attached to a variety of unrelated pro-
teins, thus forming molecules with different functions (126).
This pathway has allowed structurally distinct Hbs to evolve:
(i) to protect against the high levels of nitrosative stress of the
earth’s early environment; (ii) to protect against O2-linked
oxidation; (iii) to act as O2 sensors that help regulate the

expression of proteins during periods of hypoxia or anoxia;
and (iv) to enable aerobic respiration by facilitating diffusion
and/or acting as O2 carriers (44, 56, 57, 70, 71, 73, 107). A
common theme in the fascinating story of Hb evolution is the
emergence of distinct mechanisms for controlling Hb’s oxy-
genation and redox functions.

Since increased amounts of O2 were released in our
planet’s early history, O2 toxicity brought about species ex-
tinction on a global scale. On the other hand, this ‘‘oxygen
pollution’’ made possible a new biological process, that of
aerobic respiration. A tremendous gain in the energy ob-
tainable from oxidation of energy-rich metabolites was
achieved when organisms evolved aerobic respiration
pathways that used molecular O2 as the final electron ac-
ceptor. Before O2 was widely available, survival during an-
oxic/hypoxic interludes may have been enabled by the
combined strong O2-binding and redox functionalities of
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Hbs and Mbs. It is intriguing in this regard that some non-
symbiotic plant Hbs enable sustained energy production
under anaerobic/hypoxic conditions by exploiting a nico-
tinamide adenine dinucleotide (NADH) oxidase enzymatic
function (9, 66), similar to that of the flavohemoglobin
(Hmp) of Escherichia coli (56). The combined O2-binding and
redox functions of Hbs and Mbs play important roles in the
tissues of current-day organisms (including many inverte-
brates) where hypoxic interludes are common (122), and
protection against nitrosative stress is required (26).

The evolution of aerobic respiration needed the emergence
of two broad classes of proteins, one to transport molecular O2

reversibly to cells where respiration takes place, and the other
to carry out controlled redox reactions linked to energy pro-
duction. These functions are made possible by the redox ac-
tive metals that form the active sites of all O2-carrying
proteins. In vertebrate Hbs and Mbs, O2 is reversibly bound
by reduced (ferrous) iron, Fe2 + . The challenging task accom-
plished by natural evolutionary processes in designing these
O2-carrying proteins was to ensure that the reduced iron does
not become oxidized (Fe3 + ) when it contacts O2. This was
made possible by the high sensitivity of both the oxidation-
reduction potential and the kinetics of the iron redox reaction
to the ligand atoms provided by the globin in the active site
iron first and second coordination shell. At physiological pH,
the reduction potential of molecular O2 ( + 0.815 V) is higher
than that of aqueous Fe(H2O) 3þ

6 =Fe(H2O) 2þ
6 ( + 0.770 V),

and, hence, molecular O2 has a strong tendency to oxidize
Fe(H2O) 2þ

6 to Fe(H2O) 3þ
6 . The seemingly impossible feat of

allowing reduced metals to contact O2 without becoming
oxidized was accomplished by two distinct kinds of proteins,
the iron-containing globins (like Hb and Mb) and the copper-
containing hemocyanins. In spite of the thermodynamic
driving force to produce oxidized Fe3 + and Cu2 + in the active
sites of these proteins, the kinetics of the underlying reactions
allow these proteins to exist in the reduced state even when
they are in contact with O2. This accomplishment allowed
multicellular organisms to exploit the advantages of aerobic
respiration and triggered the development of intelligent life
on our planet.

Equation 1 represents the reversible O2 binding by Hb. An
alternative oxidative pathway, shown in Equation 2, leads to
iron oxidation and a cascade of associated redox reactions.

HbFe2þ þO2$HbFe2þ(O2) [1]

HbFe2þ þO2$HbFe3þ þO��2 [2]

sThe interaction of O2 with Hb via the pathway of Equation
2 produces the superoxide radical anion (O2

� - ) and ferric
(met) Hb, which is unable to participate in O2 binding and
transport. This autoxidation reaction occurs over a period of
several hours for free Hb, but occurs in a few seconds for free
heme. Equation 2 has the potential of initiating a damaging
and sometimes life-threatening oxidative cascade (3). The
active site geometry provided by the globin of mature normal
human Hb (Hb A) does a remarkable job of making the
pathway of Equation 1 highly favored over the oxidative
pathway of Equation 2. However, in spite of the kinetic ob-
stacles which nature has provided that slow the process of
Hb oxidation, *1%–3% of the Hb within red blood cells is

oxidized daily, and returned to the reduced state by intra-
cellular reductants such as NAD(P)H and other antioxidants
within red blood cells (31, 67).

The release of O2 from oxy Hb at sites of cellular respiration
is a pivotal event in the aerobic respiration of multicellular
organisms where O2 is used as the final electron acceptor in
the electron transport chain. Figure 1 shows that an ancestral
globin appeared on earth approximately a billion years ago.
However, as also shown in Figure 1, nearly 600 million years
elapsed before the appearance of tetrameric Hb that is com-
posed of interacting a and b subunits. The formation of Hb
heterotetramers not only allowed for cooperativity in O2

affinity, but also created a molecule capable of cooperative
redox reactions. The isolated a and b chains of human Hb
have rather large differences in redox potential (Fig. 1), even
though they bind O2 with similar affinities (27).

Hbs of diverse species have structural features that allow
organisms with widely different physiological demands to
exist in a wide range of environments. The basis of this
functional flexibility, which has intrigued researchers over
the years, lies in the ability of strategic amino acid residues to
alter the protein’s intrinsic O2 affinity and redox potential,
and to respond to metabolites that exert allosteric effects.
Since Hb oxidation is a normal occurrence in vivo, there are
advantages of having allosteric controls that modulate the
redox reactions of Hb as well as its O2 transport functions.
These advantages and their importance in human physi-
ology and in the life-processes of other organisms are now
becoming appreciated. As might have been anticipated, the
controls of Hb oxidation can vary from species to species.
Moreover, as pointed out in the following sections, the
controls of the redox reactions of Hb can differ appreciably
from the molecular controls for Hb oxygenation. Although
much has been learned, new and often surprising aspects of
the Hb story are still being discovered.

FIG. 1. A cartoon representation of the evolutionary ap-
pearance of different heme proteins associated with the
hemoglobins (Hbs). The vertical scale gives the time in
millions of years when the respective proteins evolved. The
top panel shows the gene that encodes different heme pro-
teins. The E1/2 values are versus NHE. The data for myo-
globin (horse heart Mb) and Hb (Hb A) are from Ref. (114).
Conditions: 0.05 M 3-(N-morpholino)propanesulfonic acid
(MOPS) at pH 7.1. E1/2 values of individual a and b-Hb
chains are from Ref. (27). Conditions: 1 M Glycine buffer at
pH 6 at 6�C.
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Influence of protein structure and heterotropic ligands
on Hb oxygenation and oxidation

In this section, we briefly review the structural features that
make it possible for the molecular controls of the oxygenation
reactions of Hb to differ appreciably from the molecular controls
for redox reactions of Hb. We then illustrate the existence of
differences in these molecular controls by showing the effects of
anions on Hill plots of oxygenation and Nernst plots of oxidation.

As shown in Figure 2, in the active site of deoxy human Hb,
the penta-coordinated Fe2 + (high spin) lies out of the heme
plane by about 0.06 nm due to its linkage with the proximal
histidine (His) in the F helix (8, 37, 125). O2 approaches and binds
the Fe2 + -Hb at the heme vacant sixth coordination site, forming
a six coordinate Fe2 + complex (low spin). The Fe2 + is not readily
oxidized to the Fe3 + state, because the kinetics for Equation 1 are
preferred over those for Equation 2. Instead, a change in protein
conformation (T- to R-state) is initiated with the result that the
reduced metal is pulled into the plane of the heme, and the
porphyrin ring becomes less domed. Oxidation of deoxy human
Hb results in a similar movement of the heme and active
site iron, along with H2O coordination and production of a
six coordinate H2O-Fe3 + -Hb (metHb) species (8, 37, 42, 125).

The proximal-side linkage of heme to the protein’s amino
acid backbone allows changes in the globin to alter the protein’s
active site geometry, and the resulting ‘‘proximal pull’’ exerts a
direct effect on O2 affinity and redox potential. Distal-side res-
idues also come into play, because the primary heme ligands
(O2, CO, and NO) cannot enter or leave the heme pocket
without movement of distal residues (8, 37, 93, 125). This con-
straint is even more dramatic in the hexacoordinate Hbs of some
plants and invertebrates, where a distal His bond to the heme
iron center should be broken to allow ligand binding (37). In the
recently discovered neural globin of Caenorhabditis elegans, the
distal His linkage is so strong that ligands (O2, CO, NO) cannot
bind. The protein exhibits rapid two-state autoxidation kinetics
in the presence of physiological O2 levels, as well as a low redox

potential, suggesting a role for this protein in redox signaling
and/or electron transfer (125). The rate and extent of distal-side
conformational fluctuations that allow for entry and exit of
heme ligands can thus be modified by structural alterations of
the heme pocket, or by induced alterations as a result of inter-
actions with anionic effectors.

The structure-function relationships underlying the varia-
tions of ligand affinity and selectivity among Hbs have been
intensively studied since the pivotal determination of Hb’s
significantly different oxy and deoxy structures (91, 92). As
pointed out recently (119), the combined proximal and distal
effects in the heme pocket of Hb give rise to a ‘‘Sliding Scale
Rule’’ for the physiologically significant heme ligands. By this
rule, although there is a million-fold variation in their equi-
librium dissociation constants, the ratios for NO:CO:O2

binding stay roughly the same, 1:*103:*106, for a wide range
of globins when the proximal ligand is a histidine and the
distal site is apolar. However, these ratios, which denote the
degree of ligand-binding selectivity, can be changed by evo-
lutionary changes or by molecular-engineering alterations of
the proximal heme ligand and/or the polarity of the distal
site. As brought out in subsequent sections of this review,
hindrance to ligand entry or exit from the heme pocket can be
altered not only by changes in Hb’s amino acid sequence, but
also by Hb cross-linking, by binding of anions at regions re-
mote from the heme pocket, and by protonation of strategic
residues in Hbs that have evolved the Root effect.

Binding of O2 and other heme ligands to Hb is often re-
presented by graphing the ligand-dependent saturation of the
active-site hemes as a Hill plot (60) (Equation 3).

log
� h

1� h

�
¼ n log (L)� log Kd [3]

where h = concentration of oxyheme, 1 - h = concentration
of deoxyheme, L = free (unbound) ligand concentration,

FIG. 2. Cartoon showing a similar in-
plane movement of heme iron on oxy-
genation (left) and oxidation (right). (A)
A schematic representation of the move-
ment of the Fe2 + center in Hb associated
with the oxygenation process. The deoxy
(T-state) Hb having low O2 affinity has a
high spin Fe2 + electron configuration
with five ligands. On O2 binding, a
change in spin state to low spin Fe2 +

leads to a more planar oxy (R-state) Hb
with higher O2 affinity. The vertical scale
on the left shows the change in ionic ra-
dius of Fe2 + on changing from the high
spin to low spin state. (B) A similar
movement of iron on oxidation from Fe2 +

deoxy T-state to aquomet R-like Fe3 +

state and the vertical scale on the left
represents the E1/2 values (vs. NHE) for
T- and R-state Hb, respectively. The E1/2

values quoted in (B) are for Hb A in the
presence of a large excess of inositol
hexaphosphate (IHP) and NaNO3 (T-
state stabilized) and carboxypeptidase
digested Hb A (R-state stabilized) (42).
Conditions: 0.05 M MOPS at pH 7.1.
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Kd = the ligand dissociation constant (equilibrium constant),
and n = the Hill coefficient, whose value denotes the degree of
cooperativity of ligand binding.

Figure 3 shows that Hill plots of O2 binding to human Hb
exhibit sigmoidal curves with nmax values greater than 1, in-
dicative of cooperative interactions between the heme binding
sites. Cooperativity is a highly useful functional property
exhibited by most mammalian Hbs, which allows for O2

binding and release over a narrow range of O2 concentrations.
As is also shown, Hill plots showing non-cooperative ligand
binding, with n equal to 1 throughout the binding curve, are
exhibited by monomeric proteins such as Mb. Figure 3 also
illustrates the shifts in Hb’s O2 affinity that are brought about
by anionic effectors (41).

Protons and anions (heterotropic effectors) present in the
Hb’s environment influence the protein’s oxygen affinity,
with somewhat different effects exhibited by the constituent a
and b chains (8, 72, 82, 85, 87, 92, 96, 103). These effectors have
a significant influence on the magnitude of the O2 affinity shift
that occurs as the protein shifts between quaternary confor-
mations, to the extent that in some recent articles the impor-
tance of the quaternary conformational shift based on
homotropic O2 binding has been characterized as being
‘‘greatly over-rated’’ relative to the influence of heterotropic
effectors (124). In support of this concept, as shown in Figure
3, the shifts between R- and T-states (estimated by affinities at
initial and final stages of the binding curves) are clearly less,
under some conditions, than the affinity shifts associated with
the binding of effectors.

Anaerobic Hb oxidation, similar to Hb oxygenation, is
subject to homotropic and heterotropic allosteric controls.
These aspects of Hb oxidation are evident in the Nernst
plots shown in Figure 4, based on the Nernst equation
(Equation 4).

Eapp¼E1=2þ (RT=nF) ln [Ox]=[Red] [4]

In Equation 4, R is the gas constant in JK - 1 mol - 1, T is the
temperature in degrees K, n indicates the number of electrons
involved in the redox process for an ideal system with
Nernstian behavior, F is the Faraday constant, [Ox] and [Red]
are the molar concentrations of oxidized and reduced species,
Eapp is the solution potential, and E1/2 is the mid-point redox
potential of the protein where [Ox] = [Red].

As shown in the Nernst plots of Figure 4, Mb oxidation
shows simple Nernstian behavior with a Nernst plot slope (n)
of unity, while Hb shows cooperative redox behavior (n > 1)
and redox shifts in the presence of anionic effectors. Devel-
opment of cationic mediators (41, 42) for measurement of Hb’s
redox potential and improved spectroelectrochemical assay
methods (112–114) has allowed precise evaluation of the
homotropic and heterotropic controls of Hb oxidation under
conditions similar to those used for determinations of Hb
oxygenation. When the isolated chains are mixed and form
tetrameric Hbs, the assembled protein is more resistant to
oxidation. The underlying ‘‘heterogeneity’’ of the redox po-
tential of the interacting subunits significantly reduces the

FIG. 3. Hill plots for Hb A and hMb under varied con-
ditions. Plot reproduced from Ref. (41) and used with per-
mission. Symbols: open circles, hMb in 0.05 M MOPS, 0.2 M
NaNO3 (log P50 = - 0.48); closed circle, Hb A in 0.05 M MOPS
(log P50 = 0.15); open triangles, Hb A in 0.05 M MOPS, 0.2 M
NaNO3 (log P50 = - 0.87); closed triangles, Hb A in 0.05 M
MPOS, 0.2 M NaNO3, 16-fold excess IHP (log P50 = + 1.55).
The log P50 values show a gradual increase toward higher
partial pressure of oxygen from hMb to Hb A in the presence
of the T-state stabilizer IHP, representing greater difficulty of
oxygenation for T-state stabilized heme proteins. Experiments
were performed at neutral pH and at room temperature.

FIG. 4. Nernst plot of Hb A and hMb under different
conditions obtained from spectroelectrochemistry experi-
ments at 20�C at neutral pH. The potentials are reported
versus Ag/AgCl electrode. Plot reproduced from Ref. (41)
and used with permission. Symbols: open circles, hMb in
0.05 M MOPS, 0.2 M NaNO3 (E1/2 = - 160 mV); closed circle,
Hb A in 0.05 M MOPS (E1/2 = - 104 mV); open triangles,
Hb A in 0.05 M MOPS, 0.2 M NaNO3 (E1/2 = - 63 mV); closed
triangles, Hb A in 0.05 M MOPS, 0.2 M NaNO3, 10-fold ex-
cess IHP (E1/2 = - 40 mV). The E1/2 values (vs. Ag/AgCl)
show a gradual shift toward more positive values as the
heme protein conformation changes from R-to-T state, indi-
cating greater ease of reduction for T-state stabilized heme
proteins. See text for more explanation.
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slope of the Nernst plots for the assembled Hbs. The nmax

values of *2 observed for Hb’s redox reactions are, as a
consequence, less than for Hill plots for oxygenation, where
nmax values of > 3 are observed.

The similarities and differences in the molecular controls
of Hb oxygenation (Fig. 3) relative to those of Hb oxidation
(Fig. 4) are central elements of this review.

Thermodynamic and kinetic aspects of Hb oxidation

In this section, we emphasize a critical issue in studies of
Hb’s redox functions. This critical issue is the distinction be-
tween kinetic and thermodynamic reaction control, as quali-
tatively illustrated in Figure 5. A fact that is often disregarded
in discussing Hb’s redox functions is that knowing the redox
potential of a reaction provides no information about the ki-
netics of the oxidative process. Figure 5 illustrates this by
showing the oxidation of two hypothetical Hbs showing dif-
ferent rates of oxidation but with identical redox potentials.
Energy levels A and B in Figure 5 represent the relative energy
levels of the reduced (Fe2 + ) and oxidized (Fe3 + ) forms of the
two Hbs. The energy difference between A and B defines the
redox potential E1/2, which is a measure of the thermody-
namic driving force for oxidation.

For the two Hbs to become oxidized (to go from A to B),
they should first be activated sufficiently to assume the tran-
sition state conformations represented by points C and D in
Figure 5. Reactions involving Hb oxidation will occur at dif-
ferent rates depending on the Hb type and the experimental
conditions that affect the energy levels of transition states,
depicted as EAD

act and EAC
act. in Figure 5. The activation en-

ergy required, which determines the oxidation reaction rate,
is determined by both steric and electronic factors around
the heme active site. By evolutionary alterations of these
controlling factors in the Hb tetramer, the kinetics of the

iron ‘‘rusting’’ process have been dramatically slowed over
those observed for free heme.

Hbs with extreme pH and anion sensitivity
in O2 binding: the root effect Hbs

Some important general principles of the molecular con-
trols of Hb oxygenation and oxidation have been brought
out in recent studies of Root effect Hbs (20). Root effect Hbs
(101) are characterized by extreme pH and anion sensitivity.
The Root effect enables Hbs to serve as elegant proton-driven
molecular pumps for delivering O2 to the swim bladder and
eyes of fish, even at great depths. At low pH, their O2 af-
finities may be so low that full saturation may not be
achieved even at 100 atm pressure (16, 104). The remarkable
ability of Root effect Hbs to pump O2 against high-pressure
gradients results from extreme, acid-induced reductions in
O2 affinity and cooperativity. The Root effect has been gen-
erally attributed to a great stabilization of the T-state (or
destabilization of the R-state) as a result of proton binding.
The structural basis of the extreme pH dependence of O2

binding to Root effect Hbs has been a long-standing puzzle
in the field of protein chemistry, as no uniform consensus
sequence has been identified among the Hbs that demon-
strate the phenomena.

Although proton binding generally favors the low affinity
(T-state) of Hb, the behavior of Root effect Hbs poses consid-
erable challenges to the two-state model of Hb function (26).
Notably, at low pH, the oxygen affinity of a Root effect Hb
tends to decrease, rather than increase, as progressive oxygen
molecules are bound, in contrast with the situation at higher
pH. This apparent negative cooperativity of Root effect Hbs
results in highly asymmetric Hill plots of oxygen binding
and has been ascribed to significant differences in the pH
dependence of oxygen binding to a and b chains of Root
effect Hbs (90, 102). Moreover, it has been shown that allo-
steric effectors can not only shift the equilibrium between
T- and R-states, but also alter the intrinsic affinities of the
apparent T- and R-states of Root effect Hbs (102). As a result,
the oxygen affinity of a Root-effect Hb at low pH can drop
well below that of the T-state which is apparent at high pH,
which is inconsistent with one of the key assumptions of the
two-state model (77).

In a recent article (20), it was pointed out that in the absence
of anionic effectors, the Root effect confers five-fold greater
pH sensitivity to the Root effect Hbs of Spot and Carp relative
to Hb A and even larger relative elevations of pH sensitivity of
oxygenation in the presence of 0.2 M phosphate. Remarkably,
these authors (20) showed that the Root effect is not evident in
the redox reactions of these Root effect Hbs in either the
presence or absence of phosphate. This finding rules out pH-
dependent alterations in the thermodynamic properties of the
heme iron, measured by the anaerobic oxidation reaction, as
the basis of the Root effect. The alternative explanation sup-
ported by these results is that the elevated pH sensitivity of
oxygenation of Root effect Hbs is attributable to globin-
dependent steric effects that alter O2 affinity by constraining
conformational fluidity, but which have little influence
on electron exchange via the heme edge. This elegant mode
of allosteric control can regulate oxygen affinity within
a given quaternary state, in addition to modifying the
T-R equilibrium. Evolution of multiple types of sequence

FIG. 5. A qualitative energy-level diagram showing the
relative energies of Fe21-Hb and Fe31-Hb from two dif-
ferent hypothetical Hb samples (represented by solid and
dashed lines). The points C and D represent the activated
complexes for the two Hb samples that are formed in the
course of auto-oxidation as discussed in the text. EAC

act. and
EAD

act. are measures of how fast the auto-oxidation process
would be in these two hypothetical Hb samples. For clarity,
the energies of the Fe2 + -Hb and Fe3 + -Hb from two different
species are considered unaltered between species. See text for
more explanation.
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differences that alter steric barriers to heme oxygenation
could provide a general mechanism to account for the
evolution of the Root effect in the structurally diverse Hbs of
many species (20).

Consequences of the Redox Reactions of Hb

In the Oxidative toxicity of heme proteins sub-section, we
review evidence that Hb oxidation not only affects O2

transport, but also produces superoxide and other activated-
oxygen species with potentially adverse physiological ef-
fects (5, 76, 123). In a broad perspective, biochemical reac-
tions that generate O2-containing free radicals participate in
the development or promotion of cancer, heart disease,
stroke, and emphysema (25, 45, 54, 55, 108, 115). In the sub-
sections Autoxidation, Redox reactions of Hb with mono-
xygenase substrates, Redox reactions facilitated by metHb
ligands, and Redox reactions of Hb with nitrite, we discuss
specific mechanisms of Hb oxidation in relation to oxidative
toxicity.

Oxidative toxicity of heme proteins

Among the least-well-documented pathophysiological
consequences of Hb-free in circulation are its so-called ‘‘en-
zymatic’’ pseudo-peroxidase activities (51). These activities,
which have been studied using several forms of Mb generated
by site-directed mutagenesis (6), initiate and feed a cascade
cycle of lipid oxidation and down-stream oxidative reactions
with pathological consequences, as shown in Figure 6.

The H2O2-linked oxidative reactions of Hb have been
studied extensively as models for the propagation of oxida-
tive reactions by the pseudo-peroxidase activities of Hb in cell
cultures, and in animals infused with free and chemically
modified Hbs (4). The redox reaction between H2O2 and fer-
rous Hb (Fe2 + -Hb) is a two-electron process that results in the
formation of ferryl Hb (Fe4 + -Hb) as shown in Equation 5. As

shown in Equation 6, when H2O2 reacts with ferric Hb (Fe3 + -Hb),
a reactive cation radical species (�HbFe4 + = O) is formed as an
additional reaction product (94).

HbFe2þ þH2O2/(HbFe4þ¼O)þH2O [5]

HbFe3þ þH2O2/(�HbFe4þ¼O)þH2O [6]

Due to their high redox potentials, both ferryl heme and the
reactive protein radicals formed via Equations 5 and 6 are
capable of inducing a wide range of adverse oxidative reac-
tions, as shown schematically in Figure 6. These reactive
species connect the Hb-linked oxidative cascade to other bi-
ological molecules, as well as fuel a self-destructive pathway
that involves irreversible oxidation of key amino acids on the
Hb molecule (111).

Autoxidation

Autoxidation is the term used to denote the spontaneous
oxidation of Hb via Equation 2 under normal aerobic condi-
tions. In addition to the initiation of a damaging oxidative
cascade as described earlier (Fig. 6), autoxidation of Hb is also
responsible for rapid heme loss and protein denaturation, as
these processes are kinetically favored in met-Hb (Fe3 + -Hb)
compared with Fe2 + -Hb (67). It should be noted that these
down-stream consequences of the autoxidation process are
not reversible. Moreover, ‘‘bench-top’’ assays of Hb autoxi-
dation cannot fully replicate the oxidative events that ac-
company Hb autoxidation in the more complex in vivo
environment. This caveat applies not only to Hb autoxidation,
but also to all ‘‘bench-top’’ assays of Hb’s redox functions.

The mechanism and controls of the spontaneous oxidation
of Hb have been debated for many years (10, 24, 67, 106, 111,
121). The rate of the autoxidation process varies appreciably
among mammalian Hbs, and the reaction typically shows

FIG. 6. A schematic representation of pathways for lipid oxidation and pathological complications resulting from
oxidation of heme proteins (Hb and Mb), adapted from Ref. (95). The various pathways shown are as follows: Auto-
oxidation of oxy-ferrous Hb can produce ferric-Hb (a). This ferric Hb can enter a redox cycle in the presence of peroxide,
producing ferryl Hb and protein radicals (b). These protein radicals can combine to produce cross-linked heme-protein
products (c), which accelerates lipid oxidation (d). Both native and ‘‘modified’’ ferryl heme proteins can initiate lipid oxi-
dation at the membrane by the abstraction of a proton that subsequently can lead to vasoconstriction, acidosis, and path-
ological complications (e).
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both pH- and temperature dependence (10, 40, 64, 111, 120,
121). Examination of Hb autoxidation rates (using both
‘‘bench-top’’ and in vivo assays) has revealed that the rate of
the transition from ferrous to ferric Hb depends on several

factors, including the O2 pressure, temperature, integrity of
the red blood cells, and levels of intracellular reductants and
anionic effectors. There is high sequence homology among
mammalian and fish Hbs. However, the rates of autoxidation
and hemin loss vary significantly among these Hbs (10). The
enhanced autoxidation of Hb that has been observed at acidic
pH is particularly relevant to oxidative stress in vivo, as acidosis
often occurs after ischemia reperfusion or a hemolytic event.

Figure 7 illustrates two pathways that are proposed to ac-
count for the fact that high O2 levels decrease the oxidation
rate (10, 24). In both pathways shown, the final product is
ferric Hb. At high O2, when the active site is occupied by
bound O2, a relatively slow intramolecular electron transfer
process allows O2 to become protonated and to dissociate as a
neutral superoxide radical, HO2

�. At low O2 concentrations, a
faster process can occur in which molecular O2 diffuses to the
active site, where it interacts with a water molecule that is
weakly bound to the active site, producing superoxide radical
anion. The rate of this reaction is independent of dioxygen
concentration. Electron abstraction produces the superoxide
anion, which then exits the heme pocket (10). A slower rate at
high O2 tension in Figure 7 corresponds to a higher activa-
tion barrier (EAD

act Fig. 5) versus a lower activation energy
barrier (EAC

act Fig. 5) at low O2 tension, leading to faster
autoxidation. A third oxidation pathway has been suggested
by Gonzalez et al. in which the oxyheme first dissociates to
form deoxyheme, and the dissociated O2 accepts an electron
from a penta coordinated deoxyheme in an outer-sphere
mechanism (52).

Redox reactions of Hb with monoxygenase substrates

Perhaps the least appreciated of the externally induced
oxidative reactions of Hb are its monoxygenase reactions,
represented by Equation 7. In this simplified representation of
the multi-step monoxygenase reaction, RH represents any
aromatic molecule, such as aniline, that is able to enter the
heme pocket and undergo a reaction.

2HbFe2þ þO2þRHþ 2Hþ$2HbFe3þ þR�OHþH2O

[7]

Hb’s active site can accommodate many of the substrates
(RH) of cytochrome P450-type reactions that make aromatic
molecules, such as aniline, more soluble by creating -OH side
chains. As in similar reactions catalyzed by cytochrome P450,
O2 bound at the ferrous active site of Hb forms an oxyferryl
complex when the protein accepts additional electrons in a

bound dioxygen delocalized antibonding orbital. Activation
of O2, which is critical to the monoxygenase function, is ac-
complished by ferryl heme formation (74). The hypothetical
reaction mechanism for this process is shown in Equation 8,

where {HbFe = O} represents an oxenoid intermediate which
may be written as HbFe3 + –Oo4HbFe4 + –O - 4HbFe5 + –O2 - .

Once the monoxygenase reaction has taken place, the active
site is left in an oxidized condition, with the opportunity for
further cyclic reactions once the active site is returned to the
ferrous state by intracellular reductants.

Redox reactions facilitated by metHb ligands

A number of redox reactions of Hb are brought about by
reversible or irreversible reactions with ligands that com-
plex strongly with oxidized heme. The strong binding af-
finity of these ligands for the met form of Hb shifts the
redox equilibrium toward the Fe3 + -Hb state, compromising
the O2 transport property of the protein. The role of anions
in facilitating these reactions was discussed in previous
reviews (121). Cyanide is perhaps the best known of the

½8�

FIG. 7. Schematic representation of parallel pathways of
autoxidation in heme proteins. The heme proteins are re-
presented as Fe2 + or Fe3 + for clarity. In pathway 1, with a high
concentration of O2, the bound O2 is protonated and leads to
oxidation of the Fe2 + center to Fe3 + , followed by dissociation
of peroxide radical. Water coordinates to the Fe3 + center,
which is H-bonded with distal histidine (His). In pathway 2,
under low O2 partial pressure, water can replace the bound
O2/ligand. Re-entry of O2 leads to oxidation of Fe2 + to Fe3 + in
the heme protein, which is facilitated by the coordinated
water, and O2 leaves as a superoxide radical anion. Figure
reproduced from Ref. (10) and used with permission.
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ligands that promote Hb oxidation via strong binding to the
oxidized form. NO and nitrite are also ferric heme ligands (8),
but their interactions with ferrous heme are much stronger.
The complex of NO with ferric heme has, however, been
proposed as an intermediate in some of Hb’s NO-linked
reactions (7, 80, 81).

Redox reactions of Hb with nitrite

Of the redox reactions catalyzed by Hb, by far, the most
attention in recent years has been paid to Hb’s reactions with
nitrite. The ability of nitrite, present in some well waters and
foods, to oxidize Hb and promote methemoglobinemia has
been known for many years (67). While the complex reactions
of Hb with nitrite have been the subject of many earlier in-
vestigations, it is only recently that this reaction has been
highlighted in the context of possible NO-linked blood pres-
sure control (48–50).

Under anaerobic conditions, Hb behaves functionally as an
NO synthase as it undergoes reactions with nitrite. The
transfer of electrons from reduced iron to nitrite, a nitrite re-
duction reaction, as shown in Equation 9, yields metHb and
NO, with a rapid production of NOHb as the NO formed
reacts with unreacted deoxy Hb.

HbFe2þ þNO�2 þ 2Hþ/HbFe3þ þNOþH2O [9]

There is a linear dependence of initial rates of metHb for-
mation on nitrite concentration and an autocatalytic time
course of the redox reaction (60, 61). Although only deoxy
heme catalyzes the reaction, O2 tensions that half-saturate Hb
maximize the release of NO-equivalents to the vasculature, as
evidenced by nitrite-induced vasorelaxation (49, 53, 75). This
has been attributed to the redox potential shift associated with
formation of some R-state Hb as O2 is bound (49, 53, 75).
However, it is more appropriately ascribed to a shift in ki-
netics of the reaction than to the redox potential, which spe-
cifies the thermodynamic driving potential for heme

oxidation/reduction and does not define the reaction rate (see
Thermodynamic and kinetic aspects of Hb oxidation section).

A more complex process of Hb oxidation that does not
involve NO production occurs when nitrite reacts with oxy-
genated Hb. The time course has a slow initial phase that has
been shown to be associated with the oxidation of ferrous
heme and the formation of H2O2. The subsequent interaction
between met-Hb and peroxide leads to formation of protein
radicals, ferryl heme, and a progressive, autocataylytic in-
crease in the rate of metHb formation (38).

The time course of nitrite-induced oxidation of Hb and of
the NO-synthase reaction is variably affected by the nature of
the Hb and the levels of O2 and allosteric effectors. As shown in
Table 1, several cross-linked Hbs have significantly enhanced
rates of nitrite-induced oxidation relative to Hb A (18). The T-
state stabilized, low-O2-affinity cross-linked Hbs might have
been expected to have slower rates of reaction with nitrite.
However, their observed behavior is in keeping with previous
studies indicating that these T-state stabilized Hbs have en-
hanced rates of transition to metHb and ferryl heme on expo-
sure to H2O2 (5, 79, 81). Their faster rates of interaction with
nitrite are also consistent with data suggesting that the con-
formational constraints induced by cross-linking result in more
solvent-accessible heme pockets (5, 35). The results in Table 1
also show that inorganic anions and inositol hexaphosphate
(IHP), effectors that lower Hb’s O2 affinity, exert opposite ef-
fects on the rate of nitrite-induced oxidation. These results
show that the conformation and reactivity of Hb in its physi-
ologically important redox reactions can be variably affected by
the allosteric effects of anions, and by constraints induced by
cross-linking reactions (18).

Molecular Controls of Oxygenation
and Redox Reactions of Hb

Redox properties of structurally diverse Hbs

The allosterically controlled conformations of Hb clearly
influence its redox reactions with nitrites and the formation
and degradation of S-nitrosated Hb (SNO-Hb). Specifically,
NO-dependent reactions involving formation of SNO-Hb
have been shown to be under the control of allosteric reactions
that alter the reactivity of b93Cys (8, 65). In addition, in the
presence of nitrite, Hb functions as an allosteric nitrite re-
ductase, with maximal NO generation around the intrinsic
oxygen affinity (P50) of Hb, suggestive of allosteric controls of
this reaction (75). It is by virtue of the differences in reactivity
of Hb’s R- and T-states that its reactions with nitrites and/or
formation of SNO-Hb have been proposed to have specific
therapeutic application during intravascular hemolysis and
during administration of Hb-based blood substitutes, or even
as means of reversing of storage-induced alterations in the
properties of red blood cells (75). These recently proposed
strategies of averting the oxidative stress associated with
acellular Hb, either arising from introduction of Hb-based
blood substitutes, or from hemolysis of aged stored blood,
have Hb’s allosteric properties as key features. The hapto-
globin (Hp)-mediated protection against the toxicity of acel-
lular Hb, which has recently been demonstrated (12), is also
closely tied to Hb’s allosteric properties. Hp reacts exclusively
with Hb dimers (made available by dissociation of R-state
Hb). Hb tetramers, which are highly stabilized in deoxy, T-
state Hb, do not interact with Hp (100).

Table 1. Half Times for Nitrite-Induced

Hemoglobin Oxidation

Nitrite-induced oxidation half time (t50) in min

0.007
M Cl -

Hemoglobin
type Deoxy Oxy

0.2
M Cl -

Oxy

0.7
M Cl -

Oxy

600mM
IHP
Oxy

Hb A 8.6 – 0.2 28 – 1.5 15 – 2 15 – 2 47 – 4
Hb-DBBF — 18 – 2 — — —
PolyHbBv 5.7 – 0.2 18 – 2 — — —
HbDex 7.5 – 0.2 17 – 2 — — —
O-R-PolyHb A 5.6 – 0.2 18 – 2 — — —

Data recorded in 0.05 M bis-Tris/HCl at pH 7.5, 20�C. Half times
of oxidation were observed after addition of 100-fold excess nitrite
over heme. Table adapted from Ref. (18) and used with permission.

Hb-DBBF, stroma free Hb cross-linked between a-chains by DBBF;
PolyHbBv, purified bovine Hb cross-linked intra and inter molecu-
larly by glutaraldehyde; HbDex, human Hb polymer formed by inter
and intra tetrameric cross-link by dextran; O-R-PolyHb A, human Hb
polymer formed by inter and intra-tetrameric cross-link by O-
raffinose; DBBF, Bis(3, 5-dibromosalicyl)fumarate; IHP, inositol
hexaphosphate.
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There are many Hbs with differences in the amino acid
sequence where the strategic alterations in structure have re-
sulted in rather dramatic alterations in function. Of the Hb
variations associated with adverse physiological conse-
quences, the best known is the single amino acid substitution
on the b-chain at position E6 (b 6Glu to Val) that results in
HbS. This substitution alters Hb’s behavior in vivo and is the
molecular basis of sickle cell disease (SCD) and associated
circulatory problems (see Redox activity of sickle cell Hb and
the mechanism of malarial defense section) (78, 97).

Allosteric controls of the oxygenation and redox
reactions of Hb

Although many studies of anaerobic redox reactions have
shown that Hbs stabilized in high-O2-affinity R-state confor-
mations are typically more readily oxidized than T-state sta-
bilized forms, the structural differences which affect heme
oxygenation do not show a uniform correlation with alterations
in heme redox potential (22, 24, 33, 34, 47, 72, 83, 99, 111, 118).
Notably, as shown in Figures 3 and 4, IHP has a much more
pronounced effect on the initial stages of Hb oxygenation than
on oxidation (41). The difference is attributable to steric controls
that have more influence on Hb oxygenation than on Hb oxi-
dation. Steric effects are also involved in the significantly dif-
ferent effects of salts on Hb oxygenation and oxidation as salt
concentrations are increased above 0.2 M (114). From 0 to 0.2 M
salt, there are decreases in oxygen affinity and parallel de-
creases in ease of oxidation as a result of anionic stabilization of
the low-affinity T-state. Selective responses of the a-chains are
likely to be involved in the increased T-state stabilization, as
high-affinity oxygen-linked binding sites for inorganic anions
exist at the N-terminus of the human Hb a-chains (11, 15).
Although increasing salt concentrations progressively lower
Hb’s O2 affinity, there is a dramatic reversal (decrease in E1/2)
in the direction of change of the anion effect on the redox po-
tential above 0.2 M salt. The decreases in redox potential as salt
concentrations are increased above 0.2 M appear to result from
salt-induced increases in solvent exposure of the heme pocket
that facilitates electron withdrawal and consequent better
‘‘solvation’’ of the Fe3 + -Hb species (114). The biphasic anion
effect on Hb redox potential is potentially relevant to studies of
the interactions of varied levels of nitrite anions with Hb, and
the protein’s nitrite reductase activity.

Steric hindrance to ligation has been clearly demonstrated
in both model compounds and heme proteins by comparison
of the binding of CO with more bulky homotropic ligands
such as the isocyanides (85, 96, 116, 117). Similarly, as shown
in studies of model heme compounds (120) and as is evident
in a comparison of Figures 3 and 4, allosteric effectors can
significantly alter O2-binding affinity without having signifi-
cant effects on the oxidation process. Thus, from both theo-
retical and experimental considerations, it is evident that
changes in the stereochemistry of the active site, whether
brought about by a globin alteration or a constraint imposed
by an allosteric effector, can alter the active-site ligand affinity
without significantly altering the redox potential.

Effects of heme pocket geometry on rates of redox
reactions of Hb

The importance of heme redox potential in Hb’s NO
synthase reactions was highlighted in recent studies of Hbs S

and F (53). These Hbs, whose redox potentials are shifted
toward increased ease of oxidation, showed elevated rates of
nitrite reductase (NO-synthase) activity (53). However, the
kinetics of the process are more relevant than the redox po-
tentials of the participating Hbs. Many redox reactions of
Hbs have rates that are only indirectly related to the ther-
modynamic driving potential for the transition between the
ferrous and the ferric form. For example, as shown in Table 1,
the rates of NO production via the reaction of nitrite with
deoxy cross-linked Hbs are faster than those of unmodified
deoxy Hb, in spite of the fact that they have lowered O2

affinity and have redox potentials which are indicative of
reduced ease of oxidation. The faster reactions of the cross-
linked Hbs with nitrite appear to arise as a result of their
having more open heme pockets, which facilitates the access
of nitrite to the heme sites (18).

The results of studies of the structurally distinct Hbs of the
clam Lucina pectinata provide perhaps the clearest picture of
how rates of Hb’s redox reactions with nitrite can be con-
trolled by accessibility of the oxidant to the active site (herein
referred to as heme accessibility). Lucina pectinata is a large
tropical clam that lives in the black sulfide-rich muds of
mangrove swamps. Its gills harbor symbiotic bacteria that
supply metabolic byproducts to the clam only when sup-
plied with both O2 and hydrogen sulfide. Hydrogen sulfide
is an environmental chemical found in mangrove swamps
and elsewhere and is usually a respiratory poison that
abolishes O2 transport by heme oxidation. The clam con-
tributes to the symbiosis by producing high levels of struc-
turally distinct Hbs in its gills. Lucina Hb I transports
hydrogen sulfide, while Lucina Hb II, which is remarkably
resistant to hydrogen sulfide, carries out O2 transport
functions (68).

Lucina Hbs I and II were found to have similar
O2-binding affinities and redox potentials. Remarkably, air-
equilibrated samples of Lucina Hb I are more rapidly oxi-
dized by nitrite than any previously studied Hb, while
those of Lucina Hb II, which is resistant to hydrogen sul-
fide, strongly resist nitrite-induced oxidation (19). These
extreme differences in rates of reaction with nitrite were
found to result from differences in heme accessibility; that
is, accessibility of oxidant to the redox active site. A distal-
side hydrogen bonding network, including hydrogen
bonding to bound O2, was shown to play an essential role
in ‘‘clamming up’’ the active site of Lucina Hb II and pre-
venting nitrite-induced oxidation (19).

Pivotal Questions Still Under Investigation

NO-linked redox reactions of Hb

The NO-linked redox reactions of Hb are of particular in-
terest in light of the identification of NO as the elusive
endothelium-derived relaxing factor (EDRF) that binds to the
heme protein guanylate cyclase and stimulates the dilation
of blood vessels (32, 46, 62, 88). The discovery of NO as
EDRF poses some immediate questions with regard to NO-
dependent blood pressure regulation, particularly in light of
the fact that Hb is very reactive with NO, is present at high
concentrations in circulating red blood cells, and is, at times,
present at elevated levels as acellular Hb. A key question is
whether some of the NO generated by endothelial cells is
degraded, trapped, or carried to remote sites by interactions
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with Hb. If any of these events happen to a significant extent,
how is NO-dependent normal blood pressure maintained in
healthy individuals? These questions are fundamental to un-
derstanding NO-dependent regulation of blood pressure and
in seeking means of dealing with adverse conditions of high
and low blood pressure. In spite of significant advances in the
field of NO and Hb biochemistry, these questions have only
partially been answered.

NO-mediated hypoxic responses that have been attrib-
uted to Hb’s redox reactions are derived from biochemical
analysis, experiments carried out in isolated organs, and in a
limited number of animal studies. These rather-limited
studies provide the basis for currently used and proposed
therapeutic applications that exploit bioactive NO released
from red blood cells or even free Hb. Notable among these
applications are NO-dependent reactions that have been
proposed to reverse the toxicity of free Hb in circulation
which results from hemolytic anemias, partial lysis of cells of
stored blood, or from use of free Hb as an oxygen therapeutic
(see next sub-section).

A number of laboratories have proposed that red blood
cells release NO or NO equivalents into the circulation in an
Hb-mediated, oxygen-dependent fashion (7, 48, 49, 60, 65, 75,
106). The postulated role of Hb in NO-linked reactions in an
oxygen-sensing pathway, which could explain Hb-induced
hypoxic vasodilation, is presumably driven by the R-to-T al-
losteric transition of Hb. In the ‘‘SNO-Hb’’ proposal of how
this might occur (65), data were reported that showed dif-
ferences between arterial and venous blood, indicative of NO
transport in a cyclic fashion, similar to the O2/CO2 cycle. Data
showing significant levels of SNO-Hb in red blood cells pro-
vided a rationale for how NO transport might occur, with
SNO-Hb forming in the lungs and releasing NO or NO
equivalents in tissues. Exposure of Hb to NO and formation of
HbNO in the absence of O2 does not trigger SNO-Hb forma-
tion in either T- or R-states (39), but transfer of NO + from
intraerythrocytic S-nitrosoglutathione to the reactive thiol
group of b93 Cys in the R-state of Hb could occur in the lungs,
forming a limited amount of SNO-Hb. SNO-Hb could also
result from formation of nitrosating agents such as NOx when
NO is generated from nitrite in the presence of O2 (7, 21, 39).
Deoxygenation of SNO-Hb in the microvasculature, accom-
panied by the reverse R-to-T process, was hypothesized to
cause the release of NO equivalents. However, SNO-Hb was
subsequently shown to be remarkably stable in both R and T
conformations (17, 21), and could not be a significant storage
form of bioactive NO due to its instability in the reductive
environment of red blood cells (21, 50). In subsequent revi-
sions of the SNO-Hb proposal, release of bioactive NO was
suggested to be facilitated by Hb binding to the anion ex-
changer 1 (AE1) protein (Band 3) in the red blood cell mem-
brane, with transfer of NO + from Cysb93 of SNO-Hb to thiols
in AE1 and subsequent release (89). However, the Band 3
complex when mixed with SNO-Hb was found to be stable in
both oxy and deoxy conditions (21). The possible action of
low-molecular-weight thiols in red blood cells as transni-
trosating agents may be found to play a role in vivo, but how
NO is released in a bioactive state from SNO-Hb remains an
unanswered question.

Means by which NO can be released from a Hb-rich envi-
ronment is also the pivotal unresolved aspect of a second
proposal for how intracellular Hb could play a role in blood

pressure regulation. In this scenario, nitrite rather than SNO-
Hb is proposed as the species responsible for the Hb-induced
hypoxic vasodilation (75), with Hb participating in the pro-
cess via its functionality as an allosteric nitrite reductase with
maximal NO generation around Hb’s intrinsic oxygen affinity
(P50). The dependence of this enzymatic activity of Hb on
hypoxia and acidosis could allow for metabolic ‘‘sensing’’
mechanisms that lead to maximal NO generation in ischemic/
hypoxic tissues. However, to provide a mechanism for NO
release from red blood cells, the nitrite reductase activity of
Hb should be linked to yet another reaction that releases NO
or NO equivalents. NO-containing complexes (such as the
highly unstable N2O3) have been proposed as intermediates
that might act directly to moderate vascular tension or be
converted to bioactive NO (59).

Both of these proposals for how Hb may be involved in
Hb-induced hypoxic vasodilation involve multiple Hb and
NO redox intermediates. The postulated intermediates are
hard to detect or measure in vivo under controlled experi-
mental settings, and are themselves potential sources of ox-
idative damage. In addition, neither of these proposals
provides a credible mechanism for efficient transfer of NOx

equivalents from the red blood cell to the vessel wall, par-
ticularly in the face of the extremely rapid and irreversible
intraerythrocytic consumption of NO by a reaction with di-
oxygen bound to the heme of oxyHb or by a reaction with
deoxyHb (69).

Hemodynamic imbalances, manifested by blood pressure
elevation at both systemic and pulmonary levels, have been
documented in patients infused with cell-free Hb solutions,
and in patients with SCD who have elevated levels of circu-
lating cell-free Hb (2). Since these imbalances have been at-
tributed to Hb-linked scavenging of NO, several strategies
have been explored that focused on controlling hemodynamic
imbalances after infusion of Hb-based oxygen carriers
(HBOCs) by use of NO donors or by the inhibition of NO
synthetic pathways. These approaches seem to blunt the NO-
dependent responses that transiently increase blood pressure,
but clearer experimental demonstrations of effectiveness and
clinical safety are needed.

As further insight is gained into the mechanisms underly-
ing Hb’s non-oxygen-carrying functions, it is hoped that Hb
forms can be engineered which have greatly reduced adverse
oxidative effects and both carry and deliver NO, thus com-
pensating for Hb-linked decreases in NO bioavailability and
reversing hemodynamic imbalances that result from having
cell-free Hb in circulation. To date, however, even the most
imaginative strategies that control blood pressure elevation,
including recombinant engineering of an NO-less reactive Hb
(86), transformation of the Hb molecule into a possible NO
carrier (via S-nitrosation of cysteine residues as described
earlier), or enzymatically transforming Hb in the presence of
nitrite into a source for NO (via its nitrite reductase func-
tionality as described earlier) have failed to eliminate the
toxicity associated with introduction of HBOCs into the cir-
culation. Disappointing news from a recent clinical trial un-
derlines the failure of recent approaches to control pulmonary
blood pressure increases triggered by free Hb (32). The clinical
trial investigated an NO-modulating strategy in patients with
sickle cell anemia. The failure of the clinical trial led some
leading authorities in sickle cell research and clinical man-
agement to question the utility of treating these patients with
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NO or its metabolites as therapeutic modalities. In fact, some
went as far as questioning the existence of any association
between NO scavenging by free Hb and the pathophysiology
of SCD sufficient to warrant intervention with NO-based
therapies (58). These approaches seem to blunt the NO-
dependent responses that transiently increase blood pressure,
but clearer experimental demonstrations of effectiveness and
clinical safety are needed.

Redox activity of sickle cell Hb and the mechanism
of malarial defense

A number of unresolved questions pertain to the ways re-
dox reactions affect the manifestation or severity of SCD.
Oxidation-related mechanisms are likely to be of direct
pathophysiological relevance in people with SCD. Notably,
sickle cell Hb (Hb S) has an altered redox potential (21) and
autoxidizes 1.7-fold faster than Hb A in solution (58). Its en-
hanced rate of autoxidation has been shown to be caused in
part by adventitious free iron, which has been shown to as-
sociate with Hb S but not with Hb A obtained from the very
same red blood cell. Via a different mechanism, Hb S oxidizes
3.4-fold faster than Hb A on its (abnormal) interaction with
membranes. Both processes result in conversion of ferrous to
metHb and generation of superoxide (O�2 ), resulting in
greatly enhanced propensity for Hb denaturation with heme
loss, including its transfer to membrane lipids if it is lipid-
induced (58). Once heme is released from Hb, a phenomenon
favored in the case of Hb S, free heme becomes cytotoxic via its
redox activity (13, 93, 105). Further work is required to dis-
cover ways to counter this deleterious effect, which is offset in
part by the increased expression of heme oxygenase-1 (HO-1)
as discussed elsewhere (83).

In a recent limited clinical trial in sickle cell patients,
N-acetylcysteine was found to be effective in reducing Hb-
induced oxidative stress. Notably, erythrocyte phosphati-
dylserine expression, which is a direct indicator of oxidative
damage to erythrocyte membranes, was reduced (84).

Hb S confers a survival advantage to individuals living in
endemic areas of malaria, the disease caused by Plasmodium
infection. It is relevant that mice which express Hb S do not
succumb to experimental cerebral malaria (43). This protec-
tive effect is exerted irrespective of parasite load, revealing
that it is the presence of Hb S which confers host tolerance to
Plasmodium infection (41, 43). It is known that subjects with
Hb S show increased expression of HO-1 in hematopoietic
cells, via a mechanism involving the transcription factor NF-
E2-related factor 2. CO, a byproduct of heme catabolism by
HO-1 that prevents further accumulation of circulating free
heme after Plasmodium infection, also reduces the pathogen-
esis of experimental cerebral malaria.

Another intriguing study was reported recently that pro-
vides further evidence for a role for the redox reactions of HbS
in protection against malarial infection. Within red blood
cells, the presence of Hb S alters the trafficking system that
directs parasite-encoded proteins to the surface of infected
erythrocytes. Hb-linked oxidation products, which are en-
riched in Hb S erythrocytes, have been shown to inhibit actin
polymerization in vitro (36). It was suggested that this alter-
ation in cellular actin may change the internal processing of
malarial proteins, thereby accounting in part for the protective
role of Hb S in malaria.

Related studies have revealed similarities in erythrocytes
containing Hb S and Hb C (abnormal Hb leading to anemia).
These erythrocytes have dysfunctional cytoskeletons, among
other abnormalities (25). Both Hb S and Hb C are relatively
unstable compared with Hb A and more readily oxidize to
metHb and hemichromes, which accumulate more than 10-
fold over normal levels (36). Moreover, ferryl Hb, one of the
Hb-linked oxidation products readily formed in human
erythrocytes under conditions of oxidative stress, was shown
in this study to interfere with actin remodeling, thereby pre-
venting the malarial parasite from creating its own actin cy-
toskeleton within the host cell cytoplasm. This inhibitory
effect could be reproduced in vitro by ferryl Hb, but not by Hb
or metHb, and was dependent on the percentage of ferryl Hb
in the total Hb. As a result, Maurer’s clefts, irregular cyto-
plasmic fragments thought to aid in the parasite’s life cycle, do
not properly form; vesicular transport is impaired; and the
export of parasite-encoded disease-mediating adhesins to the
erythrocyte surface is distorted (36). This mechanism appears
to explain how both Hb S and Hb C confer protection against
malaria.

Hb-based blood substitutes

Oxygen therapeutics using Hb-based technology, also
known as HBOCs or ‘‘blood substitutes,’’ have been under
active development for almost 30 years (29). In spite of many
promising experimental innovations both in vitro and in vivo,
no clinically viable product based on free Hb for oxygen
therapeutics has been approved for human use in the United
States. Development of HBOCs has stalled in recent years
because of problems with their safety, and most specifically
with safety problems associated with uncontrolled Hb-linked
oxidative side reactions as shown in Figure 6. In addition,
complex biochemical changes that are introduced into the Hb
molecule caused by chemical or genetic modifications present
a barrier to a full understanding of how these engineered
forms of free Hb operate in vivo.

Hemodynamic imbalances, as manifested by blood pres-
sure elevation, have been noted in response to infusion of
HBOCs (3). These imbalances are viewed by many as impli-
cating Hb as a participant in a critical step of NO modulation.
By creating hemodynamic imbalances, HBOCs can trigger
downstream NO-dependent effects. The scavenging of NO by
free Hb is not the only Hb-linked reaction that can cause he-
modynamic imbalances. Other, less-studied enzymatic ac-
tivities of Hb, initiated by endogenous oxidants as they react
with the heme moiety of Hb, may have more extensive tissue-
damaging effects than the removal of NO, which acts mainly
in the microenvironment of cells (3).

Some of the most commonly reported adverse events as-
sociated with increased levels of free Hb due to pathological
conditions or purposeful introduction of HBOCs have direct
and/or indirect relationships to redox reactions initiated at
Hb’s heme centers. Adverse effects include gastrointestinal
effects, pancreatic and liver enzyme elevations, cardiac in-
volvement, inflammatory responses, neurotoxicity, and oxi-
dative stress (3).

Two lines of experimental evidence that support the pre-
dominance of oxidative reactions of Hb in contributing to the
well-documented adverse events associated with use of
HBOCs come from recent studies of animals infused with
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unmodified cell-free Hb and with engineered forms of Hb
designed for use as HBOCs. Rats, unlike guinea pigs or hu-
mans, maintain high levels of endogenous ascorbate (a re-
ducing agent) in their circulation. Rats controlled the
oxidation of infused HBOCs far better than guinea pigs in-
fused with same HBOCs. Guinea pigs, unlike the rats used in
the study, experienced marked histopathological changes in
their kidneys (30). In two separate animal models, dogs and
guinea pigs, introduction of Hp, a protective antioxidant, was
observed to limit the toxic effects of HBOC infusion. The
benefits of increased levels of Hp in dogs were first studied
after glucocorticoid-mediated Hp induction (23). Separate
studies in guinea pigs evaluated the ability of Hp adminis-
tered pharmacologically to prevent Hb-induced hemody-
namic responses and oxidative toxicity of the extravascular
environment. Data obtained from both models showed de-
finitively that Hp formed a Hb-Hp complex which attenuated
the hypertensive response to free Hb exposure, and prevented
Hb-induced peroxidative toxicity in extravascular compart-
ments, such as the kidney (23).

In an in vitro follow-up investigation (28), it was shown
that the avid binding of Hp to Hb results in a site-specific
protection of key amino acids from the oxidizing effects of
H2O2. Moreover, the Hb-Hp complex stabilized both ferryl
Hb and the associated protein radicals that emanate from
the heme after addition of H2O2 (35a). These species are
rendered kinetically inert and are no longer able to pro-
mote oxidative damage to either the Hb of the Hb-Hp
complex or neighboring molecules. The Hb-Hp complex
formation also resulted in a considerable drop in the redox
potential of Hb (14). This negative shift in the redox po-
tential of the Hb-Hp complex and the longer lived ferryl
state established the central elements in Hp protection
against Hb-induced oxidative damage and confirmed it to
be the predominant oxidative pathway operative in toxic-
ity of Hb in vivo (14, 35a).

There have been recent setbacks on what appeared to be
promising approaches to development of Hb-based technol-
ogy for use as oxygen carriers or blood substitutes (4). These
setbacks may spur researchers to investigate new and fun-
damentally different approaches for the development of a
new generation of HBOCs. Nature has often used solutions
for centuries that scientists benefit from discovering. Ac-
cordingly, it may prove useful to explore some of the naturally
occurring mechanisms for providing anti-oxidative protection
and clearing of acellular Hb as a basis of future Hb-based
therapeutics (1).

Effects of free radical scavengers on the Hb-induced
oxidative cascade

A pivotal question under investigation in many laborato-
ries is whether the oxidative cascade initiated by Hb oxidation
can be avoided or quenched. A promising result, suggestive
that this might be possible, was the demonstration that Hb
oxidation by nitrite can be significantly slowed by materials
that scavenge free radicals (110).

Ascorbate, a radical scavenger, can reduce metHb and
ferrylHb. The reduction occurs at different rates for varied
forms of HBOCs. Notably, when the oxidized forms of
Bis(3, 5-dibromosalicyl)fumarate (DBBF)-Hb and a bovine
polymerized Hb (Oxyglobin�) were rapidly mixed with

ascorbate, reduction of ferryl Hb back to ferric by ascorbate
was found to be significantly faster for Oxyglobin (t1/2 =
0.018 s) than for DBBF (t1/2 = 0.13 s) (18). These findings
offer important implications for clinical therapies for con-
ditions where cell-free Hbs are present at abnormally high
levels, or for improved conditions for injection of HBOCs.
Further studies are needed in order to determine whether
the co-administration of reducing agents such as ascorbic
acid with Hb can control or reduce Hb-mediated oxidative
toxicity (109).
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Abbreviations Used

AE1¼ anion exchanger 1
DBBF¼ bis(3, 5-dibromosalicyl)fumarate
EDRF¼ endothelium-derived relaxing factor
Hb A¼mature human hemoglobin
Hb C¼ abnormal hemoglobin leading to anemia
Hb F¼ fetal hemoglobin
Hb S¼ sickle cell hemoglobin
Hb(s)¼hemoglobin(s)

HBOC¼hemoglobin based oxygen carriers
His¼histidine

hMb¼horse myoglobin
HO-1¼heme oxygenase-1

Hp¼haptoglobin
IHP¼ inositol hexaphosphate

Mb(s)¼myoglobin(s)
MOPS¼ 3-(N-morpholino)propanesulfonic acid

NADH¼nicotinamide adenine dinucleotide
Oxyglobin¼polymerized bovine Hb

SCD¼ sickle cell disease
SNO-Hb¼ S-nitrosated hemoglobin

HEMOGLOBIN MOLECULAR CONTROLS 2313


