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Abstract

In the last several years, significant work has been done studying hemoglobin (Hb) oxidative reactions and
clearance mechanisms using both in vitro and in vivo model systems. One active research area involves the study
of molecular chaperones and other proteins that are thought to mitigate the toxicity of acellular Hb. For example,
the plasma protein haptoglobin (Hp) and the pre-erythroid protein alpha-hemoglobin-stabilizing protein
(AHSP) bind to acellular Hb and alpha-subunits of Hb, respectively, to reduce these adverse effects. Moreover,
there has been significant work studying hemopexin and alpha-1 microglobulin, both of which are thought to be
involved with hemin degradation. These studies have coincided with the timely publication of the first crystal
structure of the Hb-Hp complex. In constructing this Forum, we have invited a number of researchers in the area
of Hb and myoglobin (Mb) redox biochemistry, as well as those who have contributed fundamentally to our
knowledge of Hp function. Our goal has been to update this critically important research area, because we
believe that it will ultimately impact the practice of transfusion medicine in a number of important ways.
Antioxid. Redox Signal. 18, 2251–2253.

Free hemoglobin (Hb) in the circulatory system may arise
from the transfusion of old blood or acellular Hb-based

blood substitutes, or may result from various hematological
conditions. For example, in paroxysmal nocturnal hemoglo-
binuria, sickle-cell disease, and thalassemia syndromes, free
Hb exists in concentrations of up to 10 lM during hemolytic
events (12). Higher concentrations of acellular Hb (e.g.,
>4000 lM) occur after infusion of the Hb-based oxygen car-
riers. The latter scenario has provided both the scientific and
industrial communities with a unique opportunity to examine
the toxicity associated with free Hb in animals and humans.
The redox processes initiated by free Hb are diverse (11), and a
growing body of experimental evidence suggests that they
may cause and/or exacerbate a number of serious and po-
tentially life-threatening conditions. For example, Hb is ca-
pable of driving a cascade of lipid oxidation reactions that
result in F2-isoprostane production and vasoconstriction (11).
Because of this and other recent work, Hb-centered oxidative
reactions are now being examined with new vigor.

Several well-studied Hb- and myoglobin (Mb)-based redox
reactions are presented in Figure 1. During the spontaneous
oxidation of these proteins under physiological conditions,

the heme iron atoms in each globin subunit convert from the
ferrous (Fe2 + ) to ferric (Fe3 + ) form (5, 13). This process, also
termed auto-oxidation, produces superoxide anion (O2

�–),
which dismutates both nonenzymatically and with the aid of
superoxide dismutases to produce hydrogen peroxide (H2O2)
(13). H2O2 can then be degraded by catalases, or it can react
with Fe2 + or Fe3 + Hb to produce a highly reactive ferryl
species (Fe4 + ) (11). In the case of H2O2-induced ferric-to-ferryl
transitions, protein-based radicals have also been identified
that are thought to readily migrate to the amino acid sites on
the protein (11). Because Fe4 + proteins spontaneously reduce
to the ferric state, this H2O2 consumption and reduction have
led some investigators to regard Hb as a pseudoperoxidase
(11). The thermodynamic driving force for oxidation of the
heme iron, which is reflected by the Hb’s redox potential
(Eo

½), is also shown in Figure 1.
Pivotal questions exist about the reactions outlined in Fig-

ure 1, particularly relating to how other proteins such as Hp,
alpha-hemoglobin stabilizing protein (AHSP), albumin, he-
mopexin (Hpx), and alpha-1 microglobulin (A1M) might re-
late to them. For example, recent work has demonstrated
that Hp infusion into animals is effective in ameliorating
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Hb-associated oxidative toxicity (2). Moreover, in vitro and
in vivo studies show that AHSP modulates the oxidation state
of the free alpha-subunits of Hb in a way that stabilizes them
(9), and A1M plays a role in heme degradation (10). Collec-
tively, this work highlights both the potential of these proteins
for therapeutic use and the realization that they are a part of a
conserved strategy that has evolved to mitigate the deleteri-
ous effects of iron-catalyzed oxidative reactions.

The crystal structure of the Hb-Hp complex has recently
been resolved for the first time, thus providing a great deal of
structural insight about Hp’s functional properties (1). Ac-
cording to this report, serine protease domains within Hp
form extensive interactions with both the alpha- and beta-
subunits of Hb (1). Several amino acids of the beta-subunits of
Hb that have previously been shown to be susceptible to ox-
idative damage are no longer solvent-exposed when Hp is
bound (1). These and other studies of Hp have begun to make
it clear how the oxidative damage and pro-oxidant activity of
Hb are controlled in vivo.

In this issue of Antioxidants and Redox Signaling, we present
a series of reviews and original research communications that
outline the current state of research regarding the redox reac-
tions of Hb and the relevant mechanisms of its toxicity and
control. Bonaventura et al. (4) describe the relationship between
Hb oxidation and oxygenation, both in cells and in the acellular
environment. Their review also discusses the underlying redox
reactions in the context of nitrosative stress, sickle-cell disease,
and Hb-based oxygen carrier research. They also describe a
spectroelectrochemical method designed to measure Hb redox
potentials (E½), both in the presence and absence of proteins
such as Hp and AHSP. This review is complimented by a re-
view from Richards that describes our current understanding
of the biochemical redox properties of Mb. This monomeric
molecular model system presents a somewhat simpler and
equally well-studied system as Hb, and comparisons between
Hb and Mb have long been useful. In this review, Richards
outlines known the Mb redox mechanisms and discusses how
they relate to the structural biology of Hb and Mb.

More specific examples of the diverse cellular and physio-
logical consequences associated with Hb redox reactivity are
described in detail in subsequent reviews. Rifkind and Na-
gababu review the reactions of deleterious oxygen and ni-
trogen species and describe how these compounds can
damage the red cell membranes, membrane proteins, lipids,
and cytoskeletal elements during the aging process of red
blood cells. They also describe the metabolic changes within
red blood cells that can arise as a result of Hb-mediated redox
reactivity. Cabrales reviews the effects of the presence of
acellular Hb in plasma on tissue microcirculation and how
mechanical and biochemical forces converge to produce a
unique environment facing free Hb. The interplay between
Hb redox reactions are discussed, including the reaction with
nitric oxide (NO) in the context of the microcirculation. He
also discusses how various redox reactions affect the overall
toxicity and efficacy of Hb-based blood substitutes. In a sep-
arate review, Cabrales and Friedman together summarize NO
scavenging by Hb and discuss the current theories as to why
acellular Hb causes vasoconstriction and hypertension, as
well as some newly discovered Hb enzymatic activities that
can control these reactions.

Some of most intriguing insights as to how Hp function and
the clearance mechanism of the Hp-Hb complex by the mac-
rophage-specific receptor CD163 are outlined in two original
research communications and two reviews in this issue.
This includes work by Etzerodt et al. (7), who describe the
in vivo mechanisms of Hb clearance through the CD163-Hp
interactions. In a separate review, Etzerodt and Moestrup
(8) discuss their work exploring the use of CD163 as a po-
tential biomarker or therapeutic drug target for inflammatory
responses. Ratanasopa et al. have modeled the Hb-Hp inter-
actions with work that complements recent X-ray crystallo-
graphic findings regarding the Hp-Hb interactions. They also
describe the Hp function in vivo and ongoing work investi-
gating the potential clinical applications of Hp in modulating
inflammatory responses. Cooper et al. (6) present new and
intriguing findings in which they show by photometric and

FIG. 1. Iron-centered oxidative transitions
within hemoglobin (Hb). Hemin iron atoms
within Hb undergo spontaneous oxidation
from ferrous to ferric oxidation states. This
process indirectly produces hydrogen per-
oxide, which can further react with ferric and
ferrous Hb to produce ferryl species. Re-
ductases within red blood cells keep the
heme iron in the ferrous state. Redox poten-
tials were obtained from Banerjee et al. (3).
Figure constructed using the Illustrator
(Adobe Systems Incorporated, Mountain
View, CA) and PyMOL Molecular Graphics
System (Schroödinger, LLC, New York, NY).
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electron paramagnetic resonance methods that the interaction
of Hp with Hb leads to the stabilization of Hb’s own Fe4 +

radicals, thus enabling the complex to safely dissipate these
damaging radicals.

Another review in this issue is by Varnado et al. (14), who
discuss the recent developments in the area of blood-substitute
research and recombinant Hb-based oxygen carriers. Their
review addresses current protein-engineering strategies
aimed at solving known problems relating to protein stability
and redox reactivity. They also describe previous develop-
ments that have successfully been used to overcome known
issues associated with acellular Hb toxicity (e.g., renal toxicity
and short half-life).

Together, these submissions suggest that Hb redox chem-
istry and the mechanisms of its control will play an increas-
ingly prominent role in our efforts to understand the
physiological and pathophysiologal effects of acellular Hb in
a variety of clinical settings. Although much work remains to
be done, a full understanding of these events will, no doubt,
greatly inform Hb-based oxygen carrier research and infu-
sion-related complications. We thank the authors for their
work in this area and hope that the readers find it to be as
interesting and promising as we do.
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Abbreviations Used

A1M¼ alpha-1 microglobulin
AHSP¼ alpha-hemoglobin-stabilizing protein

Hb¼hemoglobin
H2O2¼hydrogen peroxide

Hp¼haptoglobin
Hpx¼hemopexin
Mb¼myoglobin
NO¼nitric oxide
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