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Abstract

Hemoglobin (Hb) is the major oxygen (O2)-carrying system of the blood but has many potentially dangerous
side effects due to oxidation and reduction reactions of the heme-bound iron and O2. Extracellular Hb, resulting
from hemolysis or exogenous infusion, is shown to be an important pathogenic factor in a growing number of
diseases. This review briefly outlines the oxidative/reductive toxic reactions of Hb and its metabolites. It also
describes physiological protection mechanisms that have evolved against extracellular Hb, with a focus on the
most recently discovered: the heme- and radical-binding protein a1-microglobulin (A1M). This protein is found
in all vertebrates, including man, and operates by rapidly clearing cytosols and extravascular fluids of heme
groups and free radicals released from Hb. Five groups of pathological conditions with high concentrations of
extracellular Hb are described: hemolytic anemias and transfusion reactions, the pregnancy complication pre-
eclampsia, cerebral intraventricular hemorrhage of premature infants, chronic inflammatory leg ulcers, and
infusion of Hb-based O2 carriers as blood substitutes. Finally, possible treatments of these conditions are dis-
cussed, giving a special attention to the described protective effects of A1M. Antioxid. Redox Signal. 17, 813–846.
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I. Introduction

The transport of oxygen (O2) from the lungs to pe-
ripheral cells and tissues is performed by red blood cells

(RBCs). To account for this task, the RBCs are packed with
hemoglobin (Hb), a protein with a capacity to bind four O2

molecules each. OxyHb, that is, the complex between O2 and
Hb, is a highly reactive molecule with many chemical and
biological properties besides its O2-transporting function (21,
47, 50, 235). Most of these reactions are dependent on the
redox activities of the iron atom, which is chelated by the
heme group in the center of each of the four globin-chains of a
Hb molecule. A somewhat simplified view of the role of Hb is
that O2-binding/transport is the true physiological function,
whereas, all the other reactivities are unwanted, potentially
deleterious side effects. While encapsulated within the RBCs,
the Hb molecules are kept separated from the rest of the body
and an arsenal of protective mechanisms inhibits the side
reactions and eliminates their products (64, 248). However,
Hb is a very abundant molecule, in fact, the concentration in
blood is around 150 g/L (50), and an adult human body
consequently contains almost 1 kg of the protein. Thus, sig-
nificant amounts escape from the RBCs under healthy con-
ditions and massive amounts can be released during
pathological conditions involving hemolysis. Therefore, a

number of defense mechanisms have evolved to counteract
the chemical threat of extracellular Hb to exposed tissues.

The term ‘‘oxidative stress’’ is used to describe the condi-
tions with an abnormally high production of reductive and
oxidative compounds and/or impaired antioxidative tissue
defense systems (114). Major mediators of oxidative stress are
reactive oxygen species (ROS), including free radicals, which
are extremely reactive compounds due to the presence of
unpaired electrons. ROS, oxidants, and free radicals react with
proteins, DNA, and other molecular components, which can
lead to unwanted modifications of the target molecules and
loss of their functions. Formation of ROS and free radicals can
be induced, for example, by metals and metal-containing
compounds and proteins. Since Hb is a metal-containing
protein, most of the deleterious reactions of Hb are reductive
or oxidative, that is, involves exchange of electrons, and Hb is
therefore categorized as a major inducer of oxidative stress.
In addition, the Hb-metabolites heme and free iron are also
potent inducers of oxidative stress. Therefore, Hb-induced
oxidative stress is associated with an extensive cell and tissue
damage.

Many pathological situations involve abnormal levels of
hemolysis and high levels of extracellular Hb. Below, five
groups of such pathological conditions, diseases, and iatro-
genic conditions will be discussed. Although they have vastly
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different etiology, they share many symptoms and clinical
sequelae as a consequence of the Hb-induced oxidative
damage. (i) Various hemolytic anemias, including inherited
RBC dysfunctions and deficiencies, autoimmune tranfusion
reactions, and mechanical RBC disruption. (ii) Pre-eclampsia
(PE) is a pregnancy disease shown to be associated with ele-
vated levels of fetal hemoglobin (HbF), leaking from fetus to
mother. (iii) Intraventricular hemorrhage (IVH) and sub-
arachnoidal bleeding result in locally high concentrations of
free Hb in cerebral cavities, and these conditions are associ-
ated with severe cerebral damage and dysfunctions. (iv)
Chronic leg ulcers are inflammatory conditions that involve
dermal and epidermal extravascularization of RBCs and he-
molysis. (v) Massive amounts of cell-free Hb in the blood-
stream are also found during clinical administration of
‘‘artificial blood components’’, that is, hemoglobin-based ox-
ygen carriers (HBOC), employed for treatment of blood-loss
after trauma, etc.

It is the object of this article to give an overview of the toxic
reactions of extracellular Hb focusing on oxidative stress-
inducing reactions and of defense mechanisms that protect
human tissues against these reactions with a special emphasis
on the ubiquitous plasma and tissue protein a1-microglobulin
(A1M) (82, 220, 339, 341). We will also describe the five groups
of diseases and iatrogenic conditions mentioned above, in
which Hb-induced oxidative stress is a major pathological
factor. Finally, possible therapies for these types of patho-
logical conditions will be discussed, giving a special attention
to the heme-binding and radical-scavenging effects of A1M.

II. Hb, Heme and Oxidative Stress

A. Red blood cells and Hb

Human RBCs have a lifespan of *120 days in circulation,
after which senescent RBCs are phagocytized by resident
macrophages in the reticuloendothelial system, spleen, and
bone marrow (37, 47). The main constituent of RBCs is Hb,
and the primary function of this important protein is to bind
O2 reversibly and hence to function as an O2-transport pro-
tein. The Hb molecule is an assembly of four globular protein
subunits where each protein chain arranges into a set of a-
helix structural segments connected together in a globin fold
arrangement (117, 276). This folding pattern creates a pocket
that very efficiently binds a heme group. The heme group
consists of an iron atom that is coordinated by four nitrogen
atoms of a tetrapyrrole ring (constituting the heme moiety)
and a nitrogen of a histidine-imidazole ring, linking the heme
to the globular protein structure. This leaves one coordina-
tion-site free to reversibly bind gaseous molecules, normally
O2, but carbon monoxide (CO) and nitric oxide (NO) can also
be bound to the iron (235). In adults, the most common Hb
isoform is a tetramer denoted adult hemoglobin (HbA), which
consists of two a- and two b-subunits (a2b2) (see Fig. 1). In the
fetus, the Hb molecule is made up by two a-chains and two
c-chains (a2c2, denoted HbF). The c-chains are gradually re-
placed by b-chains at birth, and as the infant grows (50), HbF
has a higher affinity for O2 and a lower dissociation constant
required for sufficient oxygenation of the fetus in utero. In
healthy adults, HbF is restricted to RBCs called F-cells, which

FIG. 1. Hemoglobin (Hb)-structures, auto-oxidation products, and toxicity. When the red blood cell (RBCs) rupture
(hemolysis), Hb is released. Adult Hb consists of two a-chains and two b-chains, and fetal Hb consists of two a-chains and
two c-chains. All chains contain an Fe-containing heme group, which binds molecular oxygen. OxyHb spontaneously
decomposes via rearrangement of electrons in a process called auto-oxidation, leading to formation of reactive oxygen species
(ROS) and degradation products like heme and metHb. All of these molecules are highly reactive and have the ability to
damage lipids, protein, and DNA and are therefore pro-inflammatory, pro-oxidant, and toxic (oxidative stress). Furthermore,
Hb also binds and reacts with nitric oxide, thereby affecting the vasomotor tone. Thus, hemolysis and elevated extracellular
Hb concentrations are associated with hypertension. Finally, the metabolites formed by the Hb degradation are hemolytic
and thus, oxidative stress accelerates the hemolysis, in a positive feed-back loop.
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constitute a limited proportion of the total red cell mass (*1%
of total HbA is HbF).

1. Hb variants. Besides HbA and HbF, there are also a
number of Hb variants that are found in different disease
conditions. Hb variants occur when genetic changes in the
globin genes cause alterations in the amino acid sequences
of the globin proteins. These changes may affect the struc-
ture of the Hb, its behavior, its production rate, and/or its
stability. Thus, more than 1400 hemoglobinopathies, in-
herited disorders of Hb, and thalassemias, conditions with
reduced Hb levels in blood, are caused by different muta-
tions of a-chains and b-chains, respectively, and are listed at
the HbVar database (93, 101). Their severity is governed by
the number of genes affected. b-chain Hb variants are in-
herited in an autosomal recessive fashion. Several hundred
b-chain Hb variants have been documented, however, only
a few are common and clinically significant. A well de-
scribed b-chain related disease is sickle cell disease. This
disease is caused by a substitution of a single amino acid
(Glu6Val) in the b-chain, resulting in the HbS variant,
which is associated with malformation and destabilization
of RBCs (311). HbE (Glu26Lys) is the most common b-chain
variant, which manifests in a wide range of clinical symp-
toms, from asymptomatic to severe thalassemias depending
on the genetic background (246, 304). HbC (Glu6Lys) is
another common b-chain variant causing aggregation of
intracellular Hb resulting in moderate reduction of RBC
plasticity in sickle cell HbC disease (298).

B. Extracellular Hb and its intrinsic toxicity

Although Hb is vital for delivery of O2, it needs to be strictly
compartmentalized within the RBCs in order to be kept in a
functional nontoxic state. The balance between normal
physiology and toxicity is largely dependent on the physical
and biochemical barriers, presented by RBCs, separating Hb
from the extra-RBC environment. Furthermore, RBCs contain
a unique setup of enzymatic mechanisms that preserves Hb in
this functional nontoxic state (248). However, if these systems
are disturbed, for instance, as a consequence of intravascular
hemolysis, a number of toxic, potentially dangerous side ef-
fects, originating from the rich chemistry associated with the
free radical reactivity of the heme group, can occur (see Fig. 1).
The key chemistry involved in mediating the intrinsic toxicity
of Hb is outlined below. First the ferrous iron (Fe2 + ) in the
oxyHb molecule spontaneously auto-oxidizes, producing
the ferric protein (Fe3 + , metHb) and the superoxide radical
(O��2 ).

Fe2þ þO20Fe3þ þO��2 [Equation 1]

Ferrous heme0ferric hemeþ superoxide radical

The superoxide then dismutates to hydrogen peroxide
(H2O2), and the ferric protein can react with this peroxide,
generating a reactive ferryl iron (Fe4 + ) and a free radical
bound to the protein (Rc + ) (66).

Rþ Fe3þ þH2O20R� þ þ Fe4þ ¼O2þH2O [Equation 2]

Globinþ ferric hemeþperoxide0globin radical

þ ferryl hemeþwater

Both the protein-bound radical (Rc + ) and the ferryl iron
(Fe4 + = O2 - ) are strongly oxidizing molecules that have pro-
inflammatory, pro-oxidant, and toxic effects and are capable
of damaging and disrupting cell membranes (230, 235, 299).
The metabolites of Hb, that is, free heme and iron, have the
ability to damage lipids, proteins, and DNA through direct
oxidation and/or generation of ROS (4, 69, 261). Due to the
lipophilic nature of the heme group, it intercalates membranes
and has destabilizing effects on the cytoskeleton (134). Be-
cause of their high redox potentials, both the protein-based
radical and ferryl heme can induce a wide range of oxidation
reactions. When these oxidation reactions occur in vivo, they
have the ability to induce a wide array of physiological and
pathophysiological responses. It has become apparent that
many of these responses involve the formation of signaling
molecules, often derived from oxidation of lipids (229). Lipid
oxidation products are of immense physiological importance
because of their role in cell-signaling pathways. The central
concept underlying this field of ‘‘redox cell signaling’’ is that
changes in the reductive or oxidative capacity of the cell lead
to post-translational modification of proteins by ROS species
(67, 160, 272). These post-translational modifications, which
can be induced by Hb redox chemistry, are emerging as an
important field of research in pathologies such as athero-
sclerosis, ischemia/reperfusion injuries, post-hemolytic in-
juries, and blood substitutes. Hb also binds and reacts with
NO (144). It has been described to react with NO in one of two
possible reactions:

Fe2þ þNO0Fe2þ ¼NO [Equation 3]

High - affinity binding of NO to deoxyferrous Hb

Fe2þ ¼O2þNO0Fe3þ þNO�3 [Equation 4]

Conversion of NO to nitrate by oxyferrous Hb

Since NO is a highly vasoactive molecule, the binding of
NO by Hb affects the vasomotor tone, and hemolysis and
elevated extracellular Hb-concentrations are therefore asso-
ciated with hypertension. This has been described in, for ex-
ample, sickle cell disease (239) and PE (218) (see also below).
Normally, the compartmentalization of Hb in the erythrocyte
limits NO scavenging in vivo and subsequent vasoconstriction
(162, 302). Interestingly, it has also been proposed that NO
may function as an antioxidant, playing a role in the mecha-
nism to detoxify high oxidation states of Hb under oxidative
conditions (235).

An important group of oxidant molecules in humans and
animals is ROS, which includes, for instance, H2O2, super-
oxide, and the hydroxyl radical. Superoxide and the hydroxyl
radical are also categorized as free radicals, a group of mol-
ecules that are highly reactive due to the presence of unpaired
electrons in their outer electron shells. All these molecules
have the potential to react with proteins, DNA, and other
molecular cell and tissue components, leading to unwanted
modifications and ultimately loss of function (Fig. 2). The
human body is constantly exposed to free radicals and oxi-
dants, both exogenously via the environment (food, air,
smoke, irradiation, etc.) and endogenously as by-products of
normal metabolism. As these molecules are reactive and
potentially dangerous, they need to be balanced by the ac-
tivity of antioxidants, protective factors that eliminate
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oxidants or prevent their oxidation reactions (113) (see also
below). Thus, it is extremely important that cells maintain a
well-controlled redox balance. An imbalance in the redox
system will induce oxidative stress, a condition characterized
by a surplus of unrestrained oxidants, ROS, and free radicals.
Several physiological processes, such as inflammation, is-
chemia/reperfusion, diabetes, obesity, and kidney insuffi-
ciency are associated with oxidative stress. Furthermore,
hemolytic diseases involving destruction of erythrocytes in an
uncontrolled manner lead to high levels of cell-free Hb, as
described above. Additionally, neutrophil activation during
infections results in oxidative stress, mainly due to production
of superoxide anions and hypochloric acid by the enzymes
NADPH oxidase and myeloperoxidase (19, 20, 51, 202, 269).

III. Protection Mechanisms

In humans, there are several Hb- and heme-detoxification
systems described (Fig. 3). Haptoglobin (Hp), perhaps the
most well-investigated Hb-clearance system, binds extracel-
lular Hb in blood (21, 156) and the resulting Hp-Hb complex is
cleared from blood by binding to the macrophage receptor
CD163 (146). Excess oxyHb that is not cleared by Hp under-
goes auto-oxidation reactions resulting in ROS and free heme
groups. A complex network of antioxidation mechanisms
(such as superoxide dismutase [SOD], glutathione peroxidase
[Gpx], and catalase) inhibits and eliminates the oxidative
compounds and repairs the oxidative damage caused by
them. Free heme in blood is sequestered by albumin and he-
mopexin (Hpx) (21, 72, 149) and the Hpx-heme complex is
cleared from the circulation by the hepatocyte receptor CD91
(127). Intracellularly, heme oxygenase (HO) is the most es-
sential heme catabolic protein converting heme to free iron,

biliverdin, and CO (290, 310). The plasma and tissue protein
A1M (338) was described to bind and degrade heme and has
the ability to reduce metHb (8, 9). Recent reports suggest that
a truncated form of A1M is involved in extracellular heme
catabolism (8). The heme-binding and putative heme cleavage
properties of A1M provide an additional physiologic protec-
tion mechanism against extracellular heme (216, 220).

A. Haptoglobin

Several proteins are able to protect against Hb toxicity and
one of the most powerful is Hp (235, 318). Hp is synthesized
predominantly in the liver by hepatocytes. It is an abundant
acute phase protein and its levels in the blood circulation vary
greatly within humans, ranging from 0.3 to 3.0 mg/ml. In
addition, the synthesis of Hp can be rapidly increased in re-
sponse to, for example, inflammatory signaling. If free Hb is
released into the circulation, it binds immediately to Hp to
form an Hp-Hb complex, which subsequently is removed by
the CD163 receptor expressed mainly on monocytes, macro-
phages, and Kupfer cells in the liver (107, 146, 161, 206, 207,
317). The binding between Hp and Hb is among the strongest
noncovalent interactions known in biological systems with an
estimated Kd of 10 - 15 and with slow dissociation rates. If Hp
becomes depleted as a consequence of hemolysis, Hb accu-
mulates in the kidney and is secreted in the urine. Hp thereby
offers an effective protection against kidney damage in the
first phases of moderate Hb release.

The Hp monomeric protein consists of two chains; one a-
chain and one b-chain, expressed as a single precursor protein
(Fig. 4). Two human Hp-gene alleles, Hp 1 and Hp 2, encode
two different a-chains, a-1 with Mr& 9 kDa and a-2 with
Mr& 16 kDa, whereas the b-chain has an Mr& 33 kDa in both

FIG. 2. Redox balance in
health and disease. Human
health is dependent upon the
balance between oxidants
and antioxidants. The human
body is exposed to oxidants
constantly from exogenous
sources like air, food, radia-
tion exposure, etc. and from
endogenous metabolism. The
production of oxidants, un-
der normal healthy condi-
tions, is counteracted by
production of antioxidants
from the body and uptake
from food. However, a dis-
turbance in the balance
between oxidants and anti-
oxidants, caused by, for in-
stance, increased uptake
of oxidants, increased pro-
duction of oxidants from
metabolism, or decreased
production of endogenous
antioxidants, will result in
damage to cells, membranes,
DNA, and proteins.
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alleles. In mammals, the a-chains and the b-chains are linked
together by a disulfide bond, and in most species a disulfide
bond also cross-links the a-chains to each other forming a
dimer composed of two ab-subunits. Additionally, Hp can
form larger aggregates where the stoichiometry of the poly-
mer is genetically determined and controlled primarily by the
a-chain (194, 208, 230). Thus, Hp 1-1 homozygous individuals,
having the Hp 1 allele on both chromosomes, form dimers via
a single disulfide bond between the a-chains, whereas Hp 1-2
and Hp 2-2 individuals form polymers of higher order be-
cause the a-2 chains can form two disulfide bonds each,
linking together the polymers. Hp binds Hb ab-dimers (48).
All monomeric forms of Hp and dimeric Hp 1-1, bind the Hb
dimers with high affinity. The polymeric forms of Hp can also
bind to Hb, though at much lower affinities than monomers
and dimers.

Several other functional differences between Hp pheno-
types have been reported that could have important biological
and clinical consequences. Hp polymorphism, not only linked
to different subunit interactions but also to different glyco-
sylation profiles, is associated with the prevalence and clinical

evolution of many inflammatory diseases, including infec-
tions, atherosclerosis, and autoimmune disorders (70). These
differences are explained by an Hp-dependent modulation of
oxidative stress (see below) and prostaglandin synthesis. For
example, the distribution of highly polymeric Hp proteins in
extravascular fluids is restricted by their molecular mass.
Consequently, the Hb protective capacity in body fluids is less
efficient in Hp 2-2 individuals. Other reported differences
among phenotypes include antigenic activities as well as
binding to macrophage receptors, including CD163 (206).

The Hb-Hp complex impairs filtration and clearance of Hb
dimers by the kidney, and instead directs Hb to CD163 on
macrophages for a process of endocytosis and final degra-
dation (138). Within macrophages, the HO enzyme (see be-
low) breaks down the heme group of Hb into bilirubin and
CO, which both have been shown to have antioxidant and
vasodilatory benefits (206). Therefore, this clearance of Hb
indirectly protects against heme-mediated oxidative damage
as well as other oxidative enzymatic reactions of Hb, de-
scribed above, and thus Hp can be viewed as a part of a
human antioxidation mechanism (161). Direct binding of Hb

FIG. 4. Schematic repre-
sentation of Hp-Hb complex
formation, endocytosis me-
diated by CD163 receptor,
and degradation of heme in
the lysosome.

FIG. 3. Overview of protection mechanisms against extracellular Hb-toxicity. Cell-free Hb is released under pathological
conditions involving hemolysis or infused during blood substitution treatment. The Hb molecule is bound by haptoglobin
(Hp) and cleared by receptor-mediated uptake in monocytes and macrophage-cells. Excess oxyHb undergoes auto-oxidation
reactions resulting in reactive oxidative compounds, represented by ROS and free heme groups. A complex network of
antioxidation mechanisms inhibits and eliminates the ROS-species and repair the oxidative damage caused by them. Free
heme groups are bound by hemopexin and albumin in plasma, metabolized by heme oxygenases (HO) in cells, and bound/
degraded by a1-microglobulin (A1M) in plasma, cells, and extracellular fluids. A1M also participate in nonheme targeted
antioxidation mechanisms.
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to CD163 has also been reported as a secondary clearing
mechanism in addition to the Hp-Hb complex formation and
subsequent clearance by the macrophages (206). The binding
of Hp-Hb to CD163 results in the production of several cy-
tokines, antioxidative genes, and noninflammatory media-
tors. Particularly, the induction of HO-1 is notable (260).

The literature suggests that O2 binding and redox reactions
of Hb are not inhibited by Hp-binding. In addition, upon Hp-
Hb complex formation, the Hb moiety retains its NO binding
characteristics (23). Likewise, the Hp-Hb complex can still
react with H2O2 (46). In spite of this, Hp has been shown to
inhibit Hb-induced lipid peroxidation, (112, 194) and it may
be speculated that Hp achieves such antioxidation by, for
instance, interfering with the diffusion of radical species from
the heme center to surrounding tissue components (46, 161).
Interestingly, it has been proposed that Hp may also protect
the Hb molecule from oxidative attack, including auto-
oxidation. In addition to a site-specific protection of amino
acids that are prone to oxidation on the surface of the Hb
molecule, Hp allows the heme active site to operate unhin-
dered leading to the elimination of oxidants (46). Recent work
on the interactions of Hp with Hb has produced a model,
which gives a structural basis of the Hp mode of action in
protecting Hb against oxidative toxicity. Mutagenesis studies
have thus confirmed that a tyrosine residue at the a-subunit of
Hb (aTyr42) acts as a conduit for electron transfer to and from
the heme, which facilitates the autoreduction of the ferryl Hb
(237). In addition, electron paramagnetic resonance (EPR)
studies have shown that this electron transfer is also diverted
to another Tyr residue on the b-subunit, bTyr145 when Hb is
complexed with Hp. Upon addition of H2O2, Hp stabilizes the
ferryl-induced free radicals on bTyr145. This radical reactivity
may ultimately be directed from Hb to Hp resulting in a safer
and more stable redox inactive Hb molecule (7) (Cooper et al.,
submitted).

It has recently been shown in two animal models, dogs and
guinea pigs, that Hp can limit the toxic effects of cell-free Hb
after infusion (33). Data obtained from both models showed
that the formation of Hp-Hb complexes reduced the hyper-
tensive response during Hb exposure and reduced Hb toxicity
in the kidney. Infusion of Hp may thus be explored to control
adverse blood pressure responses and tissue toxicity effects
associated with hematological disorders and diseases. Indeed,
it was suggested that Hp-supplementation may be employed
to counter the adverse effects of the high loads of free Hb
associated with HBOC therapy (33) (see also below, section
IV.E).

B. Hemopexin

Heme scavenging by Hpx (together with high density li-
poprotein (HDL), low density lipoprotein (LDL), plasma al-
bumin and A1M) provides protection against oxidative
damage, limits access of pathogens to heme, and contributes
to iron homeostasis by recycling the heme iron. During the
first seconds after heme appearance in plasma, more than 80%
binds to HDL and LDL and 20% binds to Hpx and plasma
albumin. Heme then transits to Hpx or is slowly removed
from HDL and LDL by Hpx (21, 26, 72, 103, 188, 196). Human
Hpx consists of a single polypeptide chain containing 439
amino acids residues with six intrachain disulfide bridges
(12). The polypeptide chain contains two homologous do-

mains of about 200 residues, each joined by a 20-residue linker
(295). The crystal structure of isolated Hpx C-terminal domain
(86) showed that these domains have a four-bladed b-pro-
peller fold that is a variant of the larger b-propeller domains
found in heterotrimeric G proteins, clathrin, and integrins
(151, 274, 292, 295). Such domains appear to be of major im-
portance in cell biology, especially as mediators of protein–
protein interactions (273). Each propeller blade comprises a
four-stranded antiparallel b-sheet, with the first and fourth
blades tied together by disulfide bonds. The heme binds be-
tween the two propeller domains. Two histidines coordinate
the heme iron, giving a stable bis-histidyl Fe(3 + ) complex.

A striking feature of the heme-binding site is the prepon-
derance of aromatic and basic residues (224). The construction
and location of the heme pocket clearly relates to the re-
quirements of high affinity but reversible heme-binding by
Hpx and fits perfectly with the design of other high-affinity
binding proteins, such as the bacterial periplasmic binding
proteins (232) and iron-binding transferrins (15). Heme-
binding and release results from opening and closing of
the heme binding pocket, through movement of the two
b-propeller domains and/or the interdomain linker peptide
(188, 224). Hpx delivers the bound heme upon interaction
with its specific receptor, identified as the LDL receptor-
related protein CD91, where it is internalized by receptor-
mediated endocytosis. The human Hpx-heme receptor is
expressed in several cell types, including macrophages, he-
patocytes, neurons, and syncytiotrophoblasts. After deliver-
ing the heme, the heme group is degraded and intact Hpx can
be released back into the bloodstream (21, 72, 188, 295). The
Hpx-heme complex removal by a receptor-mediated pathway
shows striking similarities to the CD163-mediated Hp-Hb
clearance in macrophages (127).

C. Heme oxygenases

HOs are cytosolic enzymes that participate in heme-
detoxification by binding and degrading the free heme group
[(290); recently reviewed in Refs. (1, 105, 320)]. Two isoforms
of HO have been described: HO-1, the expression of which is
induced by a variety of conditions of environmental stress
(183, 324), whereas HO-2 is constitutively expressed (184,
296). A third genetic variant, HO-3, has been described but is
most likely a nonexpressed pseudogene (120). HO-1 and HO-
2 are separate gene products and have different amino acid
sequences, structure, and size but have similar mechanisms of
heme catalytic activity and specificity.

Both enzymes are anchored to the membrane of the endo-
plasmic reticulum via a C-terminal hydrophobic domain
(192). The enzymes operate in concert with microsomal
NADPH-cytochrome P450 reductase to convert heme to bili-
verdin, CO, and Fe2 + , utilizing three molecules each of O2 and
NADPH for each molecule of heme (Fig. 5) (209, 257, 291). The
products of HO activity have important beneficial physio-
logical activities providing further antioxidation effects be-
sides the mere elimination of heme. Biliverdin is reduced to
bilirubin by biliverdin reductase (150), and bilirubin is a
powerful physiological antioxidant (279). CO has been re-
ported to have both pro-oxidant and antioxidant effects,
mostly as a result of binding to heme-proteins, replacing
molecular O2 [reviewed in Ref. (228)]. Indeed, CO had pro-
tective effects against lung injury (95, 221). CO also induces
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vasodilation by binding to the heme-protein, guanylyl cyclase
(182). Finally, CO participates in a positive feed-forward loop
by inducing an upregulation of HO-1 (145). The release of free
Fe2 + iron is closely linked to synthesis of ferritin, an iron-
sequestering protein. Thus, HO-1 induction stimulates ferritin
expression (81), and inhibition of HO-1 leads to ferritin
downregulation (305).

Under resting, nonstressed conditions, HO-2 is the pre-
dominating form in all organs except the spleen (36), and the
highest activities are found in spleen, testes, and brain (181).
The expression of HO-1 is ubiquitously upregulated by a
multitude of stimuli related to oxidative stress, including high
concentrations of free Hb and heme [(17, 251) reviewed
in Refs. (105, 180, 181, 320)]. In fact, elevated levels of
HO-1-messenger RNA are commonly used as biomarkers of
oxidative stress. In contrast, transcription of the HO-2 gene
is only responsive to stimuli from adrenal glucocorticoids
(193, 234).

D. Protective heme-binding mechanisms

Plasma albumin binds heme at a protein:heme ratio of 1:1
and 1:2 but with lower affinity than Hpx (Kd& 10 - 8 M) (171,

247). Since the plasma concentrations of albumin are high (30–
50 mg/ml), the amounts of heme that can be bound by albu-
min are considerable and the albumin binding becomes
physiologically important, especially during conditions of
heme-overload when the Hpx is depleted (265). This may
explain the beneficial effects of albumin infusion on cerebral
malaria (185). Albumin partially inhibits the toxic effects of
heme (109), but there are no indications of a targeted transport
function or specific enzymatic inhibitory actions. Thus, the
general belief is that the protective effect of albumin is a result
of the protein functioning as a depot of free heme groups.

Free heme in plasma is also bound rapidly, and with high
affinity, to the lipoproteins LDL and HDL (196). The heme
group catalyzes oxidation of the lipoprotein particle and
subsequent endothelial damage and probably contributes to
the development of atherosclerosis (27, 55).

The protein A1M binds heme in plasma, extravascular
fluids, and cells with a Kd = 10 - 6 M (8, 10, 153). The binding
has been shown to yield protection from the toxic effects of
heme in various in vitro molecular, cell culture, and ex vivo
organ systems. The structure, physiology, and antioxidative
properties of A1M are described in some detail below.

As argued in previous publications, the heme group is
probably not freely diffusable across membranes (105, 155).
Several heme-binding and heme-transporting proteins that
mediate the uptake of extracellular heme to the cytosol have
been described (233). Two cytosolic proteins, as well as HO-1,
have been shown to have protective effects against free heme
toxicity, peroxiredoxin I (Prx1 or HBP23) (80, 129, 133, 205)
and A1M (220), both of which are upregulated in response to
elevated concentrations of free heme (130, 217). Interestingly,
intracellular A1M can be derived by local synthesis in most
cells but also by uptake of extracellular A1M produced in the
liver and transported to tissues via blood (see below).

E. Antioxidation mechanisms

As described above, unsequestered Hb, heme, and iron
generate free radicals, mostly ROS. While the Hb, heme- and
iron-binding and sequestering mechanisms described above
generally operate to prevent the formation of radicals and
ROS, a network of antioxidation molecules, acting with
many different mechanisms, cooperate to protect cells and
tissues against the deleterious reactions of free radicals and
ROS once they have been formed. Several high molecular
weight enzymatic antioxidants have been described. SOD
catalyzes the conversion of O2

� - to H2O2 [reviewed in Ref.
(96)]. Three variants of SOD exist in mammals and birds:
cytoplasmic Cu/ZnSOD ( = SOD1) (191), mitochondrial
MnSOD ( = SOD2) (312), and extracellular Cu/ZnSOD
( = SOD3) (186). Catalase, belonging to the functional group
of peroxidases, is a heme-carrying enzyme catalyzing the
conversion of two molecules of H2O2 to water plus O2 (61,
104). Catalase is localized to peroxisomes of nucleated cells,
(263, 332) where its main function is to eliminate the H2O2

formed in this organelle and to keep cytosolic H2O2 con-
centrations low. Gpx, the second most abundant peroxidase,
is a ubiquitously expressed cytosolic and mitochondrial en-
zyme (174) catalyzing the reduction of H2O2 by employing
glutathione (GSH) as an electron donating substrate. Albu-
min is generally regarded as an important nonenzymatic
antioxidation factor that is present in high concentrations

FIG. 5. Heme degradation by HO-1. Cytosolic HO-1 cat-
alyzes the degradation of heme groups to biliverdin, carbon
monoxide (CO), and iron atoms (Fe2 + /3 + ). The reaction takes
place on the cytosolic face of the endoplasmatic reticulum
(ER) membrane and involves oxidative breakage of the
protoporphyrin IX-ring in concert with microsomal NADPH-
cytochrome P450. Reduction of biliverdin to bilirubin is
catalyzed by the enzyme biliverdin reductase. Liberated
Fe2 + /3 + atoms are stored as Fe2 + by cytosolic ferritin H. CO
diffuses freely and participates in several physiological re-
actions, mostly by binding to heme-proteins.
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and hence buffers deleterious oxidation reactions in plasma
and interstitial fluids.

Several nonenzymatic, low molecular weight radical
scavengers operate either by direct reactions with ROS and
non-ROS radicals or by acting as cofactors in reactions with
the enzymatic antioxidants. The most important is, perhaps,
the cytosolic tripeptide GSH. GSH is synthesized in the cy-
tosol and provides reducing equivalents via its free thiol
group (187). Thus, the ratio between GSH and its oxidized
form, oxidized glutathione (GSSG), constitutes a cytosolic
redox buffer, which regulates the balance between antioxi-
dant capacity and beneficial ROS activity (78, 135). Thio-
redoxin (Trx) is a ubiquitous 12 kDa polypeptide with a
Cys-X-X-Cys-motif that acts as an electron reservoir via a
disulfide exchange between the two thiol groups (123, 211).
High ratios between reduced and oxidized GSH and Trx and
thus a high antioxidant capacity are maintained by the
regenerating enzymes GSH reductase and Trx reductase,
respectively, drawing reducing eqivalents from cytosolic
NADH and NADPH (18, 147, 199). The essential nutrients
vitamin C (ascorbic acid) and vitamin E (tocopherol) are also
generally believed to serve important functions as antioxi-
dants (122, 222). The water-soluble vitamin C is both a re-
ducing agent that is transformed to dehydroascorbic acid
when reacting with ROS/radicals, and a cofactor of several
enzyme reactions, whereas the lipid-soluble vitamin E is
an important lipid peroxidation radical scavenger. In addi-
tion, a large number of nutritional low molecular weight
radical scavengers with antioxidant properties have been
described, such as turmeric curcumin (330) and red wine
resveratrol (137).

F. a1-Microglobulin

A1M was discovered in human urine in the early 1970s and
was named in the tradition of plasma proteins, reflecting its
small size (26 kDa) and its electrophoretic migration slightly
behind albumin (82). The protein was characterized by several
research groups and is also known under the alternative
names, protein HC, ‘‘human complex-forming protein, hetero-
geneous in charge’’ (289), and a1 microglycoprotein (267). Two
striking biochemical properties were described early: a yellow-
brown color and a pronounced charge heterogeneity (82, 338).

A physiological role of A1M in heme- and radical-binding
was only recently proposed. First, the immunoregulatory
(mainly suppressive) properties of A1M were identified dur-
ing the 1980s and 1990s but did not seem distinct or strong
enough to constitute the major function of the molecule
in vivo. Then several reports during 2000s showed enzymatic
reductase activities as well as heme- and radical-scavenging
properties. Recent investigations have described strong pro-
tective effects of A1M in molecular, cell, and organ systems,
and it has become clear that the protein has a role as an
antioxidant, employing several chemical mechanisms. The
precise reactions of this protein/enzyme are still largely un-
known, however, as is the relationship between its protective
and immunoregulatory biological effects.

1. Structure. Human A1M has a molecular weight of
26 kDa and consists of a peptide chain with 183 amino acids
(82, 140, 283). The peptide is glycosylated with oligosaccha-
rides in three positions, two sialylated complex type, dia-

ntennary and triantennary carbohydrates linked to Asn17 and
Asn96, and one O-linked oligosaccharide linked to Thr5 (13).
The protein is well conserved during evolution, and an A1M
homologue has been isolated and sequenced from humans
and other mammals, birds, amphibians, and fish (58, 115, 128,
141, 168, 169, 200, 286, 307, 334, 335, 340). No crystal structure
has yet been obtained, but a model of the three-dimensional
structure was developed based on its membership in the li-
pocalin protein family (Fig. 6). The lipocalins are a group of
40–50 proteins found in all branches of life (bacteria, plants,
fungi, animals) (92, 337) and 12 human genes are known. The
lipocalins share a common protein fold: a single polypeptide,
150–190 amino acid residues, forms an antiparallel eight-
stranded b-barrel with one closed and one open end. The in-
terior of the barrel often serves as a binding site for small
hydrophobic compounds (99). The Cys34 side chain of A1M
(Fig. 6), found in all species, was suggested to be located on a
flexible loop near the lipocalin pocket and is solvent exposed
(306) and involved in complex formation with other proteins,
redox reactions, and radical binding (9, 31, 54, 110, 341) (see
also below). Covalent modifications of the Lys 69, Lys 92,
Lys118, Lys 130, and Cys 34 side chains (Fig. 6) have been
found in human A1M isolated from urine, and these ‘‘chro-
mophores’’ have been proposed to cause both the yellow-
brown color and the charge heterogeneity of the protein (29,
83). The modifications probably represent the oxidized deg-
radation products of organic radicals covalently trapped by
A1M in vivo (see further below).

2. Synthesis. The gene for A1M is called the alpha-1-
microglobulin-bikunin precursor gene (AMBP) because it also
encodes bikunin, another plasma protein (140) (Fig. 7). Biku-
nin is a Kunitz-type protease inhibitor (271) and a structural
component of extracellular matrix (63). Bikunin is the com-
mon subunit of a group of protein/carbohydrate complexes
that constitute plasma proteins of the inter-a-inhibitor family
(94, 254). Transcription of the AMBP gene produces an mRNA
that is translated into a precursor protein consisting of the
A1M and bikunin proteins connected by a linker tripeptide
(166). The last amino acid of A1M, Arg, plus the linker tri-
peptide constitute a basic cleavage site, R-V-R-R that con-
forms to the consensus recognition sequence of furin and
other proprotein convertases (PCs) (266). Before secretion, the
A1M and bikunin components are therefore separated by
proteolytic cleavage by furin or another PC in the late phase of
post-translational processing in the Golgi system (39). No
physical or functional connection has been found between
A1M and bikunin after secretion and the reason for their co-
synthesis is not understood. It has also been shown in dif-
ferent expression systems that both A1M and bikunin can be
expressed alone (38, 294). In spite of this, the A1M/bikunin
genetic construction is conserved in all species where A1M
has been found.

3. Gene. The AMBP gene has been cloned from man (77)
and mouse (167). In both species, the gene contains ten exons,
of which the six first code for A1M and the four last code for
the linker peptide and bikunin (Fig. 7). The AMBP gene has
been mapped to the 9q32-33 region in man (76) and to chro-
mosome 4 in mouse (256), in both species in regions where
other lipocalin genes have been found to be clustered. The
A1M exons are separated from the bikunin exons by intron F,
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which contains retroposons and other repeated structures,
suggesting that it is a recombinatorial hotspot (167). This
could have provided the basis for a fusion between an
ancestral lipocalin gene (A1M) with an ancestral Kunitz
inhibitor gene (bikunin). The pronounced expression of A1M
in liver is dependent on a strong liver-specific enhancer lo-
cated about 2500 nt upstream of the start-codon, and contains
eight binding sites for hepatocyte-enriched nuclear factors
(249, 250).

4. Expression and distribution. Liver, blood plasma, and
kidney (Fig. 8) are the major sites of A1M localization (333).
The liver is the major site of synthesis in adult tissues (288).
The protein is then secreted to the blood, where it exists in free

form as well as in disulfide-linked high-molecular-weight
complexes with other plasma proteins. The total concentra-
tion of A1M in human plasma is *2 lM (74), and *50% of the
total plasma A1M is linked to immunoglobulin A (IgA) via a
reduction-resistant disulfide bond, 7% to albumin, and 1% to
prothrombin (31, 110, 111). High-molecular-weight forms of
A1M have been found in all species examined. In rat serum,
A1M can be found covalently linked by a disulfide link to
fibronectin (88) and by a reduction resistant bond to the
proteinase inhibitor a1-inhibitor-3, a homologue of human a2-
macroglobulin (89). A1M complexes were also detected in
plaice serum (169). Thus, the complex forming ability of A1M
is conserved from fish to man, although the identities of the
complex partners are not conserved. Both free A1M and the

FIG. 6. Structural model of
A1M. The model was gener-
ated using Swiss-Pdb Viewer
and Swiss Model by align-
ment of the human A1M
amino acid sequence with rat
epididymal retinoic acid-
binding protein (E-RABP)
(281). b-strands are shown in
yellow, a-helix in orange,
Cys-34 in red, and Lys-92,
Lys-118, and Lys-130 in blue.
Viewed from the side of the
b-barrel (left) and looking
down into the pocket (right).

FIG. 7. Alpha-1-microglo-
bulin-bikunin precursor
gene (AMBP gene) and syn-
thesis of A1M and bikunin.
The AMBP, located on chro-
mosome 9q34 (77, 255), codes
for the precursor-protein
A1M-bikunin (AMBP). The
signal peptide and the A1M-
part are encoded by exons
1–6 and a linker peptide and
bikunin-part by exons 7–10.
The A1M- and bikunin-parts
are separated in the Golgi
apparatus via proteolytic
cleavage and then secreted
separately (38). Post-transla-
tional modification of the
precursor includes glycosyla-
tion of both the A1M and
bikunin parts. Bikunin is also
cross-linked to various heavy
chains via a glykosaminogly-
can chain, forming the inter-
a-inhibitor family (254).

822 OLSSON ET AL.

http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4282&iName=master.img-005.jpg&w=360&h=172
http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4282&iName=master.img-006.jpg&w=360&h=284


complexed forms are rapidly equilibrated between the intra-
and extra-vascular compartments and their half-lives in blood
are only 2–3 min (154, 313). Free monomeric A1M passes al-
most unhindered through the glomerular membranes out into
the primary urine, where most of it is reabsorbed by the
proximal tubular cells and catabolized (210). Significant
amounts, however, are excreted in the urine, and the A1M-
concentration in urine is a sensitive indicator of tubular renal
damage (82).

Besides the liver, A1M mRNA has been detected in adult
kidney (139, 157), pancreas (30, 132), stomach (286), placenta
(218), and blood cells (157, 217). The A1M protein has been
identified in the perivascular connective tissue of most organs
(30, 212, 213) and is especially abundant in epidermis of skin
(10, 34, 216) and epithelium of the gut (35, 154). It is often
colocalized with elastin and collagen (34, 212, 213, 216) and
binds to collagen in vitro (216, 258). A distribution of A1M at
various interfaces between the cells of the body and the ex-
ternal environment (blood/tissue, air/tissue, intestinal lu-
men/villi), as well as at the interface between maternal blood
and fetal tissues in placenta (30, 189), is consistent with a
protective role of A1M in vivo (see below).

5. Immunoregulation. A1M inhibits central events of the
immune response in vitro. Thus, the antigen-induced cell di-
vision and interleukin (IL)-2 production of lymphocytes were
inhibited by A1M (178, 179, 314). Inflammatory responses of
blood cells were inhibited by A1M; these included migration

(177, 178) and chemotaxis (195) of neutrophil granulocytes
and the production of free radicals and IL-1b by peripheral
lymphocytes/monocytes (258). It is possible that the immu-
noregulatory effects of A1M are related to its antioxidant and
reductase activities, as ROS have been shown to be involved
in cell signaling during lymphocyte activation [reviewed in
Refs. (78, 321)].

6. Cell receptor binding. A1M has been shown to bind to
the surface of various cells, including blood lymphocytes,
neutrophils, blood cell lines, and keratinocytes (24, 90, 195,
216, 220, 313, 314). The binding is specific for A1M, saturable
and trypsin-sensitive, suggesting the presence of an A1M re-
ceptor on these cells. The affinity of A1M for its receptor on T
cells and mouse peripheral lymphocytes was estimated to
104–105 M - 1 (25, 314) and somewhat higher on the histiocyte
cell line U937, 107 M - 1 (90). The receptor has not yet been
identified, however. Internalization of A1M from medium to
the cytosol has been shown in erythroid K562 cells (220),
hepatoma HepG2 cells (217), and primary skin keratinocytes
(216).

7. Antioxidation mechanisms of A1M. As mentioned
above, several reports during the last 10 years have shown
enzymatic reductase activities, as well as heme- and radi-
cal-binding properties, of A1M. Recent investigations have
also described strong protective effects of A1M in molec-
ular, cellular, and organ systems, and it has become clear

FIG. 8. Metabolism and distribution of A1M. (1) The main location of A1M synthesis is the liver. After secretion to the
blood, as described in Figure 7, the protein is found in plasma in free form and bound to immunoglobulin A (IgA), albumin,
and prothrombin at a total concentration of *2 lM. (2) Free and complexed A1M are rapidly transported across the capillary
walls to the extravascular compartment. (3) A1M is also synthesized and secreted from epithelial cells in all examined organs
and tissues. (4) A1M is found in interstitial fluids, in association with collagen fibers and other extracellular matrix fibers and
in association with perivascular basement membranes. (5) A1M is cleared from the blood circulation by filtration in the renal
glomeruli. Most of the filtrated A1M is degraded in the proximal tubular cells but a small part is excreted in urine (*5 mg/
day). Thus, the major metabolic pathway of A1M is Liver/Blood/Interstitial fluid/Blood/Kidneys, minor pathways are
Epithelial cells/Blood/Kidneys, and the turnover rate in blood is T1/2 = 2–3 min. A1M is depicted as small yellow
Lipocalin barrels.
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that the protein has a role as an antioxidant employing
several chemical mechanisms. Figure 9 summarizes the
reported mechanistic properties of A1M, which may con-
tribute to its possible role as a physiological antioxidant.
These include (i) reductase and dehydrogenase activity, (ii)
heme-binding and degradation, (iii) covalent radical-scav-
enging, and (iv) physiological upregulation of the AMBP
gene.

a. Reduction. Enzymatic reductase/dehydrogenase prop-
erties were recently described for A1M with a wide spec-
trum of organic and inorganic substrates (9, 341). The
protein was capable of reducing heme-proteins, free iron,
and the synthetic compounds nitroblue tetrazolium using
the electron donors ascorbate and NADH/NADPH as co-
factors (9). Using mutated A1M-variants, it was shown that
the reductase and dehydrogenase activities were dependent
on the thiol group of Cys34 and the three lysyl residues of
K92, K118 and K130 (9). According to the hypothetical
structural model of A1M, these four side chains are located
in the vicinity of each other at the open end of the lipocalin
barrel, Cys34 most likely on a flexible O-loop and Lys92, 118
and 130 close to the rim of the pocket (Fig. 6). It was spec-
ulated that the role of the three Lys residues in the reaction
may be to create a positive electrostatic environment around
the Cys 34, thus lowering the pKa of the thiol group and
favoring its oxidation (9). This model of the three-dimen-
sional structure of A1M suggests that it may be possible for
Cys34 to interact both with the Lys-groups and the electron-
accepting substrates. A1M also rapidly reduced the synthetic
radical 2,2¢-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS), again in a reaction that was dependent on the
free thiol group of C34 (341). Finally, the cell cytosol and

thiol groups of cytosolic proteins of the erythroid cell line
K562 were reduced by A1M (220).

b. Heme-binding and degradation. A1M binds heme with
Kd = 10 - 6 M (153, 216). The heme-binding was shown to occur
to A1M in plasma from man, mouse, rat, guinea pig, cow,
chicken, and plaice (153), suggesting that this property is
evolutionarily conserved. Both free, monomeric A1M and the
IgA-A1M complex could bind to the heme group (8, 153).
Apart from this noncovalent, relatively weak interaction, a
stronger binding was seen, which remained after boiling in
SDS, suggestive of a covalent interaction (8, 153). Interest-
ingly, a processed form of A1M, called truncated A1M
(t-A1M), lacking the C-terminal tetrapeptide (leucine-
isoleucine-proline-arginine; LIPR) of full-length A1M, was
generated by a reaction with lysed RBCs or with purified Hb
(8). The processed t-A1M also binds heme but was capable of
degrading the heme group (8). The t-A1M-heme complex
showed a time-dependent spectral rearrangement suggestive
of degradation of heme concomitantly with formation of a
heterogeneous chromophore associated with the protein (8).
The t-A1M form is found in urine, skin, and placenta and is
thus formed in vivo (8, 10, 173, 218). Together, these reports
suggest that A1M is involved in extracellular heme catabolism
by binding to free heme groups, and that a proteolytically
activated, heme-degrading form of A1M is induced by free,
extracellular Hb. The degradation mechanisms are as yet
unknown, but may involve C34-dependent reductase reac-
tions and covalent binding of degradation products to side
chains of A1M.

c. Radical scavenging. A1M reacts with organic radicals in a
reaction that involves C34-catalyzed reduction and results in

FIG. 9. Protective proper-
ties of A1M. Oxidative dam-
age is induced by hemolysis
and subsequent release of
free hemoglobin, followed by
generation of free heme
groups, iron, and ROS, or by
nonhemolytic events such
as infection, inflammation,
trauma, and ischemia/re-
perfusion. Four reported bio-
chemical and physiological
properties of A1M contrib-
utes to protection against the
oxidative damage. (1) Re-
ductase and dehydrogenase
activity, (2) heme-binding by
A1M and heme-degradation
by a proteolytically activated
form (truncated A1M), (3)
radical scavenging, and (4)
upregulation of the AMBP
gene in hepatic and non-
hepatic cells by elevated
concentrations of hemoglo-
bin, heme, and ROS.
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covalent trapping of radical metabolites to several amino acid
side-chains on A1M (Fig. 10). To study the radical scavenging
mechanism, the reaction between A1M and the synthetic free
radical ABTS was characterized in detail (341). It was shown
that A1M reduced five to six molecules of the ABTS radical in
a rapid semicatalytic reaction and covalently trapped three
additional ABTS radicals by attaching them onto tyrosyl side
chains in a modified, oxidized form giving the protein a
purple color. Two of the modified Tyr-residues were identi-
fied and localized on the A1M-molecule by mass-spectrome-
try (Tyr22, Tyr132). A possible reaction scheme involving an
intramolecular transfer of electrons between the C34 thiol and
the tyrosyl side-chains is shown in Figure 10. Besides these two
Tyr-residues, previous reports suggest that several Lys-side-
chains may be modified by radical trapping. Lysyl side-chains
in urinary A1M from hemodialysis patients were shown to be
modified by the kynurenine derivate 3-hydroxy-kynurenin
(253). 3-hydroxy-kynurenin is a tryptophan metabolite that has
a propensity to form free radicals (131, 215, 303) and is found in
elevated concentrations in plasma of, for example, hemodial-
ysis patients (226). Furthermore, although the structures of the
modifications could not be identified, the side-chains of Lys69
(336), Lys92, Lys118, and Lys130 were shown to be covalently
modified in human A1M isolated from urine (29, 83). The latter
three Lys-residues may therefore serve a dual role, both, in
activation of the Cys34 thiol by lowering its pKa (9) and as
electron donors in the radical-trapping mechanism. In addi-
tion, the heme-degradation products strongly attached to
A1M, and especially to its t-A1M form described above, could
be formed by reactions that are related to this reductase/
covalent trapping mechanism. The term ‘‘radical sink’’ was
used to describe the radical binding property of A1M (341),
referring to the fact that both the radicals and the A1M protein
itself are electroneutral after the reactions and therefore do not
present any oxidative stress to tissue components.

d. Upregulation of the AMBP gene. The expression of the
A1M gene (AMBP) was increased by exposure of hepatocyte-,
histiocyte-, and erythrocyte cell lines to oxy- and metHb,
heme, and ROS (217). The upregulation, both on the mRNA
and protein levels, was reversed by reacting Hb with cyanide,
which prevents redox reactions (217). An upregulation of
A1M was also seen in primary keratinocytes in response to
heme and ROS (216). The latter may be important for the
antioxidation defense in the skin, where keratinocytes con-
stitute the major cell type. Recent results (218) show a corre-
lation between the concentrations in plasma and placenta
tissue, of A1M and Hb and between A1M and biomarkers of
oxidative stress (protein carbonyl groups), respectively, in the
human diseases PE (see also below), supporting the notion of
an upregulation in vivo of the AMBP gene by elevated con-
centrations of free Hb and conditions of oxidative stress.

8. Protective effects of A1M. Employing the antioxida-
tion mechanisms described above, A1M can protect cells and
tissues from Hb-, heme-, and ROS-induced cell-damage (Fig.
9) (189, 216, 218, 220). A unifying model of the physiological
role of A1M is that it functions as a ‘‘radical sink,’’ continu-
ously cleaning tissues from free radicals and oxidants, in-
cluding free heme and ROS generated by extracellular Hb,
heme, and iron and delivering the products to the kidneys for
degradation and/or excretion. Below, findings of protective
effects of A1M are summarized.

a. Protection against Hb-, heme-, and ROS induced cell- and
tissue damage. Several reports describe in vitro protective ac-
tions of A1M in cell cultures stressed by exposure to Hb,
heme, and ROS. A1M prevented intracellular oxidation and
upregulation of HO-1 induced by heme, H2O2, and Fenton
reaction-generated hydroxyl radicals in primary keratino-
cytes (216) and in the erythroid cell line K562 (220). Silencing
of the endogeneous A1M expression by addition of siRNA led
to an increased cytosol oxidation (220). A1M also inhibited
cell lysis of K562 cells caused by heme and cleared the cells
from bound heme (220). It was shown that 200 lM heme killed
50% of the cells but adding 2 lM A1M lowered the number of
dead cells to 15%, that is, by *70% (220). Similar effects were
described in heme- and ROS-stressed skin explants (216). It
was shown that A1M is localized ubiquitously in the dermal
and epidermal layers of skin, and that the A1M gene, which is
expressed in keratinocytes, was upregulated after exposure to
heme and ROS. Exogeneously added A1M inhibited the
heme- and ROS-induced ultrastructural damage, upregula-
tion of antioxidation- and cell cycle regulatory genes, and
formation of protein carbonyl groups, a marker of oxidative
stress, in skin (216).

b. Protection of irradiated cell cultures. A1M was also shown
to inhibit the propagation of cell-death induced by charged
particle irradiation of HepG2 cell monolayers (219). The cells
were irradiated with a low dose of alpha-particles at a small,
restricted area. The directly hit cells were killed and the cells
surrounding the irradiation area, not directly hit by the par-
ticles ( = ‘‘bystander’’ cells), showed a delayed and slowly
accumulating necrosis up to 3 days after the irradiation.
Furthermore, a significant increase in apoptosis, protein car-
bonyl groups, and expression of the stress response genes
HO-1, p21, and p53 was observed in the whole cell

FIG. 10. Tentative radical trapping mechanism of A1M.
The figure is modified from (341) and is based on the reac-
tions with the synthetic radical 2,2¢-azino-bis(3-ethylben-
zothiazoline-6-sulphonic acid) (ABTS). A1M is represented
by a Lipocalin barrel with Y132 and the thiolate group of C34
high-lighted. The latter is located on a large, flexible (O) loop.
The pKa of the C34 thiolate is lowered by the proximity of
the three positively charged side chains of K92, K118 and
K130, located near the O-loop. Reaction (1): The C34 thiolate
group reacts with a radical (R�) and a thiolyl radical and a
reduced radical (R-) are formed. Reaction (2): The thiolate is
then regenerated by intramolecular reaction with Y132,
producing a tyrosyl radical. Reaction (3): The tyrosyl radical
reacts with another R�, forming a stable Tyr-R adduct. The
same reaction is also proposed for Y22, identified in the
paper and an additional tyrosine with an unknown location.

PATHOLOGICAL CONDITIONS WITH EXTRACELLULAR HEMOGLOBIN 825

http://online.liebertpub.com/action/showImage?doi=10.1089/ars.2011.4282&iName=master.img-009.jpg&w=238&h=101


population. Addition of A1M reduced the amount of dead
cells by *50% in irradiated cells and 100% in bystander cells,
and completely inhibited the irradiation-induced apoptosis,
formation of carbonyl groups, and upregulation of HO-1, p21
and p53. Irradiation induced an upregulation of endogeneous
synthesis and secretion of A1M and an increased uptake of
A1M from the medium. This study suggests that A1M pro-
tects against bystander cell killing by preventing the propa-
gation of oxidants and ROS produced in the irradiated cells.

c. Protection of ex vivo-perfused placenta. To study Hb-
induced tissue damage in a more complex system than cell
cultures, the dual placenta perfusion model (262) was
employed. In this model, the fetal and maternal placental
circulations are perfused separately, and it is possible to study
cell- and matrix structure and functions, including the feto-
maternal barrier. It was shown that in vitro perfusion of
placentas with Hb in the fetal circulation led to a significant
increase of the perfusion pressure, feto-maternal leakage of
free Hb, morphological damage, and upregulation of genes
related to immune response, apoptosis, and oxidative stress
(189). Simultaneous addition of A1M to the maternal circu-
lation inhibited the Hb leakage, morphological damage, and
gene upregulation. This study suggests that A1M may have
therapeutic potential in pregnancy diseases involving pla-
centa malfunction (see below).

d. Protection of extracellular matrix and collagen fibrils. The
skin and placenta studies (189, 216) also demonstrated a
protective effect of the protein vis-à-vis extracellular matrix
and collagen fibrils. In fact, disruption of collagen fibrils by
Hb, heme, and ROS incubation was inhibited by A1M (Fig.
11). The fibrils could also be repaired by addition of A1M after
the destruction already had taken place. It was speculated that
oxidative lesions of the collagen monomers, induced by re-
actions with Hb, heme, or ROS, may shift the equilibrium
between monomers and fibrils toward the monomers by
preventing their interaction, whereas A1M, by removing
and/or reducing the oxidative modifications, promotes a shift

of the equilibrium back toward fibril formation (216). Inter-
estingly, perfusion of placentas with A1M induced a signifi-
cant upregulation of extracellular matrix genes, and a
remarkable increase was observed in the number of collagen
fibrils vis-à-vis Hb perfusion, as monitored by electron
microscopy (189).

IV. Pathological Conditions

Hemolysis and elevated concentrations of free, extracellu-
lar Hb in blood and extravascular fluids are seen in many
different pathological conditions. Five diseases/groups of
such conditions will be described in this section. All are as-
sociated with a unique set of clinical scenarios and have a
variety of underlying causes, but a common denominator is
the increased oxidative stress that the extracellular Hb
induces, and with a few exceptions hypertension and renal
insufficiency, are a common theme. There is still a great need
for development of treatment options targeting the oxidative
environment that affects patients with hemolytic disease in-
dependent of its underlying causes.

A. Hemolytic anemias and transfusion reactions

The clinical definition of hemolysis is a reduction of the
lifespan of RBCs to less than the normal range of 100–120 days
(227). This premature and uncontrolled destruction of RBCs
can lead to symptoms and laboratory signs with different
degrees of severity, from none or very mild to fatal reactions.
As outlined above, the extracellular Hb released from rup-
turing RBCs is associated with generation of various ROS,
which can induce oxidative damage to matrix molecules, cell
membranes, and other tissue components. Thus, in general,
one of the key features of the hemolytic state, independent of
its origin, is that it puts the individual under heavy oxidative
stress (91). In this section, we will briefly outline various
clinical situations where hemolysis is associated not only with
increased extracellular Hb but also with anemia, that is, loss of
total blood Hb, including transfusion-induced hemolysis.

FIG. 11. A1M protects against destruction of collagen fibrils. Collagen S (5 lg/ml) was incubated with buffer (50 mM Tris-
HCl, 0.15 M NaCl, pH 7.6) for 24 h at room temperature to allow fibrillation. Fibrils were then incubated for a second 24-h
period at room temperature with buffer only (A), OxyHb (B, 30 lM) or OxyHb and A1M (C, 30 lM Hb, 10 lM A1M). The
samples were then adsorbed for 1 min onto carbon-coated grids, briefly washed with water, and stained with 0.75% (w/w)
uranyl formate. The grids had been rendered hydrophilic by a glow discharge at low pressure in air beforehand. The samples
were analyzed in a Jeol JEM 1230 electron microscope, operated at 80 kV accelerating voltage. Images were recorded with a
Gatan Multiscan 791 charge-coupled device camera. The scale bar indicates 0.2 lm. Similar results were obtained with heme
(20 lM) and the Fenton-reaction mixture (100 lM Fe3 + , 1.0 mM ascorbate, 200 lM hydrogen peroxide [H2O2]) as described in
Ref. (216).
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1. Hemolytic anemia. The diagnosis of hemolytic anemia
is justified when shortened RBC survival constitutes a major
underlying mechanism in explaining a low blood Hb value.
The first case of hemolytic anemia was described 140 years
ago, and the report includes the hallmark observation of
splenomegaly without hepatomegaly and acute attacks of
jaundice followed by the passing of reddish brown urine
(301). There are many ways to categorize hemolytic disease,
but a major distinction is made between hereditary and ac-
quired hemolytic anemias. The former includes various ge-
netic abnormalities of intracellular RBC proteins, including
enzymes (287) and structural proteins (73); additionally, al-
terations in proteins exposed on the extracellular surface of
the cell membrane can lead to shortened circulation of RBCs
(14, 44). The latter group of acquired hemolytic anemias en-
compasses many different kinds of cell destruction, including
mechanical lysis. This can be observed in population groups
as diverse as marathon runners where the RBCs are destroyed
due to repeated trauma when passing through the blood
vessels in the athletes’ feet, and patients whose RBCs are de-
stroyed by nonbiological heart valves or during extracorpo-
real circulation. Yet another classification targets the location
of hemolysis, whether the RBCs are lysed in the blood vessel
(intravascular) or outside the circulation (extravascular) (see
Fig. 12). Obviously, the mechanical lysis described above oc-
curs intravascularly while spherocytosis, a state in which
RBCs do not exist in their normal biconcave discoid shape but
are spherical due to errors in the assembly of intracellular

structural proteins (73), will mostly result in extravascular
destruction and lead to an enlarged spleen. Finally, a very
important categorization of autoimmune hemolytic anemias
(AIHA) is made on the basis of auto- versus alloimmunity and
the nature of the Igs involved in the lytic process. AIHA oc-
curs when antibodies are directed against the individual’s
own RBCs. From a clinical perspective, this is one of the most
common patient groups related to hemolysis in the Western
world. AIHA can be categorized as being of the warm or cold
type, so named because the autoantibodies in each type react
optimally at high or low temperature, respectively. In the
warm type of AIHA, the targets of the autoimmune re-
sponse are protein epitopes (the vast majority of which are
Rh-related) on the RBC surface and the antibodies are usually
of immunoglobulin G (IgG) type. These antibodies may
sometimes activate complement but usually do not. Instead,
the main mechanism behind the accelerated RBC destruction
in this form is extravascular lysis following Fc receptor rec-
ognition of the IgG-coated RBC by immune cells residing in
the spleen (Fig. 12). Conversely, the cold type of AIHA is due
to immunoglobulin M (IgM) antibodies directed at RBC au-
toepitopes (mostly carbohydrate structures), and the result is
intravascular lysis due to the ability of IgM to activate the
complement cascade (Fig. 12). It should be noted that there are
cases with mixed type AIHA, where both IgM and IgG
mechanisms are at play. There are also other kinds of intra-
vascular hemolysis that are not antibody-mediated but still
involve the complement system. For instance, paroxysmal

FIG. 12. Schematic representation of the principles differentiating intravascular and extravascular hemolysis. When
immunoglobulin M (IgM) binds to the RBC surface, complement (C) is easily activated and membrane attach complexes
(MAC) are formed. This leads to membrane rupture intravascularly and release of free Hb into the blood plasma. This
phenomenon is often observed in so-called cold-type autoimmune hemolytic anemia and following ABO-incompatible blood
transfusions due to the IgM antibodies made against carbohydrate targets on the RBC surface. If immunoglobulin G (IgG)
binds instead, immediate and complement-dependent lysis is rarely observed. Instead, IgG-coated RBCs are captured in the
reticuloendothelial system, for example, when passing the sinusoids of the spleen, as indicated in the figure. Based on Fc
receptor recognition of the Fc portion of IgG, phagocytosis/lysis of the RBCs will take place extravascularly but intracel-
lularly. This phenomenon is often observed in the warm type of autoimmune hemolytic disorder and is in most cases due to
IgG against epitopes on the Rh blood group proteins.
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nocturnal hemoglobinuria (PNH) is due to acquired somatic
mutations in the PIG-A gene, which normally codes for an
enzyme that is necessary for formation of glycosylpho-
sphatidylinositol anchors between proteins and the lipid bi-
layer of the cell membrane (40). When an abnormal bone
marrow progenitor clone is formed where this capacity is lost,
the progeny RBCs will lack a whole range of surface proteins,
including several blood-group-carrying molecules and most
importantly, in this perspective, a selection of complement
regulatory proteins. In their absence, the RBC becomes sen-
sitive to complement-induced intravascular lysis and a key
symptom is the passing of dark urine when the patient wakes
up. In addition, there is a poorly understood relationship
between PNH in both leukemia development and the for-
mation of life-threatening clots in the large vessels.

In addition to the above-mentioned causes of hemolysis,
microbial agents are known to be able to induce hemolysis.
This will not be discussed further here but some of the clini-
cally very significant diseases (and agents) involved include
malaria (Plasmodium species), hemolytic uremic syndrome
(Escherichia coli), dysenteria (Shigella), pneumonia (Myco-
plasma), fifth disease (Parvovirus B19), and hemorrhagic fevers
(various viruses).

2. Transfusion. When RBCs from a blood donor are
transfused to a patient, the donor blood unit could have been
stored at 4�C for a maximum of 35–42 days depending on local
regulations. Storage of blood units results in storage-time
dependent suboptimal function and stability of the cellular el-
ements in the stored blood. Moreover, even if there are regu-
lations to ensure an optimal quality of the blood components
transfused, a certain amount of Hb leakage from the cells is
unavoidable and expected. A progressive oxidation of cyto-
skeletal proteins and accumulation of denatured Hb also occurs
in the stored RBCs. In addition, a fair percentage of damaged
RBCs will be lysed or cleared immediately from the circulation
in the recipient upon infusion. Thus, even if the best possible
matching of blood groups is ensured by cross-matching, etc., at
the blood center, the recipient will suffer an increased load of
extracellular Hb following transfusion and consequently, also
the negative effects of oxidative stress. Despite this, millions
of RBC units are given annually around the globe, and
transfusions are considered a prerequisite for many medical
procedures, including surgery, safe obstetrics, chemotherapy
treatment for cancer, as well as stem cell or organ transplanta-
tion. If chronic transfusions are given, the additional risk of iron
overload is yet another threat, which is also associated with
increased oxidative stress and needs to be treated (40).

The most severe form of iathrogenic hemolysis can be ob-
served, if ABO-incompatible blood is transfused to a patient
by mistake. This acute reaction is based on alloimmune RBC
destruction and the presence of naturally occurring, pre-
existing IgM antibodies against the ABO antigens lacking in
the recipient. Even though blood transfusion is a safe treat-
ment, in general, today, ABO incompatibility unfortunately
still results in death or injury of patients following transfusion
of allogeneic blood (259, 275). However, the consequences of
this mismatched transfusion can vary from asymptomatic
laboratory signs to death within minutes (165). The reasons
why some patients react violently, with disseminated intra-
vascular coagulation and shock, while other patients have no
noticable reaction remain obscure. However, it is known that

if the incompatibility involves blood groups other than ABO,
for instance, Rh, Duffy, or Kell, then the adverse reaction is
typically, but not always, milder and slower. Thus, a delayed
hemolytic transfusion reaction is much more likely to be due
to an anamnestic IgG response to protein epitopes, which will
result in opsonisation of the allogeneic RBCs with IgG against
the foreign, nonself blood group antigen, and extravascular
removal of the targeted cells. A transfusion-unrelated variant
of this phenomenon is the hemolytic disease of the fetus and
newborn, where maternal IgG against paternal blood group
antigens in the offspring passes the placenta and covers the
fetal RBCs. This is a potentially lethal disease, since the mac-
rophages of the reticuloendothelial system in the fetus will
start phagocytosis of sensitized RBCs, with severe anemia and
hepatosplenomegaly. If the Hb levels reach dangerously low
values, hydrops fetalis may develop if treatment in the form of
intrauterine, antigen-negative RBC units is not started. Hy-
drops is a critical state in which the fetus accumulates water
because of the relative lack of RBCs able to circulate Hb.

3. Hemolysis and kidney function. Depending on what
type of hemolysis (as discussed above) is encountered, ele-
vated levels of Hb can be observed in the blood and/or urine.
Plasma Hb is filtered through the glomeruli of the kidneys
and re-absorbed by tubular cells where it may lead to pre-
cipitate formation termed hemosiderin during conditions
with Hb-overload, causing oxidative damage and glomerular
and tubular necrosis (85, 164, 285). These effects have mainly
been reported in intravascular (136, 158, 214) but also in ex-
travascular hemolysis (210). A particularly dramatic scenario
is the renal consequences of an acute hemolytic transfusion
reaction, after which a possible outcome is that the patient’s
life is saved, but the massive release of extracellular Hb leads
to kidney failure and the need for dialysis and potentially a
subsequent kidney transplant.

4. Current treatment of hemolysis. There are various
means of treating patients undergoing hemolysis but none of
these are specifically aimed at reducing the oxidative stress or
inactivating the toxic free Hb molecules. Following massive
intravascular lysis associated with ABO-incompatible trans-
fusion, plasmapheresis may be the most efficacious way to
remove excessive free Hb from the circulation before it dam-
ages the glomeruli permanently. However, because this pro-
cedure takes some time to arrange, massive doses of loop
diuretics in combination with large volumes of clear fluids are
often used to dilute the toxic effects of Hb. In the cold type of
AIHA, it is customary to increase the temperature in the pa-
tient’s room and use warm blankets to prevent hemolysis
when the blood circulates to fingers, toes, and nose. Steroids
are mainly used in warm type AIHA but the effect can be
slow. Monoclonal antibodies against the antibody-producing
B lymphocytes are used increasingly (268). A relatively new
tool used in PNH treatment is a monoclonal antibody against
one of the final components in the complement cascade (176),
and it has been suggested that this approach could be appli-
cable in other hemolytic situations as well.

B. Pre-eclampsia

PE has been named the disease of theories (241) and
was described as early as 3000 years ago by the ancient
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Egyptians (277). PE is still one of the dominating obstetric
complications that cause perinatal and maternal morbidity
and mortality. The worldwide prevalence ranges 3%–7% of
pregnancies.

1. Pathophysiology. There is a documented risk of de-
veloping PE when there is a maternal and paternal family
history of PE (163). Discordance between monozygotic twins
indicates that hereditary factors that follow classical Mende-
lian hereditary traits do not exist (293, 297). Black women are
known to have a higher risk of developing PE than Cauca-
sians (116). Several genes are likely to be involved in devel-
opment of PE (42, 119, 241, 284). Mainly primigravidae are
affected indicating that the maternal immune system may
play a role. It was recently shown that early and late onset PE,
as well as PE with intrauterine growth restriction, (IUGR) all
have different inflammatory plasma protein profiles (75).
Furthermore, systemic diseases such as diabetes, obesitas,
essential hypertension, and renal diseases are all predisposing
factors for PE. These data illustrate the complex, multi-
factorial nature of PE.

Removal of the placenta is crucial for the resolution of the
symptoms (241), a fact that has led to the theory of a placenta-
derived factor as a culprit. Although the etiology and patho-
physiology are still not known, PE is suggested to evolve in
two stages (Fig. 13) (243). Stage one occurs during formation
of the placenta, and a defective and shallow invasion of the
placental cells, trophoblasts, into the muscle layers of the
spiral arteries, has been shown (41). Stage two, the clinical
manifestations, that is, hypertension and proteinuria, appear
from 20 weeks of gestation onward. Early onset PE ( < week
34) is often more severe than late onset PE ( > week 34). PE is
defined as blood pressure of > 140/90 mmHg and proteinuria
of > 0.03 g/L or a rise of diastolic blood pressure > 20 mmHg
during pregnancy.

As the disease progresses, angiospasmus in the brain and
brain oedema may cause severe epileptic seizures—eclampsia
(170). The renal disturbances seen in PE lead to reduced glo-
merular filtration rate and proteinurea, as discussed above in
relation to the hemolytic anemias. Glomerular endotheliosis is
characteristic for PE, in fact, it is the most common glomerular
disease in the world (278). General endothelial dysfunction
and diminished ability to vasodilatation are vascular hall-
marks of PE (240). Severe PE also involves pathological acti-
vation of the coagulation and fibrinolytic systems that further
compromise the blood circulation in general and the utero-
placental blood flow specifically (41, 223). The reduced utero-
placental blood flow results in IUGR, seen in one out of every
four PE cases. The inadequate blood flow also gives rise to a
reduced O2 delivery, which results in an ischemia/reperfu-
sion-like situation and oxidative stress. A growing body of
evidence suggests that this oxidative stress further aggravates
vascular function in the placenta (116, 126, 242, 270).

Decreased placental perfusion, in combination with oxi-
dative stress, causes general endothelial cell damage. An in-
flammation of the endothelial cells in the vascular system, in
kidneys in particular, is a typical histological finding in PE (71,
106, 241, 245, 280). Vasoconstriction and elevated resistance to
blood flow follows as a consequence. The increased vascular
resistance can be evaluated clinically by using pulsed Doppler
techniques on the uterine arteries as a high pulsatility index
and/or occurrence of early diastolic notch in the maximum
velocity waveform. Patients with persistent bilateral notching
in the uterine arteries have a significantly elevated risk of
developing PE and IUGR (22, 159).

A severe form of PE, the hemolysis, elevated liver enzymes,
and low platelets (HELLP) syndrome, is characterized by low
platelets, elevated liver enzymes, and hemolysis with high
levels of free maternal HbA. Patients with HELLP often
present with acute manifestations, possibly due to release of

FIG. 13. Two-stage model of pre-eclampsia (PE). Stage 1, during which the placenta is affected, begins with a defect
placentation, most likely involving reduced perfusion and hypoxia (243). Oxidative stress is an essential component dam-
aging the placental structure. These placental lesions induce increased synthesis and accumulation of free Hb in the PE
placenta (56, 218). Free Hb causes further damage to the blood-placenta-barrier leading to leakage of free Hb into the
maternal circulation (16, 189, 218). Increasing levels of free Hb induces oxidative stress in the maternal circulation, aggra-
vating the endothelial damage seen in PE. Stage 2 is characterized by the maternal clinical manifestations that appears from
gestational week 20. Typical symptoms are hypertension, oedema and proteinurea, kidney, and general organ damage that is
based on endothelial inflammation.
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large amounts of free HbA. Oxidative stress is considered a
key factor of the HELLP syndrome and significant increased
levels of antioxidants in placentas have been shown (100).

2. Hb in PE-placenta. Recently, gene and protein profil-
ing studies have revealed a new potential etiology for PE (Fig.
13). The first stage, caused by a defect formation of the pla-
centa, gives rise to uneven blood perfusion, oxidative stress,
production and accumulation of free HbF (56). The mecha-
nisms of the generation of free, extracellular HbF in placenta
blood vessels are not known, but it can be speculated that
hypoxic conditions induce an upregulation of the HbF genes,
and that a microenvironment characterized by insufficient
blood flow and oxidative stress promotes hemolysis (218).
Interestingly, it was shown that PE is associated with a de-
creased glucose-6-phosphate dehydrogenase activity and
impaired redox regulation in erythrocytes and fetal endo-
thelial cells (5), which may contribute to increased hemolysis
in PE. Free HbF further aggravates the oxidative stress, which
damages the blood-placenta barrier causing a leakage be-
tween the fetal and maternal circulations (189). Recent results
show that the free HbF leaks over to the maternal blood
stream from the damaged placenta as early as the first tri-
mester (16). Free HbF may also contribute to the general
systemic endothelial damage and inflammation that is char-
acteristic of stage two. In addition, maternal plasma levels of
HbA are elevated in women with PE at term of the pregnancy
as compared to control, and both HbF and HbA are correlated
with disease parameters (218). Possible mechanistic explana-
tions of the role of HbF in the early PE-development are, as
described above, that the free HbF may generate ROS and free
heme groups, which damage the placenta and its barrier
function. This may cause a leakage of fetal and placental
factors, including HbF itself, from the fetus to the mother, thus
linking Stage 1 and Stage 2 of the disease (Fig. 13). In fact, free
heme, bilirubin, and biliverdin have been identified among 14
metabolites in a metabolomic signature of PE using first tri-
mester plasma (142).

The hypothesis that Hb may be an important pathological
factor in PE by causing placental damage is further supported
by a recent report that ex vivo perfusion of placentas with Hb
in the fetal circulation led to a significant increase of the per-
fusion pressure, feto-maternal leakage of free Hb, morpho-
logical damage, and upregulation of genes related to immune
response, apoptosis, and oxidative stress (57, 189).

Likewise, the elevated concentrations of free maternal
plasma HbF and HbA may have a central role in causing the
clinical symptoms of the fully developed PE by inducing (i)
oxidative stress, (ii) NO-scavenging and vasoconstriction, and
(iii) further hemolysis. Indeed, in term pregnancies, elevated
biomarkers of oxidative stress and upregulation of the heme-
scavenger and antioxidant A1M were found (218), supporting
an etiological role of free Hb in PE. Free HbF and A1M were
also shown to be useful as prognostic biomarkers for PE as
early as in the first trimester, several weeks before clinical
manifestations were present (16).

3. Treatment of PE. Only symptomatic treatment of PE
is available and includes treatment of the high blood pressure
with antihypertensives and prevention of seizures with
magnesium sulfate-infusion (79, 264). Several studies have
focused on preventing PE by using antioxidative treatment

with vitamin C, E, melatonin, and even dark chocolate;
however, these treatments have not been able to prevent de-
velopment of PE (244). Thus, delivery of the fetus, by labor
induction or Caesarian section, is the only cure today.

C. IVH in the preterm infant

IVH is a well-characterized hemorrhagic lesion of the brain
mainly occurring in premature infants (Fig. 14). The hemor-
rhage typically initiates in the germinal matrix, a structure
located at the head of the caudate nucleus and underneath the
ventricular ependyma, which is rich in vasculature and con-
sists of glial and neuronal precursor cells. The hemorrhage can
either remain stationary within the germinal matrix or rup-
ture through the ependymal wall resulting in a collection of
blood within the cerebral ventricles. Rupture of the germinal
matrix vasculature leading to IVH occurs almost without
exception during the first 72 h after birth and is easily detected
by bed-side ultrasound. Severe cerebral IVH, with more than
50% of the ventricular area filled by blood, occurs in about
15%–20% of very preterm infants (308, 309, 316) and the in-
cidence of IVH has not changed over the last decade (322).
Figure 13B–E illustrates severe IVH in a preterm infant as
determined by cranial ultrasound.

Children with severe IVH have a severe short- and long-
term prognosis. The mortality in the neonatal period has been
reported to be 20%–50% and of the surviving infants, over
50% develop posthemorrhagic ventricular dilatation leading
to hydrocephalus and life-long requirement of a ventriculo-
peritoneal shunt. At 2 years of age, 40%–80% of children show
signs of severe neurological impairment, mainly cerebral
palsy and mental retardation (3, 43, 97, 98, 198).

1. Mechanisms of white matter brain damage in the im-
mature brain. The mechanisms leading to injury of the
periventricular white matter following IVH are incompletely
understood. The pathology in white matter following IVH is
characterized by oligodendroglial cell death and immune cell
activation, that is, astrogliosis and microglial activation. The
principal cellular target within the white matter of the preterm
infant is the developing oligodendrocyte. These early lineages
of oligodendrocytes, the preoligodendrocytes, possess an ex-
tremely heightened vulnerability to insults associated with
increased production of ROS. This is at least partly dependent
on a maturational delay in the production of endogenous
antioxidants such as SOD, Gpx, and catalase (143). Experi-
mental studies have to date primarily focused on hypoxia/
ischemia and inflammation as prime upstream initiators of
ROS production. Microglial activation has been shown to play
a key role and activation of microglial toll-like receptor
(TLR)-2 and TLR-4 by both pathogen-related and endoge-
nous molecules results in generation of ROS and cytokines
causing either death or maturational arrest of the pre-
oligodendrocytes. The resulting hypomyelination of corti-
cospinal tracts forms the basis for cerebral palsy detectable
during early childhood, most frequently observed as spastic
diplegia with a predominant impairment of lower extremity
motor function.

2. Free Hb and brain damage. The following will dis-
cuss a plausible and potentially treatable mechanism;
whereby, IVH causes white matter brain damage (Fig. 14A).
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Following rupture of germinal matrix vasculature and of the
ventricular ependyma, extravasated blood is mixed with in-
traventricular cerebrospinal fluid (CSF). Ensuing hemolysis of
erythrocytes causes release of free Hb. In adults with sub-
arachnoidal hemorrhage (SAH), Hb reaches its peak by day 2
following hemorrhage. Hb, primarily present as oxyHb, will
with time be auto-oxidized to metHb. Subsequently metHb
may be decomposed into heme and globin. The rates of he-
molysis and resulting levels of free oxyHb and metHb in in-
traventricular CSF have yet to be characterized in preterm
infants following IVH. Free Hb is known to be deleterious to
the central nervous system and is cytotoxic in neuronal cul-
tures (152, 238). One obvious mechanism is through ROS
formation related to free heme release from Hb break-down
and subsequently of free iron from the catabolism of heme by
HO-1 or the constitutive HO-2. Clinical and experimental
studies of adult SAH show convincing signs of immune ac-
tivation with intracerebral glial activation, macrophage acti-
vation, neutrophil recruitment, and increased production of
pro-inflammatory cytokines and adhesion molecules. A re-
cent study showed that induced SAH in vivo was associated
with upregulation of endothelial TLR-4 and a subsequent
in vitro study revealed that exposure to oxyHb activated TLR-
4 in vascular smooth muscle cells (323, 331). In summary,
available data show that released free Hb and its downstream
metabolites exert neurotoxic and pro-inflammatory effects
highly relevant for the previously described pathways of
white matter brain damage in the preterm infant.

3. Treatment of IVH. There is currently no established
therapy to prevent infants from developing neurological
disability following detection of severe IVH. Infants who
develop posthemorrhagic hydrocephalus receive a life-long

ventriculo-peritoneal shunt, which is an efficient means of
preventing progressive ventricular distension but does not
reduce neurological impairment. Recent data show that an
intervention aimed at removing blood clots from the intraven-
tricular space, that is, perfusing the intraventricular compart-
ment via inserted catheters with artificial CSF, can reduce the
requirement of life-long ventriculoperitoneal shunt and im-
prove neuro-developmental outcome at early childhood (315).
These data support the concept that blood components within
the intraventricular space constitute risk factors for develop-
ment of hydrocephalus and periventricular tissue damage.

D. Chronic leg ulcers

Chronic venous disease and chronic leg ulcers are common
in Europe and the United States, and the point prevalence for
nonhealing venous ulcers has been estimated to about 0.3%
(204). The social and economic impact of these nonhealing
wounds constitutes a great burden on both patients and the
health care system (203, 204). Although much evidence for a
dysregulated inflammatory process in nonhealing venous
ulcers has been presented, the exact mechanisms underlying
the disease, as well as the relative importance of the so far
identified pathogenetic steps, are still not clarified (6). Current
evidence, however, indicates that the ulcers are characterized
by bacterial colonization, ongoing and unregulated inflam-
mation and excessive proteolysis, chemotactic activity, and
endothelial leakage (6).

1. Inflammation. Based on both in vitro experiments and
clinical studies, several causative mechanisms underlying the
chronic inflammation have been proposed (Fig. 15). The sus-
tained venous pressure of these patients leads to a reduced

FIG. 14. Development of brain damage following intraventricular hemorrhage (IVH). (A) Schematic representation of
hemolytic pathogenic cascade. Right panels: Coronal ultrasound sections of the preterm rabbit brain showing evolution of
IVH. (B) Normal brain without hemorrhage. Normal size of the left lateral ventricle is delineated; (C) acute IVH with both
lateral ventricles filled and distended by high-echogenic blood. Size of left lateral ventricle is delineated; (D) resorption of
intraventricular blood with clot formation and remaining distention of lateral ventricles at 48 h of age; (E) established
posthemorrhagic ventricular dilatation at 72 h of age. Ventricular walls exhibit characteristic increase in echogenicity.
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pressure differential between the arterial and venous systems,
and this has been proposed to underlie the fact that these
ulcers contain significant amounts of extravasated or ‘‘trap-
ped’’ leukocytes in the connective tissue. Extravasation of
leukocytes also occurs in patients with venous disease only,
and this in turn, may lead to ulcer formation (319). Extra-
vasation of fibrin leads to the formation of fibrin depositions,
possibly trapping, and also inactivating growth factors in-
volved in wound healing in the perivascular areas (87). The
high numbers of activated leukocytes lead to release of matrix
metalloproteinases (MMPs), which further degrades extra-
cellular matrix components as well as growth factors (6).
Furthermore, all chronic ulcers are constantly colonized or
infected by various bacteria, such as Pseudomonas aeruginosa,
Enterococcus faecalis, Staphylococcus aureus, and Proteus mir-
abilis, and evidence supports the view that high bacterial loads
contribute to nonhealing (68). These findings, together with
the observation that keratinocytes display a nonmigratory
phenotype in nonhealing venous ulcers suggest a failure of re-
epithelialization and thus poor healing.

2. Heme, iron, and oxidative stress. Recent studies
demonstrate a pivotal role for accumulation of iron in the
tissue surrounding venous ulcers, leading to induction of
the high inflammation noted in this disease. Iron deposits
(Fig. 16) in nonhealing ulcers cause the readily visible brown-
colored areas, which often precede and typically are found
around nonhealing, venous ulcers. The origin of these

FIG. 15. Proposed causes of nonhealing leg wounds. The
pathophysiology of chronic leg ulcers is complex and can be
described as a balance between factors/processes leading to
wound healing and opposed factors/processes preventing
wound healing and hence promoting nonhealing wounds.
The most common factors/processes of each kind are shown
in the figure and are discussed in the text.

FIG. 16. Illustrations
showing a venous leg ulcer
and histological analyses of
wound surroundings. (A)
Venous leg ulcer, positioned
adjacent to the medial mal-
leolus (ªRagnar Mårtensson,
Department of Dermatology,
Lund). (B) ( · 40) and (C)
( · 40) show porphyrins and
iron depositions respectively
in skin from a patient with
chronic ulcers. Porphyrins
were stained with Fouchet
technique and iron with
Perls’ Prussian blue stain.
High density depositions are
marked with arrows. FC, fi-
brin cuffs; V, vessel. (D)
Immunohistochemical locali-
zation of A1M ( · 10) in the
tissue from chronic leg ulcers.
The section was im-
munostained using poly-
clonal antiserum against
A1M followed by peroxi-
dase/DAB incubation. A1M
appears in high density in
basement membranes and fi-
brin cuffs surrounding the
blood vessels (arrows). The
figure is modified from All-
horn et al. (10).
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increased iron stores is extravasation of erythrocytes due to
the venous stasis combined with an excessive capillary leak-
age. Iron, in free form or complex-bound to protoporphyrin IX
in heme, has been implicated as an important pathogenic
factor in the initiation of the high inflammation in leg ulcers (2,
10, 310). As described above, the oxidized ferric forms of heme
and free iron are strong oxidative agents and the Fe2 + can
generate O2-derived free radicals by the Fenton reaction (172,
282). These compounds present a considerable oxidative
stress that leads to tissue damage and cell destruction and
have been proposed to participate in the pathogenesis of
chronic ulcers by initiating local lipid peroxidation of poly-
unsaturated fatty acids in cell membranes as well as enhanc-
ing the synthesis and activation of MMPs (10). Interestingly,
heme was identified in significant amounts in fluids from
nonhealing ulcers (10). Heme was also found particularly in
tissue sections from chronic ulcers as opposed to acute wound
sections or normal skin sections (10) (Fig. 16). It thus seems
likely that, dependent on venous hypertension in chronic ul-
cers, heme diffuses from plasma to the extravascular com-
partments across the endothelium and basement membranes
in nonhealing ulcers. Heme may therefore be trapped and
accumulated in pericapillary fibrin cuffs of venous ulcers.
Thus, excess accumulation of heme causes an increased va-
sopermeability, increased expression of endothelial adhesion
molecules, and infiltration of leukocytes, changes typically
characterizing venous ulcers (10). Interestingly, high amounts
of A1M were also found in these locals, supporting the view of
A1M as a heme scavenger in nonhealing ulcers (10) (Fig. 16). It
may be speculated that A1M has a similar effect as HO, pro-
moting iron storage; however, additional studies are required
in order to elucidate a role of A1M in iron metabolism in
nonhealing ulcers. Unlike HO, A1M functions extracellularly,
possibly providing the main source of protection against un-
sequestered heme in the extracellular space. Interestingly and
supporting a role for heme and iron in chronic ulcer patho-
genesis, mutations in the human hemochromatosis protein
(HFE)-gene seem to be linked to a higher risk of developing
ulcers (326–328).

The causes of nonhealing ulcers are summarized in Figure
15. Taken together, the data presented so far support the
concept of heme and iron as important mediators of the high
inflammation in nonhealing ulcers, with A1M as part of a
previously undisclosed endogenous defense mechanism
against heme-induced oxidative stress.

E. Blood substitutes and O2 therapeutics

The attempts to develop ‘‘artificial blood’’ or blood substi-
tutes have been ongoing with various intensities for more
than 70 years. These research efforts have mostly been focused
on the ability of Hbs to carry and deliver O2. Most of the
products that have been passed into advanced-phase clinical
trials are also derivatives of Hb. The phrase ‘‘hemoglobin-
based oxygen carrier’’ (with the acronym ‘‘HBOC’’) has been
applied to these materials, as blood contains many molecules
and proteins that provide other functions than O2 transport
(49, 60, 62, 325).

There are several important driving forces behind the de-
velopment of RBC substitutes. For instance, effective trauma
care, an increased number of elective surgeries, and the
prevalent but small risk of transmission of blood-borne

pathogens stimulate this development. In addition, these
products can function as organ preservatives to prevent or
decrease reperfusion injury to donor organs. Various religious
and ethnic groups with concerns regarding the use of human
blood products may accept these substances.

The biologic properties of an optimal blood substitute
should include a reasonable level of O2 delivery when com-
pared to normal human RBCs. An ideal blood substitute
should fulfill several additional requirements, including lack
of any antigenicity, readily availability, a long half-life,
stability allowing storage at ambient temperature, and elim-
ination of risks to transmit infections. However, to date, no
O2-carrying blood substitutes have been approved for use by
the U.S. Food and Drug Administration. This fact clearly
demonstrates the difficulties that exist in formulating an ef-
fective blood substitute. Therefore, most current efforts with
these agents do not primarily aim at substituting blood but
rather focus on mediating O2 therapeutics in severe clinical
settings. HBOCs can thus be viewed as an attractive alterna-
tive O2-delivery system, which can partly augment whole
blood during a severe blood loss situation or, alternatively, for
use when whole blood simply is not available for treatment.

One of the major obstacles in the clinical development of
HBOCs has been the uncontrollable and sudden elevation in
systematic and pulmonary blood pressure in trauma victims
or patients undergoing elective surgery when infused with
these products. Furthermore, native free Hb, when infused
rapidly, readily splits into dimers followed by its clearance by
glomerular filtration. The initial attempts of transfusing Hb-
based products thus resulted in renal dysfunction and hy-
pertension. The instability and reactivity of the Hb tetramers
have been overcome by altering human (or bovine) Hb by
three general approaches: the use of chemical cross-linking
reagents that stabilize proteins along with modifications to
adjust O2 affinity; exploring reagents specifically designed to
increase the size of the Hb product and modifying its reduc-
tion to notably NO; protein engineering and expression of
modified versions of Hb with desirable properties.

Over the years, several different Hb-based products have
been produced. For instance, a so called first generation
product is Hemopure, which is a polymerized form of bovine
Hb with an O2 affinity that is close to human Hb. It has an
intravascular half-life of 8–23 h and a shelf life of 36 months at
room temperature. Hemopure is approved in South Africa for
the treatment of adult surgical patients who are acutely ane-
mic with the intention of eliminating or reducing the need for
RBC transfusions (121). Hb binds NO readily at the same site
at which it binds O2 and at the thiol of cysteine (see also above,
section II.B). It was apparent at an early phase that the ele-
vating effects on blood pressure was most likely related to
strong binding of NO to HBOCs. This inherent property of
free Hb would be one of the major causes of vasoconstriction,
leading to hypertension. In 2004, the first modified Hb that
did not elevate blood pressure was reported. In 2004, the first
modified Hb product that did not elevate blood pressure was
reported. The Hb molecule was conjugated to polyethylene
glycol (PEG) and a safe product could be considered to be a
real possibility. PEG-modified Hb, such as MP4, is based on
human Hb produced from out-dated blood. In animal mod-
els, MP4 has been shown to be effective in cases of hemor-
rhagic shock. Adverse effects associated with the vasoactive
properties of first-generation blood substitutes are not seen
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with MP4. At relatively low concentrations, MP4 is capable of
transporting large amounts of O2 (65).

Besides PEGylation, several lines of developments have
been described. For instance, HBOCs have been cross-linked
with enzymes in efforts to synthesize compounds that not
only perform the function of carrying O2, but also harbor
some of the enzyme activity that normal RBCs possess.
Polymerized Hb has thus been chemically cross-linked with
catalase, SOD, and carbonic anhydrase to form a compound
that, in animal models can not only carry O2 but also remove
O2 radicals that are responsible for ischemia reperfusion in-
juries (32). Such conjugates can be prepared by chemical cross-
linking or by gene fusion of the corresponding structural
genes in order to generate more homogenous preparations
(108).

Attempts have also been made to encapsulate Hb within a
lipid membrane to create a compound capable of carrying O2

while not being associated with significant vasoconstriction.
These liposomes appear to be retained in plasma for a sig-
nificant period, but they are difficult to produce and can
activate the reticuloendothelial system, the complement
pathway, and platelets. The ultimate RBC substitute would
need to contain an artificial membrane mimicking the native
counterpart (252). However, production of such a product
would be extremely challenging. Efforts have also been made
to use the biopolymer polylactide, which is biodegradable
and converted to lactic acid in the body. These artificial RBCs
should contain Hb along with SOD, metHb reductase, and
catalase (59).

Adverse effects associated with HBOCs include beside
hypertension, abdominal pain, skin rash, diarrhea, jaundice,
hemoglobinuria, oliguria, fever, stroke, and laboratory
anomalies, such as an elevation in lipase levels. Although
most of these side effects are transient and clinically asymp-
tomatic, many clinical trials involving these agents have been
discontinued or withheld due to the associated adverse ef-
fects. In 2008, a meta-analysis of the results of clinical trials of
blood substitutes led to the striking conclusions that none are
effective and some are not safe. After that report appeared, the
U.S. Food and Drug Administration announced that trials of
products under consideration would not proceed further (84,
201). With existing documentation of clinical problems, it is
clear that new designs and application areas for HBOCs are
needed. Ongoing research has improved our understanding
of the RBC and its interactions with the surrounding cellular
environment. This has facilitated the development of newer
products that do not have significant vasoactive properties, as
did the first-generation compounds. Several of these recent
approaches are promising and involve linking Hb with itself
or nonreactive species in order to increase size, emulating the
size-expanding effects of PEG (53, 124, 125, 175). For instance,
Bucci et al. produced larger materials by combining Hb tet-
ramers under dehydrating conditions to give a ‘‘zero-link’’
product (45), while Zal’s group has used protein engineering
to express a multi-Hb ensemble that occurs in marine organ-
isms (118). Marden has developed linked Hb tetramers, called
octamers and has also attached Hb to nanoparticles as a
means to increase size (28). Many of the current polymerized
preparations still have a small fraction of free tetrameric Hb in
solution. This fact has often been proposed to be a major
reason for the observed side effects associated with transfu-
sion. Therefore, novel chemical strategies have been devel-

oped to increase the degree of polymerization and minimize
free Hb in solution (329). In addition, auto-oxidation and
shelf-life are two critical parameters in the design of HBOCs.
By storing the product in the carboxy state (carboxy Hb
[COHb]) potentially valuable improvements have been ob-
served (300). The use of COHb to release a limited amount of
CO may also have potential benefits in ischemic tissues. Small
molecules that release CO have been shown to exert vasodi-
latory and anti-inflammatory properties in a variety of models
in the peripheral circulation (197). Transfusion of RBCs con-
taining high COHb was thus shown to be beneficial in limit-
ing microvascular markers of apoptosis after hemorrhagic
shock (52).

V. A1M: A Novel Therapeutic Concept

The biochemical and physiological properties of A1M are
suggestive of an in vivo protective role of the protein against
radicals and oxidative stress. The findings that A1M can bind
heme and that Hb induces a proteolytic activation of heme-
degradation activities of A1M, suggest that it may have a
specific role during hemolytic conditions in protecting tissues
exposed to Hb- and heme-induced oxidative attack. Does
A1M have properties that allow, and even favor, therapeutic
use in clinical situations with a high load of free, extracellular
Hb? Below, we speculate on a possible extravascular role of
A1M to complement an intravascular role of Hp and Hpx. We
will also propose tentative A1M-based therapies in the dis-
eases discussed in this article.

A. Extravascular Hb-protective role of A1M

In a therapeutic situation, what are the possible advantages
of A1M compared to the other Hb-protective systems?
Available data today points to a specific protective role of Hp
and Hpx intravascularly, whereas A1M seems to operate
mostly extravascularly. The two former proteins are found in
high concentrations in blood and promote clearance of Hb
and heme, respectively, from the circulation. However, it
should be remembered that the Hp levels fall toward zero
very rapidly following the release of free Hb into the plasma,
due to scavenger receptors for the Hp-Hb complex, and it is
possible that other protective mechanisms are desirable and
needed in this situation. The literature suggests that A1M has
a role as an antioxidant and heme-scavenger mainly in the
extravascular fluids and cytosol rather than in blood. It is
secreted to blood from the liver, but its concentration in blood
is comparatively low, 1–2 lM, due to a very rapid equilibrium
(T1/2 = 2–3 min) between the intra- and extravascular com-
partments (see section III.F.4). Likewise, the heme-degrading
HO proteins mainly have a cytosolic location, whereas A1M is
found both in cytosolic and extracellular locations. Finally, in
relation to the vast network of more or less monospecific
antioxidants that protect tissues from Hb- and heme-induced
oxidative damage/stress, A1M seems to be multispecific,
binding, and clearing cytosols and extravascular fluids from
ROS as well as small organic radicals.

B. Studies in diseases

1. Chronic leg ulcers. The possible use of A1M in treat-
ment of chronic leg ulcers was suggested by Goldsmith (102).
The localization and heme-binding activities of the protein in
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inflamed tissue and fluid from wounds (10), the heme-
binding activities (10), and the in vitro experiments with ker-
atinocytes, skin and collagen fibrils [(216); see also section
III.F.8] support this notion. The AMBP gene was also upre-
gulated in keratinocytes and skin by heme- and ROS-expo-
sure, suggesting physiological advantages from increased
concentrations of the protein in skin tissue during oxidative
stress (216). Furthermore, as described above (section
III.F.8.d), several lines of evidence suggest that A1M may
have repair-/rebuilding effects on extracellular matrix, pro-
moting increased fibrillation of collagen I and an upregulation
of elastin and collagen genes. However, to prove a clinically
beneficial effect of A1M in chronic leg wounds or in other
oxidative stress-related skin disorders such as during UV ir-
radiation, atopic dermatitis, and psoriasis, in vivo experiments
in humans or animals have yet to be performed.

2. Pre-eclampsia. Another target of A1M-based therapy
may be PE, which, as described above, is associated with higher
than normal plasma and placenta concentrations of HbA and
HbF as well as markers of oxidative stress. It was hypothesized
that PE manifests as a result of an Hb-dependent oxidative
insult and that A1M is involved in the (futile) defense (56, 218).
Indeed, elevated serum concentrations of A1M were found in
the first trimester of women who later develop PE (16) and in
the placenta, urine, and blood from women with diagnosed PE
at the term of the pregnancy, and evidence of t-A1M formation
in placenta (148, 218, 225). Furthermore, as described above, ex
vivo perfusion of placenta showed that the PE-like damage
induced by perfusion of Hb was effectively inhibited by A1M.
Antioxidative treatment of PE has been suggested and tried
before. Several studies have evaluated the use of vitamin C and
E in high-risk pregnancies in order to prevent the PE-associated
oxidative stress. These studies failed to show a reduction in the
rate of adverse maternal or perinatal outcomes related to
pregnancy-associated hypertension (231, 244). This does not
disprove the oxidative nature of the disease; however, since the
scavenging capacity of vitamin C is limited and the oxidized
form, dihydroascorbate, which is formed by its oxidation, may
also present an oxidative challenge in the tissues during the
disease.

3. IVH in preterm infants. Treatment of IVH and/or SAH
with A1M may be a possible option if Hb- and heme-induced
toxicity and oxidative stress actually are important patho-
logical factors, as described above. The heme- and radical-
binding of A1M, the rapid turnover rate, and the fact that it is
an endogeneous, nonimmunogenic molecule makes this
protein an attractive therapeutic option for these diseases.

4. Hemolyticanemiasand transfusion reactions. Hemolytic
anemias and adverse reactions following a blood transfusion
may also be future targets of A1M-treament, but both sce-
narios present a much greater challenge than, for instance,
chronic leg ulcers or IVH since the whole body is affected.
Thus, systemic, rather than local administration has to be
considered. Intravascular hemolysis, such as that occurring in
autoimmune hemolytic anemia of the cold (IgM-mediated)
type, PNH, and paroxysmal cold hemoglobinuria may be
diagnosed in which a benefit from systemic A1M adminis-
tration could be possible since these states are often associated
with depletion of Hp as discussed above. Similarly, we know

that patients with extravascular hemolysis, for example, di-
agnoses, including autoimmune hemolytic anemia of the
warm (IgG-mediated) type and drug-induced hemolytic
anemia, acquire impairment of their kidney functions due to
detrimental effects of Hb. It is likely that they also suffer from
increased oxidative stress based on the large amounts of ex-
tracellular Hb and heme they have to process. It is thus
probable that also these patients could benefit from anti-
oxidative/radical scavenging therapy by A1M. Today’s
storage solutions for RBC concentrates for transfusion do not
take into account the problem with oxidative damage during
storage. To increase the quality of RBCs for transfusion, one
may therefore propose to add A1M before and/or after stor-
age. Thus, A1M could be added separately (i) before the
storage period is started (proactive); (ii) as a rejuvenation
agent after a certain time period had passed (interactive); or
(iii) just prior to issuing the blood unit to the patient/ward
(cleaning/therapeutic approach). In analogy with data from
other systems, A1M would have the ability to prevent oxi-
dation and, in the latter two cases, also repair oxidative
modifications of the blood components. This approach may
be especially appealing in the situation of gamma irradiation
of blood to prevent graft-versus-host disease, since those units
tend to be more damaged with membrane disturbances
causing potassium leakage, compared to untreated blood for
transfusion.

5. Blood substitutes. As discussed above, many of
adverse side effects of treatment with blood substitution
products are related to generation of ROS, free radicals, and
free heme, and may therefore also be future targets of A1M
intervention. For example, A1M may be administered as an
addition to the HBOC itself, given to patients as a means of
coping with the negative consequences, and oxidative stress
induced by free Hb and heme. An interesting alternative
could perhaps be to cross-link A1M with Hb or to create a
genetically modified fusion protein between Hb and A1M.
Another approach would be to encapsulate Hb and A1M to-
gether in liposomes. Both ways, A1M would do the job of
keeping the Hb molecule in a reduced state and eliminate Hb-
generated ROS as soon as they are produced. However, no
investigations on in vivo trials with HBOC in combination
with A1M have been reported yet.

VI. Conclusion

Toxic effects of extracellular Hb are major components in
the pathogenesis of many diseases and iatrogenic situations,
including hemolytic anemias and transfusion-induced intra-
vascular hemolysis, PE, intraventricular hemorrhage, chronic
inflammatory leg ulcers, and infusion of recombinant Hb. The
pathogenesis involves one-electron reactions between oxyHb,
its downstream metabolites heme, iron, ROS and free radicals,
and exposed tissue components. Many mechanisms have
evolved to protect organisms against damage from extracel-
lular Hb. One of these, the ubiquitous protein A1M, is found
in all vertebrates, including man and operates by rapidly
clearing cytosols and extravascular fluids from heme groups
and free radicals released from the oxyHb molecule. A1M has
been shown to protect cells and matrix from Hb-, heme-, and
ROS-induced damage and is a promising therapeutic alter-
native in diseases with Hb-induced pathology.
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82. Ekström B and Berggård I. Human a1-microglobulin. Pur-
ification procedure, chemical and physiochemical proper-
ties. J Biol Chem 252: 8048–8057, 1977.

83. Escribano J, Grubb A, Calero M, and Mendez E. The pro-
tein HC chromophore is linked to the cysteine residue at
position 34 of the polypeptide chain by a reduction-
resistant bond and causes the charge heterogeneity of
protein HC. J Biol Chem 266: 15758–15763, 1991.

84. Estep T, Bucci E, Farmer M, Greenburg G, Harrington J,
Kim HW, Klein H, Mitchell P, Nemo G, Olsen K, Palmer A,
Valeri CR, and Winslow R. Basic science focus on blood
substitutes: a summary of the NHLBI Division of Blood

Diseases and Resources Working Group Workshop, March
1, 2006. Transfusion 48: 776–782, 2008.

85. Everse J and Hsia N. The toxicities of native and modified
hemoglobins. Free Radic Biol Med 22: 1075–1099, 1997.

86. Faber HR, Groom CR, Baker HM, Morgan WT, Smith A,
and Baker EN. 1.8 A crystal structure of the C-terminal
domain of rabbit serum haemopexin. Structure 3: 551–559,
1995.

87. Falanga V, Kirsner R, Katz MH, Gould E, Eaglstein WH,
and McFalls S. Pericapillary fibrin cuffs in venous ulcera-
tion. Persistence with treatment and during ulcer healing. J
Dermatol Surg Oncol 18: 409–414, 1992.

88. Falkenberg C, Enghild JJ, Thogersen IB, Salvesen G, and
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168. Lindqvist A and Åkerström B. Bovine a1-microglobulin/
bikunin. Isolation and characterization of liver cDNA and
urinary a1-microglobulin. Biochim Biophys Acta 1306: 98–
106, 1996.
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regulation of a1-microglobulin by hemoglobin and reactive
oxygen species in hepatoma and blood cell lines. Free Radic
Biol Med 42: 842–851, 2007.

218. Olsson MG, Centlow M, Rutardóttir S, Stenfors I, Larsson J,
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and Åkerström B. Bystander cell death and stress response
is inhibited by the radical scavenger a1-microglobulin in
irradiated cell cultures. Radiat Res 174: 590–600, 2010.

220. Olsson MG, Olofsson T, Tapper H, and Åkerström B. The
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Abbreviations Used

A1M¼ a1-microglobulin
ABTS¼ 2,2¢-azino-bis(3-ethylbenzothiazo-

line-6-sulphonic acid)
AIHA¼ autoimmune hemolytic anemias

AMBP gene¼ alpha-1-microglobulin-bikunin
precursor gene

CO¼ carbon monoxide
COHb¼ carboxy hemoglobin

CSF¼ cerebrospinal fluid
Cu/Zn SOD (=SOD1)¼ cytoplasmic SOD

Cu/ZnSOD (SOD3)¼ extracellular SOD
Fe2+¼ ferrous iron
Fe3+¼ ferric iron
Fe4+¼ ferryl iron
Gpx¼ glutathione peroxidase
GSH¼ glutathione

GSSG¼ oxidized glutathione
Hb¼hemoglobin

HbA¼ adult hemoglobin
HbF¼ fetal hemoglobin

HBOC¼hemoglobin-based oxygen
carrier

HDL¼high density lipoprotein
HELLP¼hemolysis, elevated liver

enzymes, and low platelets
HO¼heme oxygenase

H2O2¼hydrogen peroxide

Hp¼haptoglobin
Hpx¼hemopexin

IL¼ interleukin
IgA¼ immunoglobulin A
IgG¼ immunoglobulin G
IgM¼ immunoglobulin M

IUGR¼ intrauterine growth restriction
IVH¼ intraventricular hemorrhage
LDL¼ low density lipoprotein

MMP¼matrix metalloproteinase
MuSOD (=SOD2)¼mitochondrial SOD

NO¼nitric oxide
O2¼ oxygen

O2
�- ¼ superoxide radical

PC¼proprotein convertase
PE¼pre-eclampsia

PEG¼polyethylene glycol
PNH¼paroxysomal nocturnal

hemoglobinuria
Prx or HBP23¼peroxiredoxin I

RBC¼ red blood cell
ROS¼ reactive oxygen species
SAH¼ subarachnoidal hemorrhage
SOD¼ superoxide dismutase

t-A1M¼ truncated A1M (lacking C terminal
tetrapeptide LIPR)

TLR¼ toll-like receptor
Trx¼ thioredoxin
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