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Hemoglobin (Hb) hasmultiple pathophysiologic effects when released into the intravascular
space during hemolysis. The extracellular effects of Hb have resulted in novel models of
toxicity, which help to explain endothelial dysfunction and cardiovascular complications
that accompany genetic hemolytic anemias, malaria, blood transfusion, and atherosclerosis.
The majority of models focus on nitric oxide (NO) depletion; however, in local tissue envi-
ronments, Hb can also act as a pro-oxidant and inflammatory agent. This can alter cellular
differentiation with the potential to deviate immune responses. The understanding of these
mechanisms set in the context of natural scavengerand detoxification systemsmayaccelerate
the development of novel treatment strategies.

T
he capability of hemoglobin (Hb) to effi-

ciently load and transport oxygen is inevi-

tably linked to a broad reactivity pattern with
alternative ligands, such as carbon monoxide

(CO), nitric oxide (NO), hydrogen peroxide

(H2O2), and many others. The biochemistry of
these reactions has been the focus ofHb research

for decades. More recently, however, these Hb

reactions were examined as a potential cause of
adverse pathophysiologic processes that accom-

pany red blood cell (RBC) destruction (i.e., he-

molysis) and the accumulation of extracellular
free Hb (Baek et al. 2012; Gladwin et al. 2012).

Other biologic activities of extracellular free Hb

can be traced back either to direct interactions

of its globin or heme components with specific

cellular receptors and signaling pathways, or
to the secondary effects of heme breakdown by

the heme oxygenases. The evolving picture sug-

gests that Hb as a toxin can adversely affect the
outcome of diverse conditions, including the

hemolytic anemias, sepsis,malaria, blood trans-

fusion, and atherosclerosis, in which local accu-
mulation of extracellular Hb causes oxidative

stress and changes macrophage polarization in

the atherosclerotic plaque microenvironment.
The recognition that Hb is a disease-modifying

compound, and concurrent research on protec-
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tive Hb scavenger proteins have provided a

framework for novel pathophysiologic models
and may lead the way toward a new era of tar-

geted treatment strategies. The toxic effects

of free Hb appear to depend on the amounts
in the extracellular space, anatomic location,

and the activity of scavenger and detoxification

pathways. These factors may vary considerably
among different disease states and, therefore,

extrapolations or application of a general Hb

toxicity model to heterogeneous conditions
must be considered cautiously. In this article

we will summarize current evidence that sup-

portsHb’s role as adiseasemodifier inhemolytic
anemias, malaria, blood transfusion, and ath-

erosclerosis, and how scavenger protein-based

therapeutics could be used to attenuate the un-
derlying pathophysiologic processes.

DISEASE STATES THAT ARE MODULATED
BY THE TOXICITY OF EXTRACELLULAR
HEMOGLOBIN

Sickle Cell Disease and Hemoglobin-Based
Oxygen Carriers

Two areas of research, sickle cell disease (SCD),

which represents a condition of chronic low-lev-

elplasmaHbexposure (3–10 mMplasmaheme),
and Hb-based oxygen carrier (HBOC) therapy,

which represents a condition of acute high-level

Hb exposure (.500 mM plasma heme), have
driven the evaluation of pathophysiologic mod-

els to better understand the roles of extracellular

Hb toxicity as a general disease process (Buehler
et al. 2010).Apronounced systemic, and in some

animal models a pulmonary hypertensive, re-

sponse is observed within seconds of exposure
to cell-free Hb or HBOCs (Buehler et al. 2010).

This acute response is likely related to the inter-

action of Hb with NO and is suspected to be a
cause of acute myocardial infarction and stroke

in certain subjects receiving HBOCs (Natanson

et al. 2008; Silverman and Weiskopf 2009).
HBOCs are typically transfused in large quanti-

ties reaching millimolar plasma concentrations

of extracellular Hb. These dosing levels are re-
quired to meet O2 delivery and volume replace-

ment needs in patients with severe hemorrhage.

Sickle cell anemia is a chronic low-level he-

molytic disease; however, some of the sequelae
mimic those of HBOC administration. The typ-

ical complications of SCD are vasculopathies,

stroke, pulmonary hypertension (PH), and re-
nal failure, which suggest a pathophysiology of

unopposed constriction within the vasculature

and, therefore, may be related to anHb-induced
reduction in NO bioavailability. The NO deple-

tion hypothesis is based on the findings that

plasma from patients with SCD had elevated
levels of free Hb, and accordingly, that the

plasma from these patients had higher ex vivo

NO-depleting activity (Reiter et al. 2002). In
other studies, positive correlations were found

between surrogate markers of hemolysis, PH,

and disease-related mortality (Gladwin et al.
2004). PH, measured by Doppler echocardiog-

raphy, was estimated to occur in up to 30% of

patients with SCD and was therefore hypothe-
sized to be a paradigmatic effect of NO deple-

tion that could accompany chronic hemolytic

diseases in general (Rother et al. 2005). The NO
depletion hypothesis, however, has been chal-

lenged by other studies that found a lower, but

still relevant, prevalence of PH when assessed
by pulmonary artery catheterization (the gold

standard for measuring blood pressure within

the pulmonary circulation) (Parent et al. 2011).
Even fewer patients in this cohort were found to

have precapillary PH, which would be expected

if Hb-mediated NO depletion within the pul-
monary vasculature were highly relevant. Fur-

ther concerns with theNOdepletion hypothesis

in SCD are related to the validity of hemolyt-
ic surrogate markers, such as plasma lactic acid

dehydrogenase (LDH), and to the generally low

plasmaHbconcentrations (in the lowmicromo-
lar range) detected in SCD patients, even during

vasoocclusive crisis, when free Hb concentra-

tions remain orders of magnitude below those
associated with some hyperhemolytic states or

HBOCadministration (Bunn et al. 2010).Other

proposed mechanisms of Hb toxicity during
SCD or HBOC administration are related to

the pro-oxidative and proinflammatory proper-

ties of Hb/heme, which can damage the endo-
thelium or activate components of the coagula-

tion and innate immune systems (Jeney et al.

D.J. Schaer and P.W. Buehler

2 Cite this article as Cold Spring Harb Perspect Med 2013;3:a013433

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

Harbor Laboratory Press 
 at Universitaet Zuerich on January 28, 2014 - Published by Cold Springhttp://perspectivesinmedicine.cshlp.org/Downloaded from 



2002;Belcheret al. 2003). Thehistoryof research

onHb toxicity in SCD andHBOC therapy illus-
trates that multiple pathways of toxicity for free

Hb can theoretically coexist and that emphasis

on one pathway may not fully define the extent
and complexityofHb-inducedpathophysiology

in conditions where it may contribute to disease

processes.

Transfusion of Stored Blood

RBC transfusionwith acute blood loss or chron-

ic anemia is one of themost common therapeu-

tic interventions in medicine. Over the last two
decades, however, more restrictive transfusion

practices have been implemented, and trans-

fusion thresholds have been lowered by limit-
ing unnecessary transfusions (Barr and Bailie

2011). Accumulating evidence suggests that

the adverse consequences of some transfusions
are related to the storage period between blood

donation and transfusion (Wang et al. 2012).

The maximum allowed storage time is now
42 d with most storage solutions, and current

blood bank practices following a “first in, first

out” system that favors the distribution of older
units first. A 2011meta-analysis of retrospective

data from 409,966 patients estimated that a sig-

nificant (odds ratio, 1.16; 95% confidence inter-
val, 1.07–1.24) riskof death existswhen relative-

ly old, rather than fresh, blood is transfused. The

definition of older stored blood in the analyzed
studies ranged from 9 d up to 42 d, with a range

of 1–10 units of blood transfused per patient

(Wang et al. 2012). The RBC transfusion-asso-
ciated risk of death may be increased in certain

high-risk populations, such as critically ill or

massively transfused (.10 units of blood with-
in 24 h) patients. It is important to point out

that storage time-related morbidity/mortal-

ity and potential mechanisms associated with
transfusion-related toxicity remains controver-

sial and not all studies support the concept that

older blood is detrimental (Middelburg et al.
2012). RBCs may undergo complex biochemi-

cal and structural changes, collectively referred

to as the “RBC storage lesion.” Damaged or aged
RBCs can accumulate over time as a low-quality

population within stored blood bags. It is there-

fore possible that some degree of acute hemoly-

sis occurs when older stored blood is transfused.
Current regulations only require that 75% of

transfused RBCs survive within the circulation

for 24 h after transfusion. This means that up
to 25% of RBCsmay be lost within the first 24 h

after transfusion, owing to either intravascu-

lar hemolysis or the trapping of RBCs by mac-
rophages in the spleen or liver. In the most

extreme situation, this implies an acute bur-

den of .10 g extra Hb per unit of transfused
older RBCs that are either acutely released into

the circulation or metabolized by spleen and

liver macrophages after erythrophagocytosis.
Small studies in healthy volunteers suggest

that extravascularhemolysis and increasedRBC-

Hb catabolismoccurwhen as little as one unit of
blood is transfused after 40 days of storage (Hod

et al. 2011). Following single-unit transfusion,

other investigators found that intravascular Hb
exposure is associated with concomitant eleva-

tion in plasma nitrite levels andNOdepletion in

humans following small volume blood transfu-
sion (Berra et al. 2012).

Animal models of RBC transfusion have

been designed to explore the possible roles of
intravascular hemolysis and cell-free Hb in the

pathophysiologic consequences of the massive

transfusion of older stored blood in guinea pigs
(Baek et al. 2012). These studies suggest that

high-volume transfusions of older blood, but

not fresh blood, result in posttransfusion intra-
vascular and extravascular hemolysis that ap-

proaches a 15%–20% loss of transfused RBCs

within 24 h. Transfusion of older, rather than
fresh, blood caused an acute hypertensive re-

sponse, hemoglobinuria, acute renal failure,

and vascular injury (Fig. 1) (Baek et al. 2012).
Infusion of transfused old blood with the spe-

cific Hb scavenger haptoglobin (Hp) attenuated

several of the transfusion-related adverse effects.
These antagonist experiments proved that free

Hb was a contributor to the observed adverse

effects. Additionally, animal studies focused on
the acute hemodynamic effects of stored blood

have suggested that NO donors could be a ther-

apeutic option to limit transfusion-related and
hemolysis-induced pulmonary and/or systemic

hypertensive responses in mice, rats, and sheep

Cell-Free Hemoglobin and Scavenger Proteins
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(Yu et al. 2008, 2009, 2012; Donadee et al. 2011;
Baron et al. 2012). One of these studies identi-
fied Hb and Hb-containing RBC membrane
microparticles released in vitro before transfu-
sion as an additional factor that may enhance
the adverse posttransfusion effects (Donadee
et al. 2011). Blood transfusion leading to stim-
ulation of the heme breakdown pathway and
accumulation of heme catabolites was associ-
ated with anti-inflammatory and immunosup-

pressive effects in multiple animal models, and
such effects could contribute to the immune-
compromised state of severely ill and massively
transfused patients (Yazdanbakhsh et al. 2011).
On the other hand, proinflammatory effects
may be triggered by free heme through the
stimulation of toll-like receptor 4 (TLR-4), by
reaction intermediates emanating from Hb/
heme peroxidative reactions with phospho-
lipids, or by Hb/heme breakdown products

Lumenal aorta (after hemolysis)

Ablumenal aorta (after hemolysis)

H&E (×100)

HO-1

Merge Iron

CD163

H&E (×400)

Figure 1.Vascular effects of old blood transfusion-associated hemolysis. The top panel shows regions of vascular
necrosis appearing to initiate within the vascular lumen and progress to the tunica media. These observations
were captured 24 h after massive transfusion to guinea pigs at 100� and 400� magnification. The injury in
isolated regions of the aorta in transfused animals was consistent with coagulative necrosis andmay be the result
of hemoglobin and/or damaged red blood cells. The lower panels indicate macrophage accumulation to he-
moglobin-rich regions within the adventitia consistent with HO-1, CD163, and nonheme iron accumulation.

D.J. Schaer and P.W. Buehler
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(D’Agnillo and Alayash 2001; Jeney et al. 2002;
Jia et al. 2007; Lin et al. 2010; Yazdanbakhsh

et al. 2011). In a mouse blood transfusion mod-
el, older stored RBCs induced an acute phase

cytokine release response that accompanied

the clearance of transfused RBCs in the spleen
(Hod et al. 2010).

In summary, intravascular release and en-

hanced turnoverofHb after transfusion of older
stored blood could contribute to cardiovascu-

lar and renal dysfunction, as well as inflamma-

tion and enhanced susceptibility to infection
in severely ill patients. However, similar to in-

terpretation of retrospective human data, the

translation of animal-based transfusion model
data to thehuman situation isnearly impossible.

In animal studies, RBCs are often maximal-

ly stressed and RBCs of animals and humans
behave with varying degrees of difference both

under storage and following transfusion. As

a result it is unlikely that any model will provide
a definitive understanding of the potential com-

plications associated with human blood stor-

age. The best that animal studies can be expected
to provide are suggestions for pathophysiologic

mechanisms that may help to explain poor out-

comes previously reported in clinical settings.

Malaria

Malaria is a paradigmatic hemolytic condition

and considered a driving force in human evo-
lution. Several common hemoglobinopathies,

such as SCD or the thalassemias, have been pro-

posed to result, in part, from the coevolutionary
interactions between the plasmodium parasite

and its human host (Rosenthal 2011). Animal

studies in mice have been used to construct hy-
pothetic models of the pathophysiologic role

of the Hb molecule in malarial disease progres-

sion and tolerance. In the acute phase of severe
malaria, hemolysis appears to exaggerate in-

flammatory processes and endothelial damage

through NO depletion, oxidation, and inflam-
mation (Gramaglia et al. 2006; Pamplona et al.

2007). The appearance of Hb and heme in

plasma has been linked to the development of
cerebral malaria, which remains the most severe

and difficult to treat complication of the infec-

tion. In contrast, chronic hemolysis (before ma-

laria infection) in SCD induces a state of malar-
ia tolerance by enhancing the basal activity of

heme defense systems, such as heme oxygenase

1 (HO-1) up-regulation, which drives the gen-
eration of metabolites with anti-inflammatory

effects (i.e., CO, bilirubin, and ferritin) (Ferreira

et al. 2011). Thus, active hemolysis before infec-
tion does not alter the course of parasitemia per

se, but may prevent progression to fatal disease

complications. However, similar mechanisms
that confer a state of relative tolerance to severe

malaria may also enhance host susceptibility to

concurrent nonplasmodium infections. Infec-
tion with nontyphoid Salmonella during the

acute hemolytic phase of plasmodium infection

was associated with the appearance of an im-
mature granulocyte population with reduced ox-

idative burst capacity and, consequently, a re-

duced capacity to kill phagocytosed Salmonella

(Cunnington et al. 2011). This effect was mim-

ickedexperimentallybyheme injectionandatten-

uated when HO-1 was inhibited. As a result, ani-
mals thatwere coinfectedwithmalariaweremuch

more susceptible to fatal Salmonella infection

than control animals that were not heme stressed.
It is overly simplistic to reduce the patho-

physiology of a complex parasite infection with

diverse host–pathogen interaction pathways to
the level of the Hb molecule as a single mecha-

nism of pathology. However, based on the dis-

cussed animal studies, the impact of hemolysis
inmalaria could be a relevant component. Low-

level hemolysis before plasmodium infection

may induce a state of tolerance, attenuating the
deleterious effects of Hb/heme in the acute

phase. Acute Hb and heme exposure exagger-

ate inflammatory and oxidative tissue damage
in nontolerant individuals and may enhance

susceptibility to superinfection by nonmalaria

pathogens. An important lesson to take away
from these studies is that Hb and heme may

have diverse pathophysiology in patients with

inflammatory diseases and infection. The net
impact of extracellularHb in a givendisease state

can be protective or deleterious, and the effect is

likely determined by the anatomic site, timing,
and degree of hemolysis on one hand, and avail-

ability of scavenger systems on the other hand.

Cell-Free Hemoglobin and Scavenger Proteins
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Atherosclerosis—A Paradigm for Hb as a
Locally Active Disease Modifier

As exemplified in the sections above, the path-
ophysiology of extracellular Hb has largely been

studied on a systemic level. It is likely, however,

that Hb also acts as an important modulator of
local disease processes, where RBCs extravasate

and are lysed within tissues. Under such condi-

tions, very high extracellular concentrations of
Hb and heme (in the millimolar range) could

affect cell viability, activation state, and differ-

entiation (Boyle et al. 2009).
One of the paradigmatic conditions in

which local Hb/heme effects have been studied

is atherosclerosis. Theprincipal findings of these
investigations may similarly apply to other clin-

ical situations, such as wound healing or hem-

orrhagic stroke. Microscopic hemorrhage from
fragile neovessels is a hallmark of advanced

plaques, and a predictor of catastrophic clinical

events such as myocardial infarction and stroke
(Kolodgie et al. 2003). Besides the cholesterol

andphospholipid-richRBCmembrane compo-

nents that are deposited in the areas of micro-
bleeding, Hb is the most abundant and biolog-

ically reactive compound within these lesions

(Schaer et al. 2006).
Thepotential effects ofHbarediverse.Heme

can oxidize low-density lipoprotein (LDL) and

other lipids, and transform these compounds
into proinflammatory and cytotoxic species

(e.g., oxidized LDL) that have an established

impact on atherosclerotic plaque progression
(Nagy et al. 2010). Hb-derived free heme, as

well as heme- and globin-degradation products,

have a cytotoxic impact on endothelial and
vascular smooth muscle cells, and may act as

proinflammatory mediators that perpetuate in-

flammatory cell recruitment through the stim-
ulation of chemokine (e.g., IL-8) expression

(Boyle et al. 2009; Kaempfer et al. 2011). Free

Hb in the extracellular environment may also
polarize the differentiation plasticity of certain

cell types. The observation that phenotypi-

cally distinct macrophage subpopulations clus-
ter within hemorrhagic and nonhemorrhagic

plaque areas has stimulated research exploring

whetherHb and/or heme are the factors reshap-

ing monocyte-macrophage lineage differentia-

tion in these lesions (Boyle et al. 2009).
The specific interest in macrophages is two-

fold. On the one hand, macrophages are the

principal inflammatory cell type within athero-
sclerotic plaques, and primary mediators of dis-

ease progression. On the other hand, they are

the only cell type that expresses the Hb scav-
enger receptor CD163, and possess a highly

specialized physiology to handle and detoxify

extracellular Hb. Because of this unique func-
tion, macrophages in Hb-rich environments

have very high expression levels of HO-1, ferri-

tin, and the iron exporter ferroportin. In vitro
and in the coronary arteries of patients, Hb/
heme-exposed macrophages were described as

a distinct phenotype with high expression of
the Hb detoxification pathway (CD163high

HO-1high), high mannose receptor expression,

and profoundly suppressed expression of HLA
class 2 (Boyle et al. 2009; Kaempfer et al. 2011;

Finn et al. 2012). This nonfoamy macrophage

subtype localizes to the postbleeding plaque
areas, has enhanced antioxidative and iron ex-

port functions, and is resistant to cholesterol

loading as a result of up-regulated ATP-binding
cassette transporters (ABCA1 and ABCG1) and

down-regulated scavenger receptors (SR-A/B
and CD36). The available data suggest that
these Hb/heme-driven macrophages constitute

a unique phenotype (referred to as M-hem

or M-Hb), with distinct and nonoverlapping
features, within the known spectrum of mac-

rophage phenotypes extending fromproinflam-

matory (M1) to anti-inflammatory (M2) mac-
rophages. The Hb/heme-driven macrophage

phenotype polarization appears to be triggered

by increased intracellular heme levels via a path-
way involving signaling by Nrf-2 and the acti-

vating transcription factor 1 (ATF1), with sub-

sequent coinduction of HO-1 and liver-X-
receptor b (LXRb) (Kaempfer et al. 2011; Boyle

et al. 2012). The functional significance of the

profoundly suppressed levels of HLA class 2 in
these macrophages has not been evaluated, but

the spectrum of functional consequences of this

intriguing Hb/heme-induced condition may
include enhanced control of autoimmunity

and/or increased susceptibility to infection.

D.J. Schaer and P.W. Buehler
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Accumulating evidence now suggests that Hb/
heme can impact multiple levels of innate and
acquired immunity.Hb should thereforebe con-

sidered a novel intrinsic alarm molecule that

serves to signal bleeding and tissue destruction.
In summary, Hb may play a dual role in

atherosclerosis. The proinflammatory and oxi-

dative effects of heme within the extracellular
milieu initiate and promote plaque formation,

whereas Hb/heme drives macrophage polariza-

tion toward a protective, nonfoamy, and anti-
oxidative macrophage phenotype that halts le-

sion progression at later stages of the disease. It

remains to be explored how these opposing pro-
cesses could be shifted favorably by pharmaco-

logical interventions.

MECHANISMS OF HEMOGLOBIN-
MEDIATED ADVERSE EFFECTS

The primary acute pathophysiologic responses
to extracellular Hb in plasma are blood pressure

elevation (Rother et al. 2005) and pro-oxidative

toxicity occurring in vascular and renal tissues
(Boretti et al. 2009; Baek et al. 2012). The pro-

cesses driving Hb-induced toxicity are depicted

in Figure 2 and likely involve a complex inter-
action between NO balance, oxidation, and in-

flammation.

Nitric Oxide Consumption—Systemic
and PH

The most accepted hypothesis for Hb-induced

hypertension involves the interactions of NO

with both oxy- and deoxyhemoglobin (Doherty
et al. 1998; Olson et al. 2004). The pathophys-

iologic response to Hb and its consumption of

NO is observed primarily as an increase in sys-
tolic/diastolic andmean arterial blood pressure

(MAP) with cardiac output either unchanged

(Boretti et al. 2009) or decreased (Minneci et
al. 2005). This consistently causes an increase

in systemic vascular resistance, or vasoconstric-

tion (Reiter et al. 2002; Minneci et al. 2005; Bo-
retti et al. 2009). In addition, heart rate and

stroke volume are often deceasedwith the aggre-

gate hemodynamic response resulting in de-
creased perfusion to some organ systems, par-

ticularly the kidneys.

Following infusion of a bolus of Hb into the

vascular space, the MAP response appears to
be related to the pharmacokinetics of the pro-

tein in circulation (Fig. 3), with rapid blood

pressure normalization and parallel renal clear-
ance of free Hb. However, in animal models of

RBC transfusion-related hemolysis and cases in

which an HBOC with a long intravascular cir-
culatory time is administered, there is a clear

disconnect between pharmacodynamics (blood

pressure response and duration) and pharma-
cokinetics (maximal concentration and total

exposure) (Buehler et al. 2007). This suggests

that some degree of tolerance to extracellular
Hb in circulation occurs with longer-term ex-

posures. If analyses of Hb-mediated vascular

wall injury are considered, however, the dura-
tion of sustained intravascular Hb exposure ap-

pears to be a critical determinant of the cumu-

lative toxicity (Baek et al. 2012).
Within the context of potential pathology,

Hb access to NO progresses via two primary

reactions: (1) NO dioxygenation, and (2) iron
nitrosylation of NO deoxy-Hb:

(1) Hb-Fe2þ(O2)þNO!fHb(Fe3þOONO†)g
! Hb-Fe3þ þ NO3

2,

(2) Hb-Fe2þþNO!Hb(NO).

Our understanding of the factors control-

ling these processes is largely owing to the ex-

tensive study of HBOCs and their effects on sys-
temic and pulmonary hemodynamics (Doherty

et al. 1998;Olsonet al. 2004).Targetedmutagen-

esis to limit interactions with NO or chemical
modification of human Hb attenuated the sys-

temicvascular response,presumablyvia reduced

NO consumptionwithin sites of NO generation
or decreased access to sites of NO production.

Hb exposure also stimulates other vasoconstric-

tive physiologic systems and effectors such as
angiotensin, endothelin, and prostaglandins

(Buehler et al. 2010).

Pulmonary arterial pressure (PAP) is regu-
lated by NO, prostacyclin, endothelin, as well

as thromboxane; several of these regulators

have been studied in associationwithHb (Heller
et al. 1998; Farber and Loscalzo 2004; Yu et

al. 2009). The primary cause for PAP elevation

Cell-Free Hemoglobin and Scavenger Proteins

Cite this article as Cold Spring Harb Perspect Med 2013;3:a013433 7

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

Harbor Laboratory Press 
 at Universitaet Zuerich on January 28, 2014 - Published by Cold Springhttp://perspectivesinmedicine.cshlp.org/Downloaded from 



I. Hemoglobin–nitric oxide (NO) interactions

II. Hemoglobin peroxidation

Hemolysis

Arterial NO•
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Heme/globin
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Figure 2. Schematic of hemoglobin-mediated toxicity initiated by intravascular hemolysis. (I)NO reactionswith
hemoglobin—Red blood cells (RBC) do not enter the vascular luminal RBC-free zone; however, free hemo-
globin can enter the RBC-free zone and gain access to endothelial and perivascular spaces. When free
oxyhemoglobin (red) enters the perivascular space it can react with NO rapidly via dioxygenation forming
ferric hemoglobin (brown) and nitrate (NO3

2). Additionally, deoxyhemoglobin (purple) can react with NO to
form iron nitrosyl hemoglobin. Additionally, ferric hemoglobin can react with NO, but at much slower rates. It
remains unknown whether this reaction is of any biologic significance. (II) Hemoglobin peroxidative reac-
tions—Oxyhemoglobin (red) undergoes peroxidation to ferryl hemoglobin (green) followed by a redox cycle
that is driven by hydrogen peroxide. (Legend continues on following page.)
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induced byextracellular Hb has also been attrib-

uted to NO consumption. Elevated pulmonary
vascular resistance was shown in dogs (Minneci

et al. 2005) and PH was shown in rodents and

sheep following exposure to Hb (Yu et al. 2008).
These studies suggest a causal relationship be-

tween Hb and NO, based on the use of NO syn-

thase inhibitors and reversal of PH via NO sup-
plementationbeforeHbexposure. Inotheracute

Hb exposures, such as transfusion-related he-

molysis, PH is reported to occur more readily
in animals with endothelial dysfunction com-

pared with normal animals (Yu et al. 2012). Pre-

transfusion NO inhalation was shown to atten-
uate this pathology (Baron et al. 2012). Certain

animal species show PH in response to HBOCs;

however, it is unknownwhether this effect regu-
larly occurs following HBOC infusion in hu-

mans and whether a short-term increase in

PAP could contribute to adverse events follow-
ing extracellular Hb exposure or HBOC admin-

istration.Publiclyavailabledataon the incidence

of PH fromHBOC clinical trials show one event
among504subjects treatedwithdiaspirin-cross-

linked Hb (DCLHb, HemAssist) (no events

among 505 control subjects) and three events
among 708 subjects treated with HBOC-201

(no events among 618 control subjects). It is

unknown whether subjects who experienced
acute transientPAPelevationdeveloped clinical-

ly relevant events.

In Vivo Oxidation of Hemoglobin

Hydrogen peroxide and lipid hydroperoxides

in tissue compartments are important compo-

nents influencing the oxidative toxicity of heme
proteins (Moore et al. 1998). Intracellular hy-

drogen peroxide (H2O2) is generated by the

dismutation of superoxide (O2
†2), either spon-

taneously or by superoxide dismutase, and is

involved in cellular signaling. Its primary fate
is intracellular conversion to H2O and O2

by catalases and peroxidases. The remaining

H2O2 can be converted to reactive oxygen spe-
cies or secreted into the extracellular environ-

ment, typically in low (1–15 mM) quantities

(D’Agnillo et al. 2001). During inflammation,
certain cell types, such as granulocytes andmac-

rophages, increase the production and release of

H2O2. The production, fromH2O2 and chloride
(Cl2), and secretion of hypochlorous acid are

also increased. The increased levels of pro-oxi-

dants could interact with extracellular Hb with-
in localized tissue compartments and certain

vascular sites. The reactions of Hb with perox-

ides have been extensively studied under “test-
tube” conditions, and can be summarized as

follows: Deoxy-Hb reacts with H2O2 via the

following steps: (1) oxo-ferryl Hb [Hb(Fe4þ ¼

O)] generation, (2) ferric Hb [Hb(Fe3þ)] gen-

eration, and (3) protein radical generation

[†Hb(Fe4þ ¼ O)].

(1) Hb(Fe2þ)þH2O2!Hb(Fe4þ¼O)
þH2O,

(2) Hb(Fe4þ ¼ O)þHþ!Hb(Fe3þ) OH2,

(3) Hb(Fe3þ)þH2O2!
†Hb(Fe4þ¼O)

þH2O.

Ultimately, the globin chain-free radical

shown in reaction (3) is available to participate

in localized amino acid oxidations (e.g., within
Hb) or transfer to LDL (Miller et al. 1997; Val-

lelian et al. 2008; Pimenova et al. 2010). Perox-

idative Hb reactions with production of ferryl
Hb and free radicals have been considered an

important component of Hb and HBOC toxic-

ity in the past (Alayash 2004). However, despite

Figure 2. (Continued) In the presence of large quantities of reducing agents ferryl stability in this reaction is
reduced to an extent that the species cannot accumulate, and inmost cases cannot be directly detected. Themost
prevalent oxidized Hb species in vivo is therefore ferric Hb, which can result from peroxidation but also from
autoxidation and NO dioxygenation depicted above. In vitro, the result of redox cycling mediated by H2O2 can
be release of heme, globin chain radicals, and oxidation of amino acids within the hemoglobin molecule. The
protein may also degrade to precipitate formed by globin-heme adducts and cross-links that physically damage
endothelial cells leading to inflammation. Additionally, free radical transfer from ferryl radical oxidizes lipid,
leading to potential tissue oxidation as well as inflammation.
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the extensive biochemical knowledge of oxida-

tive Hb reactions in vitro, it is far less clear to

what extent these reactions do occur in vivo and
how they could contribute to Hb toxicity. For

example, it is not consistently possible to trap

ferryl Hb or Hb-associated free radicals in vivo.
An explanation for this discrepancy might be

that the reactions occur in vivo in a complex

environment with different oxidants and in

the presence of large quantities of reductants
(e.g., ascorbate, urate, and enzymatic reduc-

tants). These conditions likely prevent ferryl

Hb accumulation above a certain threshold of
detection. In vivo evidence for these oxidative
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Figure 3. Plasma concentration blood pressure relationships. (Top) The blood pressure response to ferrous (red)
and ferric (brown) hemoglobin following a 20% top load to conscious guinea pigs. Ferric hemoglobin shows no
response, whereas ferrous hemoglobin shows a rapid and transient increase in mean arterial pressure. This is
consistent with the hemoglobin plasma concentration time course shown (middle). These two time effects can
be better visualized by plotting plasma concentration versus percent mean arterial blood pressure change from
baseline (bottom).
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Hb processes is therefore largely based on indi-

rect markers such as intramolecular Hb cross-
links and globin amino acid oxidations that

have been detected in some studies (Moore

et al. 1998; Boutaud et al. 2010).
The kidneys are heavily exposed to heme

and globin components owing to the extensive

and rapid filtration of extracellular Hb. The
mechanism of Hb toxicity in the kidneys may

be related to redox cycling and ferryl Hb forma-

tion (Zager and Gamelin 1989; Moore et al.
1998; Boutaud et al. 2010). During rhabdomy-

olysis, redox cycling of ferric and ferryl myoglo-

bin, driven by lipid hydroperoxides, enhances
tissue oxidation and F2-isoprostane release

(Moore et al. 1998; Boutaud et al. 2010). Obser-

vations of the excretion of covalently cross-
linked dimeric, tetrameric, and polymeric Hb,

as well as iron deposition and oxidative tissue

modifications, in the kidneys of Hb-infused
animals were interpreted as indicators of the

peroxidative activity of Hb in vivo (Boretti

et al. 2009; Butt et al. 2010). Within the gas-
trointestinal circulation of rats, an increase in

microvascular permeability to fluorescently la-

beled albumin was reported to occur with sev-
eral HBOCs (Baldwin et al. 2002). These effects

appeared to be causally linked to the rates of

oxidation of the individual HBOCs (Baldwin
et al. 2002). Coadministration of the antioxi-

dant sodium selenite reduced mesenteric vas-

cular leakage and mucosal epithelial damage
(Baldwin et al. 2003).

PHYSIOLOGIC HEMOGLOBIN
SCAVENGERS, ANTIOXIDANTS,
AND DETOXIFICATION SYSTEMS

The Hb scavenger system is a multiple-com-

ponent pathway made up of several soluble

plasma proteins (e.g., haptoglobin [Hp], hemo-
pexin [Hpx], a1-microglobulin, and albumin)

(Schaer and Alayash 2012). Cell-based receptors

bind the Hb, or heme complexes of these pro-
teins, and protect against systemicHb and heme

toxicity, until heme is degraded to metabolites

by the heme oxygenases. The most extensively
studied pathways are those involving the plasma

Hb scavenger Hp and the monocyte/macro-

phageHb–Hp scavenger receptor CD163 (Kris-

tiansen et al. 2001; Schaer et al. 2006b). Addi-
tionally, the plasma heme-binding protein Hpx

and its interaction with the LDL receptor-re-

lated protein 1 (LRP-1) appear to be critical
when heme is released from Hb and other pro-

teins (Nielsen et al. 2010). Hp remains the most

important plasmaHb-binding protein, whereas
the role of Hpx is secondary and generally re-

quired only when heme is released from Hb

following oxidation. Figure 4 depicts the pro-
cess of Hb/heme clearance and iron recycling

within the plasma, macrophages, and erythroid

cellular compartments.

Haptoglobin

TheprimaryHb scavenger inplasma isHp (Levy

et al. 2010). Each Hp b chain binds one Hb ab

dimer in a 1:1 stoichiometry. In mammalian
species, the primary phenotype of Hp is 1-1,

meaning that the protein contains two identi-

cal b chains and two a1 chains assembled as
ba1-a1b (90 kDa). The disulfide bond between

the a1 chains occurs at only one cysteine resi-

due. In humans, certain evolutionary changes
have driven the expression of two additional

phenotypes, Hp 2-1 and Hp 2-2, in which the

a2 chain has two exposed cysteine residues
available for disulfide bonding (Wicher and

Fries 2010). Hp 2-1 contains an a2 chain, two

a1 chains, and three b chains (135 kDa). Hp 2-
2 contains only a2 chains and b chains that can

form a multitude of self-polymerizing proteins

with a molecular mass ranging from ≏135 kDa
to 800 kDa. Additional mutations exist in hu-

mans, but remain rare and isolated. The for-

mation of Hb–Hp creates a stable and irre-
versible complex that circulates in the plasma

until it is cleared by CD163-expressing periph-

eral blood monocytes or tissue-resident macro-
phages (Kristiansen et al. 2001).

Hemopexin

This protein is primarily expressed in the liver

and, like Hp, is classified as a class I acute phase
protein induced by proinflammatory cytokines

(i.e., IL-1 and IL-6) (Tolosano et al. 1999, 2010).
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The interaction of free heme with Hpx is re-

ported tobe the strongest plasmaheme–protein
interactionwith aKd , 10213

M (Tolosano et al.

2010). Following inflammation, Hpx is syn-

thesized in the liver, generating mean plasma
concentrations of ≏10 mM (0.6 mg/mL) (Tolo-

sano et al. 1999, 2010). In sickle cell anemia and

thalassemia, Hpx is typically depleted in the
plasma. Once heme-Hpx binding occurs, inter-

action and uptake by the macrophage-associat-

ed LRP-1 receptor removes the heme from the
circulation (Nielsen et al. 2010).

Monocyte/Macrophage CD163

In the circulation and tissues, the Hb–Hp
complex is cleared by the Hb scavenger recep-

tor CD163, a 130-kDa scavenger receptor teth-

ered to peripheral blood monocytes/macro-

phages and tissue-resident macrophages (Kris-
tiansen et al. 2001; Schaer et al. 2006b, 2007).

CD163 is the primary receptor responsible for

removing free Hb (primarily as Hb–Hp) from
the circulation. The binding of the Hb–Hp

complex to the scavenger receptor cysteine-

rich domain three of CD163 and its subsequent
uncoupling following uptake are calcium-de-

pendent. CD163 is cleaved from monocyte

and macrophage cell surfaces by a TNF-a-con-
verting enzyme/A Disintigrin and Metallopro-

teinase 17 mechanism under conditions of

inflammation (Etzerodt et al. 2010). The in-
flammation-linked cleavage and plasma levels

of CD163 have been shown to be elevated dur-

ing general tissue inflammation; the highest
concentrations were found in patients with

Plasma

Bilirubin CO

Fe2+/3+
HO-1Degradation

Recycling

Lysosome

CD163 LRP-1/CD91

Hemopexin

HemeFerric HbFerrous Hb

H2O2

Transferrin–Fe

complex

Fe3+

Ferritin

Heme

Macrophage

Haptoglobin

Erythropoiesis

CD163

RBC

Hemolysis

Hemoglobin

Dimerization

β

β

β α
α

α

Figure 4. Physiologic hemoglobin scavengers and detoxification systems. Hb can be released from red blood cells
(RBC) into the plasma and extracellular environment during hemolysis or tissue injury. In the extracellular
compartment, Hb reacts with peroxides (H2O2 and lipid hydroperoxides) and promotes oxidative tissue dam-
age. In the plasma or extracellular space, Hb is sequestered in theHb–Hp complex. Complex formation prevents
Hb-induced hypertensive and oxidative reactions. The Hb–Hp complex is subsequently endocytosed by the
macrophage Hb scavenger receptor CD163.Within themacrophage, heme is released from globin and degraded
by HO-1 into bilirubin and carbonmonoxide (CO). The released iron induces ferritin synthesis. Iron can either
be exported for iron recycling or it can be stored in a ferritin complex. Backup systems such as hemopexin (Hpx)
and the Hpx–heme complex receptor (LDL receptor-related protein, LRP) pathway can bind and detoxify free
heme that is released from oxidized Hb.
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macrophage-activation syndromes (Schaer et

al. 2005).
Endocytosis of the Hb–Hp complex results

in cellular delivery of heme and up-regulation

of HO-1. This provides a link to enhancedmac-
rophage HO-1 clearance of heme (Schaer et al.

2006a; Vallelian et al. 2010). The end result of

this process is the up-regulation of the synthesis
of heme metabolites (i.e., bilirubin, CO, and

ferritin) that may function as antioxidants (bi-

lirubin and ferritin) and signaling molecules
(CO) (Otterbein et al. 2003).

Hemoxygenase

The loss of heme oxygenase (HO) function, or

HO-1 deficiency, in humans was first reported
in 1999 (Yachie et al. 1999). The disease was

described in a 6-yr-old boy, who suffered from

severe growth retardation, increased RBC fragil-
ity, chronic hemolysis with paradoxically elevat-

ed Hp levels, elevated ferritin levels, iron depo-

sition in renal and hepatic tissues, and marked
kidney injury (Yachie et al. 1999). This very rare

condition provided important insight into the

functional role and importance of this class of
enzymes. HO is the primary enzyme of heme

catabolism. Two predominant isoforms are in-

volved in heme metabolism, HO-1 and HO-2,
and both enzymatically degrade heme to bili-

verdin, bilirubin, iron, and CO (Abraham and

Kappas 2008). HO-2 is constitutively expressed;
however, HO-1 is induced by various stimuli

including heme, lipopolysaccharide, hypoxia,

and heavy metals (Abraham and Kappas 2008).
However, heme is the most potent physiologic

inducer of HO-1 (Balla et al. 1993). Although it

appears evident that HOs are essential to keep
intracellular heme homeostasis within a physio-

logic (e.g., nontoxic range), many effects that

are associated with under- or overexpression of
these enzymes arepoorly understood. Forexam-

ple, the mechanisms and pathways of cellular

heme toxicity (e.g., in cases of inappropriately
low HO-1 expression or excessive heme load)

have not yet been systematically explored. Cellu-

lar heme toxicity is mostly considered to be
caused by nonspecific oxidative reactions that

may damage cellular proteins and lipid compo-

nents. However, it is likely that more complex

pharmacologic effects of the protoporphyrin ex-
ist and could disturb essential metabolic path-

ways. Likewise, it is uncertain towhat extent the

protection against heme toxicity by HO is de-
pendent on biologic activities of its metabolic

end products (CO, iron, and bilirubin) in addi-

tion to the primary catabolic heme “removal”
activity (Otterbein et al. 2003).

SCAVENGER PROTEIN-BASED
THERAPEUTICS FOR HEMOLYTIC
CONDITIONS

Several studies have explored the protective ac-

tivities ofHp andHpx against Hb/heme-driven

disease processes in vitro and in vivo, and novel
therapeutics based on these proteins have been

proposed. Hp can prevent heme release from

met-Hb (Fe3þ) and, in the presence of H2O2,
attenuate the peroxidation of globin chain ami-

no acids and the oxidative modification of ex-

ternal molecules (i.e., other proteins and lipids)
(Miller et al. 1997; Buehler et al. 2009; Pimenova

et al. 2010). These protective functions appear

to be related to the ability of Hp to firmly sta-
bilize the structure of the bound Hb ab dimers,

and to a less understood mechanism whereby

Hp shields peroxidative reactions within the
Hb–Hp complex from external substrates.

The Hb–Hp complex can still react with many

ligands such as O2, NO, H2O2, and nitrite (Bo-
retti et al. 2009; Buehler et al. 2009; Roche et al.

2012). It is unknown whether these reactions

have any biological function. Some hypotheses
suggest that the H2O2 reaction may attenuate

oxidative stress in inflamed tissues, whereas the

enhanced nitrite-reductase activity of the com-
plex may help to control the adverse vascular

effects of unopposed NO consumption within

the circulation.Anotheressential functionofHp
in vivo is the capture of the relatively small Hb

dimers within the circulation by a protein com-

plex too large for renal clearance and extravasa-
tion (Boretti et al. 2009; Baek et al. 2012). This

intravascular sequestration limits toxic Hb ex-

posure in the kidneys and other sensitive tissues,
andmay also prevent access of theNO scavenger

Hb to the vascular wall (Fig. 5). Proof of concept
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Figure 5. The haptoglobin paradigm of damage prevention during hemolysis. After hemolysis free Hb can
dissociate into ab dimers with a relatively small molecule size of ≏32 kD (eluting at 19.8 min in the shown
plasma size exclusion chromatography [SEC] profile). Susceptible tissues are exposed to toxicHb. The results are
hemoglobinuria, hemodynamic instability with acute hypertension, and oxidative tissue damage. With hapto-
globin (Hp) treatment 100% of the free Hb is captured within the large sized (.150 kD) Hb:Hp complex that
elutes at 14.7 min in plasma SEC (note that there remains no free Hb in the Hp-treated plasma sample). As a
result, free Hb remains compartmentalized within the circulation. Hemoglobinuria, hemodynamic instability,
and oxidative tissue damage are prevented. The image in the left middle panel shows urine collections of Hb and
Hb:Hp infused guinea pigs. The lower left panel shows blood pressure recordings of Hb, Hb:Hp, or starch
(control) infused animals. The kidney sections in the lower right panel were stained for 4-HNE as a marker of
oxidative tissue damage (brown color) in Hb-infused (but not in Hb transfused þHp-treated) animals.
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studies of the therapeutic potential of Hp have

been conducted in animal models of Hb infu-
sion and blood transfusion (Boretti et al. 2009;

Baek et al. 2012). Application of humanplasma-

derived Hp in these models attenuated the
Hb-mediated acute hypertensive response, oxi-

dative renal damage, and vascular injury. Hu-

man plasma-derived Hp is approved as a drug
for the treatment of hemolytic conditions in

Japan (haptoglobin injection, Benesis, Osaka,

Japan). Unfortunately, this product is not avail-
able outside of Japan and there are insufficient

data available to estimate the clinical efficacy

of Hp, but there are reports of therapeutic ben-
efits (Imaizumi et al. 1994). Other Hp products

are expected to be developed by European and

U.S.-based plasma fractionation companies,
and further preclinical and clinical studies will

likely be conducted in the near future to further

explore the efficacyand safetyofHp for the treat-
ment of diverse hemolytic conditions.

The rationale for the use of Hpx as a thera-

peutic scavenger protein in hemolytic condi-
tions is based on the idea that free heme could

be an ultimatemediatorofHb toxicity. This idea

is supported by multiple in vitro observations
and by findings in the Hpx-knockout mouse,

which is susceptible to renal damage after acute

intravascular hemolysis (Tolosano et al. 1999).
Severe sepsis can be accompanied by hemolysis

and Hpx depletion. In a mouse model of severe

sepsis, plasma-derived Hpx was protective
against organ damage and death (Larsen et al.

2011). Theprotective effect in thismodelmaybe

related to the ability of Hpx to prevent the inter-
action of free heme with innate immune recep-

tors (e.g., toll-like receptors), interrupting the

synergistic proinflammatory effects of heme
and the sepsis-inducing pathogen. Currently,

there is no Hpx product available for clinical

application and, therefore, no safety and/or ef-
ficacy data exist for its therapeutic use.

Several functions of Hpx have been de-

scribed that are not directly related to its heme
scavenging activity (Tolosano et al. 2010). These

functions involve enzymatic activities as well

as direct anti-inflammatory effects. Nonheme-
binding effects of Hpx might be responsible

for the intriguing observation that, in another

mouse model of sepsis, Hpx inhibited neutro-

phil migration to the focus of infection. In this
model, lethality was paradoxically increased in

septic wild-type mice treated with the heme-

binding protein, and reduced in Hpx-knockout
animals (Spiller et al. 2011). It was suggested

that many of the reported nonheme-binding

functions of Hpxwere related to the experimen-
tal conditions or to impurities and degradation

products in some experimental Hpx prepara-

tions (Mauk et al. 2011); careful examination
of such effects may be critical in the preclinical

evaluation of Hpx-based therapeutics. Also, no

comparative experimental data currently exist
to determine which of the plasma-scavenging

proteins within the Hb/heme-binding cascade

might be the most protective against hemoglo-
bin-driven pathologies.
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