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Abstract

Heme is an essential molecule in aerobic organisms. Heme consists of protoporphyrin IX and a ferrous (Fe*") iron
atom, which has high affinity for oxygen (O,). Hemoglobin, the major oxygen-carrying protein in blood, is the
most abundant heme-protein in animals and humans. Hemoglobin consists of four globin subunits (x3f,), with
each subunit carrying a heme group. Ferrous (Fe®*) hemoglobin is easily oxidized in circulation to ferric (Fe>")
hemoglobin, which readily releases free hemin. Hemin is hydrophobic and intercalates into cell membranes.
Hydrogen peroxide can split the heme ring and release “free” redox-active iron, which catalytically amplifies
the production of reactive oxygen species. These oxidants can oxidize lipids, proteins, and DNA; activate cell-
signaling pathways and oxidant-sensitive, proinflammatory transcription factors; alter protein expression; per-
turb membrane channels; and induce apoptosis and cell death. Heme-derived oxidants induce recruitment of
leukocytes, platelets, and red blood cells to the vessel wall; oxidize low-density lipoproteins; and consume nitric
oxide. Heme metabolism, extracellular and intracellular defenses against heme, and cellular cytoprotective ad-
aptations are emphasized. Sickle cell disease, an archetypal example of hemolysis, heme-induced oxidative stress,

and cytoprotective adaptation, is reviewed. Antioxid. Redox Signal. 12, 233-248.

Introduction

IRON—DERIVED reactive oxygen species (ROS) are involved in
the pathogenesis of numerous vascular disorders. The most
abundant source of redox-active iron is heme, which is in-
herently dangerous when it escapes from its physiologic sites
(118). Heme-derived iron plays an instrumental role in the
pathology of hemolysis, trauma, and reperfusion after ische-
mia. Erythrocytes package 20 mM hemoglobin in an envi-
ronment full of antioxidants to prevent excessive oxidation
(23). Severe hemolysis can lead to the release of up to 20 uM
plasma hemoglobin (79). When erythrocytes are lysed, ex-
tracellular hemoglobin is easily oxidized from ferrous (Fe*h)
to ferric (Fe3+) hemoglobin (methemoglobin), which, in turn,
readily releases heme (65). The extreme hydrophobicity of free
heme permits it to intercalate into cell membranes, creating
increased cellular susceptibility to oxidant-mediated killing
as well as generation of ROS (22). Once heme is in the cell
membrane, hydrogen peroxide from sources such as activated
leukocytes can split the heme ring and release “free” redox-
active iron, which can catalytically amplify the production of
ROS inside the cell (54). Amplification of ROS production by
redox-active iron can directly lead to additional lipid, protein,
and DNA damage and ultimately to cell death (79). Heme-
derived redox-active iron also can indirectly cause cell death
by promoting the oxidation of low-density lipoproteins

(LDLs), leading to foam cell formation and apoptosis in the
vessel wall (19, 23, 24, 67, 103).

Intravascular hemolytic diseases include malaria, sickle cell
anemia, thalassemia, disseminated intravascular coagulation
(DIC), and paroxysmal nocturnal hemoglobinuria (PNH).
Heme also is released during blood clotting. Similarly, rhab-
domyolysis, caused by the rapid breakdown of skeletal
muscle tissue, leads to the release of heme-containing myo-
globin into circulation and ultimately to renal injury. All he-
molytic diseases share several identifying features, which
include escape of hemoglobin/myoglobin from inside the cell,
heme-iron-induced oxidative stress (21), vascular inflamma-
tion (24), and recruitment of leukocytes to the site of vascu-
lar injury (21). Exposure of cells to sublethal oxidative stress
results in an adaptive, cytoprotective modulation of various
cell-signaling pathways (18, 21, 22). ROS can activate and
inactivate transcription factors, membrane channels, and
metabolic enzymes, and regulate signaling pathways (49, 62,
86, 97, 107, 141, 156). Oxidation of protein thiols is a major
mechanism by which ROS integrate into cellular signal-
transduction pathways (108). Oxidative stress triggers vas-
cular inflammation by activating oxidant-sensitive cellular
pathways that include transcription factors nuclear factor-
kappa B (NF-«B), activator protein-1 (AP-1), and others (62,
86, 97, 107, 141). When activated, these regulatory oxidant-
sensitive transcription factors markedly change the pattern of
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gene expression and orchestrate crucial cytoprotective adap-
tations. One of these adaptations is the recruitment of leuko-
cytes and platelets and blood cell-endothelial cell interactions
in the microcirculation (93). The adhesion of circulating blood
cells to vascular endothelium is a key element of the proin-
flammatory and prothrombogenic phenotype assumed by
the vasculature in hemolytic diseases and other disease states
associated with oxidative stress (30, 56, 71, 142, 149). It is
critical to understand how cells and tissues defend from or
adapt to excessive oxidative stress, resulting from hemolysis
and the release of hemoglobin, heme, and iron into the vas-
culature. Understanding these adaptations underpins the
basis for potential therapies to prevent or treat vasculopathy
and organ injury in hemolytic diseases.

Extracellular Defense Against Hemoglobin

In response to an oxidative and inflammatory onslaught of
heme, animals have evolved multiple mechanisms for pro-
tection. The first line of defense after the release of hemoglobin
into the vasculature is the plasma protein haptoglobin. Hap-
toglobin is an acute-phase protein that scavenges hemoglobin
in the event of intravascular or extravascular hemolysis. The
protein exists in humans as three main phenotypes, Hp1-1,
Hp2-2, and Hp2-1 (53). Hemoglobin in plasma is instantly
bound with high affinity to haptoglobin-an interaction lead-
ing to the recognition of the complex by the HbSR/CD163
scavenger receptor and endocytosis in macrophages (78). This
specific receptor-ligand interaction removes haptoglobin—
hemoglobin complexes from plasma, but not free haptoglo-
bin, which explains the depletion of circulating haptoglobin in
individuals with increased intravascular hemolysis (78). The
HbSR/CD163 scavenging system for hemoglobin protects
against the toxic effects of hemoglobin in circulation. He-
moglobin is a low-affinity ligand for CD163, even in the ab-
sence of haptoglobin (36, 122). CD163 is a highly expressed
macrophage membrane protein belonging to the scavenger-
receptor cysteine-rich domain family (122). CD163 expression
is induced by interleukin-6, interleukin-10, and glucocorti-
coids (121). CD163-mediated endocytosis of the haptoglobin—
hemoglobin complex represents a major pathway for uptake
of iron into tissue macrophages and the induction of heme
oxygenase-1 (HO-1) (35). Hemoglobin induces antioxidant
and antiinflammatory genes in macrophages, including HO-1
(120). The hemoglobin-CD163-HO-1 pathway induces
ferritin-1 expression, which is linked to heme breakdown by
HO-1. Schaer and colleagues (120) reported that this response
is not related to hemoglobin-mediated depletion of reduced
glutathione, and no protein phosphorylation-dependent
CD163 signaling exists in the protective macrophage response
to hemoglobin.

Extracellular Defense Against Heme: Hemopexin

Hemopexin is a heme-binding plasma glycoprotein that
forms the second line of defense against hemoglobin-mediated
oxidative damage during intravascular hemolysis. Hemo-
pexin is synthesized in the liver and serves as an acute-phase
reactant with the highest binding affinity to heme among
plasma proteins (46, 101, 140). Hemopexin is formed by two
four-bladed f-propeller domains at 90-degree angles with
the heme bound between the two f-propeller domains near
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an interdomain linker peptide (114, 140). Heme-hemopexin
complexes bind to CD91 receptors [also known as the
low-density lipoprotein-related protein-1 (LRP1) and o»-
macroglobulin receptor on hepatic parenchymal cells] and are
removed by receptor-mediated endocytosis. Once hemopexin
releases heme inside the endosome, it is unclear whether
unbound hemopexin is recycled back to the circulation or
degraded (60, 116, 127). During severe hemolysis, hemopexin
is depleted from plasma, which suggests that incomplete re-
cycling of hemopexin may occur (101). Please refer to the re-
view by Tolosano et al., “Heme Scavenging and Other Facets of
Hemopexin” in this issue.

Heme transported to the liver by hemopexin is degraded by
microsomal HO-1, and the released iron is rapidly bound by
ferritin (39). Thus, haptoglobin and hemopexin have signifi-
cant antioxidant properties by binding plasma hemoglobin
and free heme and preventing heme release of redox-active
iron. In addition, CD91-heme-hemopexin receptor com-
plexes are able to induce intra- and extracellular antioxidant
activities (99). HO-1, transferrin, transferrin receptor, and
ferritin are all regulated to some degree by the binding of
heme-hemopexin complexes to the CD91 receptor (144).
Other genes activated by receptor-bound heme-hemopexin
include proteins important for cellular defenses against oxi-
dative stress, such as metallothioneins and redox-sensitive
transcription factors, including c-Jun, RelA/NF-xB and metal-
regulatory transcription factor 1 (MTF-1) (126).

Other Extracellular Defenses Against Heme

Ferric heme can exchange between hemoglobin and albu-
min, although the affinity of human albumin for ferric heme is
only ~1/15th that of globin (37). Heme exchange between
hemoglobin and albumin is blocked by the binding of he-
moglobin to haptoglobin (101). Heme bound to albumin can
readily exchange onto hemopexin, suggesting that albumin
may serve as a heme reservoir during periods of acute he-
molysis and heme overload (37, 45).

Serum high- and low-density lipoproteins (HDLs and
LDLs) also can bind plasma heme and participate in its
clearance from circulation (19, 45, 52, 66, 67). In the presence of
hydrogen peroxide from activated leukocytes, heme iron can
oxidize LDL, which can be removed by macrophage scaven-
ger receptors, leading to cholesterol-rich foam cell formation
and apoptosis (19, 66). The dissociation rate constants for
ferric heme decrease in the following order: LDL>HDL>
albumin>hemopexin, suggesting that hemopexin is the chief
heme-binding protein in plasma (19, 22, 24, 25).

o1-Microglobulin, a member of the lipocalin family, is a
26-kDa plasma and tissue glycoprotein (2). a;3-Microglobulin
is an evolutionarily conserved immunomodulatory plasma
protein (91). In all species studied, «;-microglobulin is syn-
thesized by hepatocytes and catabolized in the renal proximal
tubular cells (91). o;-Microglobulin is found in blood in free
form and is tightly bound to IgA via a cystine—cystine bond
(31). In addition, ¢;-microglobulin can bind heme, has cata-
lytic reductase activity, and can reduce methemoglobin (8, 9).
o1-Microglobulin, when exposed to the cytosolic side of
erythrocyte membranes or to purified oxyhemoglobin, can be
truncated at the C-terminus (8). When bound to heme, the
truncated protein shows a time-dependent spectral rear-
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FIG. 1. Heme degradation by heme oxygenase. The catabolism of heme (ferroprotoporphyrin IX) via heme oxygenase
requires the participation of NADPH and O,. Heme is broken and oxidized at the «¢-methene bridge, producing equimolar
amounts of CO, ferrous iron, and biliverdin. From Wu and Wang ref. 150.

rangement, suggestive of degradation of heme concomi-
tant with formation of a heterogeneous yellow—brown chro-
mophore associated with the protein (8). The processed
a1-microglobulin is found in normal and pathologic human
urine, indicating that the cleavage occurs in vivo (8). The re-
sults suggest that truncated o4-microglobulin is involved in
extracellular heme catabolism, especially when red blood
cells are hemolyzed. The heme-binding and putative heme-
cleavage properties of a;-microglobulin likely provide an
additional physiologic protection mechanism against extra-
cellular heme.

The kidney is the main site of hemoglobin clearance and
degradation in conditions of severe hemolysis. Two epithelial
endocytic receptors, megalin and cubilin, located in the brush
borders of the renal proximal tubules, mediate hemoglo-
bin uptake in the kidney (48). Studies using knockout mice
demonstrated that megalin is responsible for physiologic
clearance of hemoglobin under normal conditions, but cubilin
may assist during conditions of hemoglobinuria. The clear-
ance of hemoglobin and o-microglobulin-heme complexes
by renal proximal tubular cells probably explains why renal
tubuli are dependent on intrinsic HO-1 production for their
survival under oxidative stresses and why HO-1 deficiency is
characterized by advanced tubulointerstitial injury (154).

Intracellular Defense Against Heme:
Heme Oxygenase-1 (HO-1)

Once heme gets into a cell, whether by haptoglobin, he-
mopexin, albumin, lipoproteins, o;-microglobulin, megalin/
cubilin, or hydrophobic intercalation into the cell membrane,
the heme and its concomitant oxidative stress induce the cy-
toprotective and rate-limiting enzyme in the catabolism of
heme, HO-1. HO-1 is a microsomal/mitochondrial (128) en-
zyme that oxidizes protoheme to biliverdin IX« in a three-step
process that requires oxygen and reducing equivalents from
NADPH (Fig. 1) (57). Electrons used in the HO-1 reaction
are provided by NADPH-cytochrome P450 reductase. In the
process, HO-1 releases three enzymatic byproducts: carbon
monoxide (CO); biliverdin, which is converted by biliverdin
reductase to bilirubin; and iron, which stimulates ferritin
synthesis. These byproducts of HO-1-mediated heme catab-
olism have established antioxidant and antiinflammatory
properties. Three isoforms (HO-1, HO-2, and HO-3) that
catalyze heme catabolism have been identified (95). HO-1
is a 32-kDa protein that is inducible by numerous stimuli,
including heme, but also non-heme stimuli, such as UV
irradiation, heavy metals, hormones, endotoxin, cytokines,
oxidants, and heat shock (95). In most tissues, HO-1 is
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TABLE 1. SIcKLE MicE HAVE INTRAVASCULAR HEMOLYSIS

Hematocrit  Reticulocytes  Plasma hemoglobin  Plasma methemoglobin ~ Plasma haptoglobin  Plasma bilirubin
Mouse model (%) (% of RBC) (mg/dL) (mg/dL) (% of Normal) (mg/dL)
Normal 429+15 31+£09 0.59£0.04 <0.1 100.0£46.1 0.92+0.13
S+S-Antilles 40.1+3.0* 11.2+24* 2.36 £0.92* 1.0+0.2 39.6 £13.1% 1.71+0.53*
BERK 21.6+3.3* 31.6+2.9* 55£2.0% 23+08 429+6.1% 5.95+1.78*

Heparinized whole blood was collected in capillary tubes for manual measurement of hematocrits (Hct) by packed red blood cell (RBC)
volume and for reticulocyte staining and counting in methylene blue. Reticulocytes, identified by their DNA staining, were expressed as a
percentage of RBC. Plasma hemoglobin was measured by Drabkins reagent. Plasma haptoglobin was measured by Western blotting and is
expressed as a percent of normal C57BL/6 plasma haptoglobin, and total plasma bilirubin was measured colorimetrically by the diazo

bilirubin method (96).

n=4-10 mice/group except metHb (n=2); *p <0.05 normal vs. sickle.

Table modified from ref. 27.

either expressed at low levels or is not expressed at all,
whereas HO-2 is constitutively expressed. Although the
expression of HO-1 can be induced in response to a range
of stimuli, HO-2 responds to few regulatory factors (95).
HO-1 is present in a variety of tissues, with the highest basal
levels in tissues responsible for the degradation of senescent
RBCs and heme, including the spleen, reticulo-endothelial
cells of the liver, vascular endothelial cells, and bone mar-
row (117).

Not surprisingly, human patients and mouse models have
elevated HO-1 in response to prolonged hemolysis (27, 104,
145). Of all sites in the body, the endothelium may be at
greatest risk of exposure to heme. Exposure of endothelial
cells to hemoglobin increases the expression of HO-1. In cell
culture, heme greatly potentiates endothelial cell killing me-
diated by leukocytes and other sources of ROS (20). As a de-
fense against heme, endothelial cells upregulate HO-1 and

ferritin. If cultured endothelial cells are briefly pulsed
with heme and are then allowed to incubate for a prolonged
period (16h), the cells become highly resistant to oxidant-
mediated injury and to the accumulation of endothelial lipid-
peroxidation products. This protection is associated with the
induction within 4 h of mRNA for HO-1 (18). After 16 h, HO-1
and ferritin protein have increased ~50- and 10-fold, re-
spectively. In animal models, increased expression of HO-1
has been shown to protect tissues and cells against ische-
mia/reperfusion injury, oxidative stress, inflammation,
transplant rejection, apoptosis, and cell proliferation (110,
147). Conversely, HO-1-null mice (hmox-1"'") and human
patients deficient in HO-1 are especially prone to oxidative
stress and inflammation (72, 146, 151). The central importance
of this protective system was recently highlighted in a child
diagnosed with HO-1 deficiency, who exhibited extensive
endothelial damage (151).

-

FIG. 2. Hemolysis, oxidative stress, inflammation, and adhesion lead to vasoocclusion and ischemia/reperfusion injury
in sickle cell disease. (A) The vicious cycle of oxidative stress, inflammation, and vasoocclusion in sickle cell disease is
initiated and perpetuated through many mechanisms. Sickle red blood cells (RBCs) themselves can generate ROS, and
through hemolysis, release hemoglobin and heme into plasma, which can provide iron that catalyzes further ROS production.
In turn, activated leukocytes, when exposed to heme, can produce ROS and proinflammatory cytokines and promote
endothelium-derived oxidants. These ROS activate NF-xB in the endothelium, which in turn promotes endothelial cell
adhesion molecule (ECAM) expression on the microvasculature. Adhesion molecules such as vascular cell adhesion mole-
cule-1 (VCAM-1), intracellular cell adhesion molecule-1 (ICAM-1), P-selectin, and others promote sickle RBCs and leukocyte
adhesion, which alters vascular tone and promotes vasoocclusion and subsequent tissue ischemia. These vessels can sub-
sequently reopen, and reperfusion leads to the conversion of xanthine dehydrogenase to xanthine oxidase, promoting more
ROS production. Image from ref. 94. (B) Electrophoretic mobility shift assay (EMSA) demonstrates that NF-«B is upregulated
in the lungs of transgenic New York sickle mice (NY-S) mice and LPS-treated normal mice [18h after lipopolysaccharide
(LPS) injection] compared with normal lung controls. The summary bar graph plots the mean + SD lung NF-«B expression for
each mouse group as a percentage of normal control mice (n =3 for NY-S and normal control, n =2 for LPS-treated control).
*p < 0.05; **p < 0.01. (C-E) Western blots confirm upregulated adhesion molecule expression in the lungs of transgenic sickle
mice and LPS-treated normal mice (18 h after LPS injection) compared with normal lung controls. Lung homogenates were
prepared from three mice in each group. Homogenate proteins, representing 1 ug lung DNA per lane, were separated with
SDS-PAGE, transferred electrophoretically to PVDF membranes, and immunoblotted with anti-VCAM, anti-ICAM, or anti-
PECAM IgG. Sites of primary antibody binding were visualized with alkaline phosphatase—conjugated donkey anti-goat IgG.
The final detection of immunoreactive bands was performed by using a chemifluorescent detection substrate. Protein bands
corresponding to each adhesion molecule were quantified with fluorescence densitometry. The figure shows the adhesion-
molecule bands from one representative lung from each model and a summary bar graph. The bar graph plots the mean 4+ SD
adhesion-molecule expression for each mouse model as a percentage of normal control mice (n = 3). *p < 0.05; **p < 0.01; and
***p < 0.001. (B-E) were originally published in ref. 26. (F) Histology of venule in the dorsal skin of transgenic sickle mice after
1h of hypoxia and 1h of reoxygenation. Dorsal skin samples were taken for histologic analysis after the sickle mice were
exposed to 1h of hypoxia and 1h of reoxygenation when ~12% of the venules were static. Skin samples were fixed overnight
in formalin, cut into 5-mm sections, embedded in paraffin, mounted on slides, and stained with hematoxylin and eosin
before microscopic examination. The figure shows a venule with a suspected vascular obstruction. White arrowheads, leu-
kocytes that appear to be adherent to the vascular endothelium; white arrows, misshapen RBCs inside the venule. Figure is
adapted from ref. 68.
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FIG. 3. HO-1 expression is increased in the organs of
sickle mice. Western blots for HO-1 were performed on
organ homogenates (1ug of organ DNA per lane) from
lungs, livers, and spleens of untreated normal, S+ S-Antilles,
and BERK mice. (A) The 32-kDa HO-1 bands are shown for
each organ and each mouse. (B) The mean HO-1 band in-
tensities (n=4) % SD are expressed as a percentage of those
in normal control mice. *p < 0.05, normal versus sickle. Figure
is taken from ref. 27.

Regulation of HO-1 Expression

The HO-1 gene (hmox-1)-promoter region contains two in-
ducible enhancer regions, E1 and E2, which contain multiple
Maf recognition elements (MARE) (74, 112). Hmox-1 tran-
scription is initiated when the basic leucine zipper (bZIP)

BELCHER ET AL.

transcription factor NF-E2-related factor 2 (Nrf2) binds to the
MARE regions to form heterodimers with Maf proteins (74).
Bachl is another member of the bZIP transcription factor
family, which serves as a potent repressor of hmox-1 tran-
scription through its ability to bind MARE regions, prevent-
ing Nrf2-Maf heterodimers from forming (111). Bachl has a
higher binding affinity for the MARE regions than has Nrf2,
making it a key regulator of hmox-1 (107, 129, 132, 153).

Bachl has multiple cysteine-proline (CP) motifs that serve
as heme-binding regions (107). The DNA-binding action of
Bachl is inhibited when heme, or another heavy metal such as
cadmium, is bound to these CP motifs. Release of Bachl from
the DNA leads to its exportation out of the nucleus (129, 130).
It is suggested that exportation of Bachl allows Maf/Nrf2
heterodimer formation on the MARE sites, leading to tran-
scriptional upregulation of hmox-1 (107,112, 129). Studies with
Bach1~/~-knockout mice support this hypothesis by demon-
strating a reduction of reperfusion injuries and decreased ap-
optosis in cardiomyocytes (153). This cytoprotective effect was
abolished by pretreating the mice with a potent HO-1 inhibi-
tor, zinc protoporphyrin, indicating that the observed cyto-
protection is in part mediated through an increase in HO-1
protein expression and activity in the Bach1~/~ mice (153).

Moreover, Bachl small interfering RNA (siRNA) signifi-
cantly increased HO-1 mRNA levels in Huh-7 hepatocytes in
a dose- and time-dependent fashion (125). The upregulation
of HO-1 in both of these studies could not be attributed to
Bachl alone, leaving room for the alternative hypothesis of
heme-mediated Nrf2 stabilization, which was proposed by
Alam and associates (6, 125). They suggest that hmox-1 is ac-
tivated when heme increases the stability of the Nrf2 protein,
leading to accumulation of Nrf2/Maf heterodimers at the
enhancer region.

FIG. 4. Hemin injections further increase

HO-1 expression in sickle mice. (A) HO-1 ex-
pression can be further upregulated in the or-
gans of sickle mice with hemin treatment. S+ S-
Antilles mice were either untreated or injected
with hemin (40 umol/kg/d, IP) for 3 days.
Twenty-four hours after the third injection, the
organs were harvested, and Western blots for
HO-1 were performed on lung, liver, and spleen
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The Bachl/Maf/Nrf2 system is a potential therapeutic
target for ameliorating heme-induced inflammation. Com-
plex overlapping intracellular signaling cascades of kinases
and redox-sensitive transcription factors further regulate the
expression of HO-1 in response to external stimuli. These
additional transcription factors include AP-1 (81, 92, 124),
AP-2 (84), hypoxia-inducible factor-1-o. (HIF-1a) (55, 85, 131,
152), and NF-«B (82, 86). These transcription factors are in part
regulated by multiple overlapping protein kinases, including
mitogen-activated protein kinases (MAPKSs), extracellular-
regulated kinase (ERK) and p38, phosphatidylinositol 3-
kinase (PI3K), cAMP-dependent protein kinase or protein
kinase A (PKA)(61), and protein kinase C (PKC) (126, 136), but
not c-jun N-terminal kinase (JNK) (7, 40).

The expression of HO-1 is triggered by its substrate heme
and diverse stress stimuli, including ultraviolet radiation (143),
hypoxia (43, 85, 102), inflammation (1, 64, 148), heavy metals
(3,90, 105, 134, 135), hydrogen peroxide (73, 106), and nitric ox-
ide (NO) (47,133, 101). According to a study by Alam and Den
(5), the phorbol ester 12-O-tetradecanoylphorbol-13-acetate—
mediated HO-1 induction in mice required AP-1 binding to the
5’-flanking region of the target gene. Other studies have
demonstrated the induction of HO-1 by other oxidative stimuli
[such as heme (124), sodium arsenite, cobalt chloride (92),
bacterial lipopolysaccharide (82) and cobalt protoporphyrin
(124)] is mediated by AP-1 activation. Because AP-1-mediated
HO-1 induction can be attenuated by the antioxidant N-
acetylcysteine (4, 47), it is likely that oxidant-sensitive thiols
play a critical role in the initiation of the signal-transduction
pathways leading to HO-1 gene transcription.

Intracellular Defense Against Heme Iron: Ferritin

Redox-active iron can be effectively controlled by ferritin
through iron sequestration and ferroxidase activity, which
oxidizes iron from Fe" to Fe>" for safe storage inside of fer-
ritin. Within most cells, the major depot of nonmetabolic iron

is ferritin, a high-molecular-mass (450 kDa), multimeric (24-
subunit) protein (heavy or H chain M,, 21,000 kDa, light- or
L-chain M,, 20,700 kDa) with a very high capacity for storing
iron (4,500 mol of iron/mol of ferritin) (137). The H chain is
involved in ferroxidase activity necessary for iron uptake and
oxidation of ferrous iron, whereas the L chain is involved in
nucleation of the iron core. Hydrogen peroxide is a byproduct
of the ferroxidase reaction (155). Ferritin appears to have an
antioxidant role inside the cell; it inhibits cell proliferation and
confers resistance to oxidative damage and apoptosis (18, 89).
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FIG. 6. Further upregulation of HO-1 by hemin inhibits
hypoxia/reoxygenation-induced increases in leukocyte-
endothelium interactions. S+ S-Antilles mice with an im-
planted dorsal skin-fold chamber (DSFC) were treated with
either placebo (saline) or hemin injections (40 umol/kg/d, IP)
for 3 days. Twenty-four hours after the third injection, leu-
kocyte rolling and adhesion were measured in the subcuta-
neous venules at baseline in ambient air and again in the
same venules after exposure of the mice to 1 h of hypoxia (7%
0,/93% N,) and 1h of reoxygenation in room air. Results are
expressed as mean +SEM percentage change in leukocyte
rolling and adhesion after hypoxia/reoxygenation; n=2
mice and a minimum of 20 venules per group. *p <0.05,
placebo versus hemin. Figure is taken from ref. 27.
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FIG. 7. Further upregulation of HO-1 by hemin inhibits
stasis, and HO-1 inhibition by tin protoporphyrin IX
(SnPP) exacerbates stasis in sickle mice. S+ S-Antilles (A)
and BERK (B) mice with an implanted DSFC were untreated,
injected with hemin (40 umol/kg/d, IP) for 3 days, or injected
with SnPP (40 umol/kg/d, IP) for 3 days. Twenty-four hours
after the third injection, stasis was measured after 1h of
hypoxia (7% O,/93% N,) and 1 and 4 h of reoxygenation in
room air; #n=3-10 mice and a minimum of 20 venules per
mouse. *p < 0.05, untreated versus hemin or SnPP. The pro-
portions of venules exhibiting stasis at each time point were
compared by using a z test. Figure is taken from ref. 27.

The expression of ferritin is regulated at both the transcrip-
tional and posttranscriptional levels by iron, cytokines, and
ROS (11). In the ferritin shell, the proportion of H and L
subunits depends on the iron status of the cell or tissue and
varies between organs and species (137). Under certain che-
mical circumstances, ferritin can release catalytically active
iron (138), which can actually foster peroxidation of lipids
(139). However, such release is slight under more physiologic
circumstances, with fewer than two of 4,500 potential iron
atoms released per ferritin molecule (33). Alternatively, fer-
ritin can beneficially sequester intracellular iron, limiting the
prooxidant hazard posed by this reactive metal; moreover, the
fact that the H chain of ferritin manifests ferroxidase activity
(17, 88) implies that ferritin-stored iron might resist cyclical
reduction/oxidation reactions, which tend to propagate and
amplify oxidative damage.

Ferritin is found primarily in the cytosol; however, a novel
ferritin type, specifically targeted to mitochondria, has been
found in humans, rats, and mice (87). It is structurally and
functionally similar to cytosolic ferritin. Mitochondrial ferritin
has properties similar to those of heavy-chain ferritin, but its
expression is limited to the testis, neuronal cells, and islets of
Langerhans. However, it also is found in iron-rich mito-
chondria of erythroblasts from patients with sideroblastic
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anemia. Recombinant mitochondrial ferritin can protect mi-
tochondria from redox-active iron.

Sickle Cell Disease: An Archetypal Example
of Hemolysis, Heme-Induced Oxidative Stress,
and Cytoprotective Adaptation

Sickle cell disease is a devastating hemolytic disease caused
by a single base pair mutation in the f-globin chain of he-
moglobin. It is characterized by recurring episodes of painful
vasoocclusion, leading to ischemia/reperfusion injury and
organ damage. Recently, the critical roles of oxidative stress,
nitric oxide (NO) consumption, endothelial cell activation,
and inflammation in vasoocclusion have been recognized,
in part because of the development of transgenic murine
models of sickle cell disease. Two mouse models of human
sickle cell disease, S-+S-Antilles and BERK sickle mice,
have intravascular hemolysis, as demonstrated by increased
plasma hemoglobin, decreased plasma haptoglobin, and in-
creased plasma bilirubin (Table 1). The BERK sickle mice have
more-severe organ pathology and a shorter lifespan than do
the S +4-S-Antilles sickle mice. This is likely related to the in-
creased rate of hemolysis in the BERK model. S+ S-Antilles
sickle mice are minimally anemic, and BERK sickle mice
are severely anemic compared with normal control mice
(Table 1). The S+ S-Antilles mice express small amounts of
mouse hemoglobin that can inhibit sickling, resulting in less
hemolysis and a less-severe phenotype than BERK mice. Low
plasma haptoglobin and high plasma hemoglobin indicate
that the extracellular plasma defenses against plasma hemo-
globin are overwhelmed in both models (Table 1). Reticulo-
cyte counts, expressed as a percentage of red blood cells, are
elevated in S+ S-Antilles and BERK sickle mice compared
with normal controls (Table 1).

S+ S-Antilles and BERK mice also have elevated levels
of methemoglobin in their blood compared with normal
mice (Table 1). Ferric (Fe**) heme (hemin) can rapidly disso-
ciate from methemoglobin (65, 66) and potentially provide a
ready source of heme to the vasculature. One way in which
methemoglobin can form in plasma is by reaction of ferrous
(Fe*") hemoglobin with NO, resulting in a decrease in NO and
heme bioavailability (59, 98). NO is produced from the sub-
strate L-arginine by endothelial nitric oxide synthase (eNOS)
and mediates vasorelaxation as well as having antioxidant,
antiadhesive, and antithrombotic properties. In sickle cell
disease, the increase in plasma hemoglobin contributes to the
increased ability of both deoxy- and oxyhemoglobin-S to
participate in scavenging reactions with NO, which reduce
NO bioavailability. NO binds very rapidly with deoxygen-
ated hemoglobin to form stable ferrous (Fe*") hemoglobin—
NO complexes. Oxygenated hemoglobin reacts with NO to
produce methemoglobin and nitrate (14). Cell-free plasma
hemoglobin in the ferrous (Fe®') valence state, is readily
available to participate in Fenton-based redox reactions.
In addition, hemolysis further impairs NO bioavailability
through the release of arginase from the erythrocyte, which
competes with NO synthase (NOS) for the substrate arginine
(75). Combined, these factors contribute to the overall reduced
bioavailability of NO in hemolytic diseases such as sickle cell
disease, which contributes to pulmonary hypertension and
other comorbidities (69).
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FIG. 8. Biliverdin or CO treatment inhibits NF-«B acti-
vation in the lungs of sickle mice. S+ S-Antilles mice were
untreated, treated with biliverdin injections (50 umol/kg, IP,
twice, at 16 and 2h), or treated with inhaled CO (250 ppm in
air for 1h per day for 3 days). Two hours after the second
biliverdin injection or 24 h after the third CO treatment, mice
were exposed to 3h of hypoxia (7% O,/93% N,) and 2h of
reoxygenation in room air. After 2h of reoxygenation, the
lungs were harvested, and NF-xB activation was measured
in organ homogenates with EMSA; n=3 mice per group.
Below each bar is a representative NF-xB band from the
EMSA. *p < 0.05, untreated versus biliverdin or CO. Figure is
taken from ref. 27.

Model Linking Hemolysis, Oxidative Stress,
Inflammation and Vaso-occlusion in Sickle
Cell Disease

Sickle cell patients, even during steady state, have markers
of inflammation, including leukocytosis, elevated C-reactive
protein, and other acute-phase reactants. They often have el-
evated levels of endothelial perturbants (e.g., thrombin),
proximate inflammatory mediators (e.g., IL-6), cell activators
(e.g., platelet-activating factor), powerful effector molecules
(e.g., CD40 ligand), and markers of endothelial activation (e.g.,
soluble VCAM-1) (4-9). The etiology of this proinflammatory
state in sickle cell disease could be the result of vascular injury
and response of the immune system to organ infarctions.
However, studies in murine models of sickle cell disease have
demonstrated that, rather than just being a response to va-
soocclusion, inflammation actively participates in vasoocclu-
sion. The pathophysiology of sickle cell disease can be
modeled as a vicious cycle propelled by hemolysis, oxidative
stress, vascular inflammation, blood cell adhesion to the en-
dothelium, and vasoocclusion (Fig. 2A). Because of hemolysis,
the vessel wall is exposed to higher levels of ROS catalyzed by
redox-active iron (24). Activated leukocytes are another
source of ROS in sickle cell disease (30, 44, 58, 83). Brief in-
cubation of human neutrophils with micromolar concentra-
tions of hemin (1-20 uM) trigger the oxidative burst, and the
production of ROS is directly proportional to the concentra-
tion of hemin added to the cells (50). Moreover, circulating
neutrophils are significantly elevated in sickle cell disease,
making them a rich source of oxidants (10, 12, 38). Finally,
antioxidants are depleted in the tissues of sickle patients and
mice, enhancing sensitivity to oxidative stress in sickle cell
disease (16, 29). Excessive ROS production activates redox-
sensitive transcription factors such as NF-«B and AP-1 (Fig.
2B) (84). These transcription factors promote increased ex-
pression of adhesion molecules on the vascular endothelium
(Fig. 2C-E) (28, 42,70, 71, 94, 123, 142). Adhesion of sickle red
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blood cells and leukocytes to the endothelium and to each
other (41, 71, 123, 142, 145, 149) can then lead to vasoocclusion
in smaller venules (Fig. 2F) (68) and tissue ischemia in
downstream areas deprived of oxygen. These venules can
subsequently reestablish flow in a matter of hours, leading to
reperfusion of ischemic tissues (109). Reperfusion-injury
physiology promotes elevated xanthine oxidase levels, as
seen in the plasma of sickle cell disease patients and sickle
mice (13, 15). Oxidants produced by xanthine oxidase at the
vessel wall continue to fuel the vicious cycle (Fig. 2A), which
ultimately leads to tissue injury.

Intravital microscopy studies in murine models of sickle
cell disease have demonstrated the critical role of adhesion
molecules for the interaction of sickle red blood cells and
leukocytes with the vessel wall of venules (28, 42, 70, 71, 94,
123). P-selectin, vascular cell-adhesion molecule-1 (VCAM-1),
and intracellular adhesion molecule-1 (ICAM-1) on the en-
dothelium are required; blockade or knockout of any one
of these adhesion molecules prevents either cytokine- or
hypoxia-induced stasis (28, 42, 71, 142).

Antiinflammatory agents such as glucocorticosteroids and
antioxidants ameliorate hypoxia/reoxygenation-induced ab-
normalities in venular blood flow (28, 71, 94). High doses of
glucocorticosteroids reduced the duration of hospitalization
in children with painful crises and modulated severe acute
chest syndrome (32, 51). Because of side effects, immuno-
suppressive impact, and rebound attacks, glucocorticoster-
oids have not been widely used in patients with sickle cell
disease. The oxidative nature of sickle cell disease can be il-
lustrated by the inhibitory effects of antioxidants on inflam-
mation, adhesion, and vasoocclusion. Antioxidant therapy
(allopurinol, superoxide dismutase, and catalase) can ame-
liorate leukocyte adhesion and microvascular flow abnor-
malities in transgenic sickle mice in response to hypoxia/
reoxygenation (71). N-Acetylcysteine, a sulfhydryl-containing
antioxidant, caused a fivefold decrease in vasoocclusive
episodes in sickle patients in a phase II clinical trial (113).
Polynitroxyl albumin (PNA), an injectable vascular nitroxide
free-radical therapeutic, is being developed as an early treat-
ment for painful vasoocclusive crisis in sickle cell disease.
PNA acts as a mimic of SOD (76, 115, 119) and can facilitate
heme-mediated catalase-like activity (77). PNA can interrupt
the cycle of oxidative stress, inflammation, and vasoocclusion
by catalytically removing ROS from the vasculature, thereby
inhibiting NF-xB activation, adhesion molecule expression,
and hypoxia-induced stasis in a dorsal skin-fold chamber
model of vasoocclusion (94).

Cytoprotective Adaptation in Sickle Cell Disease:
Heme Oxygenase-1 (HO-1)

The sickle patient and sickle mouse defend or adapt to
excessive oxidative stress resulting from red blood cell he-
molysis and the release of hemoglobin, heme, and iron into
the vasculature, in part, by increasing the physiologic de-
fenses against heme. Sickle cell disease is a prime example of
an adaptive upregulation of HO-1 in response to hemolysis.
HO-1 expression is significantly increased in the lungs, livers,
and spleens of S+ S-Antilles and BERK sickle mice com-
pared with normal control mice (Fig. 3). Treatment of sickle
mice with hemin (40 umoles/kg IP/dx3 d) further increases
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leukocyte—endothelium interactions (Fig. 6), and hypoxia/
reoxygenation-induced stasis (Fig. 7A and B). Heme oxyge-
nase inhibition by tin protoporphyrin exacerbates stasis in
sickle mice (Fig. 8A). Furthermore, treatment of sickle mice
with the HO-1 enzymatic products, CO (250 parts per million
in air for 1 hx3 d) or biliverdin (50 umol/kg IPx2 at 16 and 2 h)
inhibits NF-xB (Fig. 8B), VCAM-1 and ICAM-1 expression,
and stasis (Fig. 9). Local administration of HO-1-adenovirus
to subcutaneous skin increases HO-1 (Fig. 10A) and inhibits
hypoxia/reoxygenation-induced stasis in the skin of sickle
mice (Fig. 10B).

HO-1 plays an essential role in the inhibition and resolution
of vasoocclusion in sickle cell disease. HO-1 and its products,
carbon monoxide, biliverdin/bilirubin, and its linkage to the
iron chelator ferritin, modulate vasoocclusion through mul-
tiple mechanisms, including reducing oxidative stress, in-
hibiting NF-«B, downregulating endothelial cell-adhesion
molecules, decreasing red blood cell hemolysis, and altering
vascular tone. However, sickle cell patients often have adap-
tive increases in HO-1 activity insufficient to handle com-
pletely the excessive heme burden, particularly during acute
bouts of hemolysis. Increases in HO-1 activity or its down-
stream products or both, in excess of the adaptive upregula-
tion seen in tissues of sickle cell mice and patients, may be
important strategies for innovative new therapies to prevent
and treat hemolysis, oxidative stress, inflammation, vasooc-
clusion, and the accompanying pathologies found in sickle
cell disease. HO-1 gene therapy, by using Sleeping Beauty—
mediated transposition of an HO-1 transgene, is a promising
nonviral approach to enhance HO-1 expression significantly
in sickle cell disease (34). To transfer the rat HO-1 gene into
sickle mice, our laboratory has cloned the rat hmox-1 gene into
a Sleeping Beauty transposase (SB-Tn) system. The SB-Tn
system was developed by resurrecting nonfunctional rem-
nants of an ancient vertebrate transposable element from
salmonid fish (63). SB-Tn has features that make it particularly

FIG. 10. HO-1-ADV increases HO-1 expression and in-
hibits stasis. Local administration of HO-1-ADV increases
HO-1 expression (A) and inhibits hypoxia/reoxygenation—
induced stasis (B) in the skin. S + S-Antilles sickle mice with
an implanted DSFC were treated with either a rat HO-1-ADV
construct (n =3 mice and 84 venules) or an empty Control-
ADV construct (n =4 mice and 64 venules). The adenovirus
constructs (2x 107 MOI) in sterile saline were dripped onto the
subcutaneous skin inside the DSFC. Forty-eight hours after
adenovirus treatment, hypoxia/reoxygenation-induced sta-
sis was measured (B). After measurement of stasis, the skin
inside the DSFC window was harvested, and HO-1 expres-
sion was measured in the skin homogenates with Western
blotting (A). Below each bar is a representative HO-1 band
from the Western blot. *p < 0.05, Control-ADV versus HO-1-
ADV. Figure is taken from ref. 27.

attractive as a vector for gene therapy. It can accommodate a
much larger transgene than can viral vectors; it is nonviral; it
does not induce an immune inflammatory response in rodent
models; and it mediates efficient stable transgene integration
that exhibits persistent expression. SB-Tn-mediated HO-1
gene delivery to S+ S-Antilles sickle mice leads to long-term
(+8 weeks) HO-1 transgene expression in liver, a decrease in
markers of vascular inflammation and inhibition of vasooc-
clusion (unpublished data). The cytoprotective effects of the
HO-1 transgene are not recapitulated in transgenic sickle mice
expressing a truncated HO-1 transgene with limited or no
enzymatic activity. Thus, HO-1 is a critical enzyme in the
ameliorating the pathophysiology of sickle cell disease.

Conclusions

Despite the importance of heme for aerobic life, the body
does all that it can to defend itself against heme that has es-
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caped its normal cellular compartments. Multiple extracellu-
lar and intracellular defenses have evolved to protect the body
from heme, including haptoglobin, hemopexin, albumin,
a-microglobulin, HO-1, and ferritin. Sickle cell disease is an
archetypal example of a cytoprotective adaptation to heme-
induced oxidative stress. The sickle patient and sickle mouse
defend or adapt to excessive oxidative stress resulting from
red blood cell hemolysis and the release of hemoglobin, heme,
and iron into the vasculature by increasing the expression of
HO-1. HO-1 activity is pivotal in orchestrating the body’s
cytoprotective responses to heme-induced oxidative stress.
The cells” adaptation to excess heme activates a cascade of
signal-transduction pathways and oxidant-sensitive tran-
scription factors that turn on multiple cytoprotective genes.
Induction of HO-1 and release of heme degradation products
(CO, biliverdin/bilirubin, and iron with its linkage to the iron
chelator ferritin) modulate vasoocclusion through multiple
mechanisms, including reducing oxidative stress, inhibiting
NF-«xB, downregulating endothelial cell adhesion molecules,
decreasing red blood cell hemolysis, and altering vascular
tone. Pharmacologic and genetic regulation of HO-1 gene
expression is a promising avenue of therapeutic research for
all diseases of oxidative stress and inflammation.
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Abbreviations Used

ADV =adenovirus
AP-1 = activator protein-1
bZIP = basic leucine zipper
CO = carbon monoxide
CP = cysteine-proline
DIC = disseminated intravascular
coagulation
DSFC = dorsal skin-fold chamber
EMSA = electrophoretic mobility-shift assay
ERK = extracellular-regulated kinase
Fe*" = ferrous iron
Fe3* = ferric iron
H=heavy chain
HDL = high-density lipoprotein
HIF-1a = hypoxia-inducible factor-1-alpha
hmox-1=heme-oxygenase-1 gene
HO =heme oxygenase
ICAM-1 = intracellular adhesion molecule-1
JNK = cjun N-terminal kinase
L =light chain
LDL =low-density lipoprotein
LRP-1 =low-density lipoprotein-related
protein-1
MAPKSs = mitogen-activated protein kinases
MARE = Maf recognition elements
MTEF-1 = metal regulatory transcription factor 1
NF-xB = nuclear factor-kappa B
NO =nitric oxide
NOS = nitric oxide synthase
Nrf2 = NF-E2-related factor 2
O, =oxygen
PI3K = phosphatidylinositol 3-kinase
PKA = cAMP-dependent protein kinase
or protein kinase A
PKC = protein kinase C
PNA = polynitroxyl albumin
PNH = paroxysmal nocturnal hemoglobinuria
ROS =reactive oxygen species
SnPP = tin protoporphyrin IX
VCAM-1 =vascular cell adhesion molecule-1
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