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Abstract

Polymerization of deoxy sickle cell hemoglobin (HbS) is well recognized as the primary event that 

triggers the classic cycles of sickling/unsickling of patients red blood cells (RBCs). RBCs are also 

subjected to continuous endogenous and exogenous oxidative onslaughts resulting in hemolytic 

rate increases which contribute to the evolution of vasculopathies associated with this disease. 

Compared to steady-state conditions, the occurrences of vaso-occlusive crises increase the levels 

of both RBC-derived microparticles as well as extracellular Hb in circulation. Common byproduct 

resulting from free Hb oxidation and from Hb-laden microparticles is heme (now recognized as 

damage associated molecular pattern (DAMP) molecule) which has been shown to initiate 

inflammatory responses. This review provides new insights into the interplay between 

microparticles, free Hb and heme focusing on Hb’s pseudoperoxidative activity that drives RBC’s 

cytosolic, membrane changes as well as oxidative toxicity towards the vascular system. Emerging 

antioxidative strategies that include the use of protein and heme scavengers in controlling Hb 

oxidative pathways are discussed.
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2. Sickle cell anemia, a molecular disease of hemoglobin

Sickle cell disease (SCD) affects over 100,000 people in the United States and millions of 

people worldwide. Linus Pauling was first to coin the term “molecular disease” describing 

how this hemoglobinopathy originated from a single amino acid substitution [1]. This 

disease (caused by a mutation at the β6 position of Hb (β6Glu→Val)) results in the creation 

of a hydrophobic (sticky) patch (Val6) on the surface of one deoxy molecule in close 

proximity to another molecule with hydrophobic amino acids (e.g. Phe85 and Leu88). The 

primary molecular event is polymerization of these deoxyHbS molecules and subsequent 

aggregation into long fibers that leads to hemolytic anemia [2]. RBCs in hypoxic regions 

undergo the classic sickle cell shape change, and after several cycles of sickling and 
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unsickling, they rupture releasing a mixture of Hb fibers and Hb molecules to circulation. 

SCD is characterized by chronic hemolysis, inflammation, vaso-occlusion, and ischemia-

reperfusion injury leading to strokes and organ infarctions (3). Vascular endothelial cell 

activation (a critical component of microvascular responses) plays a significant part in the 

development of the vaso-occlusive crises, the hallmarks of the disease. Ischemia reperfusion 

injury is characterized by intermittent cessation (and restoration) of blood flow and the 

production of reactive species (ROS); these ischemic events collectively contribute to the 

oxidative stress implicated in the SCD pathogenesis [4].

During its short life span, the SS RBC undergoes several cytosolic and membrane 

transformations that result in alterations to the proteome, metabolome, redox state, and 

rheological properties [5]. Altered cytosolic composition (in particular antioxidant enzymes) 

impacts the overall redox state of the cell. In addition to changes in the oxidative milieu, 

RBC hemolysis vasculopathy also results in the toxic accumulation of heme and Hb in the 

plasma [6]. It is well recognized that plasma levels of free Hb can be as high as 25μM during 

sickle cell crisis, with basal Hb levels at 5–10 μM in sickle cell patients [7]. Free heme 

exerts multiple adverse effects, including leukocyte activation/migration, cytokine up-

regulation, and oxidant production [8].

In spite of our increased knowledge of the molecular basis of SCD, no effective therapy has 

yet been found. Since the discovery of this condition, therapeutic efforts have primarily 

focused on preventing HbS polymerization (either directly or indirectly) and subsequent 

sickling of the RBC. It is difficult to separate the impact of the polymerization process from 

other alterations, including peroxidative stress and redox changes in the Hb molecule and 

within the RBCs [9]. These changes bring about Hb instability which impacts the oxidative 

environment by triggering oxidative stress both intra- and extracellularly. The focus of this 

review is to describe SCD oxidative events (driven primarily by Hb) and their potential 

impact on the vascular system. Also reviewed in this article are recent attempts by many 

researchers to explore antioxidant strategies that are designed to control Hb-mediated redox 

activity in circulation.

3. Lessons learned from cell-free hemoglobin developed as blood 

substitutes

The development of Hb-based oxygen carriers (HBOCs) as viable oxygen therapeutics has 

been hampered by several safety concerns and adverse events associated with the infusion of 

HBOCs that include transient hypertension, gastrointestinal symptoms, pancreatic and liver 

enzyme, myocardial infarction, cardiac arrhythmias, renal injury and death in humans [10].

HBOCs are generally found in circulation (~250 μM-1000 μM (heme)) after infusion in 

humans and animals, with half-lives ranging from 8–17 hours. This extended persistence in 

circulation is due to the fact that these Hbs have been chemically modified in a tetrameric or 

polymeric forms thus avoiding rapid clearance by kidneys [11]. Three major biochemical 

mechanisms were put forward by researchers to explain the basis of free Hb-mediated 

toxicity that would otherwise have been suppressed inside RBCs. These are: (1) scavenging 

of endothelial derived nitric oxide (NO), a vasodilator; (2) oversupply of oxygen; and (3) 
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heme-mediated oxidative reactions (for review see [12, 13]). Hemodynamic imbalances (as 

manifested in blood pressure elevation) in response to HBOC infusion are primarily due to 

NO scavenging by Hb. An alternative mechanistic explanation to NO scavenging is the 

hypothesis of premature oversupply of oxygen to tissues. This results in autoregulatory vaso-

constriction and/or through the formation of reactive oxygen species (ROS) and local 

destruction of NO [14]. Additionally, other less-studied enzymatic activities initiated by 

endogenous oxidants (as they react with the heme moiety of Hb) may have more lasting 

tissue-damaging effects than the other two mechanisms [11, 15]. Hb oxidative toxicity and 

the consequences of these redox side reactions are difficult to study in living systems but 

animal studies have recently confirmed the involvement of oxidation reactions in the 

initiation of inflammatory responses [11, 16]. Hb undergoes oxidation, in which the oxygen-

bound ferrous (FeII) heme iron atom oxidizes non-enzymatically to the ferric/metHb (FeIII) 

state (autooxidation), initially generating a mixture of protonated and anionic superoxide 

radicals (Figure 1). H2O2 is produced during Hb autooxidation by spontaneous (kauto) and 

enzymatic dismutation of superoxide (kd). Hb autooxidation is associated with subsequent 

globin dysfunction and instability due to H2O2 generation resulting from dismutation of the 

initial superoxide products [17]. When H2O2 is in excess i.e., under oxidative stress 

conditions, a pseudoperoxidase catalytic cycle of Hb begins with three distinct steps in 

which H2O2 is ultimately and completely consumed (Figure 1): (1) initial ferrous (HbFeII) 

oxidation to a higher oxidation ferryl Hb(HbFeIV) (k1); (2) autoreduction of the ferryl 

intermediate to ferric (HbFeIII) (k2); and (3) reaction of HbFeIII(metHb) with an additional 

H2O2 molecule to regenerate the ferryl intermediate/ferryl protein radical (·HbFeIV=O) (k3) 

(Figure 1)). This radical may migrate and further damage the protein, including the 

irreversible oxidation of βCys93 and other “hotspots” amino acids [18, 19]. These internal 

reactions if not controlled also result in the modification of heme and its attachment to 

nearby amino acids. Irreversible oxidation of βCys93 to cysteic acid results in Hb 

dissociation into dimers, higher autooxidation rates, and rapid heme loss. Whereas, the Hb 

ferryl state and its associated radicals are more damaging than the ferric form, we have 

recently shown that heme loss from the ferric rather than the ferryl is at higher rates [20].

Due to the nature of chemical and/or genetic modifications employed in first-generation 

HBOCs, heme iron autooxidation and subsequent oxidative changes have been observed to 

occur at higher rates than those of unmodified Hb [21]. Lowered oxygen affinities (due to 

these modifications) have also been shown to enhance autooxidation rates [22], redox 

potential [23], and heme loss [24]. These issues have led many researchers to design 

countermeasures that can retard and/or control iron/heme oxidation in HBOCs. This ranged 

from either directly adding antioxidants (or reductants) to the HBOC solutions or even 

chemically crosslinking some of these antioxidants to the protein [21].

Measuring autooxidation and oxidative changes of HBOCs in circulation is difficult to 

monitor and is dependent on animal species used in these investigations. For example, the in 

vitro oxidation measurements of some HBOCs have been reported to be less of a predictor 

of the in vivo oxidation of Hb in rats (commonly used animal model) [25], whereas in sheep 

almost 30–40% metHb was accumulated after infusion of HBOCs and subsequent oxidation 

in circulation [26].
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Guinea pigs, on the other hand, have been successfully used as a model for examining Hb 

oxidative processes because they (similar to humans and unlike rats) lack the enzymatic 

ability to produce ascorbate, a powerful reductant capable of controlling intravascular Hb 

oxidation [16]. It has also been demonstrated in this model that autooxidation after infusion 

of Oxyglobin™ (a bovine Hb polymerized with gltutaraldehyde approved by the FDA for 

veterinary use) can compromise the ability of Hb to carry oxygen, as reflected by the 

suppression of hypoxia inducible factor (HIF-1α) (an oxygen sensor molecule) in kidney 

tissues for the first 4–6 after infusion [27]. Furthermore, renal HO-1 induction and L-ferritin 

expression were accompanied by significant iron deposition after Oxyglobin infusion. In a 

follow up experiment, evidence was presented to show that Oxyglobin transfusion 

suppressed renal antioxidant enzyme expression at the gene and protein level, possibly 

through epigenetic alterations involving DNA methylation [28]. In massive transfusion of 

stored blood (~10 units), it was also reported that Hb-driven pathologies as consequence of 

the RBC storage lesions were seen in guinea pigs that were attenuated by co-infusion of 

haptoglobin (Hp) [29].

A recent case of compassionate use of HBOC-201 (human analogue of Oxyglobin) was 

reported in a severely injured Jehovah’s Witness patient, for whom survival was considered 

unlikely. Severe anemia and cardiac hypoxia were reversed after slow co-infusion of this Hb 

with ascorbic acid, a powerful reducing agent of Hb (1 g twice daily). No vasoactive side 

effects were associated with the treatment, possibly due to the slow infusion, and the patient 

survived [30].

4. Oxidative environment of sickle cells and the redox state of hemoglobin

It is well established that the vicious cycles of sickling/unsickling result in the production of 

lipid oxidation products and greater (almost twofold) amounts of ROS (mainly O2·−, and 

H2O2) that accumulate within SS RBCs [31, 32]. Consequently, RBC antioxidative enzymes 

activities (primarily SOD and catalase) increase in response to ROS induced oxidative stress 

[33]. Recent studies have also revealed the presence of up-regulated NADPH oxidase 

catalytic subunits which contribute to the SS RBC defective oxidative environment. As a 

result of this increased expression, NADPH oxidase-derived ROS may also cause direct 

oxidative damage to a variety of subcellular structures which ultimately leads to increased 

RBC fragility and hemolysis. Moreover, NADPH oxidase activity may deplete the cellular 

pool of NADPH, thus impairing the ability of the RBC to maintain its antioxidant defenses 

[34]. Another hallmark of SS RBCs that leads to a defective oxidative environment is the 

significant decrease in glutathione levels. Glutathione (GSH) is an important scavenger of 

free radicals and a potent endogenous antioxidant, which helps to protect cells from 

oxidative injury. In some studies, GSH has been found to be 32–36% lower in SCD RBCs 

compared to controls. In addition, catalase, several other proteins are involved in antioxidant 

protection and H2O2 elimination such glutathione peroxidase1 (GPX1) and peroxiredoxin 

within RBCs were found to be significantly impaired [35].

The redox balance within SS RBCs (in the face of the continuous reversible Hb O2 binding 

and generation of ROS) is brought about in large part by these enzymatic and non-enzymatic 

antioxidative activities. Decreased antioxidant defenses overtime in SCD are eventually 
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coupled by an increase in Hb non-enzymatic oxidation (autooxidation) and 

pseudoperoxidase activities (in the presence of oxidants such H2O2). This cumulative 

internal oxidative stress induces membrane (particularly those with high phosphatidylserine 

composition) instability, contributing to accelerated intravascular hemolysis [4]. The unique 

oxidative environment within SS RBCs has been found to disturb HbS’s own normal 

conformational dependent interactions with band 3 membrane proteins (which regulate 

glycolysis in RBCs) and compromise RBCs antioxidant defenses during hypoxia [36]. 

Accelerated redox reactions associated with the HbS protein have been reported during 

malarial infection [37]. Ferryl HbS has been found to inhibit actin polymerization in 

malaria-infected HbS RBCs, thereby preventing the malarial parasites from creating their 

own actin cytoskeleton within the host cell cytoplasm. Although this mechanism appears to 

explain how HbS confers protection against malaria, it also serves to show that Hb oxidative 

reactions, including the formation of ferryl Hb can indeed be detected in RBCs in spite of 

the presence of antioxidative enzymes [37].

Limited numbers of clinical trials mostly on patients in clinical steady-state conditions have 

been reported in literature that describe the role of oxidative stress in disease complications 

[38]. A recent perspective study, in which 32 sickle patients were monitored during vaso-

occlusive crisis showed exacerbated oxidative stress including the accumulation of harmful 

RBC-derived microparticles (MPs). Oxidative biomarkers assessed in this study included 

free heme in plasma, advanced oxidation protein products, myeloperoxidase, glutathione 

content, RBC caspase-3 activity, total neutrophil- and RBC-derived MPs. The formation of 

RBC-derived MPs (associated with reduced anti-band 3 autoantibodies levels) may be both 

related to the recruitment of oxidized band 3 into membrane aggregates [39].

5. Mechanisms of the pseudoperoxidase reactions of sickle cell 

hemoglobin

It has been recognized for some time that the unique oxidative environment of SS RBCs 

becomes an incubator for oxidized Hb and other redox forms [40]. Because of the catalytic 

nature of some of these reactions, Hb participates inside and outside RBCs in radical 

enzymatic and pseudoenzymatic side reactions. Other non-oxygen carrying activities that 

have attracted recent research interest in Hb include nitric oxide (NO) dioxygenase, nitrite 

reductase, and the non-enzymatic S-nitrosylation. Accordingly Hb has been described as an 

“honorary enzyme” and in some cases, Hb has been referred to as the “rogue” enzyme [17].

An important aspect of the hemolysis associated with sickling crises is the release of large 

quantities of Hb in circulation which can contribute to the complications of blood vessel 

injury and inflammation. Hebbel and coworkers have demonstrated that HbS is oxidatively 

less stable in vitro upon exposure to heat, oxidants, and mechanical shaking than HbA [31]. 

These oxidation-related mechanisms have been suggested to contribute to the 

pathophysiology of the disease. HbS under aerobic conditions autoxidizes at faster rates than 

HbA and has greater affinity than HbA to react with membrane aminophospholipids; these 

consequential membrane interactions lead to metHb conversion and the concomitant 

generation of ROS via superoxide ions (O2
−), and peroxide H2O2) [31]. This, results in 
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greatly enhanced Hb denaturation and partitioning of the released heme to the membrane 

bilayer [7]. In the presence of H2O2 Hb (unlike classic peroxidases such as cytochrome 

oxidase and prostaglandin H synthase) is unable to harness its own radicals as it transitions 

to a higher oxidation states [41]; Hb therefore has been classified as a pseudoperoxidase 

enzyme (Figure 2).

When HbS is compared with HbA (under the same experimental conditions) a unique 

pseudoperoxidative activity is observed [19]. Specifically, as HbS recycles between ferric 

and ferryl iron (in the presence of H2O2) it tends to remain longer in the ferryl state due to 

slower autoreduction (Figure 1). Thus, slower autoreduction means greater distribution of 

the damaging ferryl form and its final reduction, whether through autoreduction or through 

reduction by a cellular component. However a faster autoreduction rate results in lesser 

damage to the protein and exogenous species. We have recently shown that a persistent 

ferryl HbS not only induces self-mediated oxidative changes but also promotes cell and 

bioenergetics changes in epithelial lung cells [19]. This suggests that mitochondrial 

dysfunction is triggered by Hb oxidation and likely contributes to SCD-induced vascular 

pathology. In summary, a persistent ferryl heme and its radical create an oxidative milieu 

leading to the following: (a) heme attachment to nearby amino acids; (b) irreversible 

oxidation of hot spot amino acids particularly the βCys93 side chain; (c) structural 

instability that leads to heme loss, and finally (d) oxidative damage to other biological 

entities such as the mitochondria [19].

These Hb oxidative pathways have also been monitored in transgenic SCD mice venules as 

they undergo stasis (little or no blood flow) in the microcirculation [42]. Infusion of Hb or 

heme triggered vaso-occlusion in SCD (but not control) mice. MetHb also induced vaso-

occlusion, indicating heme liberation was necessary. This has been further substantiated by 

the fact that Hb-induced vaso-occlusion was blocked by the metHb-reducing agent 

methylene blue, haptoglobin (Hp), and the heme-binding protein, hemopexin (HPX). 

Additionally, free heme (released from Hb) elicited vaso-occlusion (stasis) in transgenic 

SCD mice by binding to the endothelial Toll-like receptor-4 (TLR4); this heme-TLR4 

complex is known to activate NF-κB and thus trigger vaso-occlusion through Weibel-Palade 

body degranulation and adhesion molecule expression [42]. In a follow up study, low dose 

heme caused acute intravascular hemolysis and autoamplification of extracellular heme in 

transgenic sickle mice, but not in sickle-trait littermates. However, pharmacologic inhibition 

of TLR4 and hemopexin replacement therapy (prior to heme infusion) has been shown to 

protect sickle mice from developing acute chest syndrome (ACS) [6]. Total plasma heme 

and plasma free hemes have been recently quantified in children with SCD. In this 

observational clinical study, an association between plasma free heme and incidence of vaso-

occlusive episodes and acute chest has been reported [43].

6. Sickle cell derived microparticles delivers highly oxidized hemoglobin 

and heme to the vasculature

SCD RBCs lose a substantial amount of Hb during their lifespan in circulation through 

frequent hemolysis and the formation of RBC-derived microparticle (MPs). Several MP 
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subtypes have been observed in in sickle cell blood, namely those derived from RBCs, 

platelets, endothelial cells, and monocytes. MPs increase in number as they bud from RBCs 

after cycles of sickling/unsickling [44, 45]. MPs are sub-micron, unilamellar vesicles 

possessing a lipid bilayer and proteins derived from the plasma membrane of their parent 

cells-of-origin. These RBC-derived MPs (isolated from the plasma of freshly drawn blood) 

have been shown to contain all Hb components in a pattern similar to that of parent RBCs 

[46]. Approximately 20–30% of the MP’s content consists of Hb; however these vesicles 

also contain enzymes, miRNA and other multi-functional biologic mediators [46].

Recent investigations have revealed that MPs (consisting of high levels of 

phosphatidylserine (PS)) are 3- to 10-fold higher in SCD patients during steady state than in 

healthy control subjects, and further increased up to 3-fold during vasooclusive crisis. 

Moreover, MPs derived from sickle RBCs have been shown to be important delivery 

vehicles for Hb and heme [47]. This suggests that Hb oxidative pathways that lead to heme 

loss are likely occurring within circulating particles. It has been shown that in SCD, MPs 

can carry 20% to 35% of their Hb content in oxidized (met) form. This contradicts earlier 

reports on normal but aged RBC-derived MPs in which it has been suggested that Hb 

contained in these MPs was predominantly in the ferrous form [48]. Heme-laden MPs 

transfer heme to vascular endothelium which contributes to the overall pathophysiology of 

vaso-occlusion crisis by increasing oxidative stress and vascular dysfunction. In transgenic 

SAD mice, infusion of heme-laden MPs has also been shown to trigger rapid vaso-

occlusions in kidneys and compromised microvascular dilation ex vivo. These vascular 

effects were largely blocked by heme-scavenging HPX and by the PS antagonist annexin-a5, 

in vitro and in vivo [49].

We have recently investigated the Hb oxidation kinetics within MPs in blood from SCD 

mice and human patients in order to accurately monitor how HbS transforms to ferric and 

ferryl redox states (unpublished data). These studies showed that the Hb oxidation time 

course (during 30 hour incubations) were biphasic, starting out with initial levels of oxidized 

(ferric) Hb of up to (30 to 45%), in agreement with work by Campus et al [49]. Oxidized Hb 

was slightly reduced within the first ~10 hours, likely due to the presence of RBC residual 

reductive enzymes within MPs. This was followed by a second phase in which Hb oxidation 

(ferric Hb) increased linearly and uncontrollably to 65 to 75% of total Hb. SCD MP’s 

contained highly reactive ferryl Hb intermediates, carbonylated membrane proteins, and 

phosphorylated band 3 proteins (unpublished data).

Quantitative proteomic analysis of MPs (from SCD mice and from SCD patients) also 

indicated a higher level of protein oxidation of βCys93 and other “hotspot” amino acids. 

Intriguingly, HbS β subunits from SCD MPs were ubiquitinated (barely detected in HbA β 
subunits) and MPs isolated from SCD patients had several-fold higher ubiquitination levels 

than hydroxyurea-treated SCD patients. The presence of this degradative PTM on HbS 

support our earlier observations showing HbS β subunits to be oxidatively unstable and more 

subceptible to turnover and concomitant heme release [19]. Additionally, proteomic analysis 

has also revealed the presence of Band 3 phosphorylation in SCD MPs. Band 3 

phosphorylation has been previously identified to be involved in microparticle formation 

[46] (Figure 2). Compared to respective control MPs, incubation of either mice or human 
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SCD MPs with human endothelial cells (HUVEC) activated apoptotic pathways and 

impacted cellular bioenergetic parameters by lowering mitochondrial oxygen consumption 

rates to a greater degree in a manner that was correlated with the redox state of Hb iron 

within MPs. Human endothelial cells incubated with SCD MPs showed greater intracellular 

ROS production and heme oxygenase-1 induction. When incubated with endothelial cells, 

MPs led to mitochondrial dysfunction and apoptotic cell death (unpublished data). These 

mechanistic analyses of RBC-derived SCD microparticles suggest potential anti-oxidative 

reducing modalities that may interrupt MP heme-mediated pathophysiology in patients with 

SCD.

7. Antioxidants that target the oxidation of hemoglobin in sickle cell 

disease

7.1. Haptoglobin and hemopexin, the first line of defense against hemoglobin and heme

Nature has provided a multitude of protective mechanisms that can effectively detoxify 

decompartmentalized Hb under normal physiological conditions. Chief amongst them is 

haptoglobin (Hp) which chaperones Hb subunits (αβ dimers) to macrophages for safe 

degradation through the CD163 receptors on the macrophage membrane. Complete 

degradation of heme into carbon monoxide (CO), bilirubin and biliverdin byproducts occurs 

in these cells [50]. The Hp protein consists of four chains; two α-chains each about 

approximately 9 kDa and two β chains of approximately 33 kDa molecular weights. In 

mammals, the α-chains and the β-chains are linked by a disulfide bond and in most species, 

a disulfide bond crosslinks the α-chain of the two αβ subunits. The β-chain is also a serine 

protease (SP) that has the ability to proteolyze proteins bound to it. The binding between Hp 

and Hb is among the strongest non-covalent interactions known in biological systems. The 

binding of Hp 1-1 to human dimeric Hb for instance is reported to occur with high affinity (k 

= 5.5 × 105 M−1 s− 1) and slow dissociation rate, while Hp 2-1 and Hp 2-2 bind Hb dimers 

with lesser affinity [51]. When release in plasma, Hb is instantly captured with high avidity 

by Hp to form the Hb–Hp complex. This strong binding detoxifies Hb and prevents Hb’s 

peroxidative side reactions known to be toxic to tissues. Moreover, the Hb–Hp complex 

impairs filtration and clearance of Hb dimers by the kidney, and instead directs Hb to CD163 

on macrophages for a process of endocytosis and final degradation [for review see 52].

Our recent work on the interactions of Hp with Hb may explain the molecular basis of Hp 

action in protecting Hb against its own oxidative toxicity in circulation. Apart from site 

specific protection of Hb’s hotspots amino acids (i.e. βCys93) that are amenable to 

oxidation, Hp has been shown to allow the heme active site to operate unhindered leading to 

the elimination of oxidants [52, 53]. As the inner-sphere oxidative attack by H2O2 proceeds, 

Hp also diffuses the radical chemistry emanating from the heme as a consequence of this 

reaction. Recent mutagenesis studies have confirmed that a tyrosine residue at the Hb α 
subunit (αTyr42) acts as a conduit for electron transfer to and from the heme which 

facilitates the autoreduction of the ferrylHb [54]. EPR studies have also shown that this 

electron transfer is diverted to another Tyr residue namely, βTyr145 when Hb is complexed 

with Hp in the presence of H2O2 in a process that stabilizes the ferryl-induced free radicals 
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on βTyr145. This radical reactivity may ultimately be directed to the Hp molecule resulting 

in a safer redox inactive Hb molecule [55].

Hemopexin (HPX) is an acute phase plasma protein, and its plasma levels vary from 8 mM 

to 21 mM [56]. HPX serves as a specific carrier of plasma heme and participates in 

clearance by transporting it to the liver and thus like Hp, HPX functions as a key plasma 

protector against Hb oxidation. Importantly, the Heme–HPX complex is completely inactive 

as an oxidant; unlike the Hp-Hb complex, however, the heme-HPX complex is unable to 

bind or consume ligands such as NO, O2 and H2O2 (52). This is because the heme in HPX is 

in a hexacoordinated configuration with the low spin iron (FeIII), thus unable to bind ligands.

When compared with other plasma heme scavengers (such as albumin, high and low density 

lipoproteins and α1-microglobin), HPX has the tightest linkage (Ka~1.9×1013 M−1) with 

heme via a bis-His complex that is stabilized by hydrophobic and electrostatic interactions 

within the heme pocket. The affinity of albumin towards heme is much lower (Ka~5×107 to 

2×109 M−1); however, this is compensated by a remarkable abundance of albumin in plasma 

[57]. Additionally, HPX also competes with LDL for heme; by reducing the amount of 

available heme for LDL binding HPX effectively plays a regulatory role by reducing Hb 

oxidative activity (42). After HPX transports the heme through a receptor on parenchymal 

cells, intra- cellular HPX is recycled to its intact free form and released into the blood stream 

[56]. The crystal structure of the equimolar heme-HPX complex [58] revealed a unique 

coordination of the heme with the protein which contributes to one of the highest affinities 

known (Kd less than pM) [59]. Thus, HPX is the key defense against the deleterious effects 

of heme on cells, particularly hepatic, immune system and endothelial cells [56].

Understanding the role protein and heme scavengers play in controlling Hb oxidative side 

reactions and the mechanisms of Hb-induced toxicity may also provide new therapeutic 

avenues against hemolytic diseases like SCD in particular. Endogenous Hb/heme scavenging 

proteins are increasingly being investigated for their roles in ameliorating Hb/heme-induced 

toxicities. For example, our recent study revealed that Toll-like receptor (TLR4) antagonists 

inhibit vaso-occlusion in a SCD model [42]. Similarly, HO-1 overexpression reduced 

hypoxia-reoxygenation induced stasis and inflammation [60]. Endogenous Hb/heme 

scavenging proteins are increasingly being investigated for their roles in ameliorating Hb/

heme-induced toxicities. For example, Hp reduced acellular Hb-induced renal damage in 

multiple animal models predominantly by promoting Hb clearance and metabolism [61]. 

Moreover, recent in vitro and in vivo experiments indicated that Hp shields Hb from 

peroxidative modifications and consequent tissue damage. In one study where infusion of 

HbA (32 μM heme/kg) induced HO-1 expression in kidneys of SCD mice exogenous Hp 

attenuated this HO-1 expression [62]. This study therefore has demonstrated that Hb-

mediated oxidative toxicity may contribute to renal damage in SCD and that Hp treatment 

reduces heme/iron toxicity in the kidneys following hemolysis [62].

Although single Hp infusions have been shown to ameliorate vaso-occlusion in SCD mouse 

models, the therapeutic benefit of Hp dosing has not been explored until recently. The effect 

of Hp treatment over a 3-month period at two dosing regimens: the first at a moderate dose 

of 200 mg/kg three times weekly and the second at a higher dose of 400 mg/kg 3 times 
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weekly were recently investigated in sickle mice. It was found that only the higher dosing 

regimen resulted in increased HO-1 and heavy chain ferritin (H-ferritin) expression and 

decreased iron deposition in the kidney. Despite decreased kidney iron deposition, there was 

no significant improvement in kidney function; however, there was a decrease in liver 

infarction [63]. Interestingly, when Hp and HPX were infused (either individually or in 

combination) in the same sickle cell model both proteins have been found to be equally 

effective. It was suggested that Hp may have ameliorated Hb-induced toxicity by reducing 

heme overload in kidney or by modulating HO-1 expression as part of a well-developed anti-

inflammatory response. In a recent in vitro experiment, co-incubation of ferric Hb with the 3 

major Fractions of Hp were found to be equally effective in inhibiting heme loss to below 

detectable levels. The most intriguing finding was that Hp binding almost completely 

inhibited heme dissociation on relevant physiological time scales (i.e., 1 to 24 h) [24]. This 

may also explain the effectiveness of Hp in inhibiting heme toxicity in SCD as noted above. 

Both Hp and Hpx plasma levels are generally depleted and the total binding capacity of both 

scavengers in conditions with intravascular hemolysis is reduced, suggesting that 

supplementation of the plasma proteins might provide some benefit to patients [7, 56]. 

Accordingly, it has been recently suggested that quantification of plasma heme, HPX, Hb-

Hp, heme-HXP, and heme-albumin levels in hemolytic anemias is a crucial first step in 

developing targeted plasma protein supplementation or “replenishment” therapies for 

patients with hemolytic disease [56].

7.2. Reducing oxidized hemoglobin by ascorbate

Vitamin C (ascorbic acid) and vitamin E supplementation in SCD patients has been reported 

to have conflicting beneficial outcomes [40]. However, an ex vivo study and a pilot clinical 

trial, has demonstrated that a cocktail consisting of daily doses of ascorbic acid may be 

beneficial to SCD patients. Ascorbic acid supplementation efficiently decreases ROS 

production, increase GSH concentration, and prevents H2O2-induced hemolysis [64]. These 

supplements have been shown to inhibit dense RBC formation and decrease lipid 

peroxidation levels in SCD patients [65, 66, and 67].

Ascorbate is among the most important antioxidants (inside the RBC) that protect Hb 

against autooxidation by reducing both ferric and ferryl heme iron [68]. This has been 

substantiated by photometric and EPR studies characterizing ascorbate as an active reductant 

capable of controlling Hb oxidative toxicity. Furthermore, these studies also indicated that 

ascorbate removes key precursors to Hb oxidative damage in vitro and in vivo [69]. 

Specifically it was found later that ascorbate reduces the ferryl iron through interactions with 

the redox active α Tyr-42 [70]. However, dehydroascorbic acid, an oxidizing species formed 

as a result of this one electron reduction step of Hb is efficiently re-reduced by the 

erythrocyte membrane-bound reductase donor [69]. Therefore extra precaution must be 

taken into account when these oxidative intermediates are formed as a result of ascorbate 

infusion to ensure the presence of sufficient healthy RBCs of the receipt subjects in order to 

rejuvenate the added ascorbate.
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7.3. Antioxidant effects of hydroxyurea

Hydroxyurea (HU) (also known as hydroxycarbamide) is the only drug approved by the 

FDA for use in SCD; HU has been shown to increase the synthesis of fetal Hb (HbF) 

believed to be one of the main effects of this drug on the sickling process [71]. HU 

presumably increases HbF expression by acting on the enzyme ribonucleotide reducatase 

which consequently perturbs subsequent S-phase cell cycle arrest. However, HbF containing 

cells (F-Cells) (in sickle cell patients treated with this drug) vary considerably in the 

percentage of HbF they contain [72]. Since HbF does not co-polymerize with HbS it is 

thought that this “sparing” effect may impact the gelation delay times. However, recent 

research has shown that HU’s effect goes above and beyond its impact on the polymerization 

process (73). General nonspecific antioxidative effects by HU have also been reported. This 

includes increases in catalase activity, GSH levels and decreased lipid peroxidation; in 

addition HU has been shown to directly protect the RBC membrane when exposed to 

oxidizing agents by reducing lipid peroxidation [74].

Furthermore, HU has also been reported to have a capacity as a NO donor, to enhance NO 

metabolite levels as well as cGMP in SCD patients within 1–2 h after HU administration 

[72]. By reducing vaso-occlusion and hemolysis alone, HU administration could have a 

major impact on overall oxidative stress in SCD. At the molecular level, HU can act as a 

biological NO donor in a site specific manner by binding to either oxy or metHb. In the case 

of the reaction of HU with oxyHb, the binding sites consist of several hydrophobic residues, 

specifically His58 that act as a ligand entry gate to the oxyheme to yield HU nitroxide 

radical. In the case of the ferric iron, a low-spin metHb-HU complex is formed within the 

heme pocket [75]. The proximity of HU to the Hb heme group and subsequent electron 

transfer mechanisms between HU may explain the reported antioxidant effects of HU. We 

have recently obtained data to show that HU (when added to sickle cell patient’s 

hemolysates and RBC derived microparticles) reduces Hb oxidation considerably by 

shielding βCys93 though an S-nitrosylation mechanism (unpublished data). HU therapy 

appears to also reduce other posttranslational modifications such as Hb ubiquitination and 

Band 3 phosphorylation (Figure 1).

7.4. Hemoglobin-based oxygen carriers ligated with carbon monoxide

In spite of potential detrimental effects, the use of CO gas and CO-releasing molecules (CO-

RMs) as controlled pharmacological agents (to regulate important signaling mechanisms) 

has recently been explored. Additionally, CO is recognized as a cell signaling molecule with 

cytoprotective, anti-inflammatory and vasoldialtory properties [76]. Several hemoglobin-

based oxygen carriers (HBOC) products that have been chemically and/or genetically 

modified to therapeutically correct oxygen deficiency have in recent years been considered 

for a new clinical indication in conditions as complex as the SCD. In some cases these 

HBOCs have been ligated with CO. By virtue of their higher oxygen affinity (P50) (R-state), 

and smaller size HBOCs may be able to reach the microvasculature unload of oxygen to 

reverse the cycles of sickling/unsickling of the deoxyHbS (T-state), thus preventing vaso-

occlusion, a central event in SCD pathophysiology. CO if ligated to Hb, can retard Hb 

oxidation through its binding to heme iron and slow down the autooxidation process, once 

released from Hb it can also act as an anti-inflammatory agent as well [77].
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MP4 (Hemospan), is human Hb that has been pegylated with PEG-50 to generate MP4 or 

Hemospan manufactured by Sangart Inc. (San Diego, CA, USA) [78]. This particular Hb 

unlike other HBOCs had a very high oxygen affinity (P50 = 4.0 mmHg). MP4 was indicated 

for use in elective surgery and had gone through clinical trials in in orthopedic patients as an 

oxygen carrier [79]. Initially Hemospan (MP4) was developed as an oxygen carrier however 

has recently been re-evaluated as a CO carrier (CO-MP4). In a rat model of myocardial 

infract (in contrast to oxy unliganded MP4) CO-MP4 reduced infract size when 

administrated prior to the induction of ischemia [80]. CO-MP4 was found to modulate heme 

oxygenase-1 (HO-1) expression, inflammation and vaso-occlusion in transgenic sickle cell 

mice. These effects were mediated by Nrf2, an important transcriptional regulator of HO-1 

[81].

Another purified bovine Hb manufactured by Prolong Pharmaceuticals, known as 

Sanguinate is conjugated with 5000 molecular weight of PEG residues on the surface lysines 

and is ligated to CO [82]. The unligated form of this HBOC has a high oxygen affinity (a 

P50 of approximately 11 mmHg). In a topload transfusion rat model, PEG-CO (<1g/dl) 

produced noticeable reduction in infarct volume [83]. In a Phase 1 trial, three cohorts of 

eight healthy volunteers received single ascending doses of Sanguinate (80, 120, or 160 

mg/kg of) that were well tolerated. Phase 1b studies have been completed in stable patients 

with sickle cell disease, but no published data was available in the open literature [84].

7.5. Nitric Oxide therapeutics

The use of nitric oxide (NO) donors or the manipulation of the NO synthetic pathways are 

among the most common methods employed by researchers to control hemodynamic 

imbalances after infusion of HBOCs or when Hb is free in hemolytic anemias such as SCD 

[77]. These measures have been implemented primarily to counter NO scavenging by free 

Hb and to maintain NO bioavailability in circulation. Such short-term strategies to control 

blood pressure elevation, include the transformation of the Hb into an NO carrier (S-

nitrosylation of βCys93 residue) or enzymatically transforming Hb in the presence of nitrite 

into a source for NO (nitrite reductase) [85, 86]. However, these approaches have failed to 

resolve long-term toxicities associated with HBOCs or to minimize the consequences of 

hyperhemolysis in SCD (87). A case in point is the recent co-infusion of nitrite with an 

HBOC in which a profound cytotoxicity in the lungs of a swine animal model was observed 

[88]. Although vasocontrictive effects of Hb were ameliorated, an increase in pulmonary 

complications (in a dose-dependent fashion independent of the hemodilution effect) was 

observed [88]. Co-infusion of nitrite with Hb in a guinea pig model has also been shown 

recently to accelerate Hb oxidation and inducing profound oxidative tissue toxicity [89].

Chronic pulmonary complications such as chronic dyspnea and pulmonary hypertension are 

common in patients with SCD. A major risk factor for development of chronic vasculopathy 

and pulmonary hypertension in patients with SCD is hemolytic anemia, caused by the 

oxidative and inflammatory effects of plasma cell free Hb [90]. Attempts to control 

pulmonary blood pressure (triggered by free Hb) in humans have resulted in disappointing 

outcome in a clinical trial involving NO modulating strategy for treating SCD patients [91]. 

NO Inhalational (at low concentration) has however been shown in initial studies to improve 
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HbS oxygen affinity by stabilizing the High oxygen affinity R state. Despite initial 

enthusiasm for treating sickle cell crisis patients with inhaled NO, results from a large 

multicenter study showed no reduction of pain scores [92]. Pulmonary hypertension 

lowering effects were seen in these patients as a result of NO inhalation; it was not however 

recommended as a therapy for treatment of painful crises in SCD [93].

NO reacts with RBC’s oxyHb and more avidly with free Hb to form stoichiometric nitrate 

and oxidized ferric (met) Hb. This dioxygenase reaction is critical to human physiology that 

involves NO metabolism, signaling, and toxicity. DeoxyHb forms NO heme-bound 

nitrosylHb with several oxidative intermediates, including ferrylHb [94]. Increasing HbS 

oxygen affinity by exposure to sodium cyanate or carbon monoxide CO and NO has been 

used effectively to reduce HbS RBC sickling in vitro. However, these agents are too toxic for 

clinical use (77). In vitro experiments in which a variety of NO donor agents were used 

resulted in a right shifted oxygen equilibrium curve (OEC) of SS cells due to NO heme 

reactions (nitrosylation or oxidation) and by direct S-nitrosation of Hb on the β-globin 

(Cys93) [95]. However, when heme iron was blocked with either CO or CN, S-nitrosation of 

βCys93 still occurred excluding any potential intramolecular transfer of NO from heme to 

this residue as previously reported [96].

Although NO and its metabolites (nitrite, peroxynitrite) are oxidizing species, NO releasing 

compounds, such as HU (section 7.3) can have beneficial antioxidant effects on Hb. Since 

we have shown that the target of Hb oxidation is βCys93, irreversible oxidation and 

subsequent protein destabilization can be reversed by HU as it protects this residue by 

converting it to an SNO species (unpublished data) (Figure 2). Additionally, a variety of 

slow NO releasing compounds can be used to reduce the free radical electrophilic centers of 

the ferryl radicals thus protecting against oxidative damage. This effect is due to the two-

electron reduction of the ferryl iron at the oxoferryl center rather than to nitrosylation of the 

tyrosine residues [97].

7.6. Agents with dual antioxidant and antisickling properties

It has been well established that Hb oxidative side reactions are fuelled by biological 

oxidants such H2O2 (or lipid peroxides) and that these reactions can trigger oxidative 

cascades that result in self inflecting damages onto the Hb molecule, primarily the β 
subunits. These reactions are more exaggerated with the HbS and other hemoglobinopathies 

such as HbE [98].

This oxidative toxicity is primarily due to the formation of ferryl heme and its associated 

protein cation radicals with mid-point redox potentials (Eo ½~1.0 V), among the highest 

among biological radicals [17]. These internal reactions result in irreversible oxidation of 

amino acids, in the protein specifically in the area known as the “oxidative hotspots” 

(specifically the β Cys93 side chain) that cause the collapse of β subunits, unfolding and 

degradation of Hb and the ultimate release of heme [19].

The amino acid βCys93 occupies an important and crucial position at the β/α interface and 

is critically involved in the Hb R to T transition. It is also known that many amino acids of 

proteins are susceptible to oxidation by various forms of reactive oxygen species, during the 
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aging process and oxidative stress. Methionine and cysteine residues in proteins are 

particularly sensitive to oxidation by reactive oxygen species. However, unlike the oxidation 

of other amino acid residues, βCys-93 has been shown to be extensively and irreversibly 

oxidized to cysteic acid in the presence of relatively low levels of H2O2. Moreover, among 

the amino acids that make the bulk of the oxidative “hotspot” area in Hb, βCys93 is 

consistently more exposed to the surface of the protein in the oxy and deoxy conformation 

than other residues, and thus βCys93 is more amenable to oxidative attach by H2O2 [18].

Since ferryl Hb and protein radicals also target βCys93 [18], reagents that can block the 

cysteine thiol group (and in the same time have an allosteric effect) are currently been 

evaluated in our laboratory. Examples of such βCys93 binding reagents that allosterically 

alter Hb oxygen affinity and possibly exhibit anti ferryl activities include DT-1 (di(5-(2,3-

dihydro-1,4-benzodioxin-2-yl)-4H-1,2,4-triazol-3-yl)disulfide) [99] and hydroxyurea. These 

reagents will be compared with those representing reagents that bind outside the “hotspot” 

area (such hydroxyfurfural and GBT440 (2-hydroxy-6 ((2-(1-isopropyl-1H-pyrazol-5-yl) 

pyridin-3-yl) methoxy) benzaldehyde)) and are currently under clinical evaluation by the 

FDA (www.clinicaltrials.gov) [100]. These investigations may ultimately suggest potential 

therapeutic modalities that can interrupt heme-mediated inflammation in patients with SCD. 

It has also recently been suggested that treating SCD by targeting HbS polymerization may 

ultimately require administering therapeutic interventions of combination drugs, of non-

competitive nature acting on different molecular targets [101].

8. Concluding remarks

Recent in vitro and in vivo studies have shown unequivocally that HbS oxidizes at faster 

rates than normal Hb and undergoes oxidative changes dues to the inability of the protein to 

enzymatically deal with its own as well as outside oxidants. These unique oxidative 

pathways result in irreversible Hb oxidation and ultimate heme loss to the vasculature 

aggravating the pathophysiology of the disease. Several intervention strategies have been 

suggested to control these reactions including the design of reagents that have dual 

antioxidant and antisickling properties that can be added to our antisickling armaments to 

defeat this disease.
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TLR4 Toll-like receptor

HO-1 heme oxygenase

SS RBCs homozygous sickle cells

PS phosphatidylserine
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Nrf2 Nuclear factor (erythroid-derived 2)-like 2 1
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Figure 1. Oxygenation and the pseudoperoxidase pathways in sickle cell hemoglobin
Hemoglobin (HbFeII) reversibly binds oxygen (koff/kon), and spontaneously oxidizes at a 

slow rate (kauto) to the non-functional ferric/metHb (HbFeIII) and superoxide (O2·−) that 

dismutate (kd) to give peroxide (H2O2). In the presence of this and/or exogenous H2O2, a 

catalytic cycle between the ferric (HbFeIII) and the ferryl (HbFeIV) hemes is initiated, in 

which H2O2 is eliminated in a peroxidase-like manner. However, in the case of HbS the 

autoreduction of ferryl back to ferric heme is slower (dotted line) than that of normal HbA, 

leading to a longer lived and more damaging ferrylHb [19]. If H2O2 reacts with the ferric 

form of Hb a protein radical is produce (.HbIV). The radical escapes through βCys93 

resulting in its irreversible oxidation and the collapse of the β subunits. These oxidative 

changes then lead to unfolding and denaturation of the protein and heme loss. Heme is 

recognized as damage associated molecular pattern (DAMP) molecule able to trigger 

inflammation.
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Figure 2. Proposed erythrocyte internal oxidative changes that trigger membrane alternations 
and microparticles formation
Oxidative reactions within RBCs include the following pathways: (1) Ferrous hemoglobin 

(FeII-O2) undergoes spontaneous oxidation (autooxidation) to form ferric (FeIII) and ferryl 

forms (FeIV). Ferryl species has been shown to form in sickle cells where antioxidative 

mechanisms are compromised. Ferryl Hb once formed undergoes oxidative changes 

including irreversible oxidation of βCys93 and ubiquitination of lysine 96. Ferryl Hb can 

oxidatively target band 3 leading to clustering of band3 and microparticles formation (2) or 

denaturation and proteasome degradation (3) some ferryl Hb revert back to ferric by a 

process of autoreduction (4). Hydroxyurea has been shown to have an antioxidant effects by 

minimizing the consequences of these processes.
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