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Abstract

Persistent safety concerns have stalled the development of viable hemoglobin (Hb)-based oxygen 

carriers (HBOCs). HBOCs have several advantages over human blood, including availability, 

long-term storage and lack of infectious risk. The basis of HBOC toxicity is poorly understood, 

however several mechanisms have been suggested, including Hb extravasation across the blood 

vessel wall, scavenging of endothelial nitric oxide (NO), oversupply of oxygen, and heme-

mediated oxidative side reactions. Although there are some in vitro and limited animal studies 

supporting these mechanisms, heme mediated reactivity appears to provide an alternative path that 

can explain some of the observed pathophysiological changes. Moreover, recent mechanistic and 

animal studies support a role for globin and heme scavengers in controlling oxidative toxicity 

associated with Hb infusion.

The need for HBOCs

Worldwide civilian and military needs have driven the development of hemoglobin (Hb)-

based oxygen carriers (HBOCs) or “blood substitutes” over the last three decades. Some of 

these products have undergone extensive animal and human testing in the United States [1]. 

The potential benefits of HBOCs include universal compatibility without the need for cross 

matching of donated blood, availability, lack of infection and long term storage. The term 

“blood substitute” however, has often been inaccurately used to describe these compounds 

as they do not perform normal blood functions, such as transport of nutrients, immune 

response, and coagulation. As an “oxygen bridge” HBOCs can however, complement 

standard blood transfusions in extreme, life-threatening situations, such as trauma, in some 

surgical settings and when blood is not an option (e.g., patient refusal due to religious 

objections and unavailability owing to issues of compatibility or remote location)
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What are HBOCs made of?

HBOCs are derived from outdated human or bovine blood and are prepared predominantly 

by chemical modifications of the Hb molecule or in some limited cases Hb is expressed in 

bacteria or yeast host systems. Chemical modifications aim in general at stabilizing Hb in a 

tetrameric (as found within red blood cells (RBCs)), or in a polymeric form to increase 

intravascular retention and to prevent of renal filtration of smaller molecular-size fractions 

of the protein. The starting material is a stroma free-Hb (SFH), or stroma poor Hb, obtained 

after RBC lysis followed by filtration and chromatographic procedures. These purification 

procedures may not eliminate all red cell proteins prior to chemical modifications [2]. 

Anionic and cationic chromatographic procedures have been used to produce, in some cases, 

a highly purified human Hb known as (HbA0) with demonstrated purity of approximately 

99% [3]. Commonly used formulations that have been tested in animals and human subjects 

include intra-tetrameric cross-linked Hb, polymers of Hb tetramers (intra-and inter-cross-

linked), and Hb tetramers conjugated to non-protein macromolecules, are summarized in 

Figure 1.

Hb tetramers or stabilized tetramers have also been successfully expressed in host systems, 

such as bacteria using recombinant technology (Figure 2). Correct protein folding and heme 

insertion and proper orientation of the heme within the protein and their impact on the 

protein function and long term stability are among the issues that still need to be resolved as 

this technology evolves [4].

Do HBOCs carry and deliver oxygen?

Techniques that generate a set of oxygen equilibrium curves (OECs) are the most commonly 

used in vitro assays that reflect HBOC's own oxygen-binding affinity under well-controlled 

experimental conditions, such as temperature, pH, and oxygen tension [2]. One question 

which remains unresolved is whether oxygen binding properties of a given HBOC should by 

design match that of the RBCs (i.e., low oxygen affinity [large P50] or high oxygen affinity 

[small P50] (Box 1). No animal or human data are available that can convincingly support 

either of these options.

Several invasive and noninvasive techniques were used to monitor oxygen delivery by 

HBOCs, which resulted in conflicting data in animals [6]. This includes but is not limited to 

methods such as phosphorescence quenching by palladium–porphyrin fiberoptic or injected 

palladium-porphyrin bound albumin techniques, tissue and microcirculation inserted oxygen 

microelectrodes in the hamster dorsal skin fold and in some cases, Electron Paramagnetic 

Resonance Oximetry in small animals were also used (for review of these techniques see 

[6]). Generally HBOCs appear to oxygenate tissue shortly after infusion. However, 

evaluation of oxygenation of multiple organs and tissue-specific oxygenation after HBOCs 

infusion remains a challenge and it is the goal of preclinical evaluation of these products. 

The dynamic balance between HBOCs and tissue oxygen-sensing mechanisms including the 

oxygen sensing machinery, hypoxia-inducible factor (HIF) was recently explored in an 80% 

HBOC for blood exchange transfusion rat model. HIF-1α and some of its target genes, such 

as erythropoietin (EPO) which is involved in adaptation to hypoxia were measured in kidney 
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tissues obtained from these animals. Both the HIF protein and its transcriptional activity 

were effectively suppressed during the first 4-6 hours of infusion of a bovine polymerized 

Hb in contrast to the infusion of non-oxygen carrying hetastarch in which tissue HIF-1α 

remained high. However, as Hb oxidation increases with time, as measured by accumulation 

of metHb in circulation, both HIF expression as well EPO (both plasma and its gene 

expression in the kidneys) began to rise dramatically, before these proteins were either 

cleared and/or rendered largely oxidized [7].

How safe are HBOCs?

The effects of infusion of early preparations of SFH in animals and humans are well 

documented [8]. Crosslinking and/or polymerization of Hb have succeeded in minimizing 

renal toxicity associated with these preparations [1,2]. Table 1 summarizes most commonly 

reported clinical and preclinical side effects associated with current generation HBOCs [9]. 

Transient hypertension is one of the most reported effects associated with almost all HBOCs 

tested so far in animals and in humans. Increases in mean blood pressure observed varied 

from 20 to 30% in small animals [9]. Changes in systemtic and pulmonary blood pressures 

are usually accompanied by changes in systematic vascular resistance as well as cardiac 

output. The removal of vascular endothelial nitric oxide (NO), a potent vasodilator molecule 

has been attributed as the cause of these hemodynamic changes following infusion of 

HBOCs (see next section on the mechanism of HBOC toxicity). However, endothelin, a 

powerful vasoconstrictor has also been reported to play a role [10].

Biochemical as well histological changes were reported to accompany infusion of most 

current generation HBOCs in animals [1]. Elevation in aspartate aminotransferase (AST), 

creatine phosphokinase, amylase and changes in total bilirubin have been observed in 

humans [9]. Gastrointestinal complications as a result of pancreatic injury, evidence of 

hepatocellular injury and esophageal spasm were also reported in human clinical trials [9]. 

Pancreatic changes in particular were attributed to NO scavenging by HBOCs resulting in 

spasm of the esophageal sphincter of Oddi and/or impairment in pancreatic perfusion due to 

ischemia [1].

Renal toxicity associated with some HBOCs appears to be mediated through heme-mediated 

oxidative events although some reports implicate NO pathways as well [11]. The effects of 

HBOCs on hemostasis were investigated in a number of in vitro models. The effect of 

polymerized bovine Hb for example in a rabbit model of arterial thrombosis and bleeding 

model for example was found to reduce arterial thrombosis rate and increases bleeding time 

[12]. Coagulation defects, thrombocytopenia and thrombosis were also reported in clinical 

trials of some HBOCs [9].

Several clinical trials have revealed increased frequencies of myocardial infarction in 

patients who were infused with some HBOCs [9]. Early reports on one of the tetrameric Hbs 

infused in several animals induced minimal to moderate myocardial lesions in rhesus 

monkeys or pigs but not in dogs, sheep and rats [13]. Infusion of a polymerized bovine Hb 

in guinea pigs has been shown to lead to diffuse, punctate myocardial lesions [11].
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Neurotoxicity of SFH was demonstrated early in neuronal cells under several experimental 

conditions [14]. In a subarachnoid hemorrhage model, this Hb induced a decrease in blood 

flow and neuronal death when injected in the cisterna magna and induced a decrease in 

blood flow and neuronal death [15]. Using a guinea pigs exchange transfusion model, 

polymerized bovine Hb induced brain-barrier disruption and oxidative stress [16]. Exchange 

transfusion with a polymerized bovine Hb induced a considerable expression of heme 

oxygenase 1 (HO-1) in renal tissues of rats and guinea pigs [11]. Studies in animal models 

however, do not always correlate well with human disease and in some cases it is very 

difficult to reproduce conditions that mimic human response.

These studies have however, focused our research efforts on important pathways that are 

potentially responsible for the unexplained toxicities associated with HBOCs.

Mechanisms of HBOC toxicity: Current hypotheses

Nitric oxide depletion and hypertension

The NO “revolution” that began in early 1980s dramatically impacted the field of blood 

substitutes. Free Hb undergoes a rapid (∼107 M-1 s-1) and irreversible reaction with NO to 

produce metHb, in which Hb kinetically behaves as a dioxygenase enzyme [17]. Much 

slower processes that follow in which metHb reacts with NO to produce several iron-NO 

complexes which may further deplete NO have been also reported [18,19]. Endogenous NO 

is an important signaling molecule for the autoregulation of systemic and pulmonary 

vascular tone, and if removed by Hb, this will result in a vasoconstriction, systemic and 

pulmonary hypertension and decreased cardiac output [1].

The blood substitute community quickly embraced this newly discovered molecule which by 

all accounts was seen to be responsible for all of the HBOC's ills [19]. Several attempts 

designed to control the interaction between NO with HBOCs were made by preventing 

extravasation of Hb across the endothelial lining of vascular wall, the source of NO. Several 

research groups and manufacturers of HBOCs began to increase the HBOCs molecular size 

or sequester it with bulky surface modifications in order to prevent extravasation. 

Alternatively, removal of smaller molecular species from the HBOC cocktails was another 

strategy aimed at eliminating the smaller molecular size species which were believed to be 

responsible for the reaction with and depletion of NO [20]. However, the extravasation 

hypothesis was specifically tested in rats infused with either a tetrameric Hb (DCLHb) or its 

highly polymerized version (Poly-DCLHb™) (∼1-2% tetramer) [21]. Results clearly 

showed that both hemodynamic and renal changes were equal in both set of animals [22]. 

Moreover, a polymerized human Hb (Polyheme™) in which the tetramers were purposefully 

reduced to less than 1% was also found to be vasoactive in humans [9]. This shows that 

extravasation of the Hb through the vessel wall is not a prerequisite for its scavenging of 

NO. Indeed, extensive kinetic diffusion calculations [23] on the vessel wall and across the 

unstirred layer surrounding the RBC showed that NO can in its short half-life reach the 

vessel lumen and react with free and intraerythrocytic Hb [24,25]. The use of inhalational 

NO, NO donors, the inhibition of NO synthetic pathways, or the re-engineering and the 

encapsulation of the Hb molecule to inhibit its reaction with NO seemed to have blunted 

these responses, but with little or no long-term tangible effects on organ toxicities [1].
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Equally disappointing are some very imaginative strategies aimed at blood pressure control 

which have been widely promoted in the literature. These include the transformation of the 

Hb molecule into an NO carrier through S-nitosylation of cysteine 93 residue of the β 

subunits or enzymatically transforming Hb in the presence of nitrite into a source for NO 

(nitrite reductase) that require in both cases the well-known allosteric transition of Hb 

molecule. These two hypotheses were built in large part on in vitro experimental results with 

little or no validated animal studies to support them. Exporting NO from the erythrocyte or 

from free Hb would not only be mechanistically difficult without intermediates [26] 

particularly in the view of the fact that Hb will rapidly and irreversibly consume NO [24]. In 

studies where large animals (swine) experiencing hemorrhagic shock that mimic battlefield 

conditions, nitrite infusion with HBOCs resulted in transient drop in blood pressure, but 

increased the risk of pulmonary complications including pulmonary edema and congestion 

[27].

Auto-regulation and the oversupply of oxygen

An alternative concept to the direct NO scavenging by Hb and subsequent vasoconstriction 

of blood vessels is the theory of oversupply of oxygen (a known vasoconstrictor) that was 

put forward to explain the hypertensive effects of first generation HBOCs. A fundamental 

rethinking of the design of HBOCs with reduced ability to oversupply oxygen (higher 

oxygen affinity) became a research priority to resolve Hb toxicity [28]. The premise of this 

theory is based on the assumption that the introduction of cell-free Hb, even at a low 

concentration, greatly augments oxygen supply, engaging protective mechanism that include 

vasoconstriction to counteract the “poisonous” oxygen, possibly through reactive oxygen 

species (ROS) formation and local destruction of NO [29]. The early reports that surface 

modification of bovine Hb with polyethylene glycol resulted in non-hypertensive product 

[30], spurred the modification of a newer generation of PEGylated Hbs both by academia 

[31] and industry [28,29]. Several HBOCs with low Hb concentration (4-6 g/dl), large 

molecular weight (attachment of 4-6 molecules of 500 kd PEG) and higher oxygen affinities 

ranging from P50 of 3-5 mmHg were therefore designed that included for example, 

Hemospan (MP4), Prolong (a new version of Hemo-life, developed originally by Enzon Inc 

[30] and a zero-linked polymerized bovine Hb, OxyVita (a large polymer held together by 

pseudopeptide bonds on the surface of adjacent tetramers) [32]. There are a number of 

animal studies published on the role of MP4 in the microcirculation which show improved 

blood flow and tissue oxygenation, and improved functional density [33] as well as in 

uncontrolled hemorrhage [34]. As with all HBOCs, early clinical trials with MP4 were 

promising. However, in a more recently published study with patients undergoing primary 

hip arthroplasty, MP4 normalized blood pressure changes, but was associated with higher 

risks of adverse events, including elevations of liver enzymes and troponin concentration, 

hallmarks of adverse events associated with first generation HBOCs [35].

Heme-mediated reactions: the poison is in the heme

In recent years several lines of evidence emerged from in vitro and animal studies support 

the dominance of Hb oxidative reactions in the overall toxicology of HBOCs [19,24]. In a 

non-compartmentalized environment the heme iron, a transition metal undergoes redox 

transformation into higher more reactive oxidation states of Hb. Hb, outside the reducing red 
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cell environment undergoes uncontrollable spontaneous oxidation of the ferrous heme iron 

(HbFe2+-O2) to non-oxygen carrying ferric heme (HbFe3+) (metHb). In addition, Hb 

generates its own oxidants, such as superoxide ion (O2
•-) which dismutates rapidly to form 

hydrogen peroxide (H2O2). This can be contrasted with the RBCs where Hb, is continuously 

reduced back to the ferrous functional form by efficient enzymatic machinery. Ferrous and 

ferric forms of Hb react with H2O2 to produce ferryl (HbFe4+) and ferryl radical (•HbFe4+) 

intermediates as part of a well-known pseudoperoxidative cycle (Figure 3): The reaction of 

Hb with oxidants such H2O2 can be described by Eq 1-2:

(1)

(2)

These reactions if remained unchecked will affect both the Hb molecule and nearby tissues. 

This is largely due to the fact that ferryl and its associated protein radical exhibit high redox 

potential (∼1.0V) and are thus thermodynamically very reactive towards biological targets 

[36]. First, at the protein level, several key amino acids located in β subunits in what is 

known as the “hotspots” are targeted by the radical chemistry emanated from heme which 

results in an irreversible oxidation of these amino acids [37] (Figure 3). In addition to the 

destabilization of the oxidatively damaged β subunits, altered heme-protein linkages are 

formed which eventually lead to heme and/or modified heme product release [36].

Recent studies from our laboratory show that a considerable amount of ferric Hb 

accumulates in animals from which blood was exchange transfused with HBOCs. These 

reactions occur at much higher rates in animals such as guinea pigs that lack endogenous 

reductive mechanisms, such as ascorbic acid. Rats on the other hand were able to 

enzymatically produce ascorbate to control free Hb oxidation in their circulation [38]. 

Indirect EPR measurements of ferryl radicals in rabbits infused with HBOCs were also 

reported recently [39]. Subtle oxidative changes at the amino acid levels in proteins after 

infusion of HBOCs or stroma-free Hb were recently identified by more sensitive mass 

spectrometric methods [40]. Intramolecular Hb cross-links, porphyrin-globin covalent 

adducts modifications have been found in Hb recovered from the spinal fluid after 

subarachnoid hemorrhage [41] and from the urine [42], suggesting that peroxidative 

reactions may contribute to Hb toxicity in vivo. A notable case of a Jehovah's Witness 

patient who refused blood transfusion on religious grounds was successfully treated with an 

HBOC. Infusion of one of the bovine polymerized HBOCs in this patient who was involved 

in a car accident led to reversal of cardiac hypoxia secondary to sever anemia following 

trauma. Total of 6 units that were infused slowly over an 8 hour period together with 1g of 

ascorbic acid twice daily over a 6 day period have according to the authors minimized the 

adverse event related to volume overloads, vasoactivity and methemoglobin formation [43].

Released heme triggers inflammatory responses

Autoxidation and oxidative modification as described above will ultimately lead to 

unfolding of the molecule and heme loss. Heme can selectively bind to several receptors, 
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transcription factors, enzymes that may alter gene transcription and metabolism including 

the transcriptional activity of heme oxygenase (HO-1) and other antioxidant enzymes as a 

countermeasure against free heme. Heme due to its hydrophobicity enters cell membrane for 

example, heme can activate the toll-like receptors (TLRs), particularly, TLR-4 which 

triggers a cascade of inflammatory responses [44]. In a murine mouse model of sickle cell 

disease infused with free Hb to mimic hemolysis TLR-4 was clearly activated which led to 

pro inflammatory and prothrombotic responses, thereby promoting blood cell adhesion and 

vaso-occlusion [45].

Can heme-mediated toxicity be controlled? Role of protein and heme scavengers

In mammals, several pathways exist to control oxidative reactions of free Hb as a result of 

hemolysis of red blood cells due to aging or diseases (Figure 4). These control mechanisms 

span from early erythropoiesis in erythroid precursors, heme degradation in macrophages, 

and several metabolic pathways controlling iron transport and storage [46]. Some of the key 

globin binding proteins that appear to inhibit oxidative damage and degradation are: (a) 

Alpha hemoglobin-stabilizing protein (AHSP), which provides protection against oxidative 

damage to α subunits and surrounding proteins during erythropoiesis [47] and (b) 

Haptoglobin (Hp) and its CD163 receptor on macrophages, which coordinate Hb dimer 

clearance when Hb is released from aging erythrocytes or during mild chemical-or disease-

induced hemolysis [48] and (c) Hemopexin (Hpx) an effective heme-binding proteins in 

plasma [49] (Figure 4). In healthy animals in which endogenous Hp was induced or when 

given in complex with Hb in an exchange transfusion model, there was total reversal of Hb 

organ oxidative toxicity [50]. Free Hb toxicity in murine sickle cell mouse models was also 

inhibited by Hp or hemopexin or the combination of the two proteins [45].

Concluding remarks and future perspectives

In spite of 30 years of active research and development, no clinically viable product has 

been approved in the United States. Oxidative toxicity of Hb in a free environment and the 

consequences of these events are difficult to study in living systems and have unfortunately 

been ignored by the research community. The focus was instead on strategies that can 

prevent Hb extravasation through the blood vessel wall and on the reaction of Hb with NO. 

The reaction with NO is particularly problematic in some researcher's minds because the 

removal of NO by Hb raises the blood pressure in patients infused with Hb. Recent in vitro 

and animal studies showed that one can successfully design against Hb oxidative side 

reactions by inclusion of reducing agents, antioxidants, anti-inflammatory molecules or by 

the re-engineering of Hb into and oxidatively stable molecule (see Box 2 for unresolved 

questions).
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Glossary

Oxygen equilibrium 
curve (OECs)

the oxygen equilibrium curve is a plot that shows the percent 

saturation of Hb at various partial pressures of oxygen. The 

purpose of an oxygen dissociation curve is to show the 

equilibrium of oxyHb and unbound hemoglobin at various 

partial pressures. P50 reflects the partial pressure at which the 

Hb/erythrocytes are half-saturated with oxygen

Stroma-free or 
Stroma poor 
hemoglobin (SFH)

Hb that has been stripped of most of the red cell proteins found 

in hemolyzed blood by filtration and chromatographic 

procedures. SFH is then used by manufacturers as staring 

material for further chemical modifications producing HBOCs

Erythropoiesis is the process by which erythrocytes are produced. It is 

stimulated by decreased oxygen in circulation, which is detected 

by the kidneys, which then secrete the hormone erythropoietin 

(EPO)

Vasoconstriction is the narrowing of the blood vessels resulting from contraction 

of the muscular wall of the vessels, in particular the large 

arteries and small arterioles. The process is the opposite of 

vasodilation, the widening of blood vessels

Thrombocytopenia thrombocytopenia refers to a relative decrease of platelets in 

blood. A normal human platelet count ranges from 150,000 to 

450,000 platelets per microlitre of blood

Liposomes is an artificially-prepared vesicle composed of a lipid bilayer. 

The liposome can be used as a vehicle for administration of 

nutrients and pharmaceutical drugs including Hb

S-nitosylation involves the covalent incorporation of a nitric oxide moiety into 

thiol groups, to form S-nitrosothiol (SNO). Where the thiol 

group belongs cysteine-93 residues in Hb also referred to as 

SNOHb
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Nitrite reductase refers to the role of Hb in catalyzing the reduction of nitrite to 

produce nitric oxide

Pseudoperoxidase the reaction between hydrogen peroxide and ferrous or ferric Hb 

is considered a classic one, due to the slow kinetics compared 

with true peroxidases, which allowed the reaction to be followed 

with spectroscopic equipment

Reduction potential is a measure of the tendency of a chemical species to acquire 

electrons and thereby be reduced. Reduction potential is 

measured in volts (V), or millivolts (mV). Each species has its 

own intrinsic reduction potential; the more positive the 

potential, the greater the species' affinity for electrons and 

tendency to be reduced

Toll-like receptors 
(TLRs)

mammalian TLRs play an important role in versatile recognition 

of pathogen-associated molecular patterns. They are the first 

identified and best characterized receptors among the signaling 

pattern recognition receptors (PRRs). They initiate key 

inflammatory responses and also shape adaptive immunity

Extravasation leakage of infused substances into the vasculature into the 

subcutaneous tissue

Thrombosis is the formation of a blood clot inside a blood vessel, obstructing 

the flow of blood through the circulatory system
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Box 1

Oxygen transport by hemoglobin

The blood is saturated with O2 at a PO2 of 98.7-99.7% mmHg and when it reaches 

tissues, where PO2 is about 20 mmHg, O2 is discharged (Figure Ia). The ability to switch 

from high to low O2 tensions in lungs and tissues respectively is well captured by the 

classical sigmoidal O2 equilibrium curve (OEC) [5]. Hb binds the first O2 slowly, which 

is then accelerated proportionally with the binding of the second, third and the fourth 

molecule (Figure Ib).

(1)

(2)

Thus, over the range of PO2 values between pulmonary venous blood and peripheral 

tissues capillary blood, the Hb molecule discharges 25-30% of O2 it carries. The greater 

the sigmoidal character of the OEC, the greater will be the O2 released per unit drop in 

PO2. This effect can be described qualitatively by the Hill equation (A = [HbO2]/[Hb]

[O2]n) (where (n) represents the Hill coefficient, which for a sigmoidal Hb is about 2.8). 

The oxygen affinity (P50) and cooperativity (n) are greatly influenced by a number of 

allosteric modulators within the RBC, such, pH, CO2, 2,3-diphospglycerate (DPG) and 

chloride ions. These allosteric affectors of Hb behave mostly as antagonists. When one 

binds to Hb the other falls away. In an acidic tissue environment Hb picks protons (H+) 

in exchange for O2 and the OCE of Hb is shifted to the right. This is known as Bohr 

effect. Similarly, chloride, DPG, which stabilizes the Hb tetramer in the deoxy form and 

carbon dioxide (CO2) collectively force the Hb to drop O2 at the tissues
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Figure I. Box 1. Gas exchange and performance of oxygen carriers
A) Gas exchange and transport by hemoglobin. Oxygen is carried from the lungs to the 

tissues by Hb, and CO2 is carried back to the lungs. Part of CO2 (∼20%) is carried on the 

amino termini of Hb as carbamino compounds (R-NH-COO− + H+). The major 

mechanism for the transport of CO2 to the lungs is carried out in the plasma, i.e in the 

plasma as HCO3
− (∼80%). This reaction is catalyzed by the enzyme carbonic anhydrase 

(CA). DeoxyHb picks up those protons and aids in the formation of bicarbonate ions 

from CO2 in the blood plasma. B) Oxygen equilibrium curves for some commonly used 

HBOCs compared with that of free hemoglobin and fresh red blood cells. OECs for 

several HBOCs compared with that of fresh RBCs (dotted red line) (P50 = 29-30 mmHg) 

and an isolated purified Hb (HbA0) (red line) (P50 = 8-12 mmHg). Some maintained their 

classical sigmoidal shape, whereas others lack such an important property, and are either 

left or right shifted and some curves do not reach the saturation levels at higher oxygen 
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tension (i.e PO2 =100 mmHg) (see for example OECs of Hemolink and oxyglobin, an 

FDA approved HBOC for use in Veterinary Medicine).
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Box 2

Outstanding questions

The most significant questions that need to be addressed in order to move the field of 

blood substitutes forward:

• Can we explain the observed histopathological changes solely on the basis of the 

reaction between cell-free Hb and NO? Should more definitive and 

unambiguous evidence be presented?

• What is the more effective strategy to resolve Hb oxidative toxicities: re-

engineering of the Hb molecule by chemical or recombinant means, or exploring 

an alternative cheaper protective mechanism such as the re-introduction of 

endogenous scavenger proteins in complex with Hb or free form in circulation?

• When blood is not available, due incompatibility or religious objection, should 

the ratio of relative risk to benefit using current generation HBOCs be re-

considered?

• Would nanoparticles or stem cell derived-RBCs be viable alternative 

technologies in blood transfusion to replace Hb-based manufacturing of blood 

substitutes?
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Highlights

HBOC therapeutics are intended to correct oxygen deficit

Safety concerns slowed the development of these life-saving products

Evidence is presented to show the dominance of oxidative toxicity

protein re-engineering and/or the use of antioxidants can control toxicity
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Figure 1. Nature and site(s) of modifications in some HBOCs that undergone clinical 
development
Both Optro and HemAssist are site-specifically cross-linked Hb tetramers. In Optro, the C-

terminal Arg and the N- terminal Val of the two α subunits of a recombinant mutant Hb are 

bound together by a fusion junction of the sequence Arg(141α1)GlyVal(1α2). Acylation 

with bis(3,5 dibromosalicyl)-fumarate occurs between Lys99 of the two α chains to produce 

HemAssist also known as DCLHb (see Figure 2). Both Hemopure (bovine) and PolyHeme 

(human) are modified with glutaraldehyde, a five carbon dialdehyde which forms a Schiff 

base (imine) with lysine (amine) side chains of Hb. PolyHeme is also crosslinked with 

pyridoxal phosphate (PLP) between Val 1β and lysine β82. Hemospan is conjugated in a 

two-step procedure; first the surface lysine groups are modified with 2-iminothiolane to add 

new SH groups, and then maleimide-activated PEG-5000 side arms are coupled to the new 

sites. In the first step of Pyridoxylated Hb (PHP) preparation, a SFH is cross-linked with 

pyridoxal 5-phosphate and then conjugated with the bi-functional activated diester of α-

Alayash Page 17

Trends Biotechnol. Author manuscript; available in PMC 2015 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



carboxymethyl ω-carboxymethyl-polyoxyethylene (POE). In Hemolink, activated O-

raffinose (hexaaldehyde) stabilizes the tetramer through three point covalent linkages within 

the DPG pocket and an intermolecular cross-linking of the stabilized tetramers.
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Figure 2. Graphic representations of two commonly tested HBOCs in humans
a) Optro™ (rHb 1.1, deoxy). This Hb is expressed as a crossed-linked deoxy form with 

glycine αα linked genes on expression plasmid (Hb Presbyterian (βN108K)). b) HemAssist 

(DCLHb™). This Hb is chemically cross-linked at the αα subunits with bis(3.5-

dibromosalicyl)fumarate. Figures were constructed using the Adobe Illustrator (Adobe 

Systems Incorporated, Mountain View, CA) and PyMOL Molecular Graphics System 

(Schrodinger, LLC, New York, NY).
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Figure 3. Redox cycles of hemoglobin and its transition into higher oxidation state 
(pseudoperoxidase) and subsequent oxidative changes
A) Pseudoperoxidase cycle Heme iron, a transition metal within the heme prosthetic group 

of Hb undergoes spontaneous oxidation from ferrous to ferric oxidation states. This process 

indirectly produces H2O2, which can further react with ferric and ferrous Hb to produce 

ferryl species and its protein cationic radical. Thermodynamically, these reactions are driven 

by the redox potentials of each pair. B) Protein-heme oxidative modifications and oxidation 

of amino acids. Hb Beta subunits (yellow) bear the burden of the radical chemistry as a 

handful of amino acids in the “hotspots” are targeted and are irreversibly oxidized. In 

addition, heme-to-protein linkages are formed which will ultimately result in heme loss.
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Figure 4. Mechanisms of hemoglobin oxidation and control
The scheme begins with the process of autoxidation that occurs inside and outside the RBCs. 

This process proceeds at much higher rates in circulation with minimum antioxidant and 

reductive mechanisms. Fueled by H2O2 free Hb will undergo a series of redox events, 

generating higher more reactive oxidative species, such ferryl and ferryl radicals. Oxidative 

changes that follow will ultimately led to unfolding of the protein and heme loss. Heme 

stimulates endothelial TLR4 singling and downstream oxidative responses which ultimately 

lead to altered cell metabolism. The scheme also outlines and contrasts the role of globin 

and heme scavengers at different stages to intercept the process of Hb oxidation. Starting 

within the erythroid, AHSP which locks newly synthesized α subunits in a stable 

hexacoordinate configuration unable to react with oxidants thus preventing subunits 

degradation [51]. This will enable α and β subunits to form first Hb tetramer in these cells. 

Hp on the other hand allows the αβ dimer to consume oxidants while in the meantime the 

Hb-Hp complex diffuses the emerging and damaging radicals and likely inhibiting heme 

loss from the complex. Hxp, a heme-binding scavenger forms the second line of defense 

against excess heme and when first line of scavengers of Hb such as Hp is overwhelmed. 

Hpx sequester heme in a hexacoordinate conformation in a complex with a 1:1 

stoichiometry. Multiple other proteins such albumins, lipoproteins and A1M can bind and 

effectively remove some of the released heme [52].
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Table 1
Preclinical and clinical side effects associated with HBOC infusion

1. Vasoactivity/hypertension

2. Gastrointestinal side effects

3. Pancreatic and liver enzyme elevation

4. Oxidative stress

5. Cardiac involvement

6. Hemostasis

7. Neurotoxicity

8. Renal effects
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