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Redox Biology of Blood Revisited: The Role of Red Blood
Cells in Maintaining Circulatory Reductive Capacity

PAUL W. BUEHLER and ABDU I. ALAYASH

ABSTRACT

There is an increasing recognition of the role of red blood cells (RBCs) in cell signaling above and beyond its
oxygen (O,)-carrying function. A recent forum published in the December 2004 issue of Antioxidants & Redox
Signaling focused on redox biology of blood and the intricate signaling pathways of RBCs or its free compo-
nents, i.e., hemoglobin, with the vasculature. The forum provided an up-to-date source of information on this
emerging and exciting area of blood biology and the underlying redox chemistry. In the current short review,
we have revisited the topic of redox biology of blood and focused on yet another emerging area of research,
which deals with the reductive power of blood and the physiological implications. Antioxid. Redox Signal. 7,

1755-1760.

INTRODUCTION

THE ARTICLES featured within the forum on redox biology
(Antioxidants & Redox Signaling, Vol. 6, December,
2004) highlighted several critical emerging areas of re-
search. Two of these articles dealt with both in vitro and in
vivo redox chemistry of heme proteins and possible contri-
butions of these reactions to pathology (25) and nonenzy-
matic degradation of heme originating from the dominant
red blood cell (RBC) protein, hemoglobin (Hb) and subse-
quent reactive oxygen species (ROS) generation (20). Both
articles provided insights into the abnormalities of hemopro-
tein structure and function that can be induced under condi-
tions of oxidative stress. The role of nitric oxide (NO) inter-
actions with Hb and subsequent influence on oxidative
modification to Hb’s normal allosteric function was re-
viewed in depth. Additionally, NO interaction at the level of
heme iron and the effect of Hb/NO interaction at important
amino acids (BCys,;) were detailed (5). RBC and vascular
function (8), as well as signaling mechanisms between RBC

components, particularly Hb, and the vasculature (6), pro-
vided insight into Hb-mediated vascular control of oxygen
(O,) sensors such as hypoxia inducible factor (HIF) through
ATP, NO, and nitrite (NO,~) under normal and pathological
conditions. O, distribution and microcirculatory regulation
(29) were reviewed in light of O, delivery and the resulting
effect on blood flow within the microcirculation. Addition-
ally, current concepts in Hb based O, carrier (HBOC) redox
chemistry and ROS actions on microcirculatory permeability
(3), as well as HBOC redox influences on HIF and heme
oxygenase (HO-1), were demonstrated in systems of in vitro
oxidative stress (31).

The field of redox biology of blood is rapidly advancing
and encompasses several important areas as emphasized in
the December issue’s forum. The present update will focus on
the intricate role of RBCs in maintaining circulatory protec-
tive antioxidant levels. In the current review, we will further
expand on these concepts, taking into consideration the role
of RBCs and their role in antioxidant redox cycling of en-
dogenous ascorbic acid (AA).

Laboratory of Biochemistry and Vascular Biology, Division of Hematology, Center for Biologics Evaluation and Research, Food and Drug Ad-

ministration, Bethesda, MD.

Disclaimer: The opinions and assertions contained herein are the scientific views of the authors and are not to be construed as policy of the

United States Food and Drug Administration.

1755



1756

ASCORBIC ACID AND
THE RED BLOOD CELL

The evolution of certain vertebrates, particularly humans, is
accompanied by a loss of L-gulonolactone oxidase, the final
enzyme required for the endogenous synthesis of AA (7). This
evolutionary characteristic is shared by other species, such as
most nonhuman primates, fruit bats, and guinea pigs; thus, di-
etary intake of AA is essential for maintaining plasma and tis-
sue reductive capacity in these species. AA primarily functions
to remove superoxide anion (O,"~) and singlet oxygen (22) and
is itself oxidized to one and two electron-oxidized forms, these
products being the AA radical (AAR) and dehydroascorbic
acid (DHA), respectively (27, 30). Interestingly, AA also func-
tions to remove other ROS generated by protein-bound redox
metals (18) and xanthine oxidase (19). Nandi et al. (21) have
demonstrated that vertebrates incapable of producing endoge-
nous AA due to a lack of L-gulonolactone oxidase possess
greater tissue levels of superoxide dismutase (SOD); however,
despite increased levels of SOD and other ROS-detoxifying
agents [e.g., glutathione (GSH), catalase, and a-tocopherol],
oxidative damage persists in the absence of AA intake.

Given the critical nature of AA as a plasma and tissue re-
ducing agent, even in the presence of other up-regulated
means of reductive capacity, consideration of its role in pre-
venting ROS generation in the presence pro-oxidative agents
in blood has recently been recognized. May et al. (16), using
ferricyanide as an extracellular oxidant, suggested a two-
tiered system of redox recycling of low concentrations of the
AAR by human RBCs under minimal oxidative stress (tier
one) followed by a backup system of RBC recycling of large
quantities of DHA under conditions of increased oxidative
stress (tier two). This reaction was initially introduced, also
by May et al. (15), to occur in vascular endothelial cells and
found to be dependent on cellular membrane-bound NADH
and NADPH oxidoreductases when oxidative stress is less se-
vere and via an intracellular GSH-dependent reduction of
DHA when oxidative stress is more severe. RBC accumula-
tion of DHA as a result of pro-oxidative conditions originates
in part outside of the RBC during the two-electron oxidation
of AA, which is subsequently transported reversibly in com-
petition with glucose by the type 1 glucose transporters
(GLUT1) spanning the RBC membrane (12, 30). Alterna-
tively, DHA may be lost altogether by irreversible ring open-
ing and further degradation, removing a pool of potentially
reversible oxidized AA. RBC concentrations representative of
a 45% hematocrit can regenerate the AA present in whole
blood every 3 min. Experimental evidence suggests that recy-
cling of AA by the RBC seems to contribute toward an addi-
tional antioxidant reserve of blood when compared with ex-
periments evaluating plasma AA in the absence of RBCs
(14). Therefore, it appears clear that an organism’s own red
cells may contribute to important redox defense mechanisms.

HBOC’S OXIDATIVE NATURE

Oxidative chemistry

HBOC:s represent a class of therapeutic agents that dem-
onstrate varying degrees of oxidative potential originating at
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their heme iron centers in terms of autoxidation (Reaction 1),
oxo-ferryl Hb formation (Reaction 2), oxo-ferryl Hb radical
formation (Reaction 3), rhombic heme formation and degra-
dation (Reaction 4), and NO dioxygenation (Reaction 5) (1):

HbFe2tO, — HbFe3* + 0,"~

HbFe2*0, + H,0, — HbFe*=0 + H,0 + O,
HbFe* + H,0, — *HbFe#=0 + H,0
HbFe#=0 + H,0, — HbFe3* + 0, +

H,0 — Heme degradation*

HbFe2-0, + NO — HbFe?* + NO, -

(Reaction 1)
(Reaction 2)
(Reaction 3)

(Reaction 4)
(Reaction 5)

[HbFe2*O, is oxyhemoglobin, HbFe?* is ferrous Hb, and
HbFe3* is ferric Hb or methemoglobin.]

Certain HBOCs contribute significantly to a prooxidative
environment in the microcirculation, leading to vascular en-
dothelial injury and permeability (2, 4). This effect may be
due to differing rates of Reactions 1-4 among HBOCs. Addi-
tionally, the nature of HBOCs’ volume of distribution gener-
ally limits their pharmacokinetic exposure to the plasma vol-
ume (23) and may lead to derangements in normal oxidized
AA and RBC recycling. Conditions of significant blood loss
(traumatic hemorrhage) or reduced hematocrit (hemolytic
anemia) result in a simultaneous loss of RBC volume/plasma
volume/AA concentration and RBC volume, respectively.
Each of these conditions may alter the balance of plasma AA
reducing capability in the presence of an HBOC either by the
combined loss of RBC volume/AA concentration or by the
loss of RBC volume alone. Thus, cell-free HBOCs represent
an interesting contribution to model systems, which test RBC
reductive capacity.

Model of HBOCs and RBC/AA recycling

Figure 1 (bottom) is a modified representation of the two-
tiered model of RBC and oxidized AA recycling proposed by
May et al. (16) using a generic HBOC as the extracellular
prooxidant in place of ferricyanide. As shown in Fig. 1 (bottom
left), oxidized heme iron in its non—O,-carrying HbFe3* form
may be reduced back to its O,-carrying form HbFe?* directly by
transmembrane-bound NADH oxidoreductase coupled to intra-
cellular AA oxidation. Figure 1 (bottom right) represents the
extracellular reduction of HbFe3* and oxidation of AA to
HbFe?* and DHA, respectively. When HbFe3* is abundant in
the plasma due to autoxidation or NO dioxygenation, excess
DHA is transported into the RBC by GLUT1, reduced by GSH,
and transported out of the RBC as AA. DHA is also capable of
being reduced to AA at the RBC surface by the NADH oxi-
doreductase system (bottom left). Alternatively, DHA may be
lost to hydrolysis by ring opening and formation of 2,3-diketo-
L-gulonic acid when RBC volume is insufficient, intra- or ex-
tracellular AA concentration is low, or extracellular prooxidant
levels become overwhelming. The upper portion of Fig. 1 rep-
resents a hypothetical interplay between AA and its role in vas-
cular O, sensing and oxidative insult. This concept will be ex-
panded on in a brief discussion of the complex relationship
between AA/RBCs and HBOC efficacy/toxicity.

The role of AA/RBC:s in the control
of oxidized HBOC: in vitro

The first studies evaluating the role of RBCs and AA in
limiting persistence of oxidized extracellular Hb were per-
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FIG. 1. A hypothetical interaction between endothelial cells (EC), plasma, RBCs, and AA in the presence of a prooxidant
(cell-free HbFe3+). (Top) Within the EC, AA acts as a cofactor for prolyl hydroxylase (PH). The presence of normal cellular AA
concentrations (+) allows for PH activation (+) in the degradation process of HIF-1a. When O, and potentially AA are low (—),
PH is inactive (—) and HIF-1a is translocated into the nucleus after combining with HIF-13 to form HIF-1. As a result, up-
regulation of factors influencing increased tissue oxygenation occurs. In the presence of increased plasma oxidants such as
HbFe3*, intracellular AA may be depleted by either GLUT1 transport (14) or simple diffusion (26). Epo, erythropoietin; iNOS, in-
ducible NO synthase. (Bottom) Reductive processes in the plasma and RBC are primarily dependent on AA (left), which reduces
plasma oxidants such as HbFe3* (left) to HbFe2+ (right) and DHA (left) through formation of the AA radical intermediate (AAR).
Alternative, HbFe3* may be reduced by RBC membrane-bound oxidoreductases (left). DHA represents a renewable source of AA,
as it is either reduced in the RBC following glucose type 1 transport (GLUT1) or by membrane-bound oxidoreducase activity
(right). Cellular AA may be moved out of the RBC or function within the RBC in coordination with membrane-bound oxidore-
ductase and AAR reductase. Alternatively, DHA can be lost to irreversible ring opening, forming 2,3-diketo-L-gulonic acid (2,3-

diketo-L-GA) and degradation products.

formed by McGown et al. (17). This work demonstrated that
addition of oxidized HBOC (HbFe3*) to human whole blood
and washed human RBCs in the presence of physiologic con-
centrations of AA (~0.1 mM) reduced HbFe3* to HbFe2" by
40-50%. Moreover, an important physiologic mechanism for
controlling oxidation of HBOCs was revealed. Since the ini-
tial work of McGown, a limited number of studies have fo-
cused on extracellular Hb as affected by plasma and RBC re-
ducing components. Reduction of HbFe3* to HbFe?* in the
presence of plasma reducing agents such as AA, GSH, and -
NADH was studied for several naturally occurring Hbs
[HbA,, Hb S (sickle Hb), and Lumbricus Hb] and a number of
HBOCs (10). Dorman et al. (10) suggest that the redox poten-
tial of naturally occurring and chemically modified Hbs plays

an important role in the resistance to oxidation and suscepti-
bility to reduction of certain Hbs by plasma reducing agents.
Den Boer et al. (9) evaluated the percent reduction resulting
from incubation of 91% oxidized Hb (total Hb concentration
= 3%) in the presence of human RBCs and found a 27% re-
duction in oxidized Hb. The addition of 0.2 mM AA to the
RBC/Hb cocktail further reduced the oxidized Hb by another
42%. Taken together, these studies clearly indicate a synergis-
tic effect occurring between RBCs and AA in reductive pro-
cesses of oxidized extracellular Hb.

We conducted similar in vitro experiments to evaluate the
role of differing simulated hematocrit levels over a range of
0—40% on HBOC (HbFe3*) (300 puM) reduction in the pres-
ence of physiologic AA concentration (0.1 mM) following 5 h
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of incubation at 37°C. Our unpublished data indicate that in-
cubating a simulated hematocrit of 1% (0.1 ml of washed
RBCs/10 ml phosphate-buffered), in the presence of 0.1 mM
AA exhibits a nearly identical rate of reduction to 10% (1 ml
of washed RBCs/10 ml phosphate-buffered), 20% (2 ml of
washed RBCs/10 ml phosphate-buffered) and 40% (4 ml of
washed RBCs/10 ml phosphate-buffered) simulated hemat-
ocrits in the presence of 0.1 mM AA. Incubation with 300 WM
HbFe3*, 0.1 mM AA, and 0% hematocrit had essentially no
effect on HbFe3* reduction. Human packed RBCs average 8.0
X 106 cells/pul; thus, a 1% simulated hematocrit in this exper-
iment represents ~8.0 X 108 RBCs/ml of solution, whereas a
simulated hematocrit of 40% represents ~3.2 X 1010 RBCs/ml
of solution. Given a physiological AA concentration (0.1 mM)
in this experiment, there appears to be a sufficient RBC re-
ducing capacity in spite of a 40-fold decrease in RBC vol-
ume. Thus, one potential means of limiting HBOC-induced
oxidative injury and maintenance of the functional O, carry-
ing form (HbFe?*) may be accomplished by coadministration
of AA, even when massive red cell loss occurs.

The role of AA/RBCs in HBOC reduction in vivo

The principles of AA/RBC redox cycling originally sug-
gested by McGown as a physiologic means of limiting exposure
to oxidized HBOCs have since been tested in vivo. Faivre et al.
(11) found that HBOC oxidized by 30-40% in plasma sampled
over 36 h following a 50% exchange transfusion in guinea pigs.
The majority of HBOC (HbFe3") formation occurred within the
first 12-24 h post exchange. Similarly, following a 50% ex-
change transfusion of HBOC (HbFe?*), ~40% was reduced back
to HBOC (HbFe2") over the initial 12-24 h post exchange. A
single infusion of 2 mM AA immediately after HBOC exchange
transfusion limited oxidation to 20% over 12-24 h. With the ex-
ception of the Faivre study, most small animal models of blood
loss with subsequent HBOC treatment utilize various strains of
rat, all of which produce endogenous AA. The rat is reported to
produce 38 + 4 ug of AA/mg of liver microsmes/h, whereas the
guinea pig, nonhuman primates, and humans must rely on di-
etary intake of the vitamin (7).

We have obtained data (unpublished) to demonstrate the
novel multifunctional aspects of endogenous AA in prevent-
ing HBOC redox toxicity. Using electron paramagnetic reso-
nance spectrometry, we have found that AA reduces HbFe3*
to HbFe?* in the presence of RBCs and reduces both ferryl
hemoglobin (HbFe*") and associated globin chain-bound free
radicals following a 20% exchange transfusion in rabbits.

A reliable model representative of HBOC efficacy and tox-
icity may be most appropriately demonstrated in species with
similar circulatory AA reductive capacity to humans. In a
follow-up study and given the guinea pig’s inability to synthe-
size AA, we compared it with the rat in an effort to evaluate
HBOC oxidative changes. Figure 2A and B show the visible
spectra (soret region) of polymerized bovine Hb (PolyHbBv)
in plasma sampled over 48 hours following a 50% blood/
PolyHbBv exchange transfusion in the guinea pig and rat, re-
spectively. The pharmacokinetic data (not shown) demon-
strate greater HBOC (HbFe3*) exposure [area under the
plasma HBOC (HbFe3") concentration—time curve] following
transfusion in the guinea pig versus the rat. Although we have
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not yet directly assessed the levels of ascorbate (before and
after exchange transfusion) in rats versus guinea pigs, in view
of the fact that ascorbate synthesis in guinea pig is lacking,
these data may indirectly suggest a role for endogenous
ascorbate in controlling Hb oxidative chemistry in rats as op-
posed to the guinea pigs.

Efficacy of HBOC solutions may be determined, in part, by
their influence on vascular O, sensing and activation of
downstream mediators, which maintain normal oxygenation
of tissues. Both microcirculatory O, content (pO,) (24) and
cellular AA concentrations (28) are demonstrated to have sig-
nificant influences on HIF expression, a global O, sensor in
vascular tissue and regulator of downstream mediators of O,
adaptive responses (e.g., erythropoietin, inducible NO syn-
thase, and vascular endothelial growth factor). When pO,
and/or AA levels are low within vascular tissue, stabilization
of cytosolic HIF-1a leads to transport of the protein into the
nucleus after complexation with HIF-13 to form HIF-1, and
subsequent up-regulation of numerous genes to meet global
and local O, demand. Activated prolyl hydroxylases (PH)
within the cytosol function to destabilize HIF-1a and prevent
its nuclear transport (13). O,, 2-oxoglutarate (cosubstrate),
and AA (cofactor) all function in the activation of PH; thus,
independent depletion of cellular O, (via increased mitochon-
drial respiration) or AA leads to increased HIF-1 expression.
Alternatively, depletion of both O, and AA may result in quan-
titatively dissimilar HIF-1 expression as would be observed
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FIG. 2. The plasma clearance of glutaraldehyde PolyHbBv
in the guinea pig and the rat following a 50% PolyHbByv for
blood exchange transfusion (ET). The UV-visible spectral
changes in the soret region of PolyHbBv within plasma from the
end of ET (0 h) until 48 h post end of ET for the guinea pig (A)
and rat (B) are shown. Each species demonstrates differences in
plasma clearance patterns within this region of the spectrum;
most noticeable, however, is the gradual shift in the individual
spectra of PolyHbBv in guinea pig plasma from HbFe?*O, (A
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under circumstances of either independent loss of cellular O,
or AA. The complex influences of both O, and AA on HBOC
efficacy/potential toxicity as determined by expression of
HIF-1 and HbFe3* persistence, respectively, represent interest-
ing challenges in elucidating the nature of HBOC-induced
HIF-1 expression, as being mediated by either suboptimal O,
delivery and/or AA depletion resulting from HBOC oxidation.

CONCLUSION

The December 2004 issue of Antioxidants & Redox Sig-
naling provided a highly informative and thought-provoking
group of articles on the redox biology of blood. The role of
RBCs in O, transport and its physiology is well established.
We are hopeful that these articles will continue to generate
interest in this and other equally important, but not yet fully
exploited, roles of RBCs in areas such as O, sensing, trans-
port of NO or its metabolites, and the redox cycling of AA.

ABREVIATIONS

AA, ascorbic acid; AAR, ascorbic acid radical; DHA, de-
hydroascorbic acid; GLUTI, type 1 glucose transporter;
GSH, glutathione; Hb, hemoglobin; HbFe?f, ferrous hemo-
globin; HbFe3*, ferric hemoglobin or methemoglobin;
HbFe?*O,, oxyhemoglobin; HBOC, hemoglobin-based oxy-
gen carrier; HIF, hypoxia-inducible factor; NO, nitric oxide;
0,, oxygen; O, -, superoxide anion; PH, prolyl hydroxylase;
pO,, oxygen content; PolyHbBv, polymerized bovine hemo-
globin; RBC, red blood cell; ROS, reactive oxygen species;
SOD, superoxide dismutase.
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