
INTRODUCTION

THE HUMAN ERYTHROCYTE is constantly exposed to
sources of reactive oxygen species through its role as

the oxygen and carbon dioxide transporter in the body. The
composition of the erythrocyte plasma membrane and the
surrounding milieu means that these cells are susceptible to
oxidative damage (9). The presence of transmembrane elec-
tron transport systems in the erythrocyte plasma membrane
provides the cell with an extra level of defense against extra-
cellular oxidants. Plasma membrane oxidoreductases (PMORs)
have been identified in all cell types investigated and have
been purported to play a role in cell growth and proliferation,
hormone responses, and other cell-signalling events (1); but
perhaps their most important role, especially in erythrocytes,
is to enable the cell respond to changes in both intra- and ex-
tracellular redox environments. The human erythrocyte
plasma membrane contains at least one such electron-
transport system, and it transfers reducing equivalents from
intracellular antioxidants to extracellular oxidants (17).
Erythrocyte PMORs have been investigated by using a num-

ber of different extracellular oxidants (see later), and several
different reduction activities occur in the membrane. The
common feature of all these PMORs, however, is the use of
intracellular reductants, and as such, the activity of these sys-
tems is closely linked to the metabolic status of the erythro-
cyte. This review seeks to unite our current knowledge about
how PMOR activity and metabolic activity in the erythrocyte
are interrelated, with a special emphasis on the use of nuclear
magnetic resonance (NMR) spectroscopy to elucidate meta-
bolic effects in conditions that are close to in vivo.

ERYTHROCYTE PMOR ACTIVITY

Traditionally PMOR activities were named after the oxi-
dant used to identify them and the purported intracellular
electron donor (e.g., NADH:ferricyanide oxidoreductase).
This has led to some confusion over how many different
PMORs exist. As the majority of PMOR activities have been
identified by using nonphysiologic electron acceptors, it is
highly likely that each PMOR is able to reduce a number of
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different oxidants albeit with different affinities (17). In this
review, PMOR activities are designated on the basis of the ex-
tracellular oxidant used (e.g., ferricyanide reductase), and the
possible intracellular donors are discussed in this context.

Ferricyanide reductase

The predominant electron acceptor used to investigate
erythrocyte PMORs is the membrane-impermeable oxidant
ferricyanide. Erythrocyte PMOR activity was initially discov-
ered by using ferricyanide as the oxidant (11), and it has been
widely used since. The reduction of ferricyanide [Fe(CN)6]

3-

to ferrocyanide [Fe(CN)6]
4- occurs at the cell membrane and

can be readily monitored spectrophotometrically (�420nm= 1
mM/cm); however, to obtain information on the metabolic ef-
fects of its reduction, multiple experiments must be per-
formed. The application of NMR to the investigation of ferri-
cyanide reduction with the 13C-labeled form, [Fe(13CN)6]

3-,
enabled the simultaneous measurement of ferricyanide reduc-
tion and changes to intracellular metabolism (14).

The reduction of extracellular ferricyanide by cells was
originally attributed to the transfer of reducing equivalents
from the intracellular redox compound NADH (48); however,
NMR experiments in our laboratory (14) and investigations
into the role of ascorbate in PMOR activity, predominantly
performed by May et al. (22–29), indicate that NADH is not
the sole or even the main source of reducing equivalents for
ferricyanide reduction under usual conditions. The main
source of reducing equivalents is thought to be ascorbate
(29). Ascorbate and its two-electron oxidized form dehy-
droascorbate (DHA) are both able to stimulate the reduction
of extracellular ferricyanide (14, 46), predominantly through
increasing the intracellular ascorbate concentration (13). The

role of ascorbate in PMOR activity has been reviewed in de-
tail previously (22), so it is not discussed further here.

Ascorbate free radical (AFR) reductase

Transmembrane AFR reductase activity has also been
identified in the erythrocyte plasma membrane (24, 25, 44,
45). This activity, which brings about the recycling of extra-
cellular ascorbate from its oxidized derivative AFR, may rep-
resent a physiologic function of PMORs (44). The reduction
of AFR is an electrogenic process, causing a depolarization of
the membrane (44), paralleling that previously observed with
ferricyanide (45). However, AFR reduction, unlike ferri-
cyanide reduction, is insensitive to p-chloromercuribenzene
sulfonate (pCMBS) (24, 25). The electrogenic property of the
PMOR suggests that the mechanism of electron transport
does not solely rely on the movement of small electron carrier
molecules through the membrane, such as coenzyme Q, and it
has been suggested that AFR reduction involves membrane
cytochromes (44). However, it has been shown that removal
of coenzyme Q from liver plasma membranes decreases the
extent of AFR reduction (47). The authors suggest that this
implies the involvement of both coenzyme Q and its reduc-
tase in the mechanism of transmembrane electron transport.
Although the main source of reducing potential for AFR
reduction comes from ascorbate (44), the reduction rate is
intimately linked to the NADH content of the cell. NADH-
mediated reduction of AFR displays both transmembrane and
exofacial activities, with ~12% of the activity being trans-
membranous (25). The ascorbate-mediated reduction of ex-
tracellular AFR most likely depends on ascorbate-recycling
mechanisms (Fig. 1), with a dependency on reduced glu-
tathione (24, 26).
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Water-soluble tetrazolium-1 (WST-1) reductase

WST-1 is a membrane-impermeable tetrazolium redox dye
that has been used extensively by Berridge et al. (2–4, 40) to
investigate PMOR activity in a number of transformed and
nontransformed cell lines. It is reduced at the plasma mem-
brane, and two distinct PMOR activities have been identified:
a cell-surface NADH oxidase activity that reduces WST-1 in
the presence of NADH (3), and a transmembrane NADH oxi-
dase activity that reduces WST-1 in the presence of phenazine
methosulfate (PMS) (2,4). Both activities are inhibited by su-
peroxide dismutase, indicating the involvement, direct or oth-
erwise, as an electron donor (reductant) (3).

It was previously reported that erythrocyte membranes do
not contain a WST-1 reductase activity (2). However, we have
identified such a WST-1 reductase activity in human and
other mammalian erythrocyte plasma membranes (Fig. 2).
This transmembrane activity (identified in the presence of
PMS) is inhibited by iodoacetate (61%) and superoxide dis-
mutase (74%) (15). The human erythrocyte WST-1 reduction
rate of 4.53 ± 0.6 mA450/min (4 � 109 cells)/ml is signifi-
cantly lower than activities previously reported from other
cell lines, which lie in the range of 0.4 ± 0.2 – 45.6 ± 5.8
mA450/min (3 � 105 cells)/ml (4). Despite the lower levels of
activity, erythrocyte WST-1 reduction shows sensitivities to
inhibitors similar to those reported in other cell lines (3–5).

1H-NMR studies of WST-1 reduction indicated that during
its reduction, WST-1 is reversibly bound to the plasma mem-
brane with a mean residence time that is similar to its longitu-
dinal relaxation time [i.e., the NMR timescale (15)]. Thus,
unlike ferricyanide (14), the reduction of WST-1 cannot be
monitored by using NMR; but changes in intracellular metab-
olism are measurable by this means, and the results are dis-
cussed in the following sections.

METABOLIC LINKS TO PMOR ACTIVITY

Glycolytic activity

Recent research into the characterization of the location of
glycolytic enzymes has indicated that these enzymes may be or-
ganized into multimeric complexes near the amino terminus of
band 3 (6). The assembly appears to be regulated by oxygenation
and phosphorylation of band 3, with a closer association occur-
ring in deoxygenated erythrocytes. This association of erythro-
cyte glycolytic enzymes with the plasma membrane suggests
that an intimate link may exist between PMOR activity and
metabolic control. Some evidence indicates that ATP made
through the glycolytic pathway is channeled to membrane ion-
pumps without it diffusing more widely throughout the cyto-
plasm (6). A similar scenario could be envisaged for the transfer
of reducing equivalents across the membrane.

The application of NMR in studies of ferricyanide reduc-
tion provided many insights into the link between membrane
redox activity and metabolic control (14). Himmelreich and
Kuchel (14), by using a combination of 13C-labeled com-
pounds and 1H-, 13C-, and 31P-NMR, investigated the effects
of ferricyanide reduction on glycolytic activity, in real time.
They observed that glucose was essential for ferricyanide re-
duction; however, the reduction of ferricyanide did not lead to
a significant increase in the rate of glucose consumption
above controls, 1.22 ± 0.05 compared with 1.20 ± 0.05
mmol/(L erythrocytes)/h, or in a substantial change to the
lactate-to-pyruvate ratio (14). This was in agreement with the
previous observation that intracellular NADH concentrations
are relatively unaffected by erythrocyte exposure to ferri-
cyanide (30). The presence of ferricyanide did, however,
cause small changes in the flux through the Embden–Meyer-
hof pathway (decrease of 4%), pentose phosphate pathway
(increase of 4%), and Rapoport–Luebering shunt (decrease of
5%). This change in the metabolic flux in the face of oxida-
tive stress implies that more ATP will be produced per glu-
cose molecule than is observed in controls (14). This outcome
has also been seen in other studies (19, 33), possibly indicat-
ing that ATP is involved in the regulation of PMOR activity.
No other studies have provided such detailed information
about the effect of ferricyanide reduction on glycolytic flux.
Inhibition of glycolytic enzymes has also been shown to de-
crease the rate of ferricyanide reduction (14, 21, 33, 39).

The extracellular reduction of WST-1 by erythrocytes
causes a transient decrease in the output of lactate, as gauged
from the lactate-to-pyruvate ratio (Fig. 3). This comes about
from a relative increase in pyruvate production, suggesting
that WST-1 reduction diverts NADH reducing equivalents
from the glycolytic pathway. The effect of ascorbate on WST-
1 reduction by erythrocytes was not tested; however, it would
be interesting to compare it with the ferricyanide reductase
activity. In the course of WST-1 reduction, the reduced-to-
oxidized glutathione ratio decreases compared with controls
(15). This oxidation of glutathione suggests that either
NADPH is a rate-limiting factor, possibly through the action
of PMS, which can produce intracellular superoxide in eryth-
rocytes (20), or that flux through the oxidative pentose phos-
phate pathway (oPPP) is reduced by glycolysis, responding to
an increased requirement for NADH.
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FIG. 2. WST-1 reductase activity by erythrocytes from dif-
ferent mammalian species. Erythrocytes (40% hematocrit)
from cattle (�, n = 6), horse (�, n = 7), human (�, n = 6), kan-
garoo (*, n = 4), and sheep (�, n = 8) were incubated in 2 mM
phosphate-buffered saline, pH 7.4, containing 5 mM glucose, 5
mM WST-1, and 5 µM PMS. Data points are the average of n
individuals within each species. Error bars denote ±1 standard
deviation. Reproduced from Reference 15.
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Glutathione redox balance

Under conditions of oxidative stress, flux through the
oPPP increases (41). This increase, once thought to be con-
trolled by glucose-6-phosphate dehydrogenase activity, is ac-
tually controlled by hexokinase when NADPH concentrations
are very low (41). Thus, changes in the intracellular glu-
tathione redox status reflect flux through the oPPP. Glu-
tathione can exist in three states, reduced (GSH), oxidized
(GSSG), and in glutathione mixed disulfides (GSSR) with
proteins or other thiol-containing molecules. Under normal
conditions, >95% of the total erythrocyte glutathione is re-
duced (42), and it is maintained in this state by the NADPH-
dependent enzyme glutathione reductase. A change in the
glutathione redox status has repercussions on the functioning
of the cell, and as such, its redox status has often been used as
a “litmus test” for oxidative stress (Fig. 4). This is mainly due
to its role as a cofactor for the detoxifying enzymes glu-
tathione peroxidase, glutathione-S-transferase, and glyox-
alase I (10, 37), its protection against reactive oxygen species
(31), and its enhancement of PMOR activity in the face of an
oxidative assault (27).

The responsiveness of glutathione to extracellular and in-
tracellular oxidants has suggested to a number of re-
searchers that it may be able to act extracellularly to protect
the cell from an oxidative insult (7, 8, 12, 16, 32, 35, 36). In
erythrocytes, whether extracellular GSH could influence the
intracellular glutathione redox balance was not clear until
recently. A combination of 1H- and 13C-NMR experiments
used the glutathione isotopomer [glycyl-2-13C]glutathione.
This compound enabled intra- and extracellular, reduced
and oxidized glutathione to be distinguished in a single se-
ries of experiments that showed that extracellular GSH has
no effect on either the intracellular glutathione redox status

1244 KENNETT AND KUCHEL

or the metabolic rate (16). Previous studies have not used
methods that allowed direct separation of the spectral peaks
from the intra- and extracellular glutathione (7, 38). Their
quantification of the two populations had previously been
based on the error-prone procedure of subtracting one spec-
trum from another.

NAD(H) redox balance

The PMOR has been shown to require the availability of
NADH for activity, as discussed earlier, and promotes flux
through the glycolytic pathway, as evidenced by an increased
output of ATP (19, 33). The NAD-to-NADH ratio has been
shown to be important in the regulation of glycolysis (43); the
forward flux through glyceraldehyde-3-phosphate dehydroge-
nase requires a high NAD-to-NADH ratio, and if it decreases,
this clearly biases the equilibrium toward the upstream reac-
tants (43). Maintenance of the normal NAD-to-NADH ratio
(and consequently the lactate-to-pyruvate ratio) is one of the
main regulators of glycolysis and not the absolute concentra-
tion of any of these molecules.

The effect of decreasing the NAD-to-NADH ratio (by in-
creasing the intracellular NADH concentration) on the abil-
ity of the erythrocyte to respond to oxidative stress has
been investigated in a number of in vitro studies (18, 34,
43, 49). Increasing the intracellular NADH concentration
by exposure of erythrocytes to extracellular NADH leads to
an increase in the reduction of nitrite-induced methemoglo-
bin (18, 49). As a counterpart, decreasing the intracellular
NADH concentration diminishes the ability of the cell
to reduce methemoglobin (49). The use of extracellular
NADH to increase intracellular pools depends on the avail-
ability of lactate dehydrogenase (LDH) activity. Isolated
erythrocytes from species that have low endogenous LDH
activity are unable to enhance their NADH levels without
the addition of exogenous, extracellular LDH (18). The re-
action scheme for this situation is given in Fig. 5. The ex-
tent to which this reaction scheme, observed in vitro, oc-
curs in vivo is unknown.

The sensitivity of the NADH-cytochrome b5 methaemoglo-
bin reductase activity to the NAD-to-NADH ratio—higher
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FIG. 3. Extracellular WST-1 effect on the metabolic rate of
human erythrocytes. Erythrocytes (65% hematocrit) in 2
mM phosphate-buffered saline, pH 7.4, containing 5 mM glu-
cose, were incubated at 37°C in the absence (�) and presence
(�) of 5 mM WST-1 and 5 µM PMS, and 1H-NMR spectra
were recorded. Data points represent the average relative inte-
gral of the lactate and pyruvate CH3 peaks from three separate
experiments ±1 standard deviation, and they reflect the relative
concentrations of the two metabolites. Reproduced from Refer-
ence 15.
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activity when increased availability of NADH is present
(18)—suggests that the PMOR activity, which also shows a
dependence on the availability of NADH, may also be modu-
lated by increasing the intracellular NADH pool size. This
knowledge may be useful in determining when these systems
are active under in vivo conditions and hence suggest targets
for enhancing or inhibiting PMOR activity.

CONCLUDING REMARKS

The intimate link between PMOR activity and metabolic
activity is well established. The challenge now is to identify
the physiologic oxidants that are reduced by this system,
under what circumstances the PMOR is activated, what con-
trols exist over its activation, and how its activation changes
cellular and system metabolism in an in vivo setting. The cur-
rent knowledge of PMOR activity in the erythrocyte paves the
way for these future areas of research on other cell types. Es-
tablishing the nature of the PMOR (i.e., its composition; pro-
tein, small molecular, or a combination of both) will answer
some of these questions, and undoubtedly the interaction that
PMOR activity has with other metabolic reactions and vice
versa will be more firmly established.
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ABBREVIATIONS

AFR, ascorbate free radical; DHA, dehydroascorbate;
GSH, reduced glutathione; GSSG, oxidized glutathione;
GSSR, glutathione mixed disulfide; LDH, lactate dehydroge-
nase; oPPP, oxidative pentose phosphate pathway; PMOR,
plasma membrane oxidoreductases; PMS, phenazine metho-
sulfate; NMR, nuclear magnetic resonance; WST-1, water-
soluble tetrazolium-1.
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