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Abstract

Erythrocytes play a crucial role in recycling ascorbate in blood plasma. The erythrocyte ascorbate free radical
(AFR) reductase is involved in the reduction of AFR to ascorbic acid (ASC) in the plasma. In the present study,
we report an age-dependent increase in the activity of erythrocyte AFR reductase in humans that shows a sig-
nificant positive correlation with the activity of plasma membrane redox system (PMRS). We explain the age-
dependent increase in erythrocyte ASC recycling on the basis of a compensatory/protective mechanism that
operates to maintain the ASC level in plasma and thereby minimize oxidative stress during aging.
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Introduction

ASCORBIC ACID (ASC) IS THE PRIMARY antioxidant present
in plasma; however, humans, higher primates, and

guinea pigs cannot make ASC and thus require it through
the diet. For all other animals, ASC is not a vitamin. In the
presence of an oxidant, ASC is oxidized first to monodehy-
droascorbate or ascorbate free radical (AFR) and then to de-
hydroascorbate (DHA), which is unstable and undergoes ir-
reversible hydrolysis to 2,3-diketo-L-gulonic acid, resulting
in decreased level of the vitamin.1,2 Two molecules of AFR
can react with each other to form one each of ASC and DHA.
In recent years, there has been much interest in the mecha-
nisms by which ASC level is maintained in blood.

Erythrocytes, being the most abundant cells in the blood,
have been reported to play a crucial role in recycling ASC in
blood plasma.3 Erythrocytes can take up DHA from the
plasma through the GLUT1 glucose transporter. Inside the
cell, DHA can be recycled to ASC via direct reduction by
glutathione,4 by glutathione-dependent enzymes such as
glutaredoxin and protein-disulfide isomerase,5 and by nicoti-
namide adenine dinucleotide phosphate oxidase (NADPH)-
dependent thioredoxin reductase.6 Because the rate of release
of ASC from erythrocytes to plasma is slow, the role of re-
cycling of ASC in the maintenance of plasma ASC levels as-
sumes importance.

Studies show that human erythrocytes contain a plasma
membrane redox system (PMRS) that transfers electrons
from intracellular donors (NADH and/or ASC) to extracel-
lular acceptors, although the physiological acceptor is still
unclear.7 There is evidence that the intracellular ASC donates

electrons to extracellular AFR via the PMRS, which incor-
porates an AFR reductase.8 Such a redox system enables the
cells to counteract oxidative processes effectively and
thereby prevent depletion of extracellular ASC.8 This pro-
vides an efficient mechanism for ASC recycling between the
intra- and extracellular compartments.7

There is overwhelming evidence to show that aging is as-
sociated with increased oxidative stress. The plasma antiox-
idant capacity has been reported to decrease during aging in
humans.9 We have reported an age-dependent increase in
the activity of erythrocyte transmembrane electron transport
that has been explained as a compensatory mechanism of the
system to maintain plasma antioxidant levels.10 The present
study was undertaken to determine the rate of ascorbate re-
cycling between erythrocyte and plasma, measured in terms
of erythrocyte AFR reductase activity, during human aging.
We also correlated the activity of erythrocyte AFR reductase
with PMRS, as a function of human age, in an effort to un-
derstand the role of ASC recycling in human aging.

Materials and Methods

The study was carried out on 61 normal healthy subjects
of both sexes between the ages of 22–79 years following the
criteria reported earlier.9,10 The subjects were screened for
diabetes mellitus, asthma, tuberculosis, or any other major
illness. None of the subjects were smokers or were taking
any medication. All persons gave their informed consent for
the use of their blood samples for the study. The protocol of
study was in conformity with the guidelines of the Institu-
tional Ethical Committee.
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Human venous blood from different healthy volunteers
was obtained by venipuncture in heparin. The blood was
centrifuged at 1800 � g for 10 min at 4°C. After removal of
plasma and buffy coat, the red blood cells (RBCs) were
washed twice with cold phosphate-buffered saline (PBS;
0.9% NaCl, 10 mM Na2HPO4, pH 7.4).

The erythrocyte AFR reductase activity was assayed fol-
lowing the method described by May et al.11 The washed
erythrocytes were hemolysed and diluted 100% (vol/vol) by
addition of water followed by centrifuging for 10 min in the
cold. AFR was generated in diluted hemolysates by incu-
bating them at 37°C in PBS (pH 7.0), containing 1 mM ascor-
bate, 5 units/mL ascorbate oxidase, and 0.1 mM of nicoti-
namide adenine dinucleotide (NADH). The rate of NADH
oxidation was measured spectrophotometrically at 340 nm
for 3 min. at 37°C. The change in NADH concentration was
calculated from the slope of the resulting line, using an ex-
tinction coefficient � � 6.22 mM�1 cm�1. The values were
corrected in each experiment for the rate observed with
lysate and reduced nucleotide alone. AFR reductase activity
is reported in terms of �mol NADH oxidized/min per mL
of packed red blood cells.

Erythrocyte trans-plasma membrane redox activity was
estimated by following the reduction of ferricyanide ac-
cording to the method of Avron and Shavit.12 A total of 0.2
mL of RBCs were suspended in PBS containing 5 mM glu-
cose and 1 mM freshly prepared potassium ferricyanide. The
suspension was incubated for 30 min at 37°C and then cen-
trifuged at 1800 � g at 4°C. The supernatant collected was
assayed for ferrocyanide content using 4,7-diphenyl-1,10
phenanthrolinedisulfonic acid disodium salt and measuring
absorption at 535 nm (� � 20,500 M�1 cm�1). Results are ex-
pressed in �mol ferrocyanide/mL of PRBC per 30 min.

Relationships between various parameters were assessed
using the Pearson correlation coefficient (r) and coefficient
of determination (r2). Statistical analyses were performed us-
ing GraphPad Prism version 4.00 for Windows, GraphPad
Software (San Diego CA).

Results

Figure 1 shows the activity of erythrocyte AFR reductase
during human aging. We show a significant age-dependent
increase in the activity of erythrocyte AFR reductase. In an
earlier report, we had already reported a similar age-de-
pendent increase in erythrocyte PMRS activity.10 To inves-
tigate the age-dependent increase in AFR reductase activ-
ity and its association with PMRS further, we also
determined the PMRS activity in same blood samples. The
relationship between erythrocyte AFR reductase and PMRS
activities as a function of human age is shown in Fig. 2.
There is a positive correlation between increase in AFR re-
ductase activity and PMRS. Comparing the relative activi-
ties of erythrocyte PMRS and AFR reductase, we observed
an approximately 10-fold higher rate of AFR reductase
compared to PMRS.

Discussion

ASC is a major aqueous-phase antioxidant and is a sig-
nificant factor in the antioxidative capacity of plasma. ASC
recycling serves to protect the erythrocyte against trans-
membrane oxidant stress.3 The ascorbate-driven reduction
of the extracellular ascorbate free radical has been shown to
be an electrogenic process, indicating that vectorial electron
transport is involved in the reduction of extracellular ascor-
bate free radical.13 Vitamins C and E are directly linked by
the role of vitamin C in regenerating vitamin E.14,15 Ascor-
bic acid has been proven to protect membrane and other hy-
drophobic compartments from oxidative damage by regen-
erating the antioxidant form of vitamin E.16 Ascorbate can
recycle �-tocopherol in low-density lipoprotein (LDL) in the
face of an oxidant stress and thus affords protection against
oxidation.17 Thus, recycling of ASC also helps to protect or
recycle �-tocopherol. Our observation of an increase in the
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FIG. 1. Erythrocyte AFR reductase activity was determined
in 61 blood samples taken from persons of different ages.
The plot shows the dependence of AFR reductase activity as
a function of human age. AFR reductase activity expressed
in terms of �mol NADH oxidized/min per mL of packed
red blood cells.

FIG. 2. Correlation between erythrocyte AFR reductase
and PMRS activities. The PMRS activity was determined in
the same blood samples for which AFR reductase activity is
shown. AFR reductase activity is expressed in terms of �mol
NADH oxidized/min per mL of packed red blood cells.
PMRS activity is expressed as �mol ferrocyanide/mL PRBC
per 30 min. The line at the top shows the range of age of hu-
man subjects taken for the study.
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activity of AFR reductase during human aging may thus pro-
vide a mechanism to maintain the antioxidant potential of
the plasma during the increased oxidative stress that is en-
countered during aging.

Ascorbic acid recycling by erythrocytes has been reported
to be increased by smoking.18 Smoking induces oxidative
stress, and the increase in ASC recycling by erythrocytes has
been explained as a secondary compensatory response in the
human antioxidant defense.18 The plasma level of ASC in
humans is known to be decreased during aging.19,20 The de-
crease in ASC has been found to be associated with an in-
crease in plasma vitamin E and uric acid, an effect that has
been explained as compensation in antioxidant defense of
aging organism.19 A study of the British population shows
that low blood vitamin C concentrations in the older indi-
viduals are strongly predictive of mortality.21 Rhesus mon-
keys exhibit some of the same characteristics of vitamin C
metabolism as those in humans, and studies show that there
is a significant decrease in plasma vitamin C level in aged mon-
keys.22 Significantly it has been reported that that the activities
of PMRS enzymes involved in transmembrane electron trans-
port and recycling of ASC in the brain increase during aging
and that this helps to protect the brain against age-related in-
creases in oxidative and metabolic stress.23 Our observation of
an age-dependent increase in the activity of AFR reductase
may also be explained to be due to a compensatory mecha-
nism that becomes operative under condition of increased ox-
idative stress during aging in humans (Fig. 3).

Erythrocytes from aged individuals have been reported to
have a reduced life span24; however, no change has been ob-
served in red cell aggregation, hematocrit, and whole blood
viscosity during human aging.25 In a recent study Penha-

Silva et al.26 reported an increased erythrocyte resistance to
hypotonic lysis in aged individuals; however, this study
found no change in mean corpuscular volume (MCV) of ery-
throcytes as a function of human age. Despite the reduced
life span of erythrocytes in older age and therefore a faster
rate of turnover, it is difficult for this to significantly influ-
ence activity of AFR reductase.

Mechanisms to recycle ASC through transmembrane elec-
tron transport have been reported in chromaffin granules,27

duodenal brush border,28 and lysosomal membranes.29 In all
these cells, a transmembrane protein belonging to the fam-
ily of cytochrome b561 has been identified that is involved in
ASC recycling. This protein has been isolated and the cDNA
sequenced in a number of species, including humans.30 Cy-
tochrome b561 has a unique structure, because it does not
show homology to any known protein in genomic databases
other than cytochrome b561 from different species. In ery-
throcytes, the identification of the protein responsible for
transmembrane electron transfer and ascorbate recycling has
not yet been established. Van Duijn et al.31 carried out de-
tailed studies based on reverse transcriptase-PCR analysis of
reticulocytes but did not find the presence of cytochrome b561

in erythrocytes. These results were also confirmed by west-
ern blot analysis with an anti-cytochrome b561 serum. How-
ever, recently Su et al.32 confirmed that one of the cy-
tochromes b561 is present in human erythrocytes (the
duodenal brush border cytochrome b) and contributes to the
ability to reduce extracellular AFR; the same enzyme has fer-
ricyanide reductase activity.

It is important to understand that the physiologic rele-
vance of transmembrane ferrireductase activity in mature
erythrocytes is not clear. The most likely function for this ac-
tivity is in the developing erythroblast, where it is used to
reduce ferric iron during its uptake and use in hemoglobin
sysnthesis. The components of the hemoglobin-synthesizing
system and the ability of iron uptake are lost during matu-
ration of reticulocytes to erythrocytes.33,34 In contrast to
transmembrane ferrireductase activity, the erythrocyte AFR
reductase catalyzes the reduction of extracellular AFR to
ASC, an important physiological process involved in ascor-
bate recycling. Interestingly, Su et al.32 have put forth the hy-
pothesis that the same enzyme (Cyt b561) has both AFR 
reductase and ferricyanide reductase activity in human ery-
throcytes, with one activity favored depending on the cellu-
lar milieu. Our observation of an approximately 10-fold higher
erythrocyte AFR reductase activity compared to PMRS activ-
ity can be explained on the basis of higher physiological re-
quirement of ascorbate recycling during the condition of in-
creased oxidative stress as observed during aging.

On the basis of our results and in view of recent re-
ports,10,23 we hypothesize that there are inherent compen-
satory mechanisms operating in the human body that pro-
vide protection against increased oxidative stress during
aging. An alteration in the rate of these compensatory mech-
anisms may affect the rate of normal human aging.
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FIG. 3. Schematic representation of ascorbate recycling be-
tween erythrocytes and plasma. Under normal conditions,
the PMRS and AFR reductase function to transfer reducing
equivalents from intracellular electron donors to plasma.
These electrons are used to reduce the AFR to reduced ASC.
We propose that during aging the condition of oxidative
stress is generated in the plasma, leading to higher rate of
conversion of ASC to AFR. The increase in erythrocyte AFR
reductase/PMRS activity is a compensatory mechanism to
protect against increased oxidative stress.
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