
E
F

J
*
V

R

c
(
b
e
e
o
l
t
t
m
s
w
t
c
b
c
s
a
c
t

a
o
e
f
r
i
i
a
p
e

d
t

R
N
j

Biochemical and Biophysical Research Communications 267, 118–123 (2000)

doi:10.1006/bbrc.1999.1906, available online at http://www.idealibrary.com on

0
C
A

xtracellular Reduction of the Ascorbate
ree Radical by Human Erythrocytes

ames M. May,*,†,1 Zhi-chao Qu,* and Charles E. Cobb†
Department of Medicine and †Department of Molecular Physiology and Biophysics,
anderbilt University School of Medicine, Nashville, Tennessee 37232-6303

eceived November 15, 1999
AFR will be generated in plasma in response to oxidant
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We investigated the possibility that human erythro-
ytes can reduce extracellular ascorbate free radical
AFR). When the AFR was generated from ascorbate
y ascorbate oxidase, intact cells slowed the loss of
xtracellular ascorbate, an effect that could not be
xplained by changes in enzyme activity or by release
f ascorbate from the cells. If cells preserve extracel-
ular ascorbate by regenerating it from the AFR, then
hey should decrease the steady-state concentration of
he AFR. This was confirmed directly by electron para-
agnetic resonance spectroscopy, in which the

teady-state extracellular AFR signal varied inversely
ith the cell concentration and was a saturable func-

ion of the absolute AFR concentration. Treatment of
ells N-ethylmaleimide (2 mM) impaired their ability
oth to preserve extracellular ascorbate, and to de-
rease the extracellular AFR concentration. These re-
ults suggest that erythrocytes spare extracellular
scorbate by enhancing recycling of the AFR, which
ould help to maintain extracellular concentrations of
he vitamin. © 2000 Academic Press

Ascorbic acid serves as the first line of defense
gainst oxidant stress in plasma (1, 2). Progressive
xidation of ascorbate generates the one- and two-
lectron oxidized forms of the vitamin, the ascorbate
ree radical (AFR) and dehydroascorbic acid (DHA),
espectively. Unless DHA is recycled back to ascorbate,
t can undergo irreversible ring-opening, which results
n decreased stores of the vitamin. Although recycling
t the AFR stage avoids this risk, it has been studied
rimarily as an intracellular process (3, 4). Recycling of
xtracellular AFR is important to consider, since the

Abbreviations used: AFR, ascorbate free radical; DHA, dehy-
roascorbic acid; PBS, phosphate-buffered saline; Tempol, 2,2,6,6-
etramethyl-4-hydroxy-piperidine-N-oxyl.
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tress, both directly from scavenging of reactive oxygen
pecies, and as the initial product when ascorbate re-
ycles the a-tocopheroxyl free radical in low density
ipoprotein (5).

Evidence that cells can reduce extracellular AFR is
nconclusive, however. Neither preservation of extra-
ellular ascorbate by cultured cells, nor facilitation of
scorbate-dependent extracellular ferricyanide reduc-
ion by K562 cells (6, 7) provides direct evidence that
ecycling of the AFR is involved. In this work we ad-
ressed this question by measuring the effect of human
rythrocytes on the AFR as measured by EPR spectros-
opy. The erythrocyte was chosen for study, since in the
loodstream these cells encounter a variety of oxidant
tresses, both endogenous from cellular generation of
uperoxide and H2O2 (8), and exogenous in areas of
nflammation. Given that the erythrocyte is the most
bundant cell in blood, demonstration that it can recy-
le extracellular ascorbate from the AFR would provide
n efficient way to maintain the plasma ascorbate con-
entration. In this work we present evidence that
rythrocytes lower the steady-state extracellular AFR
oncentration in a manner that is best explained by
ecycling of the AFR to ascorbate.

XPERIMENTAL PROCEDURES

Materials. DHA, dehydroascorbic acid; 2,2,6,6-tetramethyl-4-
ydroxy-piperidine-N-oxyl (Tempol), and tetrapentyl ammonium
romide were from Aldrich Chemical Co. (Milwaukee, WI). Ascorbate
xidase from Curcubita species was from Sigma Chemical Co. (St.
ouis, MO).

Preparation of human erythrocytes. Human erythrocytes were
repared from freshly drawn heparinized blood from normal volun-
eers. The cells were washed three times in ten volumes of
hosphate-buffered saline (PBS), which consisted of deionized water
ontaining 140 mM NaCl and 12.5 mM Na2PO4, pH 7.4. The buffy
oat of white cells was removed with each wash.

Assay of ascorbate oxidase activity. Ascorbate oxidase activity
as measured spectrophotometrically. Incubations contained vary-

ng initial concentrations of ascorbate (25–500 mM) and 0.2 units/ml
scorbate oxidase in 50 mM Tris-HCl buffer, pH 7.4. The decrease in



absorption at 265 nm was followed over 1–4 min at 37°C following
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ddition of the oxidase. The rate of ascorbate disappearance was
alculated based on an extinction coefficient of 3.3 mM21 cm21 for
scorbate, corrected for a blank sample that did not contain the
nzyme.

Ascorbate and GSH measurements. Intracellular ascorbate was
easured following cell lysis and ultrafiltration by high performance

iquid chromatography with electrochemical detection. The assay
as identical to that previously described (9), except that tetrapentyl
mmonium bromide was used as the ion pair reagent. Medium
scorbate concentrations were measured after cell removal as fol-
ows. An aliquot of the medium was diluted with 4 volumes of ice-cold

ethanol, allowed to sit on ice for 5 min, microfuged, and taken for
ssay of ascorbate. Where noted, endogenous erythrocyte ascorbate
as depleted by three successive incubations with 1 mM Tempol (9).
SH was measured using the method of Hissen and Hilf (10).

Measurement of ascorbate-dependent ferricyanide reduction.
ashed erythrocytes at a 5% hematocrit were incubated at 37°C in

BS that contained 5 mM D-glucose, the indicated concentration of
scorbate (1–20 mM), and either no ascorbate oxidase or 2 U/ml
xidase. After 10 min of incubation, 1 mM potassium ferricyanide
as added and incubations were continued for another 30 min.
re-incubation with ascorbate oxidase was used to generate DHA
hat would be taken up by the cells and rapidly converted to ascor-
ate (11). Parallel incubations were also carried out with ascorbate
nd ascorbate oxidase alone in the absence of cells. At the completion
f the incubation, samples containing cells were microfuged to pellet
he cells. Duplicate aliquots of the cell supernatant as well as buffer
rom incubations without cells were diluted 10-fold for determination
f ferrocyanide. Ferrocyanide was measured as previously described
or human erythrocytes (12) by the method of Avron and Shavit (13),
sing 1,10-phenanthroline as indicator. Ferricyanide reduction by
dded ascorbate in the presence of cells was compared to the sum of
irect reduction of ferricyanide by ascorbate in the absence of cells
nd cell-dependent ferricyanide reduction due to intracellular ascor-
ate, either endogenous or accumulated as a result of uptake and
eduction of DHA generated by the oxidase.

Measurement of the AFR by EPR spectroscopy. Time-dependent
hanges in the AFR concentration were measured by EPR spectros-
opy. EPR data were acquired on a Bruker EMX 8/27 spectrometer
quipped with a BVT300 variable temperature controller. Sample
emperature was maintained at 37°C during data acquisition by
lowing precooled nitrogen into the cavity through the front optical
ort. X-band EPR spectra were collected using a ER041XG-DHA
icrowave bridge and ER4103TM/9614 cavity. Sample incubations
ere carried out in a Wilmad WG 804 aqueous flow flat cell. Based on
preliminary incubation, the magnetic field was fixed at value that

orresponded to the maximum signal intensity of the low field reso-
ance line of the AFR (arrow, inset spectrum in Fig. 4). The conver-
ion time of the spectrometer was chosen to result in a sweep time of
67 seconds (since each data set contained 2048 points, the timing
esolution was approximately 0.082 seconds/point). Other spectrom-
ter settings were: 0.5 G modulation amplitude, 100 kHz modulation
requency, and 10 mW microwave power. The flat cell was pre-loaded
ith either buffer or a suspension of erythrocytes at the indicated
ematocrit to permit tuning of the spectrometer. The experiment
as initiated by starting the time-sweep to record a baseline signal.
fter about 10 sec, the indicated concentration of ascorbate oxidase
as added to the remainder of the pre-warmed sample, which was

apidly injected into the flat cell. Approximately 15 sec elapsed
etween addition of ascorbate oxidase and the actual start of data
ecording on the mixed sample. The concentration of the AFR was
etermined by calibration of the instrument using the signal of 10
M Tempol.

Data analysis. Data are shown as mean 6 SE from the indicated
umber of experiments. Curve-fitting was performed with the graph-
119
cs analysis program Origin (Microcal Software, Inc., Northhampton,
A).

ESULTS

If erythrocytes can recycle the AFR to ascorbate,
hen addition of cells should decrease the rate of ascor-
ate disappearance caused by ascorbate oxidase. As
hown in Fig. 1, this was the observed effect, since 40%
ells significantly slowed the loss of extracellular ascor-
ate. Assuming the sparing of ascorbate was due to its
egeneration, the cells were able to regenerate ascor-
ate at a rate of 1.8 mM/min over the initial 5 min of
ncubation. Addition of the cells raises the extracellu-
ar concentrations of both ascorbate and its oxidase
ompared to incubations without cells. For this reason,
esults are shown as a fraction of the initial value.
ossible explanations other than recycling of extracel-

ular ascorbate were considered. First, a measured 15–
0% increase in the extracellular ascorbate concentra-
ion due to the presence of cells could have saturated
he oxidase. The apparent Km of ascorbate oxidase
nder these conditions in the absence of cells was
ound to be 88 6 6 mM (N 5 6), so that an increase in
he initial extracellular ascorbate concentration to 45
M due to the cells would not saturate the enzyme.
econd, incubation with cells could have inhibited the
xidase. However, ascorbate oxidase activity was un-
ffected by incubation of the enzyme with either intact
ells or ghosts derived from cells under the conditions
f Fig. 1 (results not shown). Finally, the cells could

FIG. 1. Preservation of extracellular ascorbate by erythrocytes.
scorbate oxidase was added with mixing to a final concentration of
0 mU/ml of total volume to PBS at 37°C that contained 50 mM
scorbate, 5 mM D-glucose, and either no cells (circles) or 40% eryth-
ocytes (squares). At the indicated times, aliquots of each incubation
ere removed, microfuged for 30 s, and the supernatant was diluted
ith 5 volumes of ice-cold methanol to stop the reaction. Ascorbate

oncentrations are shown from 3 experiments as a fraction of the
nitial value, which was 38 6 4 and 45 6 6 mM in the absence and
resence of cells, respectively.
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ave released endogenous ascorbate into the medium.
s shown in Fig. 2, such release was negligible from
asal cells, and low from cells that had been loaded
ith 50 mM DHA. A nine-fold increase in intracellular
scorbate (from 41 6 7 to 362 6 83 mM in control and
HA-treated cells, respectively) resulted in only 1.6 6
.2 mM ascorbate in the medium after a 30 min incu-
ation. Additional experiments were carried out to de-
ermine whether this preservation of extracellular
scorbate by erythrocytes is due to reduction of the
FR at the cell surface.
Schweinzer and Goldenberg (6, 7) used the cell-

mpermeant oxidant ferricyanide both to oxidize extra-
ellular ascorbate to the AFR, and to provide an inte-
rated measure of the ability of cells to recycle the
FR. We also found that incubation of erythrocytes
ith low but increasing extracellular concentrations of
scorbate caused a progressive increase in the rate of
xtracellular ferricyanide reduction (Fig. 3). However,
his increase was entirely accounted for by the sum of
) direct ferricyanide reduction by added ascorbate,
nd 2) by an increase in trans-membrane ferricyanide
eduction due to uptake and reduction of DHA by the
ells. Therefore, at least in erythrocytes, reduction of
erricyanide cannot be used to measure extracellular
FR reduction.
More direct evidence that erythrocytes can reduce

xtracellular AFR was sought in EPR studies. The
FR was generated in this system by incubation of 1
M ascorbate with 50 mU/ml ascorbate oxidase. The

mplitude of the low-field line of the resulting AFR
ignal (Fig. 4, inset) was then followed for 2 min.

FIG. 2. Efflux of ascorbate from erythrocytes. Erythrocytes at a
0% hematocrit were incubated in the absence (circles) or presence
squares) of 50 mM DHA in PBS that contained 5 mM D-glucose for 10

in at 37°C, washed by centrifugation three times in 5 volumes of
BS, suspended to a 40% hematocrit, and incubated with mixing in
lucose-containing PBS at 37°C. At the indicated times, aliquots of
ells and buffer were removed, the cells were pelleted for 30 s in a
icrofuge, and portions of the clear supernatants were taken for

ssay of ascorbate. Data are shown from 3 experiments.
120
igher ascorbate concentrations were used than in the
tudies shown in Fig. 1 to ensure that there was ade-
uate steady-state AFR signal, and that the fall in the
scorbate concentration during the incubation was rel-
tively small (i.e., the ascorbate concentration re-
ained well above the Km of the oxidase). This resulted

n stable AFR signals during the incubations (Fig. 4).
n the absence of added ascorbate, the oxidase did not
enerate an AFR signal in the presence of cells (results

FIG. 3. Reduction of ferricyanide by extracellular ascorbate. In-
ubations and measurements of ferricyanide reduction were carried
ut as described under Experimental Procedures. Ferricyanide re-
uction in the presence of cells (circles) is compared to the sum of
irect ferricyanide reduction by ascorbate plus ferricyanide reduc-
ion as a result of uptake and reduction of the same concentration of
HA generated by ascorbate oxidase (squares). Data are shown from
experiments and expressed per ml of erythrocyte cytoplasm, which
as taken as 70% of the cell volume (20).

FIG. 4. Effects of increasing cell concentrations on extracellular
FR measured by EPR. Erythrocytes at the indicated concentrations
ere added to PBS at 37°C that contained 5 mM D-glucose, 1 mM
scorbate, and 50 mU/ml ascorbate oxidase. EPR spectra were ob-
ained as described in Experimental Procedures. The inset shows the
FR signal, with an arrow indicating the location on the low-field

ine that was followed as a function of time. Percent packed cell
olumes are indicated on the right side of the figure. Results from
ne of three experiments performed are shown.
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ot shown). Thus, the AFR signal produced when cells
ere incubated with ascorbate oxidase and ascorbate
ust have been due to oxidation of extracellular ascor-

ate. Incubation with increasing concentrations of cells
aused progressive decreases in the steady-state AFR
ignal compared to incubation without cells (Fig. 4).
hese results should not be affected by an increase in
oncentrations of the ascorbate and the oxidase due to
n increase in the volume occupied by the cells, since
he AFR concentration is assessed over the entire vol-
me of the flat cell and since the oxidase was already
aturated with ascorbate.
The difference in AFR signal generated by ascorbate

xidase in the presence and absence of 80% cells was
onsidered to reflect the cell-dependent AFR reductase
ctivity. This activity increased in a saturable manner
n response to increases in the measured AFR concen-
ration, as shown in Fig. 5. The apparent Km of this
ffect, determined over the range of AFR concentra-
ions studied, was 6 6 3 mM, with a maximal difference
f 4 6 1 mM.
Pretreatment of erythrocytes with a 2 mM concen-

ration of the thiol reagent N-ethylmaleimide irrevers-
bly inhibited both the ability of the cells to preserve
xtracellular ascorbate (Fig. 6A), and their ability to
ecrease the AFR signal in the EPR experiment (Fig.
B). The inhibition was partial for both measurements,
veraging 22% in the ascorbate preservation experi-
ents, and 27% in the EPR experiments. In studies not

hown, intracellular GSH was completely alkylated by
oncentrations of N-ethylmaleimide over 1 mM under
hese conditions. The effect of N-ethylmaleimide was
pparent when both 40% (Fig. 6A) and 80% erythro-

FIG. 5. Effects of the AFR concentration on cell-dependent de-
reases in the extracellular AFR. Erythrocytes at an 80% hematocrit
ere incubated at 37°C in PBS that contained an initial concentra-

ion of 1 mM ascorbate, 5 mM D-glucose, and ascorbate oxidase
oncentrations varying from 10 to 200 mU/ml. The steady-state AFR
oncentration measured in the presence of cells was subtracted from
hat measured in the absence of cells to derive the cell-dependent
ecrease in the steady-state AFR concentration. Results are shown
rom 2 experiments fit to an hyperbolic plot with kinetic parameters
s noted in the text.
121
eagent p-chloromercuribenzene sulfonic acid at a con-
entration of 0.2 mM was without effect in the ascor-
ate preservation experiments, and had inconsistent
ffects in the EPR experiment.

FIG. 6. Effects of N-ethylmaleimide pretreatment on the ability
f erythrocytes to preserve extracellular ascorbate and to decrease
he extracellular AFR. Cells at a 40% hematocrit were incubated at
7°C in PBS that contained 5 mM D-glucose in the presence or
bsence of 2 mM N-ethylmaleimide. After 15 min, the cells were
ashed 3 times by centrifugation in PBS and suspended to a 40%
ematocrit for the ascorbate preservation experiment as described in
he legend to Fig. 1 (A: no cells, circles; cells, squares; cells 1
-ethylmaleimide, triangles, N 5 3 experiments). In the studies

hown in A, initial concentrations of extracellular ascorbate were: no
ells, 55 6 7 mM; cells, 65 6 12 mM; and cells 1 N-ethylmaleimide,
4 6 12 mM. In the EPR experiment (representative of 3 such
xperiments performed) shown in B, cells were suspended to an 80%
ematocrit, and conditions were the same as those described in the

egend to Fig. 4.
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This work provides evidence that human erythro-
ytes can recycle extracellular AFR to ascorbate. This
onclusion derives from the findings that during extra-
ellular oxidation of ascorbate to the AFR by ascorbate
xidase, the cells preserve extracellular ascorbate
Figs. 1 and 6), but decrease steady-state extracellular
FR concentrations (Fig. 4). This is the expected effect

f the cells reduce the AFR to back to ascorbate. For
easons noted under Results, it cannot be explained by
ell-induced changes in the kinetics of the ascorbate/
scorbate oxidase system used to generate the AFR.
he observed preservation of ascorbate also makes it
nlikely that the cell-dependent decrease in the AFR
oncentration is due to oxidation of the AFR to DHA, or
o uptake and intracellular reduction of the AFR. Re-
arding the latter, at physiologic pH, the AFR carries a
egative charge (14) and is thus no more likely than
scorbate to enter the cells. Ascorbate uptake (12, 15),
ike its efflux (Fig. 2), is very slow in erythrocytes.
espite the uncertainties necessitated by the use of

ntact cells, these results strongly suggest that eryth-
ocytes reduce extracellular AFR to ascorbate.

Previous evidence for a cell-surface AFR reductase
ctivity was indirect in that it was not based on mea-
urements of the AFR. Nucleated cells have been
hown to preserve extracellular ascorbate in culture
16, 17), and this was taken as evidence for a cell-
urface AFR reductase (18). However, as demonstrated
y Schweinzer et al. (19), ascorbate preservation could
e due to factors released from the cells, especially
uring long term incubations. Cell-dependent reduc-
ion of ferricyanide by low micromolar concentrations
f extracellular ascorbate has also been considered to
eflect activity of a cell-surface AFR reductase in K562
rythroleukemic cells (6, 7). However, at least in eryth-
ocytes, this effect was entirely accounted for by the
um of direct reduction of ferricyanide by added ascor-
ate plus trans-membrane reduction of ferricyanide by
ncreases in intracellular ascorbate (Fig. 3). The latter
s due to uptake and reduction of DHA that resulted
rom extracellular ascorbate oxidation by ferricyanide.
he trans-membrane reduction of ferricyanide has
een attributed to a trans-plasma membrane oxi-
oreductase activity that uses intracellular ascorbate
s its primary electron donor (12, 20, 21). In the studies
f Schweinzer and Goldenberg (6, 7), DHA-enhanced
erricyanide reduction was also measured separately,
nd accounted for most (;80%) of the ascorbate effect.
lthough ferricyanide could, in principle, be used to
easure the activity of a cell-surface AFR reductase, it

eacts even faster with the AFR than with ascorbate
22), and removes the substrate for the cell-surface
eductase.

The mechanism of trans-membrane electron transfer
o extracellular AFR is unknown. Since it was unaf-
122
ot appear to involve cell surface sulfhydryls or the
rans-membrane ferricyanide reductase, which is sen-
itive to inhibition of exofacial sulfhydryls by this
gent (23, 24). Treatment of erythrocytes with
-ethylmaleimide at concentrations sufficient to alky-

ate essentially all intracellular GSH impaired both
he ability of the cells to preserve ascorbate (Fig. 6A)
nd their ability to suppress the AFR generated by
scorbate and ascorbate oxidase (Fig. 6B). This could
ndicate reaction with sensitive sulfhydryl or amino
roups on a trans-membrane protein, or inhibition of
ntracellular GSH metabolism and a decrease in elec-
rons available for trans-membrane export. The source
f intracellular electrons for extracellular AFR reduc-
ion is unknown. Intracellular AFR reductases usually
se NADH for this purpose (3, 25), although trans-
embrane AFR reduction in chromaffin granules by

ytochrome b561 uses ascorbate as the donor (26, 27).
A thiol-sensitive ubiquinone-dependent AFR reduc-

ase activity has been described in plasma membranes
rom liver (28, 29) and K562 cells (18). However, this
ctivity, which has been demonstrated only in open
embranes, involves cytochrome b5 reductase (29, 30).
he latter is well known to reduce the AFR using
ADH as an electron donor (31), but is exposed only on

he cytoplasmic membrane face. Since ubiquinone is
onsidered to be restricted to the interior of the lipid
ilayer (32), and poorly accessible to hydrophilic reduc-
ng agents such as ascorbate (33, 34), it is difficult to
ee how this complex could form a trans-membrane
FR reductase without other components. Our data do
ot distinguish between a trans-membrane protein
nd a transfer complex involving lipid-soluble electron
ransfer agents such as ubiquinone or a-tocopherol.

The ability of erythrocytes to reduce the AFR to
scorbate may be of physiologic importance, given the
bundance of the erythrocyte and its proximity to oxi-
ant stress generated in the vascular bed. The latter
ight occur in areas of atherosclerosis, ischemia, or

nflammation (5, 35). The measured AFR concentration
n normal human plasma, even following oxidation and
tabilization by dimethylsulfoxide, was only about 70
M (36). In areas of oxidant stress, the AFR will in-
rease, but should remain in the effective range of the
rythrocyte reductase activity, which has an apparent

m of about 6 mM (Fig. 5). The ability of erythrocytes to
apidly recycle ascorbate from the AFR stage is quan-
itatively more important than release of ascorbate
rom the cells. Under similar incubation conditions,
ven ascorbate-loaded cells released ascorbate at only
.05 mM/min (Fig. 2), compared to a rate of 1.8 mM/min
or ascorbate regeneration by cells (Fig. 1). Whether
scorbate preservation by erythrocytes is due to a
rans-membrane enzyme or some other effect of the
ells, the present results suggest that the effect occurs
t the AFR stage, and that it may be an important
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