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ABSTRACT

Liver is the site of ascorbic acid synthesis in most mammals. As human liver cannot synthesize ascorbate de novo,
it may differ from liver of other species in the capacity or mechanism for ascorbate recycling from its oxidized
forms. Therefore, we compared the ability of cultured liver-derived cells from humans (HepG2 cells) and rats
(HA4IIE cells) to take up and reduce dehydroascorbic acid (DHA) to ascorbate. Neither cell type contained appre-
ciable amounts of ascorbate in culture, but both rapidly took up and reduced DHA to ascorbate. Intracellularascor-
bate accumulated to concentrations of 10-20 mM following loading with DHA. The capacity of HepG2 cells to
take up and reduce DHA to ascorbate was more than twice that of H4IIE cells. In both cell types, DHA reduction
lowered glutathione (GSH) concentrations and was inhibited by prior depletion of GSH with diethyl maleate,
buthionine sulfoximine, and phenylarsine oxide. NADPH-dependent DHA reduction due to thioredoxin reduc-
tase occurred in overnight-dialyzed extracts of both cell types. These results show that cells derived from rat liver
synthesize little ascorbate in culture, that cultured human-derived liver cells have a greater capacity for DHA re-
duction than do rat-derived liver cells, but that both cell types rely largely on GSH- or NADPH-dependent mech-
anisms for ascorbate recycling from DHA. Antioxid. Redox Signal. 3, 1089-1097.

INTRODUCTION

SCORBIC ACID, OR VITAMIN C, is an impor-

tant antioxidant in plasma and within cells
(4, 16). Intracellular recycling of ascorbate de-
rives from both the one- and two-electron-oxi-
dized forms of the vitamin. These are the ascor-
bate free radical and dehydroascorbic acid
(DHA), respectively. Recycling from the ascor-
bate free radical has been demonstrated in
many cell types (20), and this allows ascorbate
to be recovered before a second electron re-
moval results in DHA, which is unstable at
physiologic pH. Recycling of ascorbate from
DHA through glutathione (GSH)-dependent
mechanisms has also been described (32), and

this can be facilitated by cellular enzymes such
as glutaredoxin and protein disulfide iso-
merase (31, 32). Human erythrocytes appear to
use primarily GSH-dependent mechanisms to
recycle DHA to ascorbate (14), but some recy-
cling probably occurs through the selenoen-
zyme thioredoxin reductase in this cell (17). In
contrast, ascorbate recycling from DHA in cer-
tain nucleated cells, including HL-60 cells (7)
and keratinocytes (24), does not require GSH.
In rat liver, NADPH-dependent mechanisms
may be important, because both thioredoxin re-
ductase (15) and 3a-hydroxysteroid dehydro-
genase (3) have been shown to reduce DHA to
ascorbate. HepG2 cells, which are derived from
a human hepatoma, were shown to take up
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DHA over a period of 30 min and convert it to
ascorbate (26). The latter accumulated in the
cells to concentrations of as high as 5 mM (26).
However, the mechanism by which liver or
liver-derived cells recycle DHA to ascorbate
has not been determined.

In liver, where ascorbate can be synthesized
de novo in most animals, it is also relevant to
consider whether ascorbate recycling might
differ depending on the extent to which ascor-
bate can be synthesized. For example, cells
lacking the ability to synthesize ascorbate
might have a greater capacity to recycle ascor-
bate. The present studies were performed to
determine the extent to which GSH is required
for recycling of DHA to ascorbate in cultured
liver-derived cells, and to compare the capac-
ity for recycling in cells derived from rat and
human liver, the latter lacking the ability to
synthesize ascorbate de novo. We found that
both cultured rat H4IIE and human HepG2
cells rapidly take up DHA and convert it to
ascorbate, which accumulates against a con-
centration gradient. Both cell types required
GSH for optimal reduction of DHA to ascor-
bate. Although the human-derived cells are un-
able to synthesize ascorbate de novo, they were
more effective in DHA uptake and reduction
than were cells derived from rat liver.

MATERIALS AND METHODS

Materials

Buthionine sulfoxime (BSO), diethyl maleate,
and phenylarsine oxide (PAO) were from
Sigma Chemical Co. (St. Louis, MO, U.S.A)),
and the latter two were prepared in dimethyl
sulfoxide such that the highest concentration of
the latter during cell incubation was 0.8%
(vol/vol) or less. Radionuclides were obtained
from Amersham Pharmacia Biotech (Piscat-
away, NJ, US.A.). DHA was prepared from
ascorbate just before use by bromine oxidation,
as previously described (29).

Cell culture

HepG2 cells were kindly provided by Dr.
Richard O’Brien (Vanderbilt University) and
were grown in Dulbecco’s modified Eagle’s
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medium containing 2.5% (vol/vol) newborn
calf serum, 2.5% (vol/vol) fetal calf serum, and
5% (vol/vol) Nu Serum IV (Collaborative Re-
search, Inc.). H4IIE cells were a gift from Dr.
Daryl Granner (Vanderbilt University) and
were cultured in Dulbecco’s modified Eagle’s
medium containing 2.5% (vol/vol) fetal calf
serum and 2.5% (vol/vol) newborn calf serum.

Measurement of intracellular water space

Intracellular 3-O-[*H]methylglucose was used
to estimate the intracellular cytosolic space.
Cells in a six-well plate were incubated at 37°C
in phosphate-buffered saline (PBS) that con-
tained 1 uCi of 3-O-[*H]methylglucose and 0.3
wCi of [*C]mannitol. After 10 min of incuba-
tion, an aliquot of the medium was taken
for radioactive counting. The cells were then
rinsed twice with 2 ml of ice-cold PBS, followed
by 1 ml of PBS and removal of the cells from
the plate by scraping with a rubber policeman.
The cells and buffer were transferred to a scin-
tillation vial that contained 4 ml of liquid
scintillation fluid. The vials were counted in a
Packard 2000CA liquid scintillation spectrom-
eter under dual label conditions with quench
correction. Intracellular cytosolic space was cal-
culated by dividing the fraction of the total tri-
tium counts that were in the cells by the vol-
ume of the incubation medium. This was
corrected for water trapped outside the cells by
subtracting the mannitol space determined in
the same manner using the carbon-14 counts.
Protein was measured using the D¢ protein as-
say (Bio-Rad, Richmond, CA, U.S.A.). The cy-
tosolic space in HepG2 cells was 1.7 ul/mg of
protein (1.05 ul/well of cells, n = 5 determina-
tions), and that in H4IIE cells was 2.8 ul/mg of
protein (1.13 ul/well of cells, n = 5 determina-
tions).

Measurement of DHA uptake and reduction to
ascorbate and of GSH

Cells that were cultured in six-well plates
were incubated in either culture medium or
PBS containing additions as noted at 37°C. PBS
consisted of deionized water containing 12.5
mM sodium phosphate, 140 mM sodium chlor-
ide, pH 7.4. Except where noted, incubations
were terminated at 30 min by rapid removal of
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the medium and one rinse in 2 ml of PBS. The
monolayer of cells was treated with 0.5 ml of
ice-cold 80% (vol/vol) methanol that contained
1 mM EDTA. After several minutes on ice, the
cells were removed from the dish by scraping
with a rubber policeman. The lysate was re-
moved, and the well was washed again with
05 ml of the methanol/EDTA solution.
Methanolic solutions were combined, the vol-
ume was measured, and cellular debris was
pelleted in a microfuge. Aliquots of the super-
natant were taken for assay of ascorbate or
GSH, as noted. Ascorbate was assayed as pre-
viously described (16) using ion-pair high-per-
formance liquid chromatography with electro-
chemical detection. GSH was measured using
the fluorometric assay described by Hissin and
Hilf (11).

Measurement of thioredoxin reductase-dependent
DHA reduction

The ability of cytosolic thioredoxin reduc-
tase to reduce DHA to ascorbate was mea-
sured following overnight dialysis of cell ex-
tracts as previously described for liver
homogenate (15). Cells were scraped from
four wells of a plate, suspended in 1.5 ml of
PBS, frozen in dry ice-acetone, and allowed to
thaw on ice. The lysate was microfuged for 5
min at 3°C at 16,000 g, and the supernatant
was centrifuged for 1 h at 100,000 g in a Beck-
man T-100 ultracentrifuge. The supernatant
was dialyzed overnight against three changes
of Tris-EDTA buffer in 3,500 molecular weight
cut-off dialysis tubing. The dialysate was used
immediately for assay of DHA reduction as
previously described (15).

Data analysis and statistical methods

Data are expressed as means + SD from the
indicated number of experiments. Differences
between two treatments were analyzed by
paired ¢t testing, and those between multiple
treatments by one-way analysis of variance
with post-hoc analysis by Dunnett’s test, using
the statistical software SigmaStat 2.0 (Jandel
Scientific, San Rafael, CA, U.S.A.). Curve-fit-
ting was performed using the graphics analy-
sis program Origin 6.0 (Microcal, Northamp-
ton, MA, US.A.).
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RESULTS

Ascorbate was not detected in HepG2 cells
or in the culture medium used for these cells.
HA4IIE cells had low, but detectable concentra-
tions of intracellular ascorbate (9.8 = 3 uM, n =
3). However, there was also a small amount of
ascorbate found in fresh culture medium that
had not been exposed to cells (7 = 2 uM). Both
HA4IIE and HepG2 cells rapidly took up DHA
from medium and reduced it to ascorbate, as
shown in the representative time courses in Fig.
1. Uptake was essentially complete at the 5-min
time point for each cell type. HepG2 cells typ-
ically accumulated higher intracellular concen-
trations of ascorbate over the period of incu-
bation than did HA4IIE cells.

When the two cell types were incubated for
30 min at 37°C with increasing concentrations
of DHA, intracellular ascorbate concentrations
rose to 1020 mM (Fig. 2). Ascorbate accumu-
lation was greater in HepG2 cells than in H4IIE
cells at every DHA concentration tested. Fur-
ther, the DHA concentration at which half-
maximal DHA uptake and conversion to ascor-
bate occurred was lower in HepG2 cells (57 *
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FIG. 1. Time-dependent uptake and reduction of
DHA. HepG2 (O) and H4IIE ([]) cells were incubated
with 0.33 mM DHA in culture medium for the times in-
dicated before removal of the medium and assay of ascor-
bate in the cells. The results shown are means = SD of
duplicate measurements from an experiment representa-
tive of three performed.
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FIG.2. Concentration dependence of DHA uptake and
reduction by HepG2 (O) and H4IIE ([) cells. Cells were
treated with the indicated initial concentration of DHA
for 30 min in culture medium, followed by assay of in-
tracellular ascorbate. Data are shown as means = SD
from three experiments with each cell type. The DHA
concentration of half-maximal uptake and conversion to
ascorbate was determined by fitting the data to a rectan-
gular hyperbola and calculating the apparent Ky,.

10 uM) than in HA4IIE cells (462 =70 uM).
Given the rapid initial uptake by both cell types
(Fig. 1), transport of DHA should not be limit-
ing during this 30-min incubation. Therefore,
the difference in ascorbate accumulation prob-
ably reflects different capacities for the cells to
convert DHA to ascorbate. Despite the re-
markable ascorbate accumulation in both cell
types, it does appear that the ability of the cells
to reduce DHA is limited, because uptake and
reduction appeared to be saturable.

The role of GSH in the ability of the cells to
reduce DHA to ascorbate was assessed first by
incubating cells with a high concentration of
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DHA (2 mM) in the absence of glucose. If GSH
is required for recycling ascorbate, then GSH
should be depleted during recycling in the ab-
sence of glucose. As shown in Table 1, initial
intracellular GSH concentrations were similar
in the two cell types. DHA treatment decreased
the GSH content of both cell types by ~50%.
These results suggest that, for both cell types,
either DHA is required for ascorbate recycling,
or such recycling induces an oxidant stress that
indirectly consumes GSH. A second approach
to assess whether GSH is required for ascor-
bate recycling was to first deplete GSH, then
assess the ability of the cells to reduce DHA to
ascorbate.

Diethyl maleate was used in the studies
shown in Fig. 3 to selectively lower intracellu-
lar GSH concentrations. Diethyl maleate is con-
jugated with GSH by glutathione S-transferase,
and thereby depletes cellular GSH (19, 22). In
these studies, cells were incubated for 10 min
with diethyl maleate to deplete GSH, DHA was
added, and the ability of the cells to take up
and reduce DHA to ascorbate was assessed. If
GSH is necessary for DHA reduction, ascorbate
concentrations should be less in the presence
of increasing diethyl maleate concentrations.
As expected, diethyl maleate lowered intracel-
lular GSH in both cell types, although H4IIE
cells were much more sensitive than were
HepG2 cells to the effects of this agent (Fig. 3A).
The ability to reduce DHA to ascorbate was de-
creased to a similar relative extent in each cell
type by pretreatment with diethyl maleate (Fig.
3B). Although both cell types required GSH to
optimally reduce DHA to ascorbate, H4IIE cells
were better able to sustain DHA reduction in
the presence of a more severe GSH depletion.

In another type of experiment, GSH was de-
pleted in both cell lines using treatment in cul-

TaBLE 1. ErrecTs oF DHA ON INTRACELLULAR GSH CONCENTRATIONS
Treatment HepG2 cells (n = 4) HA4IIE cells (n = 5)
Control 52+ 0.8 72+ 49
DHA (2mM) 2.8 = 0.4* 3.2 = 4.0*

Cells were rinsed free of media and incubated in PBS that contained
DHA and no glucose for 60 min before assay of the cellular GSH con-
centration (mM). Results are shown as means + SD.

*p < 0.02 compared with control for same cell type.
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FIG. 3. Effects of diethyl maleate pretreatment of cells
on GSH and DHA recycling to ascorbate. HepG2 cells
(O) or HAIIE cells ([]) were washed twice with 2 ml of
PBS to remove medium, and incubated at 37°C in 2 ml of
PBS that contained 5 mM p-glucose and the indicated con-
centration of diethyl maleate. After 10 min, DHA was
added to an initial concentration of 0.4 mM and the in-
cubations were continued for another 30 min followed by
removal of the medium and assay of the cell content of
GSH (A) and ascorbate (B). Data are means *= SD from
three experiments with each cell type.

ture with BSO, which blocks GSH synthesis (6).
As shown in Table 2, following a 24-h treat-
ment with 0.5 mM BSO, the GSH content de-
creased to 25% of control in HepG2 cells, and

TABLE 2.
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to 4% of control in H4IIE cells. This was asso-
ciated with a 35% decrease in the ability of
HepG2 cells to reduce DHA to ascorbate, and
a 50% decrease for H4IIE cells. The ability to
reduce DHA to ascorbate was impaired in pro-
portion to the extent of GSH depletion, again
suggesting that GSH is required for DHA re-
duction.

PAO, which reacts with vicinal sulthydryl
groups, was also tested for its ability to impair
cellular reduction of DHA to ascorbate. The de-
sign of the experiment shown in Fig. 4 was sim-
ilar to that for Fig. 3, except that cells were pre-
treated with PAO for 30 min, than loaded with
DHA. In contrast to the results with diethyl
maleate, GSH concentrations in HepG2 cells
were quite sensitive to PAO, whereas in H4IIE
cells, ~40% of cellular GSH remained follow-
ing DHA loading and treatment with the high-
est dose of PAO. Again, these results strongly
support a GSH- or at least protein-thiol-de-
pendent mechanism for DHA reduction to
ascorbate by both cell types. On the other hand,
the ability of both cell types to recycle ascor-
bate decreased essentially to zero at 12.5 uM
PAO. The loss of ability to recycle ascorbate
when 20-40% of cellular GSH content re-
mained suggests that PAO might affect other
thiol-dependent mechanisms of ascorbate re-
cycling.

To determine whether the thioredoxin re-
ductase system might be involved in ascorbate
recycling from DHA, the ability of dialyzed cell
extracts to carry out NADPH-dependent DHA
reduction was assessed, with the results shown
in Table 3. Overnight dialysis of the soluble

INHBITION OF GSH SYNTHESIS AND DHA

RepucTioN IN CULTURED LIVER CELLS

Treatment GSH (mM) Ascorbate (mM)
HepG2 cells 24 + 04 60 = 20
HepG2 cells, BSO-treated 0.6 = 0.13* 39 = 16*
HA4IIE cells 33 1.7 129 £ 14
HAIIE cells, BSO-treated 0.14 = 0.04* 6.6 = 2.8*

Cells in culture were treated where indicated with 0.5 mM BSO for
24 h. DHA was added to all samples to a final concentration of 0.4 mM,
and incubations were continued for another 30 min at 37°C, followed
by removal of the media, one rinse with PBS, and assay of GSH and
ascorbate contents of the cells. Results are shown as means * SD from
four experiments with each cell type.

*p < 0.05 compared with control for same cell type.
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FIG. 4. Effects of PAO pretreatment of cells on GSH
and DHA recycling to ascorbate. Treatments and condi-
tions were identical to those described in the legend to
Fig. 3, except that the preincubation time with PAO was
30 min. Responses of HepG2 cells are noted by the cir-
cles, those of H4IIE cells by the squares. (A) GSH results.
(B) Ascorbate results. Data are shown as means = SD
from three experiments with each cell type.

fractions of cell lysates removed low molecu-
lar weight co-factors such as GSH, NADH, and
NADPH that might interfere with the assay of
thioredoxin reductase. To increase specificity
for detecting reduction by thioredoxin reduc-
tase, its inhibition by aurothioglucose and stim-
ulation by selenocystine were studied. Auroth-
ioglucose has been shown to selectively inhibit
thioredoxin reductase over glutathione perox-
idase at a 10 uM concentration (10). Selenocys-
tine enhances the redox capacity of thioredoxin
reductase (1). As shown in Table 3, both cell
types reduced DHA to ascorbate in a manner
consistent with the activity of thioredoxin
reductase. Basal and gold-sensitive DHA re-
duction by the thioredoxin system (thioredoxin
reductase plus thioredoxin) was about twice as
high in extracts from HA4IIE cells as in extracts
from HepG2 cells (Table 3). Selenocystine stim-
ulated activity in extracts from both cell types
to a similar extent. These results show that cy-
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tosolic extracts from both cell types can reduce
DHA to ascorbate in a thioredoxin reductase-
dependent manner. They also show that the en-
hanced ability of HepG2 cells to take up DHA
and recycle it to ascorbate is not due to thiore-
doxin reductase.

DISCUSSION

As expected (26), cells derived from a human
hepatoma have no endogenous ascorbate when
cultured in ascorbate-free medium (Figs. 1 and
2). Surprisingly, rat-liver-derived HA4IIE cells
have only low micromolar ascorbate concen-
trations, similar to those measured in the fresh
culture media used for these cells. As the con-
centration of ascorbate in rat liver (15) and iso-
lated hepatocytes (8) is 1 mM or more, our fail-
ure to find higher concentrations in H4IIE cells
suggests that ascorbate synthesis is minimal in
these cells. This could indicate that the ascor-
bate synthetic mechanism is inactive, that the
cells are under oxidant stress, or that the higher
levels of ascorbate in hepatocytes prepared
from rat liver derive mostly from the diet.

Whereas ascorbate is not taken up by isolated
rat hepatocytes during a 60-min incubation at
37°C (2), DHA is rapidly taken up by both he-
patocytes (2) and cultured tumor-derived liver
cells (Fig. 1) (26). As in other cells, initial DHA
uptake likely reflects its transport by facilitated
diffusion on the GLUT-type glucose trans-
porters (27). Our findings that DHA uptake and
reduction are complete within 5 min (Fig. 1)
and that uptake saturates at initial extracellu-

TABLE 3. ROLE FOR THIOREDOXIN REDUCTASE
IN DHA RecYCLING IN CELL LYSATES

Treatment HepG2 cells HA4IIE cells
Control 319 55 = 20

Selenocystine (100 wM) 135 * 40* 171 = 80*
Aurothioglucose (10 uM) 11 = 11* 15 = 11*
Gold-sensitive activity' 20 = 13* 40 = 164

Values are nmol- (10 min)~!-(mg of dialysate
protein) 1. Results are shown as means *= SD from five
experiments with each cell type.

*p < 0.05 compared with control for same cell type.

fCalculated as (control — aurothioglucose) for each cell
type.

¥p < 0.05 compared with HepG2 cells.
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lar DHA concentrations of 57 uM for HepG2
cells and 462 uM for H4IIE cells (Fig. 2) sug-
gest that the reduction step is rate-limiting for
overall uptake. As the GLUT-type transporters
show apparent K, values for DHA transport
of 1 mM (23), the lower half-maximal values
observed in this study imply limitation at a step
beyond transport. Further, human erythrocytes
have very rapid uptake of DHA on the GLUT1
glucose transporter, and the uptake of DHA
does not limit its reduction (14). The concen-
tration of half-maximal DHA uptake and re-
duction is 400 uM in erythrocytes (18), similar
to that observed for H4IIE cells, but higher than
that observed for HepG2 cells. This apparent
increased affinity for DHA compared with the
transport step strongly suggests that reduction
of DHA to ascorbate limits its overall uptake.

HepG2 cells accumulate ascorbate to intra-
cellular concentrations that are more than twice
as high as those generated in H4IIE cells (Figs.
1 and 2). This, and the observation that DHA
uptake and reduction saturate at lower initial
extracellular DHA concentrations in HepG2
cells than in HA4IIE cells (Fig. 2), suggest that
the human-derived cells have a greater capac-
ity for DHA reduction to ascorbate than do the
rat-derived cells.

Reduction of DHA to ascorbate is substan-
tially GSH-dependent in both cell types. This
conclusion derives from the findings that in-
tracellular GSH concentrations decrease during
DHA loading (Table 1), and that the ability of
the cells to recycle DHA to ascorbate is im-
paired in proportion to the GSH content of the
cells (Fig. 3). The validity of the latter depends
on the specificity of diethyl maleate for GSH.
This agent lowers GSH in a conjugation reac-
tion mediated by glutathione S-transferase (19).
Diethyl maleate has been previously shown to
have specificity for GSH over ATP in hepato-
cytes (22). Additional support for a role of GSH
in DHA reduction is the finding that inhibition
of GSH synthesis using BSO in culture also de-
creases the ability of both cell lines to reduce
DHA to ascorbate (Table 2). The results from
the PAO experiment (Fig. 4) suggest that at
least part of the GSH-dependent ascorbate re-
cycling is mediated by an enzyme with sensi-
tive vicinal thiol groups. The findings with
these three agents that affect GSH contents by
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different mechanisms support the contention
that GSH, either directly (32) or as a co-sub-
strate for GSH-dependent enzymes (30), is in-
volved in DHA recycling in hepatoma cells
from both humans and rats.

The GSH dependence of liver-derived cul-
tured cells and in human erythrocytes contrasts
with the lack of such dependence in cultured
HL-60 cells (7) and in skin keratinocytes (24).
These differences may simply reflect high in-
tracellular concentrations of GSH and a robust
capacity for GSH recycling in erythrocytes and
liver. They also point out the diversity of cel-
lular mechanisms for ascorbate recycling from
DHA, which is underscored by our demon-
stration of NADPH-dependent DHA recycling
in liver-derived cells. Dialyzed extracts from
both HepG2 and H4IIE cells reduce DHA to
ascorbate (Table 3). As this reduction is
NADPH-dependent, inhibited by aurothioglu-
cose, and stimulated by selenocystine, it re-
flects the activity of thioredoxin reductase. We
have previously shown similar results in dia-
lyzed extracts from rat liver, and that selenium
deficiency decreases liver ascorbate concentra-
tions by 20-30% (15). Although 70-80% of
NADPH-dependent DHA reduction in cyto-
solic extracts is sensitive to inhibition by au-
rothioglucose (Table 3), the extent to which
thioredoxin reductase mediates DHA reduc-
tion in the intact cell cannot be determined
from our results. As cultured cells, and HepG2
cells in particular, have been shown to be defi-
cient in selenium (9), it will be necessary to
supplement culture media with selenium to de-
termine the extent to which the cultured liver-
derived cells use the thioredoxin reductase sys-
tem to recycle DHA to ascorbate. Nevertheless,
the sensitivity of DHA reduction to GSH de-
pletion in cultured liver cell lines suggests that
their capacity to reduce DHA is largely GSH-
dependent. Further, we previously measured
rates of direct reduction of DHA by 2 mM GSH
under the conditions used to assay thioredoxin
reductase in dialysates (15). Those rates were
four- to seven-fold greater than observed for
aurothioglucose-sensitive DHA reduction by
thioredoxin reductase in the present studies.

The physiologic relevance of DHA uptake
and reduction by liver cells is yet to be dem-
onstrated. Although ascorbate uptake by he-
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patocytes is much slower than that of DHA (2),
hepatocytes do contain mRNA for the newly
described ascorbate transport protein (SVCT1)
(25). The presence of this sodium- and energy-
dependent transporter could account for the ac-
cumulation of ascorbate against a concentra-
tion gradient that has been observed in
cultured hepatocytes (2, 5) and in liver (15).
Measured DHA concentrations in human
plasma are generally much lower than those of
ascorbate (12, 13). On the other hand, hepato-
cytes or other cell types in liver subjected to
acute oxidant stress will release DHA, which
could then be rapidly taken up and efficiently
reduced to ascorbate by hepatocytes. Such a
mechanism is supported by the observations of
Cornu et al. (2) that the redox cycling agent di-
quat, when added to hepatocytes in the pres-
ence of ascorbate, accelerated ascorbate accu-
mulation within the cells.

In addition to recycling ascorbate from DHA,
recent evidence by Upston et al. (26) indicates
that ascorbate is also released by HepG2 cells in
a time- and concentration-dependent manner.
Ascorbate release was also documented from
perfused rat liver in that study. Inhibition of
ascorbate release by phloretin, 4,4'-diisothio-
cyanostilbene-2,2'-disulfonate, and isoascorbate
suggests involvement of a transporter protein,
rather than co-release during secretory events
(21, 28). DHA uptake and recycling to ascorbate
may be important not only for hepatocytes, but
also as a mechanism to maintain plasma con-
centrations of the vitamin (26). Our results doc-
ument the efficiency of this recycling in cultured
liver-derived hepatocytes, and suggest that hu-
man cells have a greater capacity for such recy-
cling than animal cells presumably capable of de
novo ascorbate synthesis.

ABBREVIATIONS

BSO, buthionine sulfoximine; DHA, dehydro-
ascorbic acid; GSH, glutathione; PAO, phenyl-
arsine oxide; PBS, phosphate-buffered saline.
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