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Enhancement of Plasmacytoma Cell Growth by Ascorbic Acid
is Mediated Via Glucose 6-phosphate Dehydrogenase
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Purpose: We investigated the mechanism by which
some types of cancer cells grow faster in the presence
of ascorbic acid supplementation.

Materials and Methods: Adj.PC-5, a mouse plasma-
cytoma cell, is known to show ascorbic acid-dependent
growth and was chosen as a test system. The growth
of cancer cells was measured by the colony number on
soft agar or the cellular proliferation in suspension cul-
ture. The ascorbate level was measured by a high per-
formance liquid chromatography system with an electro-
chemical detector. Glucose 6-phosphate dehydrogenase
was analyzed both on the specific enzyme activity level
and on the transcription level by performing Northern
blot analysis.

Results: Ascorbyl 2-phosphate among the ascorbate
derivatives was the most efficient in stimulating cell
growth. The intracellular and extracellular ascorbate con-
centrations following treatment with either ascorbate or
ascorbyl 2-phosphate suggest that the superiority of
ascorbyl 2-phosphate for stimulating cell growth may be
due to its slow conversion to ascorbate in the culture

INTRODUCTION

There is controversy about the positive effect of supple-
menting cancer patients with ascorbic acid. The carcinogenesis
and the inhibition of carcinogenesis by ascorbic acid and other
ascorbate derivatives, including the effects on cell proliferation,
tumor promotion and tumor growth, have been recently re-
viewed by the Cosmetic Ingredient Review Expert Panel (1).
The panel concluded that ascorbic acid is not carcinogenic, but
sodium ascorbate can promote the development of urinary car-
cinomas in two-stage carcinogenesis studies, in which ascorbate
was fed to animals that were pre-exposed to carcinogens. Al-
though ascorbate at high concentrations has been shown to
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medium. The steady transformation to ascorbate ensures
sustained levels of ascorbate in the culture medium and
thereby maximizes the growth stimulatory effect of as-
corbate. Ascorbyl 2-phosphate markedly enhanced, in a
concentration-and time-dependent manner, mRNA syn-
thesis as well as the enzymatic activity of glucose 6-
phosphate dehydrogenase, which is known to be a rate-
limiting enzyme in cell growth. On the other hand, simul-
taneous addition of dehydroisoandrosterone, a well- kno-
wn inhibitor of glucose 6-phosphate dehydrogenase, to
the culture medium abrogated the growth stimulation by
ascorbyl 2-phosphate, and it also reduced the glucose
6-phosphate dehydrogenase activity proportionately.

Conclusions: The results from this study suggest that
enhanced glucose 6-phosphate dehydrogenase activity
may at least in part explain the stimulation of cell growth
by ascorbate or ascorbyl 2-phosphate. (Cancer Res Treat.
2007;39:22-29)

Key Words: Ascorbic acid, Cancer, Cell growth, Glu-
cose 6-phosphate dehydrogenase

suppress tumor cell growth in various cell culture systems (2,3),
lower physiological concentrations (< 100uM) have been dem-
onstrated to induce growth enhancement (4 ~6). Although the
growth-stimulatory effects of ascorbate varied from one tumor
cell type to another, it was most apparent for the cultures of
primary cells that had been kept in culture medium containing
ascorbate (7). Rather than generating oxidative stress in cells,
ascorbate is one of the most efficient intracellular antioxidants,
eliminating the reactive oxygen species produced both inside
and outside the cell (8,9). These previous studies suggested to
us that extracellular ascorbate above a threshold concentration
might be cytotoxic, while intracellular ascorbate might have
positive effects on cell growth.

Cell growth is directly correlated with glucose metabolism
as well as the expression of many cell-cycle regulatory proteins.
Among the enzymes involved in glucose metabolism, glucose
6-phosphate dehydrogenase (G6PD) is the first and key enzyme
of the pentose-phosphate pathway that produces NADPH and
ribose-5-phosphate. In primary cultures of liver cells, EGF and
insulin were reported to stimulate growth of liver cells and also
to increase GOPD activity (10). Moreover, a wide variety of



Woo Suk Koh, et al : Ascorbate Enhancement of Cell Growth 23

tumors have been reported to express increased levels of G6PD
activity, ranging from 3 to 20 times higher than the control
levels (i.e., the adjacent normal tissues) (11~13). G6PD was
demonstrated to be a rate-limiting enzyme for cell growth; in-
creased intracellular G6PD activity due to its overexpression
led to enhanced cell growth, while cultures treated with dehyd-
roepiandrosterone, a G6PD-specific inhibitor (14), showed at-
tenuation of cell growth (15). In particular, NADPH was proven
to be the critical product of G6PD that is required for cell
growth.

In this study we investigated the possibility that ascorbate
stimulates cancer cell growth by augmenting G6PD activity.
We used Adj.PC-5 cells that have been passaged in vivo (in
the spleen) to maintain their ascorbate dependency and sup-
plemented the culture medium with ascorbyl 2-phosphate mag-
nesium salt (APM), which is a stable derivative of ascorbate.

MATERIALS AND METHODS

1) Chemicals

L-Ascorbic acid, L-sodium ascorbate, glutathione, ascorbate
oxidase, 2-mercaptoethanol and dehydroisoandrosterone were
purchased from Sigma Chemical (St. Louis, MO). Dehydroas-
corbic acid and metaphosphoric acid were from Aldrich Chem-
ical (Milwaukee, WI), and APM was from Wako Pure Chem-
ical (Osaka, Japan). All the chemicals were of analytical grade.

2) Animals

Female BALB/c mice (20~25 g) were used. The mice were
given Jeil Laboratory Chow (Seoul, Korea) and water ad libi-
tum. The animals were kept at 21 ~24°C and 40~60% relative
humidity with a 12-hr light/dark cycle.

3) Adj.PC-5 cells

A mouse plasmacytoma cell line, Adj-PC5 (5), was main-
tained and transplanted by the intravenous injection of 1 to 5x
10° cells to the BALB/c mice. The Adj.PC-5 cells mainly infil-
trated into the spleen following intravenous injection. The
tumor cell suspensions for the experiments in this study were
prepared from the removed tumor-bearing spleens by grinding
the with a syringe plunger on a fine wire mesh screen. The
cells were cultured in complete RPMI 1640 medium (Gibco,
Grand Island, NY) containing 5% fetal bovine serum (FBS,
Gibco), 2 mM L-glutamine (Sigma), antibiotics (100 units pen-
icillin and 100 mg streptomycin per ml) (Gibco) at 37°C in a
humidified 5% CO, incubator.

4) Colony forming assay

Colony forming assay was performed according to a pre-
viously reported method (16), with minor modifications. Brief-
ly, the cells (3X105 nucleated cells/dish) from the plasma-
cytoma-infiltrated spleens and normal spleens of the BALB/c
mice were diluted and cultured on soft-agar (0.3%) plates. The
agar culture was contained in a 35-mm tissue culture dish
(Falcon, Lincoln Park, NJ) with 5 small holes made at the
bottom and it was stored within a 60-mm culture dish (Falcon)
for sterility. The cultures were incubated at 37°C in a humid
atmosphere that was continuously flushed with 5% CO, and the

cultures were fed daily with 0.5 ml of fresh RPMI 1640
medium containing 5% FBS, 2 mM L-glutamine, 100 units/ml
penicillin and 100 g/ml streptomycin, plus the compounds to
be assessed. The fed medium percolated through the agar layer
and drained out through the holes made at the bottom of the
culture dish. Colonies containing 50 or more cells were counted
with an inverted microscope when the cultures were 2 weeks
old.

5) Cell growth

The cells were adjusted to 3x10° nucleated cells per ml in
RPMI 1640 medium supplemented with 5% FBS, 2 mM L-
glutamine and antibiotics. Chemicals were directly added to the
cell suspensions, and the suspensions were then transferred (200
ul aliquots) and cultured on 96-well microtiter plates (Costar,
Cambridge, MA) at 37°C and 5% CO, for 48 h. The cells were
pulsed with 0.5uCi/well of [3H]-thymidine (NEN, Boston, M-
A) for the last 6 h of the culture period. The thymidine
incorporated into DNA was measured by scintillation counting.

6) Ascorbate measurement

Ascorbate was measured by a previously described method
(3), with minor modifications. The high performance liquid ch-
romatography (HPLC) system (Shimadzu Corp., Tokyo, Japan)
consisted of a CBM-10A communication module, a L-ECD-6A
electrochemical detector, a LC-10AD pump system and a CTO-
10A column oven. The stationary phase was a Shim-pack CLC-
ODS column (packed with octadesyl coated silica particles of
Sum diameter and a 10 nm pore diameter, the column was 6
mmx15 cm) (Shimadzu) connected to a Shim-pack G-ODS
guard column (4 mmx1 cm) (Shimadzu). The mobile phase
consisted of 50 mM potassium phosphate and 100M ethy-
lenediaminetetraacetic acid and it was adjusted to pH 2.5 with
phosphoric acid. The mobile phase was filtered through 0.45n
m JH hydrophilic filters (Millipore, Yonezawa, Japan) prior to
use. Column equilibration was performed at a flow rate of 1.0
ml/min and this flow rate was used for all the subsequent
analyses. The detector was set at 0.75 V versus an Ag/AgCl
reference. After the indicated incubation periods, the cultures
were centrifuged to separately collect the cells and supernatants.
The cells were washed with phosphate-buffered saline and
extracted in 5% metaphosphoric acid solution for 10 min. In
the case of the culture supernatants, an equal volume of
metaphosphoric acid (10%) was added to extract the ascorbic
acid. The extract was filtered (0.22pum) and then applied to the
HPLC column.

7) G6PD activity

GO6PD activity was measured by a previously described
method (17). The cells were washed twice in phosphate-buffe-
red saline and then homogenized in ice-cold 50 mM Tris - HCI
buffer (pH 7.4) that contained 10 mM MgCl,, 0.5 mM phenyl-
methylsulfonyl fluoride, 1ug leupeptin per ml, and 1pg apro
tinin per ml. The supernatants were collected following centri-
fugation (12,000 rpm) for 5 min at 4°C and then they were used
for the enzyme assay. A cuvette was loaded with 0.95 ml of
the reaction mixture (50 mM Tris + HCI buffer; pH 7.4, 13.3
mM MgCl,, 1 mM NADP’, 1 mM glucose 6-phosphate and
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1 mM maleimide) and stored at 30°C for 5 min. A cell lysate
volume of of 50ul was added to the cuvette and mixed well.
The change in absorbance at 340 nm for the first 5 min fol-
lowing a 5-min lag period was monitored and normalized a-
gainst the protein concentration to calculate the specific enzyme
activity.

8) Northern blot analysis

Total RNA was isolated from the Adj.PC-5 cells using RN-
Agents (Promega, Madison, MI). The RNA samples (30yg)
were denatured with formaldehyde, electrophoresed on a 1.2%
agarose gel that contained 4% formaldehyde and then they were
transferred to a nylon membrane (Amersham, Arlington Hei-
ghts, IL). The transferred RNA was crosslinked to the nylon
membrane by ultraviolet irradiation. Hybridization was per-
formed overnight at 42°C in 50% formamide, 5X SSC, 100ug
yeast tRNA per ml, 7.5% dextran sulfate, 10X Denhardt’s
solution and 2% sodium dodecyl sulphate (SDS) with a p.
labeled probe that was the 0.5 kb PCR fragment of mouse
G6PD cDNA. The nylon membrane was washed three times
for 30 min at 40°C each time with 2X SSPE (0.1% SDS), 1X
SSPE (0.1% SDS) and 0.1X SSPE, and then it was exposed
for 24 h at -70°C for autoradiography with using an inten-
sifying screen.

9) Statistical analysis

The mean+SD was determined for each treatment. The treat-
ment groups were compared with the control groups by using
Dunnett’s two-tailed #-test (18), with statistical significance
defined as p<0.05. All the experiments shown in this report
were repeated at least three times to confirm their reproduc-
ibility.
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RESULTS
1) Effect of ascorbate on the growth of Adj.PC-5 cells

Consistent with our previous reports (5,16), ascorbate added
daily enhanced colony formation in the Adj.PC-5 cell cultures
in a concentration-dependent manner at up to 100pM, but then
there was a slight decrease at 200uM (Fig. 1A). However,
ascorbate did not increase colony formation in the presence of
ascorbate oxidase (0.5 units/ml). The oxidation and degradation
of ascorbate that were catalyzed by ascorbate oxidase abrogated
its stimulatory effect on colony growth, and this result suggests
that the reduced form is essential for ascorbate to express its
growth-stimulatory effect. Compared with colony growth, the
incorporation of [3H]-thymidine into the cells growing in sus-
pension culture represents the growth rate of the total cells. The
spleen cells from the mice that were intravenously transplanted
with Adj.PC-5 cells were adjusted to 5x10° nucleated cells per
ml and these were cultured on a 96-well plate in the presence
of ascorbate derivative. Fig. 1B shows the increased growth of
Adj.PC-5 cells by the addition of ascorbate. Ascorbic acid,
sodium ascorbate and APM all stimulated growth at up to 100
M. APM was more efficient at enhancing cell growth than
either ascorbic acid or sodium ascorbate. The addition of only
25uM APM was enough to induce a significant increase in cell
proliferation. In addition, enhancement of proliferation was
observed even with a quite high concentration of APM, e.g.,
4001M, which is a concentration that was cytotoxic in the case
of either ascorbic acid or sodium ascorbate (data not shown).
Meanwhile, the cells from normal spleens showed only
background levels of proliferation (<1,000 dpm) regardless of
the cell type and the amounts of added ascorbate derivative
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Fig. 1. Ascorbate-induced stimulation of Adj.PC-5 cell growth. (A) Colony growth in the Adj.PC-5 cell cultures in the presence (open
circles) or absence (closed circles) of ascorbate oxidase (AO). Spleen cells (3x10 nucleated cells/dish) from the plasmacytoma
(Adj.PC-5)-infiltrated spleens of BALB/c mice were cultured on soft-agar (0.3%) plates. The cultures were daily fed with 0.5 ml of complete
RPMI 1640 medium with ascorbate in the presence or absence of ascorbate oxidase (0.5 unit/ml). The colony counts were normalized
to the untreated control (52 colonies/dish). (B) Effects of ascorbate derivatives on the prohferatlon of Adj.PC-5 cells. Ascorbate derivatives
were directly added to cell suspensions (3x10° nucleated cells/ml), which were then transferred in 200111 aliquots and cultured on 96-well
microtiter plates at 37°C and 5% CO, for 48 h. Cell growth was determined by the incorporation of [H]-thymldlne for the last 6 h of
the culture period. Each point shows the mean+SD of quadruplicate determinations. *significantly different from control (p<0.05). ASC,
ascorbic acid (closed circles); ASS, sodium ascorbate (open circles); APM, magnesium ascorbyl 2-phosphate (closed triangles).
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(data not shown).

2) Differential effects of ascorbate derivatives on colony
formation

Although the reduced state is important for ascorbic acid to
enhance cell growth, as well as to act as an antioxidant, there
may also be other factors that determine the efficiency of
growth stimulation, such as the cellular transport efficiency and

Untreated

0 250 500 750 1,000 1,250

Colonies/dish (% of control)

Fig. 2. Effects of the various forms of ascorbate on colony growth
in Adj.PC-5 cell cultures. Adj.PC-5-infiltrated spleen cells were
adjusted to 3x10° nucleated cells/dish and then cultured as de-
scribed in Fig. 1. The cultures were daily fed with 0.5 ml of
complete RPMI 1640 medium containing either 50 or 100uM of
the indicated ascorbate derivative. The colony counts were nor-
malized to the untreated control. Each bar represents the mean*
SD of triplicate determinations. *significantly different from con-
trol (p<0.05). DHA, dehydroascorbic acid.

A
210 ??
’E‘ 180
s —e— ASC100
2 150 A o Apwioo
3 ¥ APM100
. --v-- APM200
A r
& 90
E
3 60
©
ai 30 J
) {,{ ‘?.—_—.:.—_—::I.—a-- v
’ 48 60 72

Time (hrs)

stability in culture medium. To further characterize the factors
that determine the stimulatory efficiency for cell growth, we
daily fed four different derivatives of ascorbate to Adj.PC-5 cell
cultures (Fig. 2). The sodium salt form of ascorbate enhanced
colony formation at the same level as was observed in the
ascorbic acid-treated cultures. Thus, the ascorbic acid-induced
pH change does not appear to be a major factor for the mod-
ulation of cell growth by ascorbic acid. Dehydroascorbate, an
oxidized form of ascorbate, was not effective at stimulating cell
growth, as was anticipated from the ascorbate oxidase expe-
riments. The highest colony forming response was observed in
the cultures treated with APM, showing an approximately
10-fold increase at 100uM over the untreated control. APM
is a stable derivative of ascorbic acid and slowly but steadily
converted to ascorbic acid by phosphatases in both the medium
and the cell cytoplasm. However, it is not yet certain which
phosphatase is responsible for the dephosphorylation. This
result implies that not only the redox state, but also the con-
sistency of the ascorbic acid concentration may be important
in order for it to stimulate cell growth.

3) Differential extracellular and intracellular kinetics of
ascorbate in Adj.PC-5 cells treated with ascorbate or
APM

APM was better than ascorbate in terms of both low cy-
totoxicity and growth stimulation. To elucidate that the supe-
riority of APM on cell growth was due to its slow transfor-
mation to ascorbate as well as the resultant steady concentration
of extracellular ascorbate, we examined the intracellular and
extracellular ascorbate concentration kinetics following the
treatment with either ascorbate or APM (200uM). As shown
in Fig. 3A, the ascorbate level in the medium decreased in a
time-dependent manner, leaving 38% and 4% of the initial
concentration at 24 and 48 h, respectively. Meanwhile, the in-
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Fig. 3. Differential kinetics of ascorbate and APM in the cells and the culture medium. Prior to the experiments, Adj.PC-5 cells were
maintained in medium that contained no ascorbate for at least 10 days to confirm they had no endogenous ascorbate. Experimental cultures
were treated with either 100uM (closed circles) or 200uM (open circles) of ascorbate or either 100uM (closed triangles) or 200uM
(open triangles) of APM for the indicated times and then the cells and supernatants separately collected. (A) Extracellular ascorbate
concentration. The culture supernatant was mixed with an equal volume of metaphosphoric acid (10%) to extract the ascorbic acid. (B)
Intracellular ascorbate concentration. The cells were washed with phosphate-buffered saline and extracted in 5% metaphosphoric acid
solution for 10 min. The extracts from both the cells and culture supernatants were filtered (pore size: 0.22pm) and then applied to the
HPLC analysis as described in Materials and Methods. Each point represents the mean+SD of triplicate determinations.
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tracellular ascorbate increased, reaching a maximum at 12 h,
and then gradually decreased. In contrast to the culture treated
with ascorbate, both the extra- and intracellular ascorbate con-
centration in the APM-treated culture started with OuM (Fig.
3). The ascorbate concentration in the medium increased over
time until 12 h following APM treatment and then it showed
a plateau for S0pM between 12~24 h. The intracellular level
of ascorbate also increased to approximately 1.4 nmoles/10°
cells by 12 h after treatment and then it decreased thereafter.
Although the level was quite low, ascorbate was detectable in
both the cells and the medium of the cultures at 72 h following
the start of APM treatment. However, no remaining ascorbate
was detected at 72 h in either the cells or supematants of the
ascorbate-treated cultures.

4) Augmentation of G6PD activity and G6PD mRNA
in the Adj.PC-5 cells

We measured the effects of ascorbate on the enzyme activ-
ities involved in the regulation of cellular reduction-oxidation
conditions, including superoxide dismutase, catalase, glutathi-
one reductase and G6PD. G6PD was the only enzyme that
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showed a significantly increased level of activity after a 72-h
incubation with ascorbate (data not shown). Since G6PD pro-
duces NADPH and ribose-5-phosphate and it is known to be
a rate-limiting enzyme for cell growth, we further investigated
the concentration-dependent and time-dependent effects of as-
corbate on G6PD activity. The G6PD activity was increased in
a concentration-dependent fashion in the Adj.PC-5 cell cultures
treated with APM for 72 h (Fig. 4A). Approximately 50% en-
hancement was observed in the culture treated with 400pM of
ascorbate. As shown in Fig. 4B, the G6PD activity was slowly
increased in a time-dependent manner. This 50% increase of
G6PD activity was quite consistent with the growth stimulation
level by APM, suggesting the possibility that the enhanced
G6PD activity is an underlying mechanism for the ascor-
bate-induced stimulation of cell growth. To determine whether
this increase of GO6PD activity was accompanied with an
increase of G6PD mRNA, we performed Northern blot analysis
(Fig. 4C). The level of G6PD mRNA was enhanced by the
APM (200uM) treatment in a time-dependent manner and this
was consistent with the results of the change of enzyme
activity.
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Fig. 4. Augmented G6PD activity and mRNA in the Adj.PC-5 cells cultured in the presence of APM. (A) The G6PD activity increase
induced by APM was concentration dependent. Adj.PC-5 cells (approximately 5x10° cells) were harvested after 72 h incubation with
APM and then homogenized. The supernatants after centrifugation at 14,000 rpm for 10 min were used for G6PD assays. (B) Time course
of the increased GOPD activity. G6PD activities were measured from the Adj.PC-5 cells incubated with O (closed circles), 100 (open circles),
or 200 (closed triangles)uM of APM for the indicated times. G6PD activity was measured by spectrophotometry at 340 nm by the reduction
of NADP" in the presence of glucose-6-phosphate. Each point represents the mean activity+SD of triplicate determinations. (C) Northern
blot analysis of the G6PD mRNA. The total RNA was isolated from the cells treated with APM (200uM) for 0, 3, 12, 24 and 48 h,
respectively. The RNA (30pg) was electrophoresed, transferred to nylon membranes and hybridized with a p-labeled probe of mouse

G6PD cDNA. The control, 28S and 18S RNA in the gel.
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5) Effect of catalase on cell growth and G6PD activity

In order to determine if hydrogen peroxide produced from
ascorbate has a specific role in the enhancement of growth and
the GOPD activity induced by APM, catalase (10 units/ml) was
exogenously added to the culture medium. While the addition
of catalase to the Adj.PC-5 cell cultures increased colony grow-
th regardless of the existence of APM, the G6PD activity in
the Adj.PC-5 cells was not altered by APM (Fig. 5). These
results suggest that growth enhancement by catalase was mostly
an indirect effect mediated through scavenging cytotoxic hydro-
gen peroxide in the culture medium and that the increased
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G6PD by APM was not due to the hydrogen peroxide produced
during ascorbate degradation.

6) Inhibition of G6PD activity and colony growth by
dehydroepiandrosterone

Dehydroepiandrosterone is a well-known G6PD inhibitor (14).
To determine whether the cell growth enhancement by ascor-
bate was associated with the increase of GO6PD activity in cells,
dehydroepiandrosterone was added to the Adj.PC-5 cell cultur-
es. As anticipated, dehydroepiandrosterone was able to inhibit
G6PD activity in the cytosolic fraction prepared from the
Adj.PC-5 cells (Fig. 6A). Meanwhile, daily administered dehy-
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Fig. 5. Effect of adding catalase to the Adj.PC-5 cell cultures. (A) Colony growth stimulated by APM. Colony forming assay was performed
as described in Materials and Methods. Catalase and APM were prepared in the feeding medium and this was added daily to culture.
(B) G6PD activity enhanced by APM. The cells were cultured with the indicated treatments for 72 h and then the cells were collected.
GO6PD activity was determined as described in Materials and Methods. Each bar represents the meantSD of triplicate determinations.
*significantly different from control (p<0.05). Catalase (10 units/ml); APM (200uM).
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Fig. 6. Effect of DHEA. (A) Effect on G6PD activity in Adj.PC5 cell lysates. The cell lysate for G6PD assay was prepared as described
in Materials and Methods. DHEA was tested to determine its inhibitory effect on G6PD activity. Each point represents the mean+SD
of triplicate determinations. The effect of DHEA, dehydroepiandrosterone, on colony growth enhanced by the addition of APM. The colony
forming assay was performed as described in Materials and Methods. DHEA was dissolved in dimethylsulfoxide (final dimethylsulfoxide
concentration in medium: 0.1%) and this was added daily to the Adj.PC-5 cell cultures that were also treated with APM. Each bar represents
the mean+SD of quadruplicate cultures. *significantly different from control (p <0.05).
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droepiandrosterone efficiently abolished the APM-induced in-
crease of cell growth, as measured by colony formation in the
Adj.PC-5 cell culture (Fig. 6B). Thus, this data suggests that
the enhancement of growth and G6PD activity in Adj.PC-5
cells that was observed following APM treatment may be
closely associated.

DISCUSSION

The ascorbic acid concentrations in most of the studies that
have examined tumor cell cytotoxicity were higher than those
that are observed in plasma samples. Since any plasma as-
corbate higher than a threshold level is excreted in the urine
via the kidneys, it is difficult to observe cytotoxic concen-
trations of ascorbate in plasma, unless it is given by intravenous
infusion at a very high dose. Furthermore, ascorbate is more
stable in plasma than in culture medium because a variety of
other antioxidants or reducing mechanisms in vivo efficiently
extinguish oxidant stresses.

Meanwhile, there has been a steady stream of reports on the
stimulatory effects of ascorbic acid on the growth of tumor and
primary cells. Compared with growth suppression, growth en-
hancement was generally observed when cells were treated with
relatively low ascorbate concentrations. The result showing
greater colony formation at 100uM than at 200uM of ascor-
bate (Fig. 1A) suggests that ascorbate has a growth stimulatory
effect rather than an inhibitory effect under physiological con-
ditions. To retain the tumor cells’ dependence on ascorbate for
their growth, the Adj.PC-5 cells were passaged in vivo by
intravenous administering these cells to BALB/c mice. APM
was the most efficient among the ascorbate derivatives we
tested for enhancing cell growth (Fig. 1B). This superiority of
APM for cell growth seems to be due to its slow conversion
to ascorbate. The slow conversion of APM prevented attaining
a cytotoxic ascorbate concentration in the culture medium (Fig. 3).
While APM did not increase the ascorbate concentration in the
culture medium over the threshold level (about 80uM) even
after treatment with ascorbate at 200uM, it took about 24 h
for the medium concentration of ascorbate to fall below the
threshold. Thus, the slight decrease in colony growth at 200pM
of ascorbate is likely to be due to exposure to the high
concentration of ascorbate for the first 24 h. In contrast to the
extracellular kinetics, similar patterns of intracellular ascorbate
kinetics were observed following treatment with either ascor-
bate or APM. These results imply that intracellular ascorbate
is responsible for the stimulation of cell growth while extrace-
llular ascorbate explains the observed growth suppression.

Extensive studies have been devoted to elucidating the
mechanism of ascorbate-induced growth modulation. H,O, has
been proposed as a feasible cytotoxic mediator produced during
ascorbic acid oxidation because the addition of catalase abro-
gated the cytotoxic effect of ascorbic acid (19,20). In addition,
ascorbic acid alone was reported to produce reactive oxygen
species, including H,O,, through reactions with molecular oxy-
gen (20). In contrast, the mechanism by which ascorbate stim-
ulates cell growth has not yet been thoroughly studied. This
was probably because the nonspecific protective roles of as-
corbate as an antioxidant were considered to be the mechanism.

Protecting cells from the reactive oxygen species, whether they
are introduced exogenously or they are produced endogenously
during oxidative phosphorylation in mitochondria, could be a
way to eliminate the negative environment for cell growth and
so this contributes to growth enhancement (21). Not only ascor-
bate, but also its oxidation products dehydroascorbate and di-
ketogulonic acid have been demonstrated to efficiently elim-
inate hydrogen peroxide (8).

The role of ascorbate as a scavenger of reactive oxygen
species, which protects cells against peroxidatives, seems to be
particularly important for fast growing cells such as tumor cells
that produce more endogenous reactive oxygen species. How-
ever, it was reasonable for us to consider that positive regula-
tory mechanisms as well as negative ones were involved in the
ascorbate-induced growth enhancement. After a series of ex-
periments investigating the effects of ascorbate treatment on the
enzymes involved in the regulation of the cellular redox state,
such as glutathione reductase, superoxide dismutase, catalase
and G6PD, we found that only the G6PD activity was signifi-
cantly increased in the Adj.PC-5 cells treated with ascorbate.
Of interest is that G6PD was reported to be a rate-limiting
enzyme for cell growth (15). The increased level of G6PD ac-
tivity was both concentration-dependent and time-dependent.
Moreover, dehydroepiandrosterone was able to inhibit G6PD
activity in the Adj.PC-5 cells and it abrogated the growth
enhancement induced by APM. Thus, these results imply that
the increased G6PD activity following ascorbate treatment is at
least in part responsible for the observed growth enhancement.
It is interesting to see that ascorbic acid has a regulatory func-
tion in glucose metabolism. Ascorbic acid is synthesized from
glucose via gulonolactone and has a structural similarity with
glucose. Dehydroascorbic acid, an oxidized form of ascorbic
acid, is transported into cells through glucose transporters (22).

The present study suggests that the ascorbate-induced growth
enhancement of Adj.PC-5 cells is accompanied by the aug-
mentation of G6PD mRNA and activity. However, the molec-
ular mechanism by which ascorbate induces a rise of G6PD
activity in cells is still open to debate. Although G6PD is a
housekeeping enzyme and it is constitutively expressed in all
tissues, its expression level varies between tissues and is subject
to tissue-specific regulation by hormones, growth factors, nu-
trients and oxidative stress (23). Like the other housekeeping
genes, a high G+C content and two functional GC boxes were
found in the promoter of the G6PD gene (24). Further studies
are required to elucidate the transcriptional and post-transcri-
ptional regulation of the G6PD expression by ascorbate. It is
also interesting to see that ascorbic acid has a regulatory
function in glucose metabolism since ascorbic acid is synthe-
sized from glucose via gulonolactone. Gulonolactone oxidase,
which does not function in human, is the enzyme that catalyzes
the final step in the biosynthesis of ascorbic acid.

CONCLUSIONS

Ascorbate supplementation stimulates the growth of mouse
plasmacytoma cells (Adj.PC-5 cells) within a certain concentra-
tion range. The growth enhancement is accompanied by the
augmentation of G6PD, which is one of the rate-limiting en-
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zymes for cell growth.
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