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Abstract L-Ascorbic acid (vitamin C) has been reported
to play a role in the treatment and prevention of cancer.
However, its specific mechanistic pathways remain ob-
scure. This study was carried out to identify the sodium
ascorbate—induced apoptotic pathway in B16F10 murine
melanoma cells. Sodium ascorbate was found to induce
the apoptosis of BI6F10 murine melanoma in a time-
and dose-dependent manner, and this was prevented by
pretreatment with N-acetyl-L-cysteine (NAC), a well-
known antioxidant. In fact, sodium ascorbate-treated
BI16F10 melanoma cells showed increased intracellular
reactive oxygen species generation (ROS) levels. These
results indicate that sodium ascorbate induced apoptosis
in B16F10 murine melanoma cells by acting as a
prooxidant. We examined the involvement of caspase-8
using a specific caspase-8 inhibitor (z-IETD-fmk) on the
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sodium ascorbate-induced apoptotic pathway. Cell
death was found not to be inhibited by z-IETD-fmk
treatment, indicating that sodium ascorbate—induced
apoptosis is not mediated by caspase-8. In addition, we
detected a reduction in the mitochondrial membrane
potential during apoptosis and confirmed cytochrome-c
release from mitochondria by immunoblotting. Taken
together, it appears that the induction of a prooxidant
state by sodium ascorbate and a subsequent reduction in
mitochondrial membrane potential are involved in the
apoptotic pathway of BI6F10 murine melanoma cells,
and that this occurs in a caspase-8—independent manner.

Keywords Vitamin C - Melanoma - Apoptosis
Abbreviations NAC N-acetyl-L-cysteine - ROS reactive

oxygen  species - Ay,  mitochondrial  membrane
potential

Introduction

Melanoma is one of the most malignant tumors in hu-
mans. They escape from immune surveillance and
spread more rapidly than any other tumors using several
mechanisms including MHC down-regulation, increas-
ing ROS levels, and increasing FasL expression [6, 11,
12, 18]. Sodium ascorbate can increase its susceptibility
to immune surveillance and cause the induction of
melanoma death through the modulation of some of
these mechanisms [20, 23, 24].

Cell death can be categorized as being due to necrosis
and apoptosis. Necrosis does not require any new pro-
teins [1]. In contrast, apoptosis is executed by the acti-
vation of cytosolic cystein proteases, the caspases, and it
shows violent blebbing of the nucleus, DNA fragmen-
tation, and apoptotic body formation as its character-
istics [22, 31]. Among 14 caspases, caspase-8 is known to
act as an initiator of the apoptotic process by activating
downstream effector caspases (caspase-3, -6, and -7)
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directly [19, 27] or by decreasing the mitochondrial
membrane potential, which is followed by the secretion
of cytochrome ¢ and apoptosis-inducing factor (AIF)
[16, 32, 33].

Sodium ascorbate enhances the human immune sys-
tem by increasing interferon production and phagocytic
activity [25, 29]. Furthermore, it is highly toxic especially
to malignant melanoma [2], but the specific mechanism
is still uncertain. It is only accepted that sodium ascor-
bate inhibits the invasion and growth of malignant
melanoma, in the presence of metal ions [3, 4, 17]. In this
study, therefore, we attempted to determine the sodium
ascorbate—induced apoptotic pathway in B16 murine
melanoma cells.

Materials and methods

Cells

The B16F10 murine melanoma cells used in this study were main-
tained in continuous log phase growth and cultured in RPMI 1640
medium supplemented with 2 mM L-glutamine, 100-U/ml penicil-
lin, 100-pg/ml streptomycin, and 10% heat-inactivated fetal bovine
serum (FBS), hereafter referred to as complete medium (CM).

Induction and measurement of apoptosis

B16F10 melanoma cells treated with or without sodium ascorbate
were washed twice with cold phosphate buffered saline (PBS), and
then resuspended in x1 binding buffer at a concentration of 1x10°
cells/ml. One hundred microliters of the solution (1x10° cells) was
transferred to a 5-ml culture tube. Then, 5 pl of Annexin V-FITC
was added, and cells were incubated at room temperature for
15 min in the dark with gentle vortexing. Then, 400 ul of x1
binding buffer was added to each tube. The Annexin V-FITC
apoptosis detection kit was purchased from Pharmingen (San
Diego, CA).

Detection of reactive oxygen species generation (ROS)

B16F10 melanoma cells (1x10* cells/well) were incubated in a 96-
well plate. Cells were then further incubated with 50 uM of 2°,7’-
dichlorofluorescein diacetate (DCFH-DA; Eastman Kodak,
Rochester, NY) at 37°C. After incubation, cells were analyzed with
a Cytofluor 2350 plate reader (Millipore, Bedford, MA) with
excitation at 485 nm and emission at 530 nm.

Inhibitor studies

Jurkat and B16F10 melanoma cells (1x10° cells/ml) were pretreated
for 30 min at 37°C with z-IETD-fmk. Targets were treated with
antihuman Fas Ab (2 ng/ml) and 10 mM of sodium ascorbate for
24 h at 37°C, and apoptosis was determined using an Annexin V-
FITC apoptosis detection kit.

Measurement of mitochondrial membrane potential

B16F10 melanoma cells (1x10° cells/ml) treated with or without
10 mM of sodium ascorbate were incubated for 4 h, washed twice
with cold PBS, and then 0.1 uM of DiOC¢ was added. Cells were
incubated at 37°C for another 15 min, and analyzed by flow
cytometry.

Analysis of cytochrome-c release

Jurkat cells (5x10° cells/ml) were treated with antihuman Fas Ab
(2 ng/ml), and B16F10 melanoma cells (5x10° cells/ml) were
treated with 10 mM of sodium ascorbate for 24 h at 37°C. The
cells were then washed twice with PBS and resuspended in 200 pl
of digitonin lysis buffer (75-mM NaCl, 1-mM NaH,PO,, §-mM
Na,HPO,, 250-mM sucrose, 190-pug/ml digitonin). Digitonin is a
weak nonionic detergent, which at low concentrations selectively
renders the plasma membrane permeable, causing it to release
cytosolic components but to leave other organelles intact. After
S min on ice, the cells were spun for 5 min at 14,000 rpm and
4°C in a microcentrifuge. Supernatants were transferred to fresh
tubes and the concentration of cytosolic proteins was measured
by the BCA method. Thirty micrograms of each sample was then
added to SDS-loading buffer (0.5 M Tris-HCI [pH 6.8], 1 M 2-
ME, 10% [w/v] SDS, 10% [v/v] glycerol, 0.05% [w/v] brom-
ophenol blue) and boiled for 10 min. The boiled samples were
then loaded into 15% polyacrylamide gels, electrophoresed, and
transferred to nitrocellulose membranes. Membranes were
blocked overnight at 4°C in PBS containing 0.1% (v/v) Tween-20
and 5% (w/v) nonfat milk proteins. Blocked membranes were
then incubated with a monoclonal antihuman cytochrome-c Ab
(1 pg/ml) for 1 h at room temperature, washed three times (5 min
each) with PBS containing 0.1% Tween-20, and incubated with a
HRP-conjugated antimouse IgG secondary Ab (1:5,000). Cyto-
chrome ¢ was detected on blots by enzyme-linked chemilumi-
nescence.

Statistical analysis

The statistical significance was determined by using ANOVA at
p<0.05. All results were given as a 2-tailed p value.

Results

Sodium ascorbate induces the apoptosis
of B16F10 murine melanoma cells

It is known that sodium ascorbate has a cytotoxic
effect on malignant melanoma cells in the presence
of metal ions [3, 4, 17]. First, we investigated
whether sodium ascorbate can induce the apoptosis of
B16F10 murine melanoma cells. The induction of
apoptosis was assessed by phosphatidylserine exter-
nalization using FITC-annexin V binding. The data
shown in Fig. 1, confirms that apoptosis was induced
from 1 h after treatment with sodium ascorbate and
peaked at 3 h. Even though sodium ascorbate is
known to act as a prooxidant in the presence of metal
ions, its role as a prooxidant has not been clarified.
To clarify this, we measured the intracellular reactive
oxygen species (ROS) levels in BI6F10 murine mela-
noma cells after treatment with sodium ascorbate.
Sodium ascorbate was found to increase intracellular
ROS levels (Fig. 2A), and sodium ascorbate-induced
apoptosis was found to be completely blocked by pre-
treatment with N-acetyl-L-cysteine (Fig. 2B). Collec-
tively, these results show that sodium ascorbate
induces the apoptosis of B16F10 murine melanoma
cells and that in this respect it behaves as a prooxi-
dant.
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Fig. 1 Kinetics of sodium ascorbate—induced apoptosis. Cells were
incubated with media (control) or sodium ascorbate (10 mM) for
various time periods as indicated, at 37°C in a 5% CO, humidified
incubator. After incubation, cells were harvested and apoptosis was
detected by Annexin V-FITC analysis. Results are representative of
more than five experiments

Caspase-8 is not involved in sodium
ascorbate—induced apoptosis

It is now widely accepted that the apoptotic events
occurring within target cells arise after the proteolytic
activation of endogenous cysteine proteases called
caspases [19, 27]. Of the 14 members of this family,
caspase-8 plays an important role in the initiation of
apoptosis. To examine the involvement of caspase-8 in
sodium ascorbate—induced apoptosis in melanoma, we
made use of a specific inhibitor of caspase-8 (z-IETD-
fmk). In general, it is known that anti-Fas Abs induce
the apoptosis on Jurkat cells activating caspase-8 [21]. In
contrast, sodium ascorbate—induced apoptosis was not
blocked by z-IETD-fmk pretreatment (Fig. 3). How-
ever, we detected the activation of the effector caspase,
caspase-3 (data not shown). Therefore, our results sug-
gest that sodium ascorbate induces the apoptosis of
BI6F10 murine melanoma cells in a caspase-8—inde-
pendent manner.

Sodium ascorbate induces the loss of mitochondrial
membrane potential (Ay,,) and the release
of cytochrome ¢ in melanoma (B16F10 cells)

The loss of Ay, is a common early event of apoptosis
induced by a variety of stimuli [9, 10, 14]. We monitored
the integrity of Ay, during the apoptosis induced by
sodium ascorbate using the potential-sensitive dye
DiOCg by flow cytometry [14]. As shown in Fig. 4A, no
leakage of DIOC¢ was observed in the absence of sodium
ascorbate. However, we confirmed the leakage of DiOCyg
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Fig. 2A, B Effect of sodium ascorbate on apoptosis as a
prooxidant. A Effect of sodium ascorbate on ROS levels of
BI6F10 melanoma cells. Cells (2x10* cells/well) were placed in
wells of a 96-well microtiter plate followed by an addition of 50-uM
2°, 7’-dichlorofluorescein diacetate at 37°C in a 5% CO, humidified
incubator, and then analyzed with a Cytofluor 2350 plate reader
with excitation at 485 nm and emission at 530 nm. Results are
representative of more than five experiments, each performed in
triplicate. The data are shown as the mean + SD. B Effect of the
antioxidant, N-acetyl-L-cysteine on sodium ascorbate-induced
apoptosis. BI6F10 melanoma cells were incubated with medium
(control), sodium ascorbate (10 mM), or sodium ascorbate/N-
acetyl-L-cysteine (10 mM) for 4 h. After incubation, cells were
collected and stained with Annexin V-FITC to detect apoptosis of
melanoma cells. Results are representative of more than five
experiments

and the shift of peak fluorescence intensity in the mel-
anoma cells treated with sodium ascorbate. Thus, we
conclude that sodium ascorbate induces the disruption
of Ay, during the apoptotic process. Cytosolic cyto-
chrome ¢ promotes the formation of a complex with
Apaf-1 and procaspase-9, called apoptosome, and then
facilitates the cleavage and activation of caspase-9 and
caspase-3 [16]. Thus, the release of cytochrome ¢ from
mitochondria appears to be an essential apoptotic event,
which occurs after the loss of mitochondrial membrane
potential. It has been reported previously that cyto-
chrome c is released from Jurkat cells after treatment
with anti-Fas MAD [21] and we confirmed that in our
results. In addition, we detected the release of cyto-
chrome ¢ from melanoma after exposure to sodium
ascorbate (Fig. 4B). Taken together, our results show
that sodium ascorbate induces the apoptosis of BI6F10
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Fig. 3A-F Caspase-8 is not involved in the sodium ascorbate—
induced apoptosis. Jurkat and BI6F10 melanoma cells (1x10° cells/
ml) were pretreated for 30 min at 37 C with z-IETD-fmk (20 mM).
Following this incubation, targets were treated with antihuman Fas
AD (2 ng/ml) for 24 h at 37°C and 10 mM of Sodium ascorbate for
4 h at 37°C, and then apoptosis was determined using Annexin
V-FITC apoptosis detection kit. A Jurkat cells (control), B
Jurkat cells + anti-Fas Ab (2 ng/ml), C Jurkat cells + z-IETD-
fmk (20 mM) + anti-Fas Ab (2 ng/ml), D B16F10 melanoma
cells (control), E BI6F10 melanoma cells + sodium ascor-
bate (10 mM), F BIl6F10 melanoma cells + z-IETD-fmk
(20 mM) + sodium ascorbate (10 mM). Results are representative
of more than five experiments

murine melanoma by disrupting Ay, and causing the
release of cytochrome c.

Discussion

L-ascorbic acid (vitamin C) has been reported to play a
role in the treatment and the prevention of cancer,
especially melanoma [2, 3, 4, 8]. Even though many
efforts have been devoted to discover its mode of action,
it is still obscure. It has previously been reported that
sodium ascorbate enhances prostaglandin synthesis,
which inhibits melanoma growth [7]. In this study, we
attempted to clarify the specific mechanism of cell death
induced by sodium ascorbate, and we found that sodium
ascorbate induces the apoptosis of B16F10 murine
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Fig. 4 Sodium ascorbate induces apoptosis on Bl6 murine
melanoma cells via the decrease of mitochondrial potential and
the release of cytochrom C. A. Measurement of mitochondrial
membrane potential: 10 mM of N-acetyl-L-cysteine pretreated or
untreated B16F10 melanoma cells were cultured with 10 mM of
sodium ascorbate and then stained with DiOCg. Results are
representative of three experiments. B Cytochrome-c release
induced by sodium ascorbate; Jurkats were incubated without
(Lane 1) or with (Lane 2) anti-Fas Ab for 24 h at 37°C. B16F10
murine melanoma cells were incubated with (Lane 3) or without
(Lane 4) 10 mM of sodium ascorbate for 4 h at 37°C. Cells were
washed in PBS and resuspended in digitonin lysis buffer for 5 min
on ice followed by centrifugation. Fifty microliters of cytosolic
proteins in SDS-loading buffer were loaded onto 15% polyacryl-
amide gels. Following SDS-PAGE, proteins were transferred to
nitrocellulose membranes and probed with a monoclonal anti-
cytochrome-¢c Ab (1 pg/ml). After the addition of a biotin
conjugated-antimouse Ab (1:5,000), proteins were detected using
ECL. Results are representative of more than five experiments

melanoma by disrupting Ay, and causing the release of
cytochrome c.

We had already confirmed the cytotoxic effect of
sodium ascorbate against BI6F10 in our previous study
(data not shown). In addition, we also confirmed that
sodium ascorbate induces apoptotic cell death in
B16F10 murine melanoma cells by confirming apoptotic
features, such as phosphatidylserine externalization as
shown in Fig. 1. This means that sodium ascorbate
might not act as an antioxidant, but as a prooxidant,
because it readily scavenges nitrogen species and reactive
oxygen such as hydrogen peroxide, hydroxyl radical,
and superoxide anion when it acts as a primary antiox-
idant in plasma and within a cell. It may thereby block
oxidative damage to important biological molecules
including DNA, proteins, and lipids. As evidence of this,
intracellular reactive oxygen species (ROS) levels were
shown to be increased in B16F10 murine melanoma cells
after treatment with sodium ascorbate (Fig. 2A). In-
deed, the blockade of the apoptotic cell death by pre-
treatment of N-acetyl-L-cysteine (NAC), a well-known



antioxidant, helps explain the role of sodium ascorbate
as a prooxidant (Fig. 2B).

It has been known that there are two kinds of
apoptotic pathway, type I and type II. The former is
mediated by the activation of caspase-8 and the latter is
mediated by decreased mitochondria membrane poten-
tial [13]. Sodium ascorbate-induced apoptosis was not
blocked by pretreatment of the caspase-8 specific
inhibitor (z-IETD-fmk). This suggests that it does not
act through the caspase-8—dependent pathway. It is be-
lieved that cytochrome c released from mitochondria is
linked with the onset of apoptosis induced by a variety
of stimuli, including TNF, Fas, and chemotherapeutic
drugs [9, 10, 14]. In accord with this finding, sodium
ascorbate was found to be associated with a loss of Ay,
and the release of mitochondrial cytochrome c¢. In
addition, the loss of Ay, was nearly blocked by pre-
treatment of N-acetyl-L-cysteine (NAC). Therefore, this
also strongly supports the role of sodium ascorbate as a
prooxidant on the induction of apoptosis in B16F10
murine melanoma cells. Taken together, our findings
suggest that sodium ascorbate induces apoptosis in a
caspase-8—independent manner in B16F10 melanoma
cell lines and that cytochrome c is a key mediator of this
pathway.

Here we discovered that sodium ascorbate—induced
apoptosis is mediated via the release of cytochrome ¢
from mitochondria. However, we do not exclude the
possibility of the presence of other molecules that induce
the release of cytochrome ¢, since there are recent re-
ports concerning several other apoptosis-mediated
molecules that are released from mitochondria prior to
the release of cytochrome ¢. These molecules include
Endonuclease G, Smac/DIABLO, and HtrA2 [5, 15, 26,
28]. Endonuclease G (Endo G) is a mitochondria-spe-
cific nuclease that translocates to the nucleus during
apoptosis. Once released from mitochondria, Endo G
cleaves chromatin DNA into nucleosome fragments
independently of caspases [15]. Smac/DIABLO and
HtrA?2 belong to the serine protease family and are re-
leased from mitochondria upon receiving apoptotic
stimuli, and then bind to inhibitor of apoptosis (IAP) [5,
26, 28]. Therefore, these species induce atypical cell
death, which is neither accompanied by a significant
increase in caspase activity nor inhibited by caspase
inhibitors. In the case of sodium ascorbate—induced
apoptosis, we can exclude the possible involvement of
Endo G, since we have confirmed caspase-3 activation
after sodium ascorbate treatment, but we have not ex-
cluded the possible involvement of Smac/DIABLO or
HtrA2. In addition, it has been reported that caspase-10
is another initiator of apoptosis [30], so we also did not
exclude the involvement of caspase-10 in sodium
ascorbate—induced apoptosis. Therefore, further inves-
tigation regarding the involvement and roles of Smac/
DIABLO, HtrA2, and caspase-10 on the sodium
ascorbate—induced apoptotic cell death in B16F10 mel-
anoma is needed.
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We conclude that sodium ascorbate induces the
apoptosis of BI6F10 murine melanoma cells through the
loss of Ay, and the release of cytochrome ¢ in a caspase-
8-independent manner as a prooxidant.
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