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Abstract

Exponentially growing cultures of human bladder tumor cells (T24) were treated with Vitamin C (VC) alone, Vitamin K; (VK3) alone,
or with a VC:VKj; combination for 1, 2, or 4 hr. Flow cytometry of T24 cells exposed to the vitamins for 1 h revealed a growth arrested
population and a population undergoing cell death. Cells in G, during vitamin treatment arrested in G; while those in S phase progressed
through S phase and arrested in G,/M. DNA synthesis decreased to 14 to 21% of control levels which agreed with the percent of cells in S
phase during treatment. Annexin V labeling demonstrated the majority of the cells died by autoschizis, but necrosis and apoptosis also
were observed. Catalase treatment abrogated both cell cycle arrest and cell death which implicated hydrogen peroxide (H,0,) in these
processes. Redox cycling of VC and VKj increased H,O, production and decreased cellular thiol levels and DNA content, while
increasing intracellular Ca>* levels and lipid peroxidation. Feulgen staining of treated cells revealed a time-dependent decrease in tumor
cell DNA, while electrophoresis revealed a spread pattern. These results suggest that Ca?" disregulation activates at least one DNase

which degrades tumor cell DNA and induces tumor cell death.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The bladder is the most common site of neoplasm in the
urinary system and accounts for approximately 29% of all
urologic tumors [1]. In 2002, it is estimated that 56,500
new bladder cases would be diagnosed and 12,600 deaths
would result from bladder cancer in the United States [2].
Because of the multifocal nature of these tumors, instilla-
tion therapy (flooding of the bladder with a solution of
chemotherapeutic or immunostimulating agents) is a com-
mon practice. However, instillation therapy of bladder
carcinomas often requires repeated application of antitumor
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agents over a period of several years. Unfortunately
because of the dose-limiting toxicity of chemotherapeutic
agents, resistance to neoplastic agents, and recurrence of
the cancer, a cure has remained elusive for many cancer
patients [3]. Therefore, there is a substantial need for
new therapeutic options with favorable pharmacokinetics
and pharmacodynamic parameters as well as a selective
mechanism of action.

Due to their low systemic toxicity, several vitamins have
been evaluated for their abilities to prevent or treat cancer
[4]. Vitamins A, Bg, C, E, and K5 have all demonstrated
activity in the prevention or treatment of bladder cancer
[5-8]. In addition, Lamm et al. [4] have demonstrated that
oral administration of megadoses of Vitamins A, Bg, C,
and E in conjunction with zinc markedly reduced tumor
recurrence in patients with transitional cell carcinoma.
This vitamin treatment was nontoxic and produced a
greater reduction in the rate of tumor recurrence than
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BCG immunotherapy which is the gold standard for the
treatment of superficial bladder cancer. To date, the
mechanism(s) providing this protection have not been
elucidated.

Vitamin C and Vitamin K3 also exhibit antitumor activ-
ity against bladder cancer [8,9]. When Vitamin C and
Vitamin K5 are combined in a VC:VKj ratio of 100:1,
the combination exhibits tumor-specific antitumor activity
against human breast, oral epidermoid, and endometrial
tumor cell lines at doses which are 10-50 times lower than
when either vitamin is administered alone [10]. Additional
studies using hepatoma-bearing mice as a model have
shown that the VC:VK; combination alone exhibits anti-
tumor activity [11]. In addition, the VC:VKj3 combination
has been shown to be an effective chemosensitizer and
radiosensitizer that induces little systemic or major organ
pathology [11,12]. Studies conducted in our laboratory
demonstrate that the VC:VKj; combination exhibits syner-
gistic antitumor activity against a panel of human urologic
tumor cell lines and against human prostate cancer cells
(DU145) which have been implanted into nude mice
[13]. The results of more recent studies with the T24
human bladder cancer cell line [14—17], demonstrated that
Vitamin C and Vitamin K3 treatment induced cell death by
autoschizis.

In the current study, the antitumor activity of VC, VK3,
and the VC:VKj; combination against the T24 human
bladder cancer cell line has been determined following a
continuous or a 1-hr pulse exposure to the vitamins. The
I-hr pulse vitamin exposure has been performed in an
attempt to simulate exposure of bladder cancer cells to the
vitamins during instillation therapy (the chemotherapeutic
agent typically resides in the bladder for 1 hr or less).
Flow cytometry, histochemistry, and bioassays have been
employed to elucidate vitamin-induced changes in cell
cycle, cell viability, cellular DNA content and status and
cellular thiol content.

2. Materials and methods
2.1. Cell culture

The human bladder carcinoma cell line T24 (Grade 111/
IV) was purchased from the American Type Culture Col-
lection and cultured in Eagle’s Minimum Essential Medium
(MEM, Gibco) supplemented with 10% fetal bovine serum
(FBS, Gibco) and 50 pg/mL of gentamicin sulfate (Sigma
Chemical Co.). All incubations were performed at 37° and
with 5% CO, unless other conditions are stated.

2.2. Vitamin preparation
Vitamin C (ascorbic acid) and menadione sodium bisul-

fite (VK3) were purchased from Sigma Chemical Co. and
were dissolved in culture medium MEM to create 8000 uM

VC, 500 uM VK3, and 8000 uM VC/80 uM VKj; stock
solutions. Photodegradation of the vitamins was prevented
by preparing all vitamin solutions in a darkened lamina
flow hood.

2.3. Cytotoxicity assay

The cytoxicity assay was performed using the micro-
tetrazolium assay [MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-diphenyltetrazolium bromide] assay as described
previously [18]. Corning 96-well titer plates were seeded
with tumor cells (5 x 10° per well) and incubated for 24 hr.
Vitamin test solutions were serially diluted with media in
twelve 2-fold dilutions. Each dilution was added to seven
wells of the titer plates and co-incubated with the tumor
cells for 1 hr or 5 days. Tumor cells exposed to vitamins
for 1 hr were subsequently washed twice with PBS, over-
lain, with culture media and incubated for 5 days. After
vitamin treatment and the incubation period, cytotoxicity
was evaluated using the MTT assay. Following linear
regression, the line of best fit was determined and the
cDsoy was calculated. The fractional inhibitory concentra-
tion index (FIC) was employed to evaluate synergism.

2.4. Flow cytometry

Determination of cell DNA content and ploidy were
done according to our previously published procedure [19].
Titer dishes were seeded with 1.0 x 10° T24 cells sus-
pended in MEM. Following 24 hr of incubation, the MEM
was removed, the cells were washed twice with PBS and
then overlain with 2 mL. of MEM containing the vitamins
at their cbggy (2032 uM Vitamin C, 20.32 pM Vitamin Kj,
or 2032 uM Vitamin C/20.32 pM Vitamin K3 combina-
tion). T24 cells served as sham-treated control cells.
Human foreskin fibroblast cells served as diploid internal
standard cells in flow cytometric studies. After a 1-hr
incubation period with vitamins, the cultures were washed
free of vitamin and overlaid fresh MEM. After 24 hr, the
cells were harvested from the titer dishes and suspended in
0.1% NP-40 in a Tris—citrate solubilization buffer which
contained propidium iodide (5 mg/mL) and 0.1% RNase
A. Thirty minutes later, DNA ploidy and cell cycle analysis
was performed on a Ortho Cytoron flow cytometer. The
data from 2 x 10* cells were collected (when possible),
stored, and analyzed using ModFit Cell Cycle Analysis.

2.5. Annexin—propidium iodide staining

Annexin—propidium iodide staining was performed using
an Annexin V-Fluos staining kit (Boehringer Mannheim).
Tumor cells (7.1 x 10*) were seeded on 12 mm circular
micro coverslips, incubated overnight and treated with
the vitamins at their cbgy for 1, 2, or 4 hr. Subsequently,
the vitamin solutions were removed and the cells were
washed with PBS and incubated in binding buffer (10 mM
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Hepes/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl,).
Annexin V and propidum iodide were added to a final
concentration of 1 pg/mL and incubated for 15 min in
the dark at room temperature. Cells were analyzed using
an Olympus BHS image capture system equipped with an
Applied Cytovision program (Applied) [20].

2.6. Histology preparation and Feulgen staining

Circular coverslips were seeded with 1.0 x 103 cells and
incubated for 24 hr. The cells were then overlaid for 1, 2,
and 4 hr with 2 mL. of MEM containing vitamins. Sham-
treated T24 cells were overlaid with MEM for the same
duration. All cells were washed twice with PBS, fixed for
1 hr in formalin at room temperature and then washed three
times for 5 min per wash with PBS. The cells were left in
PBS until Feulgen staining could be performed. Feulgen
staining was performed using the method of De Tomasi
[21] as described by Pearse [22].

2.7. Rate of DNA synthesis

DNA synthesis was evaluated using the method of
Shevach [23]. T24 cells (1 x 10%) were exposed for 1 hr
to vitamins at their cbgg concentrations. Subsequently, they
were washed twice with PBS and fresh media containing
[*H]-thymidine (1.0 pCi/mL) was added to the cells. After
4 hr, the media was removed and the cells were washed
with PBS, soaked free from the monolayer with No-Zyme
(JRH Biosciences). After an aliquot was removed for
protein determination, the cells were harvested onto glass
filters with a cell harvester. After the filters were air dried,
they were mixed with scintillation cocktail and counted in
a scintillation counter. Protein concentration was deter-
mined using the method of Bradford [24] and the data were
expressed as counts per minute per microgram (cpm/pg) of
protein. Sham-treated cells served as controls.

2.8. DNA fragmentation assay

Nucleosomal DNA degradation was assayed using the
method of Sinha er al. [25]. Tumor cells were treated with
the vitamins cpgq doses for 1, 2, 3, and 4 hr. Following the
vitamin treatment, the cells were trypsinized, washed with
ice-cold PBS, and resuspended at a density of 2 x 10°
cells/mL in cell lysis buffer (5 mM Tris, pH 7.4, 5 mM
EDTA, and 0.5% Triton X-100). After 2 hr on ice, the
lysate was centrifuged at 27,000 g for 20 min. The super-
natant was exposed to proteinase K for 1 hr at 50° and
extracted with phenol-chloroform. The aqueous layer was
treated with 0.13 M NaCl and the DNA was precipitated
overnight at —20° with 2 vol. of ethanol. Following treat-
ment with boiled bovine pancreatic RNase for 1 hr at 50°,
the DNA concentration was determined spectroscopically
and 10 pg per lane of DNA was loaded into the wells of
1.3% agarose gels. Electrophoresis was carried out for 3 hr

at 10 mA with TBE buffer (89 mM Tris—HCI, 89 mM boric
acid, and 2 mM EDTA, pH 8.0). A Hae III digest of X174
DNA was applied to the gel as markers. DNA was visua-
lized by UV illumination of ethidium bromide-treated gels.

2.9. Hydrogen peroxide assay

Hydrogen peroxide was assayed by monitoring the
oxidation of dihydrorhodamine 123 to rhodamine 123
by hydrogen peroxide [26]. Three million cells were
incubated with 5 uM dihydrorhodamine 123 for 15 min.
Vitamin solutions were prepared in PBS containing 20 mM
glucose (PBSG) and incubated with the cells for 15, 30, 45,
or 60 min. The cells were washed twice with 2 mL of PBS.
One milliliter of PBSG was added and the cells were scraped
off the culture dish, sonicated, centrifuged at 4° and 2000 g
for 10 min and the cell lysates were stored on ice. The
hydrogen peroxide in the lysate was measured fluorimetri-
cally using an excitation wavelength of 500 nm and an
emission wavelength of 536 nm. The protein content was
determined using the method of Bradford [24]. The results
were calibrated as described by Royall and Ischeropoulos
[26] and expressed as nanomoles of hydrogen peroxide
per milligram of protein. Values were corrected for the
rate of spontaneous autooxidation of dihydrorhodamine
123. Experiments were run in parallel in the presence of
0.2 mg/mL catalase to demonstrate the specificity of the
reaction. Sham-treated cells were employed as controls.

2.10. Protein thiol assay

Cellular thiols were assayed using the method of
Nagelkerke et al. [28]. Culture dishes were seeded with
3 million cells. After 24 hr, the culture medium was
removed and the cells were exposed for 1 hr to culture
media containing the vitamins at their cpgy. The cells were
then washed with PBS, overlaid with vitamin-free culture
media, trypsinized at 1-hr interval for 6 hr and centrifuged
for 5 min at 800 x g. The cell pellets were washed twice
with 6.5% trichloroacetic acid and resuspended in 1 mL of
0.5 M Tris—HCI (pH 7.6). Subsequently, 50 pL of 10 mM
of methanolic 5,5'-dithio-bis-(2-nitrobenzoic acid) (Ell-
man’s Reagent) was added and the solution was incubated
at room temperature. After 20 min, the solution was cen-
trifuged for 5 min at 1000 rpm and the absorbance of the
supernatant was measured at 412 nm. Data were expressed
as micromolar thiols per milligram of protein, calculated
on the basis of a reduced glutathione (GSH) standard
curve. Sham-treated cells served as controls.

2.11. Lipid peroxidation assay

Lipid peroxidation was evaluated using the thiobarbi-
turic acid (TBA) method [27]. T24 cells were treated and
harvested as described in the thiol assay. After centrifuga-
tion, the cell pellets were resuspended in 6.0% TCA, mixed
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with 1 mL of 0.25 N HCl containing 0.375% TBA and 15%
TCA, heated in a water bath for 15 min at 95° and then
allowed to cool. Following centrifugation, the supernatant
was monitored fluorimetrically for MDA production using
an excitation wavelength of 532 nm and an emission
wavelength of 555 nm. Data were expressed as nanomolar
MDA per milligram of protein, calculated on the basis of a
MDA standard curve generated using 1,1,3,3-tetramethox-
ypropane.

2.12. Calcium flux assay

Calcium concentrations were assayed using the method
of Scott et al. [29]. Four million T24 cells were suspended
in 1 mL of calcium- and magnesium-free Hank’s Balanced
Salt Solution (HBSS) containing the cpgy doses of
the vitamins and incubated for 15, 30, 45, and 60 min.
Following incubation, the cell suspensions were treated
with 100 uL of 390 uM arsenazo III (2,2'-[1,8-dihydroxy-
3,6-disulpho-2,7-naphthalene-bis(azo)]-dibenzenearsonic
acid). One hundred microliters of 130 uM carbonyl cya-
nide p-(trifluoromethoxy) phenylhydrazone (FCCP) was
added to the cell suspension and the mitochondrial calcium
release was recorded until no further change in absorbance
was observed at 675-685 nm. Then 100 pL of a 195 mM

solution of the calcium ionophore A23187 was added and
the extramitochondrial calcium release was recorded until
no further change in absorbance was observed at 675 and
685 nm. The linear range of the standard curve was used to
express the calcium concentration as nanomoles of calcium
per milligram of protein [30]. Sham-treated cells were used
as controls.

2.13. Statistical analysis

Three-way ANOVA was performed using BMDP statis-
tical software. In the three-way ANOVA, the two-way
interactions were tested at the 0.005 level of significance,
while all other effects were tested at the 0.0022 level of
significance.

3. Results
3.1. Antitumor activity of the vitamins

Continuous vitamin treatment of the T24 cells (Fig. 1)
resulted in 50% cytotoxic dose (cbsy) values of

1.492 4+ 141 uM for VC alone and 13.1 +0.01 uM for
VK; alone. When the vitamins are combined, the cbs

Antitumor Activity of Vitamins
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Fig. 1. Antitumor activity was measured by an MTT assay following a 5-day or 1-hr exposure to VC, VK3, or a vitamin combination with a VC:VKj ratio of
100:1. Values are the mean £ SEM of three experiments with six readings per experiment. FIC = cpgy°™ /cpgilone 4 cpBromb /cpBalone, where 4™ and
CD?U""I"“e are 50% cytopathic doses of each vitamin alone; CD?OComb and CD?U""m" are the 50% cytopathic doses of the vitamins administered together.
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values of VC and VKj decrease to 212 7.6 uM and
2.12 £ 0.06 uM, respectively. These results represent a
7-fold decrease in the cpsg of VC and a 6-fold decrease
for VK5. The FIC index has been used to evaluate the
synergism of the vitamins. An FIC < 1.0 indicates the
combination is synergistic, while an FIC > 1.0 indicates
the combination is antagonistic. An FIC = 1.0 indicates
the combination is indifferent. The FIC for continuously
treated T24 cells is 0.158 which suggests the interaction
between the vitamins is synergistic. One hour pulse treat-
ment of the T24 cells with the vitamins resulted in cDs
values of 4.974 + 246 uM for VC alone and 73.0 + 5.9 uM
for VK3 alone. When the vitamins are combined, the cDs
values of VC and VKj decrease to 120 £ 7.0 uM and
1.20 £ 0.07 uM, respectively. These results represent a
41-fold decrease in the cbsy of VC and a 61-fold decrease
for VK3. The FIC for 1-hr treated T24 cells is 0.040 which
suggests the interaction between the vitamins is very
synergistic. The cps, values of the vitamin-treated fibro-
blasts were 6-fold higher greater than they were for T24
cells (data not shown).

3.2. Vitamin effects on the tumor cell population

Flow cytometry was employed to determine whether
vitamin treatment affects the cell cycle of T24 cells.
Detached cells in the supernatant were pooled with adher-
ent cells and then analyzed by flow cytometry. Human
foreskin fibroblasts were mixed with T24 cells in an effort
to determine the channel number of the true diploid Go/G,
peak (Fig. 2A). The true diploid peak (Gy/G; for the
fibroblasts) is located in channel 59 while its corresponding
G,/M peak is located in channel 118. Conversely, the T24
cells exhibit a Go/G; peak at channel 108 and a G,/M peak
in channel 214. These observations are in agreement with
karyology studies which describe T24 cells as hypo- to
hyper-tetraploid. In the case of sham treatment, 72% of the
cells were in Go/G;, 18% were in S phase and 10% were in
Gy/M.

Forward scatter of VC- and VC:VKj;-treated cells (data
not shown) revealed the presence of two populations of
cells. The first population (primarily the adherent cells) had
the same dimensions as the sham-treated T24 cells, while
the second population (primarily the detached cells) are
smaller in size than the sham-treated T24 cells. The two
populations also differ with respect to their DNA content
with the detached cell population having less DNA than the
adherent population. While these populations are seen as
multiple peaks in these flow cytometry traces, the indivi-
dual populations have been resolved by performing flow
cytometry on the detached cells in the supernatant and
the adherent cells separately (data not shown). In the case
of VC treatment (Fig. 2B), 87% of the cells counted are
adherent, aneuploid and the same size as control cells
(d = 30-50 um). This aneuploid population appears to
be cycling and has a Gy/G; peak at channel 123 and a

Table 1

Cell cycle distribution of the small T24 cells

Vitamin Go/G, phase S phase G,/M phase
Vitamin C 81 0 19
Combination 79 47 20

Control 70 19 11

T24 cells were exposed to the vitamins at their 90% cytotoxic doses for
1 hr, incubated for 24 hr, and then harvested. DNA ploidy and cell cycle
analysis was performed on an Ortho Cytoron flow cytometer and analyzed
using ModFit Cell Cycle Analysis. Sham-treated T24 cells served as the
negative control. Human foreskin fibroblasts served as diploid controls.

G,/M peak at channel 244. Specifically, 36% of the cells in
the aneuploid population were in Go/G, 52% were in S
phase and 12% were in G,/M (Table 2). The remaining
13% of the cells counted are detached and of a smaller size
than control cells (Table 1). Eighty-one percent of these
cells were in Gyo/G;, while 19% were located in G,/M
compartment. The lack of cells in S phase suggests that
either the cells are arrested in late G; phase or the cells are
arrested in both G; and G,/M and that the cells in G, are
arrested in G; while those which have passed the G;
checkpoint progress through S phase and become arrested
in G,/M. When the cell cycle distributions of both popula-
tions were calculated using weighted averages, 42% of the
cells are in Go/G; [(81 x 0.130) + (36 x 0.87)], 45% are
in S phase, and 13% are in Go/M (Table 3).

In the case of VK3 treatment (Fig. 2C), 100% of the cells
counted are adherent, aneuploid and of the same size as
control cells (d = 30-50 um). Fifty-two percent of the
cells were in Go/Gy, 28% were in S phase, and 20% were
in G,/M (Table 2). The substantial increase in the number
of cells in S phase compared to sham-treated cells suggests
that VK3 may induce a late S phase or early G,/M block in
the cell cycle.

In the case of VC:VKj treatment (Fig. 2D), 47% of the
cells counted were adherent, aneuploid and of the same
size as control cells (Table 2). However, following VC/VK3
treatment, 100% of the cells in the aneuploid population
are blocked in late G to early S phase. The remaining
53% of the cells counted were detached and of a smaller
size than control cells (10-15 um). Seventy-nine percent of
these cells are in Go/G,, while 21% are in G,/M (Table 1).
As was the case for VC-treated cells, the lack of cells in S
phase suggests that either the cells are arrested in late G,
phase or the cells are arrested in both G| and G,/M and that
the cells in G, are arrested in G; while those which have

Table 2

Cell cycle distribution of the large T24 cells

Vitamin Go/G; phase S phase G,/M phase
Vitamin C 36 52 12

Vitamin K3 52 28 20
Combination 100 0 0

Control 72 18 10
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Fig. 2. T24 cells were exposed to the vitamins at their 90% cytotoxic doses for 1 hr. The vitamins were then removed, the cells were washed twice with PBS
and the cells were overlain with culture medium. After 24 hr, the cells were harvested and DNA ploidy and cell cycle analysis was performed on an Ortho
Cytoron flow cytometer. The data from 2 x 10* cells were collected (when possible), stored, and analyzed using ModFit Cell Cycle Analysis. Sham-treated
T24 cells served as the negative control. Human foreskin fibroblasts served as diploid controls.
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Table 3

Cell cycle distribution of the total T24 cells

Vitamin Go/G, phase S phase Go/M phase
Vitamin C 42 45 13

Vitamin K3 52 28 20
Combination 89 0 11

Control 70 19 11

passed the G; checkpoint progress through S phase and
become arrested in G,/M. When the cell cycle distributions
of both populations are calculated using weighted averages,
89% of the cells are in Go/G; [(79 x 0.530) + (47 x 1.00)]
and 11% are in G»/M (Table 3). Annexin V-FITC/PI labe-
ling supported the data collected by flow cytometry.
Co-incubation of T24 cells with an Annexin V-FITC/PI
mixture following exposure of the cells to the vitamins
revealed three populations of dying cells (Fig. 3) in addition
to the cells which were growth arrested. The first population
was dual-labeled oncotic cells. The second population
was Annexin V-FITC-labeled apoptotic cells. The final
population was minute, PI-labeled autoschizic cells. Light
micrographs of sham-treated T24 cells revealed that less
than 10% of the cells were undergoing cell death. Speci-
fically, 1.6 &= 0.4% of the sham-treated cells were oncotic,
4.1+£0.7% were apoptotic and 2.9 + 0.4% were auto-
schizic. In addition, 16.2 & 3.5% of the Vitamin C-treated
cells were undergoing autoschizis, while 4.6 £ 0.7% were
apoptotic and 2.3 +0.5% were oncotic. In the case of
VKj-treated cells, 21.1 4= 3.7% of the cells were under-
going autoschizis, while 4.5 £ 0.6% were undergoing apop-
tosis and 2.7 4 0.3% were oncotic. Finally, 29.3 = 5.5%
of the VC:VKj;-treated cells were undergoing autoschizis,
while 4.6 & 0.8% were apoptotic and 2.1 + 0.4% were
oncotic.

Light micrographs of sham (Sh)-treated bladder carci-
noma T24 cells showed pleiomorphic cells with their long
axis ranging between 30 and 35 pm and short axis ranging
between 12 and 17 pm (Fig. 4, Sh2 and Sh4). Feulgen stain
is seen as a reddish-purple which contrasts the large
round, ovoid to subspherical nuclei with the gray, poorly
contrasted cytoplasm. The smallest, postmitotic nuclei

A W *
f\. L3 A
VC#a’ ‘ VC:VK34 ‘ ©

Fig. 4. Feulgen-stained T24 human bladder carcinoma cells illustrate 2-hr
(Sh2) and 4-hr (Sh4) sham treatments, 2-hr VC2 and 4-hr VC4 treatments,
2-hr VK32 and 4-hr VK34 treatments and 2-hr VC:VK;32 and 4-hr
VC:VK;4 treatments of T24 cells. In all the micrographs, ‘n’ represents the
nucleus. Small dark arrows in VC2 and VC4 indicate the cytoplasmic
localization of pigments. In VK;2, the open arrow indicates Feulgen
deposits in perikaryon. Thick, dark arrows in VC:VK;2 indicate an
example of doublet containing two nuclei. The curved arrows point toward
areas of cytoplasm undergoing scission. The scale in Sh2 for all the
illustrations is 25 um.

appeared more contrasted than the nuclei of the spread
cells. After a 2-hr VC treatment (Fig. 4, VC2), T24 cells
appeared flattened with lengths up to 35 pm and widths
between 15 and 20 pm. The nuclei appear rounded and the
Feulgen staining was less intense than in sham-treated T24

Fig. 3. T24 cells were exposed to the vitamins at their 90% cytotoxic doses for 1, 2, or 4 hr. Staining was performed using an Annexin V-Fluos staining kit.
Annexin V-FITC and propidium iodide were added and incubated for 15 min. Three populations of dying cells were observed: dual-labeled (green membrane
and red to orange nucleus) oncotic cells, Annexin V-FITC-labeled (green membranes) apoptotic cells, and Pl-labeled (red to orange nucleus alone or with
adherent pieces of yellow or green membrane) autoschizic cells. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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cells. Moreover, yellow-brown deposits (d < 0.5 um) were
also detectable in the cytoplasm. Following a 4-hr VC
treatment (Fig. 4, VC4), some T24 cells still appeared to
undergo mitosis. The peripheral regions of the cytoplasm
acquired large brownish deposits (d = 0.5-1.5 pm) due to
the fusion of small ones seen in Fig. 4 (VC2).

Following a 2-hr treatment with VK3 (Fig. 4, VK3), the
cells ranged from 12 to 30 pm in length and from 8 to
13 pm in width and were interconnected through a network
of bridging cell extensions. The intense extranuclear Feul-
gen stain demonstrated that DNA was being digested by
lysosomal bodies. After 4 hr of VKj; treatment, a few cells
were dividing. However, most cells decreased to 15-20 pm
in length and 11-13 pm in width and exhibited rounded
nuclei smaller than those of control cells. Cytoplasmic
Feulgen staining was less contrasted than in the control
cells and contained bundles of fibrous material. A small
number of cells contained Feulgen positive cytoplasmic
granules that may represent intralysosomal DNA digestion
(Fig. 4, VK34).

A 2-hr VC:VK; treatment (Fig. 4, VC:VK32) yielded
fusiform cells which were 10-18 pm in length and 10-
12 pm in width (approximately 2/3 to 1/2 the size of sham-
treated cells). Feulgen staining was highly variable.
Although some cells were dividing, cytoplasmic excision

defects (including doublets) were also apparent. A doublet
arises when a T24 cell separates into an anuclear, bicon-
cave, subspherical portion and a spherical, nucleate portion
that are connected by a cytoplasmic bridge [11] (Fig. 4,
VC:VK32). After a 4-hr treatment (Fig. 4, VC:VK34), the
cells were between 10 and 15 pm in length and between 8
and 12 pm in width (i.e. half the size of sham-treated cells).
The Feulgen staining of the nuclei was significantly less
intense than sham-treated cells. Many cells had detached
from the coverslips, leaving a small number of doublets
whose aneucleate half appeared smaller than the nucleate
half (see Fig. 4, VC:VK;32, dense arrows). Many of these
cells showed cytoplasmic self excisions (Fig. 4, VC:VK;34)
and other morphological characteristic of autoschizis.

3.3. Effects of vitamin treatment on tumor DNA

The effect of vitamin treatment on the DNA synthesis of
T24 cells has been assayed in an effort to determine if cells
are arrested in late G, phase or if the cells are arrested in
both G, and G,/M and that the cells in G, are arrested in G,
while those which have passed the G, checkpoint progress
through S phase and become arrested in Go/M (Fig. 5). VC
and VK; treatment resulted in an 82% and a 79% reduction
in the amount of thymidine incorporated, while the
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Fig. 5. Cultures of exponentially growing T24 cells were treated for 1 hr with the vitamins at their cpgy doses. After the vitamins were removed, the cultures
were washed with PBS and exposed to 1 pCi/mL [*H]-thymidine for 4 hr. The cells were then harvested onto glass filters and the amount of radioactivity
incorporated was determined. The values represent the mean & SD of three replicates and were compared to the control (P < 0.005).
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Fig. 6. Total DNA was extracted from T24 cells following sham treatment
or 1, 2, or 4 hr treatment with VC, VKj or the vitamin combination and
resolved electrophoretically. Lane 1 contains a Hae III digest of X174
DNA as a molecular weight marker. Lanes 2—4 contain the DNA of VC-
treated T24 cells (VCI1, VC2, VC4). Lanes 5-7 contain the DNA from
VKj;-treated cells (VKI1, VK2, VK4). Lanes 8-10 contain DNA from
VC:VKj-treated T24 cells (VCK1, VCK2, VCK4), while lane 11 contains
the DNA of sham-treated cells. The DNA of all the vitamin-treated cells
exhibits a spread pattern with treatment times as short as 1 hr. Conversely,
the DNA from sham-treated cells (CNT, lane 11) appears as a high
molecular weight band. Finally, faint, low molecular weight bands are seen
at and below the 2 kb marker in vitamin-treated cells (lanes 2—10). These
bands represent either contamination with rRNA or the presence of
apoptotic cells in the predominately, autoschizic cell population.

VC:VK3 combination produced an 86% decrease in
thymidine incorporation. These results demonstrate a dra-
matic increase in the number of cells which are blocked in
late G, phase, i.e. 89% for VC:VKj; vs. 42% for VC alone.
The dramatic decrease in the number of cycling cells could
be due to a number of factors including DNase activation
and subsequent DNA damage. The difference in the degree
of enrichment of the small cell population in Gy/G; for
VC:VKj vs. VC is a measure of the increase in autoschizic
tumor cell death with the vitamin combination.

Total DNA was extracted from T24 cells following sham
treatment or 1, 2, or 4 hr treatment with VC, VKj, or the
vitamin combination and was then resolved electrophor-
etically as shown in Fig. 6 in an effort to determine if the
DNA was cleaved by the vitamin treatment. Lane 1 con-
tains a molecular weight marker. Lanes 2—4 contain the
DNA of VC-treated T24 cells (VC1, VC2, VC4). Lanes
5-7 contain the DNA from VKj-treated cells (VKI1, VK2,
VK4). Lanes 8-10 contain DNA from VC:VKs-treated
T24 cells (VCK1, VCK2, VCK4), while lane 11 contains
the DNA of sham-treated cells. The DNA of all the
vitamin-treated cells exhibit a spread pattern with treatment
times as short as 1 hr. Conversely, the DNA from sham-
treated cells (CNT, lane 11) appears as a high molecular
weight band. Finally, faint, low molecular weight bands
are seen at and below the 2 kb marker in vitamin-treated
cells (lanes 2—-10). These bands represent either contamina-
tion with rRNA or the presence of apoptotic cells in the
predominately, autoschizic cell population.

3.4. Hydrogen peroxide production and its effects on
tumor cells

Previous studies have suggested that H,O, generation is
necessary for the antitumor activity of the vitamins
[18,31,32]. In addition, low-level oxidative stress induced
by H,0, has been shown to induce cell cycle arrest in both
G; and G,/M phases of the cell cycle [33]. Therefore,
vitamin-induced H,O, formation was measured fluorime-
trically in cell lysates at 15-min increment for 1 hr by
evaluating the oxidation of dihydrorhodamine 123 to rho-
damine 123 and expressed in terms of nanomoles of
hydrogen peroxide per milligram of protein (Fig. 7).
The intracellular H>O, content of sham-treated T24 cells
varied from 2.20 to 2.46 nmol with an average value of
2.36 £ 0.11 nmol. VC exposure resulted in an increase of
H,O, content to 20.80 4 2.30 nmol during the first 15 min
of incubation and to 36.40 &+ 2.90 nmol during the second
15 min of incubation. The H,O, content rapidly decreased
to 11.00 % 1.00 nmol during the next 15 min and remained
constant during the final 15 min of incubation. VKj treat-
ment increased H,O, content to 8.17 4= 0.40 nmol during
the first 15 min of incubation and to 19.80 = 1.40 nmol
during the second 15 min of incubation. The H,O, content
remained constant during the next 15 min and decreased
slightly to 15.10 £ 2.40 nmol H,O, during the final 15 min
of incubation. Following VC:VKj treatment, H,O, levels
increased to 5.90 4 2.34 nmol during the first 15 min of
incubation and then rose to 9.30 & 1.14 nmol during the
second 15 min of incubation. The H,O, content gradually
decreased during the final 30 min of incubation to
5.00 £0.79 nmol. In all cases, the antitumor activity
was abrogated by the addition of exogenous catalase.

Since exposure of tumor cells to the vitamins is known to
result in the generation of H,O, and that may initiate
membrane lipid peroxidation [10,31,34]. The effect of
vitamin treatment on cellular lipid peroxidation (Fig. 8)
has been examined by exposing the cells to the vitamins for
1, 2, 3, 4, or 5 hr and then using the thiobarbituric acid
method [27]. All lipid peroxidation data are presented as
micromolar MDA per milligram of protein. The lipid
peroxidation of sham-treated T24 cells varied from 8.13
to 9.45 pM with an average value of 9.17 £ 0.22 pM.
However, this is only a measure of the lipid peroxidation
that occurs during the heating of samples to 95° during the
assay and can, therefore, be considered as a baseline for
MDA production. VC exposure increased MDA produc-
tion to 12.60 £ 0.50 pM during the first hour and the MDA
levels remained constant for the next 2 hr. Subsequently,
MDA levels rose to 57.90 £ 0.40 uM by the fourth hour
and to 64.40 £ 0.60 uM during the final hour. VK; treat-
ment increased MDA levels to 14.70 £ 0.70 uM during the
first hour and they remained constant for the next 2 hr.
MDA levels rose to 54.60 + 1.00 uM by the fourth hour
and remained constant for the final hour. The VC:VKj;
combination produced an increase in MDA concentration
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Fig. 7. Cultures of exponentially growing T24 cells were treated for 15, 30, 45, and 60 min with the vitamins at their cbgy doses. Hydrogen peroxide
production was evaluated by monitoring the oxidation of dihydrorhodamine 123 to rhodamine 123. The results are expressed as the mean = SEM of three
experiments with three readings per experiment and were compared to control (P < 0.005).

to 16.70 £ 0.20 pM during the first hour. The MDA con-
centration decreased slightly by the second hour and
remained constant for the third hour. MDA levels rose
to 61.80 £ 1.20 uM by fourth hour and decrease slightly to
53.00 = 0.80 uM during by the fifth hour. These results
suggested lipid peroxidation was a late event in the cell
death process.

3.5. Cellular thiol levels

Because administration of VK; to hepatocytes is known
to induce a variety of effects including depletion of glu-
tathione (GSH) and oxidation of protein sulfhydryl groups
in cytoskeletal proteins [31,32,35,36], the effect of vitamin
treatment on cellular thiols was examined following a
1, 2, 3, 4, or 5 hr vitamin exposure. All thiol data are
presented as micromolar thiol per milligram of protein.
The thiol content of sham-treated T24 cells varied from
1.37 to 1.45 pM with an average value of 1.39 4+ 0.04 uM
(Fig. 9). VC exposure resulted in a decrease in cellular thiol
levels to 0.32 + 0.02 uM (below control levels) during the
first hour and remained constant for the second hour. Thiol
levels rose gradually to 0.68 4= 0.05 uM by the third hour,
decreased slightly to 0.55 4+ 0.14 uM during the fourth
hour and remained constant during the final hour. VKj
treatment lowered thiol levels to 0.56 = 0.06 uM during
the first hour and to 0.24 £ 0.02 uM by the second hour.

Thiol levels increased to 0.47 4= 0.03 uM by the third hour
and remained near this level for the final 2 hr. The VC:VKj3
combination produced a decrease in thiol concentration
to 0.324+0.01 uM during the first hour. Thiol levels
increased to 0.49 +0.20 uM by the second hour and
vacillated between 0.51 £ 0.03 uM and 0.72 £+ 0.02 uM
during the final 3 hr.

3.6. Cellular calcium fluxes

The presence of H,0, can induce Ca®" fluxes within the
tumor cells which can mediate activation of transcription
factors, cell cycle arrest and even cell death [37]. There-
fore, vitamin-induced fluxes in cellular calcium (Table 4)
were measured using the arsenazo III method of Bellomo
and coworkers [38,39]. Experiments were performed in the
presence or absence of A23187 so that the effect of the
vitamins on the calcium levels in both the mitochondrial
(MC) and extramitochondrial (EMC) compartments could
be determined and expressed in nanomoles of calcium per
milligram of protein. The mitochondria of sham-treated
T24 cells contained an average Ca’" content of
6.84 £+ 0.39 nmol, while the EMC contained an average
Ca*" content of 7.89 + 0.32 nmol. VC treatment caused a
rapid decrease of MC Ca*" to 2.74 + 0.42 nmol within
15 min and a gradual decrease to 0.53 4= 0.17 nmol during
the next 15 min. VK; treatment decreased MC Ca®" levels
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Fig. 8. T24 cells were treated for 1 hr with the vitamins at their cpgo doses, harvested at 1-hr interval for 5 hr and assayed for lipid peroxidation using the
thiobarbituric acid method MDA production was monitored fluorimetrically and data were expressed as nanomolar MDA per milligram of protein, calculated
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(P < 0.005).

to 1.18 = 0.24 nmol within 30 min. MC Ca®" levels
increased to 2.00 & 0.42 nmol during the next 15 min
and then decreased to 1.49 £ 0.30 nmol. Combined vita-
min treatment a rapid decrease in MC Ca>" levels to

3.57 £ 0.35 nmol during the first 15 min and a gradual
decrease to 1.75 = 0.13 nmol over the next 45 min. VC
treatment decreased EMC Ca® " levels to 2.31 & 0.21 nmol
within 30 min and gradually decreased EMC Ca®" to
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Fig. 9. Cultures of exponentially growing T24 cells were treated for 1 hr with the vitamins at their cpgg doses. The cells were harvested at 1-hr interval for
5 hr and cellular thiol content was assayed by monitoring absorbance at 412 nm following reaction with Ellman’s Reagent. Data have been expressed as
micromolar thiol per milligram of protein, calculated on the basis of an reduced glutathione standard curve. Values are the mean + SEM of three experiments
with three readings per experiment and were compared to the control (P < 0.005).
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Table 4
Effect of vitamin treatment on calcium levels in T24 cells
Time (min) Control Vitamin C Vitamin K3 Combination

MC EMC MC EMC MC EMC MC EMC
15 6.84 + 0.39 7.89 + 0.31 2.74 + 0.42 444 + 0.59 1.81 £ 0.17 2.94 + 0.35 3.57 £ 0.33 3.80 &+ 0.45
30 7.74 + 0.93 8.52 + 0.68 1.81 £ 0.15 231 £ 0.21 1.18 £ 0.24 244 £ 0.12 2.90 + 0.28 3.40 £+ 0.28
45 6.31 £+ 0.68 7.95 + 0.83 1.30 £ 0.05 1.81 £+ 0.20 2.00 £ 0.42 1.53 + 0.21 2.37 £ 0.24 1.24 + 0.31
60 6.71 +£ 0.72 8.19 + 0.44 0.53 + 0.17 1.39 £+ 0.46 1.49 + 0.30 2.65 + 0.49 1.75 £ 0.13 1.35 + 0.36

Calcium content of the mitochondrial (MC) and extramitochondrial (EMC) compartments were evaluated using the change in absorbance arsenazo III at
675 and 685 nm following exposure of T24 cells to the vitamins at their cDgy doses. FCCP was added to the cell suspension and mitochondrial calcium release
was observed until there was no further change in absorbance. Subsequently, A23187 (an ionophore) was added to the cell suspension and extramitochondrial
calcium release was recorded. Data are expressed as nanomoles of calcium per milligram of protein, calculated on the basis of a calcium standard curve. The
results are expressed as the mean == SEM of three experiments with three readings per experiment and were compared to the control (P < 0.005).

1.39 4+ 0.46 nmol over the final 30 min. VK3 treatment
decreased EMC Ca’" levels to 2.94 +0.26 nmol by
15 min. The EMC Ca®" levels gradually decreased to
1.53 £0.21 nmol over the next 30 min and rose to
2.65 4+ 0.49 over the final 15 min. Combined vitamin
treatment decreased EMC Ca”* levels to 3.80 =+ 0.45 nmol
min. The EMC Ca>" levels decreased to 1.24 + 0.31 nmol
over the next 30 min and remained constant for the final
15 min.

4. Discussion
4.1. Cell cycle arrest

The results of the current study agree with the results
of previous work conducted with other tumor cell lines
[13,18,40,41]. When T24 or four other human bladder
tumor cell lines are exposed to VC, VK3, or the VC:VKj;
combination for 1 hr or a continuous 5 day exposure, the
CDsq values for the vitamin combination for the 1 h vitamin
exposure are essentially identical to the cps( values for the
vitamin combination for the continuous 5 day vitamin
treatment. These observations suggest that changes in
the cells during the first hour of treatment predispose
the tumor cells to die. Flow cytometry of T24 cells treated
with the vitamins for 1 hr and then incubated in vitamin-
free culture medium for 24 hr reveal a growth arrested
population and a population undergoing cell death. Cells
that are in G; at the time of vitamin treatment are arrested
in G, while those which have passed the G; checkpoint
progress through S phase and become arrested in G,/M.
This dual cell cycle arrest appears to be due to the
combined effects of H,O, and the vitamins.

The p53, p21 and Rb gene products have all been
implicated in the H,O,-induced G, arrest [42—44], while
regulation of cyclin Bl and p34°®* are believed to be
involved in the G,/M arrest [33]. Furthermore, addition of
VC to cells during oxidative stress, results in partial Go,/M
cell cycle arrest and incomplete DNA repair in conjunction
with increased intracellular oxidative stress, reduced intra-
cellular GSH levels and increased cytotoxicity [45,46].

These results are consistent with those of other studies
[34,47,48] that indicate VC can act as a pro-oxidant at
elevated concentrations and induce the formation of
H,0,. Finally, VK3 is known to bind to the catalytic
domain of Cdc25 phophatase that results in the formation
of an inactive hyperphosphorylated Cdk]1. In addition, VK3
inhibits cyclin E expression at late G; phase and cyclin A
expression at the G|/S transition. Together these effects
were shown to cause cell cycle arrest [49-51].

Flow cytometry of sham-treated cells indicate that
approximately 13% of cells are in S phase. Since cells
in S phase during vitamin treatment progress through S
phase and thus synthesize DNA, one would expect the
DNA synthesis rates of vitamin-treated cells in the tritiated
thymidine incorporation assay to be approximately 13%. In
fact, the DNA synthesis rate varies from 14 to 21% in
vitamin-treated cells. The fact that cells arrested in G; do
not undergo DNA repair may explain the chemosensitizing
and radiosensitizing effects of the vitamin combination
[11,12,52].

4.2. Cell death by autoschizis

Following a 1-hr exposure to VC:VK3, 53% of the cells
undergo cell death. If the time of VC:VKj; exposure is
increased, the amount of cell death also increases until
all the cells are dead by 5 hr. As was the case in previous
studies and for cell cycle arrest in the current study,
addition of catalase abrogated cell death and implicated
H,0, in the cell cycle arrest death processes [10,18,40].

T24 and other tumor cell lines treated with the VC:VK;
combination die by autoschizis which has been described in
great detail in previous studies [14-16,40,41]. Ultrastruc-
tural studies of vitamin-treated tumor cells undergoing
autoschizis revealed exaggerated membrane damage and
an enucleation process in which the perikarya separated
from the main cytoplasmic body by self-excision. These
self-excisions continued until all that remained was an
intact nucleus surrounded by a narrow rim of cytoplasm
that contained damaged organelles. The nucleus exhibited
nucleolar segregation and chromatin decondensation follo-
wed by nuclear karryohexis and karyolysis [14-16,40,41].
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While the mechanism of action of these vitamins has not
been elucidated completely, their autoschizic activity has
been attributed to redox cycling of the vitamins and the
possible generation of peroxides and other ROS followed by
membrane lipid alteration, DNase activation, and DNA
destruction by the Vitamin C and Vitamin K3 combination
in the catalase-deficient cancer cells [16,18,40,41,53].

While VC is traditionally perceived as an antioxidant
[54], it may also act as a pro-oxidant and increase DNA
damage and induce cell death [46,55]. Vitamin Kj is an
oxidant that exhibits antitumor activity against a variety of
tumor cell lines as well as human explants which are
resistant to other types of chemotherapy [29,30]. When
VC is combined with VK3, the interaction fosters single-
electron reduction to produce the long-lived semiquinone
and ascorbyl radical and increases the rate of redox cycling
of the quinone [56,57] to form H,0, and other ROS.
Measurement of oxidative stress with dihydrorhodamine
123, indicates the rapid production of HO, and ROS by
the vitamins. Within the first hour following vitamin
treatment, this oxidative stress decreases cellular thiol
levels to less than half those of sham-treated cells. This
loss of protection against ROS is accompanied by the
oxidation and subsequent disruption of cellular caspases
(including caspase-3) as well as microtubules and other
cytoskeletal proteins [40,41,58—61]. This cytoskeletal dis-
organization is reflected by blister and bleb formation as
well as by acute distortions in tumor cell shape [36,62].

Because vitamin administration induces H,O, produc-
tion, the amount of lipid peroxidation, intracellular Ca®"
levels, and cellular DNA status have been evaluated. While
the increase in lipid peroxidation values for cells are
significantly higher than control levels after 1 hr of vitamin
exposure, significant levels of lipid peroxidation and
damage to the cell membrane occur only after 2-3 hr
vitamin exposure and suggest lipid peroxidation is a late
event in the cell death process. However, TEM micro-
graphs demonstrated that mitochondrial architecture is
rapidly altered by vitamin-induced lipid peroxidation
and may be involved in the triggering mechanism of
autoschizis [14-16]. As a consequence of the peroxidation,
Ca”" transport systems of the mitochondria, SER and
plasma membrane are damaged and there is an increase
in intracellular Ca" levels. Ca>" disregulation leads to the
exposure of phosphatidylserine (PS) on the outer surface of
the plasma membrane and the activation a number of
phospholipases, proteases, and DNases [63]. Co-incuba-
tion of T24 cells with an Annexin V-FITC/PI cocktail
following vitamin exposure reveals three populations of
cells: dual labeled cells necrotic cells, Annexin labeled
cells apoptotic cells and propidium labeled autoschizic
cells which predominate [40].

Since Ca** disregulation is known to activate DNases,
the status of tumor cell DNA following vitamin treatment
has been assessed [63]. Feulgen staining illustrates a time-
dependent decrease in tumor cell DNA content which is

due in part to the decreased rate of DNA synthesis and in
part to the degradation of DNA by DNases. Electrophoretic
analysis of DNA of vitamin-treated tumor cells reveals a
spread pattern instead of the ladder pattern characteristic of
apoptosis. In vivo data collected from implanted DU145
tumors indicate this spread pattern is the result of the
caspase-3-independent, sequential reactivation of deoxyr-
ibonuclease I and II [63,64]. Due to the vitamin-induced
decrease in cellular thiol levels, the increased ROS pro-
duction is accompanied by the oxidation and subsequent
disruption of microtubular and other cytoskeletal proteins
[35,36,64]. Taken together these results indicate that auto-
schizis entails the coordinated attack of ROS and other
species on cellular thiols, membranes, cytoskeleton, and
DNA that continues until cell death by self-morsellation
ensues. Since additional studies have shown that the
VC:VK; combination is an effective chemosensitizer
and radiosensitizer that induces little systemic or major
organ pathology [11,12,40], we believe the selective anti-
neoplastic effects of Vitamin C and Vitamin K3 merit
further investigation for clinical use.
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