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Abstract

Microscopic aspects, densitometric evaluaiion of Feulgen-stained DNA, and gel electrophoresis of total DNA have been used to elucidate

the effects of 1,2, and 3h VC (ascorbic acid), VK3 (menadione), and co

mbined VC:VK; treatments on the cellular and nuclear morphology

and DNA content of a human ovarian carcinoma cell line (MDAH 2774). Optical densitometry showed a significant decrease in cancer

Nucleoli segregated their components and fragmented into smalt pieces. Gel electrophoretic analysis of total DNA revealed evidence of
generalized DNA degradation specific to treated tumor cells, These results are consistent with previous observations [Scanning 20 (1998a)
564; Ultrastruct. Pathol. 25 (2001b) 183; 1. Histochem. Cytochem. 49 (2001) 109] which demonstrated that the VC:VK3 combination
induced autoschizic cell death by a series of cytoplasmic excisions without organelles along with specific nuclear ultrastructural damage.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

An estimated 25,400 new neoplasms of the ovary will
be diagnosed during 2003 in the United States. This figure
represents about 5% of new female cancer cases (Jemal etal,,
2003). Ovarian cancer occurs in American women with an
incidence rate of 9.4 cases per 100,000 for those under 65
years of age and an incidence of 54.8 cases per 100,000 after
the age of 63 years. Because of its late detection, ovarian
carcinoma is among the 10 most lethal malignancies with
only 50% of cancer patients surviving 5 years after treatment
(Ries, 1993).

* Corresponding author. Tel.: +1-599-545-2298; fax: +1-599-545-2.440,
E-mail address: Jjagillot@yahoo.com (J. Gilloteaux).

04G-8166/8 - sex front matter © 2004 Elsevier Lid. All rights reserved.
doi:10.1016/j.tice.2004.01.006

—

Taper and coworkers (Taperetal., 1971, 1987, 1992, 1996;
Noto et al., 1989; De Loecker et al., 1993; Calderon et al.,
2002) demonstrated that co-administration of sodium ascor-
bate (Vitamin C or VC) and 2-methyl-1,4-naphthoquinone
{Vitamin K3 or VK3) toa variety of carcinoma cell lines and
tumors in a VC:VK; ratio of 100:1 resulted in equivalent an-
tineoplastic activity at concentrations that were 1050 times
lower than when either vitamin was administered alone,
Daoust and Taper have shown these tumors exhibit a char-
acteristic loss of one or more DNases and RNases and these
nucleases could be reactivated by a number of agents, includ-
ing Vitamins C and K3 (Daoust and Amano, 1963; Taper,
1967, 1980). Selective and sequential reactivation of DNase
I'by VK3 and DNase Il by VC, when the vitamins were ad-
ministered in combination, resulted in synergistic degrada-
tion of DNA and tumor regression (Taper et al., 1987, 2001)
and has been implicated along with oxidative stress resulting
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from the redox cycling of the vitamins in the mechanism of
action of the vitamin combination, The subsequent produc-
tion of reactive oxygen species (ROS) and the concomitant
damage to membranes and other lipid-rich cell strue-
tures, along with the oxidation of sulfhydryl (-SH} groups
and depletion of reduced glutathione (Begleiter, 1933;
Carbonera and Azzorne, 1988) produce irreversible damage
in the cancer cells which leads to autoschizis (Gilloteaux
et al., 1998a,b; Ervin et al., 1998; Jamison et al., 2002).

Autoschizis exhibits a unique set of morphological and
biomolecular alterations that distinguish it from apoptosis
and oncosis (Gilloteaux et al,, 1998a,b, 1999, 2001a,b,c.d,
2003a,b; Taper et al,, 2001; Jamison et al., 1996, 2001,
2002). Specifically, in bladder and prostate cancer cells, cy-
toplasmic self-excisions and the associated nuclear changes
result in the diminution of cell size, the disappearance of
chromatin from nucleolus and nucleoplasm and subsequent
nucleolar compaction and fragmentation durin g karyorrhexis
and karyolysis. During these events, DNA is degraded in
a random fashion similar to that occurring during necrosis.
The purpose of this report is to characterize the histochem-
ical and related cytological and ultrastructural changes in
MDAH 2774 humen ovarian carcinoma cells following their
exposure to the vitamins.

2. Materials and methods
2.1, Cell lines

Human foreskin fibroblasts were purchased from Bio-
Whittaker (MHRE, Walkersville, MD). Human ovarian

carcinoma cells (MDAH 2774) were purchased from the
American Type Culture Collection (ATCC, Rockville, MD).

The MDAH 2774 cell line was derived from the ascites

fluid of a patient with endometroid ovarian carcinoma who
had not received any chemotherapy or radiation prior the
collection of cancer cells. They were originally character-
ized at the MD Anderson Hospital and Tumor Institute,
Houston, TX and found to be hypotriploid (Freedman et al,,
1978). Both cell lines were cultured in Eagle’s Minimum
Essential Medium (MEM; Gibco Labs, Grand Island, NY)
supplemented with 10% heat inactivated fetal bovine serum
(FBS; Gibco), 50 pg/ml gentamicin sulfate (Sigma Chem-
ical Company, St. Louis, MO). All incubations, treatments
and microtiter tetrazolium (MTT) assays were performed
at 37°C and with 5% CO, unless other conditions are
stated.

2.2, Test solutions

Ascorbate sodium (Vitamin C or VC) and menadione
bisulfite (VK3) were purchased from Sigma Chemical
Company. For the cytotoxicity experiments, the vitamins
were dissolved in phosphate-buffered saline (PBS) to create
8000 uM VC, 500 1M VK3 and 8000 pM VC:80 uM VK;

test solutions. For the remainder of the studies, the vitamins
were dissolved in culture medium to create test solutions
with final concentrations of 2032 uM VC, 2032 uM VKs,
2032 uM VC:20.32uM VK3, In order to prevent pho-
todegradation of the vitamins, vitamin solution preparation
and all experiments were performed in a darkened laminar
flow hood.

2.3. Cytotoxicity assay

The cytoxicity assay was performed using the micro-
tetrazolium assay [MTT 3-(4,5-dimethylthiazo]-2-yl)—2,5-
dipheny!l-diphenyltetrazolium bromide] assay as described
previously (Venugopal et al, 1996b). Corning 96-well titer
plates were seeded with tumor cells (5 x 10° per well) and
incubated for 24 h. Vitamin test solutions were serially di-
luted with media in 12 two-fold dilutions. Each dilution was
added to seven wells of the titer plates and co-incubated
with the tumor cells for 3 days. After vitamin treatment
and the incubation period, cytotoxicity was evaluated us-
ing the MTT assay. Following linear regressicn, the line
of best fit was determined and the $50% cytotoxic dose
(CDsg) was caleulated. The fractional inhibitory concen-
tration index (FIC) was employed to evaluate synergism,
EIC = CD?Ocomb /CDsAoalone S CDglocomb /CD?Oanne, where
CDSAOaIO“"’ and CD?Oa["“e are 50% cytopathic doses of each
vitamin alone; CD;"Ocomb and CD?Ucornb are the 50% cyto-
pathic doses of the vitamins administered together,

2.4, Cell culture

Titer dishes were seeded with 1.0 % 105 MADH cells, and
the cells were allowed to attach and spread for 24 h at 37°C.
Following exposure of the MADH cell monolayers to each
vitamin alone and in combination, cells were harvested at 1-,
2-, and 3h intervals and processed for TEM observations,
DNA histochemical staining and DNA extraction to-study
degradation,

2.5. Histochemistry
b

Circular coverslips were seeded with MDAH cells
(1x10°) and incubated for 24 hat37 °C. The cells were then
overlaid for 1+, 2-, and 3 h with media containing vitamins
or with only media (Sham-treated group). All cells were
washed twice with PBS, fixed for 1 h in formalin at room
temperature and then washed three times for 5 min per wash
with PBS. Feulgen DNA staining was achieved through a
Schiff reaction according to the technique of de Tomasi
(1936) using the 8 min hydrolysis time advised by Bauer in
Pearse (1985) for the staining. No counterstain was used.
After rinsing and dehydration in graded ethanol, the prepa-
rations were cleared in xylene before mounting in synthetic
DPX medium.. Control slides that were not hydrolyzed nor
treated by Schiff after hydrolysis did not provide significant
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staining of the chromosomes of dividing cells nor the
DNA. All chemicals (at least 99% purity) were prepared
and used from the same containers and originated from
Fisher Scientific Co. (Pittsburgh, PA). Staining was accom-
plished simultaneously for all treated cells to avoid batch
specific variations in DNA solubilization and Feulgen stain-
ing (Duijndam and Van Duijn, 1975). All dehydration and
mountings were also made at the same time and in the same
room conditions of light and temperature (17-18 °C). After
a 2-h setting to allow polymerization of mounting medium,
all sections were stored in the dark at 4°C overnight and
examined the next day. Micrographs were taken under
immersion oil with an Olympus BX51 photomicroscope
(Olympus America, Melville, NY). All micrographs were
printed from Kodak Ektachrome 64T reversal film (Kedak,
Eastman Kodak Co., Rochester, NY) and prints were made
from slides by using same batch of paper and photographic
reagents.

2.6. Densitometry of Feulgen staining

Densitometric measurements were obtained from all cell
nuclei observed in the color micrographs printed from each
treatment by using a X-Rite 820 transmission/reflexion
densitomneter (Grand Rapids, MI) at the same temperature
and light intensity. Each of the nuclei reflectance intensity
measurement was collected from several sets of illustrations
printed per treatment (i.e. three series of 10 nuclei were
measured per treatment). Data were computed after sub-
traction of the background intensity. Measurements of re-
flectance units were averaged in a histogram representation
and presented with S.E.M. Despite the lack of a sophisti-
cated cytophotometric system in our laboratory, this simple
commercial equipment had an accuracy and stability allow-
ing repeatable measurements within 1% of each reading.

2.7. Statistical analysis of Feulgen staining

Following a 1-h vitamin exposure, the possibility of en-
hanced DNA degradation with the VC:VKs combination
was assessed by measuring decreases in the intensity of
Feulgen staining of tumor DNA by reflectance densito-
metry and comparing these decreases to those obtained
with either VC or VK3 alone. A two-way ANOVA was
used in which both vitamin treatments were crossed. The
single-degree-of-freedom interaction test of the effect of
the combination of VC and VK; followed directly from
this two-factor model. Ten DNA densitometric meastre-
ments of MDAH cells were obtained within each of three
Independent sites on the microscopic preparations for each
of the four conditions yielding 30 observations per exper-
imental condition. The analysis of variance modeled the
nesting of measurement within site (mixed modeling) so
that there were three primary units of aralysis (sites) for
each condition. A significance tevel of 0.05 was used for
the interaction test.

2.8. DNA gel electrophoresis

Five million MDAH 2774 cells and a similar number of
MHRF human foreskin fibroblasts were plated and allowed
to attach for 24 h, Cells were then exposed to the VC:VK;
combination (2032 uM VC:20.32 pM VK;3) for 4 h, washed
with PBS and scraped from the titer dishes. After centrifu-
gation at 1000 x g, the supernatant was discarded. The cell
pellets were resuspended in 0.4 m! digestion buffer (100 mM
NaCl, 10mM Tris-HCI pH 8.0, 25 mM EDTA, 0.5% 5DS,
0.1 mg/ml proteinase K). Proteins were removed by extrac-
tions with an equal volume of 50% equilibrated phenol, 48%
chloroform, 2% isoamyl alcohol (PCIA). Samples were vor-
texed for 30, then centrifuged for 5 min at 16,000 x gina
microcentrifuge. The aqueous phase was re-extracted with
equal volumes of PCIA until the interface between the or-
ganic and aqueous phases was transparent. Nucleic acids
were then precipitated from solution by adding sodivm ac-
etate pH 5.2 to a final concentration of 0.3 M and 1.5 vol. of
ethanol. Samples were centrifuged for 15 min at 16,000 x g
in a microcentrifuge, supernatant discarded and excess salts
removed by washing the pellet with cold 75% ethanol. Pel-
lets were dried, suspended again in 40 ! of 10 mM Tris—HC}
pH 8.0, 1 mM EDTA and 2 pl of 10 mg/ml RNase A. Five
microliters of the resulting preparation, representing DNA
from 6 x 10 cells, was run on a 0.6% agarose gel in
0.089M Tris-borate, 0.089M boric acid, 0.002M EDTA
{Sambrook et al., 1989), at 1 V/em for 18h. The gel was
then stained with ethidium bromide and analyzed by a Ko-
dak Electrophoresis and Documentation System 120 (East-
man Kodak Co., Rochester, NY).

2.9, For TEM

MADH cells cultivated in flasks were allowed to grow
as a monolayer and exposed either to VC alone, VK3 alone
or VC:VK3 combination for 1 h. Cells were washed in PBS
buffer, harvested and allow to sediment by slow centrifu-
gation (450-500rpm). After removal of the supernatant,
cells were fixed in 2.5% phosphate-buffered glutaralde-
hyde solution (with 0.13M sucrose-phosphate, pH 7.353,
modified Karnovsky method, 1967) for 30 min at room
temperature in 2 mm? microfuge tubes. After two 10-min
washes in sucrose-phosphate buffer and gentle sedimenta-
tion of a formed pellet of cells for each treatment, a 30-min
postfixation was in aqueous 1% osmium tetroxide solu-
tion, under a fume hoqd, and at room temperature. Pellets,
now contrasted by this postfixation, were washed twice for
10min in the same buffered solution before dehydration
and processing into PolyBed epoxy resin (Polysciences,
Warrington, PA). One-micrometer thick sections were then
stained in toluidine blue to select areas for ultramicrotomy.
These sections were collected on 75- and 100-mesh hexag-
onal copper grids (SPI, West Chester, PA), stained in uranyl
acetate and lead citrate, and examined in a Zeiss EM-10
TEM (Carl Zeiss, Thornwood, NY). The digitized images
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were obtained using an analySIS 2.1 software system®
{Soft Imaging System GmbH, Lakewood, CO and Miinster,
Germany) in the Pathology Department of the Childrens’
Hospital Medical Center of Akron, OH,

3. Results
3.1. Antiproliferative activity of the vitamins

Table 1 illustrates that vitamin treatment of the MDAH
cells resulted in a CDyp value of 1528 M for Vitamin
C, 41.8uM for Vitamin K; and 165 WM:1.65 uM for the
VC:VK3 combination. These results represent a nine-fold
decrease of the CDsg of Vitamin C and a 25-fold decrease
for Vitamin K3. Vitamin treatment of MHRF cells resulted
in a CDsp value of 8000 MM for Vitamin C, 500 uM for
Vitamin K3 and 1000 1M:10.0 uM for the VC:VK; combi-
nation. These resulis represent a eight-fold decrease of the
CDsp of Vitamin C and a 50-fold decrease for Vitamin Ks.
The CDsp value of the vitamin combination for the MHRF
fibroblasts is six-fold greater than CDgg value of the vitamin
combination for the MDAH cells (i.e. 1000 nM/165 M),
The fractional inhibitory concentration index (FIC) has been
used to evaluate the synergism of the vitamins. While an
FIC < 1.0 indicates that the combination is synergistic, an
FIC > 1.0 indicates the combination is antagonistic. An
FIC = 1.0 indicates the combination is indifferent. The EIC
for MDAH cells is 0.147, which is indicative of a synergis-
tic interaction of the vitamins. The FIC for MHRF cells is
0.145, which is also indicative of a synergistic interaction
of the vitamins.

3.2. Light microscopic DNA observations

Fig. 1 illustrates representative micrographs of Sham-
treated (CONT) and vitamin treated MDAH cells whose nu-
clei have been stained according to the Feulgen technique
for relative DNA content. The rows of mounted micrographs
display changes in Feulgen staining patterns following 1, 2
and 3 b treatment (columns) with culture medium {CONT),
VC alone, VK3 alone or with the VC:VK3 combination.

At all three time points, Feulgen stained CONT cells
are uniformly contrasted. These cells display ovoid ma-
genta nuclei surrounded by pale-lilac cytoplasms that are
non-specifically stained by the Schiff base during dehydra-

tion of the cells. The abundant cytoplasm of the control
cells enables one to see the multipolar shape of most of the
MDAH cells. These cells are superimposed on top of each
other that is indicative of the absence of contact inhibition.
In some favorable cases when the control cells are viewed
through immersion oil, many elongated, particulate struc-
tures that are probably mitochondria are visible,

Following VC treatment, MDAH cells show a lesser
degree of nuclear staining than control cells which is indica-
tive of diminished DNA content. After 1h VC-treatment,
well-stained marginated chromatin and large, oblong, poorly
stained, nucleolar masses are visible. Following 2h VC
treatment, many cells are smaller than in control cells owing
to a reduction in the cytoplasm. However, a small number
of cells with large diameters and very large nuclei can also
be seen. After 3h VC treatment, all nuclei are smaller than
control nuclei and the population of cells attached to the
coverslips is less numerous than for the 1 h- and 2h-VC
treatments. Exposure of the MDAH cells to VC resulted
in two populations of cells: those undergoing autoschizis
and those that have been blocked at Gy/S in the celi cy-
cie. By 3h VC treatment, many of the cells undergoing
autoschizis have detached from the coverslip leaving those
that are blocked. These blocked cells exhibit far less de-
rangement than the autoschizic cells (Von Gruenigen et al.,
2003).

After VK3 treatment, the nuclei are more intensely stained
than was the case following 1 h-VC treatment {see aver-
age reflectance in Fig. 2B). While the nuclei of the 1 and
2h VKj-treatment groups are still well stained, cell size
is reduced by the loss of cytoplasm via autoschizic exci-
sions (see in Fig. 1 VK3 1h and inserts). Some of these
cells display asymmetrical cytokinesis and clear-cut dotted
margination of chromatin (Fig. 1, VK3 1h, top insert). Af-
ter 2h-VK3 treatment, most cells appear smailer than both
the control cells and VC-treated cells due the excision of
Cytoplasmic pieces. Many of these cells exhibit marginated
chromatin with a reticulated pattern (Fig. 1 VK3 2h). The
large, pale, ovoid masses in these nuclei are the segregated
nucleclar ribonucleoproteins that are surrounded by blocks
of DNA—containing chromatin, Finally, after 3k of VK3
treatment, small MDAH cells are detected and consist of
poorly stained nuclei surrounded by well-delineated but nar-
row rims of cytoplasm,

After treatment with the VC:VK; combination, MDAH
cells exhibit a variety of cel] shapes. A time dependent re-

Table 1

Antitumor activity of vitamins

Cell line Vitamins alone Vitamins together Fractional inhibitory

tration (FIC

Vitamin C 50% Vitamin K3 50% Vitamin C 50% Vitamin K; 50% concentration (FIC)
cytotoxic dose (M) cytotoxic dose (uM) cytotoxic dose (uM) cytotoxic dose (M)

MDAH 1528 + 29 41.8  0.62 165 + 1.5 1.65 + 1.53 0.147

MRHF 8000 + 246 500+ 50 1000 £+ 28 . 10+£02 0.145
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Fig. 1. A color photomontage illustrates the Feulgen staining of the DNA of human ovarian carcinoma {MDAH 2774) cells. The treatment regimen
{Sham-treated (CONT). ascorbate (VC). menadione alore (VK1) or the vitamin combination (VC:VK;3)) is indicated on top of each column. The rows
correspond to exposure time (1-h {1h), 2-h (2h). and 3-h (3h)). Selected nuclei are denoted as “n™. Small wrrows indicate fuidic membrane extensions
while curved and straight arrows denote the self-excisions of eytoplasm. In VC:VK;-treated cells. extranuclear DNA can be seen in avtophagosomes.
The scale is [0pum in all micrographs.

duction in number of adherent cells and statning contrast for rounded by narrow rims of cytoplasm. After 2 h-VC: VK,
chromatin is also appareat. After | h of treatment (Fig. |, treatment, mest of the remaining cells are reduced in size and
VC:VK3 1h), the ongoing self-excisions and the progres- appear clustered in small groups. The nuclei of these cells
sive reduction of cell size that characterizes autoschizis are are stained a pale lilac color, demonstrating a significant loss

evident. One can notice a few cells reduced 10 nuclei sur- of DNA. Some Feulgen-stained material is located in the
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Relative DNA Content in MDAH 2774 cells
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cytoplasm that surrounds these poorly stained nuclei. The
inset of Fig. I VC:VK3 2h demonstrates intensely Feulgen
stained clumps of DNA among the unstained cytoplasm of
an MDAH cell that 15 undergoing autoschizis. This DNA
degradation and autoschizis is increased in the 3 h treatment
group where minute cells are seen to be undergoing fur-
ther cytoplasmic self-excisions as well as nuclear diminu-
tion and degradation. In this treatment group, the nuclear
mass is detectable as a poorly stained, pinkish chromatic
material.

3.3. Densitometric measurements

Measurements of the DNA in nuclei of MDAH cells were
made only after a 1-h vitamin exposure due to the abundance
of cell death, detachment and disintegration for longer vi-
tamin exposures. In Fig. 2A, the DNA staining intensity of
sham-treated {Control cells) is 32.5£1.127, The DNA stain-
ing intensity vatues for VC and VK3 alone are 21.6 4+ 1.127
and 32.6 + 1.127, while the DNA staining intensity of the
vitamin combination is 5.6 & 1.127. Notice that the aver-
age DNA level following VK3 is the same as in the control
group. By contrast, the DNA level following VC or VC:VK;
treatment is significantly lower than in the control group
(P < 0.0001). In addition the DNA intensity level following
VC:VK; treatment is significantly different from the DNA
intensity level following VC treatment (P < 0.03). The stan-
dard error values are all identica! because they were based
on a pooled variance estimate. '

3.4. DNA gel electrophoresis

In an effort to confirm that DNA was cleaved during
VC:VK;3 treatment, total DNA was extracted from MDAH
cells and MHRF human foreskin fibroblasts following sham
treatment or 4h treatment with the vitamin combination,
The DNA was then resolved electrophoretically as shown in
Fig. 2B. Lanes 2 and 3 contain the DNA of VC:VKs-treated
(VCK) and sham-treated (CNT) MHRF cells. The DNA
from the sham-treated MHRF cells appears as a single high
molecular weight band slightly below the well in which
it was loaded. Conversely, the DNA from VC:VK; treated
MHRF cells appears as a low molecular weight smear at
or below 200 bases. The DNA from sham-treated MDAH
cells also appears as a single high molecular weight band
slightly below the well in which it was loaded, while the
DNA from vitamin treated MDAH cells exhibits a spread
pattern. The absence of laddering in the vitamin-treated lanes
strongly suggests that VC:VKj-induced cell death is not
apoplosis.

3.5. Transmission electron microscopy

The sham-treated MDAH 2774 cells are round and poorly
differentiated with diameters between 15 and 35 m. Short
microvilli-like filopodia (1-1.5 um long) extend from the

cells and sometimes bifurcated. Most of the cytoplasm ap-
pears relatively electron dense owing to fine ribonucleo-
protein granules, while the peripheral cytoplasm contains
numerous glycogen-like particles, A few fat-containing
vacuoles can be deatected by the presence of a residual,
osmiophilic content. A large number of rough and smooth
endoplasmic cisternae are distributed throughout the re-
maining cytoplasm. The large nuclei appear ovoid or deeply
indented by a deep, narrow groove. Because of its large
size, only the edge of the intranuclear branching structure of
the nucleolus is often detected (Fig. 3). The overall nucleo-
plasm is euchromatic with the delicate thickening of the in-
ner nuclear membrane being clearly interrupted by nuclear
pores.

Aftera 1 h VC treatment (Fig. 4), the cells remain spher-
ical and are covered by numerous, long, slender microvilli
or filopodia. The largest, rounded cells display vacuolated
blisters (d < 1pm) and biebs. Following a 2 or 3h VC
treatment, these cells often show larger cytoplasmic defects
(Fig. 1 VC 2 or 3h), while nuclej appear more spheri-
cal and eventually show a discrete concavity. The nuclear
chromatin becomes patchier and forms condensates which
thicken the inner nuclear membrane without obstructing the
nuclear pores (Fig. 5). Moreover, the nucleolar-associated
chromatin has segregated outside the nucleolus in a circum-
ferential ring while the granular component appears as a
compact, electron-dense mass associated with a depression
of the nuclear envelope. The overall nucleoplasm appears
finely mottled with frothy vesicles and is suggestive of a
future karyorrhexis.

Following VK3 treatment, the cells are pleiomorphic.
While 1~1.5% of the cells are multinucleate, the majority
of the cells are uninucleate and appear either subspherical
with fusiform to elongate regions or spindle-shaped (Fig. 5).
Pieces of cytoplasm (d = 1.5-5 pm) and blisters of varying
size are in the process of being excised. Unlike apoptosis,
these cytoplasmic fragments do not contain any detectable
membranous organelles or any nuclear fragments (such as
apoptotic bodies). As a consequence of these progressive
self-excisions, cells diminish their size by more than one
third and leave organelles clustered around the nuclei in a
thin rim of cytoplasm.

Figs. 3-9 depict progressive nucleoplasmic alterations
that result from changes in the chromatin. The majority
of the cells exhibit well contrasted chromatin which deco-
rates the inner nuclear envelope in a layer 0.2-0.5 um thick
and remains associated with and penetrates a huge, round
nucleolus. !

Subsequently, these chromatic bodies become more ec-
centrically located and appear only as electron dense patches
along the nuclear envelope (Fig. 5). The final stage in the
process (Fig. 6) before karyorrhexis and karyolysis is the
swelling of the remaining organelles and nuclear envelope.

Following VC:VK3 treatment, alterations in cell ultra-
structure are a composite of those seen during individual vi-
tamin administration ard are observed in virtually every cell.
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Fig. 9. An enlarged TEM view of one MDAH ovarian carcinoma cell afier 1 h YC:VK; treatment shows a se
covered by chromatin {clear arrows). Swotlen mitochandria (m) difated rough ER {r) pieces and strings of inte

ihe nuclews. Scale equals 1 pm.

However, the alterations are exacerbated and occur more
-apidly (1h versus 3h) than with individual vitamin treat-
ment (Figs. 6-9). In addition to these changes. the majority
>f mitochondria exhibit condensed bodies in their matrices
vhile their inner and outer membranes apparently remain
ntact. The intermediate filaments of the cytoskeleton ap-
#ar in bundles surrounding the nucleus and the organelles.
‘inally, the rough endoplasmic reticulum, first to degranu-
Ae in case of cell injury, is maintained intact until near the
ompletion of autoschizis (Fig. 9).
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gregated nuclzolus as two compact masses
rmediate filaments (smali arows) surrourd

4. Discussion

4.1. Cancer cells and enzyme activities against reactive
oxygen species (ROS)

Tumor cells contain 10- to 100-fold lower catalase ac-
tivity than normal cells (Benade et al, 1969; Keller et al.,
1993). Similarly, cancer cells have been shown to have little
or no mitochondrial superoxide dismutase activity {Dionisi
et al., 1975). This relative absence of free radical detoxi-
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fying €nzymes in tumor cejls Suggests that these cells may
be more Susceptible to the Cytotoxic effects of ROS than
non-tumor cells,

4.2, The antiproliferative activity of ascorbate {VCj
treatment

VC has been shown to inhibit cancer ce]) growth in vitrg
{Benade et al,, 1969; Yamafuji et al, 1971; Leung et al,,
1993; Gilloteayx et al,, 19984, 2001b) and in vivo (Varga
and Airoldi, 1983; Taper et al,, 2001, etc). v also specif-
ically kilis tumor cejls (Benade et al,, 1969; Bram and
Fridovich, 1981: Leung et al,, 1993; Sakagami and Satoh,
1997). Because of its tumor specific Cytotoxicity, it has been
Suggested that VC alope or in conjunction with traditional
chemotherapeutic fegimens may prolong the life of cancer
patients (Yamafuji etal, 1971; Cameron and Pauling, 1976;
Cameron et al,, 1979; Tsao et al,, 1988: Taper et al,, 1987,
1996, 2001; Riordan et al,, 1995. Gilloteaux et al, 2001b;
Jamison et al,, 2001).

VC in the form of ascorbate preferentially accumy-

lates and js metabolized a5 ascorbate salts by cancer cells

be oxidized either by single- or two-electron trapgfer and
can be converted back to ascorbate by NADH-dependent
semihydroascorbate reductase or glutathione—dependent de-
hydroascorbate reductase (Koch and Biaglow, 1978; De
Laurenzi et al., 1995). This cyeling process creates intra-
cellular Hs0, and other ROS that deplete cellular thiol
levels, initjate membrane lipid peroxidation and leads to
the rapid elevation of intracellu)ar calcium levelg (Farber,
1982; Farber etal., 1990; Sakagami apd Saton, 1997). In the
presence of iron o catalase inhibitors, these VC-induced
peroxidations increase dramatically (Benade et al., 1969;
Chakraborty et al, 2001). The peroxidative action of
VC-induced ROS on ce]l membranes (Taper et al, 1987:
Lupu]escu, 1992: De Laurenzj et al,, 1995} is oBserved in
some metaholic changes (Venugopal etal, 1996a,b}, and as
blister angd bleb fotmation, decreased membrane viscosity
(Gilloteaux et al., 1998a,b,c,d, 1999, 2001a,b,c): or mito-
chondrial damage (Gilloteaux et al., 1995, Jamison et al,,
1997). Once cellular membrane integrity s compromised,
free calcium level rises ip the cancer cejj and interferes

etal, 1976; Lesko et al., 1980: Bram and Fridovich, 1981;
Lupulescy, 199n.

4.3, The antiproliferative activity of menadione freatment

VK3 is a Synthetic derivative of Vitamin Ky, it exhibis
antiproliferative activity against liver, cervix, nasopharynx,

colon, fung, Stomach, breast, leukemia and lymphoma cei
lines (Prasad et al, 1979; Nutter ¢t al, 1991; wu et al.
1993a,b). At least a portion of thisg antiproliferative actjy
ity may be dye to the ability of VK3 to induce cell cycl
arrest or delay at both the G/S and G2/M phases of the
cell cycle (Wu et al, 19934,5: Jamison et al,, 1996, 2004),
However, VK3 has also been shown (o be Cytotoxic to 3
variety of urological tumors with another Mmechanism of ac.
tion being responsible for the Cytotoxicity (Venugopal et a)_
1996a,b; Ervin et al., 1998. Gilloteaux et al., 1998a,b,c 4.
1999, 2001a,b,c,d; Taper et al., 2001). VK3 can be reduced
intracel[ula.rly via one- 1o two-electron transfer to form a

toxic ROS via Mmetal-catalyzed reactions (Venugopa] et al.,
1996a,b, 1997, Jamison et al, 2001, 2002), Consequently,

mediate filaments, lamins and keratin (Sanger and Sanger,
1983; Hinshaw et al., 1986: Yang et al., 1994, Maraldi
et al., 1998; Minamitsuji~Mochizuki et al, 1999). Conse.
quently, the cells acquire an elongate to fusiform shape and
shed smait ang large Cytoplasmic fragments {Belloma et al,,
1990; Malorni ct al,, 1991: wy et al,, 1993a,b), Mitochon-

"drial and nuclear architecture is alsg disrupted (Wu et al,,

1993a,h; Jamison et al., 1997: Gilloteauy et al., 20014).
Comp!ementary to these effects, VK3 has been shown to
damage DNA {Ngo et al,, 19913} and to reactivate DNase
I activity ip tumor cells where DNase I g known 1o be
inhibited (Taper et al,, 2001).

44 The antiproliferative activity of the vc. VK3
combination

The vitamin combination has beep shown to exhibjt Syner-
gistic in vitro antiproliferative activity against liver, endome-
trial, oral epidermo'i‘d, breast apd a wide variety of human
urologic tumor cejj lines as well 45 i vivo antiproliferative
activity against liver and prostate capeer (Taper et al, 1987;
Jamison et al., 2001). At leags a portion of this antiprolif.
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- Finally, the spread DNA pattern following electrophoresis
(Fig. 2B) suggests that DNA degradation was not part of an
apoptotic process. While these results are consistent with the
sequential reactivation of both DNase I and I (Taper et al,,
1987, 2001), they do not preclude the possibility that the
decreased Feulgen staining may be related 1o ROS-induced
DNA damage stemming from an increased rate of redox ¢y-
cling. Therefore, additional experiments must be performed
to unequivocally determine the mechanism responsible for
this DNA degradation.

In previous in vivo studies, sub-therapeutic doses of VC
and VK3 were administered to the test animals so that the
vitamins only exerted their cytotoxic effects when both vi-
tamins were present together in the tumor cells, Under these
conditions, selective and sequential reactivation of DNase ]
by VK3 and DNase II by VC in the vitamin combination,
resulted in synergistic degradation of DNA and tumor re-
gression (Taper et al., 1987, 2001). To simulate these condi-
tions in vitro and to ensure that we did not miss the window
of activity and synergism, the vitamins were administered
at concentrations where one vitamin alone (VC) was active,
while the other vitamin (VK3) was only marginally active.
MTT cytotoxicity assays with the vitamins produced CDs
values of 1528 uM for Vitamin C, 41.8 uM for Vitamin Kj
and 165 pM/1.65 uM for the VC:VK; combination, There-
fore, the dose of VC used in the current study (2032 uM)
was slightly greater than CDsy value of 1528 uM. To main-
tain VC:VK;3 ratio of 100:1, 2032 uM VK3 was used,
Since the CDsy of VK; is 41.8 M and the dose of VK;
employed in this study is 20,32 M, the activity of the VK;
is ‘expected to be much less than the activity of the VC.
Indeed, VC treatment produces a significant decrease in
Feulgen staining of DNA, while VKj treatment has litide
effect on Feulgen staining. However, when VK3 is admin-
istered with VC, there is an additional significant decrease
in Feulgen staining of DNA beyond what is observed for
VC alone.

4.5. Specificity of the antiproliferative and antitumor
response of the VC:VK3 combination

The results of this study demonstrated that the CDsq value
of the vitamin combination for the MHRF fibroblasts is
six-fold greater than CDsp value of the vitamin combination
for the MDAH celis. These results agree with those of Zhang
st al. (2001) who showed that while VC and VK; induced
‘yhergistic cytotoxicity against fibroblasts as well as tumor
sells, fibroblasts were not as sensitive to the cytotoxic effects
df the vitamins as the tumor cells. In addition, in the current
study, the FIC values for the MDAH cells and the MHRF
ells are nearly identical (0.147 versus 0.145). These results
uggest that once cytotoxic doses are reached in non-tumor
ells, the vitamins exhibit the sarne type of synergistic
2Xicity observed in tumor cells. Since the CDsq value for
‘C:VK; treated MHRF cells is 1000 1M:10.0 uM and the
itamins were administered at a dose of 2032 uM:20.32 pM,
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one would expect to see some cytotoxicity in the fibrob-
lasts. In fact, a low molecular weight smear is seen in Fig.
2B when total DNA of MHRF cells is examined.

These in vitro results Suggest a very narrow therapeutic
window for the vitamin combination, However, the results of
in vivo studies demonstrated that administration of clinically
attainable doses of oral vitamins could significantly reduce
the growth rate of solid prostate cancer tumors in nude mice
without any significant bone marrow toxicity, changes in or-
gan weight or pathological changes of these organs (Jamison
et al, 2001). Likewise, no toxicity was observed when im-
munocompetent mice were given the vitamin coimbination
daily at the same dose as described previously for | year
(Ricchiuti et al., 2003).

4.6. Autoschizis, a new Jorm of cell death, and
histochemical changes Suggests a potentially important
ovarian cancer treatment

Several trends are evident from this study. First, there
is a significant decrease in the viable adherent cell pop-
ulation in the sequence Sham-Control > VC > VK3 >
VC:VK;. Second, cell diameters decrease from 15-35 to
7-12 pm in the same Sequence. Third, extreme pleiomor-
phism, cell damage, and progressive self-morsellation re-
sults from vitamin treatment in the order VC:VK3 > VK; >
VC > Sham-Control. Ultrastructural damages appear to cor-
relate at least qualitatively with decreases in Feulgen staining
(DNA content), self-morsellation and DNA damage in the
sequence VC:VK; > VC = VK3 > Sham-Control. Fourth,
plasma membrane and intracellular membrane damage, ex-
treme mitochondrial defects, including swelling and some
cytoskeletal defects increase following vitamin treatment in
the sequence VC:VK; > VO » VK3 > Sham-Control.
Fifth, progressive nuclear changes (from redistribution of
euchromatin producing a thin margin of DNA along the
nuclear envelope and dissolution) and nucleolar changes
(from branching to compaction, segregation and crystalliza-
tion of the ribonucleoproteins into a single round body)
are seen following vitamin administration in the sequence
VC:VK3 > VC > VK3 > Sham-Control, These processes
contribute to cell death by autoschizis (Gilloteaux et al.,
1995, 1998a,b, 2001a,b,c.d, 2003a,b; Jamison et al., 1996,
2001, 2002, 2004; Venugopal et al., 1996a,b; Ervin et al,
1998). In addition, the results of two other studies indi-
cate that VC:VKjz autoschizis in MDAH cells is more fre-
quent than apoptosis or oncotic necrosis (Gilloteaux et al.,
2003a,b). !
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