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ABSTRACT

Scanning (SEM) and transmission electron microscopy (TEM) were used to characterize the cytotoxic effects
of ascorbate (VC), menadione (VK3), or a VC:VK3; combination on a human prostate carcinoma cell line (DU145)
following a 1-h vitamin treatment and a subsequent 24-h incubation in culture medium. Cell alterations
examined by light and electron microscopy were treatment-dependent with VC VK;4VK;4VC4Sham.
Oxidative stress-induced damage was found in most organelles. This report describes injuries in the tumor cell
nucleus (chromatin and nucleolus), mitochondria, endomembranes, lysosomal bodies (autophagocytoses) and
inclusions. Morphologic alterations suggest that cytoskeleton damage is likely responsible for the superficial
cytoplasmic changes, including major changes in cell shape and size and the self-excising phenomena. Unlike
apoptotic bodies, the excised pieces contain ribonucleoproteins, but not organelles. These deleterious events
cause a progressive, significant reduction in the tumor cell size. During nuclear alterations, the nuclei maintain
their envelope during chromatolysis and karyolysis until cell death, while nucleoli undergo a characteristic
segregation of their components. In addition, changes in fat and glycogen storage are consistent the cytotoxic
and metabolic alterations caused by the respective treatments. All cellular ultrastructural changes are consistent
with cell death by autoschizis and not apoptosis or other kinds of cell death.
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Prostate cancer is one of the most frequently diag-
nosed cancers in males throughout the world [1 3].
In the US or European countries, it is already the
second leading cause of cancer-related mortality [3]
and its frequency and mortality rate has increased
over the past 40 years. Advances in screening and
diagnosis have allowed detection of the disease in the
early stages and led to the development of therapeutic
options that can be curative including surgery and

radiation [4,5]. However, for late-stage disseminated
disease, current therapies are merely palliative [6].
For example, while androgen ablation (the first line
of treatment for patients with prostatic carcinoma)
[7] produces a good initial response in 80 90% of
patients with metastatic disease, remissions last
only 2 3 years and then the patients progress to
an androgen-insensitive phase of disease with a
worse prognosis. Likewise, chemotherapy, the
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second line of treatment, produces a subjective,
short-term improvement and is not well tolerated
by the patients [8]. These shortcomings call atten-
tion to a need for developing of an effective and
efficient regimen for treating hormone-independent
prostate cancer [9].

Previous studies have evaluated the antitumor
activity of ascorbate (vitamin C or VC) and mena-
dione alone (vitamin K3 or VKj). Furthermore, the
antitumor activity of a VC and VK3 combination has
been evaluated against a series of human carcinomas
cell lines, including DU145, which is an androgen-
independent prostate cancer cell line. In those
studies, the VC and VK3 combination exhibited
higher cytotoxic action than either vitamin alone
[10 44]. In the DU145 cell line, the mechanism of
the cytotoxic and anticancer action of VC:VKj3 were
also studied using electron microscopy, flow cytome-
try as well as molecular techniques [18,29,35,36].
Subsequently, the in vivo antitumor activity of the
VC and VK3 combination was examined in nude mice
[14,15,28,40].

In this report, SEM and TEM have been
employed to examine the cytological changes and
damage induced by the in vitro exposure of DU145
cells to ascorbate and menadione in order to better
understand the vitamin-induced, ultrastructural,
cytotoxic changes observed in treating DU145
xenotransplants in nude mice that were observed
in another study. Specifically, descriptions of the
changes in overall cell morphology and the cell
surface are followed by descriptions of the changes
in the nucleus and nucleolus, the mitochondria, the
lysosomes and other subcellular components and
inclusions. While other forms of cell death can
occur in vitro in the bladder [19,21,22] and ovarian
carcinomas [23 27] as well as in the solid xeno-
transplants [40,41], the major consequences of this
cell damage are tumor cell shrinkage and cell death
primarily by a process we named autoschizis
[19,21,22,28,32,43].

MATERIALS AND METHODS
The cell line

Human prostate carcinoma (DU145) cells were pur-
chased from the American Type Cuture Collection
(ATCC, Rockville, MD). After reception of the frozen
cells, they were thawed and centrifuged at 1000 rpm
for 10 min. Following removal of the supernatant,
DU145 cells were resuspended in 90% Minimum
Eagle Medium (MEM, Eagle; Gibco Labs, Grand
Island, NY) supplemented with 10% Fetal Bovine
Serum (FBS) and 50mg/mL gentamycin sulfate
(Sigma Chem Co, St Louis, MO) and cultured at
37 C in 5% CO,. Ascorbate sodium (VC) and
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menadione bisulfite (VK3;) were purchased from
Sigma Chemical Company (St Louis, MO) and were
dissolved in phosphate-buffered saline (PBS) to create
8000mM VC, 500 mM VK3 and 8000 mM VC/80mM VK3
test solutions.

Treatment of cells

Two 12-mm circular glass coverslips or two 100-mesh
gold grids were placed in a 35mm Petri dish. Each
dish was seeded with 1.0 10° DU145 cells sus-
pended in MEM containing 10% FBS. After 24-h
incubation at 37 C in 5% CO,, the MEM was removed
and cells were washed once with 3mL of PBS (pH
7.2). Cells were then overlaid with either 6007 mM
ascorbate sodium (VC), 77.2mM menadione bisulfite
(VK3), or VC:VK3; mixture (312mM: 3.1mM) combina-
tion. These values correspond to the CDsq doses
for the vitamins following a 1h exposure time as
determined by a microtetrazolium (MTT) assay
[18,29,35,36].

Collection of cells for microscopic
examination

MEM-treated cells were used as the Sham-treated
control. After 1 h of incubation at 37 C and 5% CO,,
the supernatant was removed and the cells were
rapidly washed twice with 3mL of PBS. Glass
coverslips and grids covered by DU145 cells were
transferred to another Petri dish with two 100-mesh
gold grids to be examined with SEM. The DU145
cells that adhered to Petri dishes following all
treatments were harvested by soaking them free
from the monolayer with No-Zyme (JRH Bioscience,
Lenexa, KS), centrifuged at 1000rpm for 10min
and then prepared for transmision electron micro-
scopy (TEM).

Scanning electron microscopy

After each of the treatments, the DU145 cells were
fixed at room temperature (18 C) for 1h by immer-
sion in 3.2% glutaraldehyde-buffered solution (0.1 M
Na cacodylate, pH 7.32). After two rapid rinses
in sucrose cacodylate buffer (SC), the samples were
post-fixed for 30min at room temperature in 1%
aqueous osmium tetroxide:ruthenium tetroxide (1:1).
Following fixation, the samplers were washed
four times in SC buffer and dehydrated through
graded ethanol. Critical-point drying and sputter-
coating were performed as described in [18].
Gold-coated samples were observed with a Jeol
JSM-35C SEM set at 15kV emission of accelerating
voltage.
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Transmission electron microscopy

The pelleted cells and the cells on coverslips were
washed in SC buffer before they were dehydrated by
graded ethanol and embedded in PolyBed epoxy resin
(Polysciences, Warrington, PA). Sections of 1mm in
thickness were stained by toluidine blue, and selected
areas were ultrathin cut of about 400 550 nm thick-
ness, collected on 75- and 100-mesh hexagonal copper
grids (SPI Supplies, West Chester, PA). The sections
were then contrasted by uranyl acetate and lead
citrate prior to examination in the Jeol 100S transmis-
sion electron microscope operated at an accelerating
voltage of 80 kV.

RESULTS

Fine structure of Sham or untreated nega-
tive control DU145 cells: Figures 1(A-C),
2(A-C), and 3(A-F)

Figure 1 illustrates SEM views of aggregated and
overlapping DU145 cells as they appear in culture.
These cells are often pleiomorphic, polygonal and
nearly confluent with some spherical shapes (due to
cell division) with diameters ranging from 12 to
17mm. In this effect, tumor cells exhibit a squamous
aspect and, when stretched on the culture support,
can reach diameters up to 25 to 35mm. Detailed views
of their abundant microvilli and interdigitating,
corrugated lamellipodia-like extensions of the surface
are observed in Figure 1(B) and (C). Even though
troughs or crevice-like spaces seem to separate
adjacent cells (Figure 1C, and in the A area of Figure
1A), the demarcation of each cell remains unclear and
some cell overlap or at least discrete contacts appears
to occur.

Figures 2(A C) and 3(A F) illustrate the TEM
aspects of Sham-treated DU145. Tumor cells can be
found in clumps and collected regardless of whether
they were cultured on cover slips or harvested and
pelleted for TEM. They resemble the aggregated
arrangements seen in SEM with intercellular spaces
and few to no specialized, intercellular, contacts.
While Sham-treated cells are pleiomorphic, they
maintain a semblance of a polygonal profile and
possess a uniform coating of simple to multifurcate
microvilli and/or filopodia which are 0.5 to 2.5mm in
length (Figures 2A, 3B C and E). While the majority of
microvilli have a narrow root and tenuous stem, some
of the longest ones possess a wide, irregular-sized
base and tenuous extension(s). The complex cell coat
with multifurcate pattern often intermingles with the
cytoplasmic extensions of adjacent cells (Figure 2B).
Rare, specialized contacts are found in cytoplasmic
extensions less than 0.5mm in length (Figure 2C).
Finally, the cell membranes do not appear to show any

damage due to centrifugation or cell processing for
TEM, except for minute foamy whorls that rarely
decorates the cell profiles (Figures 2A, 3B and E).

The nuclei of Sham-treated cells appears spherical,
is usually deeply indented and resembles those in
found in xenotransplanted DU145 tumors in nude
mice [40]. The nuclear to cytoplasmic ratio is also high
(Figures 2A and 3A). In most cells, the nuclei are
euchromatic and contain a nucleolus that is large and
branching and is associated with one trough of the
invaginated envelope. Each nucleolus is rich in
nucleolar organizer centers or NORs which is char-
acteristic of highly active, transcribing cells. It is
common to find annulate lamellae in the perikaryal
areas (Figure 2D).

The most numerous cytoplasmic organelles are the
mitochondria which mingle with smooth and rough
endoplasmic reticulum (SER and RER) networks and
often appear as slender, branching, elongate to
cylindrical structures with a few cristae and pale
matrices (Figures 2A, E and 3A, F). It is quite
difficult to detect a Golgi apparatus as illustrated in
Figure 3(D). The numerous electron dense bodies
(d=0.2 2.5mm) distributed among other organelles in
the perikaryal areas likely represent the lysosomal
bodies. Many of the cells contain vacuoles of diverse
size (Figure 2A) located near glycogen patches and
round, lipid droplets (d=0.2 1.5mm). These lipid
deposits are found in the outermost regions of
the cell cytoplasm and occur either individually or
as doublets groups which fuse together (Figures 2A,
3A C). The vacuoles themselves may be fatty deposits
which were extracted during the processing of the
samples. In some cases, at higher magnification, one
can see fatty storage droplets adjacent to or inside
glycogen patches (Figures 2A, 3B C). Furthermore, in
some sections, it is possible to detect keratin filaments
near the edge of cells (Figure 3C) or within the
lamellipodia (Figure 3E). The glycogen patches are
numerous and appear as poorly contrasted areas of
the cytosol. Polyribosomes and isolated ribosomal
particles are observed throughout the same cyto-
plasm. It is not uncommon to find annulate lamellae
in the perikaryal areas (Figure 2D).

Injuries caused by ascorbate-
or VC-treatment in DU145 cells:
Figures 1(D-F), 4(A-D), and 11(C)

SEM images illustrate that, in contrast with
Sham-treated DU145 cells which are pleiomorphic,
ascorbate-treated DU145 cells are more often spheri-
cal. VC-treated cells possess cell coats with numerous,
long microvilli (some reaching 2.5mm in length) as
well as ruffles or shorter lamellipodia, while Sham-
treated cells exhibit by either club-shaped or round,
globular cell projections (Figure 1D F).
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FIGURE 1. A J: SEM represents selected views of DU145 carcinoma cells following Sham- (A C), VC (D F), VK3 (G H) and VC:VK3
(I J) treatments. A C: Sham-treated cells display a pavimentous morphology and are coated by innumerable microvilli and long,
narrow lamellipodia along the cell s edges. These surface projections intermingle with each other adjacent cells. The scale in A is 5mm,
while the scales in B C are 1Lmm. D F: Ascorbate-treated cells exhibit a more spherical morphology and microvilli with pointed edges
(in D and F) and lamellipodia with bulbous ends. (E). Cell debris can be found adjacent to cells and coating their surfaces (in F).
The scale bar in D is 10mm and in E F the bar is 1mm. G H: VK3-treated cells are visible as either isolated cells or clumps of cells (G).
In H, one can see the heterogeneous cell surfaces of two adjacent cells. One cell displays a smooth surface with large blebs, while the
other cell possesses lamellipodia with bulbous, dilated ends and resembles the cells in pane E. The scale bar in G is 10mm while
the scale in H is 1mm. | J: Cells obtained following exposure to the VC:VK3 combination. Pane | shows a self-excising cell attached to a
golden bar grid. Pane J shows a cell undergoing autoschizis. The cell is self-excising large cytoplasm pieces like petals of a flower,
while the main cell covering is made of microvilli and lamellipodia. The scale bars in | and J are 10mm.
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FIGURE 2. A C: TEM aspects of Sham-treated DU145 carcinoma cells. A: This low magnification micrograph demonstrates the
pleiomorphism and the high nuclear: cytoplasm ratio of these cells. The loose cells aggregation shows poorly differentiated cell
junctions (curved arrows). Most contacts between cells are through intricate intermingling of the cell surface extensions. Notice the
deeply indented nuclei and their branching nucleoli, the mitochondria population, glycogen (gl) and fatty storage droplets (*). B C:
Both panes shows perikaryal areas containing dispersed rough ER, ribonucleoproteins and glycogen and illustrate in B: A well-
contrasted, elongated and quasi-orthodox mitochondrion; in C: A typical annulate lamellae (al) adjacent to a large, low-contrasted
mitochondrion. Notice that the perinuclear space is filled with some fine, contrasted material. All scale bars equal 1 mm.

While the TEM views suggest that ascorbate-
treated cells are similar in size to Sham-treated, cell
remnants found in the intercellular spaces are
indicative of self-excisions. However, there were
not a sufficient number of cells available to verify
this phenomenon. As was the case in the SEM views,
VC-treated cells appeared more spherical than
the polygonal profiles seen in the Sham-treated cells
(Figure 4A C). The cell coats of VC-treated cells were
highly variable with some cells exhibiting abundant

microvilli (Figure 4A C), while others were devoid of
microvilli and showed only folded, smooth surfaces
(Figure 4B). In many cases, the cell surfaces demon-
strated smaller filopodia than the sham-treated ones.
The cells with smooth surfaces displayed only minute
distortions with the coating extensions less than 50 nm
in length.

Following ascorbate treatment, the nuclear profiles
did not show the deep invaginations that were seen
in Sham DU145 nuclei. Instead, the invaginations in
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FIGURE 3. A F: TEM views of organelles and storage products of sham-treated cells. A: This low magnification view of the tumor
cells illustrates their scant cytoplasm, indented nuclei, prominent nucleoli; glycogen patches and fat droplets that appear a small
vacuoles throughout the cytoplasm. B C: Higher magnification views of fat (*) and glycogen deposits which are solitary or associated
with and within one another. In C arrow marks a thick bundle of cytokeratin filaments. D: An example of a small Golgi apparatus
which is usually poorly defined. E: This pane represents a thick cell extension with its cytokeratin cytoskeleton (arrow). F: This pane
shows a cytoplasmic glycogen patch surrounded by polysomes, smooth ER and mitochondria. All the scales in A C are 1mm and the

scales in D to F equal 200 nm.

the round to oblong nuclear profiles were larger with
broader openings to the cytoplasm. Nucleoli can be
seen among a thin, marbled, euchromatic nucleo-
plasm. Sometimes, the nucleoli become associated
with the nuclear membrane near the invaginations as
if they were thick heterochromatin (Figure 4C).
In general, the nucleoli were more compact than
in the Sham cells. However, because of their branch-
ing morphology coupled with the random direction
of sectioning, their appearance may be highly
variable and range from strongly contrasted, dense
compact masses with innumerable, narrow interstices
(Figure 4A) to as compact masses which lack
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interstices, nucleolar organizer regions (NORs) and
dense fibrillar regions (Figure 4B).

Among the other organelles, the pale-contrasted
mitochondria stand out against the fine, ribosome-
rich, granulated and contrasted cytosol. Contrarily to
the Sham-treated cells, the mitochondria showed
almost wash-out cristae. Furthermore, majority of
the mitochondria exhibit whorl-like inner membrane
defects and contain electron dense deposits in their
matrices (Figure 4A B). At higher magnification,
fields of ribosomes were seen in the cytoplasm.
In Figure 4(D), degranulated RER networks extends
into SER structures. Similarly, lysosomal bodies can be
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