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ABSTRACT

Previous work from our laboratory indicated that the bile salt, sodium deoxy-
cholate (NaDOC), induces apoptosis in cultured cells and in normal goblet cells of the
colonic mucosa, and that the normal-appearing flat mucosa of patients with colon cancer
exhibits apoptosis resistance. Secondary bile acids are known promoters of colon cancer,
but the mechanism by which they promote cancer is still largely unknown. We have
shown that a high physiologic concentration (0.5 mM) of NaDOC activates the redox-
sensitive transcription factor, NF-xB, and also causes the formation of nitrotyrosine
residues, a footprint for the formation of reactive nitrogen species, including
peroxynitrite, in plasma membrane-associated proteins of cells. These observations
indicate that this bile salt induces oxidative stress within the cells. Since peroxynitrite is
formed from the reaction between nitric oxide and superoxide anion, we specifically
looked at the role of nitric oxide and superoxide anion in NaDOC-induced apoptosis.
Pretreatment of cells with the following inhibitor/antioxidants was found to sensitize
cells to apoptosis induced by 0.5 mM NaDOC: L-NAME (N-nitro-L-arginine methyl
ester), an inhibitor of nitric oxide synthase, CuDIPSH, a superoxide dismutase mimetic
compound, Trolox, a water-soluble analog of a-tocopherol, Melatonin, a fat and water
soluble antioxidant, N-acetyl-cysteine, a GSH enhancer, U-74389G, a lazeroid that
inhibits superoxide anion and free radical lipid peroxidation and U83836E, a lazeroid

that is 100X more potent than trolox, alone, or in combination. We also investigated the
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effects of inhibitors of certain pathways known to generate ROS, mitochondrial
complexes I and II of the electron transport chain and arachidonic acid metabolism, on
bile salt-induced apoptosis. Both rotenone and TTFA, inhibitors of mitochondrial
complex I and complex II respectively, protected HT-29 cells from NaDOC-induced
apoptosis. The inhibitor of COX-1, Sulindac sulfide, sensitized cells to NaDOC-induced
apoptosis and so did the combination of the COX-2 and LOX inhibitors, NS-398 and
esculetin. These results suggest that nitric oxide and reactive oxygen species (ROS) may
be part of a signaling pathway that protects against apoptosis. The results also indicate
that antioxidants may enhance the activity of anti-cancer chemotherapeutic agents that

act by inducing apoptosis in cancer cells.
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PART 1 - Oxidative Stress and Colon Cancer

Introduction

Colorectal cancers are the third most common cancers in men and women.
According to the American Cancer Society, an estimated 130,200 new cases of colorectal
cancer will be diagnosed in 2000, including 93,800 of colon cancer and 36,400 of rectal
cancer. Incidence rates declined significantly during 1992-1996 (-2.1% per year).
Research suggests that these declines may be due to increased screening and polyp
removal, preventing progression of polyps to invasive cancers. In 2000 there will be an
estimated 56,300 deaths (47,700 from colon cancer, 8,600 from rectal cancer),
accounting for about 11% of cancer deaths. Mortality rates for colorectal cancer have
also declined for men and women over the past 20 years. This decrease probably reflects
the decreasing trends in incidence rates and the increasing survival rates. The 1- and 5-
year relative survival rates for patients with colon and rectum cancer are 80% and 61%,
respectively. When colorectal cancers are detected in an early, localized stage, the S-year
relative survival rate is 90%; however, only 37% of colorectal cancers are discovered at
that stage. After the cancer has spread regionally to involve adjacent organs or lymph
nodes, the rate drops to 65%. The 5-year survival rate for persons with distant metastases
is 8%. Survival continues to decline beyond five years, and 54% of persons diagnosed

with colorectal cancers survive 10 years. Colon cancer appears to result from the
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accumulation of mutations in oncogenes and tumor suppressor genes (Fearon and
Vogelstein, 1990).

Bile acids are natural detergents made in the liver from cholesterol (Reddy, 1981;
Cohen and Mosbach, 1986; Hill, 1986) and secreted into the intestine to emulsify fat as
an aid to digestion. Bile acids are deconjugated and dehydroxylated by bacterial
microflora to form more hydrophobic bile acids (Ling, 1995). These secondary bile
acids are promoters of colon cancer (Reddy ef al., 1977), but the mechanism by which
they promote cancer is still largely unknown. Previous work from our laboratory
(Kandell and Bernstein, 1991; Zheng er al., 1996; Payne ef al., 1998) and others
(Kulkarni er al., 1982; Venturi et al., 1997; Pool-Zobel and Leucht, 1997) indicate that
bile acids cause DNA damage. Among the bile acids in human feces, deoxycholic acid
(DOC) is present in the highest concentration (Allinger er a/, 1989), with up to 0.78 mM
present in the fecal water of individuals consuming a high fat diet (Stadler ez al., 1988).
We previously reported that the sodium salt of DOC (NaDOC), at the high physiologic
concentrations that accompany a high fat, low fiber diet, induces apoptosis in colonic
epithelial cells of the normal-appearing flat mucosa from normal subjects (Payne er al.,
1995a). We also found that the normal-appearing flat mucosa of patients with colon
cancer or at risk for colon cancer displays resistance to NaDOC-induced apoptosis
(Payne et al., 1995a; Garewal er al., 1996; Bernstein e al., 1999a). Reduced ability to
undergo apoptosis is, itself, a risk factor in colon cancer development (Magnuson er al.,

1994; Bedi et al., 1995; Williams ez al., 1996) and metastatic potential (Glinsky and
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Glinsky, 1996). We postulated that excessive, frequent, and long-term induction of
apoptosis could lead to the selection of apoptosis-resistant cells in the colon (Payne e? al.,
1995; Garewal et al., 1996). One signal that triggers apoptosis is the presence of
unrepaired DNA damage. Replication past DNA damages can lead to mutations. Some
of these mutations may occur in tumor suppressor genes, thus leading to colon cancer.
The occurrence of apoptosis subsequent to sustained DNA damage therefore prevents a
damaged cell from replicating and becoming malignant.

A possible mechanism by which bile acids may induce apoptosis is through the
generation of reactive oxygen species (Venturi ef al., 1997; Derubertis et al., 1984;
Craven et al., 1987; Sokol et al., 1993; Sandau er al., 1997). Evidence for bile acid-
induced oxidative damage, specifically to DNA, was obtained using the comet assay in
conjunction with E. coli endonuclease III, an enzyme which nicks DNA at sites of
oxidized pyrimidines (Venturi ef al., 1997). Recent work from our laboratory
demonstrated that NaDOC activates the stress-response protein poly(ADP-ribose)
polymerase (PARP) (Payne et al., 1998), which is indicative of DNA damage (Berger,
1985). We demonstrated that NaDOC also activates the redox-sensitive transcription
factor, NF-xB, an important consequence of increased oxidative stress. We also found
that inhibition of NF-xB by pyrrolidine dithiocarbamate (PDTC) results in an increase of
bile salt-induced apoptosis. These results indicate that NF-xB plays a protective role in

this system, and may contribute to apoptosis resistance in the colon.
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Reactive nitrogen species, such as nitric oxide and peroxynitrite, have now been
implicated as potent inducers of apoptosis when added exogenously to cells (Leist et al.,
1997). Their role in bile salt-induced toxicity and apoptosis, however, has been largely
unexplored. We have found that high physiologic concentrations of NaDOC result in the
formation of nitrotyrosine residues, a footprint for the formation of reactive nitrogen
species (Halliwell, 1997), including peroxynitrite (Beckmann et al., 1994), in plasma
membrane-associated proteins of HT-29 cells using confocal microscopy (Washo-Stultz,
et al., 1999). Peroxynitrite is formed from the reaction between nitric oxide and
superoxide anion (Squadrito & Pryor, 1995). Nitric oxide synthase (NOS) is the enzyme
responsible for nitric oxide production, while superoxide anion can be generated via
numerous metabolic processes within the cell. We have investigated the effects of
inhibitors of proteins involved in pathways known to generate ROS, mitochondrial
complexes I and II of the electron transport chain, and enzymes involved in arachidonic
acid metabolism, on bile salt-induced apoptosis. Both rotenone and TTFA, inhibitors of
mitochondrial complex I and complex II respectively, protected HT-29 cells from
NaDOC-induced apoptosis. Sulindac sulfide, an inhibitor of the arachidonic
metabolizing enzyme cyclooxygenase-1 (COX-1) (it is more selective for prostaglandin
H (PGH) synthase-1 than PGH synthase-2) sensitized cells to NaDOC-induced apoptosis
and so did the combination of the selective inhibitors of cyclooxygenase-2 (COX-2) and
lipoxygenase (LOX). We also addressed the effects of various antioxidants on bile salt-

induced apoptosis. It most cases, rather than protecting, the antioxidants sensitized the
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cancer cells to bile salt-induced apoptosis. Our findings provide insight into the type of
oxidative damage that might contribute to colon carcinogenesis, and a possible role of

redox signaling in apoptosis resistance.



17

Materials and Methods

Cell Culture

HT-29 cells are derived from a human colonic epithelial adenocarcinoma (ATCC,
#HTB 38, Bethesda, MD). Jurkat cells are derived from a human T-cell lymphoma
(ATCC, #TIB 152). HCT-116 cells are derived from a patient with colon cancer (ATCC
#CCL 247). HT-29 and Jurkat cell lines were maintained in RPMI 1640 (Gibco BRL
Life Technologies, Grand Island, NY), and HCT-116 cells were cultured in DMEM
media (Gibco BRL). All cultures were supplemented with 10% heat-inactivated fetal
bovine serum (Omega Scientific, Inc.), 2 mM L-glutamine (Gibco BRL), 100 U/ml
penicillin, 100mg/ml streptomycin (Gibco BRL), and adjusted to pH 7.3. HCT-116 cells
were also supplemented with 1% MEM non-essential amino acids (Sigma, St. Louis,
MO). The cultures were maintained at 37°C in a CO, incubator. Experiments were
initiated when cells were in early to middle logarithmic growth phase, at days 3 or 4
following passage when cells were at a titer of 2-5 X 10° cells/ml. All experiments were

performed at least twice.

Chemicals
The sodium salt of deoxycholic acid (NaDOC) was obtained from ICN
Biochemicals (Cleveland, OH). Pyrrolidine dithiocarbamate (PDTC), a potent inhibitor

of NF-kB, as well as a metal chelator and antioxidant, was obtained from Sigma. An
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inhibitor of nitric oxide synthase (NOS), N-nitro-L-arginine-methyl-ester (L-NAME) was
obtained from Sigma. The inactive isoform of L-NAME, NG-D-nitro-arginine-methyl-
ester (D-NAME) was obtained from BIOMOL (Plymouth Meeting, PA). Copper (II) 3,5-
diisopropyl-salicylate-hydrate (CuDIPSH) was obtained from Aldrich Chemicals Inc.,
and is a superoxide dismutase mimetic compound that scavenges intracellular superoxide
anion. Trolox (6-hydroxyl-2,5,7,8-tetramethylchroman-2-carboxylic acid) (Aldrich
Chemicals Inc., Milwaukee, WI) is a water-soluble analog of a-tocopherol that
scavenges peroxyl radicals and effectively protects cells against membrane damage. 21-
(4-(2,6-di- 1-Pyrrolidinyl-4-pyrimidinyl)- 1 -piperazinyl)-pregna-1,4,9(1 1 )-triene-3,20-
dione (Z)-2-butenedioate (U-74389G) is a lazeroid that inhibits lipid peroxidation
(BIOMOL). (-)2-((2,6-di-1-Pyrrolodinyl-4-pyrimidinyl)-1-piperazinyl)methyl)-3,4-
dihydro-2,5,7,8-tetramethyl-2H- 1-benzopyran-6-ol dihydrochloride (U-83836E) is a
lazeroid with antioxidant properties and is 100 times more potent than trolox and vitamin
E (Hall et al., 1990). Pyrrolidine dithiocarbamate is (Sigma). Desferrioxamine is an iron
chelator that inhibits hydroxyl radical formation (Sigma). N-acetyl-L-cysteine enhances
GSH levels (Sigma). Ascorbic acid, an antioxidant) was obtained from Sigma. N-
acetyl-S-methoxytryptamine (Melatonin) is an antioxidant that is both fat and water
soluble (Sigma). Sulindac sulfide is an active metabolite of sulindac that inhibits
cyclooxygenase (BIOMOL). It is more selective for prostaglandin H (PGH) synthase-1
(Meade et al., 1993). N-(2-Cyclohexyloxy-4-nitrophenyl)- Methanesulfonamide (NS-

398) is a cycloxygenase inhibitor that selectively inhibits PGH synthase-2 over PGH
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synthase-1 (Futaki er al., 1994 BIOMOL). 6,7-dihydroxycoumarin (esculetin) is an
inhibitor of S-lipoxxygenase (BIOMOL). Arachidonyltrifluoromethyl ketone (AACOF3)
is a selective inhibitor of human cytosolic PLA, (Street ef al., 1993) and Ca*'-
independent PLA, (Ackerman er al., 1995) (BIOMOL). Rotenone blocks electron flow
at complex I of mitochondria and Thenotrifluoro acetone (TTFA) blocks electron flow at
complex II of the mitochondrial electron transport chain. Both were obtained from

Sigma (St. Louis, MO).

Inhibitor/Antioxidant Assays

HT-29 cells were seeded in Costar cell culture dishes with 2 mi of media and
allowed to grow for 2 or 3 days. Media was adjusted to exactly 2 ml prior to addition of
chemicals. Inhibitors/Antioxidants singly, or a combination, were added to cell culture
dish wells. Cells were then allowed to grow for a further 2 or 24 hours. If ethanol or
acetone was used as a solvent, the solvent was also added to separate wells to serve as
controls. Following the 2 or 24 hour treatment with the inhibitor/antioxidant, NaDOC
was added to the cells at a final concentration of 0.5 mM. For experiments using HT-29
and HCT-116 adherent cell lines, at each time point (1) media, containing detached cells,
was removed and reserved, (2) cells were trypsinized for 5 minutes, and (3) media with
detached cells was returned to cell culture dishes. Quantitation of apoptosis was then
performed on both adherent and detached cells at 1, 2, 4 and/or 6 hours following

addition of NaDQOC.
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Quantitation of Apoptosis and Assessment of Reproducibility

Cells were spun onto glass slides using a Shandon Cytospin 3 centrifuge and
stained with modified Giemsa stain (Sigma, St. Louis, MO). The percentage of cells
undergoing apoptosis was determined after counting 200 cells per slide, using
morphologic criteria identifiable by brightfield microscopy. The criteria used to identify
apoptotic cells include condensation of the nuclear chromatin, vacuolization of the
cytoplasm, fragmentation of the nucleus, and formation of apoptotic bodies, as
previously described (Payne ef al., 1992). Apoptosis was verified using electron
microscopy, the gold standard for identifying distinct modes of cell death (Payne et al.,

1995; Searle et al., 1982; Payne et al., 1995).

Figure M.1. Composite of light microscope images of Jurkat cells. A) Untreated control cells that are
normal and healthy. B) Cells treated with 0.5 mM NaDOC for 2 hours that are undergoing apoptosis.
Characteristics of apoptosis, as described above, are visible in these cells.
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The morphologic quantification of apoptotic cells is highly reproducible on any
given day when using the same cell culture (experiments performed in triplicate).
However, an important caveat in apoptosis quantification is that the growth phase and
number of cell passages can dramatically affect the sensitivity of cells to induced
apoptosis (Chapter 5). Therefore, averaging the % apoptosis from cells treated with an
apoptosis inducing agent on different days or with different passage numbers can result
in large standard deviations. Therefore, we routinely evaluate the effects of a particular
agent on apoptosis, not by determining mean values, but by determining the
reproducibility of the observed effect using different cultures on different days, making
sure that the experiments are initiated in early to mid-log phase (early phase cultures tend
to be significantly more resistant to apoptosis than late log cultures). Although the
absolute apoptosis values may vary on different days, careful attention to growth
conditions allows for better reproducibility of results using a given apoptosis-inducing

agent.

Measurement of NF-xB Activation

The following immunofluorescent procedure was used for identifying
nitrotyrosine residues. HCT-116 cells were grown for two days 0.17mm coverslips and
Jurkat cells were collected onto coverslips using a Shandon Cytospin 3 centrifuge. Cells
were fixed for 20 minutes at room temperature with 4% methanol-free formaldehyde

(Ted Pella, Redding, CA), and then permeabilized in 100% methanol at -20°C for six
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minutes. Coverslips were stored at -20°C prior to staining. A monoclonal antibody
against an epitope of the p65 subunit of NF-xB that is exposed during NF-xB activation
was obtained from Boehringer Mannheim (Indianapolis, IN). This antibody was used at
a dilution of 1:100 using 1% bovine serum albumin as a diluent. The detection system
consisted of a biotinylated goat anti-mouse secondary antibody obtained from Vector
Laboratories, Inc. (Burlingame, CA), followed by a fluorescein-conjugated streptavidin
(Vector Laboratories). A polyclonal antibody, made in a rabbit, against a peptide
corresponding to amino acids 471-490 within the carboxy terminal domain of human
IxB-gp70 (Santa Cruz Biotechnology, Inc.). This antibody was used at a dilution of
1:20, using 1% bovine serum albumin. The detection system consisted of a biotinylated
goat anti-rabbit secondary antibody, followed by a Texas red-conjugated streptavidin
(Vector Laboratories, Inc.). To identify activated NF-xB we used a monoclonal antibody
against an epitope of the p65 subunit (Boehringer Manheim), which is normally masked
when NF-xB is associated with IkB. The primary antibody was used at a dilution of
1:100 and followed by a biotinylated goat anti-mouse secondary antibody (Vector
Laboratories). Final visualization was achieved using fluorescein-conjugated

streptavidin (Vector Laboratories).

Measurement of Nitrotyrosine Residues
It is difficult to measure peroxynitrite directly because of its high reactivity with

proteins, lipids and DNA. However, peroxynitrite has been shown to nitrate the phenolic
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ring of tyrosine (Van der Vliet et al., 1995), thus forming nitrotyrosine, which can be
measured using immunohistochemical techniques. The nitrotyrosine residues are,
therefore, a footprint for the formation of reactive nitrogen species (Halliwell, 1997,),
including peroxynitrite (Beckmann ez al., 1994).

The following immunofluorescent procedure was used for identifying
nitrotyrosine residues. HT-29 and Jurkat cells were diluted to 4 X 10*/ml and grown for
three days to a concentration of 2-4 X 10°/ml, then challenged with 0.5 mM NaDOC for
five hours. HT-29 cells were grown on 0.17mm coverslips, and Jurkat cells were
collected onto coverslips using a Shandon Cytospin 3 centrifuge. Cells were fixed for 20
minutes at room temperature with 4% methanol-free formaldehyde (Ted Pella, Redding,
CA), and then permeabilized in 100% methanol at -20°C for six minutes. Coverslips
were stored at -20°C prior to staining. Cells were reacted with a rabbit polyclonal
antibody made against nitrotyrosine residues ( a kind gift from Dr. Joseph Beckmann,
University of Alabama at Birmingham), followed by biotinylated goat anti-rabbit IgG
(Vector Laboratories Inc., Burlingame, CA). Visualization of nitrotyrosine residues was
achieved using Cy-5-conjugated streptavidin (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA). Nuclear DNA was identified using the nucleic acid dye, YOYO-
1 iodide (Molecular Probes, Eugene, OR), after RNAase digestion. Specimens were
viewed on a Leica TCS-4D laser scanning confocal microscope. Relative fluorescent

intensity values were compared by confocal microscopy using the same laser power, the
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same voltage on the photomultiplier tube and the same number of line averagings, as
previously described (Zheng et al., 1996; Baker et al., 1997).

The specificity of this antibody was ascertained by Beckmann et al. (1994) by
blocking with 10 mM nitrotyrosine, but not by equivalent concentrations of
aminotyrosine or phosphotyrosine. No binding was observed with control rabbit IgG or
mouse IgG replacing the primary antibody. In addition, sections pretreated with 1 M
sodium hydrosulfite, which reduces nitrotyrosine to aminotyrosine, prior to incubation

with the nitrotyrosine antibody, prevented antibody binding to tissue sections.

Staining Cells for Confocal Microscopy

1. Rejuvination and blocking step - coverslips are covered with 5%BSA/PBS for 10
minutes, then decant and blot

2. prepare 1%BSA/PBS solution to dilute the following reagents

3. cover cells with diluted (1:10) goat serum for S minutes, then decant and blot

4. cover cells with diluted primary antibody for 1 hour, wash with 1X PBS, decant and
blot

5. cover cells with diluted (1:100) streptavidin for 30 minutes

6. wash cells with 1X PBS, let sit 5 minutes, decant and blot

7. cover cells with straight biotin for 30 minutes, wash with PBS, decant and blot

8. cover cells with diluted biotinylated secondary antibody for 1 hour, wash with 1X

PBS, decant and blot
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9. cover cells with diluted (1:50) Cy-5-confugated streptavidin (for nitrotyrosine) or
fluoroscein-conjugated streptavidin and Texas-red-conjugated streptavidin (NF-xB)
for 1 hour, wash with 1X PBS, decant and blot

10. cover cells with diluted (1:10) RNAase digestion for 1 hour, wash with 1X PBS,
decant and biot

11. Put on gloves! Cover cells with diluted (1:50) YOYO-1 for 10 minutes

12. wash cells with 1X PBS 3 times over a 10 minute period

13. dunk each coverslip 10 times in two separate beakers of 1X PBS

14. mount coverslips cell-side-down in DAKO mounting media on glass slides

15. store slides in the refrigerator

Digital Image Analysis and Statistical Significance

All laser scans, when making comparisons of confocal images, were obtained by
keeping the laser power and voltage on the photomultiplier tube (PMT) of a LEICA
confocal microscope at constant setting so the relative fluorescence intensity values could
be compared. A line averaging value of 32, to reduce electronic noise from the PMT,
was applied to all images. Randomly obtained clusters of cells (approximately 20-25
cells to a cluster) were selected by means of nuclear fluorescence visualization (YOYO-1
staining, Molecular Probes) after RN Aase digestion, using the xenon lamp attachment to

the fluorescent microscope. Digital images were saved to a Zip diskette and imported
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into the hard drive of a PC containing SigmaScan image analysis software (Jandel
Scientific, Corte Madera, CA). For data in chapters 1 and 2, a template of a regular array
of dots was placed over the image and multiple measurements were made, as previously
described (Baker et al, 1997). Gray level intensity measurements were made of pixelated
confocal images using an automated histogram software package (Image-Pro Plus
software, Media Cybernetics, Silver Spring, MD). This method has the advantage of
automatically acquiring a large number of intensity measurements, since all of the pixels
in the circumscribed area of interest are evaluated, which usually number in the hundreds
of thousands. This gives one large n value, markedly reducing the standard error,
making comparisons between images with small differences in intensity values feasible.
Mean gray level intensity values + S.D are automatically determined. The S.E.M. is then
calculated from the S.D. using the total number of pixels (n) in the circumscribed area of
interest (i.e. cluster of cells). For data in chapters 3 and 4, mean gray level intensity
values from three different regions of each image were obtained, and the S.E.M.
calculated. This semi-quantitation of images is used to indicate significant between
treatment groups, and does not reflect absolute peroxynitrite levels.

The difference between mean gray level intensity for all values was compared using
Student’s r-test. The difference between two means was considered statistically

significant if the p-value was < 0.05.
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CHAPTER 1

The Role of NF-xB in Bile Salt-Induced Apoptosis

Background

Nuclear factor xB (NF-xB) is a redox-sensitive transcription factor that is
activated in response to oxidative stress (Schreck er al., 1991). NF-xB proteins are
present in abundance in the cytoplasm of most cells (Grilli er al., 1993). The NF-xB
family of proteins consists of five subunits, c-rel, p5S0, pS2, p65(Rel A) and Rel-B.
Classic NF-xB is a dimer made up of two subunits, pS0 and p65. In the cytoplasm of
cells, classic NF-xB is associated with IxkB-a, which masks the nuclear localization
signal (NLS) sequence on the p50 and p65 proteins, thus preventing their translocation to
the nucleus. The IxB family of proteins also consists of five subunits, IxB-a, IxB-f,
IxB-y, IxB-R and bcl-3. Once a cell is exposed to a variety of agents, including those
which induce oxidative stress (Beg and Baltimore, 1996), IxB is phosphorylated and
degraded, thereby activating NF-xB. Once activated, NF-xB proteins translocate to the
nucleus, where they bind to specific DNA sequences (NF-xB binding sites) and activate a
large number of genes (Grilli er al., 1993). Evidence indicates that the activation of NF-
kB is involved in the regulation, or prevention, of apoptosis (Baeuerle and Baltimore,
1996). We have demonstrated, for the first time (Payne ef al., 1998), that NaDOC
activates the redox-sensitive transcription factor, NF-xB, an important consequence of

increased oxidative stress. We also found that inhibition of NF-xB by pyrrolidine



dithiocarbamate (PDTC) results in increased sensitivity to bile salt-induced apoptosis.
These results indicate that NF-xB plays a protective role in this system, and may

contribute to apoptosis resistance in the colon.

28
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Results

I. Assessment of the redox-sensitive transcription factor, NF-xB, in colon epithelial cells
treated with NaDOC

0.5 mM NaDOC, a high physiologic concentration, induced activation and
nuclear translocation of NF-xB in HCT-116 colonic epithelial cells (Figure 1.1). Figure
1 is a composite of confocal images of untreated control cells (Figure 1.1A) and NaDOC-
treated cells (Figure 1.1B). Areas of the cells that contain only activated NF-xB appear
green, areas that contain only IxB-y appear red, and areas in which they co-localize
appear orange to yellow. In the untreated control cells (Figure 1.1A), the cytoplasm
appears predominantly orange to red, indicating an abundance of IxkB-y. Although there
is a small amount of green fluorescence in the cytoplasm of these untreated cells, the
nuclei are virtually devoid of color, indicating the absence of both NF-xB and IxB-y in
that compartment. In contrast, the cells which were treated with 0.5 mM NaDOC for
four hours (Figure 1.1B), display an intense green fluorescence in the nuclei, indicating
that the activated form of NF-xB has translocated to that compartment. In addition, the
activated form of NF-xB is also identified in the cytoplasm, as evidenced by the intense
green fluorescence in the cytoplasm of some cells and the orange to yellow color in other

cells where it co-localizes with IxB-y.
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Figure 1.1. Confocal images of NF-xB and [kB-y localization in the nucleus and cytoplasm of HCT-116
colon epithelial cells. Cells were reacted with polyclonal antibody against IxB-y (red) followed by
monoclonal antibody against the activated p65 subunit of NF-xB (green), using an immunofluorescent
biotin/avidin sandwich technique. Areas of co-localization appear orange to yellow. (A) Untreated control
cells; (B) Cells treated with 0.5 mM NaDOC for 4 hours at 37°C.

1. Inhibition of NF-xB by pyrrolidine dithiocarbamate (PDTC)

To determine if NF-kB activation is a reaction on the pathway to apoptosis or is
protective in nature, Jurkat cells were grown for 2 hours before time zero in the presence
or absence of 1.0 mM or 10 mM PDTC, a potent inhibitor of NF-kB. At zero time, 0.5
mM NaDOC was added to the growth media. Control cells received no bile salt. In the
absence of PDTC, 34% of the cells were apoptotic after 6 hours of treatment with
NaDOC. However, in the presence of either 1.0 mM or 10 mM PDTC, 90% of the cells

were apoptotic after 6 hours of NaDOC-treatment (Figure 1.2).
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Figure 1.2. Effect PDTC on NaDOC-induced apoptosis. Jurkat cells were incubated alone or with
micromolar concentrations of PDTC for 2 hours prior to challenge with 0.5 mM NaDOC. The percent of
apoptotic cells was determined after 1, 2, 4 and 6 hours of incubation with NaDOC.

Growth in the presence of 1.0 mM or 10 mM PDTC alone, cause 20-28%
apoptosis at 6 hours after time zero. Therefore, we tested whether a concentration of
PDTC that did not induce any apoptosis could also sensitize the cells to bile salt-induced
apoptosis. Cells exposed to 100 nM PDTC for 2 hours before time zero and for 6 hours
of growth after time zero showed no induction of apoptosis (Figure 1.3). This
concentration of PDTC in the growth media sensitized the cells to NaDOC-induced
apoptosis. Treatment of cells for 6 hours with 0.5 mM NaDOC in the absence of PDTC

caused 54% of the cells to undergo apoptosis (Figure 1.3); growth of cells in the presence
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of 100 nM PDTC and 6 hours of incubation with 0.5 mM NaDOC caused 87% of the

cells to undergo apoptosis.
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Figure 1.3. Effect of 100 nanomolar PDTC on NaDOC-induced apoptosis. Jurkat cells were incubated
alone or with 100 nM PDTC for 2 hours prior to challenge with 0.5 mM NaDOC. The % apoptosis was
determined after 1, 2, 4 and 6 hours of incubation with NaDOC.

III. Verification of NF-«B inhibition by PDTC

Control experiments were then carried out to ensure that PDTC functioned to
inhibit NF-kB. The levels of activated NF-kB in untreated control Jurkat and HCT-116
cells were compared to cells pretreated with 10 mM PDTC for 2 hours using semi-
quantitative digital image analysis (Table 1.1). The differences in mean NF-kB levels

between control and PDTC-treated cells were statistically significant (P <0.001). PDTC
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treatment reduced constitutive activated NF-xB levels in Jurkat cells by 60% and in

HCT-116 cells by 65%.

Table 1.1. Comparison of activated NF-xB (gray level intensity values) in the presence and absence of
PDTC.

Treatment Mean gray level values + S.E.M.
Control Jurkat 198.28 + 3.00 (114)
PDTC-treated Jurkat 79.44 + 2.54 (86)

Control HCT-116 120.89 +4.71 (88)
PDTC-treated HCT-116 42.47 +1.80 (132)

' Number of measurements made over a cluster of approximately 20 cells using a template of a regular
array of dots in conjunction with SigmaScan software.
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Discussion

Although bile salts have been reported to induce the formation of oxygen free
radicals (Craven et al., 1986), activation of NF-xB, a redox-sensitive transcription factor
(Schreck er al., 1991), has not been previously demonstrated in bile salt-treated cells. In
fact, Hirano er al. (1996) were unable to detect NF-kB activation in nuclear extracts of
sodium chenodeoxycholate-treated LoVo adenocarcinoma cells using electrophoretic
mobility shift assays (EMSA). These investigators also could not detect an increase in
expression of NF-xB-luciferase reporter construct after bile salt treatment. It is unclear if
the discrepancy between our results and those of Hirano ez al. (1996) is due to the use of
different bile salts, different concentrations of bile salts, different cell lines or the specific
techniques used (EMSA verses immunofluorescene/confocal microscopy). Since NF-xB
can be activated in the presence of RNA and protein synthesis inhibitors, preformed
molecules of NF-xB are believed to be activated in response to environmental stresses.
After stimulation by a variety of agents, including agents that induce oxidative stress
[e.g. tumor necrosis factor (TNF)-a (Beg and Baltimore, 1996)], NF-xB enters an
activated state (concomitant with IxB degradation or phosphorylation) in which the
nuclear localization signal sequence is exposed. This allows the activated NF-xB to
cross the nuclear pores, resulting in translocation to the nuclear compartments. Once
within the nucleus, activated NF-xB binds to NF-kB binding sites on DNA and activates

a large number of genes (Grilli er al., 1993). Portions of this sequence of events could be
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ascertained using immunofluorescent staining in conjunction with confocal microscopy.
The activation of NF-xB in the cytoplasm, and its translocation to the nucleus, were
easily demonstrated using an antibody that is directed against an epitope of the p65
subunit of the NF-xB dimer, which is normally masked by IxB (Kaltschmidt er al.,

1995). Payne et al. (1998) also demonstrated that NaDOC activates NF-xB using an
NFxBRE-fusion construct and measuring the accumulation of the reporter CAT protein
in stably transfected cells. Since the activation and translocation of NF-xB to the nucleus
could be observed in pre-apoptotic cells, the NF-xB signaling event is upstream of the
agonal event characterized by the morphologic appearance of apoptosis.

Since NF-kB activation ordinarily occurs in response to oxidative stress and
NaDOC activates NF-xB, it is probable that NaDOC induces oxidative stress in these
cells. Apoptosis induced by TNF-a, another oxidative stress-inducing agent, is
potentiated by the inhibition of NF-xB (Beg and Baltimore, 1996). Furthermore,
evidence was presented that NF-xB is involved in the regulation (or prevention) of
apoptosis (Baeuerle and Baltimore, 1996). Inhibition of NF-xB activity by lactacystin (a
proteasome inhibitor), microinjection with IxkB-a-glutathione-S-transferase fusion
protein (a purified specific inhibitor), or microinjection with an antibody against p65
protein, were all shown to promote apoptosis in a nontransformed murine hepatocyte cell
line (Bellas er al., 1997). Mayo et al. (1997) also reported that NF-xB activation was a
requirement for the suppression of pS3-independent apoptosis induced by oncogenic rats.

We similarly found that apoptosis induced by NaDOC is potentiated by inhibition of NF-
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kB. The increases in apoptosis after TNF-a or NaDOC treatment in the presence of
PDTC are inconsistent with the idea that NF-xB is on the pathway to apoptosis, as was
previously suggested in other experimental systems (Bessho et al., 1994), and suggest
that NF-kB activation protects against stresses leading to apoptosis. Constitutive oxidant
defense levels in colonic epithelial cells are relatively low compared with liver cells
(Grisham et al., 1990). Thus bile salt activation of NF-AB in vivo may be needed to
protect colonic epithelial cells from oxidative stresses cause by bile salts that would
otherwise lead to apoptosis.

Since bile salts activate a DNA damage responsive pathway (PARP) (Payne er
al., 1998) and an oxidative stress-responsive pathway (NF-xB), bile salts may induce
apoptosis through DNA damage, oxidative stress, or both. The body tissues that are
normally exposed to occasional high levels of bile salts as a result of diet may need
apoptosis as a final defense mechanism after the defense capabilities of the protective
pathways are exceeded. Resistance to bile salt-induced apoptosis is associated with a
higher risk for colon cancer (Garewal et al., 1996). Cells with reduced ability to undergo
apoptosis for an extended period of time may tend to propagate, even if unrepaired DNA
damage is present. This situation could lead to mutation, cellular transformation,
neoplasia and frank malignancy. The increased activation of NF-xB has been shown to
lead to cellular transformation (Kitajima ef al., 1992), tumorigenicity (Higgins e? al.,

1993; Sharma and Narayanan, 1996) and a metastatic phenotype (Bours ef al., 1994).
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These findings indicate that future therapeutic agents, directed at interfering with the
function of key transcription factors, may prove to be an effective treatment for cancer.
We have shown that bile salts activate the redox-sensitive transcription factor,
NF-xB, and that NF-xB protects cells from bile salt-induced apoptosis. The levels of
bile salts which induce NF-xB activation are those found in fecal water following
ingestion of a typical Western diet, high in fat and low in fiber. These findings increase
our understanding of the links between diet, bile acids, cellular stress, apoptosis and the
possible development of apoptosis-resistant clones in the cascade of events during colon

carcinogenesis.
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CHAPTER 2

The Role of Reactive Nitrogen Species (RNS) in Bile Salt-Induced Apoptosis

Background

The role of reactive oxygen and nitrogen species in colon cancer is multi-
dimensional and not completely understood. Nitric oxide and peroxynitrite can be
cytotoxic (Wink ez al., 1998), initiating cellular damage by interacting with proteins,
lipids, DNA and other molecules. Both have been implicated as potent inducers of
apoptosis when added exogenously to cells (Leist ef al., 1997). Our preliminary data
indicates that NaDOC induces the formation of nitrotyrosine residues, a footprint of
peroxynitrite formation (Beckmann ez al., 1994), and other reactive nitrogen species
(Halliwell, 1997) in the plasma membrane of colon epithelial cells. The generation of
reactive nitrogen species by macrophages (Ischiropoulos er al., 1992) during
inflammatory bowel disease can damage colonic epithelial cells. This could be part of
the mechanism by which inflammatory bowel disease predisposes affected individuals to
colon cancer. Recent studies from our laboratory (unpublished data) and those of others
(Ambs et al., 1998) have shown an increase in nitric oxide synthase (NOS) activity in
human adenomas, a precursor lesion to colon cancer (Bond, 1995; Boutron et al., 1995).
Nude mice injected with iNOS-transfected human colon cells displayed an increase in
tumor growth rate (Jenkins ez al., 1995). This increase in tumor growth rate may result

from secreted nitric oxide (Nathan, 1992), which can signal an increase in angiogenesis
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(Ambs er al., 1998), a process known to contribute to tumor growth. We have shown
that bile salts induce reactive nitrogen species in colon cells, and that inhibition of iNOS
sensitizes cells to bile salt-induced apoptosis (Washo-Stultz ef al., 1999). These findings
provide insight into the types of oxidative damage that might contribute to colon

carcinogenesis, and a possible role of nitric oxide in apoptosis resistance.
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Results

I. Measurement of nitrotyrosine residues

We used a polyclonal antibody against nitrotyrosine, which is a footprint of
protein nitration caused by reactive nitrogen species, including peroxynitrite. Figure 2.1
is a composite of confocal images of HT-29 colonic cells which were bile salt-treated
(0.5 mM NaDOC for five hours), untreated (control), and a control in which antibody
was absent (immunocontrol). The NaDOC-treated cells show a high level of
nitrotyrosine residues associated with the plasma membrane compared to the untreated
cells, which display a low level and a punctate pattern of nitrotyrosine residues in the
cytoplasm. The immunocontrol shows almost no staining, indicating that our samples

are virtually devoid of background staining.

0.5mM NaDOC Control Immuno Control

Figure 2.1. Confocal microscope images of NaDOC-treated and control (untreated) HT-29 cells. Cells
were treated with 0.5 mM NaDOC for five hours. Note the marked increase of nitrotyrosine residues
(footprint for peroxynitrite action) in the plasma membrane of bile salt-treated cells. The control cells do
not display the membrane pattern of immuno staining, but rather exhibit a punctate pattern of fluorescence
throughout the cytoplasm, indicating a low level of constitutive nitrotyrosine formation. [polyclonal
(rabbit) anti-nitrotyrosine antibody, biotinylated goat anti-rabbit IgG, Cy-5-conjugated streptavidin;
immunocontrol - antibody omitted]
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normal and apoptotic cells are identifiable in Figure 2.2, and both show high levels of
nitrotyrosine at the plasma membrane. Similar experiments were performed with Jurkat
cells, a leukemic T-cell line, and these cells also displayed plasma membrane-associated
nitrotyrosine formation when cells were treated with 0.5 mM NaDOC (results not

shown).

II. Effect of inhibition of iNOS, by L-NAME

HT-29 cells were incubated with L-NAME, an inhibitor of NOS (Andrade et al,
1992), for either 2 or 24 hours prior to the addition of NaDOC, because some substances
may lose their potency quickly, while others may take longer to become active within the
cells. HT-29 cells were incubated with 1.0 mM L-NAME, 1.0 mM D-NAME (the
inactive isoform of L-NAME) or in the absence of inhibitor for 24 hours, and then
challenged with 0.5 mM NaDOC for the times indicated. Six hours following the
addition of NaDOC, 78% of cells treated with L-NAME and NaDOC were undergoing
apoptosis, compared to 56% of cells treated with D-NAME and NaDOC, and 66% of
cells treated with NaDOC alone. Similarly, in cells that were treated with D-NAME or
L-NAME for only 2 hours prior to challenge with NaDOC, again, L-NAME increased
NaDOC-induced apoptosis (Figure 2.3). Thus, inhibition of NOS by L-NAME enhances

bile salt-induced apoptosis, indicating a protective role for nitric oxide in this system.
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Figure 2.3. Effect of D-NAME and L-NAME on NaDOC-induced apoptosis. HT-29 cells were
incubated with 1.0 mM D-NAME or 1.0 mM L-NAME for 2 hours prior to challenge with 0.5 mM
NaDOC. The % of apoptotic cells was determined after 1, 2, 4 and 6 hours of incubation with NaDOC.

III. Verification of nitric oxide inhibition by L-NAME

To determine if L-NAME was indeed inhibiting nitric oxide formation, HT-29
cells, grown on coverslips, were pretreated with L-NAME and exposed to 0.5 mM
NaDOC for 6 hours. Coverslips were prepared and stained for confocal microscopic
analysis. The cells were treated with NaDOC alone (Figure 2.4A), NaDOC in the
presence of the inactive isoform, D-NAME (Figure 2.4B), or NaDOC in the presence of
the active inhibitor, L-NAME (Figure 2.4C). Considerably less nitrotyrosine residues are
evident in the L-NAME + NaDOC-treated cells, thus verifying inhibition of reactive

oxygen species, including peroxynitrite, by L-NAME.







45

60

—e— Control

—@— 100 microM CuDIPSH

S0 + | _4—0.5mMNaDOC

—a— 100 microM CuDIPSH/0.5 mM NaDOC

40 |

% Apoptosis
8

20 |

10 |

0 1 2 4 6 8
Hours of Incubation

Figure 2.5. Effect of CuDIPSH on NaDOC-induced apoptosis. HT-29 cells were incubated with 100
puM CuDIPSH or 1% acetone for 2 hours prior to challenge with 0.5 mM NaDOC. The % of apoptotic
cells was determined after 1, 2, 4 and 6 hours of incubation with NaDOC.

We then confirmed the apoptosis-sensitizing effect of CuDIPSH with trolox, a
water-soluble analog of a-tocopherol that scavenges peroxyl radicals and effectively
protects against membrane damage (Forrest ez al, 1994). The percentage of apoptosis in
untreated (control), trolox-treated, NaDOC-treated, and trolox/NaDOC-treated HT-29
cells at 1, 2, 4 and 6 hours incubation following challenge with 0.5 mM NaDOC was
determined. Cells that were pre-incubated with 1.0 mM trolox for 24 hours and then

treated with NaDOC for 6 hours demonstrated 24% apoptosis, while 10% of NaDOC-




treated cells were apoptotic. Similar results were found when cells were pre-incubated

with trolox for 2 hours (Figure 2.6). Trolox sensitized HT-29 cells to NaDOC-induced

apoptosis by 3-fold in both experiments.
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Figure 2.6. Effect of trolox on NaDOC-induced apoptosis. HT-29 cells were incubated with 1.0 mM
trolox for 2 hours prior to challenge with 0.5 mM NaDOC. The % of apoptotic cells was determined
after 1, 2 and 4 hours of incubation with NaDOC.

V. Effects of the combination of nitric oxide and superoxide anion inhibitors

HT-29 cells were then treated singly or with a combination of the nitric oxide
synthase inhibitor (L-NAME), a superoxide anion scavenger (CuDIPSH), and a
scavenger of reactive oxygen species in membranes (trolox) for 24 hours prior to
challenge with NaDOC. A representative experiment is shown in Table 2.1. After 4

hours of treatment with 0.5 mM NaDOC, cells pretreated with the combination of L-
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NAME/CuDIPSH/ trolox displayed more apoptosis (74%) than the cells treated with 0.5

mM NaDOC alone (41%). For the 2 hour NaDOC treatment, the percent apoptosis in the

cells pretreated with the L-NAME/CuDIPSH/trolox combination was 30% compared to

19% in the cells treated with NaDOC alone; however, this value was not greater than

CuDIPSH alone. Single pre-incubations with either L-NAME, trolox, or CuDIPSH also

gave greater percentages of apoptotic cells after challenge with 0.5 mM NaDOC (except

for trolox after 4 hours of NaDOC treatment) than did cells treated with NaDOC alone.

Table 2.1. Effect of Combinations of Inhibitor/Antioxidants on NaDOC-Induced

Apoptosis

Inhibitor/Antioxidants

Control (no treatment)

0.33 mM L-NAME

33 uM CuDIPSH

0.33 mM Trolox

L-NAME + CuDIPSH + Trolox'

0.50 mM L-NAME + 50 uM CuDIPSH

0.5 mM NaDOC

0.5 mM NaDOC + 0.33 mM L-NAME

0.5 mM NaDOC + 33 uM CuDIPSH

0.5 mM NaDOC + 0.3 mM Trolox

0.5 mM NaDOC + L-NAME + CuDIPSH + Trolox'
0.5 mM NaDOC + 0.5 mM L-NAME + 50 uM CuDIPSH

% Apoptosis
2 hours 4 hours

1.0 0.5
0.5 0.5
1.0 1.0
1.5 2.5
1.0 1.0
0.5 2.0
18.5 41.0
24.0 60.5
30.5 54.5
24.0 35.0
29.5 74.0
440 59.0

"0.33 mM L-NAME, 33 uM CuDIPSH, 0.33 mM Trolox
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VI. Verification of inhibition of nitrotyrosine residues by L-NAME and CuDIPSH

L-NAME CuDIPSH
1 1
NO + 0, - OONO
nitric oxide superoxide anion peroxynitrite

If nitric oxide and superoxide anion are contributing to the formation of
peroxynitrite, we would expect that an inhibition of formation of the resultant reactive
oxygen/nitrogen species should reduce the formation of nitrotyrosine residues in the
membranes of NaDOC-treated HT-29 cells. We determined that a 2 hour pretreatment of
cells with both 1.0 mM L-NAME and 100 uM CuDIPSH followed by a 6 hour treatment
with 0.5 mM NaDOC, effectively reduced the level of nitrotyrosine staining using
confocal microscopy in conjunction with digital image analysis techniques (Table 2.2).
The difference in mean gray level intensity values of nitrotyrosine staining between
NaDOC-treated cells and cells pretreated with either L-NAME, CuDIPSH or the
combination of L-NAME and CuDIPSH was statistically significant (p < 0.001). L-
NAME appeared to be more effective than CuDIPSH at reducing the formation of

nitrotyrosine residues (p < 0.001)(Table 2.2).
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Table 2.2. Effect of Antioxidants and NOS Inhibition on the
Formation of Nitrotyrosine

Antioxidant/Inhibitor ' Mean Gray Level Value + S.E.M.
No Treatment 10.50 + 0.01 (241.8)°
NaDOC Alone 29.03 + 0.01 (111.9)
NaDOC + L-NAME 16.04 + 0.02 (211.7)
NaDOC + CuDIPSH 21.26 + 0.02 (123.5)
NaDOC + CuDIPSH/L-NAME 17.52 + 0.02 ( 71.6)

' Concentrations used are the same as those used in the apoptosis experiments (see results).
2 Numbers in parentheses are total # pixels X 10° (n) analyzed in each image.
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Discussion

A high fat/low fiber diet contributes to colon cancer as shown in epidemiologic
studies (Reddy, 1981) and animal studies (Ling, 1995). Bile acids are natural detergents
that are increased in the colon of individuals on a high fat/low fiber diet (Ling, 1995) and
are known promoters of colon cancer (Reddy et al., 1977). The mechanism(s) by which
bile acids promote colon cancer may be multifactorial, since the cytotoxic bile acids,
deoxycholic acid, lithocholic acid and chenodeoxycholic acid, induce a plethora of
cellular stresses that culminate in apoptosis (Zheng et al., 1996; Payne et al., 1998;
Payne et al., 1995). Bile acid promotion of colon cancer appears to involve DNA
damage (Kandell and Bernstein, 1991; Payne et al., 1998; Kulkarni ef al., 1982; Venturi
et al., 1997; Pool-Zobel and Leucht, 1997) caused, at least in part, by reactive oxygen
species (Venturi et al., 1997). Reactive nitrogen species such as nitric oxide and
peroxynitrite are also cytotoxic and can cause DNA damage (Wink er al., 1998). The
generation of reactive nitrogen species by macrophages (Ischiropoulos er al., 1992)
during inflammatory bowel disease can damage colonic epithelial cells. This is probably
part of the mechanism by which inflammatory bowel disease predisposes affected
individuals to colon cancer. However, the role of bile acids in the formation of reactive
nitrogen species in colonic epithelial cells and the consequences for colon carcinogenesis
have been largely unexplored. Casellas et al. (1996) demonstrated that bile acids at 3
mM concentration stimulate production of nitrates and nitrites during colonic irritation

and in biopsy samples of colonic mucosa from individuals with irritable bowel



51

syndrome. This nitrate/nitrite production was blocked by L-NAME (N-nitro-L-arginine
methyl ester), an inhibitor of NOS (Andrade et al., 1992). It is not known from these
studies, however, if the bile acids specifically activate the peroxynitrite pathway in
colonic epithelial cells, or if these reactive nitrogen species were generated from
macrophages within the lamina propria of the mucosal tissue. In addition, the
concentration of bile acids that were used in their studies far exceeds the bile acid
concentrations found in fecal water (Allinger ez al., 1989; Stadler et al., 1988), and is,
therefore, not physiologically relevant. We report here that the bile salt, NaDOC, at a
concentration (0.5 mM) found in fecal water of patients on a high fat diet (Stadler et al.,
1988) induces the formation of nitrotyrosine residues in proteins associated with the
plasma membrane of colonic epithelial cells. These findings implicate bile acids as
dietary risk factors for the direct generation of reactive nitrogen species in colonic
epithelial cells, a cytotoxic effect that is independent of that generated by immune cells.
Our findings, therefore, have implications for the vast majority of patients with colon
cancer.

Previous work from our laboratory indicated that NaDOC induces apoptosis in
cultured cells (Payne et al., 1998; Samaha et al., 1995) and in normal colonic epithelial
cells present in human biopsy specimens (Payne et al., 1995). We also reported that the
normal-appearing flat mucosa of patients with colon cancer exhibits resistance to
NaDOC-induced apoptosis using a live cell bioassay (Payne et al., 1995; Garewal et al.,

1996; Bernstein et al., 1999). We hypothesized that apoptosis resistance could develop
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through the selection of apoptosis resistant cells (Payne ef al., 1995; Garewal et al.,
1996). Apoptosis resistance is a survival phenotype (Israel, 1996) that may contribute to
genomic instability, enhanced mutagenesis and tumorigenesis. Therefore, we tested the
hypothesis that one mechanism by which bile acids initially induce apoptosis in
susceptible cells is through the generation of peroxynitrite.

In order to inhibit the actions of peroxynitrite, we inhibited the two reactive
nitrogen/oxygen species that react to form peroxynitrite, namely, nitric oxide and
superoxide anion. Although we anticipated that an intracellular reduction in these
reactive species would result in decreased apoptosis, the inhibition of the formation of
nitric oxide and the scavenging of reactive oxygen species, including superoxide anion,
increased the toxicity of NaDOC. Since inhibitors and antioxidants may have other
effects on cells than the intended targets, sensitization of cells to NaDOC-induced
apoptosis by these agents may also result, in part, from non-specific cellular effects.
However, the failure of the inactive stereoisomer, D-NAME, to sensitize cells to
NaDOC-induced apoptosis, and to block the formation of nitrotyrosine residues in the
plasma membrane of NaDOC-treated cells, is strong evidence for a specific effect of
nitric oxide on these processes.

A protective role of nitric oxide in our studies is, therefore, consistent with recent
reports which indicate that nitric oxide may act in a signaling pathway that protects cells
against apoptosis induced by many different agents (Lipton ez al., 1993; Wink et al.,

1996; Dimmeler ez al., 1997; Kim et al., 1997; Brune er al., 1998). We have recently
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reported that although NaDOC activates NF-kB and induces apoptosis, this activation of
NF-«xB is protective in nature (Payne ef al., 1998). This apparent contradiction can be
explained by a balance of stresses and defenses against those stresses. We have shown
that NaDOC induces a plethora of stresses, including DNA damage, oxidative stress,
endoplasmic reticulum (ER) stress and protein malfolding (Bernstein er al., 1999b),
which require different defense strategies. For example, poly(ADP-ribose) polymerase
(PARP), an enzyme involved in DNA repair, is activated by NaDOC, but PARP also
serves a protective role (Payne ef al., 1998). Cells that do not mount a sufficient overall
defense against these stresses may, nevertheless, still undergo apoptosis. How NF-«B is
protective against NaDOC-induced apoptosis is not known. Recent studies demonstrate
that the c-Rel and RelA subunitis of NF-xB upregulate Bcl-x,, a member of the Bcl-2
family, which inhibits apoptosis (Chen, 2000). Results from the present study point to a
possible target gene of NF-xB, inducible nitric oxide synthase (NOS2), as one such
protective gene. It is possible that NaDOC induces the transcriptional activation of
NOS?2 as part of the cellular stress response pathway, since the promoter region of NOS2
contains NF-kB binding sites which are known to regulate inducible nitric oxide gene
expression (Chu et al., 1998).

There are multiple mechanisms by which nitric oxide could protect cells against
apoptosis (Brune er al., 1998). These potential mechanisms include 1) the activation of
soluble guanylate cyclase resulting in an increase in cGMP levels (Bredt and Snyder,

1994), 2) an inhibition of caspases (Dimmeler et al., 1997; Kim et al., 1997), the ICE
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(interleukin converting enzyme)-like proteases necessary for carrying out the execution
phase of apoptosis, 3) the scavenging of superoxide anion (Squadrito and Pryor, 1995), a
potent reactive oxygen species, 4) the activation of cyclooxygenase 2 (COX-
2)(Salvemini ef al, 1993), an enzyme responsible for the generation of mitogenic
eicosanoids and increased cell survival, 5) S-nitrosylation of key proteins on the
apoptosis pathway, such as protein kinase C (Martinez ef al., 1998; Gopalakrisna ef al.,
1993) and 6) possible interference with tyrosine phosphorylation through the formation
of nitrotyrosine (Gow et al., 1996). In the present study, we have ruled out the
scavenging of superoxide anion by nitric oxide as one of the mechanisms of apoptosis
resistance, since pretreatment of cells with CuDIPSH, a superoxide dismutase mimetic
compound, actually sensitized cells to NaDOC-induced apoptosis. These results, along
with our nitric oxide inhibition results, are consistent with those of Sandau et al. (1997),
in which they report that the simultaneous presence of nitric oxide and superoxide anion
yielded less apoptosis than did the inhibition of either one alone.

The role of reactive nitrogen species in colon carcinogenesis is probably
multifactorial. We have shown, in the present study, that nitric oxide contributes to
apoptosis resistance. One must be cautious, however, in extending these findings to
normal colonic epithelial cells in vivo, since our studies utilized a colon cancer line in
vitro. Nevertheless, one plausible mechanism in tumorigenesis could be the clonal

expansion of colonic epithelial cells that exhibit apoptosis resistance caused, in part, by



the endogenous generation of nitric oxide. A challenge in biomarker development is to

identify the high risk patients that may exhibit this survival phenotype.

S5
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CHAPTER 3

The Effect of Antioxidants on Bile Salt-Induced Apoptosis

Background

When molecular oxygen is reduced to water within the cell, oxidant by-products
are produced. These by-products are known as oxygen free radicals, or reactive oxygen
species (ROS), and they are short-lived, highly reactive molecules that are formed in all
respiring cells. The most common ROS are hydrogen peroxide, hydroxyl radical and
superoxide anion. ROS are known to damage lipids, proteins, sugars and DNA (Pacifici
and Davies, 1991), and to induce apoptosis (Lennon er al., 1990) and necrosis (Casini et
al., 1985). Oxygen free radicals cause approximately ten thousand DNA damages to the
average human cell each day (Ames and Shigenaga, 1992). Unrepaired DNA damage
may signal a cell to enter apoptosis. Apoptosis is a physiologic type of cell death, in
which condensation and fragmentation of the nuclear chromatin occurs, the cell shrinks,
and the cytoplasm becomes vacuolized. If DNA damage is not repaired, and apoptosis
does not occur, the DNA damage can lead to mutation upon cellular replication, and
enhance tumorigenesis.

Diet, genotype and acquired genetic changes can all contribute to the level of
antioxidant defenses in cells. Specific enzymes are produced by the body to act as

defenses against damage by ROS. These antioxidant enzymes protect cells from
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oxidative damage by converting ROS to more neutral, benign molecules. Superoxide
dismutase (SOD) converts superoxide anion into H,O,. Catalase breaks down H,O,.
Glutathione (GSH) is a powerful reducing agent which is particularly abundant in the
nucleus. Glutathione peroxidase catalyzes the breakdown of peroxides via reaction with
GSH (Collins, 1999).

In addition to intrinsic antioxidant enzymes, micronutrients obtained through diet
also have antioxidant properties. Fruits and vegetables are the source of extrinsic
antioxidants. Epidemiological studies (Block er al., 1992; Steinmetz and Potter, 1996;
Ronco et al., 1999) have shown an inverse relationship between consumption of fruits
and vegetables and cancer incidence. Rats which are fed diets rich in antioxidants have
demonstrated a reduced level of oxidative damage (Chen and Tappel, 1995). A recent
study by Thompson et al. (1999) demonstrated that women who increased their fruit and
vegetable intake from 5.8 to 12 servings per day, experienced a significant reduction in
markers of oxidative damage to cellular DNA and lipids. Other animal studies have
demonstrated that specific vitamin supplements reduce the incidence of cancer (Shklar er
al., 1993; Takada er al., 1992; Rizzi et al.,1997). A typical Westemn diet, high in fat and
low in fiber from fruits and vegetables, has been estimated to account for approximately
40% of human cancers (Doll, 1990).

Previous results from our laboratory (Payne ez al., 1998) and others (Venturi et
al., 1997) indicate that bile salts induce oxidative stress in cells. These studies

investigate the effects of specific antioxidants on bile salt-induced apoptosis. In most
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cases, the addition of antioxidants prior to challenge with bile salts sensitized the cells to

NaDOC-induced apoptosis.



Results

59

HT-29 or Jurkat cells were incubated with various antioxidants to determine their

effects on NaDOC-induced apoptosis. Antioxidant treatment time varied from one to 24

hours, and time points varied from 2 to 6 hours. The results are outlined in Table 3.1.

Table 3.1 - Effect of Antioxidants on NaDOC-Induced Apoptosis

ANTIOXIDANTS

Ascorbic Acid
(0.25 & 0.5 mM)

CuDIPSH
(100 uM)

Desferrioxamine
(1.0 mM)

Melatonin
(0.10 mM)

N-acetyl-cysteine
(5.0 mM)

PDTC
(1.0 & 10.0 uM)

Trolox
(1.0 mM)

U-74389G
(100 uM)

U-83836E
(100 uM)

MECHANISMS OF ACTION

scavenges superoxide anion
and hydroxyl radicals

superoxide dismutase
mimetic compound

iron chelator that inhibits
hydroxyl radicals

fat & water soluble;
scavenges hydroxyl radicals

enhances GSH levels
metal chelator & antioxidant
scavenges free radicals in

cellular membranes

superoxide anion/free radical
lipid peroxidation inhibitor

100X more potent antioxidant
than trolox

EFFECT ON

NaDOC-NDUCED APOPTOSIS

no effect (data not shown)

sensitized (Chapter 2)

no effect (data not shown)

sensitized (Figure 3.1)

sensitized (Figure 3.2)

sensitized (Chapter 1)

sensitized (Chapter 2)

sensitized (Figure 3.3)

sensitized (Figure 3.4)
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None of these antioxidants caused a reduction in apoptosis. 0.25 and 0.5 mM
ascorbic acid yielded no effect on bile salt-induced apoptosis, as did 1.0 mM
desferrioxamine (data not shown). However, 0.1 mM melatonin (Figure 3.1), 5.0 mM N-
acetyl-cysteine (Figure 3.2), 100 uM U-74389G (Figure 3.3) and 100 uM U-83836E
(Figure 3.4) all sensitized cells to NaDOC-induced apoptosis, as did CuDIPSH, trolox

and PDTC (see Chapters 2 and 1, respectively).

24 hr pretreatment
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Control
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Figure 3.1. Effect of melatonin on NaDOC-induced apoptosis. HCT-116 cells were incubated with 0.1
mM melatonin for 24 hours prior to challenge with 0.5 mM NaDOC. The % of apoptotic cells was
determined after 2 and 4 hours of incubation with NaDOC.
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Discussion

We have shown that a variety of antioxidants sensitize cancer cells to bile salt-
induced apoptosis. This contradicts our expectations that the antioxidants would
scavenge reactive oxygen species generated by sodium deoxycholate, thus protecting the
cells. In fact, our results contradict those of Patel and Gores (1997) in which they
reported that the lazeroid, U83836E, inhibited bile salt-induced apoptosis of isolated rat
hepatocytes. There are two major distinctions between their work and ours. First, the
cells that they used were from normal, healthy rats, while we use a cancer cell line. The
lazeroid may work differently in normal cells compared to cancer cells. Secondly, they
used liver cells and we used colon cells. Bile acids are produced in the liver, therefore
liver cells are exposed to high levels of bile acids on a regular basis. Liver cells may
react differently than colon cells to bile acids due to this constant exposure.

Antioxidants have been shown to exhibit numerous effects on cancer cells and in
animal models. Vitamin C has been found to suppress growth in leukemia cells (Watson
et al., 1986). Some animal studies have documented that vitamin C inhibited tumor
development while others have shown either no effect or enhanced tumor growth and
spread with vitamin C supplementation (Hennekens ef al., 1984). A combination of
vitamin E, beta-carotene, glutathione and vitamin C significantly reduced tumor burden
in hamsters with induced oral cancer (Shklar er a/., 1993). In a study of induced colon
cancer in mice, animals supplemented with vitamin E (600 mg per kg of diet) had a

reduced incidence of tumors and less invasive tumors than controls, suggesting that
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vitamin E may be one of the dietary factors influencing colon cancer development (Cook
and McNamara, 1980). In studies of induced oral tumors in hamsters, vitamin E
significantly inhibited tumor formation in comparison to untreated animals and could
also regress established cancers (Odukoya et al., 1984; Shklar er al., 1987, Shklar er al.,
1990). The enhancing effect of chronic alcohol intake on chemically induced esophageal
cancer was evaluated by Odelye et al. (1992) in a study in mice. The vitamin E-treated
group displayed a significant decrease in the number of animals with tumors and in
average tumor size and frequency compared to the unsupplemented group. In contrast, in
another study in mice, a substantially higher intake of vitamin E (4% dose level in feed)
enhanced the tumor-promoting action of dimethylhydrazine, as demonstrated by a
significantly increased incidence of intestinal tumors (Toth and Patil, 1983). Tumor
yields were significantly inhibited in rats supplemented with vitamin E and selenium in a
study of induced mammary tumors. The latent period before appearance of tumors was
also prolonged in rats that were supplemented throughout the study compared to controls
(Takada et al., 1992). In vivo growth inhibition of some tumor cells lines has been
described when vitamin C, a-tocopherol succinate, b-carotene and retinol are individually
added at high doses (Prasad ef al., 1998).

Recent studies show that antioxidants enhance the effects of chemotherapeutic
agents on cancer cells. A review by Prasad ez a/ (1999) reports that individually, vitamin
C, vitamin E, vitamin A, and b-carotene enhance growth inhibitory effect of many

standard chemotherapeutic agents on some cancer cells in vitro. In addition, a vitamin
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cocktail containing vitamin C, polar carotenoid (b-carotene), a-tocopherol succinate
(vitamin E), and 13-cis-reinoic acid (vitamin A) enhanced the effects of 4 tumor
therapeutic agents in human melanoma cells in vitro, and an animal study reported that
rats with transplanted adenocarcinoma of the breast displayed a 90% cure rate when
treated with retinyl palmitate (vitamin A) in combination with x-irradiation or
cyclophosphamide (Prasad ez al, 1999). Most chemotherapeutic agents generate ROS as
part of their killing mechanism. Although we are using a bile salt, if it is inducing
apoptosis by generation of ROS, then addition of antioxidants would enhance this
apoptosis as it does with chemotherapeutic agents.

It is important that these studies be performed with normal cells, because recent
studies have demonstrated that antioxidants reduce toxicity of tumor therapeutic agents
on normal cells. Vitamin E and selenium have been shown to inhibit the transformation
of normal mouse embryo cells to cancerous cells after exposure to radiation and
chemicals, and a combination of selenium and vitamin E had a greater inhibiting effect
than either nutrient alone (Borek ef al., 1986). Prasad er al. (1999) also reviews literature
that reports a reduction of toxicity of standard tumor therapeutic agents by antioxidant
vitamins. Specifically, vitamin E has been shown to reduce bleomycin-lung fibrosis and
adriamycin-induced toxicity in heart tissue, skin, liver, lung and intestinal mucosa.
Vitamin C can reduce the adverse effects of adriamycin on normal animal cells, while

retinyl palmitate reduces adverse effects of x-irradiation and cyclophosphamide in rats.



ROS may act as signal transducers to regulate gene expression, therefore it is
possible that the addition of antioxidants disrupts the redox-state of the cells, thus
enhancing the damage produced by bile salts. Cells produce their own antioxidant
enzymes, therefore the addition of extrinsic antioxidants could cause a down-regulation
of intrinsic antioxidants. If this is so, then the cells may be more vulnerable to the
intense damage produced when they are challenged with bile salts.

We have shown, in the present study, that antioxidants enhance bile salt-induced
apoptosis. One must be cautious, however, in extending these findings to normal cells in
vivo, since our studies utilized cancer lines in vitro. In fact, if our results mirror those
performed with chemotherapeutic agents, then antioxidants may enhance bile salt-

induced apoptosis in cancer cells, while protecting normal cells.
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CHAPTER 4
The Role of Complex I and II of the Mitochondrial Electron Transport Chain and

the Arachidonic Acid Metabolic Pathway in Bile Salt-Induced Apoptosis

Background

Many metabolic pathways within a cell generate reactive oxygen species (ROS).
The majority of ROS are generated as a product of aerobic metabolism in the
mitochondria, as this process utilizes 85-90% of the cellular oxygen (Shigenaga ez al.,
1994). Specific segments of the electron transport chain are known to generate ROS,
mainly complex I (NADH dehydrogenase), complex II (succinate dehydrogenase), and
complex III (ubiquinone).

Bile acids activate the arachidonic acid metabolic pathway (DeRubertis ef al.,
1984). This pathway involves the release of arachidonate from the cellular membrane,
and its subsequent conversion to prostaglandins and lipoxygenase products. Both the
cyclooxygenase and lipoxygenase pathways of this system generate ROS, including
superoxide anion.

Here we explore the effects of inhibitors of certain pathways known to generate
ROS, mitochondrial complexes I and II of the electron transport chain and arachidonic
acid metabolism, on bile salt-induced apoptosis. Both rotenone and TTFA, inhibitors of

mitochondrial complex I and complex II respectively, protected HT-29 cells from



NaDOC-induced apoptosis. On the other hand, the selective inhibitor of
cyclooxygenase-1 (COX-1), sulindac sulfide, sensitized cells to NaDOC-induced
apoptosis as did the combination of a cyclooxygenase-2 (COX-2) inhibitor and a

lipoxygenase (LOX) selective inhibitors.
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Discussion

Inhibition of the mitochondrial electron transport chain at complexes I and II
protect colonic epithelial cancer cells from bile salt-induced apoptosis. These results
indicate that ROS generated at these locations contribute to bile salt-induced apoptosis.
In contrast, inhibitors of various enzymes within the arachidonic acid pathways sensitize
these same cells to bile salt-induced apoptosis, indicating that activation of this pathway
may contribute to apoptosis resistance in the colon.

We have previously shown that bile acids generate reactive nitrogen species in
cells (Washo-Stultz ez al., 1999), and that inhibition of nitric oxide synthase sensitizes
cells to bile salt-induced apoptosis. Nitric oxide has been shown to activate
cyclooxygenase 2 (COX-2) (Salvemini et al., 1993) and inhibit complexes I and II of the
mitochondrial electron transport chain (Payne et al., 1999). This is consistent with our
current finding that inhibition of mitochondrial complex I and II protects cells from bile
salt-induced apoptosis.

Krahenbuhl er al. (1994) reported that bile acids inhibit complex III in isolated rat
liver mitochondria. This inhibition can cause a back-up of electron transport at
complexes I and II, which leads to increased leaking of ROS at these regions.

The arachidonic metabolic pathway begins with a stimus-induced activation of
phospholipase A, (PLA,). PLA, enhances hydrolysis of arachidonic acid from the

glycerol backbone of membrane phospholipids. Arachidonic acid is then metabolized
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through the cyclooxygenase or lipoxygenase pathways. The cyclooxygenase pathway
yields prostaglandins and thromboxanes, while the lipoxygenase pathway produces
monohydroxyeicosatetranoic acid, dihydroxyeicosatetranoic acid, and leukotrines. ROS
are generated through this pathway. Ward er al. (1984) demonstrated that superoxide
anion production is decreased is cells treated with cyclooxygenase and lipoxygenase
inhibitors.

If the ROS being generated through bile salt-induction of the arachidonic
pathway were responsible for apoptosis, we would expect to see a reduction in apoptosis
when this pathway was inhibited at the various sites. However, instead we observed
sensitization to bile salt-induced apoptosis when colon cancer cells were treated with the
COX-1 inhibitor and a combination of COX-2 and LOX inhibitors. Inhibitors of both
cyclooxygenase and lipoxygenase pathways have demonstrated antiproliferative effects
in cells in vitro (Hial et al., 1977; Snyder et al., 1989).

We have previously demonstrated that the normal-appearing flat mucosa of
patients with colon cancer or at risk for colon cancer displays resistance to NaDOC-
induced apoptosis (Payne et al., 1995; Garewal et al., 1996; Bernstein et al., 1999). The
antiproliferative and sensitization to bile salt-induced apoptosis effects indicate that it is
possible that the arachidonic acid pathway contributes to this bile salt-induced apoptosis

resistance in the colon, which in turn could lead to mutagenesis.
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PART 1 - Conclusions

We have determined that the bile salt, sodium deoxycholate, at high physiologic
concentrations, activates the redox-sensitive transcription factor, NF-xB. Inhibition of
NF-xB results in increased sensitization to NaDOC-induced apoptosis, indicating that
NF-xB serves a protective role in this system, and may contribute to apoptosis resistance
in colon cells.

Activated NF-xB binds to DNA and regulates a large number of genes, including
inducible nitric oxide synthase (iNOS). It is possible that NF-xB is acting to upregulate
iNOS in these NaDOC-treated cells, because we have also shown that NaDOC induces
the formation of nitrotyrosine residues in plasma membrane-associated proteins, a
footprint for peroxynitrite and other reactive nitrogen species activity. When we
inhibited NOS with L-NAME, cells displayed increased sensitivity to NaDOC-induced
apoptosis, as well as a dramatic reduction in nitrotyrosine residues associated with the
plasma membrane. Peroxynitrite is formed from the reaction between nitric oxide and
superoxide anion. We treated cells with a number of antioxidants known to scavenge
superoxide anion, and other reactive oxygen species, prior to challenging cells with
NaDOC. None of the antioxidants used protected cells from bile salt-induced apoptosis,
in fact the majority actually enhanced levels of apoptosis. We measured the levels of
nitrotyrosine residues in cells that were treated with CuDIPSH, a superoxide dismutase

mimetic compound, and NaDOC. The results confirmed that CuDIPSH inhibited the
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formation of nitrotyrosine residues. This implies that nitric oxide, peroxynitrite, and ROS
serve to protect cells from bile salt-induced apoptosis, and may contribute to apoptosis
resistance in colon cells.

Two pathways that are responsible for the generation of ROS in the cells are the
mitochondrial electron transport chain and the arachidonic acid metabolic pathway. Bile
acids inhibit complex III in isolated rat liver mitochondria (Krahenbuhl ef a/., 1994) and
activate the arachidonic acid metabolic pathway (DeRubertis et al., 1984). We inhibited
complexes I and II of the electron transport chain, and found that cells displayed a
significant decrease in NaDOC-induced apoptosis. Conversely, inhibitors of
cyclooxygenase and lipoxygenase pathways of arachidonic acid metabolism enhanced
levels of NaDOC-induced apoptosis. These results indicate that ROS generated at
mitochondrial complexes I and II contribute to NaDOC-induced apoptosis, while
pathways of arachidonic acid metabolism protect cells from bile salt-induced apoptosis.
The activation of cyclooxygenase and lipoxygenase may contribute to apoptosis
resistance in colon cells, as does a certain level of oxidative stress. The later may be
necessary to activate NF-xB and iNOS, both of which are anti-apoptotic by nature. The
general use of high doses of antioxidants to prevent cancer may actually be detrimental to
signaling pathways that maintain the survival of normal cells. On the other hand,
antioxidants may pre-dispose cancer cells to chemotherapeutic agents resulting in

enhanced tumor cell destruction.
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PART 2 - An Important Caveat for in vitro Apoptosis Research

CHAPTER S
Increased Susceptibility of Cells to Inducible Apoptosis During Growth from Early

to Late Log Phase: An Important Caveat for in vitro Apoptosis Research

Introduction

Apoptosis is a physiologic type of cell death that is crucial to embryogenesis,
clonal selection in the immune system, homeostasis, and prevention of disease including
carcinogenesis and viral attacks, by removing damaged or infected cells (Payne ef al.,
1995). Because the process of apoptosis is so biologically important, it has become a
major focus of scientific research. Much of this research involves cultured cells in which
apoptosis is induced by a plethora of agents. Microenvironmental conditions affect the
susceptibility of cultured cells to inducible apoptosis. Recent studies have shown that
apoptosis is density-dependent (Hannah et al., 1998; Maeda et al., 1995; Saeki er al.,
1997). In many studies the influence of growth phase of the cells on apoptosis is
ignored, and in some studies where the results are interpreted as being density-dependent,
they may in fact be growth phase-dependent.

The present paper presents evidence that the growth phase of three different cell
lines influences the frequency with which apoptosis is induced by sodium deoxycholate

(NaDOC), anti-Fas antibody and cytosine-b-D-arabino-furanoside (Ara-C), three agents
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that induce apoptosis through different upstream mechanisms. We have previously
reported that the bile salt, NaDOC, may act by generating oxidative stress, endoplasmic
reticulum stress and DNA damage (Kandell and Bernstein, 1991; Zheng et al., 1996;
Payne et al., 1998; Washo-Stultz er al., 1999; Bernstein et al., 1999). Anti-Fas antibody
interacts with the cell surface receptor, Fas, which is a member of the tumor necrosis
factor (TNF)/nerve growth factor (NGF) superfamily. The anti-Fas antibody induces
apoptosis through a signaling pathway that activates caspases (Nagata and Goldstein,
1995; Boldin er al., 1996). Ara-C is a nucleoside analog that is a potent inhibitor of
DNA polymerase-a. Incorporation of Ara-C into DNA represents a major mode of Ara-
C mediated lethality (Grant, 1998). The results obtained indicate that a change in
susceptibility to apoptosis with respect to growth phase is a general phenomenon, and not
specific to the mechanism by which apoptosis occurs. We found that cell density alone
did not affect apoptosis induced by NaDOC. We have also obtained evidence that the
effect of growth phase on apoptosis is at least partially mediated by a substance released
into the growth medium. In general, it is important to be aware of and to understand
growth phase effects on apoptosis, since appreciation of this effect is necessary for
proper interpretation of results obtained in apoptosis experiments with cultured cells.
This is especially true when use of a substance which may inhibit growth is being

compared to controls.



Materials and Methods

Cell Culture - Jurkat, HT-29 and HCT-116 cells (See Part 1)

Cell Titer
Cells were titered using a Spencer bright line improved hemocytometer under

light microscopy.

Chemicals

NaDOC was obtained from ICN Biochemicals (Cleveland, OH) and used at a
concentration of 0.5 mM. Mouse anti-Fas [CD95/APO-1] monoclonal antibody was
obtained from Novus Molecular, Inc. (San Diego, CA) and used at concentrations of 1.0
and 2.0 pg/ml. Ara-C was purchased from Sigma and used at concentrations of 10 and

100 uM.

Quantitation of Apoptosis - (See Part 1)
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Results

1. Assessment of apoptosis during logarithmic growth
Figure 5.1 is a representative growth curve of Jurkat cells. Since the points from

days 1-7 closely follow a straight line on semi-log coordinates, growth is exponential.

Figure 5.1
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Figure 5.1. Growth curve of Jurkat cells. Cells from a stationary phase culture were diluted with fresh
media to a concentration of 4 X 10*/ml. Every 24 hours for 7 days, cell concentrations were measured by
taking the average of 3 separate samples titered using a hemocytometer. The common log of these values
are plotted against the days of growth at 37°C.
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Figure 5.2a
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Figures 5.2a and 5.2b. The percent of NaDOC-induced apoptosis of Jurkat cells throughout log phase
growth. (a) The percent of apoptotic cells was determined after cells were incubated with 0.5 mM
NaDOC for 2 hours, each day for 7 consecutive days following cell passage. The control cells were
incubated in the same way, but without the addition of NaDOC. (b) Cell titers were determined each day
prior to incubation with NaDOC for 7 consecutive days.
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Figure 5.2a shows the percent apoptosis in samples of Jurkat cells taken on the
days indicated during log growth in the presence or absence of 0.5 mM NaDOC for 2
hours. Cells in stationary phase were passed by dilution into fresh medium (Day 1),
allowed to grow for 2 hours and then challenged with NaDOC. 26% of the cells were
apoptotic after 2 hours of incubation with NaDOC. The percent of cells induced to
undergo apoptosis then decreased during early log phase growth to its lowest value of
4.5% on Day 3. The percent of cells undergoing NaDOC-induced apoptosis then
increased on each subsequent day, as the cell cultures proceeded from early to late log
phase. On Day 7, when cells were in late log phase growth, NaDOC treatment resuited
in 90% apoptotic cells. Figure 5.2b is a plot of percent apoptosis verses cell
concentration. This plot shows that the susceptibility of Jurkat cell cultures to apoptosis
increases with increasing cell density as the culture proceeds from early to late log phase.
These data clearly indicate that Jurkat cell cultures in late log phase of the growth cycle
are significantly more susceptible to NaDOC-induced apoptosis than are cells in early log

phase.

II. Determination of growth phase-dependent apoptosis induced by anti-Fas antibody
and Ara-C

Figure 5.3 depicts the percent of cells undergoing apoptosis after 20 hours of
treatment with 1.0 and 2.0 ug/ml anti-Fas antibody, and 26 hours of treatment with 10

and 100 uM Ara-C, when samples of Jurkat cells were taken after 3 and 6 days of
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incubation. One pg/ml anti-Fas yielded 10% apoptotic cells in early log phase and 16%
in late log phase, while 2.0 ug/ml induced apoptosis in 14.5% of the cells during early
log phase and 26.5% during late log phase. Cells treated with 10 and 100 uM Ara-C
exhibited 24.5 and 30.0% apoptosis, respectively, during early log phase, which
increased to 52.5 and 68.5% apoptosis during late log phase. At both concentrations of
anti-Fas and Ara-C the cells displayed more apoptosis during late log phase of the growth
cycle. Thus, Jurkat cells in late log phase have an increased susceptibility to apoptosis

induced by three agents, acting by unrelated pathways.
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Figure 5.3. The percent of anti-Fas antibody and Ara-C -induced apoptosis of Jurkat cells in early and
late log phase growth. Cells were incubated with 1.0 and 2.0 pg/ml anti-Fas antibody for 20 hours or with
10 and 100 uM Ara-C for 26 hours.
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III. Measurement of growth phase-dependent apoptosis in HT-29 and HCT-116 cell lines

HT-29 and HCT-116 (Figure 5.4) were treated with NaDOC during early and late
log phase. HT-29 cells treated with 0.5 mM NaDOC for 2 hours were 3.5% apoptotic at
early log phase and 91% apoptotic at late log phase. HCT-116 cells in early log phase
displayed 25% apoptosis when treated with 0.75 mM NaDOC for 6 hours, while 73% of
late log phase cells underwent apoptosis with this treatment. Both cell lines displayed a
higher percent of apoptosis in the late vs early log phase of cell growth. Thus, cell lines
of human colonic origin (HT-29 and HCT-116) behave similarly to lymphocytes (Jurkat)
with respect to an increased susceptibility to apoptosis during growth from early to late
log phase, indicating that this phenomenon transverses human cells of varying types.
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Figure 5.4. The percent of NaDOC-induced apoptosis of HT-29 and HCT-116 cells in early and late log
phase growth. HT-29 and HCT-116 cells were incubated with 0.5 mM and 0.75 mM NaDOC,
respectively, for 2 hours.
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IV. Influence of cell density on growth phase-dependent apoptosis

Jurkat cells in the early log phase of the cell growth cycle were concentrated to
late log phase density, and late log phase cells were diluted to early log phase density and
then immediately challenged with 0.5 mM NaDOC for 2 hours. The cells were

resuspended, after centrifugation, in the same media in which they had been growing.
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Figure 5.5. Effect of Jurkat cell density on NaDOC-induced apoptosis. Early log phase cells at a density
of 3 X 10° were concentrated to a density of 2 X 10°, and late log phase cells at a density of 2 X 10° were
diluted to a density of 3 X 10°. The percent of apoptotic cells was determined after cells were incubated
with 0.5 mM NaDOC for 2 hours.

Figure 5.5 shows that early log phase cells at early log phase density (cell titer =

5.0 X 10°) are 35.5% apoptotic after treatment, which is comparable to the 38.5%
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apoptosis of early log phase cells concentrated to late log phase density (cell titer =3 X
10%). Late log phase cells at late log phase density (cell titer = 3.5 X 10°) were 83%
apoptotic, comparable to the late log phase cells diluted to early log phase density (cell
titer =5.1 X 10°) which were 84% apoptotic. Thus density does not appear to play a role

in increased susceptibility of late log phase cells to induced apoptosis.

V. Effect of cell culture media on growth phase-dependent apoptosis

After pelleting, we resuspended early log phase Jurkat cells in late log phase
media and late log cells in early media, then immediately challenged them with NaDOC.
Figure 5.6 depicts the percent of apoptotic cells induced by 2 hours of treatment with 0.5
mM NaDOC. Late log phase cells in early log phase media (cell titer = 1.9 X 10°) were
76% apoptotic, compared to 90% apoptotic for late log phase cells in late log phase
media (cell titer = 3.0 X 10°), indicating that the early log phase media may offer some
protection against induced apoptosis. Early log phase cells in late log phase media (cell
titer = 2.4 X 10°) were 77.5% apoptotic, while early log phase cells in early log phase
media (cell titer = 3.0 X 10°) were 11% apoptotic. The striking increase in apoptosis of
early log phase cells in late log phase media indicates that some component of media
plays a significant role in growth phase-dependent apoptosis. Our results indicate that
late log phase cells are primed to undergo apoptosis, and media from the late log phase of

growth sensitizes cells to induced apoptosis.
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Figure 5.6. Effect of media on NaDOC-induced apoptosis of Jurkat cells. Early log phase cells were
suspended in late log phase media, and late log phase cells were suspended in early log phase media.
The percent of apoptotic cells was determined after cells were incubated with 0.5 mM NaDOC for 2
hours.

We also induced apoptosis in early and late log phase Jurkat cells that were
pelleted and resuspended in a 50/50 mix of media from early and late log phase cultures
(Figure 7). Once again, early log phase cells in the 50/50 media were more susceptible

to NaDOC-induced apoptosis than were early log phase cells in early log phase media.






media which protects against apoptosis, or something in the late log phase media that
sensitizes cells to apoptosis. Late log phase media tends to become more acidic, so we
adjusted the pH of late log phase media, 6.9, to that of early log phase media, 7.3, and
vice versa. However, within one hour the pH of both cultures had reverted to its original
value. Based on these results, we cannot rule out a change in pH as contributing to
increased susceptibility of late log phase cells to inducible apoptosis. Overall, our results
indicate that late log phase cells are primed to undergo apoptosis, and media from the late

log phase of growth sensitizes cells to induced apoptosis.
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The results show that cell cultures in late log growth phase exhibit an increased
susceptibility to apoptosis induced by NaDOC, anti-fas antibody, and Ara-C. The
increase in apoptosis of Jurkat cell cultures in late vs early log phase is apparently
independent of cell density; however it is in part linked to a change that occurs within the
growth media as cell culture proceeds from early to late log phase. We observed the
increased susceptibility to apoptosis induced by NaDOC in three different cell lines:
Jurkat T-cell lymphocytes, HT-29 and HCT-116 colon epithelial cells. Soloff er al.
(1987) found that Chinese hamster V29 fibroblasts displayed cold shock-induced
apoptosis when cells were near stationary phase, while cells in logarithmic growth did
not. The generality of these findings was not realized since other apoptosis-inducing
agents were not tested in these studies. Maeda et al. (1993) showed that hepatocytes at
high density displayed more DNA fragmentation than those at low density; although the
effect of growth phase per se was not tested, the results presented herein indicate that
density itself may not be the key factor in these experiments. In contrast, Mathieu e al.
(1995), treated NIH-OVCAR-3 cells with TGF-bl and observed more apoptosis in cells
that had been grown to a density of 6.0 X 10° than in those that were grown to 4.8 X 10°.
Collectively, the published results in the literature in conjunction with the experiments
described herein, indicate that when planning and interpreting apoptosis experiments

using cultured cells, careful attention should be given to growth phase effects.
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Cells in culture communicate with one another via cell-to-cell contact or the
release of cytokines and soluble growth factors. Both survival and apoptotic signals may
be transmitted throughout the culture by soluble communication signals. Without any
intentionally applied external stress, human leukemic HL-60 cells undergo some
spontaneous apoptosis, which increases in frequency as the cells increase in cell density
during proliferation (Saeki et al., 1997). These investigators described a low molecular
weight peptide-containing molecule, which was at least partially responsible for the
regulation of this “density-dependent” apoptosis. The intracellular amount of the
oncoproteins, c-Myc and Mcl-1, members of the Bcl-2 family of proteins which prevent
apoptosis, is decreased in HL-60 cells grown to high density (Nishizawa et al., 1998).
Other anti-apoptotic/pro-apoptotic proteins may also be up/down-regulated as cell
cultures proceed from early to late log growth phase. The reason for increased
susceptibility to apoptosis in late log phase growth may be multifactorial, since this
phenomenon has been described in association with several distinctively different
apoptosis-inducing agents or conditions, i.e. bile salts, Ara-C, anti-fas antibody and cold
shock.

Our results indicate that growth phase is a variable which must be controlled in
order to obtain reliable apoptosis data. If cells are pre-treated with a substance that is
believed to interfere with the apoptosis signaling pathway, but at the same time slows the
growth of cells, induced apoptotic rates may give false conclusions about the mechanism

of action of the substance in these growth retarded cells when compared to untreated
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control cells which are not growth retarded. A higher percent of apoptosis in the control
culture could be due to cells being in a later phase of cell growth. This could lead to the
misinterpretation that the growth-retarding substance protected against apoptosis, when
in fact it may be that the earlier growth phase was the cause of the reduction in apoptosis.
Proof that a substance really protected against apoptosis would require that the same cell
density as the control first be achieved by the slow growing culture through an extension

of cell growth time in the same growth media.
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