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Abstract
Bile salts induce apoptosis and are implicated as promoters of
colon cancer. The mechanisms by which bile salts produce
these effects are poorly understood. We report that the
cytotoxic bile salt, sodium deoxycholate (NaDOC), activates
the keystress response proteins, NF-kB and poly(ADP-ribose)
polymerase (PARP). The activation of NF-kB and PARP,
respectively, indicates that bile salts induce oxidative stress
and DNA damage. The pre-treatment of cells with specific
inhibitors of these proteins [pyrrolidine dithiocarbamate (NF-
kB inhibitor) and 3-aminobenzamide (PARP inhibitor)]
sensitizes cells to the induction of apoptosis by NaDOC,
indicating that these stress response pathways are protective
in nature. Colon cancer risk has been reported to be
associated with resistance to apoptosis. We found an increase
in activated NF-kB at the base of human colon crypts that
exhibit apoptosis resistance. This provides a link between an
increased stress response and colon cancer risk. The
implications of these findings with respect to apoptosis and
to colon carcinogenesis are discussed.
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Introduction

Epidemiologic and animal studies indicate that the develop-
ment of colon cancer is related to diet (Ling, 1995), and is,
therefore, potentially preventable. A typical Western style diet
has been associated with a high incidence of colon cancer.
Such a diet is high in fat and low in fiber, resulting in high
levels of bile acids in the colon (Stadler et al, 1988).
Conjugated bile acids released from the liver are deconju-
gated and converted to more cytotoxic secondary bile acids
by bacterial flora present in the colon (Ling, 1995). Animal
models of colon carcinogenesis have implicated these
secondary bile acids as promoters of colon cancer (Reddy
et al, 1977). The mechanism of tumor promotion by bile acids
is, however, largely unknown.

The reported cellular effects of bile salts are varied, and
include activation of protein kinase C, membrane-derived
phospholipases and specific transcription factors. In
addition, bile salts cause an increase in cytoplasmic
calcium levels and surface blebbing, the latter implying
cytoskeletal perturbations. Some of these effects suggest
that bile salts activate signal-transduction pathways leading
to altered gene expression. From animal studies involving
the intrarectal instillation of bile salts at very high, non-
physiologic levels (5 ± 25 mM) that resulted in extensive
cellular lysis (Lapre et al, 1992), it was proposed that bile
salts may contribute to colon cancer by causing cell death
and compensatory cellular hyperproliferation (Lapre et al,
1992). Cellular lysis is presumably the result of a drastic
alteration in membrane structure caused by the detergent
action of the bile salts and/or their micellar cholesterol-
solubilizing capacities (Lapre et al, 1992). We have shown
however, that sodium deoxycholate (NaDOC), the bile salt
present in highest concentration in the human colon and
feces (Allinger et al, 1989), induces apoptosis in human
colonic epithelial cells (Payne et al, 1995a) at concentra-
tions accompanying a high-fat diet (Stadler et al, 1988). We
also found that cells within the normal appearing mucosa of
patients with a history of colon cancer are relatively resistant
to bile acid-induced apoptosis (Payne et al, 1995a; Garewal
et al, 1996). On the basis of these findings, we proposed a
novel hypothesis concerning the promoting role of bile salts
in the development of colon cancer (Payne et al, 1995a). On
this hypothesis, the excessive apoptosis induced by bile
salts, produced in response to a high fat diet, leads to the
selection of apoptosis-resistant cells. If cells are apoptosis-
resistant, they may not die when they experience unrepaired
DNA damage. This could lead, upon replication of the
damaged DNA template, to mutation, cellular transformation
and neoplasia. The development of apoptosis-resistant cell
populations should place an individual at higher risk for
cancer.
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In order to understand how resistance to bile salt-
induced apoptosis can arise, it is important to determine
how cells can compensate for bile salt-induced damages.
We now report that bile salts induce two major stress
response pathways, one mediated by NF-kB, a redox-
sensitive transcription factor (Schreck et al, 1991), and one
mediated by poly(ADP-ribose) polymerase (PARP), an
enzyme that is inactive unless single- or double-strand
DNA breaks are present (Berger, 1985). PARP binds to
DNA at the location of a break and covalently attaches
polymers of ADP-ribose to proteins, including PARP itself.
The auto-modification of PARP significantly increases
negative charge in the area of the damage and allows
DNA repair to take place (Shall, 1984). The induction of
stress-response pathways indicates that bile salts, at the
high physiologic concentrations that accompany a high fat
diet, are damaging to cells. Thus, bile salts may cause
oxidative stress and DNA damage, two stresses that may
trigger apoptosis. We also found that inhibition of the NF-
kB- and PARP-mediated stress responses results in
enhanced bile salt-induced apoptosis. In addition, we
found that the base of human colon crypts in colon
segments excised from colon cancer patients exhibit an
increase in the number of cells containing activated NF-kB.
These same segments also display apoptosis resistance
using a bile salt-induced apoptosis bioassay. This provides
a link between constitutively increased stress responses
and cancer risk.

Results

A sensitive semi-quantitative in situ imaging procedure was
used to correlate cellular morphology with NF-kB and PARP
activation induced by the cytotoxic bile salt, NaDOC. In situ
imaging allowed separation of upstream stress events prior to
the appearance of apoptotic cells from downstream stress
events resulting from the execution of the cell itself. Such a
distinction is not easily made with conventional biochemical
assays. A further advantage of this approach is that there is no
artifactual activation of NF-kB and PARP caused by
experimental manipulation that is inherent in cell extraction
procedures used in biochemical assays. Upstream stresses, if
not sufficiently defended against, presumably lead to the
death of the cell (Payne et al, 1995b). Confocal microscopy
was used to measure the activation of NF-kB and PARP by
employing antibodies against the activated p65 subunit of NF-
kB and the product of PARP activity, poly(ADP-ribose)
polymers (PAR) that are 10 ± 50 ADP-ribose units long. Two
different cultured cell types, Jurkat and HCT-116, that are very
sensitive to the induction of apoptosis by NaDOC, as well as
excised rat colon were used. HCT-116 and rat colonic
epithelial cells were chosen in order to measure responses
of colon-derived cells to bile salts.

PAR production was first measured using confocal
images of Jurkat cells. The relative amount of PAR was
first measured in cells treated for 30 min with 0.4 mM N-
methyl-N '-nitro-N-nitrosoguanidine (MNNG), an alkylating
agent that serves as a positive control for PARP activity in
this assay (Kupper et al, 1996) (Figure 1A). Nucleotides
that are modified by MNNG are removed through the base

excision repair pathway resulting in strand breakage and
activation of PARP. Figure 1B shows the increased levels
of PAR in Jurkat cells after a 30 min exposure to 0.5 mM
NaDOC. This concentration of bile salts is in the high
physiologic range that accompanies a high fat/low fiber diet
(Stadler et al, 1988). Figure 1C shows the low uninduced
levels of PAR in untreated control cells. However, there is a
distinct punctate staining pattern predominantly in the
nuclei of these untreated cells, probably indicating
responses to endogenous DNA damages. Figure 1D
shows the markedly reduced fluorescence intensity in the
absence of the primary antibody. NaDOC-treated cells had
3.16 the fluorescence intensity of the uninduced cells
exposed to the anti-PAR antibody, while MNNG-treated
cells had 4.76 the intensity of uninduced cells and 1.56
the intensity of the NADOC-treated cells (Table 1). The
differences between the mean values of these three
treatment groups were each statistically significant
(P50.001). Less than 20% of the NaDOC-treated cells,
evaluated after their brief 30 min of treatment, were
observed to be undergoing apoptosis, while all of the cells
showed PARP activation.

In addition to nuclear staining, an unexpected finding
was the presence of abundant PAR staining in the
cytoplasm (Figure 1). Therefore, we assessed relative bile
salt-induced poly(ADP-ribosylation) reactions in the nucleus
and the cytoplasm, using confocal microscopy and digital
image analysis. Untreated control cells exhibited a 1.66
higher level of PAR in the nucleus compared to the
cytoplasm (Table 2). NaDOC-treated cells showed a 1.96
increase in the fluorescence intensity in the nucleus, and a
3.96 increase in the fluorescence intensity in the
cytoplasm, compared to values in the control cells
(P50.001) (Table 2).

Next, the Jurkat cells were tested to assess the role of a
PARP inhibitor on bile salt-induced apoptosis. The
induction of apoptosis by bile salts in suspensions of
growing Jurkat cells is growth phase-dependent (unpub-
lished observations). Thus, cells were treated under
standardized logarithmic growth phase conditions. Apopto-
tic cells were identified using morphologic criteria (Payne et
al, 1992, 1995b), the `gold standard' for assessing this
specific mode of cell death (Kerr et al, 1972). Cells were
grown for 24 h in the presence or absence of 1 mM 3-
aminobenzamide (3-AB), an inhibitor of PARP activity, and
then NaDOC was added to the growth medium (0.5 mM
final concentration). Control cells received no bile salt. The
1 mM concentration of 3-AB used did not induce apoptosis
by itself over the 24 h pretreatment period. It was

Table 1 Comparison of gray level intensity values of poly(ADP)-ribose) units
induced by bile salts and an alkylating agent

Treatment Mean gray level values+S.E.M.

Control
Sodiumdeoxycholate
MNNG

19.43+1.37 (277)1

60.10+1.99 (259)
92.15+3.02 (323)

1 Number of measurements made over a cluster of approx. 20 cells
using a template of a regular array of dots in conjuction with
SigmaScan software
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determined that the presence of 1 mM 3-AB under our
conditions enhanced apoptosis in response to NaDOC
(Figure 2). Treatment with NaDOC alone caused apoptosis
to increase from 17% at 30 min of treatment to 59% at 4 h
of treatment. The presence of 1 mM 3-AB caused
apoptosis to increase from 22% at 30 min of NaDOC
treatment to 98% at 4 h of treatment in the experiment
shown in Figure 2. Similar results were obtained in two
further experiments. Control experiments were then carried
out to ensure that 3-AB pre-treatment actually decreases
PARP activity in the above experiments. Jurkat cells were
pre-treated with 1 mM 3-AB for 24 h and then challenged
for 30 min with 0.4 mM MNNG. Control cells were reacted

with 0.4 mM MNNG for 30 min in the absence of any pre-
treatment with 3-AB. Cells were spun onto coverslips, fixed
with 100% methanol, and the amount of PAR produced as
a result of PARP activity was evaluated using confocal
microscopy and digital image analysis. There was a 23 ±
26% reduction in the amount of PAR produced as a result
of PARP inhibition using 3-AB pre-treatment (Table 3). The
26% reduction in PARP activity was calculated from the
data obtained using a point counting method of gray level
measurements (SigmaScan; see top of Table 3). The 23%
reduction in PARP activity was calculated from the data
obtained using an automated intensity histogram method of
measurement (Image-Pro Plus software; see bottom of
Table 3). The differences between mean fluorescent
intensity values were statistically significant (P50.001,
SigmaScan analysis; P50.001, Image-Pro-Plus analysis).
Apparently, a 23 ± 26% reduction in PARP activity caused
by 3-AB pre-treatment is sufficient to sensitize cells to
NaDOC-induced apoptosis (Figure 2). The fluorescence
intensity levels of the MNNG-treated cells shown in Table 1
cannot be compared to the fluorescent intensity of the
MNNG-treated cells in Table 3, since in the latter case the
cells were at a lower density and, therefore, less
susceptible to stress and apoptosis (unpublished results).
The data in Table 3 were obtained under the same growth

Figure 1 Confocal images of Jurkat cells reacted with a polyclonal antibody against PAR (A) Cells treated with 0.4 mM MNNG for 30 min; (B) Cells treated with
0.5 mM NaDOC for 30 min; (C) Untreated control cells; (D) Control for the immunostaining reaction where the same staining procedure was followed as for (A), (B)
and (C) above, except that the primary antibody was omitted

Table 2 Comparison of gray level intensity values of poly(ADP-ribose) units
between nucleus and cytoplasm of control and bile salt-treated cells

Mean gray level values+S.E.M.

Treatment Nucleus Cytoplasm

Control
Sodium deoxycholate

27.53+5.49 (51)1

53.33+3.03 (103)
16.97+1.70 (29)
65.70+3.64 (53)

1 Number of measurements made over a cluster of approx. 20 cells
using a template of a regular array of dots in conjunction with
SigmaScan software
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conditions that were necessary to show that 3-AB pre-
treatment sensitized cells to apoptosis (Table 2).

PARP activation was next measured in excised rat colon
tissue. Here, normal rat colon tissue treated in vitro for 2 h
with 0.4 mM MNNG showed strong PARP activation

(Figure 3A). There was intense staining throughout the
crypt. PARP activation also occurred in rat colon treated in
vitro for 2 h with 1.0 mM NaDOC (Figure 3b). The amount
of PAR present in the crypts after MNNG treatment (Figure
3A) was greater than after NaDOC treatment (Figure 3b),
and greater after NaDOC treatment than in the untreated
control (Figure 3C). This was evidenced by the brighter
reddish-brown staining (using the `glow' lookup table of the
Leica confocal microscope) in the MNNG-treated tissue
compared with the NaDOC-treated tissue, and in the
NaDOC-treated tissue compared with the control. The
bright white spots within the epithelial layers in all tissue
samples (Figures 3A,B,C) indicate the strongest areas of
PARP activation (oversaturation of the grey scale). PARP
activation was observed at all levels of the crypt after
MNNG or NaDOC treatment, with extremely high activity in
cells in the lower third of the crypt. These findings are
consistent with biochemical assays that reported the
highest PARP activity in the lower third of normal,
unstressed crypts of the small intestine (Kerridge, 1979;
Porteous et al, 1979) using a selective epithelial stripping
technique (Porteous et al, 1979).

An evaluation of the extent of apoptosis in the crypts at
the same time as the assessment of PARP activation
indicated the absence of apoptotic cells within the crypts.
Apoptotic cells were, however, identified in their usual
location at the surface epithelium and in the lumen of the
colon. In control tissue, incubated without MNNG or
NaDOC, Par was expressed mostly at the surface
epithelium (Figure 3C). Individual cells showing intense
PAR formation (white spots) can be seen near the luminal
surface of these untreated cells. When the primary antibody
was omitted, no staining could be seen (Figure 3D). The
results obtained after excised colonic tissue was treated
with NaDOC (Figure 3B) are similar to those obtained after
treatment of cultured Jurkat cells with NaDOC (Figure 1B)
in that PARP activation and, by inference, DNA strand
breaks, occurred as upstream events prior to the
appearance of apoptotic cells.

High physiologic levels of NaDOC (0.5 ± 1.0 mM)
induced activation and nuclear translocation of NF-kB in
HCT-116 cells (Figure 4), colonic epithelial cells that are
very sensitive to NaDOC-induced apoptosis (unpublished
observations). Figure 4 is a composite of confocal images
of untreated (Figure 4A) and bile salt-treated HCT-116 cells
(Figure 4b) showing the localization of NF-kB (green color)
and IkB-g (red color), a member of the IkB family of NF-kB
inhibitory proteins, in the same cells. The distribution of
IkB-g is identified using a polyclonal antibody, and activated
NF-kB is identified using a monoclonal antibody against an
epitope of the p65 subunit of NF-kB which is normally
masked in the unactivated cell by the IkB family of proteins.
IkB-g is visualized using a Texas red immunofluorescent
tag, and NF-kB is visualized in the same section using a
fluorescein tag (see Materials and Methods for details).
Areas of the cell that contain only activated NF-kB appear
green, areas that contain only IkB-g appear red, and areas
where they co-localize appear orange to yellow. In the
untreated cells (Figure 4A) the cytoplasm appears
predominantly orange to red, indicating an abundance of

Figure 2 Representative experiment showing the effect of the presence of
1 mM 3-AB on NaDOC-induced apoptosis of Jurkat cells. Cells were allowed to
enter logarithmic growth and then grown for 24 h in the presence or absence of
1 mM 3-AB until time zero. At time zero, NaDOC was added to cells either at
0.0 mM or 0.5 mM final concentration. Per cent apoptosis is plotted against
hours of incubation at 378C after time zero. Per cent apoptosis was determined
using morphologic criteria as described in Materials and Methods. (Similar
results were obtained in two additional experiments)

Table 3 Comparison of gray level intensity values of poly(ADP-ribose) units of
MNNG-treated Jurkat cells in the presence and absence of 3-aminobenzamide

Treatment Mean gray level values+S.E.M.

MNNG-treated1

MNNG+3-AB1

MNNG-treated3 (image 1)
MNNG-treated3 (image 2)
MNNG+3-AB3 (image 1)
MNNG+3-AB3 (image 2)

37.55+1.57
27.63+1.32

18.25+0.05
18.17+0.04
14.37+0.03
13.85+0.03

(275)2

(272)

(109 939)4

(179 885)
(168 596)
(193 456)

1 Two separate ®elds of approximately 20 cells/®eld were analyzed by
SigmaScan software. The points from both of the images were
combined for making the comparison between mean values.
2 Number of measurements made using a template of a regular array
of dots. 3 Individual images analyzed by tracing the group of cells in
each image and obtaining an automated intensity mean and standard
deviation using Image-Pro Plus (Media Cybernetics software program).
4 Total number of pixels analyzed in each image
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Figure 3 Five micron sections of paraffin-embedded rat colon stained with a polyclonal antibody against PAR. (A) Tissue was incubated with 0.4 mM MNNG for
2 h; (B) Tissue was incubated with 1.0 mM NaDOC for 2 h; (C) Control tissue that was allowed to incubate for 2 h in the absence of MNNG- and NaDOC; (D) Control
for the immunostaining reactions where the same staining procedure was followed as for (A), (B) and (C) above, except that the primary antibody was omitted

Figure 4 Confocal images of NF-kB and IkB-g localization in the nucleus and cytoplasm of HCT-116 colon cells. Cells were reacted with polyclonal antibody
against IkB-g (red) followed by monoclonal antibody against the activated p65 subunit of NF-kB (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 h at 378C
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IkB-g. Although there is a small amount of green
fluorescence in the cytoplasm of these unstimulated cells,
the nuclei are virtually devoid of any color, indicating the
absence of both NF-kB and IkB-g in that cellular
compartment. Figure 4B is a representative image of
HCT-116 cells treated with 0.5 mM NaDOC for 4 h. The
presence of an intense green fluorescence in the nuclei
indicates that the activated form of NF-kB has translocated
to that compartment. The activated form of NF-kB is also
identified in the cytoplasm, as evidenced by the intense
green fluorescence in the cytoplasm of some cells and the
orange and yellow color in other cells where it co-localizes
with IkB-g.

The activation of NF-kB by NaDOC that was observed
using immunofluorescence and confocal microscopy was
confirmed using NaDOC activation of an NF-kB response
element (NFkBRE)-fusion construct stably integrated into a
HepG2 cell line (Todd et al, 1995). A dose-response curve
[concentration of NaDOC vs fold induction in chloramphe-
nicol acetyl transferase (CAT) protein] is shown in Figure 5.
The greatest induction of CAT protein occurred at 1.0 mM
NaDOC, the concentration that most effectively induced
apoptosis in normal human colonic epithelial cells in vitro
(Garewal et al, 1996).

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 h before time zero in the presence or
absence of 1.0 mM or 10 mM pyrrolidine dithiocarbamate
(PDTC), a potent inhibitor of NF-kB. At zero time, NaDOC
was added to the growth media (0.5 mM final concentra-
tion). Control cells received no bile salt. In the absence of

PDTC, 34% of the cells were apoptotic after 6 h of
treatment with 0.5 mM NaDOC. However, in the presence
of PDTC at either 1.0 mM or 10.0 mM, 90% of the cells were
apoptotic after 6 h treatment with 0.5 mM NaDOC (Figure
6). Growth in the presence of 1.0 mM or 10 mM PDTC,
alone, caused 20 ± 28% apoptosis at 6 h after time zero.
Therefore, we tested whether a concentration of PDTC that
did not induce any apoptosis could also sensitize the cells
to NaDOC-induced apoptosis. Cells exposed to 100 nM
PDTC for 2 h before time zero and for 6 h of growth after
time zero showed no induction of apoptosis (Figure 7). This
concentration of PDTC in the growth media sensitized the
cells to the apoptosis-inducing effects of NaDOC. Treat-
ment of cells for 6 h with 0.5 mM NaDOC in the absence of
PDTC caused 54% of cells to undergo apoptosis (Figure 7);
growth of cells in the presence of 100 nM PDTC and 6 h
incubation with 0.5 mM NaDOC caused 87% of cells to
undergo apoptosis. 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 h (Table 4). The differences in mean
NF-kB levels between control and PDTC-treated cells were

Figure 5 Dose-response curve (concentration of sodium deoxycholate vs
fold induction of CAT activity) using an NFkBRE-fusion construct stably
integrated into HepG2 cells. CAT activity was assessed using an ELISA assay

Figure 6 Effect of micromolar concentrations of PDTC on NaDOC-induced
apoptosis. Cells were grown in the presence or absence of PDTC for 2 h before
time zero. At time zero, NaDOC was added to the growth medium (0.5 mM final
concentration). Control cells received no bile salts. Per cent apoptosis was
determined using morphologic criteria, at the indicated times of incubation
after time zero. (Similar results were obtained in two additional experiments)
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statistically significant (P50.001). PDTC treatment reduced
constitutive activated NF-kB levels in Jurkat cells by 60%
and in HCT-116 cells by 65%.

We next addressed the question of whether colon
epithelial cells which are resistant to apoptosis have a
high level of activated NF-kB, as would be expected if
activated NK-kB were protective. These experiments were
carried out from biopsy specimens of the `normal' mucosa
taken from a length of colon that had been resected from a
patient with an adenocarcinoma of the colon. It was
determined that biopsies taken at two different locations
in the normal appearing portion of the colon differed
significantly in resistance to NaDOC-induced apoptosis.

After treatment with 1.0 mM NaDOC for 3 h at 378C in a
humidified CO2 incubator, the percentage of apoptotic
goblet cells was 16% in the resistant region and 57% in
the sensitive region. An adjacent biopsy specimen from
these two distinct regions, fixed in ethanol and embedded
in paraffin, was stained for activated NF-kB using an
immunohistochemical procedure. The number of cells
(goblet and non-goblet) with activated NF-kB was then
counted in the sensitive and resistant regions of the colon
resection and the difference in mean values statistically
evaluated. We found that the apoptosis resistant region had
a significantly higher level of activated NF-kB compared to
the sensitive region in the basal portion of the crypt, but not
in the luminal portion (Figure 8). The NF-kB labeling index
was 2.26 higher in the basal cells in the apoptosis-
resistant region of the colon compared with the apoptosis-
sensitive region. This indicates that a patch of the `normal'
appearing mucosa of a patient with colon cancer exhibited
a higher level of constitutively activated NF-kB, and that
this patch also had resistance to bile salt-induced
apoptosis. An increase in activated NF-kB may be part of
the underlying mechanism of resistance that places
patients at risk for colon cancer (see Discussion).

Discussion

We have shown that the secondary bile salt, NaDOC, at
concentrations that accompany a Western-type diet, induces
two major stress pathways in cells. This induction was
evidenced by the activation of PARP and NF-kB. Activation
of PARP is known to occur in response to DNA damage
(Berger, 1985). The finding of PARP activation after NaDOC
treatment of Jurkat cells and colonic epithelial cells in excised
rat colon is consistent with previous observations from our lab
(Watabe and Bernstein, 1985; Kandell and Bernstein, 1991;
Zheng and Bernstein, 1992) and those reported in the
literature (Kulkarni et al, 1980), indicating that bile salts
cause DNA damage. It can be further concluded, from the in
situ imaging used here, that bile salt activation of PARP is an
upstream event in relation to apoptosis, since all Jurkat cells
showed an increase in the level of PAR at 30 min of treatment,
a time when less than 20% of these cells showed evidence of
apoptosis. In rat colon tissue, PARP was activated at all levels
of the crypts while apoptosis was only seen at the surface
epithelium, where it is usually present even without treatment.
The finding that PARP is activated by bile salts before entry
into apoptosis suggests that PARP activation is part of the
cellular response to bile salt-induced damage. There was,
however, a greater amount of PARP activation in the lower
third of the crypts after MNNG and NaDOC treatment. This
could be explained by an increase in oxidative stress and
DNA damage induced in the more proliferative compartment
of the crypt. These findings are also consistent with
biochemical assays that report the highest PARP activity in
the lower third of normal, unstressed crypts (Kerridge, 1979;
Porteous et al, 1979). It is probable that the lower third of the
normal crypt is under more oxidative stress than the upper two
thirds because of its increased proliferative capacity. The
increase in bcl-2 expression in the lower half of the crypt,
including the stem cell region, in both mouse and human

Figure 7 Effect of 100 nanomolar PDTC on NaDOC-induced apoptosis. Cells
were grown in the presence or absence of 100 nM PDTC for 2 h before time
zero. At time zero, NaDOC was added to the growth medum (final
concentration of 0.5 mM NaDOC). Control cells received no bile salts. Per
cent apoptosis was determined using morphologic criteria, at the indicated
times of incubation after time zero. (Similar results were obtained in two
additional experiments)

Table 4 Comparison of activated NF-kB (gray level intensity values) in the
presence and absence of PDTC

Treatment Mean gray level values+S.E.M.

Control Jurkat
PDTC-treated Jurkat
Control HCT-116
PDTC-treated HCT-116

198.28+3.00 (114)1

79.44+2.54 (86)
120.89+4.71 (88)
42.27+1.80 (132)

1 Number of measurements made over a cluster of approximately 20
cells using a template of a regular array of dots in conjuction with
SigmaScan software
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Figure 8 Immunohistochemical staining (A,B) and quantitation (C) of activated NF-kB in the normal mucosa of a patient with colon cancer obtained during a
surgical resection of a portion of the colon. Five micron paraffin sections were prepared from two distinct areas of the mucosa (distance from the tumor), one
showing resistance to NaDOC-induced apoptosis and the other showing sensitivity to NaDOC-induced apoptosis. (A) Paraffin section from an area of the mucosa
showing apoptosis resistance. The section was stained with a monoclonal antibody against the activated form of NF-kB, and then reacted with a biotinylated goat
anti-mouse IgG, followed by reaction with Avidin: Biotinylated Enzyme Complex (ABC). Note the distinct brown staining of the diaminobenzidine tetrahydrochloride
(DAB) reaction product in the nucleus and cytoplasm of cells at the base of the crypt. (B) Paraffin section from an area of the mucosa showing apoptosis sensitivity.
Note the lack of brown staining at the base of the crypt, which was representative of most of the crypt regions in the sample. (C) Comparison of the number of
epithelial cells reactive with the antibody against activated NF-kB in the apoptosis-resistant and apoptosis-sensitive areas of the mucosa. Note that there was a
significantly greater mean percentage of labeled cells in the basal area (cell positions 1 ± 30) of the apoptosis-resistant region compared to the basal area of the
apoptosis-sensitive region
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colonic mucosa, could be a protective mechanism against
endogenous oxidant stress-induced apoptosis. These en-
dogenous oxidative stresses are probably the result of
increased aerobic metabolism in this proliferative compart-
ment. Increased PARP activity found at this location
(Kerridge, 1979; Porteous et al, 1979) may, therefore, be a
protective response allowing DNA damage to be repaired.

While poly(ADP-ribosylation) reactions occur predomi-
nantly in the nucleus, we found a greater evidence of
PARP enzyme activity in the cytoplasm compared with the
nucleus after NaDOC treatment of Jurkat cells. Although it
has been suggested from cell cycle studies that cytoplas-
mic PARP exists and may be transported to the nucleus at
the time of DNA synthesis (Roberts et al, 1975), there was
no evidence that PARP functions to produce polymers of
ADP-ribose in a cytoplasmic location. Perhaps the excess
of cytoplasmic ADP-ribose polymers identified with the PAR
antibody in the present study represents large glycohy-
drolase cleavage products that are transported to the
cytoplasm for further degradation.

The activation of PARP appears to be protective of
cellular survival, since inhibition of PARP with a classic
inhibitor, 3-AB, sensitized cells to NaDOC-induced apopto-
sis. Thus, in this experimental system, PARP activation
appears to protect against apoptosis, presumably through
the enhancement of DNA repair (Shall, 1984). Our results
are consistent with the reported finding that PARP is a
substrate for several of the caspases during the execution
phase of the apoptotic process (Kaufmann et al, 1993).
Kaufmann et al (1993) have demonstrated that the
cleavage of PARP during apoptosis removes the amino-
terminal domain to yield a protein fragment that retains
basal catalytic activity but lacks the DNA-binding domain.
The PARP cleavage product has a much lower catalytic
activity than the intact polymerase since binding to nicked
DNA is needed to stimulate PARP activity (Kaufmann et al,
1993). In addition, PARP normally ADP-ribosylates the
Ca++/Mg++-activated endonuclease (Yoshihara et al, 1975),
and inhibits its activity (Yoshihara et al, 1975). The
cleavage of PARP during apoptosis, therefore, would
allow the endonuclease to damage DNA, resulting in the
characteristic ladder of DNA fragmentation in some cells.
Once a cell is committed to cell death, it would be logical
for it to eliminate the major defense proteins that assist in
DNA repair and overall cell survival (Casciola-Rosen et al,
1996).

An increase in PARP activity has been reported in
adenomatous polyps and cancers of the colon (Hirai et al,
1983). It is possible that up-regulation of DNA repair
enzymes could contribute to the apoptosis resistance we
found in normal appearing colon tissue in patients with a
history of colon cancer (Payne et al, 1995a; Garewal et al,
1996). However, it is unclear whether an increase in PARP
activity in neoplastic tissue is in response to a high level of
endogenous DNA damage (e.g. due to increased oxidative
stress) or due to constitutive upregulation of PARP itself.

Although bile salts have been reported to induce the
formation of oxygen free radicals (Craven et al, 1986),
activation of NF-kB, a redox-sensitive transcription factor
(Schreck et al, 1991) has not previously been demonstrated

in bile salt-treated cells. In fact, Hirano et 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 an NF-kB-luciferase reporter construct after
bile salt treatment. It is unclear if the discrepany between
our results and those of Hirano et 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 or immunofluorescence/confocal microscopy). NF-
kB proteins normally exist in abundance in the cytoplasm of
most cells (Beg and Baltimore, 1996; Grilli et al, 1993).
Since NF-kB can be activated in the presence of RNA and
protein synthesis inhibitors, preformed molecules of NF-kB
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-kB enters an
activated state (concomitant with I-kB degradation or
phosphorylation) in which the nuclear localization signal
sequence is exposed. This allows the activated NF-kB to
cross the nuclear pores, resulting in translocation to the
nuclear compartment. Once within the nucleus, activated
NF-kB binds to NF-kB binding sites on DNA and activates
a large number of genes (Grilli et al, 1993). Portions of this
sequence of events could be ascertained using immuno-
fluorescent staining in conjuction with confocal microscopy.
The activation of NF-kB 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-kB dimer that is normally masked
by IkB (Kaltschmidt et al, 1995). We also demonstrated that
NaDOC activates NF-kB using an NFkBRE-fusion con-
struct and measuring the accumulation of CAT protein in
stably transfected cells. In situ molecular imaging, however,
was an important technique to use in the present study,
since the activation and translocation of NF-kB to the
nucleus could be observed in pre-apoptotic cells. This
places the NF-kB signaling event 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-kB, 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-kB
(Beg and Baltimore, 1996). Furthermore, evidence was
presented that NF-kB is involved in the regulation (or
prevention) of apoptosis (Baeuerle and Baltimore, 1996).
Inhibition of NF-kB activity by lactacystin (a proteasome
inhibitor), microinjection with IkB-a-glutathione-S-transfer-
ase 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 et al, 1997). Mayo et al (1997)
also reported that NF-kB activation was a requirement for
the suppression of p53-independent apoptosis induced by
oncogenic ras. We similarly found that apoptosis induced
by NaDOC is potentiated by inhibition of NF-kB. The
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increases in apoptosis after TNF-a or NaDOC treatment in
the presence of PDTC are inconsistent with the idea that
NF-kB 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 human colonic epithelial cells are relatively low
compared with liver cells (Grisham et al, 1990). Thus, bile
salt activation of NF-kB in vivo may be needed to protect
colonic epithelial cells from oxidative stresses caused by
bile salts that would otherwise lead to apoptosis.

Since bile salts activate a DNA damage-responsive
pathway (PARP) and an oxidative stress-responsive path-
way (NF-kB), 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. A long term high fat/low fiber diet,
however, may cause so much apoptosis that apoptosis-
resistant cells are selected for. We have shown that
resistance to bile salt-induced apoptosis is associated
with a higher risk for colon cancer (Garewal et al, 1996).
Of particular clinical relevance in the present study was the
finding of an increase in the number of cells with activated
NF-kB in the `normal' appearing mucosa of a patient with
colon cancer. We also demonstrated that this region of the
colon exhibited resistance to NaDOC-induced apoptosis,
using our standard apoptosis bioassay (Payne et al, 1995a;
Garewal et al, 1996). The results from the present study
indicate that cells with a `survival phenotype', that is cells
excessively protected against environmental stresses
(Israel, 1996), may be associated with an elevated risk
for colon cancer. Excessive protection against apoptosis for
an extended period of time may allow cells with unrepaired
DNA damage to propagate, a situation that could lead to
cellular transformation, neoplasia and frank malignancy.
The increased activation of NF-kB, in particular, has been
shown to lead to cellular transformation (Kitajima et al,
1992), tumorigenicity (Higgins et al, 1993; Sharma and
Narayanan, 1996) and a metastatic phenotype (Bours et al,
1994). 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.

One mechanism of apoptosis resistance could involve
an unbalanced up-regulation of one or more antioxidant
defense or DNA repair enzyme, possibly through increased
transcription mediated by activated NF-kB. We have
identified two distinct NF-kB oligonucleotide binding sites
in the human PARP promoter (Table 5). One of these NF-
kB binding sequences fits the classic decameric consensus
kB binding sequence. The other NF-kB-like binding
sequence identified in the PARP promoter is 90%
homologous to the CK-1-like binding site, which is reported
to bind the p65 (Rel A) subunit of NF-kB but not the p50
(NFKB1) subunit (Sharma and Narayanan, 1996). It is
possible that activation of NF-kB could serve to protect
cells against bile salt-induced apoptosis by upregulating
PARP gene expression, which, ultimately, could protect

cells against excessive DNA damage and apoptosis. Other
genes with NF-kB binding sites in their non-coding regions
may be involved in protection against apoptosis. For
example, the 3' end of the non-coding region of the
MnSOD gene contains an NF-kB binding site (Wan et al,
1994). Although MnSOD mRNA levels have been reported
to decline during glucocorticoid-induced apoptosis (Briehl et
al, 1995), the regulation of MnSOD in response to stresses
induced by bile salts has not been explored.

Figure 9 is a model, based on the findings described
herein in conjunction with published results, which indicates
the fate of cells after interaction with high physiologic
concentrations of bile salts. According to this model, bile
salts cause oxidative stress and/or DNA damage in cells
resulting in induction of the stress response proteins PARP
and NF-kB, and perhaps others. Cells that have adequate
levels of activated NF-kB, antioxidant and/or DNA repair
enzymes are more likely to repair the damage caused by
bile salts and, therefore, to survive as normal cells. Cells
that have an inadequate stress response are more likely to
undergo apoptosis. It is also possible that cells with genetic
or epigenetic changes causing high constitutive levels of
stress-response proteins could produce clones of apopto-
sis-resistant cells. Such cells may fail to undergo apoptosis
in the presence of DNA damage, and thus be able to
replicate their DNA in the presence of damage, giving rise
to further mutations, some of which could lead to cancer.
We suggest that there is normally a balance between
stress responses which protect the cell and inhibit the
triggering of apoptosis and an altruistic apoptosis response
to delete the body of cells that have unrepaired DNA and
other damages.

We have shown that bile salts activate two major stress
pathways and that these pathways protect cells from bile
salt-induced apoptosis. The levels of bile salts which induce
these pathways are those found in fecal water after
ingestion of a Western high fat/low fiber diet. 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.

Materials and Methods

Chemicals

Pyrrolidine dithiocarbamate was obtained from Sigma (St. Louis, MO),
3-aminobenzamide from Aldrich (Milwaukee, WI) and sodium
deoxycholate from ICN Biochemicals (Cleveland, Ohio).

Table 5 NF-kB binding sites in the poly(ADP-ribose) polymerase promoter

kB binding
sequence

CK-1 binding
sequence

Consensus
PARP promoter

GGGRNNYYCC
GGGAAACTCC1

GAGATTCCAC
GAGATTCCCC2

1 Position 779 to 788 5' upstream of the transcription initiation site
(Ogura et al., 1990). 2 Position 7945 to 7954 5' upstream of the
transcription initiation site (Ogura et al, 1990)
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Cell cultures

The Jurkat cell line was derived from a human T-cell lymphoma
[American Type Culture Collection (ATCC), Bethesda, MD; ATCC
#TIB 152]. Jurkat cells were cultured in RPMI 1640 media (Irvine
Scientific, Santa Ana, CA) and supplemented with 10% fetal calf
serum (FCS) (Omega Scientific, Inc, Tarzana, CA), 100 U/ml penicillin,
100 mg/ml streptomycin and 3.44 mg/ml L-glutamine (Gibco BRL Life
Technologies, Grand Island, NY). The HCT-116 cell line (ATCC #CCL
247) was derived from a patient with colon cancer. HCT-116 cells were
cultured in DMEM media and supplemented with 10% FCS, penicillin/
streptomycin/glutamine (same concentrations as for Jurkat cells) and
1% MEM non-essential amino acids (Sigma, St Louis, MO). HepG2 is
a transformed human hepatoma cell line (ATCC #HB 8065). HepG2
cells were grown in MEM medium containing 10% FCS, 50 mg/ml
streptomycin, 50 U/ml penicillin, 100 mM MEM non-essential amino
acids, 2 mM L-glutamine and 1 mM sodium pyrruvate (Gibco).

Preparation of cultured cells for confocal
microscopy

NF-kB(p65)/IkB-g co-localization HCT-116 cells were grown on
0.17 mm thick coverslips in a CO2-humidified incubator at 378C and
fixed after various treatments with 4% methanol-free formaldehyde for

20 min at room temperature. Jurkat cells, which are suspension cells,
were spun onto coverslips using a Shandon Cytospin 3 cytocentrifuge.
We have empirically determined that the antigenicity and cytoplasmic
localization of the p65 and IkB-g antigens in unstimulated cells were
best preserved using methanol-free formaldehyde (Ted Pella, Inc.,
Redding, CA) rather than alcohol. To make the 4% formaldehyde, a
10 ml ampule of 16% formaldehyde in water was mixed with 10 mls of
26PBS. This was then diluted to 4% formaldehyde by adding 20 ml
16PBS, as a working solution for fixing cells. This can be stored in the
refrigerator for 1 month.

Poly(ADP-ribose)(PAR) polymers To determine the best method of
fixation to detect the PAR polymers using the polyclonal guinea pig
antibody (Trevigen, Inc., Gaithersberg, MD) in our cells and tissues,
we fixed Jurkat cells in 4% formaldehyde (methanol-free) made up in
PBS for 20 min at room temperature, or ice-cold 10% trichloracetic
acid for 10 min (method of Kupper et al, 1996), or 100% methanol for
5 min at room temperature. All coverslips were additionally
permeabilized in 100% methanol at 7208C for 6 min, air-dried and
stored at freezer temperatures until time of immunostaining. For the
excised rat colon, we fixed the tissue overnight at room temperature in
4% formaldehyde (methanol-free) made up in PBS or ice-cold 10%
trichloracetic acid for 30 min (followed by transfer to 70% ethanol
overnight at room temperature), or primary fixation in 70% ethanol
overnight at room temperature. Of the three fixation methods used, the
highest reactivity of the polyclonal anti-poly(ADP-ribose) antibody was
observed after fixation with 100% methanol for 5 min for tissue culture
cells and overnight fixation in 70% ethanol for the excised rat tissue.

Excised rat colon treatment Excised colon tissue was rinsed with
PBS and incubated in modified essential medium (MEM) (Sigma, St.
Louis, MO) supplemented with 2% v/v of a glutamine solution (Gibco
BRL, Grand Island, NY) and with 1% v/v of non-essential amino acids
(Sigma, St. Louis, MO) for 2 h at 378C in a humidified CO2 incubator in
the presence or absence of 1.0 mM NaDOC or 0.4 mM MNNG. A
concentration of 1.0 mM NaDOC was chosen for the colon tissue, as
we have determined that this concentration results in a significant
amount of apoptosis over this short incubation period in vitro.
Incubation periods longer than 2 h result in the sloughing of the
colonic epithelium, making evaluation of tissue architecture difficult.
For immunofluorescent studies, tissue was fixed overnight in 70%
alcohol and embedded in paraffin.

Antibodies and detection systems

NF-kB/IkB-g A monoclonal antibody against an epitope of the p65
subunit of NF-kB that is exposed during NF-kB activation was
obtained from Boehringer Mannheim (Indianapolis, IN). This antibody
was used at a dilution of 1 : 100 using 1% bovine serum albumin as
diluent. The detection system consisted of a biotinylated goat anti-
mouse secondary antibody obtained from Vector Laboratories, Inc,
Burlingame, CA, followed by fluorescein-conjugated streptavidin
(Vector Laboratories).

A polyclonal antibody was made in a rabbit against a peptide
corresponding to amino acids 471 ± 490 within the carboxy terminal
domain of human IkB-gp70 by Santa Cruz Biotechnology, Inc., Santa
Cruz, CA. This was used at a dilution of 1 : 20 followed by a
biotinlylated goat anti-rabbit secondary antibody. Final visualization
was achieved using Texas Red-conjugated streptavidin from Vector
Laboratories, Inc. (Burlingame, CA). The fluorescent emission spectra
of fluorescein, used to visualize NF-kB, and Texas Red, used to
visualize IkB-g, are separable with no bleed-through, using the filter
sets on a Leica TCS-4D laser scanning confocal microscope, which
allowed for simultaneous scanning.

Figure 9 Model indicating the fate of cells after interaction with high
physiologic concentration of bile salts. A cell that has missing or inadequate
stress response proteins may undergo apoptosis. Cells with adequate stress
response proteins likely repair any damage and survive as normal cells.
Surviving cells with genetic or epigenetic changes causing high constitutive
levels of stress-response proteins in vivo, could produce clones of resistant
cells that become prone to further mutations, some of which lead to cellular
transformation and neoplasia
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Poly(ADP-ribose) polymers The evaluation of PARP activity can be
asssessed using an antibody against the product of PARP enzyme
activity, ADP-ribose polymers. The polyclonal antibody was produced
in a guinea-pig (Trevigen, Inc., Gaithersburg, MD) and reacts with
poly(ADP-ribose) polymers that are 10 ± 50 ADP-ribose units long. This
antibody was used at a dilution of 1 : 500, followed by a biotinylated
goat anti-guinea-pig secondary antibody at a 1 : 100 dilution. The final
visualization of ADP-ribose polymers was achieved using Cy 5-
conjugated streptavidin from Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA. Cy 5-conjugated streptavidin was used in
conjunction with 25 nM YOYO-1 iodide, obtained from Molecular
Probes (Eugene, OR) to stain DNA after RNAase digestion. This
allowed for the localization of ADP-ribose polymers in the nuclear and
cytoplasmic compartments. All coverslips were mounted using a water-
soluble mounting media that hardens overnight, from DAKO Corp.,
Carpenteria, CA. To ensure that this antibody actually recognized
ADP-ribose polymers, control experiments were performed in which
the PAR antibody was reacted with poly(ADP-ribosylated) protein
(0.5 mg/ml) (Trevigen) for 90 min prior to immunostaining. MNNG-
treated Jurkat cells that were immunostained with the reacted PAR
antibody exhibited a significantly reduced level of immunostaining
compared with the unreacted PAR antibody.

Immunohistochemical staining and quantitation of
activated NF-kB in human colon resections and
correlation with apoptosis resistance

Samples of colonic mucosa were obtained immediately after colon
resection in the operating room. The surgeon (JW, a co-author on this
paper) removed the mucosa from regions proximal and distal to the
adenocarcinoma using a sharp scissors. The tissue was immediately
placed into ice-cold MEM media, which was kept on ice. The excised
mucosal samples were brought back to the laboratory, at which time
samples were prepared for the apoptosis-resistance bioassay and
others were placed immediately into 70% ethanol.

Resistance to apoptosis bioassay Mucosal samples were incubated
in the presence or absence of 1.0 mM NaDOC in supplemented MEM
media at 378C in a humidified CO2 incubator for 3 h, as previously
described (Payne et al, 1995a; Garewal et al, 1996). After the
incubation period, the media was removed and replaced with ice-cold,
half-strength Karnovsky's fixative, and fixed overnight; the tissue was
then dehydrated in a graded series of ethanols and embedded in
Spurr's epoxy resin, as previously described. One micron sections
were prepared and stained with a polychrome stain, which
differentially stains the goblet cells (Garewal et al, 1996). At least
200 goblet cells were scored for the quantitation of apoptotic cells.

Immunohistochemistry and NF-kB quantitation The ethanol-fixed
tissue was dehydrated in a graded series of alcohols and embedded in
paraffin. Five micron sections were prepared and deparaffinized. Then
endogenous peroxidase was blocked by incubating the slides with
0.3% hydrogen peroxide in methanol for 30 min, and the sections
rinsed with distilled water and PBS. Non-specific binding was blocked
by incubating the sections in rabbit serum (Vector) at 1 : 10 dilution in
PBS for 30 min. The same monoclonal antibody against activated NF-
kB that was used for the immunofluorescent/confocal microscopy
studies above was used for this immunohistochemical procedure. The
antibody was diluted 1 : 100 using 1% BSA/PBS as diluent, and the
tissue sections were incubated for 1 h at room temperature. The tissue
was subsequently incubated with biotinylated rabbit anti-mouse IgG
(1 : 1000) for 30 min, then reacted for 30 min with the ABC
(Avidin:Biotinylated Enzyme Complex) kit (Vector Laboratories, Inc.,
CA). The sections were developed for 5 min in 0.5 mg/ml

diaminobenzidine tetrahydrochloride (DAB) (Sigma Chemical Co.,
MO) made up in PBS containing 0.015% hydrogen peroxide. Sections
were counterstained with Mayer's hematoxylin (Sigma) and mounted
using Crystal Mount.

Semi-quantitative digital image analysis of
confocal images

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 a constant setting so
that 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 RNAase digestion, using the xenon lamp attachment
to the fluorescent microscope. Digital images were saved to a Zip
diskette and imported into the hard drive of a PC containing
SigmaScan image analysis software (Jandel Scientific, Corte
Madera, CA). 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). Certain gray level intensity
measurements were also made using the automatic histogram
analysis of pixelated images (Image-Pro Plus software, Media
Cybernetics, Silver Spring, MD). This latter 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 a large n value, markedly reducing the standard error,
making comparisons between images with small differences in
intensity values feasible.

Quantitation of NF-kB-stained crypt cells The visualization of the NF-
kB-stained colonic crypt cells (using the extent of brown staining of the
DAB reaction product) was facilitated by the projection of the stained
slide through a SONY 3CCD RGB color video camera (interfaced with
a Zeiss Axioskop microscope) onto a SONY Trinitron 20'' color video
monitor. The color video monitor receives signals from the video
camera via an analog RGB input connector. The sections were viewed
using a 1006 oil immersion objective lens, and the cell position of the
stained cells along the crypt axis was recorded using a FoxPro crypt
analysis program developed at the Arizona Cancer Center.

Identi®cation and quantitation of apoptotic cells in
tissue culture cells

Cells were fixed with 100% methanol for 2 min at room temperature,
air-dried and then stained at a later time with a 1 : 10 dilution of a 0.4%
w/v modified Giemsa stain made in a buffered methanol solution,
pH 6.9 (Sigma Diagnostics, St. Louis, MO). Two hundred cells were
scored for apoptosis under a 1006 oil immersion objective using a
bright field microscopy as previously described (Payne et al, 1992).
The criteria used to identify apoptotic cells in whole mount
preparations were condensed chromatin, fragmented nuclei, cell
shrinkage, cytoplasmic vacuolization and apoptotic body formation as
previously described (Payne et al, 1992; Zheng et al, 1996).

NF-kB response element (NFkBRE)-CAT ELISA
assays

The HepG2 cells were transfected with the pSP-CAT plasmid by
electroporation using a gene pulser (Bio-Rad Laboratories, Richmond,
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CA), as previously described (Todd et al, 1995). The pSP-CAT plasmid
contains four NFkBRE consensus sites from the human immuno-
deficiency virus long terminal repeat fused to the CAT gene (a gift of Dr
Gary J. Nabel, University of Michigan Medical Center, Ann Arbor, MI to
Xenometrix, Boulder, CO; Shannon Beard, co-author on this
manuscript). The pSP-CAT plasmid contains the bacterial chloram-
phenicol acetyl transferase gene and the SV40 early promoter, but
lacks the SV40 enhancer. After treatment of HepG2 cells with varying
concentrations of NaDOC, the cells were lysed and the lysate
transferred to 8-well microtiter strips coated with anti-CAT antibodies.
The CAT ELISA was performed according to the protocol described in
the Xenometrix CAT-Tox assay manual, and the microtiter plates were
read at an absorbance of 405 mm in a microtiter plate reader (Bio-Tek
Instruments, Inc). The data were collected and analyzed using
Xenometrix software (Todd et al, 1995).
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