Differential Response to DNA Damage May
Explain Different Cancer Susceptibility
Between Small and Large Intestine
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Although large intestine (LI) cancer is the second-leading cause
of cancer-related deaths in the United States, small intestine (Sl)
cancer is relatively rare. Because oxidative DNA damage is one
possible initiator of tumorigenesis, we investigated if the Si is
protected against cancer because of a more appropriate
response to oxidative DNA damage compared with the LI. Sixty
rats were allocated to three treatment groups: 3% dextran sodium
sulfate (DSS, a DNA-oxidizing agent) for 48 hrs, withdrawal (DSS
for 48 hrs + DSS withdrawal for 48 hrs), or control (no DSS). The
Si, compared with the L!, showed greater oxidative DNA damage
(P < 0.001) as determined using a quantitative immunohisto-
chemical analysis of 8-oxodeoxyguanosine (8-oxodG). The
response to the DNA adducts in the Sl was greater than in the
LI. The increase of TdT-mediated dUTP-biotin nick end labeling
(TUNEL)-positive apoptosis after DSS treatment was greater in
the S| compared with the LI (P < 0.001), and there was a positive
correlation (P=0.031) between DNA damage and apoptosis in the
Sl. Morphologically, DSS caused an extensive loss of crypt
structure shown in lower crypt height (P = 0.006) and the number
of intact crypts (P = 0.0001) in the LI, but not in the Sl. These data
suggest that the S| may be more protected against cancer by
having a more dynamic response to oxidative damage that
maintains crypt morphology, whereas the response of the LI
makes it more susceptible to loss of crypt architecture. These
differential responses to oxidative DNA damage may contribute
to the difference in cancer susceptibility between these two
anatomic sites of the intestine. Exp Biol Med 230:464-471, 2005

Key words: small intestine; colon; oxidative DNA damage; apoptosis;
cell proliferation

This work was supported by the National Institutes of Health Grants CA61750,
CA82907, CA59034, and CAS57030; NSBRI NASA NCC9-58; and NIEHS P30-
ES09106. This work was also funded by Dr. Hong’s pilot project grant from CERH
(SP30-ES09106).

' To whom correspondence should be addressed at 213 Kleberg Building, 2253
TAMU, College Station, TX 77843-2253. E-mail: jlupton@tamu.edu

Received: February 17, 2005.
Accepted: April 26, 2005.

1535-3702/05/2307-0464$15.00
Copyright © 2005 by the Society for Experimental Biology and Medicine

464

Introduction

Although both the large intestine (LI) and the small
intestine (SI) are lined by similar types of epithelial cells
with similar crypt-based morphologies, their susceptibilities
to cancer are very different. The second-leading cause of
death from cancer in the United States is LI cancer, whereas
SI cancer is rare (1). In 2004, deaths from LI cancer
accounted for 10% of all cancer deaths in the United States,
while deaths from SI cancer constituted less than 0.2% (1).

Oxidative DNA damage, one possible initiator of
tumorigenesis (2), is produced by oxidative stress generated
by reactive oxygen species (ROS; Refs. 3 and 4). If reactive-
species generation exceeds the capacity for neutralization by
the antioxidant defense system during inflammation, it can
generate oxidative stress, which can readily damage DNA
(3, 4). Respiration, tobacco use, irradiation (2, 5), or
chemical substances (e.g., dextran sodium sulfate [DSS])
can produce ROS (6). A large molecule (40 kd), DSS may
be directly toxic to normal epithelial cells, lymphocytes, and
the extracellular matrix (7), which results in the induction of
inflammation and oxidative stress in rodents (6, 8, 9). In this
study, we measured 8-oxodeoxyguanosine (8-oxodG) DNA
adduct levels as a biomarker of oxidative DNA damage. The
8-0x0dG adduct is one form of oxidative DNA damage that
is closely related to tumorigenesis (6, 10). Unless this lesion
is repaired and/or removed by apoptosis, it can induce GC
— TA transversions during DNA replication, which are
found in mutated oncogenes and tumor-suppressor genes
(11). The propagation of these mutated cells can lead to the
malignant transformation of colonic mucosa.

The purpose of this study was to determine whether the
SI, compared with the LI, responds more favorably to
oxidative stress. Because intestinal tumors arise from
perturbations of homeostasis among cell proliferation and
apoptosis (12), we hypothesized that the SI is protected
against cancer by a more beneficial response to oxidative
DNA damage via enhancing apoptosis and decreasing
proliferation to suppress oxidative DNA damage. To test
this hypothesis, oxidative DNA damage, apoptosis, and cell
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Proliferation were assessed within intestinal crypts in the SI
and the LI using a DSS-treated rat model.

Materials and Methods

Animals and Study Design. The animal-use pro-
tocol was approved by the University Animal Care
Committee of Texas A&M University and conformed with
gUidelmes from the National Institutes of Health. Rats were
Individually housed and maintained in a temperature- and
humidity-controlled animal facility. Sixty male, weanling,
SPrague-Dawley rats (Harlan Sprague-Dawley, Houston,
TX) were acclimated for 4 to 6 days and then assigned to
one of three groups: control (no DSS), 3% DSS in drinking
Wwater for 48 hrs (DSS), or 3% DSS for 48 hrs and an
additional 48 hrs of DSS withdrawal (withdrawal). After
acclimation, rats (n = 40) were administered 3% w/v DSS
(40 kd; ICN Biomedicals, Aurora, OH) in the drinking water
for 48 hrs, while controls (n = 20) continued to receive
normal drinking water (no DSS). Following 48 hrs of DSS
treatment, all of the controls and half of the DSS-treated rats
(n = 20) were euthanized by CO, gas. The remaining DSS-
treated rats (n = 20) were provided normal drinking water
for an additional 48 hrs before they were euthanized. The
3% DSS 1level of administration was chosen based on the
Tesults of a preliminary experiment and from a review of the
literature (6, 8, 9). The level of DSS was sufficient to induce
Oxidative DNA damage without severe pathologic inflam-
Mation. During the DSS-treatment and removal periods,
body weight and water consumption were recorded.

In Vivo Measurement of Oxidative DNA Dam-
age. After the rats were euthanized, the SI and the LI were
Immediately resected. The first 1 cm of the duodenum and
the last 1 cm of the most distal colon after removal of the
Tectum were taken. These segments were chosen because
the distal part of the colon (i.e., the descending colon) 1s
Where colon cancer occurs most frequently in humans, and
the proximal duodenum is where SI adenocarcinoma occurs
Most prevalently, according to the National Cancer Instlt}lte
(13). Oxidative DNA damage was measured by quantitative
Immunohistochemistry using a monoclonal anti_g'O,XOdG
antibody (Trevigen, Gaithersburg, MD), as previously
described (14). The specificity of 8-oxodG has been
Validated by competitive enzyme-linked immunoabsorbent
assay (15). Omission of primary antibody was used as a
hegative control.

Slides from rats treated with 6% DSS (i.e., a higher
level than used in this study) were run as positive con?rols.
To check the reproducibility of 8-0x0dG staining, t{SS“e
sections from the same animal were tested several times
Over several days in preliminary experiments. The range of
Staining intensity and pattern was very similar among tissue
sections. The tissue slides from the animal were used as
standards, and standard tissue sections were also run with
actual samples for quality control. At least 20 crypt columns
Per animal, in both the SI and the LI, were randomly chosen
for quantitative analysis in control (no DSS) and 48-hr DSS

treatment groups. Because there was a significant reduction
in the number of intact crypts in the distal colons of rats in
the withdrawal group, a total of 480 intact crypts were
analyzed (rather than 20 intact crypts per animal). In the SI
of the withdrawal group, at least 20 crypt columns per
animal were quantified. Staining intensity was assessed by
cell position within the crypt using NIH Image software
(Scion Corporation, Frederick, MD). The conditions,
brightness, filter, and light exposure were adjusted to
optimize the image brightness and contrast. For accurate
and consistent results, the settings remained constant for all
images in both the SI and the LI once established. Each
nucleus on one side of a crypt column (starting from the
lowest cell in the base of the crypt) was outlined, and the
staining intensity was measured. The background staining
intensity was subtracted from the staining intensity of the
target cells.

In Vivo Apoptosis Measurement. The apoptosis
assay used (Intergen, Purchase, NY) was based on the
terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP-biotin nick end labeling (TUNEL; Refs, 16, 17).
Positive control slides were treated with DNase I (Ambion,
Austin, TX) at 37°C. Negative control slides were incubated
without the TdT enzyme. Crypt height in number of cells
and the number and location of apoptotic cells with crypts of
SI and LI were recorded. The apoptotic index was 100 times
the mean number of apoptotic cells per crypt column
divided by the mean of the total number of cells per crypt
column.

In Vivo Measurement of Cell Proliferation. Cell
proliferation was determined using Ki-67 (BD Biosciences,
San Diego, CA), as previously described (18). Paraformal-
dehyde-fixed, paraffin-embedded tissue sections were de-
paraffinized, and then antigen was retrieved by microwave
treatment in 0.1 M sodium citrate buffer (pH 6.0).
Monoclonal anti-Ki-67 antibody (BD Biosciences) was
used as the primary antibody, and omission of primary
antibody was used as a negative control. The number and
position of labeled cells in the crypts of the SI and the LI
were recorded. Only strongly labeled cells were counted.
The proliferation index (PI) was calculated as 100 times the
number of labeled cells per crypt column divided by the
total number of cells per crypt column. Proliferative zone
was calculated as 100 times the position of the highest-
labeled cell divided by the number of cells per crypt
column.

Statistical Analyses. Oxidative DNA damage,
apoptosis, and cell proliferation data were analyzed using
one-way ANOVA to determine the effect of treatment in the
SI and the LI If the P values for the interaction were <0.05,
means of the treatment groups were then separated using
Fisher's protected least significant difference test. The
comparisons between the SI and the LI, with respect to
oxidative DNA damage, apoptosis, and cell proliferation,
were analyzed only within the crypt because there are no
villi in the L1. Comparisons of DNA damage, apoptosis, and
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cell proliferation in the SI and the LI were evaluated using
paired ¢ tests. Comparisons among the bottom, middle, and
top third of crypts in each SI and LI on DNA damage,
apoptosis, and cell proliferation were analyzed using a least
significant difference multiple comparison test. The corre-
lations between oxidative DNA damage and apoptosis or
cell proliferation were tested using Pearson’s correlations,
and statistical significance was assessed using Fisher’s
distribution, with calculations done using PROC CORR in
SAS (SAS Institute, Cary, NC; Ref. 19).

Results

Daily Water Consumption and Body Weight
Gain. Water consumption (10.42 =+ 0.27 g daily) and body
weight gain (1.85 * 0.36 g daily) were significantly
reduced in DSS rats compared with control rats (P < 0.05;
13.42 £ 0.56 g daily and 5.88 = 0.33 g daily, respectively).
Although 48-hr DSS administration caused loose stools, a
common symptom of experimental and clinical ulcerative
colitis, there were no symptoms of severe inflammation
(e.g., severe diarrthea, bloody stools). In withdrawal rats,
water consumption (15.13 * 0.50 g daily) and body weight
gain (7.65 = 0.47 g daily) were higher than in the control
and DSS groups.

Distribution of Oxidative DNA Damage, Apop-
tosis, and Proliferation. In the SI, oxidative DNA
damage was higher in the villi than in the crypts (Fig.
1A}. Within the SI crypts, DNA damage was greatest in the
lower and top parts of the crypts than in the middle third of
the crypts in all treatments (P < 0.05; Table 1). In the LI,
oxidative DNA damage was greatest in the lower part of the
crypts in control rats. In contrast, oxidative DNA damage
was greatest in the upper part of the crypts in DSS-treated
rats (Table 1).

In the SI, apoptosis was much higher in the villi
compared with the crypts (Fig. 1C). Within the crypts, the
apoptotic index tended to be higher in the upper part of the
ST crypt in control rats. In the LI, apoptotic cells were
evenly distributed within a crypt in control rats. In the DSS
and withdrawal groups, the major localization for apoptosis
(P < 0.05) was the upper part of the crypts in both the SI
(Fig. 1C) and the LI (Table 1 and Fig. 1D).

Cell proliferation was very rare on the villi of the SI
(Fig. 1E). Within the crypts, cell proliferation was primarily
localized in the lower part of the crypts regardless of
treatment in both the SI (P < 0.05; Fig. 1E) and the LI (P <
0.05; Table 1 and Fig. 1F).

Oxidative DNA Damage and Relationship With
Apoptosis. The basal level of oxidative DNA damage (8-
oxodG) was greater in the SI compared with the LI (P <
0.001) (Fig. 2). Oxidative DNA damage was increased by
DSS in both the SI (P = 0.05) and the LI (P = 0.001), but the
increase of DNA damage was greater in the LI (167%) than
in the SI (59%) (Fig. 2).

Apoptosis was greater in the SI than the LI in the
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Figure 1. Representative image of oxidative DNA damage (8-
oxodG), apoptosis, and cell proliferation in the Sl and the LI of a
DSS-treated animal. The DNA damage, apoptosis, and proliferation
were greater in the Sl (A, C, and E, respectively) compared with the
LI (B, D, and F, respectively). In the Si, DNA damage and apoptosis
were higher (A and C), but proliferation (E) was much lower in the villi
than in the crypts. Within the crypts, the majority of apoptosis was
localized in the upper part of the crypts in both the Si and the LI (C
and D) of the DSS group. In contrast, proliferation was predominantly
located in the lower part of the crypts in both tissues (E and F).
Arrows and boxes represent stained target cells.

control (P = 0.004) and DSS treatment groups (P = 0.001).
Treatment with DSS resulted in a 100% increase of the
apoptotic index in the SI (P = 0.05). In contrast, there was
no significant increase of apoptosis (40%) after DSS
treatment in the LI (Fig. 3A).

The relationship between oxidative DNA damage and
apoptosis was tested, and there was a positive correlation
between oxidative DNA damage and apoptosis in the SI. As
oxidative DNA damage increased in SI crypts, apoptosis
also increased (r = 0.46; P = 0.031; Fig. 3B). In contrast,
there was no such relationship found in the LI (Fig. 3B).
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Table 1. Oxidative DNA Damage, Apoptosis, and Proliferation in the Bottom, Middle, and Top Third of the Crypts?

—_— Bottom  Middle Topthid SEMD Bottom Middle Topthird SEMD
DNA damage (staining intensi
Control ( ¢ i 17.72>*  1496°  18.36° 0.99 7.32*  521° 5.57° 0.47
DSs 28.26° 25.04°  26.28%*° 0.99 16.59  14.50° 17.82° 0.56
Withdrawal 2390  2022° 2321° 0.89  10.30° 896  12.92° 0.78
Apoptosis (%)
Control 0.39 037 076 030 009 007 0.08 0.05
DSS 053* 093  175° 034 002 019  022° 040
Withdrawal 043*  042*°  100° 027  077°  107°  356° 101
Proliteration (%)
Control 74.90° 66.65°  20.37° 315 5379 20.03° 0.43¢ 350
DSS 7773 6425 1445° 283  47.77° 2391 193 517
Withdrawal g5.45°  7404> 2340° 236 4153 2531°  440°  no4

“ SEMD, standard error of the mean difference. Different letter superscripts are different among bottom, middle, and top third of the crypt each

lissue at P < 0.05.

Cell Proliferation. The PI was greater in the SI
ompared with the LI in the control (P < 0.001) and DSS
treatment groups (P < 0.001; Fig. 4). However, there was
1o DSS treatment effect on the PI (Fig. 4) or proliferative
Zone (data not shown).

Crypt Morphology. In the withdrawal group, crypt
Morphology was altered in the LI as a consequence of DSS
treatment, Crypts were distorted and shorter (Fig. 5B)
Compared with crypts from control rats (Fig. 5A).
Fllrthermore, when treated with DSS, only crypt remnants
Were found in some areas of the LI (Fig. 5C), and there were
SOme areas where no intact crypts remained (Fig. SD). This
Occurred in the LI, but not in the S There was no apparent
Change in morphology in the SL To evaluate the effect of
DSS on crypt morphology, crypt height in number of cells
and number of intact crypts per 300 pum were counted. Crypt
Beight in the number of cells (P = 0.006; Fig. 6A) and the
Tumber of intact crypts per 300 pm (P = 0.0001; Fig. 6B)
Was lower in the LI of withdrawal group, whereas there was
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Figure 2, Oxigative DNA damage (8-0x0dG) was greater in the SI

han in the L of control rats (P < 0.001). After DSS treatment, DNA

bamage increased in both the St (P = 0.05) and the LI (P = 0.001),

e degree of increase was greater in the LI compared with the Sl

i = 0.05). Values are means * SE. Bars without a common letter
iffer. n= 10 per treatment within each tissue.

no change in crypt height or the number of intact crypts in
the SL

In the withdrawal group, oxidative DNA damage was
still higher in the ST compared with the LI (P < 0.001; Fig.
7A). The damage in the withdrawal group (Fig. 7A) was less
than that in the DSS group (Fig. 2) for both the SI (P <
0.001) and the LI (P = 0.017). In the SI, oxidative DNA
damage was lowered to levels similar to those in control rats
(P < 0.05). In contrast, damage (Fig. 7A) did not decline to
control levels (Fig. 2) in the LI (P = 0.05). The apoptotic
index was greater in the LI compared with the SI (P <
0.001; Fig. 7B), which contributed to the shortening of
crypt height in a number of cells in the LI of the withdrawal
group, as previously described. The PI was greater in the SI
than in the LI (P < 0.05; Fig. 7C). The PI increased in the
SI of the withdrawal group (Fig. 7C) compared with the
DSS group (P = 0.029; Fig. 4), but there was no significant
change in the P in the LI of the withdrawal group compared
with the DSS group.

Discussion

The objective of this study was to investigate possible
mechanisms that contribute to lower cancer incidence in the
SI compared with the LI. The literature suggests that the SI
has lower levels of methylation-induced DNA damage (20)
and higher methyltransferase DNA repair enzyme activity
(21), which may result in a lower incidence of cancer. In the
present study, we extended these observations to oxidative
DNA damage. The 8-oxodG DNA adduct level was
quantitatively measured as an indicator of oxidative DNA
damage. Elevated levels of this adduct have been detected in
colonic tumors (3). Surprisingly, the SI had greater nuclear
oxidative DNA damage compared with the LI, which is the
opposite of our hypothesis. However, the degree of the
increase in DNA damage after DSS treatment was much
higher in the LI (50% more than control) than in the SI. The
effect of DSS may be weaker in the SI because the DSS was
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Figure 3. (A) The apoptotic index was greater in the Sl than in the LI in control (P = 0.004) and DSS rats (P = 0.001). After DSS treatment, the
apoptotic index increased in the Sl (P = 0.05), but not in the LI. Values are means + SE. Bars without a common letter differ. n = 10 per
treatment within each tissue. (B) As oxidative DNA damage increased in the Sl (0, broken line), apoptosis also increased (r= 0.46; P=0.031). In
contrast, increased oxidative DNA damage was not associated with an increase in apoptosis of the LI (e, solid line). r, correlation coefficient. n=

20 per tissue.

diluted with food and water. The DSS will become more
concentrated in the LI. After DSS withdrawal, SI oxidative
DNA damage decreased to control levels, whereas damage
in the LI did not decrease to control levels. Therefore, the LI
appears more vulnerable to oxidative stress. However, this
still does not explain the lower incidence of cancer in the SI
becdtise the SI had higher overall oxidative DNA damage.
The discrepancy between oxidative DNA damage and
cancer incidence led us to develop the new hypothesis that
the response to oxidative DNA damage may be more
important than the adduct levels.

Because intestinal tumors arise from perturbations of
the homeostasis among cell proliferation and apoptosis (12),
apoptosis and proliferation were determined as responses to
DSS-induced oxidative DNA damage. Apoptosis plays a
fundamental role in tissue homeostasis by eliminating
unwanted or damaged cells, suggesting its involvement in
cancer therapy and preventing carcinogenesis (22). Mount-
ing data show that inhibiting this process may be a critical
event in developing tumors (22, 23). In this study,
spontaneous and damage-induced apoptosis were greater
in the SI than in the LI, except for in the withdrawal groups.
Moreover, the increase of apoptosis was positively corre-
lated with the level of DNA damage in the SI, suggesting
that, in the SI, enhanced apoptosis is targeted to oxidative
DNA damage. In the LI, there was no such relationship
between damage and apoptosis. Because there was no
treatment effect on cell proliferation in either the SI or the
L1, apoptosis was one of the key responses to oxidative
DNA damage.

In the LI, oxidative DNA damage increased after DSS
treatment, but there was no significant effect on apoptosis or
proliferation. Instead, crypt morphology was obviously
changed, with a massive increase of apoptosis in the
withdrawal group. As shown in Figure 5, crypts are

shortened and distorted, and there are some areas of the
LI where there are only remnants, without the presence of
crypts. This finding is consistent with other studies using the
LI from DSS-treated rodents (8, 24, 25). One important
thing is that this alteration occurred only in the LI, not in the
SI. Although crypt height and number of intact crypts were
maintained after DSS treatment in the SI, crypts were
shortened and there was a greater reduction in the number of
intact crypts in LI. The reduction in number of intact crypts
and crypt height was caused by a massive increase of
apoptosis in the LI of the withdrawal group, without 2
corresponding increase in cell proliferation. Therefore, DSS
causes the extensive loss of colonic crypt architecture,
which results in a fotal remodeling of colonic epithelial
mucosa. From the current experiment, it is not possible to

Sl LI

Pl — [
(%) 50 1 !

DSS

Figure 4. The Pl was greater in the S| compared with the L1 of control
(P < 0.001) and treatment groups (P < 0.001). Treatment with DSS
did not change the Pi in either the Sl or the LI. Values are means =
SE. Bars without a common letter differ. n = 10 per treatment within
each tissue.

Control Control DSS



INTESTINAL RESPONSE TO DNA DAMAGE 469

‘() oy | ®

.(© _ -

Figure 5, m - ' i
- Morphologic change after DSS treatment in the LI. (A) Normal colonic crypts became distorted (B) aft
F after DSS treatment,
eas, only crypt remnants were found. (D) Further, there were some areas where there were no more intact crypts. ot (€Y In some

deter.mine whether the remodeling would result in a
PhYsmlogically normal colonic crypt.

) In general, the SI has a higher turnover rate compared
With the LI, which accounts for part of the more rapid
Tecovery from oxidative DNA damage in the SI than that
0bSeI'\_'ed in the LI In addition, a significant increase of
aPoptosis in the SI with DSS treatment may lead to a more
3‘;ﬂeﬁcial effect by targeted removal of DNA damage (Fig.
. ). The SI appeared to respond to DNA damage by
ﬂf:lfotlc removal, whereas an increase in DNA damage in
res I was not correlated with an increase in the apoptotic

Sponse. There was a much higher PI in the SI of the
Withdrawa] group than in the LI of the withdrawal group

18. 7C). In fact, cell proliferation increased in the SI, but

not in the LI, of the withdrawal group compared with the
control and DSS groups. The continued or delayed apoptotic
response to DNA damage in the LI resulted in the much-
altered morphology of the LI observed during the with-
drawal period. There were fewer crypts, and those crypts
that remained contained fewer cells than did the crypts at the
end of the DSS treatment. Because the apoptotic index is
defined as the number of apoptotic cells per crypt column
divided by the total number of cells in the crypt column, a
higher level of apoptosis coupled with a much lower numt;er
of cells in the crypt column may account for the higher
apoptotic index observed in the LI of the withdrawal group

One of the differences between the SI and the LI is tha;
the L1 contains a large population of microflora. It has been
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Figure 7. Oxidative DNA damage, apoptosis, and proliferation in the
withdrawal group. (A) Oxidative DNA damage (8-oxodG) was greater
in the S| compared with the LI (P < 0.001). (B) The apoptotic index
was greater in the LI compared with the SI (P < 0.001) due to the
shortening of the crypt height in a number of cells in the LI. (C) The P!
was greater in the SI compared with the LI (P < 0.001). Values are
means + SE. Bars without a common letter differ. n = 10 per tissue.

reported that DSS changes the microflora population in rat
colitis (26), and antibiotic administration suppresses the
histologic alterations in acute DSS colitis (27). According to
these reports, intestinal microflora may play a role in the
induction of oxidative DNA damage and colitis. This
suggests that the observed LI histologic alterations in the
current study may be due to microbial modification of DSS.
However, DSS-induced colitis also occurs in germ-free
mouse intestine (28). Therefore, whether or not microflora
are required for the induction of colitis is not clearly
established.

Repair enzymes and/or antioxidant enzymes that
suppress oxidative DNA damage may be other candidates
for the differential cancer susceptibility between the SI and
the LI. We previously showed, using reverse transcription-
polymerase chain reaction, that mRNA expression of the
oxoguanine glycosylase 1 repair enzyme for 8-0xodG was
lower in the SI than in the LI with DSS treatment (29). We

also showed that antioxidant enzyme activity (e.g., catalase,
superoxide dismutase, glutathione S-transferase) was lower
in the SI than in the LI (30). Higher oxidative DNA damage
in the SI of the present study may be partly attributed to the
lower antioxidant enzyme activity and repair enzyme
expression shown in our previous studies.

As shown in this study, DSS affects oxidative DNA
damage, apoptosis, and cell kinetics. In addition, DSS
causes other responses (i.e., changes in the expression of
NF-xB, cyclooxygenase-2, and nitric oxide synthase;
peroxynitrite formation; Refs. 31-33). These responses
may explain the differential cancer susceptibility in the SI
and the LI

Both the SI and the LI are prone to respond
differentially to oxidative DNA damage, which may result
in the observed differential cancer incidence. In this study,
the SI had greater overall apoptosis and cell proliferation
compared with the LI. Furthermore, apoptosis was elevated
to a greater extent in cells with elevated levels of oxidative
DNA damage in the SI. Cell proliferation increased to
compensate for the cell loss by apoptosis in the SI of the
withdrawal group. In the LI, the increase of apoptosis was
not accompanied by an increase of cell proliferation in the
withdrawal group, which led to a destruction of colonic
crypt structure. From these results, we conclude that the SI
may be more protected against cancer by having a more
dynamic response/adaptation to oxidative stress that main-
tains crypt morphology, whereas the LI response makes it
more susceptible to loss of crypt architecture. These
differential responses to oxidative DNA damage may
contribute to the difference in cancer susceptibility between
the two anatomical sites of the intestine,
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