Consequences of the regulation of DNA damage dmef tipst responses by fish oil for colorectal omtesis.

CHAPTER 4

Study of acute homeostatic responses to a carcinogen in rat colonic
epithelium

4.1. Time course study

41.1. Aims

The purpose of this study was to observe the dooileeostatic responses that
take place in the colon in response to an insuliroflkylating carcinogen over
time. With this information, it is hoped that thelationship between the
formation of DNA damage and the initiation of remmbwmechanisms can be
better understood. Furthermore, this study alsuviged the opportunity to
demonstrate the effectiveness of the newly estalis O°medG

immunohistochemical assay.
The specific aims of this particular study include;

1. To measure the pattern ©®’medG formation in colonic epithelial cells of
rats following an insult of the alkylating carcireag over a set time

course of 48h.

2. To also measure the rates of apoptosis and cdifgration in colonic

epithelial cells over the time course of 48h.

3. To compare these responses and establish a pattacate colonic DNA
damage and removal in the rat-AOM model.

4.1.2. Experimental rationale

It has been shown previously that that the acutg@iatic response in rat colonic
epithelium peaks at approximately 6-8h post AOM muilstration. This has
been supported by our own experiments and alsah®r external publications.
Internal experiments have failed to observe a Is®rond wave’ of apoptosis,
an observation that has been reported by Metrigd [172] in rat small intestine
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when using radiation as a source of DNA damages Haicond wave was
observed approximately 48h following irradiatioeatment. Similarlyin vitro
experiments have also identified a later onsetpolpgosis 72h after exposure to

an alkylating agent [97].

Popular theory suggests that the onset of thisyddlapoptosis is indirectly
related to the formation @°medG adducts. It is proposed that the initiatibn o
apoptosis viaD’medG adducts requires two rounds of DNA replicatod the
formation of double strand breaks to occur. Inrghtbe DNA mispairs created
by 0°medG lesions after one round of DNA synthesis atgested to defective
MMR [95]. This in turn, gives rise to double stdahreaks during the second
round of DNA synthesis that then interfere with tieglication cycle and result
in apoptosis. This theory has been supported pgraxental data through the
use of MGMT and MMR knockout cell lines [97], humigmphocytes [98] and
CHO cell lines [96].

In the rat AOM model however, the 6-8h post AOM dirfitame in which the
peak apoptotic response is reached is deemed td &roapoptosis to be
initiated via this failed repair and replicationtipaay. Considering the cell cycle
time in rat distal colon takes more than 48h [1T3hay well be the case that
this popular theory does not translate complet@ynfanin vitro setting into the

colonic epithelial environment in an animal model.

Hence, there was a need to measure and compaectypes of host responses in
the animal model. In particular, it is importaot understand when and how
rapidly O°medG DNA adducts form in rat colon in relation twe tapoptotic
response and also if the rates of cell proliferattbange after an insult of AOM.
To explore this area and help us better undersfamdnterplay between these
responses several parameters, including adductatmm apoptosis and cell
proliferation will be investigated using the rat-MOnodel.

Firstly, a 48h time course of apoptosis will be mgad to firstly, ensure that the

peak apoptotic rate is confirmed to be at the @8le frame and secondly, that
no late second wave is observed. The patte®@’ofedG will then be measured
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over the same time course to establish where amdhat time these adducts
appear in colonic epithelium. Finally, cell prelifition rates will be measured to

determine if any change in cell cycle rates duthig time period occur.

This established time course displaying the levielO6medG, apoptosis and
proliferation is beneficial as it will provide amsight into the relationship
between adduct formation and removal in coloni¢hgfial cells. This insight
will allow us to further explore the hypothesesamting the role0°medG plays
in the initiation of apoptosis as well as providiagbasis from which we can

explore the potential dietary agents may havegnleging these host responses.
4.1.3. Study design

120 male Sprague Dawley rats at 28 days old (AniResources Centre,
Canning Vale, Western Australia) were used in #tigly. Upon their arrival
they were housed in a temperature and humidityrolbed facility with a daily
light/dark photoperiod of 12h. Rats were separatémgroups of 4 and housed
in cages with raised grid floors to help preventrophagy and consumption of
bedding materials. Rats were acclimatised for @o@eof one week during

which time they were fed a standard rat chow diet.

Upon the commencement of the experiment, all ratevied a modified version
of the AIN-93 diet [165]. This standard control edi contained a
fat/carbohydrate/protein ratio of 20:50:20% respety. Carbohydrates were
added to the diet in the form of 60% cornstarch 40% sucrose. Casein was
used as the protein source and 5% fibre was gisen eellulose. Sunflower oil
with a ratio of 20:70:10 monounsaturated, polyunsded and saturated fatty
acids was used as the 20% fat source in the diégr(to table 1 for detailed
ingredient list). Diet was made in bulk prior teetexperiment and stored at -
20°C. Fresh diet was provided daily in pellet foand fed to the ratad libitum

for a period of 3 weeks. Fresh drinking water &B® provided daily to rats.

At the end of the third week rats were separatéal gmoups of 12 and given a
single intraperitoneal injection of the colon sghieccarcinogen AOM at a dose
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of 10mg/kg body weight in the abdomen. One grouf2orats were given the
equivalent volume of saline and were used as th&aogroup. All injections

were given as close to 9am as possible to miniamgecircadian variability.

Groups of rats were then killed by g@sphyxiation and cervical dislocation at
one of 11 time points following AOM administratidpeginning at 1h and
concluding at 48h (see timeline below). The salieated control rats were
killed immediately after the injection (Oh). Thmeline of this treatment period

Is summarised below in figure 20.

Figure 20: Time course study time line

AOM
Start injection
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Following the asphyxiation of rats, the entire dnnatlestine and colon of each
animal was resected. 2cm sections of both theimadxand distal colon were
fixed in formalin to retain the histological morpbgy of the colonic crypts,
while any remaining tissue was snap frozen in fguoitrogen and stored at -
80°C,

Following 12h of formalin fixation, pieces of coliertissue were cut into smaller
sections placed into cassettes, transferred to @l%hol and processed in a
series of increasing alcohol gradients, xylene wa# overnight (see appendix
B). These pieces were then embedded in paraffin blacks for long term
storage. Using a microtome, 4um sections wereandtfixed to poly-L-lysine
coated slides. Separate colonic sections werdrant each individual rat for
each of the histological assays required includipgptosis O°medG and cell

proliferation.
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4.1.4. Reaults

4.1.4.1. Rat weights

Sprague Dawley rats in total had an average wen§286.06g, gaining an
average of 198.3g over the 3 week feeding peried {gure 21). Though all
rats were on the same control diet there was ahwelifference between some
groups. The largest weight difference was a total7g or 15% between group
16h (311.83g) and 36h (264.25g). However, as thés not a dietary
intervention study and AOM injections were admisistd depending on

individual bodyweights, the weight difference wamsidered to be irrelevant to
the outcome of the final endpoints.

Figure 21: Rat weights
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Rat weights grouped according to the time of kill (h) post AOM injection. Final weights were
recorded prior to AOM administration. Data are means + SEM for 132 rats (n=12 rats per group).
No significance differences were observed between any groups (ANOVA, Tukey).
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4.1.4.2. Time cour se of apoptosis

In response to the administration of AOM, apoptoates were measured in the
distal colon over a 48h time period. The AARGC rotleis time period is
displayed in figure 22. Few apoptotic cells weteserved in control rats
administered with saline (Oh time point). Simyarat 1h and 2h after AOM
administration, apoptotic cells were rarely obsdrwéthin the distal colonic
crypts. At 2h however, the number of apoptoticlscéh the colonic crypt
increased, reaching a maximum level between 6 &ndf&8.06 + 0.21 (SEM)
and 3.18 = 0.19 (SEM) respectively. These timenisowere significantly
different from the control group with p<0.0001. llBwing the 6-8h peak,
apoptosis levels declined considerably, reachifeyal of 1.14 + 0.19 (SEM) at
12h. Levels then continued to decline graduallghwhe exception of a slight
increase at 24h of 1.35 +0.12 (SEM), however thas wot significant from
surrounding time points and therefore a ‘secondev&i apoptosis was not

supported from this data.

Figure 22: Number of apoptotic cells per crypt ove  r 48h following an insult of

AOM
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Apoptosis counts over a time course of 48h. Number of apoptotic cells per crypt reaches a
maximum at 6 through to 8h. Data are means + SEM for 132 rats (n=12 rats per group).

LS. Nyskohus, Ph.D. Thesis, 2009 102 of 233



Consequences of the regulation of DNA damage dmef tipst responses by fish oil for colorectal omtesis.

4.1.4.3. Time cour se of crypt cellularity

For the initial 6h post AOM injection the mean ad#dkity of the distal colonic
crypt remained relatively unchanged at an averd@gba@l4 + 0.32 (SEM) cells
across the first 5 time points as shown in figuBe At 8h the number of cells
along the length of a crypt decreased to the 34.0643 (SEM) and plateaued
then out to 16h at which the lowest crypt height38f97 + 0.24 (SEM) was
recorded. During the following 20 hour time periath increase in crypt
cellularity was recorded until the 48h mark at vwhihe number of cells per

crypt returned to resemble numbers observed ddhniagnitial time points, 35.08

+0.76 (SEM).

Figure 23: Crypt cellularity over 48h following an insult of AOM
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No significant difference was found between crypt cellularity between any time points. Data are
means + SEM for 132 rats (n=12 rats per group).
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4.1.4.4. Apoptotic | ndex (apoptosis/ crypt cellularity* 100)

Figure 24 displays the apoptotic index over the é®le course. When the crypt
cellularity is taken into account for each timerg@and a percentage of apoptotic
cells per crypt is calculated, the general pattérine AARGC remains similar to
that represented by the raw apoptotic data. Bhexpected as the cellularity of
the crypts across the time course did not charggfisiantly. At the 8h peak,

the mean percentage of cells undergoing apoptosisidistal colonic crypt was
a maximum of 9.39% + 0.55 (SEM).

Figure 24: Apoptotic index over 48h following an i nsult of AOM
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“Apoptotic Index represents the percentage of cells within a colonic crypt that are going through
apoptosis. Data are means = SEM for 132 rats (n=12 rats per group).
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4.1.45. Confirmation of apoptosisusing TUNEL assay

The observation of apoptotic cells was confirmeohgishe TUNEL method of

immunostaining. Distal colonic sections from ritsed at four significant time

points, 6, 8, 24 and 48h were stained, countedcantpared to values obtained

when using the haematoxylin assay (see tabler2all Four groups the TUNEL

count for apoptosis was slightly higher than thateg when using the

haematoxylin method. This difference in positivell however, was

comparable for each time point with the TUNEL asg&yng a mean increase of

1.03 £ 0.28 (SD) for the number of positive celtsoss all four time points

measured.

Table 2: Apoptosis counts per crypt

Time (h) TUNEL Haematoxylin n
6 405+04 3.04+0.2 9
8 416 +£0.3 3.13+0.2 12
24 27+04 1.3+0.1 10
48 1.2+0.1 0.5+0.1 10

All data expressed as means + SEM for n=41 rats.

Figure 25: Comparison of TUNEL Vs Haematoxylin apo

ptotic counts
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Apoptosis counts over 4 time points counted using TUNEL and Haematoxylin methods. Data are
means + SEM for 41 rats. The differences between time points were retained using either method

of staining though TUNEL gave consistently higher counts.
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Figure 26: Scatter plot of TUNEL Vs Haematoxylin ap  optotic counts
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Scatter of apoptosis counts (haemotoxylin method vs TUNEL method) defined by time point
(6,8,24,48h) . Pearsons 2-tailed correlation = 0.850. Correlation is significant at 0.01 level.
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4.1.4.6. Time course of cal proliferation

Positive cells identified by the presence ki-67 leac proliferating antigen
appeared brown in colour in contrast to the blaestg negative cells. Counted
by eye, the mean number of actively proliferatimdiscper crypt column was
8.99 + 0.69 (SEM) at a base line level (Oh) as shawfigure 27. Following
AOM administration, this number declined slightlytii 6h post AOM at which
point the number of actively proliferating cellgysificantly reduced to 6.15 +
0.48 (SEM) compared to the Oh control (p = 0.0Zhe proliferative rate then
increased slightly at 24h and continued to steadidyease at 36h and 48h with
the proliferation rate reaching 10.67 £ 0.61 andB3% 0.58 (SEM) respectively.
At 48h the increase of proliferating cells was digantly different to the base
line control at Oh (p = 0.01).

Figure 27: Number of proliferating cells per crypt over 48h following an insult of
AOM
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Data displays number of proliferating cells per crypt over 48h. At 6h proliferation rates
significantly dropped (p=0.02) compared to baseline levels. Data are means + SEM for 132 rats
(n=12 rats per group).
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4.1.4.7. Proliferative Index (cell proliferation / crypt cellularity* 100)

When the crypt cellularity is taken into account &ach time point and the
proliferative index is calculated, the pattern oblfferation does not differ from
that shown in the raw data. The percentage ofs catitively undergoing
proliferation at the baseline level (Oh) was meaduat 26.16% + 1.93 (SEM).
Like seen in the raw data, the percentage dropsfis@antly at 6h post AOM
down to 17.97% = 1.31 (SEM) and levels out withuesl of 19.16, 19.11 and
18.26% at 8, 12 and 16h respectively (see figuje I8e significant increase in
the percent of actively proliferating cells per giryas seen with the raw data is
also replicated with this percentage reaching 3®.#01.71 and 34.66% + 1.57
(SEM) at 36 and 48h post AOM.

Figure 28: Proliferative index over 48h following an insult of AOM
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Proliferative Index represents the percent of proliferating cells within a colonic crypt. Data are
means + SEM for 132 rats (n=12 rats per group).
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4.1.4.8. Time course of 0°medG DNA adduct for mation

O°medG DNA adducts were not observed in the conatsl administered with
saline as seen in figure 29A. This negative steas still quantified using the
image analysis system and this baseline RoB rai® subtracted from all other
AOM treated time point groups to eliminate as mumdckground noise as
possible.

Figure 29: Images of 0°medG negative and positive staining in rat colonic crypt
using the immunochemical assay.
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s;l;)r:es ;mtne;p%os?m ;:tr&):iﬂtin(g\%oft(z;igrﬁceidrg%s;i.v for oﬁrhede and an AOM treated (4h) colonic
O°medG DNA adducts first appeared in the colonichegitm at 2h post AOM
insult measuring 5.58 + 0.87 (SEM). Levels@imedG continued to increase
from this point (a stained crypt at 4hpost AOM istpred in figure 29B),
reaching a maximum at 6h post AOM of 11.56 + 1.3ENI). From this point

O°medG levels steadily declined. There was a sliigiet in levels at 24h post
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AOM, however this increase was not significant #mel later 36 and 48h time
points continued with the downward trend. At 4Ba®°medG levels of 1.76 +

0.51 (SEM) at were close to being back at basélihglevels (see figure 30).

Figure 30: Total O°medG adduct load over 48h following an insult of AO M
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0°medG formation was first noted at 2h post AOM and peaked at 6h post AOM. From 8h
onwards levels steadily declined back towards baseline levels. Data are means + SEM for 132
rats (n=12 rats per group).

The distribution 0f0°medG along the length of the stained colonic crypised
as the time increased following the AOM injectidrhe first signs of positive
staining at 2h and 4h post AOM were located predamtly in the bottom third
of crypts. At 6h the majority of epithelial nuclaiong the colonic crypts were
positively stained and the intensity of stain wagsahighest. At 8h and 12h the
nuclei stained strongest for the presenceQ8iedG were located at cell
positions 7-11 and 14-18 respectively, indicatingl aupward shift of cells
stained positive foD°medG. A more uniform staining pattern along thegptr
was observed at the following 16 and 24h time gointile the final groups at
36 and 48h post AOM displayed a significant drogha intensity of staining,
especially in the lower compartment of the cryphe change it0°medG levels
along the crypt length is shown in the followingtsen 4.1.4.9 by individual cell
position in figure 31A and in crypt thirds in figur32A. These are also
accompanied by distribution data for apoptosisgii] cell proliferation (C).
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4.1.4.9. Thedistribution of host responses along the colonic crypt

Figure 31A: 0°medG distribution along the colonic crypt length at different time
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Each graph represents a group (h killed after AOM injection). x-axis = level of O°medG positive staining
(RoB ratio), y-axis = cell position along crypt length, from base (#1) to surface (#37). Cell position data
represent means for 12 rats per group and means across 20 crypts per rat.
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Figure 31B: Apoptotic distribution along the colon ic crypt length at different time

points
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Each graph represents a group at a different time point (h killed after AOM injection).

x-axis = mean number of apoptotic cells per rat, y-axis = cell position along crypt length, from base
(#1) to surface (#37). Cell position data represent mean number of apoptotic cells per rat, n=12, 20
crypts counted per rat.
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Figure 31C: Distribution of proliferative cells al ong the colonic crypt length at
different time points
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Each graph represents a group at a different time point (h killed after AOM injection).

x-axis = mean number of proliferative cells per rat, y-axis = cell position along crypt length, from
base (#1) to surface (#37). Cell position data represent mean number of proliferating cells (as
stained by ki-67) per rat, n=12, 20 crypts counted per rat.
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The following distribution data (figure 32A-C) hbsen summarised to show the
level of each of the three host respon&medG, apoptosis and cell
proliferation when divided into three separate cartipents of a colonic crypt.
The colonic crypt is lined with epithelial cellsatitake on different properties
and functions depending on where in the crypt tiesyde. It is well known that
the lower third of a colonic crypt is a ‘prolifered’ zone where the majority of
the growth fraction is represented and as thes$e rmelve upwards into the
middle and upper compartments they become incrglgsiiifferentiated and
mature. This data is therefore valuable in deteimgiin which zone each of the

three host responses exert their maximum effect.

As shown below in figure 32A.1, the individual tiqeints forO’medG
distribution across the three compartments compitsnthe distribution by
individual cellular position as shown in figure 31A higher level 0©0°medG is
present in the lower zone for the 2, 4, 6 and Bie fpoints, while the 36 and 48h
time points see a reduction ©medG levels in the lower compartment when

compared to the upper compartment.

Figure 32A.1: Change in O°medG over time by crypt compartment
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The graph above displays the mean 0°medG level per crypt for each of the 3 compartments of a
colonic crypt. ‘Lower’ represents the mean level for cell positions 1-12, ‘middle’ represents the
mean level for cell positions 13-24 and ‘upper’ represents the mean level for cell positions 25-37.
The F-ratio (a measure used for determining the difference between two sets of variance) for
upper means (A) versus lower means (B) is 10.57 (8,8 DoF) and is significantly different at
p<0.01.
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Figure 32A.2 represents the mean leveDdhedG when separated into each of
the three crypt compartments over the 48h timeogeriThere is a clear trend

which sees a pattern 68°medG in the lower and middle compartment decline
over time. However, there was little differencetieO°’medG level in the upper

crypt compartment over time.

Figure 32A.2: Trend of O°medG levels represented by crypt compartment over
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The broken lines represent the mean 0°medG load per crypt for each of the 3 compartments of a
colonic crypt over time. This data is accompanied by solid trend lines for each compartment.

Figure 32B.1 displays the total mean number of &giapcells for each time
point when separated into each of the three crypipartments, while figure
32.B.2 shows the trend of this response in eatheo€rypt compartments over
the 48h time period. This is repeated in figur€32and 2 but for the mean

number of proliferating cells per crypt.

The distribution of both the apoptotic response actdvely proliferating cells is
clearly primarily located in the lower compartmehtrypts within cells 1
through to 12. These responses also take plamaiglocated in the middle
compartment but to a lesser degree, while the upmapartment containing
mature, differentiated epithelial cells remaing&y unaffected by these host

responses.
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Figure 32B.1: Change in the apoptotic response ove rtime by crypt compartment
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The graph above displays the mean number of apoptotic cells per crypt for each of the 3
compartments of a colonic crypt. ‘Lower’ represents the mean count for cell positions 1-12,
‘middle’ represents the mean count for cell positions 13-24 and ‘upper’ represents the mean count
for cell positions 25-37.

Figure 32B.2: Trend of apoptosis represented by cr  ypt compartment over 48h
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The broken lines represent the mean number of apoptotic cells per crypt for each of the 3
compartments of a colonic crypt over time. This data is accompanied by solid trend lines for each
compartment.
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Figure 32C.1: Change in cell proliferation overti  me by crypt compartment
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The graph above displays the mean number of proliferating cells per crypt for each of the 3
compartments of a colonic crypt. ‘Lower’ represents the mean count for cell positions 1-12,
‘middle’ represents the mean count for cell positions 13-24 and ‘upper’ represents the mean count
for cell positions 25-37.

Figure 32C.2:Trend of cell proliferation represente  d by crypt compartment over
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The broken lines represent the mean number of proliferating cells per crypt for each of the 3
compartments of a colonic crypt over time. This data is accompanied by solid trend lines for each
compartment.
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4.1.4.10. Data summary

Figure 33 and table 3 summarise the results fothadle endpoints; apoptos

is,

O°medG and cell proliferation over the 48h time pericAs shown below, both

the onset of apoptosis ar@medG formation occurred rapidly following an

insult of the alkylating agent AOM, they then botlontinued to peak at

approximately 6 and 8h and declined from this pomtards. Cell proliferation

on the other hand significantly decreased 6h p@wAand plateaued from this

point onwards until the 24h mark at which time thember of actively

proliferating cells significantly increased.

0°medG and cell proliferation levels over 48h followi
insult of AOM

Figure 33: Apoptosis, ng an
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Apoptotic counts represented as % of apoptotic cells per crypt, cell proliferation represented as #
of proliferating cells per crypt and 0°medG represented as total 0°medG adduct load per crypt.

apoptotsis
O6MedG
cell proliferation

Table 3: Summary of acute homeostatic responses in colonic epithelium over time in
response an insult of alkylating agent

Time point (h)  Apoptosis Cell proliferation 0°medG DNA adduct
(# per crypt) (# per crypt) (RoB staining ratio)

0 0.01+0.01 8.99 + 0.69 0.00 +0.00

1 0.02+0.01 9.39+0.42 0.01+0.31

2 0.02 +0.01 8.87 +0.57 5.58 +0.87 °

4 1.58+0.12° 8.44 +0.83 753+1.01°

6 3.06 £0.21°% 6.16 +0.48° 1156 +1.72°

8 3.18 £0.19% 6.59 +0.42 7.94+1.34°

12 1.15+0.19° 6.33 +0.66 7.35+0.84°

16 1.01+0.12° 6.41 +0.52 4.85+0.63°

24 1.35+0.12° 7.28 +0.47 6.48+1.01°

36 0.62 +0.18 10.67 £ 0.62 3.16 £ 0.69

48 0.62+.11 11.83 +0.58° 1.76 £ 0.51

Time point groups represent time of kill after AOM administration, with Oh being control saline
group. All data expressed as means + SEM. ®P< 0.05, compared with Oh saline control group
(ANOVA, Tukey)
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4.1.5. Discussion

This time course study allowed the newly developgd’medG
immunohistochemical assay to be tested in detail2idtal colon sections of rats
killed at different time points post AOM were susstilly stained for the
presence of th®©°medG adduct. A clear pattern 6fmedG formation and
removal was observed over the 48h time period ireaffg both the specificity
and sensitivity of this assay. Furthermore, tlatgrn of staining as seen by eye

was reflected in the final image analysis data.

As expected, no coloni©®medG adducts were detected in the distal colon of
saline treated control rats. Similar®°’medG adducts were not detected in the
colon of animals killed 1h after AOM. The firsttdetable sign 0o0°medG
adducts was observed in animals killed 2h post A@dMinistration. The
degree of0°medG damage at this stage was minimal and wasetkfia the
nuclei of epithelial cells in the lower proliferaéi compartment of the colonic
crypts. From this point onwards ti@*medG load and distribution increased
throughout the crypt, peaking at 6h post AOMP’medG levels then steadily
declined until they were near to base line leveltha final measured time point
of 48h. These results are in contrast to thosdighdnl by Honget al [61],
which described an increasing gradient@medG through up until the 12h
mark. This may have been the result of the ine@asose of AOM used
(15mg/kg) in comparison to our 10mg/kg dose orradiively it may simply be
an artefact of different use of immunohistochemrmoathods and image analysis
practices.

In addition to this, the Hong paper also detailm@e uniform measurement of
O°medG throughout the entire crypt at every time poisasured, which again is
in contrast to this study in which a varying distiion ofO°medG was recorded

at different time points as discussed further on.
The measured AARGC over the 48h time period comeded well with

previous studies that have also measured this mespm the distal colon [77].

The onset of apoptosis was first observed 4h p@itiAand peaked between 6
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and 8h. This response primarily occurred in theelocompartment of colonic
crypts, affecting cells in position 1 through to. 1Resembling the pattern of
O°medG, the number of apoptotic cells per crypt dsdined towards baseline
levels following the 6-8h peak. Though a slightsignificant increase was
measured at 24h post AOM this did not constitus® aalled ‘second wave’ of
apoptosis as has previously been observed in ttedl smestine [174]. This

experimental data does not support the suggesfian later second wave of

apoptosis in the colon between 8 and 48h folloveingnsult of AOM.

The use of haematoxylin staining is a valid and elyidused method in
identifying apoptotic cells in the colon [77, 1746]. However, to support these
apoptotic results the TUNEL assay was carried owr@mals at four significant
time points post AOM treatment. The apoptotic deucarried out by the
TUNEL method correlated well with those using theeimatoxylin stain. This
reinforces the later assay as a reliable and canpetethod of measuring the
AARGC in the rat colon. Though comparable, the BlINapoptotic counts did
tend to be slightly higher across all time poiniBhis observation corresponds
with other studies [77, 177], supporting the sutjgasnade by Hiet al that the
TUNEL method may be more sensitive in detecting D&trand breaks before
they are translated into the visible morphologeféécts that eventually occur in
the nuclei of cells.

The crypt height measured during the analysis of ealdpoints was not
significantly affected over the 48h time period.n Average reduction in crypt
height of approximately one cell was observed atB,and 16h. This slight
reduction may have been due to the increase iretheval of cells via apoptosis
at this time. Nevertheless, this difference wasawotsiderable enough to impact
the apoptotic counts or proliferative counts whbeeyt were calculated as a

percentage for each crypt.

The detection of actively proliferating cells wasarred out by an
immunochemical assay using the ki-67 antibody. ISC&hining positive for the
presence of this proliferating protein are in eitimeeS phase and also thg Gl
and G phases of the cell cycle [178]. Findings from timse course study show
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that the number of actively proliferating cells dsases 6h after an insult of the
genotoxin. This lower level of cells within thellagycle remains steady until the
36h mark post AOM in which the number of activelyolgerating cells
significantly increase.

Previous studies have demonstrated an acute iafhybéffect of mitosis and
DNA synthesis in cells following exposure to a gemxe agent [179, 180]. Our
findings support this concept with a significantc®ase in the number of
proliferating cells observed 6h post AOM insult.

When the host responses to an insult of AOM wemdyard in terms of their
distribution along the crypt length, it was apparérat the majority of cells
undergoing apoptosis or proliferation were locatethe lower crypt third from
cell position 1 to 12 and changes in this lower partment were the principal
reason behind changes in total numbers of bothede endpoints overall. The
O°medG load however, at all the time points measuned readily detectable
within both the lower and middle compartment of tdadonic crypts, and unlike

the apoptotic response was also detected in therupppt compartment.

More specifically, unlike the apoptotic respondee distribution ofO°medG
along the crypt length changed over the 48h perfotlowing AOM
administration. This shift in distribution has rmg#en reported in other studies
using immunochemistry to measuB8medG in the colon [61]. From 2 to 8h
following the AOM insult, cells with nuclei contaiy O°medG were primarily
located in the lower and middle crypt compartment® more uniform
distribution was then observed between 12 andW6He the later time points of
36 and 48h showed a greater level03medG in cells located within the upper
third of the crypt.

A number of reasons may be behind this shifffmedG distribution over time.
Firstly, it is possible that the shift in distrilbah along the crypt may represent a
natural migration and differentiation of the onastivgely proliferating colonic
cells that were originally exposed to the AOM ingather than new damage to
the more mature surface cells. Cell migration issiduggest that the length of
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time taken for a colonic epithelial cell to migrasdéong the crypt length is
approximately 60-72h [173] and while the reductiancell proliferation rates

after an insult of AOM does not necessarily supplad rapid growth and push
of cells up the colonic crypt, it is still feasilleat this shift may be due in part to
the natural kinetics of the colonic crypt.

However, we propose an alternative and more plauskplanation behind this
shift in O°medG levels along the crypt length that can bebated to the
apoptotic response. We believe that the changkerdistribution 0fO°medG
levels along the crypt over time is more repredergaf the change and location

of the apoptotic response in the crypt rather thamatter of simply cell kinetics.

Like the apoptotic response, tB88medG distribution data shows that the change
in total levels 0f0°medG can be attributed to a chang©fmedG levels in cells
located primarily within the lower crypt compartmeather than the upper crypt
compartment. This is supported by the fact that@medG levels in cells
within the upper crypt compartment remain relagveteady across all time
points, while the variation betwe@fmedG levels in the lower zone between the
different time points is extensive. Therefore, Weow that the apoptotic
response not only closely follows the formati®fmedG, but also occurs in the
same lower proliferative compartment in whi€@’medG levels are being
affected. We therefore propose tf@imedG levels do not necessarily shift
upwards along the crypt with cells over time. Bather, that the apoptotic
response is a key mechanism for whiofmedG is removed from the lower
compartment of the colonic crypt and this reductét©°’medG from the lower
compartment is why a change®imedG distribution was observed over time.

One may assume that if this time course study weended an®’medG was
measured in animals killed 72h post AOM or lateflyréher and complete
reduction of0°medG levels may be observed due to the removalpoatosis
and also as the result of the complete renewapittfieial cells in colonic crypts.
The completion of such an experiment would be efingletermining the total
and comprehensive cycle ®medG formation and removal in rat colonic

epithelial cells in response to AOM.
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In addition to providing information about the @@l colonic host responses to
AOM, this study allowed us to explore the concefpt@medG-mediated
apoptosis. As discussed in section 4.1.2, theentitheory explaining the link
betweenO°medG and apoptosis has been extensively studiet irsi vitro
models. It is proposed that apoptosis is triggersadthe MMR pathway due
failed repair of the base mispairs cause®byedG lesions [95]. This proposed
pathway requires the completion of two cell cyclesorder for apoptosis to
transpire. Doubts were previously held concerriimglength of time available
for the completion of this pathway in rat colonptielial cells. Findings from

this time course study support these reservations.

Findings from thisn vivo study show that there is approximately a 2 holeyde
between the formation d°medG and the onset of apoptosis over the 48h time
course and no second wave. Two rounds of DNA sgmhcan not be
completed in this 2 hour time frame and therefdiis pathway ofO°medG-
mediated apoptosis is unlikely in AOM treated raloaic cells. In addition to
this, the cell proliferation data which imply al8tey effect on the cell cycle 6h
post AOM administration also add to the doubts hi§ tparticularO°medG-

mediated apoptotic pathway occurringvivo with AOM.

The pathway of0°medG-mediated apoptosis has been extensively testéd
studied usingin vitro models and is well accepted. Therefore, our figgli
question the ability to relate this data into taeAOM in vivo model, rather than
the proposed pathway itself. It is possible th& pathway as tested vitro can
not be entirely translated to @m vivo setting. In addition to this, the specific
tissue type being tested and the carcinogen tredtmsed may all respond
differently and therefore, it is suggested that enyitro data when applied to an

in vivomodel must be cautiously interpreted.

The close pattern of tH8°medG and apoptotic response in colonic cells suigges
interplay between these responses. While thepemsss may simply be parallel
events that are not related to each other, itsis pbssible that apoptosis may be
triggered via a more direct pathway. Given thershione period between
O°medG and apoptosis, it is possible that apoptosig Ine initiated by a direct
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trigger resulting from the formation @°medG. One such pathway has been
proposed that still involves the MMR system butrapes via a more direct cell
signalling pathway. It has been suggested thagaalsof initiating apoptosis via
failed repair and the formation of DSBs, MMR proteican also act as a general
sensor of theO’medG adduct and play a direct signalling role iitidting
apoptosis instead. As reviewed by Kagtaal [181], it has been shown that
MMR proteins, and the MutScomplex in particular can bind t6°medG
adducts directly and activate ATR/ATRIP signalling/hat remains to be shown
however, is whether this activation is sufficient dctivate the Chkl and P53

pathway and result in apoptosis.

Therefore, to rule out whether MMR does play anst pathe initiation of the
AARGC in the colon via either the failed repair ampossible direct signalling
pathway, the measurement of the acute host respamseMMR deficient-AOM
rodent model is recommended. In addition to tiiiee use of a controlled
O°medG regulating agent, such as a repair (MGMT)biidii or varied doses of
carcinogen can also be used in futurevivo studies to test the possibility of

more of a direct link betwee®®medG and apoptosis.

While, these suggested studies were not able mbwleted in the time frame
of this research, the potential of an alternati&ERBmediated apoptotic pathway
was investigated by undertaking a simple acute aingtudy. This is explained

in detail in the following section (4.2).

This time course study has identified the pattdrthe important host responses
in colonic epithelial cells following an insult & OM. In particular, the 6h mark
post AOM appears to be a noteworthy time point ihicw all endpoints
measured had a significant response. The P8aledG load was recorded at the
6h mark while the number of proliferating cells rsfgcantly decreased at this
time. Furthermore, while the apoptotic responsaked at 8h post AOM, the 6
and 8h time points were not significantly differentHence, future dietary
intervention studies that focus on the regulatibthese host responses will be

carried out on samples reflecting the significamp6ést AOM time point.
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4.2. Methoxyamine study

421 Aims

This additional study was included to look into gibfe pathways involving

adduct formation that may play a role in the ititia of apoptosis. The aim of
this study was to determine whether the onset optysis in the acute AOM rat
model is influenced by the BER pathway. In patacuthe specific aims are as

follows;

1. Administer rats with MX alone and also a combinatad AOM and MX
at 10mg/kg b.w. and observe any negative physiffeicts of these

chemicals.

2. Count and compare the apoptotic rates at 6h pgsttion with a

standard control AOM group.
4.2.2. Experimental rationale

As previously pointed out, current popular theonggests that apoptosis is
initiated after the failed repair @°medG via MMR and the resulting formation
of DSBs over two cell cycle periods. Initiallyitas thought that this pathway of
apoptosis initiation in the rat model would notfeasible due to the short time

frame in which apoptosis appears after an AOM insul

At present, observations taken from the time cowstsgly suggest that this
pathway is even more unlikely. Our findings shtxatO’medG first appears in
the nuclei of cells 2h post AOM, while apoptosissvi@mst noted 4h post AOM.
Therefore, these findings suggest that only a 2aydeetween the formation of
O°medG and the initiation of apoptosis exists. Asdgll cycle itself takes over
48h in the distal colon [173], the concept of th&medG mediated apoptosis
pathway that requires the formation of DSB, is Medsible in rat colonic

epithelium.
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We suggest that the acute apoptotic response to ACQtisin vivo model may
be triggered by another mechanism. It is posstEeO°medG itself acts as a
direct trigger of apoptosisn vivo, or alternatively, that acute apoptosis is
initiated by other events completely. As the mi¢he MMR pathway in the late
apoptotic responsa vitro has clearly been demonstrated, it was decidedhbat
role of an alternative repair pathway such as BB apoptotic process vivo

would be explored in this study.

It is well established that BER is an importanthpaty that cells initiate to
efficiently remove DNA lesions including N3meA, N8@ and N7meG and
possibly O°medG [182]. BER is a multi-protein system thatilfetes the
recognition and repair of such methylated basesutir a number of diverse
damage-specific glycosylases [183, 184]. Howewegardless of the type of
damage or the respective glycosylase used, thsieraiepair of these incorrect
bases always results in the formation of an apt/apiyrimidinic (AP) site [185].
From this point, the resulting one nucleotide gapsubjected to a series of
processes required for the synthesis and ligatioa single-nucleotide DNA,

effectively repairing the initial damaged base.

It was hypothesised that the possible initiatiorthef BER repair pathway, via
O°medG or by other means, may play a role in theeaapbptotic response as
observed in the colon of rats. To test this hypsith a short term study was

designed using the chemical methoxyamine (MX).

MX is a chemical that when administered to ratd efilectively block the base
excision repair pathway. MX interferes with theBRathway by reacting with
the aldehydic carbon 1 atom of an AP site [186,].18This stalls the BER
process as the neftelimination step of the dRP lyase mechanism iblento

go ahead. Furthermore, the MX-AP site is alsostast to the enzymatic
removal by APE [188] and therefore, the BER pathwaylisrupted and the

progression of this type of repair is effectivelgdked.

The BER mode of recognition and repair will be isd in the rat using an
injection of MX at a dose of 10mg/kg b.w. Doseshm this range have been
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shown to be safe and effective by lati al. when tested on nude mice [189].
The acute apoptotic response will be analysed & ADM administration at an
equivalent dose of 10mg/kg b.w. Apoptosis ratelé e compared to control

groups subjected to AOM and MX independently.

If the apoptotic response if significantly redue@deliminated in the AOM/MX,
BER deficient group it can then be concluded thatBER pathway does indeed

play a role in the initiation of apoptosis \@8medG or through other means.

4.2.3. Study design

36 male Sprague Dawley rats at 28 days old wererfetthe standard control diet
used in the time course study for a period of 2ksed-resh diet as well as fresh
drinking water was provided ad libitum on a dailgsts. At the end of the

second week rats were weighed individually and is¢ed into 3 groups of 12

(see table 4).

Figure 34: MX Study timeline

AOM/MX/
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The first group was given a single injection of ACd#10mg/kg of their body
weight. Liuet al [182] previously demonstrated that the highestraddle dose
of MX in nude mice was 120mg/kg, while a dose ofgltg was sufficient
enough to decrease the number of ARP-reactive AEs sand therefore
effectively block BER in these areas. This grolgm aeported that the effect of
MX upon AP sitesn vivo is somewhat lower than that observadvitro and
therefore, it was decided that the MX in this pgaidy would be administered to
the rats at the equivalent dose of AOM at 10mg/ktence, the second group
was given a single injection of methoxyamine at @g b.w., while the third

and final group were given two individual inject®of both the AOM and the
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MX at 10mg/kg b.w. These injections were given iethately after each other

and were all administered as close to 9am to mgerany circadian variability

Table 4. MX Study Groups

Group Diet Treatment Number
1 Control AOM (10mg/kg b.w.) 12
2 Control MX (10mg/kg b.w.) 12
3 Control AOM (10mg/kg b.w.) and MX (10mg/kg b.w.) 12

Six hours following the administration of inject®mll animals were killed by
CO, asphyxiation and cervical dislocation. The coldneach animal was
resected and a 2cm section of the far distal erglfixad in formalin overnight.
Tissue sections were then processed and embeddearaffin wax ready for
histological assessment. 4um thick wax section® wtained in haematoxylin

and counted for apoptosis levels.
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4.24. Results

4.2.4.1. Apoptosis

Apoptotic data are presented as number of apoptelis per crypt in figure 35.
The control group injected with AOM alone had thghlest mean apoptotic
count of 3.89 £+ 0.41 (SEM), while the AOM + MX giohad a mean count of
2.87 £ 0.34 (SEM). These two groups were notdtadlly significantly
different from each other, though the MX treatméidtappear to have some
effect on the genotoxicity of the AOM, as the AOMKX treated group did
have fewer apoptotic cells per crypt. Rats injg@eteth MX alone had minimal
apoptotic cells observed with a mean count of 0101 (SEM), which is

comparable to values previously observed in satijgeted control groups.

Fiaure 35: MX Studyv Apoptosis counts
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Data represents number of apoptotic cells per crypt. Data are means + SEM for 36 rats (n=12
rats per group). AOM = Azoxymethane (10mg/kg bw), MX = Methoxyamine (10mg/kg bw), AOM
+ MX = Azoxymethane and Methoxamine (10mg/kg bw).

Table 5: MX Study Apoptotic counts

Group Apoptosis (# per crypt)  Crypt cellularity Apoptosis (% per crypt)
AOM 3.89+041 38.43+0.34 10.07 £1.05

MX 0.01+0.01° 37.78£0.16 0.03+0.16 %

AOM + MX 2.87 +0.34 38.01 £ 0.56 7.42 +£0.82

All data expressed as means + SEM. ® P< 0.05, compared with AOM control group (AOM control
group Vs AOM + MX group P= 0.07). No difference was observed in crypt cellularity and
therefore apoptotic index (%) remained unchanged.
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4.2.5. Discussion

This study aimed to look at the effects of the BIBRcking chemical,
methoxyamine, in the rat-AOM model. Firstly, tisteidy confirms the safety of
MX at a dose of 10mg/kg b.w. in the rat when coredirwith the AOM
carcinogen as no detrimental effects were obseetekr during the time of

injection or in the period before the animal kill.

Additionally, the administration of MX alone in thrat did not appear to have
any immediate toxic effects on any of the animadsabserved from their
physical states. Apoptosis levels in the MX graugre comparable to those
observed in saline injected rats in section 4.1.4This lack of any notable
apoptotic response in the colon suggests thatdhengstration of the chemical

MX does not have any genotoxic effects on colopithelial cells of rats.

As expected, the mean apoptotic count from the A@&ated group was
equivalent to levels measured in previous studreguding the 6h time point
from 4.1.4.2. This confirmed the toxicity of theOM and provided this study
with a sound control group for which the effectslod AOM and MX treatment
could be compared to.

The apoptotic results from the group administerdti woth the AOM and MX
chemicals were of particular importance. A sigmafitly altered apoptotic count
in this group would suggest interplay between tERBystem and the initiation
of apoptosis.

The administration of MX did reduce the AARGC instigroup, however, it was
not significantly different from the AOM control @up. Despite the lack of a
significant difference between the apoptotic courtsere was still some
evidence of an effect from the MX treatment whembmed with the AOM
carcinogen as seen in the reduction in the numbeapoptotic cells. It is
difficult however, to put this trend down to thdeseffects of the inactivation of
the BER pathway.
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It is possible that the blocking of the BER pathwaing MX may have played a
role in the reduction of apoptosis. Alternativeityis possible that the slight
reduction may have simply been the result of umfensaffects of the MX
chemical on the activation or effect of the AOM @aogen. To investigate
these possibilities a further more detailed ingzgion into the experimental
design concerning the dose of agents used, thegiamd number of injections
and interaction between the two agents would basadv This additional
information, when compared with a measure of hdwiehtly the BER pathway
has been interrupted, may then provide insighttinéotrue effects of MXh vivo

and also the role BER plays in apoptosis.

This additional information concerning the true amp of MX in the whole
animal is where this small pilot study is lackingdaoptimisation of the study
design would prove to add considerable depth teekperiment. Nevertheless,
with the design having been based upon previoudigations which have
observed significant biological effects in miceriatited to the interruption of
BER repair, it can be cautiously suggested thatfith@ings from this study
imply that the onset of acute apoptosis in colamithelial cells is unlikely to be
solely triggered via the base excision repair paghwIin conjunction with this,
these findings also imply that adducts repairedBEYR, including N7meg and
N3meA are unlikely to play a role in the initiatiaf apoptosis in the colonic

epithelial cells of rats.

N7meg and 3MeA are readily formed in tissues irpoese to agents that are
metabolised to produce alkyldiazonium intermedifl®9]. While the N7meG
DNA adduct causes no significant structural chartgeBNA and is relatively
harmless [191], the 3MeA adduct does have the patdo interfere with DNA
synthesis [192]. These adducts are repaired wwalINA glycosylase Aag,
which then acts to initiate the BER repair pathwashile the repair of 3MeA
takes place within 24h, N7meG in particular isaiegd at a very slow rate and
is dependent on the level of Aag present in c&®3]. Nevertheless, regardless
of the level of Aag present the BER pathway id stijuired for repair of these

adducts to occur.
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The findings of this study imply that levels of Néghand N3meA are unlikely
to play a sole role in the initiation of apoptosiBy blocking the BER pathway,
the repair mechanism for these DNA adducts woulteHzeen also effectively
blocked. In doing this, one can presume that ¢lvel$ of these adducts would
accrue in tissues. If these adducts were linkethéoonset of apoptosis, this
accumulative effect would likely equate to an i@ in apoptosis. However, as
the modulation of apoptosis was not observed in BERcient animals, the
implication of N7meg and N3meA in adduct-mediatedogosis is not

supported.

While the findings in this study were not statiatig significant, there did appear
to be an effect of MX on the apoptosis rate wheduaed by AOM.
Unfortunately however, due to the size and natdrthis study the biological
importance of this result can not be satisfactantgrpreted and the role of the
BER pathway in the apoptotic response can not bg dieduced. Therefore,
while this preliminary study may provide some ifgignto this pathway,
detailed studies are required to further investigéie true effects of the MX
agent in conjunction with the AOM carcinogen in @rdo optimise the study

design.
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