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Dietary n-3 PUFA increases the apoptotic response to 1,2-
dimethylhydrazine, reduces mitosis and suppresses the induction

of carcinogenesis in the rat colon
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The effect of dietary fish oil on colonic crypt cell apoptosis
and proliferation was examined in male Wistar rats, 24
and 48 h after administration of 1,2-dimethylhydrazine
(DMH), and its influence on the induction of aberrant
crypt foci (ACF) in the distal colon was assessed. Rats
(125-150 g) fed a high-fat semi-synthetic diet containing
corn oil (CO) were given DMH (30 mg/kg body wt) or a
sham injection of EDTA/NaCl. Animals were then fed
either the CO diet or a diet in which fish oil (EPA 18.7%;
DHA 8%) was substituted for corn oil. Subgroups of rats
(n = 5) were killed after 24 and 48 h, and crypt cell
apoptosis and proliferation were quantified by morpho-
logical criteria in isolated intact crypts from the mid and
distal colon. Consumption of the fish oil diet (FO) was
associated with increased apoptotic cell deathP(< 0.001)
and suppression of proliferation (P < 0.05) in colonic crypts
both 24 and 48 h after DMH. In a second experiment,
animals were given three injections of DMH or sham
injections of carrier at weekly intervals. For 48 h after
each injection animals were fed either the CO or FO diet,
but otherwise maintained on the CO throughout. The
number and crypt multiplicity of ACF in the distal colon
were determined after 18 weeks, and animals given the FO
diet for the 48 h period following carcinogen administration
were found to have significantly fewer ACF than rats fed
the CO diet (P < 0.05). The data demonstrate that the fatty
acid composition of the diet is an important determinant
in the induction of carcinogenesis by DMH. The proliferat-
ive and apoptotic response of the colonic crypt to carcinogen
and fish oil, coupled with the reduced incidence of ACF,
suggest n-3 PUFA can protect against the carcinogenic
effects of DMH by mediating changes in the balance
proliferation and cell death.

Introduction

their anti-carcinogenic effects is unclear. Previous studies have
established that fish oil inhibits the initiation, post-initiation
and promotion stages of carcinogenesis in rodents following
administration of the colon carcinogens 1,2-dimethylhydrazine
(DMH) and azoxymethane (AOM) (3,4). Modulation of epithe-
lial cell turnover in the colonic crypt may be an important
mechanism in the protection afforded against DMH/AOM- 2
induced carcinogenesis by fish oil. Recently, consumption of =
fish oil has been shown to attenuate the activities of a number2
of biochemical pathways implicated in the aberrant regulation
of proliferation and cell death during tumorigenesis (7-9).
DMH- and AOM-induced tumorigenesis in the rat colon is
a prolonged multistage process, bearing many of the sames
cell kinetic, histopathological and molecular characteristics of =
tumor|geneS|s in the human colon. In the rat, exposure tom
carcinogen rapidly suppresses proliferation and induces high@
levels of apopt03|s within the colonic crypt (10). This acute &
damage is followed by a phase of compensatory responses;
which restore the mucosa to an apparently normal state withing
4-5 days of the injection (11). Target cells for the mutagenic
action of DMH/AOM which escape apoptotic deletion from
the crypt during this period may have the potential to give
rise to tumours after a prolonged period of latency (12). It is
probable that factors which can heighten the tendency for
DNA-damaged cells to undergo apoptosis following carcino-
genic insult have the potential to reduce the incidence of =
tumours in the colon. Recent evidence suggests that the»
inherent capacity of colonic crypt cells to undergo apoptosis m
in response to damage induced by DMH is open to modulation N
by dietary factors. For example, food deprivation increases A
apoptotic cell counts induced by DMH (13) and sinigrin, g
a glucosinolate found in brassica vegetables, increases the:
frequency of apoptotic cell death in the rodent colonic mucosa g 8
for up to 72 h after injection of the carcinogen (14). o
Previous studies have indicated a capacity for dietary fish 8
oil to modulate cell turnover in the colonic mucosa of normal »
rats (15) and humans (16). Recently, it has been reported thaé
prolonged feeding with fish oil increases apoptosis in the %
colonic mucosa during the promotion stage of chemical carci- §
nogenesis (17,18), but the stage of carcinogenesis and mechar®
ism by which dietary lipids interact with the induction of
neoplasia are largely unknown. In the present study, we
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Both epidemiological and experimental studies suggest thananipulated dietary lipid intake during a 48 h period following
colorectal cancer is strongly influenced by nutritional factors,administration of DMH, and used the incidence of aberrant
including the quantity and composition of dietary fat (1). Dietscrypt foci (ACF) as a biological marker of neoplasia (19) to
containing high levels of marine fish oils rich in the n-3 test the hypothesis that dietary fish oil may suppress the
polyunsaturated fatty acid (PUFA) eicosapentaenoic acid (EPAnduction of neoplastic lesions by modulating the balance of
€20:5) and docosahexaenoic acid (DHA; c22:6) are protectivenitosis and apoptosis in the crypt at a critical stage, as it
in animal models (2—4) and apparently in human populationgesponds to the cytotoxic and genotoxic effects of DMH.
(5,6), but the precise mechanisms by which these PUFA exert

Materials and methods
Abbreviations: ACF, aberrant crypt foci; AOM, azoxymethane; CO, corn oil
diet; DHA, docosahexaenoic acid; DMH, 1,2-dimethylhydrazine hydro-Animals and diets
chloride; EPA, eicosapentaenoic acid; FO, flsh oil diet; PUFA, polyunsaturated/ale Wistar rats (125-150 g) were housed individually in wire-bottomed
fatty acid. cages, maintained in a temperature- and humidity-controlled animal unit with
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daily light:dark cycle of 12 h, and allowed to consume tap water and a basal
fibre-free semi-synthetic diet (CQG)d libitum for 4 weeks prior to the start

of the experiment. The diet contained starch (280 g/kg), sucrose (380 g/kg),
casein (200 g/kg), corn oil (80 g/kg) and a balanced mineral and vitamin mix.
After administration of DMH, the treatment group was transferred to a diet

containing de-acidified bleached fish oil (FO; EPA 18.7%: DHA 8.0%, 96.7%

tri-glyceride; Callanish, Breasclete, UK) as the major source of lipid substituted
for corn oil (80 g/kg). Food intake was measured daily, and weight gain was
recorded weekly and at death. All procedures were approved by the UK
Home Office.

Carcinogen administration and recovery of tissues

Animals were given either 1,2-dimethylhydrazine dihydrochloride (DMH;
Fluka, Gillingham, UK; 30 mg/kg body wt,), in 25 mM EDTA/0.137 M NacCl
solution (pH 6.4) by s.c. injection to the scruff of the neck, or a sham injection
of EDTA/NaCI carrier. At the end of the experiment rats were killed by i.p.
injection of 1 ml (200 mg/ml) pentabarbitone sodium (Euthatal; Rhone
Merieux, Harlow, UK) followed by cervical dislocation. The abdomen was
opened by a midline incision, the colon was removed intact by excision at - ; A
the caeco-colonic junction and at the pelvis, flushed with phosphate buffered - g ‘

saline (pH 7.4), and its length was recorded.
Fig. 1. An apoptotic nucleus (arrow) located near the base of an intact

Exper!mental design ) ) ) microdissected crypt observed under a low power light microscope. Scale
Experiment 1.To assess the influence of dietary PUFA on apoptosis anchar, ~10um.

mitosis in the colon 24 and 48 h after DMH, 40 male Wistar rats were
assigned randomly into four groups (CO, FO, DMH-CO, DMH-FO). Rats
assigned to the CO and FO groups received a sham injection of EDTA/NaCl
carrier and were transferred to the CO or FO diet accordingly. Rats assigned
to the DMH-CO and DMH-FO groups were given DMH, and then fed either
the CO or FO diet. Dietary changes were executed within 30 min of carcinogen
administration. Five rats from each group were killed after a further 24 and
48 h, and their large intestines removed. The colon was everted on a 3 mm
diameter metal rod, cut in half, and tissue samples (~5 mm long) were excised
from the distal and mid-colon, flanking the distal segment of the colon.
Samples were fixed and stained, and the frequency and distribution of crypt |
cell apoptosis and proliferation were analysed as described below. .
Experiment 2.To assess the effects of manipulating dietary lipid intake on
the induction of ACF, 28 male Wistar rats were assigned randomly to four
treatment groupsn(= 7), and given three injections (7 days apart) of DMH
or EDTA/NaCI carrier. Following each injection, animals either remained on
the CO diet or were fed the FO diet for 48 h and then returned to the CO
diet thereafter. Multiple injections were given to ensure a high yield of ACF,
and they were spaced at weekly intervals to enable time for incorporation and
clearance of the test lipid between carcinogen treatments. After the final :
injection all animals were fed the CO diet and housed as described for 18 |
weeks, killed and their colons removed. Tissue samples for analysis of

apoptosis and proliferation were collected as in experiment 1. In addition, thé&ig. 2. A mitotic nucleus (arrow) located in an intact microdissected crypt
distal half of the colon was cut longitudinally along its length and fixed flat observed under a low power light microscope. Scale bar, 0

in ethanol:acetic acid (75:25) overnight between filter paper. The filter paper

was removed, the tissue stained (as described below) and subsequently laighistical analysis

flat on a microscope slide. Under a light microscope (magnificatao) ata are expressed as means with standard errors. The significance of?
the mucosal surface of the distal colon was scanned for aberrant crypt fog. P ’ 9 g

(ACF), and the frequency and crypt multiplicity of foci recorded. ACF were lf_fere?hces betwpiel_n groups dvvlas et;ssessed by tWOI'Wf”‘y af1na|y_5|s of vanzTngg
identified as elevated focal lesions having one to multiple abnormal cryptéJSIng € general inear model or by oné-way analysis o1 variance coupled ny

) ) AT : with Tukey's test for comparison of individual means. All analyses were
m;hntglr?-rﬂ(gln:gj:gg:tekﬂ (l:gér;g(ilz;i enlarged lumenal openings compared Wltﬁclzvarried out using the Minitab statistical package (State College, PA).
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Analysis of crypt cell apoptosis and proliferation

The frequency and spatial distribution of apoptotic and mitotic cells within

intact microdissected crypts were determined using morphological criterid=00d intake and weight gain
14). Briefly, samples fixed in ethanol:acetic acid (75:25) were rehydrated i R - : : :
Ejist)illed Wgter, h}edrolysed in 1 M HCI for 7 migl at 6)0°C, stain)(/ed with "I'h_ere were no slgnlflcant differences m_foo.q mtake_ and Welght
Fuelgen's reagent for 30 min (15 mM basic fuschin, 45 mM potassiumd@in between dietary groups, and no significant differences in
metabisulphite, 5% 1 N HCl in distilled water) and stored in 45% acetic acid.weight gain, weight at death or colon length between animals
Under a standard dissection microscope, the muscle layers were teased fr(gwen DMH or sham injections.

the mucosa and thin strips of crypts micro-dissected from the tissue using . . .

fine gauge needle. The strips were then lightly compressed under a cover sli%ffeCtS of carcinogen and lipid on apoptosis

to separate and flatten the crypts, and 20 randomly chosen intact crypts pApoptosis was negligible<0.01 apoptotic cells per crypt) in
animal (100 crypts/group) were viewed under a light microscope (magnificatiorthe colonic tissue of animals given a sham injection and fed

X400). Apoptotic cells were identified by the presence of condensed chromati . . . . .
and spherical apoptotic bodies containing nuclear material (Figure 1) asn€ CO diet. Treatment with DMH induced an increase in

described by Kerret al. (20). Nuclei which were visibly in prophase, Crypt cell apoptosis and the levels observed varied according
metaphase, anaphase, and telophase were classified as mitoses (Figure 2). fdnéhe type of dietary lipid (Figure 3). The data for all groups
length of each crypt was determined by comparison with a calibrated lineajare analysed separately at 24 and 48 h using the general

eyepiece graticule (Nikon UK, Kingston, UK), and the positions of mitotic |: . .. T .
and apoptotic nuclei were recorded and allocated to one of 10 equally spacéwear model, with DMH treatment, lipid and position in the

longitudinal compartments. Unless otherwise stated data are expressed @8lon (mid or distal) as factors. At 24 h, the frequency of
mitoses or apoptotic nuclei per crypt. apoptotic nuclei per crypt was significantly higher in animals
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Fig. 3. Apoptosis in crypts from the distal and mid colon of rats, 24 and Distal Colon - 48 hours
48 h after DMH or sham injection of saline carrier. Apoptosis was
negligible 0.01 cells per crypt) in sham-injected rats fed corn oil (CO), 07r
but was detectable in sham-injected rats fed fish oil (FO) and more frequent
still in DMH-treated rats fed corn oil (DMH-CO) and in DMH-treated rats 06f
fed fish oil (DMH-FO). Analysis of variance confirmed significant effects of
DMH (P < 0.001) and fish oil P < 0.001) at 24 h, and an independent P
significant effect of fish oil at 48 hR(< 0.001). 3 0al
.<§>
S 03f
given DMH compared with controls given a sham injection $
(P < 0.001) and higher in animals fed FO compared with ~ %2f
those given COR < 0.001). The interaction between type of 01}
lipid and treatment with DMH was highly significanP (< éé
S S 0 I I
0.001) at both colonic sites. There was also a significant effect 4 5 ry 7 8 9 10

of lipid at 48 h P < 0.001), but with no significant interaction Crypt zone
with DMH, implying, as Figure 3 suggests, that fish oil had _ o i
the capacity to induce apoptosis independently of DMH. Theré:'.g' 4. Spatial distribution of apoptotic cells, 24 and 48 h after treatment
g ; . with DMH, in the distal colon of rats fed FO alone (horizontal hatching) or

was a S|gr]|f|can_t effect Of_ site W'thm th_e colon on the levelcq after DMH (vertical hatching) or FO after DMH (diagonal hatching).
of apoptosis, which was higher in the mid colon at 24h<(  Crypts were divided into 10 longitudinal compartments, compartment 1
0.01), but not at 48 hR = 0.13). being that nearest the crypt base.

A secondary analysis was carried out to determine whether
the differences in the frequency of apoptosis per crypt betweeh apoptosis in the DMH-FO group was still absent in zones
groups could be attributed to systematic differences in tota§, 9 and 10, but highest in zone 3, although this spatial trend
cell number per crypt. At 24 h the mean crypt lengths in thewas not statistically significant.

distal colon were: CO (252 10 pm), FO (256= 11 M),  Etfects of DMH and lipid on crypt cell mitosis

DMH-CO (259 = 9 pm), DMH-FO (274 26 um) with no (C‘,rypt cell mitosis (Figure 5) was significantly lower in animals
significant differences between groups. The data for apoptoti iven DMH compared with controls at 24 and 48 B &

nuclei per crypt were normalized using crypt length as a . e
; ) : : 001). There were also independent effects of lipid on crypt
index of cell number and re-expressed as apoptotic nuclei p Zell mitosis at both 24 hR < 0.05) and 48 hR < 0.001),

unit crypt length. The distribution of differences between ;
- ; that the lowest levels of all were observed in the DMH-FO
groups remained essentially unchanged (data not shown) a@(('r?oup. There was an effect of site in the colon at 24Ph<(

one-way analysis of variance confirmed that the DMH-FO S . ; .
d S 0.05), such that mitosis was lowest in the distal colon, but this
group differed significantly from all other groupB & 0.01). was not significant at 48 h.

At 48 h the crypts from the DMH-FO group (289 19 um) ) o
were significantly longerR < 0.05) than those of the CO Aberrant crypt foci and crypt cell kinetics 18 weeks after
(240 = 20 pm) and FO groups (24% 7 pm), but not the exposure to DMH
DMH-CO group (276 24 um). However, analysis of variance The numbers and crypt multiplicities of ACF in the treatment
showed that the number of apoptotic nuclei per unit cryptgroups are summarized in Table I. All animals treated with
length in the DMH-FO group remained significantly higher DMH developed ACF in the distal colon after 18 weeks, but
than in all other groupsR < 0.05). none were detected in the distal colons of rats given sham
The spatial distributions of apoptotic cells in crypts from injections. The relative incidence of ACF was not measured
the distal colons of FO, DMH-CO and DMH-FO rats at 24 in the proximal colon as previous studies have questioned the
and 48 h after DMH are shown in Figure 4. In both CO andvalidity of using ACF as a prognostic indicator at this site
FO fed rats, DMH-induced apoptosis at 24 h was maximal21). Rats fed the FO diet for 48 h after each DMH injection
within the basal 10th of the crypt length (zone 1) and entirelyand maintained thereafter on the CO diet had approximately
absent in the highest three-tenths (zones 8, 9 and 10). At 480% fewer ACF per whole distal colorP(< 0.05) and per
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Table. 1. Effect of diet on numbers of DMH induced aberrant crypt foci (ACF) in the distal édlon

ACF distal ACF/crd distal 1 crypt/focus (%) 2 crypts/focus (%) 3 crypts/focus (%) 4 crypts/focus (%) ciypts/focus (%)
colon colon

DMH-CO 2571+ 5.19 0.30* 0.06 27 36 16 11 10

DMH-FO 13.28+ 2.09 0.16* 0.02 18 44 18 10 9

Significance P < 0.05 P < 0.05 NS NS NS NS NS

8Results shown are mearts SEM and percentages for seven rats per group.
PNo ACF were present in sham-injected animals (data not shown).

Distal Colon - 24 hours Distal Colon - 48 hours effects this may have on the induction of carcinogenesis
_ sl _ sl by DMH.
§ § Administration of DMH leads, within 2—4 h of administra-
2 5 __ 2 3 — _ tion, to a wave of apoptosis coupled with suppressed prolifera- o
2 2 tion, which may last for up to 5 days in the rodent colonic 2
g ! g 1 crypt (10,11). The data demonstrate that consumption of fish=
MM 777 % oil augments the acute cytotoxic effects of DMH after 24 h, 2
°7co  FO DMH.CO DMHFO ©7co  Fo  DMH.CO DMFO reflected in the raised levels of apoptosis and suppressecﬁ

proliferation. There was no significant interaction between
lipid and treatment with DMH 48 h after injection, and fish
3 oil raised levels of apoptosis and suppressed proliferation ing
sham-injected animals, implying that fish oil has the capacity &
to modulate apoptosis and proliferation even in the absences
of DMH. Although cell numbers could not be determined
directly, it was established that the effects of fish oil were not
o 774 associated with gross changes in crypt length. Thus, the overallg
€0 FO  DMH-CO DMH-FO ¢o  FO  DMH-CO DMHFO effect on the crypt of fish oil was to shift the balance of cell
Fig. 5. Crypt cell mitosis in the distal and mid colon of rats, 24 and 48 h  Proliferation and death in a way which might be expected to
after DMH or sham treatment. There was a significant reduction in mitosis reduce the tendency of mutations to become fixed in the
due to DMH at 24 and 48 hX(< 0.001), and independent reductions dividing cell population.
associated with FO at both 24 R { 0.05) and 48 hR < 0.001). To determine the spatial distribution of cell proliferation
and death, the crypt was analysed as a uniform cylinder divided
cn? of mucosal surface in distal colo® (< 0.05), compared into 10 equal sections. There was relatively little variation in
with rats fed CO throughout. There was no significant effecicrypt length between groups, and the data demonstrate tha
of lipid on crypt multiplicity within the ACF (Table I). the target cells for DMH-induced cytotoxicity were situated
Eighteen weeks after the final DMH or sham injection, thetowards the base of the crypt, within regions associated with
levels of apoptosis were negligiblec0.01 apoptotic cells per rapid cell proliferation. Consumption of fish oil heightens the
crypt) in all groups. The level of mitosis was significantly apoptotic response in this region at both 24 and 48 h after
higher in the distal colon of DMH-treated rats (DMH-CO; administration of DMH. Potteret al. (24) have pointed out

Mid Colon - 24 hours Mid Colon - 48 hours
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2.40+ 0.02, DMH-FO; 2.39*= 0.31) compared with controls  that, unlike the small intestine, induction of apoptosis by DMH €
(CO; 1.93= 0.19, FO; 2.09+ 0.21) after 18 weeks”( < in the colon occurs higher up the crypt than the probable &
0.05), but there were no significant differences in the midjocation of the colonic stem cells, which are thought to lie in S
colon or between dietary groups. the first one or two cell positions. Using the isolated crypt
) _ technique it is difficult to derive precise cell positional data, Z
Discussion but apoptotic cells were often seen at the very base of theg
N

It has been reported previously that dietary fatty acid composicrypt in all DMH-treated animals during the study, and the
tion can influence the initiation, promotion and progression ofaised levels of apoptosis within the basal tenth of the crypt |3
experimental neoplasia in the rodent large bowel in studie§ay indicate increased deletion of cells within the putative
where lipid intake has been manipulated both before and aftéitem cell compartment.

treatment with DMH or AOM (1-4). The present study Aberrant crypt foci are widely regarded as early markers of
demonstrates that consumption of n-3 PUFA in the form ofincipient neoplastic change in the human large intestine and
fish oil, fed only for a 48 h period following administration inthe DMH/AOM rodent model of experimental colon carcino-

of DMH, can significantly reduce the incidence of ACF in the genesis (21,25). In the present study we employed ACF as an
distal colon of rodents killed 18 weeks later. This protectiveindex of early neoplastic induction and demonstrated that
effect was associated with significantly raised levels of apopdietary fish oil fed for 48 h after administration of DMH
totic cell death and suppressed proliferation within the colonigeduced the incidence of ACF in the distal colon by ~50%.
crypt, both 24 and 48 h following administration of DMH, The lower frequency of ACF in fish oil treated rats was not
suggesting a mechanism by which n-3 PUFA could suppresgssociated with any significant reduction in the numbers of
the onset of carcinogenesis in the colon. Dietary lipid intakeaberrant crypts per focal lesion. Since the only dietary differ-
was manipulated only after carcinogen administration in ordeence between groups was the consumption of fish oil for a 48
to minimize any effects of fatty acid composition of the diet h period following administration of DMH, the present results
on activation and detoxification of DMH (22,23), and thus anyare consistent with our hypothesis that by influencing cell
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turnover during this period, fish oil serves to reduce the numbetletermine the molecular mechanisms governing the modulation

of crypts harbouring mutated cells capable of participating inof apoptosis and mitosis by n-3 PUFA in gastrointestinal

neoplasia. epithelial tissues.

There are several possible mechanisms which could account
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