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Increased cell membrane arachidonic acid in
experimental colorectal tumours

M L Nicholson, J P Neoptolemos, H A Clayton, I C Talbot, P R F Bell

Abstract
Tumour celi membrane fatty acid composition
was investigated using an animal model of
colorectal carcinogenesis. Eighty six male
Wistar rats were fed experimental diets con-
taining either 5% saturated fat or20% saturated
fat. Colorectal tumours were induced by intra-
peritoneal injection of azoxymethane, and
control rats received saline. Animals were
killed at intervals up to 26 weeks after the last
injection of carcinogen for histology and lipid
analysis. Celi membrane fatty acids in colonic
mucosa and colorectal tumours were deter-
mined by gas liquid chromatography. Animals
fed the 20% fat diet developed more carci-
nomas (28 cancers in 14 rats) than those fed the
5% fat diet (14 cancers in 15 rats; X'=8'03,
p=00046) but they did not develop signifi-
cantly more adenomas (28 and 24 respectively).
Celi membrane fatty acid analysis showed a
considerable increase in the content of arachi-
donic acid (20:4, n-6) in the tumours (mean
(SEM) 11-7 (1-5)%) compared with colonic
mucosa (4.2 (0.4)%; p<0z05). Dietary fatty acid
composition was also found to influence the
profile of fatty acids in the colonic mucosa.
This study suggests that a high saturated fat
diet promotes the malignant transformation of
colorectal adenomas. The colorectal tumours
were characterised by an increased cell
membrane arachidonic acid, the precursor of
putative cancer promoting prostaglandins.
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The relation between dietary fat and colorectal
cancer is not fully understood. Evidence from
epidemiological studies suggests that a high
intake of saturated fat is associated with colo-
rectal carcinogenesis.'2 This finding has been
supported by experimental studies using rodent
models. These show that high saturated fat diets
strongly promote the development of colorectal
tumours that have been initiated by chemical
carcinogens.34
How dietary lipids promote cancer is not

clearly known. Although much of the research
has centred on the possible indirect effects of
dietary fats, such as that on faecal bile acids,5
more direct mechanisms have received little
attention.4 Thus, exogenous fatty acids may
result in changes in the fatty acid profile of
colonic mucosal cell membranes.6 Exogenous
fatty acids may cause a variety of important
structural and functional changes such as

fluidity,67 permeability,8 carrier mediated trans-
port,' increased exposure of membrane pro-
teins,'" receptor mobility," and receptor
binding. 2 In vitro, increased malignancy may be
related to increased membrane fluidity,
increased unsaturated fatty acid content, and

increased values of phosphatidyl inositol. 3
Surprisingly, there have been no studies on
colonic mucosal cell membrane fatty acids in
either human or experimental colorectal carcino-
genesis. In a study in which a 5% saturated fat
diet was given as the ethyl ester of stearic acid,
Sakaguchi et al`4 were unable to show
any significant changes between azoxymethane
induced colorectal tumours and unaffected
mucosa, but only total lipid extraction was
employed in this work.
We therefore undertook the present experi-

mental colorectal tumour study in which cell
membranes of tumours and mucosa were pre-
pared for fatty acid analysis and compared the
findings of a 20% saturated fat diet, which has
been shown to be tumour promoting, to those of
a 5% saturated fat diet.34

Methods

EXPERIMENTAL DESIGN
Eighty six weanling male Wistar rats weighing
50-75 g were supplied by Harlan OLAC Limited
(Oxford, UK). After a one week period of
acclimatisation, the 5 week old rats were divided
into two experimental groups to receive either a
5% saturated fat diet or a 20% saturated fat diet.
The diets containing 5% and 20% saturated fat as
beef suet were prepared by Special Diet Services
(SDS) Limited, Witham, Essex. The composi-
tion of the basal diet used to constitute the two
types of diet are shown in Table I. The relative
proportions of the major fatty acids in these two
diets are shown in Figure 1. The fatty acid
composition of the two diets differed in only one
important respect - there was more linoleic acid
(18: 2, n-6) in the 5% fat diet (12% v 5%). This
difference was deliberate. We wanted to ensure
that there was sufficient dietary intake of linole-
ate as this is an essential fatty acid which, if
deficient, would have seriously affected the
animals in this group. The total calorific value of
the 5% fat diet was 12 MJ/kg and that for the 20%
fat diet was 15 MJ/kg.
Animals were housed in the Biomedical Ser-

vices Unit, Leicester University; four to a cage
with diets and water being given freely. The rats
were observed daily and weighed weekly. For
each group of 43 rats being fed a special diet, 33
were treated with the carcinogen, azoxymethane,
which was injected intraperitoneally in a dose of
15 mg/kg once a week for six weeks. The
remaining 10 rats in each dietary group acted as
controls for that group and were injected with an
equal volume of carrier solution (0.9% saline)
weekly for six weeks.
The 33 azoxymethane treated rats in each

dietary group were further subdivided into two
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TABLE I Composition of
the basal diet used in the
animal studies

Weight 100-000 g
Moisture 0-363 g
Crude fat 0.300 g
Crude protein 12-979 g
Crude fibre 10-095 g
Ash 5-973 g
Total dietary 11-420 g

fibre
Starch 30.945 g
Sugar 32-101 g
Calcium 0-828 mg
Phosphate 0-639 mg
Sodium 0-320 mg
Chloride 0-428 mg
Magnesium 0-170 mg
Potassium 0.977 mg
Lysine 0-780 mg
Iron 0-080 mg
Copper 0-016 mg
Manganese 0 055 mg
Zinc 0.047 mg
Cobalt 0 527 mg
Selenium 0-068 mg
Retinol 1-527 mg
Calciferol 0-026 mg
Tocopherol 0.047 mg
Vitamin B1 9.800 mg
B2 11-000 mg
B6 6 900 mg
B12 5.650 mg

Folic acid 2-060 mg
Niacin 33.500 mg
Pantethenic acid 17-750 mg
Choline 0.405 mg
Inositol 0.450 mg
Biotin 0-125 mg
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Figure 1: Fatty acid composition of the two saturated fat
diets.

groups. Fifteen animals were killed 15 weeks
after the last injection ofcarcinogen for histologi-
cal analysis of colorectal tumours. The colon and
rectum from each animal were fixed in a 10%
formalin solution overnight. Tumours were ex-

cised and individually processed for histological
analysis (see below).
The remaining 18 carcinogen treated rats and

10 saline treated control rats from each dietary
group were killed 20 weeks after the last injection
of carcinogen or carrier solution. These animals
were given an additional five weeks to allow
further growth of any colorectal tumours and
thus to increase the yield of tissue for cell
membrane fatty acid analysis (see below). The
whole colon and rectum were removed, all
macroscopic tumours were carefully excised, and
the tumours from each colon were pooled for
fatty acid analysis. The remaining colonic
mucosa was then separated from the underlying
muscle layers by drawing a clean glass micro-
scope slide along the length of the colon under
pressure.
During the 17th week ofthe experiment (age of

animals=23 weeks), food consumption studies
were performed on eight rats selected at random
from each dietary group. Each animal was
housed separately. After acclimatisation for two
days the exact daily dietary consumption was
determined over the subsequent four days.

HISTOLOGICAL ANALYSIS
All the histological material generated by the
study was examined by one consultant patholo-
gist (ICT) who was unaware of the experimental
group from which specimens were taken.
At necropsy the entire colon and rectum were

removed. This procedure was facilitated by
division of the pubic symphysis, enabling com-

plete excision of the rectum and anus. The bowel
was opened longitudinally, cleaned with normal
saline, and pinned out on a cork board. It was
measured from the proximal caecum to the anal
verge. The sites of any tumours were measured
from the proximal caecum and distances were

standardised as percentages of the length of the
bowel wall. Extracolonic neoplasms were care-

fully sought and biopsy samples were taken. The
liver was histologically processed in search ofany
metastases.

After fixation of the colon and rectum in 10%
formalin, tumours were excised and processed
individually. The specimens were embedded in

paraffin wax, cut into 4 urm thick sections, and
stained with haemoxylin and eosin. All the slides
were coded, and the code was broken only after
all the specimens had been examined. The
maximum size ofeach tumour was measured and
the tumours were categorised into adenomas or
carcinomas.
Adenomas were classified as tubular, villous,

or tubulo-villous type. Dysplasia was also
recorded as mild, moderate, or severe.
Carcinomas were staged as follows: stage

Al=carcinoma invading no deeper than the
submucosal layer; stage A2=carcinoma invading
the muscularis layers but not beyond the bowel
wall; stage B=invasion ofcarcinoma through the
wall. The carcinomas were also graded histo-
logically: grade 1 =well differentiated; grade 2=
moderately well differentiated; grade 3=poorly
differentiated.

ANALYTICAL PROCEDURES
Cell membranes were prepared from colonic
mucosa and tumours using an adaptation of the
methods ofvan Blitterswijk et al ` and Standring
and Williams.'6 In brief, after homogenisation,
cellular organelles were discarded subsequent to
centrifugal separation at 70000 g for one hour
using a fixed angle rotor (Centikon). The crude
membranes were then purified by density
centrifugation at 110000 g for 15 hours and
washed in NaCl-Tris HCI buffer at 70 000 g for
one hour. Fatty acids were extracted from cell
membranes using the method of Bligh and
Dyer,'7 and were further purified using silica
Sep-Pak cartridges (Waters Associates, Milford,
Mass, USA). Saponification and methyl esteri-
fication was undertaken using the methods of
Alexander et al. 8
The fatty acid methyl esters were identified

and quantified by gas liquid chromatography
(GLC), using a Perkin-Elmer F17 chromato-
graph fitted with an on column injector and a
flame ionisation detector. The column used was a
3-6 mm diameter stainless steel type, packed
with 15% CP-Sil 84 on ChromosorbW HP (100-
120 mesh, supplied by Chrompack, UK). The
analytical conditions were as follows; carrier gas
supply pressure 100 kNm-2, inlet pressure 140
kNm-2, injection port temperature 2500 C. The
GLC was interfaced with a Shimadzu integrator
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Figure 2: Body weight ofcarcinogen and control treated
animals against time.
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which was programmed to measure
under each peak. Injection of2 Fd samI
means of a 5 i1 microsyringe fitted w
quartz needle. After injection the s.
allowed to run for approximately 45 m

Fatty acid methyl esters were- ide
comparing their retention times wit:
authentic standards (Sigma UK Ll
Dorset). The major fatty acids detect
this system were palmitic acid (16:
acid (18: 0), oleic acid(18: 1, n-9), li
(18: 2, n-6), and arachidonic acid (2(
Several other minor fatty acids could t
in some samples but as their sepai
quantification could not be reliably re

they were not considered in the furthe
The area under the peak of each fatt
expressed as a proportional value of th
of all the major fatty acids (%) and wa
of at least two traces.

STATISTICAL ANALYSIS
All data were entered into the Un
Leicester mainframe computer and
using the Minitab statistics program
gorical variables were analysed by tl
Continuous variables were analysed 1
tailed Mann-Whitney U test for pairs
and for multiple groups by analysis c
using the Wilk's criterion.'9 The signi
X2 and the F ratio were determined b3
to published tables (Documenta Geigy

Results

DIETARY CONSUMPTION AND WEIGHT Gi
The mean (range) consumption of foo
animals on the 5% fat diet who ha
azoxymethane was 28.1 (20-50) g/d.
control animals this was 39-9 (20-50)l
respective figures for rats on the 20
were 20-9 (5-35) g/day and 22.5 (10-
Food consumption was significantly
control group on the 20% diet compart
control group on the 5% diet (p<0*05
the other paired groups showed signifli
ences in food consumption, in par
comparison of azoxymethane treated
either diet.

Animals' weights over the course of
ment are shown in Figure 2. Contr
tended to gain more weight than azo:

treated animals but the only significant differ-
ence was in the control group receiving the 5%
diet (p<0 05).

HISTOLOGICAL RESULTS
Naked eye and microscopic examination of the
rat colorectums showed a range of benign and
malignant colorectal neoplasms with histological
features similar to humans. In animals on the 5%
fat diet there were totals of 24 colonic adenomas
and 12 colonic adenocarcinomas in the 14 azoxy-
methane treated rats. Similarly, for the 15
azoxymethane treated animals on the 20% fat
diet there were 28 adenomas and 28 adeno-
carcinomas. None of the control animals had

c the area tumours. The difference in the number of
ples was by adenocarcinomas was significant (X2=88.03
rith a silica p=00046); the data, expressed as the mean

ample was number of tumours per animal, are shown in
linutes. Figure 3.
ntified by Detailed histological analysis of the adenomas
h those of showed 23 of the tubular type from the 5% fat
td, Poole, diet group compared with 27 from the 20% fat
table using diet group (not significant; NS). There was one

0), stearic tumour of the tubulovillous type in each group
noleic acid and there were no tumours of the pure villous
): 4, n-6). variety. The mean (SEM) size of adenomas was

)e detected 3 5 (0.5) mm (range 1-13 mm) in the 5% fat diet
ration and group compared with 3.0 (0.3) mm (range 1-8
produced, mm) in the 20% fat diet group (NS). Severe
.r analysis. dysplasia was present in 12 (50%) of the
.y acid was adenomas from the 5% fat diet group compared
e total area with only 3 (12%) from the 20% fat diet group
s the mean (x2=9.717, p<0.002). Only 3 (13%) of the 24

adenomas from the 5% fat diet group had
adenomas in the proximal half of the colorectum
compared with 36% of the 28 adenomas from the
20% fat group but this was not statistically

iversity of significant (X' with Yates's correction=2-58).
i analysed Details ofhistological analysis ofcarcinomas of
une. Cate- the two dietary groups is shown in Table II; none
he x2 test. of the differences were statistically significant.
by the two Three (25%) of the carcinomas in the 5% fat diet
of groups groupwere in the proximal halfofthe colorectum

)f variance compared with 10 (36%) of the carcinomas in the
ificances of 20% fat diet group (NS).
y reference Combining adenomas and carcinomas

together, there were 6 (16-7%) of 36 tumours in
the proximal half of the colorectum from the 5%
fat diet group compared with 20 (35 7%) of 56
tumours from the 20% fat diet group (X2=3 92l
p=00478.

AIN

d for those TABLE II Details ofhistological analysis ofcarcinomas in
d received the two dietaryfat groups

ay and for
g/day. The
'% fat diet
-35) glday.
less in the
ed with the
i). None of
cant differ-
ticular the
animals on

the experi-
ol animals
xymethane

Dietary group

Histological 5% fat 20% fat
parameter (carcinomas= 12) (carcinomas=28)

Stage:
A1 9 (75%) 25 (89%)
A2 2 (17%) 2 (7%)
B 1(8%) 1(4%)

Grade:
1 0 3 (11%)
2 10 (83%) 18 (64%)
3 2 (16%) 7 (25%)

Size (mm):
Mean (SEM) 4-3 (0.5) 4-4 (0.3)
Range 2-8 2-8

Other than the incidence of carcinomas between the two groups,
none of the differences were statistically significant.
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Figure 4: Cell membrane fatty acid profiles ofcolonic mucosa
and tumours in ratsfed 5% saturatedfat diet.

Peritoneal carcinomatosis was seen in one
animal from each dietary group. Only one

animal, from the 20% fat diet group, had hepatic
metastases.

FATTY ACID ANALYSIS
The fatty acid content of non-malignant colonic
mucosa and colonic tumour tissues from carcino-
gen treated animals in each of the dietary groups
is shown in Figures 4 and 5. There was a

significantly higher proportion of arachidonic
acid in tumour cell membranes when compared
with cell membranes isolated from the surround-
ing non-malignant colonic mucosa ofanimals fed
both the 5% fat diet (p<0 05) and the 20% fat
diet (p<0 05). As would be anticipated by the
relatively increased linoleate in the 5% fat diet
group, there was significantly more present in
both tumours and mucosa in this group com-
pared with the 20% fat diet group (p<0001).
The proportional values of arachidonate in the
tumours compared with mucosa were almost
identical in the two dietary groups (mean (SEM)
11.7 (1-5)% v 4.2 (0.4)%. The higher tumour
arachidonic acid value was balanced by lower
proportions of palmitic acid in the 5% fat diet
group and oleic acid in the 20% fat diet group.
A summary of the findings of the multivariate
analysis is given in Table III. This shows that the
carcinogen per se had no effect on the fatty acid
profile of colonic mucosa or tumours. The level
of dietary fat intake was shown to have a signifi-
cant influence on cell membrane fatty acid
profiles. The level of dietary linoleic acid was

proportionately higher in the 5% fat diet (Fig 1)
and this was correlated with higher linoleic acid
values in colonic mucosa and tumours in this
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FigureS5: Cell membrane fatty acid profiles of colonic mucosa

and tumours in rats fed 20% saturated fat diet.

TABLE III Factors influencing the membrane fatty acid
profiles ofcolonic mucosa and colonic tumours

Variable F ratio p value

Treatment 1-2 0-33 (NS)
(carcinogen v control)

Amount of dietary fat 18-8 <0 0001
(5% v 20%)

Tissue 48-1 <0 0001
(mucosa v tumour)

F ratios quoted were calculated using the Wilk's criterion.
NS=not significant.

group compared with the 20% fat diet group
(compare Figs 4 and 5). The analysis also showed
significant differences in the overall fatty acid
profiles of cell membranes from malignant and
non-malignant colonic mucosa, this effect being
due to increased arachidonic acid in the tumours
of both groups.

Discussion
Analysis ofthe tumour yield showed that a higher
saturated fat diet was associated with greater
colorectal tumour promotion than a low fat diet.
This finding is consistent with work from other
groups, which has been reviewed previously.4
The analysis of tumour cell membrane fatty acid
composition showed consistently high values of
arachidonic acid in colorectal tumour tissue
when compared with the surrounding non-
malignant colonic mucosa. This contrasts with
the results of Sakaguchi et al, who found no
excess of arachidonate. These authors, however,
looked only at total lipid extraction.'4 In the
present study, we undertook exacting separation
of cell membranes, the main site for fatty acid
substrates involved in important biotransforma-
tion processes. This study showed for the first
time significantly increased concentrations of cell
membrane related arachidonic acid in colorectal
tumours. Moreover, we have recently shown a
small but significant excess of arachidonate
in human colorectal cancers compared with
mucosa.20
A major metabolic role ofarachidonic acid is its

biotransformation to the series 2 prostaglandins.
These substances have very short half lives and
therefore are synthesised locally from
arachidonic acid which is released from cell
membrane phospholipids by phospholipases.
Evidence suggests that certain prostaglandins are
involved in certain types of carcinogenesis.2'.23
Minoura et al24 have shown increased prosta-
glandin E2 values in experimental colorectal
tumours relative to the surrounding non-
malignant colonic mucosa. While human colonic
cancers were shown to produce prostaglandins in
a limited study,25 the clinical relevance of this
remains to be realised. It is perhaps important
that inhibitors of arachidonic acid metabolism
such as indomethacin26 and polyunsaturated fatty
acids of the N-3 series24 27 are potent inhibitors of
chemically induced colorectal cancers and also of
transplanted human colonic cell lines.28

It is irnportant to appreciate that while dietary
content affected the cell membrane fatty acid
profile of the mucosa and the tumours, this was
quite distinct from the tumour effect itself. The
effect of diet was to raise the proportion of
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linoleic acid in direct proportion to that available
in the diet. In contrast, there was no direct lipid
altering effect by azoxymethane; changes in fatty
acid composition were as a consequence of the
induction of tumours, viz an increase in the
concentration of arachidonic acid. This effect
was quite independent of dietary values. It is this
observation that is of considerable importance in
understanding the underlying biochemical
behaviour of colorectal tumours. A number of
previous studies have been severely criticised29
because animals who received the proportionally
lower fat diets have had an identical fatty acid
profile resulting in essential fatty acid deficiency
that might affect not only animal growth but,
more importantly, tumour growth or promo-
tion.30 This we were careful to avoid. Adenomas
and adenocarcinomas were not analysed
separately for fatty acids because of the diffi-
culties in obtaining sufficient tissue for both
accurate histological analysis and eell membrane
examination with subsequent fatty acid examina-
tion and analysis. Any major differences in fatty
acids between adenomas and adenocarcinomas
should perhaps have been detected in a compari-
son ofthe tumours between the two groups; there
was virtually none. We would therefore surmise
that increased arachidonate is a feature of neo-
plasia rather than malignancy per se. Further
investigations are required to clarify this point.
Although the recent discoveries relating to

arachidonate and prostaglandins may point to
new therapeutic approaches in human colorectal
cancer, there is another feature of this study
which is perhaps of equal importance. While a
number of experiments have shown a tumour-
promoting effect of increased saturated fat,2 31-34 a
distinction has not often been made between
benign and malignant tumours.23'32 This study
has clearly shown an increased number of adeno-
carcinomas in the 20% saturated fat diet group,
associated with an increased number of tumours
in the proximal as well as distal colorectum.
While there was little to distinguish the histologi-
cal parameters of the cancers between the two
groups, the adenomas from the 5% fat diet group
had a much greater incidence of severe dysplasia.
Thus, a 20% saturated fat diet does not promote
uniformly the sequence from normal mucosa
through mild, moderate, and severe dysplasia to
carcinoma35; it seems that only the last sequence
is promoted. Again further work is required to
confirm this observation.

In some experimental cancers there is evidence
to suggest that a high caloric diet enhances
tumour growth.434 Whether this pertains to the
present study is not certain but seems unlikely.
While the high fat diet had a higher energy value
(15 MJ/kg v 12 MJ/kg), consumption offood was
greater with the low fat diet. Moreover, the
calculated caloric intake (in animals aged 23
weeks) was 1 0 MJ/kg/day for control animals on
the low fat diet compared with 0-6 MJ/kglday for
control animals on the high fat diet. Despite the
apparent higher caloric intake, animals on the
low fat diet gained less weight, an observation
consistent with previous studies.36 In our experi-
ments this might be explained by the relative
proportion of linoleic acid in the two diets (12%
in the low fat diet and 5% in the high fat diet), as

this suppresses the lipogenic effect of dietary
carbohydrates.37 Finally, there were no signifi-
cant differences for either food consumption or
weight gain between the two dietary groups that
received azoxymethane.
Thus, it seems that the greater proportion of

cancers developing in the high saturated fat
dietary group is not directly related to caloric
intake. Lipid metabolism in cancer patients
undergoes subtle and ill defined alterations.38 A
long term high saturated fat diet raises the
concentrations ofserum lipids and the peripheral
activity of lipoprotein lipase.3 Moreover, in-
creased low density lipoprotein receptor activity
is a feature of growing cells and some malignan-
cies."' Whether this process is also involved in
driving the development of benign to malignant
cancers remains to be determined.
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