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Gastric carcinogenesis in the rat induced by
duodenogastric reflux without carcinogens:
morphology, mucin histochemistry, polyamine
metabolism, and labelling index

P R Taylor, R C Mason, M I Filipe, S Vaja, D C Hanley, G M Murphy, R H Dowling, I McColl

Abstract

Chronic duodenogastric reflux induces gastric
adenocarcinomas in the rat without the use of
carcinogens. Altogether, 186 male Wistar rats
were randomised to undergo either a simple
gastrojejunostomy or a gastrotomy and
sacrificed at eight weekly intervals for 56
weeks. No control animals developed dys-
plasia or carcinoma. All rats subjected to a
gastrojejunostomy showed hyperplasia of the
proliferative neck zone, with increased
sulphomucin production adjacent to the scar.
Low grade dysplasia was found at 16 weeks,
and carcinoma was first seen at 32 weeks. Most
carcinomas were well differentiated mucin
secreting adenocarcinomas of the expanding
type, which secreted a mixture of sialomucins
and sulphomucins. Duodenogastric reflux was
associated with a 100% increase in labelling
index (assessed autoradiographically with
tritiated thymidine) in the gastric mucosa when
compared with corresponding tissue adjacent
to a gastrotomy scar. This increase was signifi-
cant at eight weeks and persisted for 56 weeks
after surgery. This study supports the theory
that, in this model, hyperplasia precedes the
development of carcinoma.

The incidence of gastric stump cancer remains
controversial.'® A large recent series, however,
has shown that gastric surgery for benign disease
is associated with a pronounced increase “in
gastric adenocarcinoma when compared with a
control population from the same locality.’
Studies in experimental animals have shown
that gastric surgery can induce adenocarcinoma
of the stomach without the use of carcinogens.®
Furthermore, the incidence of malignant change
in the gastric mucosa was proportional to the
degree of duodenogastric reflux. In this rat
model of duodenogastric reflux the pancreatico-
duodenal secretions, rather than the bile, seemed
to be responsible for the tumour.’ In tissues
which have a high proliferative rate the activity
of the rate-limiting enzyme in polyamine bio-
synthesis, ornithine decarboxylase, and the con-
centrations of the polyamines are relatively high.
Many human cancers also show high levels of
ornithine decarboxylase activity in the malig-
nancy.”" Since duodenogastric reflux is a
reliable model for inducing gastric cancer, and
since polyamine metabolism has never been
studied in the gastric mucosa in this model, we
examined the sequential longterm effects of
duodenogastric reflux on gastric mucosal

morphology, mucin histochemistry, ornithine
decarboxylase activity, and polyamine con-
centration and correlated the results with the
labelling index assessed autoradiographically, an
established method of measuring tissue pro-
liferation.

Methods

STUDY DESIGN

Altogether, 186 male Wistar rats weighing 200-
250 g were randomised to undergo either simple
gastrojejunostomy or gastrotomy. Laparotomy
was performed through an upper midline
abdominal incision and a 7 mm gastrotomy was
made 2 mm distal to the squamocolumnar
junction along the anterior surface of the greater
curvature. In gastrotomy rats this was closed
with an all layer 6/0 Ethibond suture. In gastro-
jejunostomy animals a loop of jejunum 4 cm
distal to the ligament of Treitz was anastomosed
to the stomach using an all layer 6/0 Ethibond
suture in an isoperistaltic, antecolic manner.
Animals from the two groups which survived the
operation (operative mortality 10-8%) were
allocated to cohorts to be sacrificed at 8, 16, 24,
32, 40, 48, and 56 weeks after surgery. An
intraperitoneal injection of tritiated thymidine
(specific activity 5 Ci/mmol, Amersham Inter-
national) was given one hour before sacrifice at a
dose of 1 uCi/g body weight.

The rats were killed by exsanguination under
general anaesthetic. The stomach was removed
en bloc and opened along the greater curvature.
After washing briefly in tap water, the stomach
was pinned out on a cork board and the macro-
scopic findings noted. Some 20-70 mg samples
of gastric mucosa were removed by sharp dissec-
tion from the underlying serosa and muscle
immediately adjacent to the gastrotomy or to the
anastomosis. The samples were stored at —70°C
until analysed for polyamines and related
enzymes within three months of sacrifice.

The stomach was fixed in 10% formol saline,
processed in wax, and seven serial 3 um sections
of each block were prepared for morphological
assessment with haematoxylin and eosin, and
with alcian blue — periodic acid-Schiff and, high
iron diamine-alcian blue to distinguish neutral,
sialomucins, and sulphomucins. "

Two 1 pum sections from each block were
prepared for autoradiography using the dipping
method with K5 emulsion (Ilford)."* A minimum
of 500 cells in each part of the mucosa under
study was counted and the number of labelled
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cells noted. The labelling index was the number
of labelled cells per 100 cells counted. With each
batch a section from a control animal which had
not been injected with tritiated thymidine was
used to assess background activity.

HISTOLOGICAL CLASSIFICATION

Histological lesions were classified into the
following groups: atrophy, normal mucosa
found in deeper layers, downward glandular
growth, intestinal metaplasia, hyperplasia,
adenocystic glandular proliferation, reactive
atypia, dysplasia (low and high grade), and
carcinoma.

Atrophy of the mucosa was associated with a
decrease in mucosal depth and could affect either
the antrum or the body mucosa. Normal
epithelium of either gastric or small bowel was
often found in deeper layers due to the disrup-
tion caused by surgery. They were readily identi-
fied by normal histology and mucin pattern.
Downward glandular growth referred to benign
appearing glands found beneath the muscularis
mucosa at the anastomosis with no evidence of
atypia. Hyperplastic mucosa was characterised
by lengthening of the foveolae and neck regions.
Adenocystic glandular proliferation was a
serosally orientated growth of an increased
number of glands which were cystically dilated
and devoid of atypical features. Intestinal meta-
plasia was diagnosed by the finding of goblet cells
within the gastric mucosa. The abnormal
mucosa was separated from the small bowel
mucosa at the anastomosis by a variable portion
of gastric mucosa so that transposition of small
bowel mucosa by surgery was unlikely.

Reactive atypia showed a disorganised
architecture with a slight increase in the number
of mitoses adjacent to an area of erosion or
ulceration.

Polyps were classified into three types. Hyper-
plastic polyps showed an elongation and increase
in number of glands which were disorganised
and often associated with foveolar hyperplasia.
Muscle fibres were seen within them but there
was no inflammation. Inflammatory or reactive
polyps were usually adjacent to areas of ulcera-

TABLE1 Histological findings in the gastrotomy (G) and gastrojejunostomy (GF) groups

Weeks

8 16 24 32 40 48 56 Total
G/IG} G/GY GIGY GIGY GIGF GIGF GIGF GIGF

No 12/12 12/12 13/12 12/10 12/12 12/13 12/13 85/84
Loss of specialised cells 12/12 12/12 13/12 11/10 12/12 12/13 12/13 84/84
Foveolar hyperplasia 12/12 12/12 13/12 11/10 12/12 12/13 12/13 84/84
Neck hyperplasia 6/12 /12 3/12 19 3/10 -/13 113 14/81

Downward glandular proliferation ~ 5/2 7/10  6/8 7/4 7/10  6/5 4/5  42/44
Normal epithelium in deeper layers 2/1 6/8 717 2/7 4/2 2/2 171 24/28
Adenocystic glandular proliferation -/~ 173 1/1 2/2 4/4 7/6 7/6  22/22

Bone metaplasia 1/- -2 12 2/4 -6 5/6 2/5 11/25
Antral atrophy -6 -8 /8 -8 /8 -9 /11 /58
Inflammatory polyp /- —/- -1 11 1/3 3/2 -3 5/10
Hyperplastic polyp 0/1 0/- 0/- 0/~ 0/1 0/1 0/- 0/3
Adenomatous polyp 0/- 0/- 0/- 0/- 0/1 0/- 0/- 0/1
Reactive atypia 1/3 2/3 =I5 1/4 -4 171 1/1 6/21
Low grade dysplasia /- -1 /1 /- /1 /1 /1 -/5
High grade dysplasia /- /- /- /- /- /1 /- -1
Intramucosal carcinoma —I- -/~ /- —/- -1 /1 - =12
Advanced carcinoma —/— -/~ /- -1 /- /1 -2 -4
Paneth cell metaplasia 1/6 3/- —/4 /2 11 1/1 /1 6/15
Intestinal metaplasia /1 -2 /- -2 ~/- -3 -1 -9
Hyperplasia of all elements of the 3 -nr -9 -3 -/11 611 -9 9/65
body mucosa
Ulcer/erosion 1/4 =I5 -9 -3 1/8 -6 -16 2/41

tion with granulation tissue. Adenomatous
polyps showed disorganised architecture with
degrees of cellular immaturity. The glands
showed abnormal differentiation with an
increased number of mitoses.

Dysplastic glands usually had a reduced
mucin secretion in an area of disorganised
architecture with an increase in nuclear pleomor-
phism and number of mitoses. These were
classified into low and high grades depending on
the severity of the changes.

Carcinomas were characterised by pro-
nounced nuclear pleomorphism with increased
mitotic figures, bizarre and severely disorga-
nised architecture, and invasion beyond the
muscularis mucosa.

LABORATORY ASSAYS

Ornithine decarboxylase activity

Ornithine decarboxylase activity was measured
using the method of Luk and Baylin." Liquid
scintillation spectroscopy was used to detect
radiolabelled carbon dioxide liberated by the
decarboxylation of ornithine by ornithine
decarboxylase. A blank was prepared with each
batch to assess background scintillation activity.
Difluoromethylornithine, a specific irreversible
inhibitor of ornithine decarboxylase, was added
to some samples to show whether the activity
being measured by the assay was specific
ornithine decarboxylase activity.

Protein
Protein assay was performed by a colorimetric
method using alkaline copper reagent and
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Figure 1: Area of adenocystic glandular proliferation in the
submucosa consisting of large spaces lined by benign appearing
cells. There is an erosion of the overlying mucosa.

H. toxylin & eosin, original magnification x 175.
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Figure 2: Atrophic mucosa
with extensive bone
metaplasia (arrowed) and
adenocystic glandular
proliferation. Haematoxylin
& eosin, original
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Folin’s and Ciocalteu’s reagent.” The samples showed pronounced hyperplasia of the pro-
were read at 750 nm and compared with stand- liferative neck zone, associated with increased
ards made from bovine serum albumin. sulphomucin production adjacent to the scar
(p<0-001). This was a constant finding through-
out the experimental period.
Polyamines Features which did not show a significant
A high performance liquid chromatographic difference in incidence to control rats included
procedure (described by Sieler and Knodgen) normal epithelium taken into deeper layers,
was used to analyse the gastric mucosal poly- downward glandular proliferation, and adeno-
amines.” An internal standard (1,7 diamino- cystic glandular proliferation (Fig 1). During the
heptane dihydrochloride) was used with each experiment the number of animals with normal
run and a standard mixture of polyamines was epithelium in deeper layers decreased whereas
used after every eight samples to control instru- the number with adenocystic glandular pro-
ment sensitivity and reproducibility. Results are  liferation increased. This relation was also found
given for putrescine and spermine and for total in gastrotomy rats. Fifty eight gastrojejuno-
spermidine (the sum of non-acetylated spermi- stomy animals had atrophy (Fig 2) of the antral
dine and the N1 and N8 acetylated derivatives).  mucosa (p<<0-001) and 65 showed hyperplasia of
all elements of the body mucosa next to the area
of pseudopyloric metaplasia (p<<0-001).
STATISTICAL METHOD Forty one rats with a gastrojejunostomy had
The significance of the differences in the results erosions or ulceration of either the gastric or the
of polyamine concentrations and ornithine jejunal mucosa (p<<0-001). The jejunum fre-
decarboxylase activity was determined by the quently showed the features of villus atrophy and
Mann-Whitney U test. Histological findings crypt cell hyperplasia.
were assessed by %? analysis with Yates’s correc- Macroscopic polyps were much larger and
tion factor for small numbers, and by Fisher’s more numerous (p<0-05) in the gastrojejuno-
exact test where appropriate. If the p value was stomy group and microscopically these were
less than 0-05 the results were considered signifi- inflammatory, hyperplastic, or adenomatous.
cant. Only inflammatory polyps were found in the
control animals. All polyps were closely associ-
ated with suture material.

Results Bone metaplasia was twice as common in
gastrojejunostomy rats (p<<0-01) and increased
MORPHOLOGY AND MUCIN HISTOCHEMISTRY with time. Fifteen animals had Paneth cell

The results are shown in Table I. Eighty four metaplasia (p<<0-05), but in contrast to the
animals with a gastrojejunostomy were com- controls, nine animals showed focal areas of
pared with 85 rats with a gastrotomy. All animals  intestinal metaplasia (p<<0-001).

showed pseudopyloric metaplasia adjacent to the Reactive atypia (Fig 3) was found throughout
scar with atrophy of the mucosa, loss of special- the study in 21 gastrojejunostomy animals and
ised cells, an increase in sialomucins in the decreased with time (p<<0-01).

remaining glands, and foveolar hyperplasia con- No gastrotomy animals developed dysplasia or
taining neutral mucins. In contrast to the con- carcinoma. In the gastrojejunostomy group, low
trols, 81 of 84 gastrojejunostomy animals also grade dysplasia was found (p<<0-02) at 16 weeks



1450

Figure 3: The mucosa shows
reactive changes, in an area
of erosion and ulceration,
with disorganised glandular
architecture and regular
epithelium. Haematoxylin
& eosin, original
magnification X 175.
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and occurred in one animal in each group
thereafter throughout the experiment with the
exception of the 32 week cohort. In one case this
was associated with intestinal metaplasia (Fig 4).

High grade dysplasia was found in one animal
at 48 weeks in an area of adenocystic glandular
proliferation. Both grades of dysplasia were
associated with a decrease in mucin production.
Intramucosal carcinoma was found in a flat
mucosa associated with intestinal metaplasia in
one animal at 40 weeks and in a large adeno-
matous polyp at 48 weeks. Four carcinomas were
diagnosed: one each at 32 and 48 weeks and two
at 56 weeks. Three of these were serosally
directed growths consisting of well differenti-
ated, mucin secreting adenocarcinomas of the
expanding variety of Lauren’s classification (Fig
5). All of these had breached the serosa. The
remaining one was a luminally directed polypoid
adenocarcinoma found at 56 weeks. Carcinomas
secreted a mixture of sialomucins and sulpho-
mucins. No lymph node metastases or distant
metastases were found. High grade dysplasia and
carcinomas only occurred in the gastrojejuno-
stomy group (p<<0-006).

ORNITHINE DECARBOXYLASE ACTIVITY

The results for combined values for ornithine
decarboxylase activity together with those of the
polyamines are shown in Figure 6. The ornithine
decarboxylase results, subdivided into various
time intervals after surgery, are shown in Figure
7. Activity was assessed in almost all animals, and
polyamine concentration and labelling index in
50% of the animals in each group.

The pooled results, independent of time after
surgery, showed that the mean ornithine
decarboxylase activity was 36% higher in the
gastrojejunostomy group when compared with
the gastrotomy control. This pattern of results
was also true at every time interval after surgery,
with 13-72% increases of enzyme activity in the

gastrojejunostomy group when compared with
the gastrotomy controls. These differences were
significant only at 16, 48, and 56 weeks,
however. Difluoromethylornithine completely
abolished ornithine decarboxylase activity,
suggesting that the activity measured by the
assay was specific to the ornithine decarboxylase
enzyme.

POLYAMINES
The results for putrescine concentrations at

Figure 4: An area of intestinal metaplasia associated with low
grade dysplasia. Haematoxylin & eosin, original
magnification % 350.
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Figure S: Tubular mucus
secreting adenocarcinoma.
Haematoxylin & eosin,
original magnification
x175.

Figure 6: Combined values
for ornithine decarboxylase
activity and polyamine
concentrations (mean
(SEM)). *p<0-05;
1p<<0-01; p<0-001.

various time intervals after surgery are shown in
Figure 8. Putrescine concentrations in the gastric
mucosa were significantly increased by 44% in
rats undergoing gastrojejunostomy compared
with gastrotomy (Fig 6). Significantly raised
concentrations of putrescine were found at 24
and 48 weeks (Fig 8). The mean putrescine
concentrations, however, did not change signifi-
cantly during the first two time periods, but
thereafter the overall pattern of results was
similar to that described above for ornithine
decarboxylase activity, with 37-119% increases
in the gastrojejunostomy group compared with
gastrotomy controls.

There was no significant difference in
spermidine concentration between the two
groups taken as a whole (Fig 6) or at any time
interval. Spermine concentrations were signifi-
cantly higher in gastrotomy rats (Fig 6) but there

was no consistent pattern with time and there
was no significant difference between the two
groups at any time interval.

LABELLING INDEX

The labelling index was calculated for both
groupsand is shown in Figure 9. The results show
that the labelling index is significantly increased
in the foveolae adjacent to the site of surgery in
the gastrojejunostomy group compared with the
gastrotomy controls at each time interval after
surgery. The values for histopathological lesions
found exclusively in the gastrojejunostomy
group are shown in Table II. Both advanced
carcinoma and intramucosal carcinoma had
similar values. Low grade dysplasia showed
values in the same range as those of hyperplasia
found adjacent to the anastomosis in gastro-

Gastrotomy /] Gastrojejunostomy
12 9
500 129 t 12 ]
) t 1.0 4 10 1
400 107 ) .
c h 4
= c
3 ] T 08- 8- 8 -
= [e]
S 300 - & ; ] 1
£ o 6
: 1 / % 0.6 6 - /
2 200 - / £ T 1 ]
o ] / 0.4 - 4 4 %
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Gastrojejunostomy

Gastrotomy

40 48

Weeks

Figure 7: Ornithine carboxylase activity at various weeks after operation (mean (SEM)).

*»<0-05; 1p<0-01.

Putrescine concentration

nmol/mg protein

jejunostomy animals. Polyps showed values
intermediate between low grade and high grade
dysplasia.

Discussion

The number of carcinomas found in this study
was low compared with previous experiments®’
and confirms the varying susceptibility of differ-
ent strains of the Wistar rat to tumour induction.
The incidence, however, of 15% found at 48 and
56 weeks is comparable with a recently published

Gastrotomy

/)] Gastrojejunostomy

NN\

RN\

NI

N

16 24

H
o]

56

Weeks
Figure 8: Putrescine concentration at various weeks after operation (mean (SEM)). *p<0-05;
fp<0-01. )

paper assessing the effects of chemically induced
carcinogenesis which also showed a carcinoma
yield of 15%."”

Many previous studies on the effects of
surgery on the production of carcinomas in the
rat gastric mucosa have used an inadequate
control group. Most have used unoperated rats
as controls.®"*** Therefore the effects of surgery
alone on the gastric mucosa have not been
examined. We did not use vagotomy in the
gastrojejunostomy group for two reasons.
Firstly, a truncal vagotomy in a rat is associated
with a high mortality, and secondly, we have
previously reported that vagotomy does not
increase the number of carcinomas found after a
gastrojejunostomy in this model.?

Various features found in the gastrojejuno-
stomy group are common to the control group
and are related to surgical damage to the mucosa
rather than duodenogastric reflux. These include
foveolar hyperplasia, loss of specialised cells,
glandular mucosal atrophy adjacent to the
anastomosis, adenocystic glandular prolifera-
tion, downward glandular proliferation, and the
finding of normal epithelium in deeper layers of
the mucosa and pseudopyloric metaplasia.
Adenocystic glandular proliferation was found in
both groups and increased with time. In con-
trast, the incidence of normal epithelium in
deeper layers decreased with time. This suggests
that adenocystic glandular  proliferation
developed from normal epithelium in deeper
layers.

Intestinal metaplasia was found only in gastro-
jejunostomy rats but did not increase with time.
Only one animal had an area of intestinal meta-
plasia adjacent to high grade dysplasia. This
confirms the findings of previous studies that in
this model intestinal metaplasia is probably not
an important premalignant change.

This study shows that carcinomas can be
induced in the rat by surgery alone and that
hyperplasia of the proliferative neck zone is
associated with malignant change. The increase
in sulphomucin producing cells, with lengthen-
ing of the neck zone, signifies an increase in the
number of immature cells in the region immedi-
ately adjacent to the stoma. This change was rare
in those animals undergoing gastrotomy.

At all time periods during the experiment
ornithine decarboxylase activity was higher in
the gastric mucosa of the gastrojejunostomy
animals compared with the gastrotomy controls
and this is consistent with the labelling index
results. For two reasons we believe that this
increase in ornithine decarboxylase activity is
unlikely to have been due to bacterial contamina-
tion. Firstly, in previous work from our unit we
have shown that there are only minor changes in
the bacterial flora of gastric contents between
gastrotomy rats and those subjected to duodeno-
gastric reflux.’ Secondly, ornithine decarbo-
xylase activity was estimated at pH 7-2 — the pH
at which mammalian ornithine decarboxylase
activity is optimum. In contrast, the pH
optimum for ornithine decarboxylase activity
produced by Escherichia coli is 8-1, and for
Lactobacillus 5-8. Therefore at the pH of our
assay (7-2), bacterial ornithine decarboxylase
activity would have been much reduced com-
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Figure 9: Labelling index for foveolae adjacent to the site of operation. {p<0-01.

TABLE II  Labelling index for histopathological lesions in
gastrojejunostomy group

Histological lesion No Mean labelling index
Carcinoma 6 376
High grade dysplasia 1 32-5
Low grade dysplasia 6 16-5
Polyps* 3 247

*Two hyperplastic and one adenomatous polyps.

pared with mammalian activity, and in this way
the two can be readily distinguished.?

The overall increase in ornithine decarbo-
xylase activity of 36% in the gastrojejunostomy
group compared with the control group was
associated with an equivalent increase (44%) in
putrescine concentration. The fact that a similar
pattern of results was seen at every time interval
after surgery also suggests that the increase in
putrescine concentration is indeed the result of
the increased ornithine decarboxylase activity.
There was, however, no increase in spermidine
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concentration. Increases in putrescine concen-
tration are usually associated with increases in
spermidine concentration, and both these poly-
amines are believed to be growth stimulating
factors. Putrescine concentrations are controlled
by at least five enzymes, however. Putrescine
may be converted to spermidine, which in turn is
converted to spermine. A reverse pathway exists
(for the synthesis of spermidine from spermine,
and for the conversion of spermidine to
putrescine) but the extent to which this occurs is
currently not known.” Putrescine may also be
oxidised by the enzyme diamine oxidase, to yield
gamma-amino buteraldehyde and other deriva-
tives. The concentrations of putrescine and
spermidine therefore are related in a complex
fashion, and further experiments need to be
performed to elucidate their roles in this model.

In contrast to the increase in putrescine
concentration, spermine concentrations were
decreased in the gastrojejunostomy group when
compared with gastrotomy controls. This find-
ing also requires further study.

The results suggest that in the rat the gastric
mucosa adjacent to a gastrojejunostomy has a
higher rate of cell proliferation than that seen
close to a gastrotomy scar. A correlation between
increased cellular proliferation and carcinogene-
sis is well established. This study indicates that
reflux of duodenal contents into the stomach
induced by gastrojejunostomy promotes gastric
mucosal hyperplasia. This increase in cell pro-
liferation was apparent as early as eight weeks
and persisted for 56 weeks after surgery. Our
findings support the theory that hyperplasia pre-
cedes the development of carcinoma in this
model.

This work was carried out as part of the requirement for the degree
of MChir, Cambridge University.
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