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Intestinal adaptation and experimental carcinogenesis
after partial colectomy
Increased tumour yields are confined to the anastomosis

R C N WILLIAMSON,* P W DAVIES, J B BRISTOL, AND M WELLS

From the University Department ofSurgery, Bristol Royal Infirmary, Bristol

SUMMARY Small-bowel resection enhances experimental colorectal carcinogenesis, probably by
stimulating epithelial cell proliferation. The possibility that similar mechanisms might explain
metachronous large-bowel cancers in man was tested in Sprague-Dawley rats submitted to partial
colectomy before or after a five-week course of azoxymethane (total dose 50 mg/kg). The timing of
operation did not affect tumour yields at 40 weeks. Caecal resection augmented mucosal mass in
the ileum and right colon but did not affect carcinogenesis. Right hemicolectomy only increased
ileal segmental weight (by 22%); left hemicolectomy increased the protein and DNA contents of
the residual right colon by 18-42%. Large-bowel tumours in 84 rats were distributed as follows:
proximal colon 36, colonic anastomosis 51, distal colon 87, rectum 43. Consistent with this
left-sided predominance, left hemicolectomy reduced the number of large-bowel tumours. A
twofold increase in distal tumours after both transection and right hemicolectomy simply reflected
the high incidence of anastomotic tumours. Furthermore, one rat given vehicle as opposed to
carcinogen developed an invasive mucinous adenocarcinoma at the colorectal anastomosis, after
left hemicolectomy. The large bowel shows limited adaptation to partial resection and is not at
increased risk of carcinogenesis, except in the region of the suture line.

Epithelial neoplasia of the large bowel is a multifocal
disease. Adenomas are multiple in 28-35% of
patients at the time of diagnosis;' 2 carcinomas are
multiple in 3-5%, occurring either at the same time
or later.' 3 Although synchronous cancers outnumber
metachrouious cancers, between 1 and 2% of patients
surviving resection of one carcinoma will subsequent-
ly develop a second growth. l 3 This figure would
undoubtedly be higher if patients lived longer: colon
cancer affects an elderly population, crude five year
survival rates seldom exceed 50%, and metachro-
nous carcinomas take an average of 13-5 years to
develop.4 The cumulative risk of the second carcino-
ma may reach 5% at 25 years.4

Previous investigations have shown that a number
of different operations on the small bowel can pro-
mote experimental carcinogenesis in the large bowel.
These procedures include small-bowel resection,
whether proximal9 or distal,6-8 end-to-side je-
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junoileal bypass9 and distal diversion of bile and pan-
creatic juice.'t'1 The common factor may be the
ability of these operative procedures to stimulate cell
proliferation in the colonic mucosa, 12 though in-
creased delivery of cocarcinogens such as bile salts
could also play a part.
The adaptive response of the colon to partial col-

ectomy is-poorly documented. Right hemicolectomy
caused compensatory growth of the left colon in one
experiment, but the reverse did not apply. 3 We have
found a modest increase in chemically-induced
tumours in the rectum after subtotal colectomy'4 and
in the distal colon after closure of a proximal defunc-
tioning colostomy.'5 The present study explored the
possibility that metachronous colorectal neoplasia
might occur in response to adaptive hyperplasia after
partial colonic resection.

Methods

Two hundred young male Sprague-Dawley rats were
used, weighing 159±14 g (SD) at the start of the ex-
periment. Animals were allocated to undergo oper-
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Colonic transection 15

Right hemicolectomy 20
Left hemicolectomy 18
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Vehicte before operation
Colonic transection 11
Right hemicolectomy 12
Left hemicolectomy 12
Caecal resection 12
Splenectomy 8
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Fig. 1 Experimental design. The mean weight ofeach group is given at the time ofoperation and whet killed. Unoperated
controls were starvedfor24 hours while corresponding groups were submitted to operation.

ation either immediately before starting a course of
carcinogen injections (n=53), or one week after
completing a similar course of injections of car-

cinogen (n=92) or vehicle (n=55). The carcinogen,
azoxymethane, was diluted with sterile water
(pyrogen-free) on receipt from the manufacturers
(Ash Stevens Inc., Detroit, Michigan, USA); solu-
tions were stored at -20°C until required. Rats were
given five weekly subcutaneous injections of azoxy-
methane (10 mg/kg/wk) or vehicle (sterile water).
The experimental design is summarised in Fig. 1,
including the number of rats in each group and their
mean body weight at operation and when they were

killed.
Surgical operations (Fig. 2) were performed under

ether anaesthesia. In each case food (but not water)
was withdrawn for 24 hours postoperatively, and
anastomoses were performed using a single con-

tinuous layer of 6-0 silk suture. Caecal resection was
followed by end-to-end anastomosis between the ter-
minal ileum and the ascending colon. In right hemi-
colectomy the proximal colon was excised together
with the caecum, and the terminal ileum was anasto-
mosed to the transverse colon at the site of midcolon
transection. Left hemicolectomy comprised resec-

tion of the distal transverse and descending colons

with colorectal anastomosis at the pelvic brim. As a

control for the effects of partial colectomy, colonic
transection and immediate resuture was carried out
just to the left of the middle colic vessels-that is,
near the midpoint of the colorectum. Other animals
received splenectomy. Controls had no operation but
were starved for 24 hours.

Rats were weighed daily for 10 days after operation
and weekly thereafter until they were killed at 40
weeks. Animals showing evidence of intestinal
tumours, such as progressive weight loss or rectal
bleeding, were killed when moribund, according to
criteria similar to those described elsewhere.16 In
carcinogen-treated rats a full necropsy was per-
formed, and the entire intestinal tract was scrutinised
for macroscopic tumours. All possible tumours and
metastases were stored in 10% formalin for subse-
quent histological classification, as previously
described.7 Apart from two tumours in which frankly
malignant cells were limited to the mucosa, the term
'carcinoma' was applied only to lesions in which there
was obvious penetration of the muscularis mucosae

or the stalk of a polyp. In borderline cases several
sections were obtained at different levels to deter-
mine the presence or absence of invasion.

Vehicle-treated rats were used to assess intestinal
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A

Right Hemicolectomy

B

Caecal Resection

ID

Left Hemicolectomy A

Fig. 2 Operations performed. A, colonic transection;
B, caecal resection; C, right hemicolectomy; D, left
hemicolectomy. Other animals had no operation or
splenectomy. The numbers give the distance in cm proximal
to the anus, as measured when killed (40 weeks). Shaded
areas representS cm segments ofterminal ileum, right colon
and left colon that were usedfor estimation ofmucosal DNA
andprotein contents.

adaptation. Immediately after death by cervical dis-
location, the small bowel, caecum, and colorectum
were excised and flushed clean with ice-cold saline.
The last 20 cm of small bowel (terminal ileum) and
the remaining small bowel were considered as separ-
ate segments. Segments of bowel were opened longi-
tudinally, blotted dry, weighed and measured for
length. The surface area of the caecum was estimated
as before.7 Mucosal scrapings were obtained from
duplicate 5 cm segments of terminal ileum, measured
under gentle stretch, and from 5 cm segments of right
and left colon, where present (Fig. 2). Specimens
were frozen in liquid nitrogen within 10 minutes of
death and were stored at -20°C.

Analysis of the DNA and protein content of
mucosal samples was subsequently performed in
triplicate. Specimens were weighed and homogen-
ised, and aliquots were treated with ice-cold 25%
trichloracetic acid. The precipitate was washed with
ice-cold alcoholic 0.1 M potassium acetate and then
with absolute alcohol for 30 minutes at 60°C. After
overnight drying at 45°C, pellets were dissolved in
1 0 M potassium hydroxide at 85°C. Protein was esti-
mated by the method of Lowry et al.,17 and DNA was
measured fluorimetrically by a modification of the
method of Kissane et al., Ixwhich is specific for this
compound. Mean values were obtained for each sam-
ple from the three aliquots taken for analysis.

Statistical analyses were as follows: Student's t test
to compare indices of mucosal mass, and the Mann-
Whitney U test to compare tumour yields.

Results

SURVIVAL AND WEIGHT GAIN
Operative mortality rates were 0/43 animals receiving
operation before carcinogen, 18/82 (22%) animals
receiving operation after carcinogen, and 12/55

Table 1 Intestinal length and segmental weight eight months after operation (means ± SEM)

Controls Caecal resectiont Heini(olectornv
(n=99) (n=8)

Rig/it Left
(,i-7) (n-9)

Small bowel
(less terminal ileum)
Length (cm) 124-6±3.6 129 8±3 4 128X0±+29 130)0±3.6
Segmental weight (mg/cm) 94 3±2 8 991±+4 2 103.0+2.0* 977±3 1

Terminal ileum
Length (cm) 20-0±0 4 196+±0)3 20(1+±03 20(1±0)3
Segmental weight (mg/cm) 72-0±2-1 103-4±7-0() 87X8+3 2t 791+±3-0

Caecum
Surface area (cm2) 15.2+0-8 15X+(0)9
Segmental weight (mg/cm2) 1151 ±57 1120.+4.3

Colorectum
Length (cm) 26.9±0-5 30(5+)08-X 178±1.3 197(7±03
Segmental weight (mg/cm) 140-4±3 9 116 0±2.3* 153-3+9.5 1540+±3.33;
Total wcight (g) 3.8±0-1 36+±0)2 27+±)02 3(0±0(1

Significance versus controls (Student's t test): *, P<0-05; t, P<0-01; X, P<0)(5
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Intestinal adaptation and experimental carcinogenesis afterpartial colectomy

(22%) rats receiving operation after vehicle. Most
deaths arose from gastrointestinal haemorrhage, and
we have subsequently confirmed that older Sprague-
Dawley rats are more susceptible to this complication
than their younger counterparts (unpublished data).
Operated rats lost 3-13% of their body weight during
the next 24 hours. Weight loss in unoperated controls
starved for 24 hours was 8%. Subsequent weight gain
was unaffected either by azoxymethane or by any of
the operative procedures. Mean body weights for the
various groups at 40 weeks ranged between 630-748 g
(Fig. 1); vehicle-treated rats receiving left hemi-
colectomy were at least 60 g heavier than any other
group.

INTESTINAL ADAPTATION
Splenectomy did not affect the length, wet weight, or
mucosal mass of any intestinal segment. Values
obtained from the other groups receiving vehicle are
shown in Table 1 and Fig. 3. In the terminal ileum
caecal resection increased segmental weight by 44%
(Table 1) and protein content by 37% (Fig. 3). As
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Fig. 3 Mucosal contents ofprotein and DNA (mg/S cm) in
the ileum, right colon, and left colon ofvehicle-treated rats.
Mean values are given ±SEM. Ileal values represent the
mean ofduplicate samples. Significance versus controls
(Student's ttest): *, P<005, **, P<0-005, ***, P<OOOI.

DNA was also increased by 47%, this was a true
hyperplastic response. Right hemicolectomy in-
creased only segmental weight (by 22%), whereas
left hemicolectomy increased only DNA content (by
65%). There was a 9% increase in the segmental
weight of the remaining small bowel after right hemi-
colectomy. In the caecum no adaptive changes were
detected eight months postoperatively.

Evidence of lasting colonic adaptation after partial
resection of the large bowel was limited to the re-
maining right colon. A 13% increase in colorectal
length after caecal resection was balanced by a 17%
reduction in segmental weight (Table 1). Measure-
ments of the length and weight of the remaining large
bowel after right and left hemicolectomy are difficult
to assess, because of uncertainty regarding the pre-
cise extent of the original resection. The length of the
remnants was 66-73% of that of the entire colorec-
tum in control rats, and their total weight was 71-
79%, but segmental weight was unchanged after right
hemicolectomy and was only 10% greater after left
hemicolectomy. Nevertheless, mucosal contents of
DNA and protein in the right colon increased by
31-38% after caecal resection and by 18-42% after
left hemicolectomy (Fig. 3). No significant changes
were observed in the left colon.

CARCINOGEN ESIS
Although one or two rats in most groups died
prematurely from bleeding or obstructing tumours
(Fig. 4), the large majority survived for 40 weeks. As
the timing of surgery in relation to azoxymethane did
not affect subsequent carcinogenesis in any way, data
from animals receiving operation before and after
carcinogen have been combined. Table 2 shows the
number of rats in each (combined) group with intes-
tinal neoplasms and metastases. Secondary deposits
occurred mostly in mesenteric and mesocolic lymph
nodes, but mucinous carcinomas metastasised to the
lungs and mediastinum in three cases and throughout
the peritoneum in one case. Tumours of other organs
included squamous carcinoma of the ear canal (12),
transitional cell carcinoma of the kidney (two), and
sarcoma of the anterior abdominal wall (one).

Twenty-nine rats had a total of 34 small-bowel
tumours, distributed mainly in the distal duodenum
and upper jejunum (Fig. 5). Not a single tumour
arose within the ileum. The predominant histological
type in the small bowel was mucinous adenocarci-
noma (26), but there were five tubular adenocarci-
nomas and three adenomas. Operation did not affect
enteric carcinogenesis; in particular, no tumours
were found in ileum rendered hyperplastic by caecal
resection.

Eighty-four rats had a total of 217 large-bowel
tumours, of which 113 (52%) were benign and 104
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Fig. 4 Intussuscepting carcinoma ofthe ascending colon in
an unoperated rat. Death has resultedfrom intestinal
obstruction.

(48%) were malignant. There was a tendency for
tumours to cluster in the lower descending colon,
with relative sparing of the right colon and especially
the caecum (Fig. 6). The distribution was as follows:
proximal colon 16.5%, colonic anastomosis 23-5%,
distal colon 40%, rectum 20%. Adenomatous polyps
predominated, and most adenocarcinomas were of
papillary or tubular type. Only a third of large-bowel
carcinomas were mucinous, and these mostly oc-

curred in the right colon or at sites of surgical anasto-
mosis. Mucinous carcinomas were particularly likely
to invade deeply and to metastasise.
There were rather fewer tumours after splen-

ectomy, but differences from controls did not
reach statistical significance (Table 3). Caecal resec-

tion had no effect on colorectal carcinogenesis, but in

Fig. 5 Distribution ofsmall-bowel tumours. Each circle
represents one tumour, and data are collectedfrom every

group. Open circles denote mucinous adenocarcinomas and
closed circles other histological types. The numbers describe
the distance in cmfrom the pylorus.

contrast to the other operations no tumours de-
veloped at the site of (ileocolic) anastomosis. Both
mid-colon transection and right hemicolectomy
doubled the total yield of tumours arising at and
distal to the anastomosis (Table 3, Fig. 6), but in each
case the increment merely reflected the large number
of tumours immediately adjacent to the suture line in
the transverse colon (Fig. 7). Right hemicolectomy
did not significantly enhance carcinogenesis in the

Table 2 Number ofrats with tumors

Group No. Intestinal Small Large Metastases Extra-intestinal
tract bowel bowel

Control 19 13 2 13 () 1
Splenectomy It) 6 2 4 1 1
Colonic transection 27 24 9 22 2 2
Caecal resection It) 8 3 6 2
Right hemicolectomy 26 21 5 21 2 4
Left hemicolectomy 28 22 8 18 2 5

Total 120 94 29 84 9 15
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Intestinal adaptation and experimental carcinogenesis afterpartial colectomy

left colon, and left hemicolectomy made no differ-
ence whatsoever to the development of tumours in
the right colon. Left hemicolectomy reduced the
number of tumours overall by 52-58%, compared
with transection and right hemicolectomy. Outside
the colorectal anastomosis, it also decreased the
number of colorectal tumours compared with con-
trols.

In three groups-transection, right and left hemi-

Fig. 6 Distribution oflarge-bowel tumours in rats without
operation (A) and in rats with mid-colon transection (B),
right hemicolectomy (C) or left hemicolectomy (D). Each
circle represents one tumour. 0 Mucinous
adenocarcinomas. * Other histological types. The numbers
describe the distance in cmfrom the anus.

colectomy-anastomotic tumours comprised nearly
a third of the total yield (51 ex 162). It made no

difference whether the suture line was created before
or after exposhre of the rat to azoxymethane.
Moreover, one rat receiving vehicle, not carcinogen,
developed a 'spontaneous' tumour at the site of col-
orectal anastomosis after left hemicolectomy. This
tumour was an invasive mucinous adenocarcinoma
with osseous metaplasia (Fig. 8).

Table 3 Number oflarge-bowel tumours per rat

Group No. Proximal Anastomosis* Distal Rectumn Total Anastotnosis Overall
colon colon excl. atiast. +distalbowel total

Control(nooperation) 19 053 - 079 0(32 1.63 1.11 1.63
Splenectomy 10 0.50 - 0-50 000 1 ( ) 050 1 00
Colonictransection 27 0-30 0-85 0(93 0.37 1*59 2-15, 2.44
Caccalresection 10 0-70 0-00 0(50 010) 130) 0.60 1.30t
Righthemicolectomy 26 - 0-54 1.38 0.50 1.88 2.42t 2 42
Lefthemicolectomy 28 0.21 0.50 - 0(46 0.68* 0 96 1 18

*Includes tumours arising within 5 mm of the suture line.
Significance differences Mann-Whitney U test): *, P<<005 vs control: P<0(X)5 vs transection;: . P<005 vs control; t. P=0)05 vs transection;
§. P=-Ot5 vs right hemicolectomy. P<00(5 vs transection.
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Intestinal adaptation and experimental carcinogenesis afterpartial colectomny

Discussion

Beyond the immediate vicinity of the surgical anasto-
mosis there was no enhancement of carcinogenesis by
any type of partial colectomy. Indeed, by removing
the most susceptible portion of colon, left hemi-
colectomy actually reduced the tumour yield. We
conclude that metachronous carcinomas probably do
not result from the stimulus of compensatory growth,
but rather that multiple neoplasia reflects a field
change throughout the colonic mucosa. In support,
the presence of synchronous adenomas at the time of
original resection for carcinoma doubles the risk of
developing a second malignancy in the remaining
colon.4 Sixty per cent of patients with metachronous
carcinomas and 75%Wc of those with synchronous carci-
nomas have associated adenomas in the large
bowel.' 9 20 This concept of an unstable epithelium
reaches its ultimate expression in familial polyposis
coli, in which 48% of patients have multiple
carcinomas,' and to a slightly lesser extent in long-
standing ulcerative proctocolitis, in which the corres-
ponding figure is 25% .2
The absence of any increased neoplastic tendency

in the remaining colon agrees with the results of two
other experiments using the related carcinogen
dimethylhydrazine. In one of these, the number of
tumours in the left colon was unaffected by right
hemicolectomy, which included 5 cm of terminal
ileum.22 In the other, left hemicolectomy was accom-
panied by end transverse colostomy and right hemi-
colectomy again by ileotransversostomy; 23 carci-
nogenesis was unaltered in the residual left colon and
probably reduced in the residual right colon. These
results contrast with the ability of extensive enterec-
tomies or ileal transplantation of the bile duct to
affect colon carcinogenesis,' 7 1" an ability shared
by diversion and later restoration of the faecal
stream.'> 24 The difference may lie in the relatively
minor physiological derangement that accompanies
partial colectomy.

Adaptive changes in the remaining colon eight
months after partial resection were relatively slight.
Elongation of the remnant followed caecal resection
and may have occurred after hemicolectomy, but
increases in segmental weight and mucosal mass were
limited to the right colon. By contrast. Masesa and
Forrester (1977) found a marked increase in the
weight of the descending colon three months after
right hemicolectomy;13 indeed, the distal remnant
weighed 37% more than the entire colon of control
animals. No -such response followed left hemi-
colectomy. In the present study left hemicolectomy
tended to cause greater adaptation than right hemi-
colectomy, but mean body weight when killed hap-
pened to differ by over 100 g in favour of the left

hemicolectomy group. This weight differential did
not occur in the carcinogen-treated groups.
The relative lack of lasting adaptation in the short-

ened colon contrasts with the vigorous and pro-
longed response of the small bowel to partial
enterectomy.25 The colon is quite capable of respond-
ing to other adaptive stimuli, such as fasting and
refeeding26 or defunction and restoration of colonic
continuity. '5 The main factor limiting its response to
partial colectomy may be the presence of an intact
distal small bowel. Colonic weight and mucosal thick-
ness may not increase greatly after caecectomy in
rats, unless the terminal 50 cm of ileum are also
excised.27 Perhaps ileal hyperplasia can partially
compensate for colonic loss. In our study the small
bowel was preserved to within 1 cm of the ileocaecal
valve, but in right hemicolectomy for cancer in man it
is customary to resect a relatively greater segment of
ileum. Analysis of 47 patients with metachronous
colorectal carcinoma in Chicago revealed that the
first lesion had arisen in the left colon in 28, the right
colon in 13, and the transverse colon in six;3 these
figures approximately reproduce the normal distribu-
tion of large-bowel carcinoma. As more left hemi-
colectomies than right hemicolectomies are per-
formed for cancer, post-colectomy adaptation is
probably not an important factor in the development
of a second growth.
There was some evidence of prolonged adaptation

of the ileum to partial colectomy. Caecal resection
caused ileal hyperplasia at eight months and in
another study at eight weeks.27 As a corollary, we
have recently found caecal hyperplasia seven months
after ileal resection.7 After right hemicolectomy,
however, when both caecum and proximal colon
were removed, ileal adaptation was much less
marked.

Failure of the distal small bowel to undergo neo-
plastic change despite both azoxymethane and post-
operative hyperplasia contrasts with the susceptibi-
lity of other intestinal segments to this combined
stimulus.'2 Other operations causing ileal adapta-
tion, such as jejunectomy and subtotal colectomy,
are equally unable to render the distal small bowel
susceptible to cancer.5 15 28 Only chronic Crohn's dis-
ease in man9' and direct irradiation in rats3" appear
to overcome ileal resistance to carcinogenesis.
There was a striking propensity for neoplasms to

develop at and immediately adjacent to anastomotic
sites. We and others have previously observed this
phenomenon at a wide variety of intestinal anasto-
moses: duodenal," duodenoileal, " jejunoileal,5 14
ileocolic,23 colocolic,'51 - jejunorectal,'3 and
ileorectal,'4 and also at the site of descending
colotomy.34 The present study showed several
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Table 4 Reports ofspontaneous colorectal carcinomas in rat

Strain Sexlage (in) Site Metastases Refereti(e tno.

1 Fischer M/13 Caccum + 37
2 Stock albino M/9 Asc. colon - 38
3 Stock albino M/9 Asc. colon + 38
4 Rochester F/18 Colon - 39
5 Wistar M/ca.32 Caccum - 40
6 ACI M/- Rectum - 41
7 Wistar F/6 Caccum/asc. colon - 42
8 Wistar F/6 Caccum/asc. colon + 42
9 Wistar M/4 Asc. colon + 43
10 Chester Beatty M/24 Colon - 44
11 Wistar F/5 Asc. colon - 45

tumours at ileocolic, colocolic, and colorectal anasto-
moses, whether these were established before or
after exposure to azoxymethane. But no tumours
arose at the anastomosis between terminal ileum and
ascending colon (after caecal resection). Colocolic
anastomoses close to the caecum are similarly resis-
tant to neoplasia,22 31 and so are ileoileal anasto-
moses in our experience.6 7 However, one report has
described anastomotic tumours after ileal resection
but not after ileal transection.35 For experimental
suture-line cancers to develop, it generally seems
necessary for at least one bowel end to be a segment
commonly affected by the carcinogen. Neither ileum
nor lower ascending colon fulfils this role.
The one invasive mucinous adenocarcinoma at the

site of colorectal anastomosis in a rat not exposed to
carcinogen is an exciting phenomenon, which does
not appear to have been previously reported. 'Spon-
taneous' carcinomas may occur at the site of col-
ostomy in Wistar rats,36 but they are otherwise ex-
traordinarily rare. Eleven previously-reported cases
(Table 4) have mostly been confined to the caecum
and ascending colon.37-45 Self-limiting outbreaks of
proximal colon cancer in two laboratories were prob-
ably caused by epizootics,46 4 and bacterial infection
can promote mucosal dysplasia in mice exposed to
dimethylhydrazine. 48
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