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SUMMARY

The effect of partial hepatectomy on aflatoxin B! (AFB,)
carcinogenesis in rat liver has been examined in Fischer and
Sprague-Dawley rats. Partial hepatectomy performed before or
after the administration of AFB, had no effect on the
development of hepatocarcinoma, compared to either sham
hepatectomy or no operation. When AFB, administration was
begun 6 hr after either hepatectomy or sham operation, the
incidence of carcinoma was less than that found when AFB]
treatment was begun between 24 hr and 6 days after surgery.
Sprague-Dawley rats were less sensitive than Fischer rats to the
carcinogenic effects of AFB!.

INTRODUCTION

The need for and importance of generalized hepatocyte
hyperplasia during chemical hepatocarcinogenesis in rats has
been examined by investigators using several different
carcinogens (2, 7, 10-12, 16, 20). Transient or persistent
generalized hyperplasia has been demonstrated during
carcinogenesis by the aromatic amines (10, 11), the
azobenzenes (2), and AFB,2 (16). Hepatic injury and

regeneration induced by malnutrition, viruses, parasites, or
toxins may be significant in the development of
hepatocarcinoma in areas where these conditions coexist (3,
21). Experimental studies in which hyperplasia was induced by
partial hepatectomy during or after administration of
carcinogens have yielded varying results. Hepatectomy
shortened the latent period of tumor development without
affecting the final incidence (9, 11), increased the tumor
incidence (20), or had no effect (14, 19).

We have carried out studies of interactions between AFB,
and partial hepatectomy. AFB, is 1 agent suspected of
responsibility for primary hepatic cancer in areas of high
incidence (21). The effects of liver regeneration on its
carcinogenic potential are, therefore, of particular interest. A
preliminary study was carried out to determine the sensitivity
of regeneration to a small dose of AFB, given during the first
48 hr after hepatectomy. Three experiments were then
performed to examine the effect of partial hepatectomy on
induction of hepatocarcinoma by AFB,.

1This work was supported in part by USPHS Grant
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2The abbreviations used are: AFB,, aflatoxin B, ; DMSO, dimethyl
sulfoxide.
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MATERIALS AND METHODS

Four experiments were carried out. Male rats, 4 to 6 weeks
old, purchased from Charles River Breeding Laboratories, Inc.,
Wilmington, Mass.(Sprague-Dawley, cesarean derived) or A. R.
Schmidt Co., Madison, Wis. (Fischer), were housed
individually in air-conditioned rooms at 72 to 74Â°F.In

Experiment 1, rats were fed Purina laboratory rat chow; in all
other experiments they were fed an adequate synthetic diet ad
libitum (13).

Partial hepatectomies or sham operations were performed
under ether anesthesia between 8:30 and 11:00 a.m.
Crystalline AFB, (Makor Chemicals Inc., Jerusalem, Israel)
dissolved in glass-distilledDMSO(Matheson Coleman and Bell,
East Rutherford, N. J.) was administered by gastric intubation
in a single dose or 5 days/week for multiple doses.
Thymidine-methyl-3H (Schwarz BioResearch, Inc.,

Orangeburg, N. Y.; specific activity, 3.0 Ci/mmole) was given
i.p. 2 hr before the rats were killed, after a 16-hr fast. In acute
studies, thymidine was given 24 or 48 hr after surgery. In
chronic studies, it was given between 8 and 9 a.m. Rats were
killed by decapitation. Sections of liver, heart, lung, and kidney
were fixed in 10% neutral buffered formalin. Emulsion
autoradiographs and histological and histochemical
preparations of liver were made; 3H-labeled hepatic nuclei and

hepatocytes in mitosis were counted as described previously
(16).

Experiment 1. After 4 weeks in the laboratory, 58 Fischer
rats underwent two-thirds hepatectomy; they were given a
single dose of 100 MgAFB, (approximately 600 Mg/kgbody
weight) in 0.1 ml DMSO, 0.1 ml DMSO alone, or no further
treatment. AFB, or DMSO was given immediately after
surgery (0 hr) or 14 or 30 hr later. Rats treated at 0 or 14 hr
were given thymidine-3H 24 hr after hepatectomy. Rats
treated at 30 hr were given thymidine-3H 48 hr after
hepatectomy.

Experiment 2. Two-thirds hepatectomy was performed on
101 Fischer rats after 3 weeks in the laboratory. All rats were
given AFB, in a total dose of 50, 100, or 375 Â¿/gbeginning 6,
24, or 48 hr or 6 days after hepatectomy. Rats were given 5
Â¿ug/dayfor 10 or 20 days and then, in rats given 375 fig, 25
jug/day for 11 days. Liver biopsy was performed under ether
anesthesia 4 or 7 months after hepatectomy. Surviving rats
were killed 15 months after hepatectomy.

Experiment 3. After 1 week in the laboratory, 140 Fischer
rats underwent either a one-third hepatectomy in which the
median anterior lobe was removed or a sham operation in
which the abdomen was opened and the liver was exposed and
manipulated. AFB, was given to all rats beginning 6 hr or 6
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days after surgery in a dose of 5 Mg/day for 5 days, 10 /ng/day
for 10 days, and 25 /ug/day for 10 days, for a total dose of 375
/ug AFB, in 5 weeks. Rats were killed 6,9, or 14 months after
surgery.

Experiment 4. After 1 week in the laboratory, 254
Sprague-Dawley rats were given 25 ng AFB, daily for 5, 10, or
15 days, for a total dose of 125, 250, or 375 jug. Controls were
given DMSO. Three months later, approximately one-half of
the rats in each treatment group underwent two-thirds
hepatectomy. Groups of rats were killed 3 days after the last
dose of AFB, or DMSO;48 hr after partial hepatectomy; or 6,
9, 12, 18, or 21 months after treatment with AFB, or DMSO.

RESULTS

Experiment 1. There was 13% mortality within 24 hr of
partial hepatectomy that was not affected by AFB,. Because
DMSO had no effect on liver regeneration compared to
controls given no treatment, the results for the control groups
were combined (Table 1). AFB, given immediately or 14 hr
after hepatectomy completely suppressed DNA synthesis in
the liver cells 24 hr after hepatectomy, a time at which nearly
one-half of the hepatocytes in control livers were labeled by
3H. Rats given AFB) 30 hr after hepatectomy showed a less

marked but statistically significant depression of DNA
synthesis and some decrease in mitosis at 48 hr.

There was focal periportal necrosis in all rats given AFB,
immediately after hepatectomy and in 25% of rats given AFB,
at 14 hr. The other groups showed no necrosis. The
characteristic periportal increase in neutral lipid and decrease
in acid phosphatase at 24 hr were not affected by AFB,.

Experiment 2. Mortality was high during the administration
of AFB,. Thirty-six % of rats given AFB, from 6 hr after
hepatectomy died in the first 2 weeks. Among rats given AFB,
from 24 hr, 48 hr, or 6 days after hepatectomy, the mortality
at 2 weeks was 10, 25, and 16% respectively. Rats did not die
during the further administration of AFB,.

Livers of rats biopsied 4 months after being given 375 /ug
AFB, showed marked enlargement of periportal hepatocytes
and bile duct proliferation. The extent of both changes was
somewhat greater in rats whose treatment began 6 or 24 hr
after surgery. Seven months after AFB, treatment, there were
many foci of vacuolated, enlarged cells (13) and residual focal
increases in bile ducts. Livers of rats given 100 or 50 pg had
only rare clusters of vacuolated cells.

Fifteen months after hepatectomy, the incidence of
hepatocarcinoma in rats given 375 Â¿igAFB, was 71% (Table
2). In rats given 100 or 50 jug AFB,, there were few liver
tumors, 5.6 and 16.7%, respectively. Neither incidence of
carcinoma, extent of preneoplastic changes, nor liver weight
was significantly affected by the time after hepatectomy at
which AFB, exposure was begun. The ratio of liver weight to
body weight was normal in rats without tumors, indicating
that the liver had regenerated despite AFB, administration.

Experiment 3. As shown in Table 3, mortality during AFB!
administration was much lower than in Experiment 2, in
which a more extensive hepatectomy was performed. There
was no consistent effect of hepatectomy on carcinoma

Table 1
Experiment 1: Effect of a single dose ofAFB, on regeneration

of the liver after partial hepatectomy

Treatment No. of rats

3H-labeled hepatic
nuclei (% Â±S.E.)

Hepatic mitoses
(% Â±S.E.)

24 hr after hepatectomy

Control0
ABF, at 0 hrb
AFB, at 14 hrb

Control
AFB, at 30 hrb

12
5
6

42.09 Â±7.36
Oc
Oc

48 hr after hepatectomy

13 11.641 1.71
3.90 Â±2.36C

0.22 Â±0.10
0
0

1.44 Â±0.49
0.53 Â±0.28

"Control rats were given either no treatment in addition to partial
hepatectomy or 0.1 ml DMSO by gastric tube immediately after or 14
hr after hepatectomy. Four rats from each group were given
thymidine-3H.

bAFB, (100 Mg)was given by gastric tube.
cDifference from controls is significant, p < 0.02.
^Control rats were given either no treatment in addition to partial

hepatectomy (8 rats) or 0.1 ml DMSO at 30 hr (5 rats).

Table 2
Experiment 2: Hepatocarcinomas in rats given AFB,

after two-thirds hepatectomy

HepatocarcinomasTotal

doseofAFB,
(jug)50100375Treatment"Time

fromhepatectomyto
1st AFB,dose6hrb24hrc48

hr6
days6hr24

hr48
hr6

days6hr24

hr48hrd6

daysÂ°AFB,

was given by gastric intubationinhepatectomy

â€¢One rat%3302500001450806086dividedwas
performed on all rats,

died at 8 months with an embryonalat

15 mo.Total

no.of
rats348343474557doses.

Two-thirdscarcinoma

of the
kidney, and 1 had a seminoma when killed at 15 months.

cOne rat died at 13 months with an abdominal
hemangioendotheliosarcoma.

dOne rat had both a hepatocarcinoma and a lymphoma involving
spleen, lung, and liver.

induction. Rats treated with AFB, from 6 hr after
hepatectomy developed fewer tumors than rats first given
AFB, at 6 days; the same trend was evident, however, in rats
given a sham operation. Rats given partial hepatectomy and
examined 8 to 10 months later had a greater incidence of
carcinoma than controls given sham operations, but the
difference was not significant and was not found in rats
examined at 12 to 14 months. Restoration of liver weight after
hepatectomy was complete in both DMSO- and AFB,-treated
rats.
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Experiment 4. No deaths occurred during AFBi
administration, but mortality from hepatectomy was 11.9% in
DMSO-treated rats and 9.2% in AFB [-treated rats. Tumor
incidences are summarized in Table 4. There was no
relationship between AFBi treatment and the development of
granulocytic leukemia or lymphoma. Sarcomas and carcinomas
occurred only in AFB!-treated rats and were presumably
related to treatment, since they have not occurred
spontaneously in Sprague-Dawley rats in our laboratory. There
were 4 intraabdominal fibrosarcomas, l intraabdominal
neurofibrosarcoma, 1 liposarcoma of the kidney, and 1 s.c.
malignant hemangiopericytoma. With the exception of the
liposarcoma, the tumors were huge, weighing 100 to 500 g.

The hepatocarcinomas were well-differentiated tumors, 1 of
which had metastasized to the lung. The low incidence is
consistent with our previous experience of the relative

resistance to AFB! of Sprague-Dawley rats. The only
hepatocarcinomas that developed were in rats given a partial
hepatectomy. In the livers of the remaining rats, however,
there were no differences in the histological or histochemical
preneoplastic changes that could be related to partial
hepatectomy. The changes observed were the appearance of
clusters and nodules of hyperplastic hepatocytes that stained
poorly, if at all, for glucose 6-phosphatase and acid
phosphatase and of vacuolated hepatocytes (13, 16). The 2
renal adenocarcinomas were probably induced by AFBi (1,6).

Examination of liver weight and DNA synthesis revealed no
persistent differences related to partial hepatectomy,
administration of AFB!, or dose of AFBi (Table 5). Although
we had administered a potentially carcinogenic dose of AFBi.
no induction of generalized hyperplasia of hepatocytes
occurred. At 21 months but not earlier, there were clusters of

Table 3
Experiment 3: Mortality and incidence of hepatocarcinoma in rats given AFBl after one-third hepatectomy or sham operation

Mortality (%) Hepatocarcinomas (%)b

Time from surgery
to 1st AFB, dose"No.

of
ratsSurgeryAFB, administration6-14

mo.
after AFB,All

rats examined
at 8-10 mo.cRats

killed
at 9 mo.All

rats examined
at 12-14mo.dRats

killed
at 14 mo.

6hr
6 days

6hr
6 days

32
32

40
36

Sham operation

23
12

10(1/10)
0(0/7)

One-third hepatectomy

27
12

22(2/9)
25(2/8)

20(1/5)
0(0/5)

20(1/5)
20(1/5)

43(6/14)
79(15/19)

59(10/17)
72(13/18)

43(6/14)
83(15/18)

53(8/15)
72(13/18)

"All rats were given 375 MgAFB, in 5 weeks. Times given are from hepatectomy or sham operation in all cases.

Nos. in parentheses, no. of rats with carcinomas/total no. of rats.
cThis includes rats that died between 8 and 10 months after surgery or were killed at 9 months.
dThis includes rats that died between 12 and 14 months after surgery or were killed at 14 months. No rats died between 10 and 12 months.

Table 4
Experiment 4: Mortality and tumor incidence in rats given AFBt with or without partial hepatectomy

Tumor incidence (%)b

Carcinoma

Mortality 13-21 mo. Granulocytic
Treatment0 after AFB, (%)leukemiaDMSODMSO

+hepatectomyAFB,,125MgAFB,,

250MgAFB,,
375MgAFB,

, 125 Mg,+hepatectomyAFB,
, 250 Mg,+hepatectomyAFB,
, 375 Mg,+ hepatectomy12542540505050200(34)3(31)0(18)5(20)5(20)0(19)0(24)4(25)Lymphoma04(28)4(25)0(15)0(16)0(17)7(14)10(21)14(22)Sarcoma"*0(17)0(8)25(8)0(8)0(4)33(6)0(12)30(10)Liver0(17)0(8)0(8)0(8)0(4)0(6)8(12)10(10)Kidney0(17)0(8)13(8)0(8)0(4)0(6)8(12)0(10)

"Rats were given AFB, or DMSO in divided doses. Three months later, two-thirds hepatectomy was performed on half the
rats from each treatment group.

bTumor incidences were calculated on the basis of all rats examined at or after the time at which tumors were first found: 6

months after AFB, for granulocytic leukemia, 9 months after for lymphoma, and 18 months after for sarcoma and carcinoma.
Nos. in parentheses, total no. of rats examined.

cThis category includes all tumors of the lymphoreticular system.
This category includes all tumors originating in connective tissue cells except lymphomas.
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Table 5
Experiment 4: Hepatic uptake of thymidine^H and weight in rats

treated with AFBÂ¡ with or without partial hepatectomy

Treatment" No. of rats
3H-labeled hepatic
nuclei (% Â±S.E.)

Liver wt.:
body wt

(% Â±S.E.)

3 days after end of treatment

DMSO
AFB,

2.07 Â±0.98
2.48 Â±0.90

3.8 Â±0.2
4.0 Â±0.2

3 months after end of treatment, 48 hr after hepatectomyb

DMSO 6 0.13 Â±0.05 2.5 Â±0.2
AFB, 9 0.13 Â±0.04 2.6 Â±0.2
DMSO + hepatectomy 6 9.46 Â±2.52 2.2 + 0.2
AFB, + hepatectomy 9 14.98 Â±2.67 2.2 Â±0.2

6 months after end of treatment, 3 months after hepatectomy

DMSO 6 0.14 + 0.03 1.9 + 0.06
AFB, 9 0.10 Â±0.02 2.0 Â±0.06
DMSO + hepatectomy 6 0.07 Â±0.01 2.0 + 0.08
AFB, + hepatectomy 9 0.29 Â±0.11 1.8 Â±0.08

9 months after end of treatment, 6 months after hepatectomy

DMSO 6 0.11 + 0.06 2.0+0.11
AFB, 10 0.06 + 0.02 2.0 Â±0.08
DMSO + hepatectomy 6 0.03 Â±0.01 1.7 + 0.11
AFB, + hepatectomy 10 0.08 Â±0.02 1.7 + 0.07

12 months after end of treatment, 9 months after hepatectomy

DMSO 6 0.11 Â±0.02 1.91 + 0.06
AFB, 9 0.15 Â±0.04 2.27 Â±0.06
DMSO + hepatectomy 6 0.17 Â±0.09 1.90 + 0.10
AFB, + hepatectomy 9 0.13 + 0.02 1.89 + 0.07

18-21 months after end of treatment, 15-18 months after hepatectomy

DMSO 11
AFB, 14
DMSO + hepatectomy 6
AFB, + hepatectomy 15

1.96 Â±0.09
1.91 Â±0.17
1.79 + 0.16
1.85 Â±0.09

"Administration of DMSO, 0.1 ml/day, by gastric tube for 5, 10, or
15 days or AFB,, 25 jig/day, for 5, 10, or 15 days. Two-thirds
hepatectomy was performed 3 months later. Since there were no
significant differences between groups given different doses, the results
were combined for analysis.

bMitotic counts were made on the livers of rats killed at this time
and expressed as percentage of hepatocytes in mitosis + S.E.: DMSO,
0.02 + 0.008; AFB,, 0.01 Â±0.007; DMSO + hepatectomy, 2.21 Â±0.75;
and AFB, + hepatectomy, 1.84 + 0.40.

hyperplastic liver cells. AFB! did not affect regeneration of
the liver after partial hepatectomy, as measured by
thymidine-3H uptake and mitosis 48 hr after surgery or by

comparison of liver weight: body weight ratios.
In the 1st year after treatment, no DMSO-treated rats died,

and 7% of the AFB! -treated rats died. Mortality during the
2nd year is given in Table 4. Deaths were attributed to chronic
intraabdominal infection 12 to 16 months after hepatectomy
(probably a result of the surgery), the tumors listed, chronic
murine pneumonia, chronic renal disease, and extensive
hepatic necrosis (found in 3 AFB! -treated rats 17 months
after treatment).

DISCUSSION

Experiment 1 confirmed results from our own and other
laboratories demonstrating the marked sensitivity of DNA
synthesis and cell division in hepatocytes to a single dose of

(5, 15). The complete suppression of DNA synthesis by
given immediately after surgery probably resulted from

the blocking of RNA synthesis (22). A direct effect on DNA
synthesis was suggested, however, by the observation that
AFBi was equally effective when given 14 hr after surgery,
when much of the needed RNA synthesis should have been
completed. The biochemical results of the binding of AFBi
and other aflatoxins to chromatin have recently been reviewed
and extended (22).

It appeared that the timing of AFB! administration in
relation to partial hepatectomy might have critical effects on
tumor development. However, the results of Experiments 2
through 4 yielded no evidence that alteration of the rate of
cell division by partial hepatectomy before or after the
administration of AFBi affected carcinogenesis. In
Experiment 2, despite the fact that there were
hepatectomy-induced differences in liver cell nucleic acid
synthesis, mitosis, cytoplasmic differentiation, etc., at the time
when AFBi administration was begun, there was no clear
difference in tumor induction at any of the dose levels studied.
In Experiment 3, there was no difference in tumor incidence
between sham-operated and partially hepatectomized rats. We
tried to increase the chance of demonstrating an effect by
performing a one-third hepatectomy in order to preserve 1 of
the anterior lobes, which tend to be most often affected by
AFB]. The incidence of hepatocarcinomas was reduced when
AFBi was administered immediately after either sham or
one-third hepatectomy. This may have been a result of
postoperative alterations in hepatic metabolism of AFB! (4,
8).

In Experiment 4, we examined the effect of hepatectomy
performed during the latent period of tumor development. We
used Sprague-Dawley rats because their relative resistance to
AFBi carcinogenesis gave a greater likelihood of
demonstrating enhancement of carcinogenesis by
hepatectomy. Again, however, hepatectomy had no definite
effect on carcinogenesis.

Rats given other carcinogens have shown some evidence that
hepatectomy enhanced tumor development. In rats given a
partial hepatectomy after being fed
4-dimethylaminazobenzene, 1 group reported a significant
shortening of the latent period for development of
hepatocarcinoma, but a 2nd group using the same compound
or its 3'-derivative demonstrated no effect (9, 14). Induction

of hepatocyte hyperplasia by dietary treatment did not affect
carcinogenesis by 3'-methyl-4-dimethylaminoazobenzene (12).

Recently, Warwick (20) reported that 2-methyW-

dimethylaminoazobenzene, which is not carcinogenic
by itself, induced liver tumors in rats given a partial
hepatectomy but not in rats in which hepatocyte
hyperplasia was induced by carbon tetrachloride. Repeated
partial hepatectomies performed on rats during feeding of
2-acetylaminofluorene had no effect on tumor development
(19). Laws (11) reported, however, that hepatectomy
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performed at the beginning of 2-acetylaminofluorene feeding
enhanced tumor development, whereas hepatectomy
performed later had no effect.

Partial hepatectomy is not, of course, a completely
satisfactory model for the effects of potentially cocarcinogenic
injury on the response of the liver to a carcinogen. The timing
and extent of hyperplasia in cells other than hepatocytes and
the interaction of the carcinogen with those other cells may
affect carcinogenesis. It is clear from the present experiments,
however, that hyperplasia per se is not an enhancing factor for
AFB,. The induction of hyperplasia by AFB, itself is
important in tumor development. The times at which both
generalized and focal hyperplasia occur and their extent are
modified by diet and by the strain of rat and may have some
value in predicting the carcinogenicity of a given regimen
(16-18). The absence of generalized hyperplasia, the late
appearance of focal hyperplasia, and the low yield of
hepatocarcinomas in Sprague-Dawley rats in Experiment 4 are
in agreement with this concept.
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