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Table n

Group

1
2
3
4
5
6
7
8
9

10

. Body and liver weights, serum

Treatment1'

CS
CS

cs
cs
cs
CD
CD
CD
CD
CD

vehicle
DEN
low APAP
middle APAP
high APAP
vehicle
DEN
low APAP
middle APAP
high APAP

Effective
no. of
rats

14
13
22
16
14
7
7

11
12
8

GPT- anc

Final

1 GST-P-positive liver

body wt
(g)

250 ±
256 ±
255 ±
255 ±
263 ±
210 ±
208 ±
234 ±
226 ±
224 ±

10
18
26
25
11
\(f
16C

28C

13C

Liver wt
(g/100g
(body wt)

2.49 ± 0.25
2.37 ± 0.13
2.54 ± 0.15
2.73 ± 0.26d

2.55 ± 0.23
2.48 ± 0.51
2.45 ± 0.34
2.27 ± 0.44c

2.74 ± 0.80
2.58 ± 0.48

lesion data after exposure

GPT

(U/l)

44 ±
37 ±
46 ±
54 ±
55 ±

127 ±
212 ±
124 ±
117 ±
118 ±

15
10
19
18
14
61C

262
89°
39°
41C

No/cm2

4.3 ±
25.5 ±

5.1 ±
8.3 ±
5.5 ±
7.1 ±

104.4 ±
10.6 ±
11.7 ±
5.7 ±

of F344

3.6
9.9"
2.0
4.3

3.9
2.0

31.3CC

4.6C

5.8
1.1

rats with fatty livers produced by

GST-P-positive lesions

No/cm3

63.5 ±
404.9 ±

79.6 ±
131.0 ±
85.8 ±
93.1 ±

1582.8 ±
126.4 ±
151.1 ±
72.7 ±

52.3
189.8d

38.9
78.0"1

72.6
36.4

661.3 c e

57.8°
79.5
12.8

Mean
VOIUITK
(mm3)

1.7 ±
1.5 ±
1.1 ±
1.4 ±
1.9 ±
4.1 ±
2.3 ±
4.4 ±
4.9 ±
4.8 ±

1.8
1.0
0.6
0.7
1.5
1.91

1.6
1.5C

4.3C

3.7*

CD diet to

Total
volume

(%)

1.0 ±
5.2 ±
0.8 ±
1.8 ±
1.1 ±
3.6 ±

27.2 ±
5.3 ±
5.9 ±
3.3 ±

APAP

0.9
3.3d

0.4
1.2
0.7

i.r
4 . 3 "
2.2
3.7
2.1

"Data are mean ± SD values.
bCD or CS: feeding for 4 weeks, DEN and APAP were given as single doses — see Figure 1.
Significantly different from CS-treated group values at P < 0.05.
dSignificantly different from group 1 at P < 0.02.
Significantly different from group 6 at P < 0.05.

incubated with mouse anti-BrdU monoclonal antibody (1:40, Becton Dickinson
Immunocytometry Systems, Mountain View, CA). Labeling indices in GST-P-
negative and GST-P-positive nodules were assessed by counting positive nuclei
of hepatocytes incorporating BrdU. At least 1000 nuclei per nodule were sampled.

The numbers and sizes of GGT- and GST-P-positive lesions, which consisted
of liver cell foci (other than single positive hepatocytes and so called mini-foci
of less than two or three cells) and nodules, were assessed with the aid of an
HTB -C 995 image analyzer (Hamamatsu Television Co. Ltd, Shizuoka, Japan)
connected to a Hewlett-Packard System-45 desktop computer. Conversion of the
two-dimensional measurement data for numbers of lesioris/cm2, average area and
percentage area to their three-dimensional counterparts was accomplished using
the methods described by Campbell el aL (25). The data were statistically analysed
for significance using Student's Mest and the chi-squared test.

Results
Experiment 1 (short-term)
The number and volume of GST-P-positive liver lesions. In the
rats of groups 6-10 fed the CD diet for 4 weeks, the final body
wts were significantly decreased as compared to respective control
(CS diet) group values, as shown in Table II. The relative liver
weight in group 4 was significantly higher than that in group 1,
suggesting APAP toxicity. Relative liver wt in group 8 was less
than that in the CS control (group 3). Serum GPT values in all
the CD-treated groups were much higher than those in each CS
control, reflecting the existence of fatty liver (Figure 3). Quan-
titation of GST-P-positive lesions (Figure 4) was expressed using
the four parameters number/cm2, number/cm3, mean volume
and percentage volume. In the livers of CS-treated rats, APAP
did not significantly alter the numbers or sizes of GST-P-positive
lesions with the exception of an increase in the number cm3

(131 ± 78.0) in the middle dose group 4, whereas DEN
significantly increased both two- and three-dimensional frequency
(404.9 ± 189.8/cm3) and percentage volume (5.2 ± 3.3%) as
compared to control values (group 1, 63.5 ± 52.3/cm3,
1.0 ± 0.9%). In the CD-treated damaged liver cases all four
parameters regarding GST-P-positive lesions were greatly
increased when compared to each respective CS-treated group.
In particular, DEN application after CD diet was associated with
marked enhancement in number and percentage volume of
lesions, suggesting strong synergistic effects between the two
treatments. However, none of the three doses of APAP follow-
ing CD diet significantly affected the numbers or sizes of lesions
as compared to values in the group treated with CD diet alone.

Fig. 3. Histology of fatty liver produced by CD diet in the short-term
study. HE, X100.

Labeling indices in liver lesions. The BrdU incorporation label-
ing indices of hepatocytes in GST-P-positive nodules were
1.6 ± 0.9% in group 6 (CD + vehicle) and 1.8 ± 0.7% in
group 8 (CD + middle APAP) respectively (Table 1H). On the
other hand, the labeling indices of hepatocytes in GST-P-negative
nodules were only 0.8 ± 0.4% in group 6 and 1.0 ± 0.4% in
group 8. Hepatocytes in GST-P-positive nodules were thus
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suggested to have a tendency for higher proliferation rate than
those in the negative nodular populations.

Histopathology. At the end of the experiment (9 weeks), the livers
of rats fed CD diet showed a cirrhotic pattern with surfaces of
granular gross appearance histologically characterized by fibrosis
and formation of pseudo-lobules.

Liver nodules were observed to compress surrounding tissues
and contain varying levels of lipid droplets. In periportal areas,
many oval-shaped cells were observed, infiltrating into the
pseudo-lobules. No differences between GST-P-positive and
GST-P-negative liver nodules were evident histologically.

Experiment 2 (long-term)
Body and organ weights. At week 27 of the experiment, two rats
fed CD diet were autopsied and confirmed to have
histopathologically demonstrable liver cirrhosis (Figure 5). At
the end of the experiment (52 weeks), as shown in Table IV,
body and relative liver wts (g/100 g body wt) in rats treated with
both CS alone (group 2) and CD alone (group 7) were greater
than those in each of the controls (groups 1 or 6), although the
average daily intake of food per rat was not significantly different
between control and treated groups (average of 14 g/day/rat).
Relative liver wts were significantly increased in the rats treated
with PB (groups 3 and 8) and the high dose of APAP (group
5 and 10) as compared to those in each of the controls. Moreover,
spleen wts were heavier in CD-treated rats than in the CS groups,
reflecting the existence of cirrhotic liver. Serum biochemical

analysis demonstrated lower values for cholinesterase and total
protein in CD-treated rats than in CS-treated animals (data not
shown).

Quantitative data for enzyme-altered liver lesions. The average
numbers and volumes of both GST-P-positive and GGT-positive
liver lesions assessed per cm2 and cm3 from rats exposed to
APAP, PB or further CD after the production of cirrhosis by
feeding CD diet are shown in Table V. Continuous feeding of
a CD diet for 52 weeks (group 7) caused an elevation in the
number and percentage volume of GST-P-positive lesions, and
increased the mean volume and percentage volume of GGT-
positive lesions, as compared to values for rats given basal diet
during the second treatment stage (group 6). Administration of

Table ID. BrdU labelling
in F344 rats administered

Group

CD + vehicle

CD + APAP

indices of hepatocytes in GST-P-positive liver nodules
acetaminophen after feeding of CD diet

No. of

rats

3

3

Labeling indices ('

GST-P staining

-

0.8 ± 4"
(10)

1.0 ± 0.4
(10)

%)

+

1.6 ±0.9b

(10)

1.8 ± 0.7c

(10)

aMean ± SD (number of nodules examined).
b'cSignificantly different from GST-P negative nodules at bp < 0.05, CP < 0.02.

Fig. 4. GST-P-positive liver nodule in group 10 (APAP after a CD diet) of
the short-term study. ABC method, X40.

Fig. 5. Histology of cirrhotic liver produced by CD diet in the long term
study. HE, xlOO.
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PB (group 8) was associated with an increase in the number and
volume of GGT-positive lesions, and in the volume of GST-P-
positive lesions, in both cases significantly. In contrast, feeding
of APAP at 0.9 % (high dose, group 10) to animals with cirrhotic
livers caused an increase only in the number and percentage
volume of GGT-positive lesions, with no effect on either the
number or volume of GST-P-positive lesions being evident as
compared with values in rats given basal diet after CD diet.
Feeding of APAP at 0.45% (low dose, group 9) did not influence
the number or volume of either GST-P- or GGT-positive lesions.

Histopathology. The incidences of liver lesions observed in
experiment 2 are summarized in Table VI. The gross appearance
of the livers of rats fed the CS diet (groups 1 - 5 ) was generally
unremarkable, although treatment with PB (group 3) and APAP
(groups 4 and 5) for the second 25 week period caused focal
fatty changes and nuclear enlargement of hepatocytes, suggestive
of toxic effects. On the other hand, rats fed the CD diet (groups
6-10), all demonstrated various degrees of liver nodularity.
Continuous feeding of CD diet (group 7) was revealed to generate
the most remarkable nodularity, but the other CD-treated groups
also retained a gross nodular appearance and histologically
demonstrable cirrhosis with the existence of preneoplastic nodules
(Figure 6). The single hepatocellular carcinoma observed was
associated with continuous CD feeding (group 7) and was of well
differentiated type, with trabecular and pseudo glandular arrange-
ment. Although cholangiofibrotic lesions were found at low

Hepatocardnogenic potential of acetaminophen

incidence, especially in the CD APAP groups, no significant
inter-group differences were evident.

Discussion
The results of the present study did not demonstrate any
carcinogenicity for APAP. In the short-term experiment, whereas
the initiating activity of a non-necrogenic dose of DEN was
greatly enhanced in pre-existing fatty liver induced by a CD diet,
no such effects were apparent for any of the three doses of APAP
tested. Although the exact role played by liver damage during
the initiation stage has not been established, it was reported by
Ghoshal and Farber (19) that a high level of cell proliferation
following cell necrosis and mitogenic effect caused by 2 weeks
feeding of CD diet might be a major factor in enhancement of
the initiating activity of carcinogens. The possibility that CD diet
effects are due to enhanced biochemical activation of carcinogen
is less likely because the content of drug-metabolizing enzymes,
such as cytochrome P450, and the generation of mutagens from
AAF, have been reported to be decreased in rats fed CD diet
(18). While it has been reported by Shinozuka et al. (26) that
feeding CD diet for 1 week during the DEN initiation phase did
not enhance the resultant induction of GGT-positive foci, their
experimental conditions were different from those employed in
the present experiment, not only in terms of duration of feeding
but also because their doses of DEN (50 and 150 mg/kg body
wt) were necrogenic. The differences between our results and
theirs could therefore be due to either time dependence of CD-

Table IV.

Group

Body, liver and

Treatment1'

First
(27 weeks)

spleen weights in male

Second
(25 weeks)

F344 rats fed acetaminophen

No. of rats

Initial Final

after long-term

Final body

feeding

wt (g)

of CD diet*

Liver wt
(g/100g body wt)

Spleen
(g/100

wt
g body wt)

1
2
3
4
5
6
7
8
9

10

CS
CS
CS
CS
CS
CD
CD
CD
CD
CD

BD
CS
PB
low APAP
high APAP
BD
CD
PB
low APAP
high APAP

10
8

11
13
13
13
8

11
13
13

10
7

11
13
13
13
7

10
13
13

424
465
398
439
430
415
482
407
424
412

±
±
±
±
±
±
±
±
±
i t

26
38°
23C

21
29
28
36d

13
25
25

2.14
2.67
2.97
2.26
2.49
2.59
3.39
3.21
3.08
3.08

±
±
±
±
±
±
±
±
±
±

0.18
0.32°
0.13°
0.23
0.17°
0.151

0.2^'
0.15d e

0.16de

0.16de

0.15
0.15
0.15
0.14
0.14
0.22
0.28
0.24
0.22
0.22

±0.01
±0.01
±0.01
±0.01
±0.01
±0.06e

±0.01 c

±0.03 e

±0.02*
±0.02*

Values are mean ± SD.
bBD, basal diet; PB, 0.05% phenobarbital; APAP, acetaminophen (low: 0.45%, high: 0.90% in diet).
cdeSignificanUy different from group 1 at cP < 0.05, group 6 at d/> < 0.05 and each CS group at eP < 0.02.

Table

Group

6
7
8
9

10

V. GST-P- i

Treatment1'

First
(27 weeks)

CD
CD
CD
CD
CD

ind GGT-positive liver 1

Second
(25 weeks)

BD
CD
PB
low APAP
high APAP

No. of

examined

12
7

10
13
13

esions iin inale F344 rats fed APAP after long term

GST-P-positive lesions

No/cm2

12.2
18.5
12.0
9.9

12.9

±
±
±
±
±

4.6
4.2"
3.4
3.7
7.2

No/cm

209.5 ±
294.8 ±
178.3 ±
162.5 ±
223.7 ±

105.5
97.9
60.4
73.0

145.1

MeaiI volume
of lesion (mm3)

0.17
0.33
0.32
0.16
0.17

± 0.09
± 0.22
± OAT"
± 0.07
± 0.07

feeding of CD

Volume
(%)

3.1 ±
8.2 ±
5.2 ±
2.4 ±
3.1 ±

1.1
3.3C

2.2"
0.9
1.4

diet1

GGT-positive lesions

No/cm3

453.0 ±
391.9 ±

1086.6 ±
436.6 ±
606.5 ±

110.3
150.8

ms*
204.1
214.0d

Mean volume
of lesion (mm3)

0.04
0.11
0.07
0.04
0.04

± 0.01
± 0.04c

± 0.02*
± 0.01
± 0.01

Volume
(%)

1.6
3.9
7.2
1.6
2.3

±
±
±
±
±

0.5
i.r
3.r
1.0
0.9"

•Values are mean ± SD.
bBD, basal diet; PB, 0.05% phenobarbital; APAP, acetaminophen flow: 0.45%; high: 0.90% in diet).
cdSignificantly different from group 6 at CP < 0.01, d P < 0.05).
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TabJe VI

Group

1
2
3
4
5
6
7
8
9

10

. Incidence of

Treatment

First
(27 weeks)

CS

cs
CS

cs
cs
CD
CD
CD
CD
CD

histologic liver

Second
(25 weeks)

BD
CS
PB
low APAP
high APAP
BD
CD
PB
low APAP
high APAP

lesions in

No. of

10
7

11
13
12

12
7

10
13
13

male F344 rats fed APAP after long term

Fatty change

Focal

0
0

11(100)
8(62)
5(42)
1(8)
-

10(100)
13(100)
13(100)

Diffuse

0
0
0
0
0
0

7(100)
0
0
0

Nuclear
enlargement
of hepatocytes

0
0

11(100)
13(100)
12(100)
12(100)
7(100)

10(100)
13(100)
13(100)

feeding of CD

Oval

proliferation

0
0
0
0
0
0

7(100)
0
0
0

diet*

Cholangio-

0
0

1(9)
1(8)

0
0
0
0

3(23)
2(15)

Cirrhosis

0
0
0
0
0

12(100)
7(100)

10(100)
13(100)
13(100)

Preneo-
plastK
nodule

0
0
0
0
0

12(100)
7(100)

10(100)
13(100)
13(100)

Hepato-

carcinoma

0
0
0
0
0
0

1(14)
0
0
0

The numbers in parenthesis are the corresponding percentages.

diet effects or a proliferation-associated mechanism. If adminis-
tration of carcinogen itself causes cell death and regeneration,
then a secondary proliferation stimulus would be expected to have
a smaller effect. The second possibility (i.e. cell proliferation)
therefore appears more likely. While a single oral administration
of APAP at 1.0 g/kg body wt caused a significant increase in
the number/cm3 of GST-P-positive lesions in CS-diet animals,
the fact that this was not the case for the damaged livers of rats
fed CD diet (Table IT) indicates that, under the conditions of this
experiment, APAP had no clear initiating activity.

In the present long-term experiment, dietary administration of
0.9% APAP for 25 weeks to rats with cirrhotic livers increased
the induction of GGT-positive liver proliferative lesions only and
not those staining for GST-P, in clear contrast to the results for
continuous feeding of CD diet, or PB treatment after CD diet,
where induction of both GST-P- and GGT-positive lesions was
enhanced. Tatematsu et al. (27) earlier described that the average
percentage areas of GGT-positive cells in GST-P-positive foci
and nodules decreased with time from 90% (week 4) to 30%
(week 5) during DEN-induced liver carcinogenesis in rats. In
the present study, we confirmed a similar tendency in that, among
groups 6-10 , GST-P-positive lesions were generally larger in
size and occupied a greater average volume of liver than did the
GGT-positive lesions. Therefore the increase in GGT-positive
populations in the 0.9% APAP group was not considered to
reflect any enhancing effect on the induction of preneoplastic or
neoplastic lesions in cirrhotic rat liver. Furthermore, APAP was
not associated with liver cancer development. In contrast, con-
secutive feeding of CD diet for 52 weeks induced hepatocellular
carcinoma (at an incidence of 1/7 rats, 14%). This is in line with
the findings of Chandar and Lombardi (28) who described
hepatocellular carcinoma development in 11 out of 15 (73%) rats
fed a CD diet for 12 months and maintained thereafter on control
diet for 4 months, and in five out of 19 (26%) rats fed CD diet
chronically for 16 months. They argued that an additional event,
beyond simple promotion, is involved in the genesis of liver
cancer, an event that is either not dependent on continuous feeding
with a CD diet, or is mediated by choline recovery to the diet,
suggesting the necessity for a long latent period. APAP was
previously found to possess promoting activity for DEN-induced
carcinogenesis in the B ^ F , mouse liver (9). Also, it has been
recently reported that metabolic intermediates, including /V-acetyl-
p-benzoquinoneimine, or high concentrations of APAP and
phenacetin induce a low frequency of non-neoplastic morpho-
logical transformation of 10T1/2 mouse embryo cells (29).

Fig. 6. Histology of fibrotic liver with nodules in a rat of group 10 (APAP
after CD diet). HE, x 100.

Several of the metabolic intermediates of APAP can form
covalent adducts with cellular macromolecules (30), and others
can generate free radicals and superoxides (31). The lack of
promotion in the present study therefore suggests a species
specificity or dose dependence. The finding that PB, in contrast,
enhanced the development of enzyme-altered liver lesions is of
interest since it has been found that addition of PB to a CD diet
results in twice as many and much larger foci than those resulting
from the plain CD diet after DEN initiation of liver carcinogenesis
in male Sprague — Dawley rats, indicating that the two promoters
exert synergistic effects (32). Cirrhosis produced by chronic
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intake of CD diet is associated with a 50% decrease in levels
of microsomal cytochrome P450 and decreased mixed-function
oxidase activity compared with CS control liver (33).

Therefore, the second-stage promotion observed was not
dependent on increased phase I metabolic activity. It has
previously been described that pre-existing cirrhosis caused by
CD diet increases liver tumor induction by aflatoxin (16). It is
thought that this is due to more rapid regeneration of liver cells
in cirrhotic liver under the influence of an adequate diet, dividing
cells being particularly susceptible to neoplastic change.
Epidemiologically, it has been reported that hepatitis B surface
antigen (HBs Ag)-positive hepatocellular carcinoma (HCC) with
cirrhosis (23%) show higher serum hepatitis Be antigen levels
than HBs Ag-positive HCC without cirrhosis (60%), indicating
that the genesis of HCC in man may be more directly related
to an underlying cirrhosis than HBs Ag itself (34).

In conclusion, in the short-term experiment of the present
study, APAP did not exert any initiating activity in damaged liver
produced by CD diet. In the long-term experiment, APAP
similarly did not clearly demonstrate any carcinogenic potential
in animals with cirrhosis produced by CD diet. The present
approach to testing of chemicals suspected as being putative
carcinogens, involving their administration to rats with previously
damaged livers, might prove useful for future assessment
purposes.
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