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SUMMARY

The objective of the present study was to define early
biochemical changes occurring in livers of rats that were fed
various chemical carcinogens. Rats were subjected to partial
hepatectomy and subsequently given multiple injections of
radioactive thymidine to prelabel DNA in their liver.
Following a 4-week recovery period the rats were placed on
either basal diets or diets containing either 0.05% 3'-meth-
yl-4-dimethylaminoazobenzene (3'-MeDAB), 0.028% 2-
acetylaminofluorene, or 0.05% 2-methyl-4-dimeth-
ylaminoazobenzene for various periods. After 5 weeks
3'-MeDAB had caused a dose-dependent loss of prelabeled

DNA demonstrating the cytotoxicity of this carcinogen.
The comparatively noncarcinogenic 2-methyl-4-dimeth-
ylaminoazobenzene caused only a small loss of prelabeled
DNA. In contrast, the hepatocarcinogen 2-acetylamino-
fluorene did not cause a loss of prelabeled DNA, demon
strating its low cytotoxicity. Autoradiography and histology
revealed that the loss of prelabeled DNA in livers of rats fed
3'-MeDAB was largely due to parenchyma! cell death.
Experiments designed to separate liver regenerative hyper-
plasia from neoplastic hyperplasia revealed the presence of
both an early and a delayed elevation of thymidine incorpo
ration into liver DNA in rats fed 0.05% 3'-MeDAB. An
"early" elevation of incorporation occurred during and
shortly after 3'-MeDAB feeding, and a "delayed" elevation

of incorporation occurred some weeks after the dye was
discontinued. Autoradiography revealed that parenchyma!
cells were largely responsible for the increased incorpora
tion. Feeding of 2-methyl-4-dimethylaminoazobenzene de
pressed thymidine incorporation. A direct comparison of
the effects of isomolar levels of 3'-MeDAB and 2-

acetylaminofluorene on hepatic hyperplasia indicated that
both carcinogens caused comparable increases in thymidine
incorporation, which returned to control levels upon feeding
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of carcinogen-free diet. The differences and similarities
between the responses to the three compounds are discussed
and considered with regard to initiation and promotion of
hepatoma formation.

INTRODUCTION

Several investigators have demonstrated that the bulk of
rat liver DNA is relatively stable (9, 13, 36). Liver DNA
half-life estimates indicate that rapid metabolic turnover of
liver DNA does not occur in the absence of toxic influences
and that the loss of prelabeled DNA may reflect cell death.

However, DNA does not appear to be stable in livers of
rats that were fed 3'-MeDAB.4 Sneider el al. (34) demon

strated that, in livers of rats that were fed a diet containing
0.05% 3'-MeDAB, there were alterations in the synthesis

and distribution of DNA between 2 classes of isolated nuclei
designated as being from parenchymal and nonparenchymal
cells. The nature of these observations was confirmed by
Rabes et al. (28) in an autoradiographic analysis of liver
tissue from the same rats. In addition, Sneider et al. (34)
demonstrated a loss of prelabeled DNA from livers of rats
fed 3'-MeDAB. Goodman and Potter (12) subsequently
demonstrated that feeding rats diet containing 0.05% 3'-
MeDAB for 5 weeks resulted in an 80% loss of [14C]TdR
from prelabeled liver DNA while liver DNA content was
maintained. They also presented evidence suggesting the
occurrence of DNA repair in response to carcinogen
ingestion, but the proportion of incorporation due to DNA
repair and to DNA synthesis could not be inferred from
their data.

In contrast to the experiments with 3'-MeDAB, Albert et

al. (1) have reported that feeding rats diet containing 0.03%
AAF for as long as 45 days did not result in the loss of
[3H]TdR from prelabeled DNA although approximately
70% was lost by 70 days. In addition, no increase in the
uptake of [3H]TdR into DNA was observed until 45 days of
AAF feeding. At 45 days, [3H]TdR uptake showed an

'The abbreviations used are: 3'-MeDAB, 3'-mÃ>ÃAv/-4-dimeth-
ylaminoazobenzene; ["C]TdR, [mf(A>7-14C]thymidine; AAF, 2-
acetylaminofluorene; [3H]TdR, [mr/Av/-3H]thymidine: 2-MeDAB, 2-
methyl-4-dimethylaminoazobenzene; TCA, trichloroacetic acid.
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increase which persisted throughout the duration of AAF
feeding.

This report describes the further characterization of the
contrasting effects of 3'-MeDAB and AAF ingestion on rat

liver DNA stability. Results obtained upon feeding rats the
noncarcinogen 2-MeDAB are also described.

MATERIALS AND METHODS

Animals and Diets. Male rats, obtained from ARS/
Sprague-Dawley Company, Madison, Wis., were housed in
an air-conditioned windowless room on an inverted schedule
where the lights were on from 8 p.m. to 8 a.m. The control
basal diet alone or containing either 3'-MeDAB, 2-

MeDAB, or AAF (35) were kindly provided by Dr. J. A.
Miller and Dr. E. C. Miller. The rats were maintained on
the "8 + 16" feeding regimen (27) which involved an 8-hr

free feeding period beginning with the onset of darkness
followed by a 16-hr fast. This feeding regimen limits the
intake of the carcinogen to a fixed period in each day and
may permit the study of recovery phases on a daily basis.

Prelabeling and Decay of Rat Liver DNA. The technique
of partial hepatectomy (14) was used to facilitate prelabel-
ing of hepatic DNA. Weanling rats on a 30% protein diet
(Ref. 40; Teklad Division, ARS/Sprague-Dawley, Madi
son, Wis.) were trained to the 8+16 regimen for 3 weeks.
The operations were performed near the end of the dark
period [8:00 p.m. Â±60 min (15)]. Following surgery, the
rats received 6 injections of [3H]TdR (Schwarz/Mann,

Orangeburg, N. Y.; 6 Ci/mmole) totaling 120 Â¿Â¿Ci(20
jiCi/0.2 ml/injection). The injections were given i.m. at 21,
22.5, 24, 45, 46.5, and 48 hr after the operation to
correspond with the 1st 2 successive waves of elevated
thymidine incorporation into DNA following a partial
hepatectomy at the time indicated above (15).

After 4 weeks were allowed for recovery from the partial
hepatectomy, the rats, weighing 200 to 250 g, were trans
ferred to diets containing either 3'-MeDAB, 2-MeDAB, or

AAF: control rats were maintained on basal diet. They were
then killed at intervals and the disappearance of prelabeled
DNA was measured quantitatively.

Pulse-Labeling of Rat Liver DNA. After 1 week of
training to the 8+16 regimen, rats weighing approximately
200 g were fed diet containing the appropriate amount of the
compound to be tested. Following various periods of test
diets administration, and after additional periods on the
basal diet, the rats were tested for thymidine incorporation.

Rats were subjected to an "integrated pulse" technique to
measure the extent of [3H]TdR incorporation into liver
DNA. This involved i.m. injections of [3H]TdR (20Â¿tCi/0.2

ml/injection) near the end of the dark period on each of 2
successive days either immediately after cessation of test
diet feeding or after the rats had been on basal diet for
various periods of time. The timing of these injections
corresponds to the time of day at which maximum incorpo
ration occurred into DNA of growing or regenerating liver
(15). In each case, the rats were killed 2.5 days after their
last thymidine injection so that additional cell divisions
would be present for autoradiographic study of small clones
of cells undergoing hyperplasia.

Quantitation of Liver DNA Content and of Radioactivity
in Liver DNA. Rats were decapitated and their livers were
chilled in cold 0.85% NaCl solution, then blotted, and
weighed. Small wedges of tissue were cut from 2 or 3 lobes
of the liver and fixed in buffered 10% formalin for
autoradiography. The remainder of the liver was wrapped in
aluminum foil, frozen in liquid nitrogen, and stored at
-70Â°.

To ensure uniform sampling, the livers were pulverized in
liquid nitrogen and aliquots were weighed and homogenized
in 9 volumes of cold distilled water using a Polytron
homogenizer (Brinkmann Instruments, Inc., Westbury, N.
Y.). This procedure resulted in the disruption of virtually all
nuclei.

Duplicate aliquots of the homogenates (1 ml) were taken
for quantitation of liver DNA. The homogenates were
brought to a final concentration of 10% with TCA. RNA
was subsequently extracted in 3 ml of 0.3 N KOH at 37Â°

for 1 hr (23). The DNA was extracted by a modification ( 16)
of the procedures of Schmidt and Thannhauser (32) and of
Schneider (33) which involved heating the resuspended
precipitate in 5% TCA at 90Â°for 20 min.

DNA was quantified in the TCA extract by a modifica
tion (15) of the method of Burton (5). Highly polymerized
calf thymus DNA (Sigma Chemical Co., St. Louis, Mo.)
was used as the standard. Radioactivity in the DNA
extracts was measured in Scintisol (Isolab, Inc., Akron,
Ohio) on a Packard Tri-Carb liquid scintillation spectrome
ter using external standardization. The amount of 3H from

thymidine incorporated into protein or RNA was not
determined.

Autoradiography. Autoradiography was performed using
NTB-3 emulsion (Eastman Kodak Co., Rochester, N. Y.)
according to the basic procedures outlined for this emulsion
by Rogers (30). After exposure for 4 weeks, the autoradio-
grams were developed, fixed, and then stained with either
hematoxylin or hematoxylin and eosin.

In the stained liver sections, cells were classified into 2
types on the basis of nuclear morphology. The large round
nuclei with prominent nucleoli were considered to be in
parenchyma! cells whereas the smaller oblong nuclei were
classified as being in nonparenchymal cells. The percentage
of labeled nuclei of each cell type (labeling index) was
determined by counting all of the nuclei of each type in a
strip 1 field wide between one central vein and another. The
number of those covered by greater than background
numbers of silver grains was determined. This was repeated
for 3 different central vein to central vein regions per lobe
and sections from 2 or 3 lobes were studied for each rat.
Portal areas and areas containing extensive ductular cell
proliferation were not included in the counts. This proce
dure measures labeling in a uniform but minimally damaged
portion of the liver lobules.

RESULTS

Effect of 3'-MeDAB on the Stability of Prelabeled Liver

DNA. Rats were partially hepatectomized and given 6
injections of [3H]TdR for prelabeling of DNA in their liver.
On Charts \B and 2B, the point at -4 weeks represents the
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In Chart \B it can be seen that, following the 4-week
recovery period, the amount of [3H]TdR in prelabeled DNA
per liver remained essentially constant throughout the next
9 weeks in controls and in livers of rats fed 0.01%
3'-MeDAB. In contrast, ingestion of diet containing 0.03 or
0.05% 3'-MeDAB resulted in significant (p < 0.005) losses
of [3H]TdR from prelabeled DNA. Between 0 and 5 weeks,
rats fed 0.03 or 0.05% 3'-MeDAB lost approximately 70 and

83% of their prelabeled DNA, respectively, confirming the
earlier report on the effect of 0.05% 3'-MeDAB (12). After 5

weeks, the difference in the amount of prelabel in livers of
rats fed 0.03 and 0.05% 3'-MeDAB was significant (p <

0.05). By 9 weeks the losses were even greater in both of
these groups. This large loss of prelabeled liver DNA
occurred while the DNA content per liver remained con
stant or even increased (Chart \A ), demonstrating that new
synthesis was occurring.

An additional study using the same protocol was also
conducted (data not shown). In this instance, rats being fed
0.03 and 0.05% 3'-MeDAB were killed after 2 and 5 weeks.
From 40 to 50%, respectively, of the [3H]TdR in prelabeled
DNA was lost after 2 weeks while nearly 80% was lost after
5 weeks of feeding. Thus, the loss appears to be linear
during the 1st 5 weeks of feeding at both of these levels.
Rats were also fed 0.02% 3'-MeDAB. This resulted in a

substantial average loss of prelabel to a level between that
observed with 0.01 and 0.03%. However, the standard error

Chart 1. Liver DNA content and liver weight (A) and the amount of
[3H]TdR in prelabeled liver DNA (B) as functions of the duration of
exposure to 3'-MeDAB. Ordinate, mg DNA per liver, and liver weight (g)

(A) and dpm per liver x 10 6 (B). Abscissa, weeks of experiment. Rats

were subjected to partial hepatectomy (P.H.) and given 6 injections of
[3H]TdR on the subsequent 2 days ("Materials and Methods:" B, vertical

arrows). The values at -4 weeks were from rats killed 12 hr after the last
[3H]TdR injection. The rats were allowed to recover for 4 weeks and at

time 0 were fed diets containing either 0 (â€¢),0.01% (A), 0.03% (D). or
0.05% (O)3'-MeDAB for the times indicated. -, carcinogen-fed rats;

, controls. Each symbol and bar represents the mean Â±S.E. for 3 to 6
rats. Only 2 rats were in the group fed 0.03% 3'-MeDAB for 9 weeks.

dpm in prelabeled DNA per liver in rats killed 10 hr after
the last [3H]TdR injection following partial hepatectomy.
These data indicate that the protocol used yields re-
producibly high levels of prelabeled DNA. Autoradiogra-
phy revealed that between 40 and 50% of the parenchymal
cell nuclei were labeled at this point. After the 4-week recov
ery period, the rats were shifted to diets containing the var
ious amounts of 3'-MeDAB. Control rats were maintained

on basal diet.
Body weight increased continuously from 242 Â±24 g

(mean Â±S. E. of at least 3 rats) to 340 Â±23 g in controls and
in rats fed 0.01% 3'-MeDAB. In contrast, no significant (p

> 0.05) change in body weight occurred while rats were
being fed 0.03 or 0.05% 3'-MeDAB. The data in Chart \A

show that both liver weight and DNA content increased in
all groups; however, the increase in these 2 parameters was
most dramatic between 5 and 9 weeks in rats fed 0.05%
3'-MeDAB. At 9 weeks, liver weights were not significantly

different from control but liver DNA content was signifi
cantly (p < 0.05) increased in rats fed 0.05% 3'-MeDAB.

Chart 2. Liver DNA content and liver weight (A) and the amount of
[3H]TdR in prelabeled liver DNA (B) as functions of the duration of

exposure to AAF. The ordinales and the abscissas are as described for
Chart 1, A and B, respectively. The rats were prelabeled with [3H|TdR as

described in the legend to Chart 1. After the 4-week recovery period the

rats were fed diets containing either 0 (â€¢). 0.0093% (D), or 0.028% (CO
AAF for the times indicated. - -, rats fed the carcinogen;- , controls.

Each symbol and bar represents the mean Â±S.E. for 3 to 4 rats.
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for the [3H]TdR content of the livers of the rats fed 0.02%
was quite large and the difference from control was not
significant (p > 0.05). Apparently, 0.02% 3'-MeDAB is

a critical level where individual variability in susceptibility
can be more readily expressed.

Effect of AAF on the Stability of Prelabeled Liver DNA.
In another experiment the procedure of partial hepatectomy
was again used to facilitate the prelabeling of liver DNA in
rats that were, after the 4-week recovery period, transferred
to diets containing 0.0093% or 0.028% AAF. These amounts
of AAF are isomolar to 0.01 and 0.03% 3'-MeDAB.

However, the effective intracellular concentration of their
activated derivatives are, of course, unknown.

In control rats the body weight increased from 234 Â±15
to 303 Â±19 g between 0 and 5 weeks. This increase was
reduced in rats fed 0.0093% AAF and prevented in rats fed
0.028% AAF. Chart 2A illustrates that liver weight in
creased in controls and in rats fed 0.0093% AAF. In
contrast, liver weight was significantly (p < 0.025) below
control values after rats had been fed 0.028% AAF for 5
weeks. Liver DNA content appeared to be slightly elevated
in all rats fed AAF throughout the experiment [the increase
is significant in rats fed 0.0093% (p < 0.025) but not in rats
fed 0.028%). Chart 2B shows the level of [3H]TdR remain
ing in liver of control rats and those fed AAF. Feeding of
AAF for 5 weeks did not result in the loss of prelabeled
DNA. Similar results were observed in another experiment
where rats were fed 0.028% AAF (data not shown).
However, continuation of AAF feeding to 10 weeks resulted
in 55% reduction in prelabeled DNA, confirming the report
by Albert et al. ( 1).

Autoradiographic Analyses from the Prelabeled Livers of
Rats Fed 3'-MeDAB or AAF. The technique of autoradiog-

raphy allowed the determination of the nuclear labeling
index in the control rats and in those fed 3'-MeDAB (Table

1) or AAF. The autoradiographic data are from the same
rats for which incorporation data are represented in Charts
1 and 2, respectively.

From the data in Table 1, it is evident that the percentage

Table I

Changes in the labeling index in the prelabeled livers of rats fed various
levels of i'-MeDAB

Autoradiography was carried out as described in "Materials and
Methods." There were 3 rats at each time point for controls and 3 rats for
each level of 3'-MeDAB. The counting was done as described in "Materials
and Methods." These data are from the rats used in the experiment

represented in Chart 1.

Labeled nuclei

Round Oblong

Control-4
wk05wk3'-MeDABfedfor5wk0.01%0.03%0.05%55Â±6Â°30

Â±0.438
Â±233

Â±217
Â±4Â»9

Â±2Â»50

Â±324
Â±227
Â±222

Â±\"19
Â±3Â»12

Â±2"

" Mean value Â±S.E. Three rats were analyzed at each point.
"Significantly different from 5-week control value; p < 0.05.

of labeled nuclei follows a pattern of decrease similar to that
seen in Chart \B for the loss of [3H]TdR from prelabeled
DNA in the same rats. In controls, the percentage of labeled
round (parenchyma!) and oblong (nonparenchymal) nuclei
decreased approximately 30 to 50%, respectively, during the
4-week recovery period and then remained essentially
constant during the next 5 weeks. Five weeks of feeding
0.01% 3'-MeDAB did not significantly alter the labeling

index of the round nuclei but the labeling index of the
oblong nuclei was decreased. Feeding 0.03 or 0.05% 3'-

MeDAB resulted in a significant (p < 0.05) reduction in the
percentage of labeled nuclei of each type. However, in rats
fed both 0.03 and 0.05% 3'-MeDAB, the extent of reduction

of labeled parenchyma! cell nuclei was greater than that
observed in the oblong nuclei. This large loss of labeled
nuclei together with the actual loss from the liver of
[3H]TdR from prelabeled DNA (Chart IÃŸ)suggests that
cell death had occurred. In addition the fact that the
percentage of labeled parenchymal cell nuclei underwent the
greatest decrease suggests that these cells may have been
either more sensitive to the cytotoxic effects of 3'-MeDAB,

exposed to higher concentrations of the chemical, or both.
Iwasaki et al. (18) have also reported a degeneration of
hepatocytes (parenchymal cells) in livers of rats fed 3'-

MeDAB.
Feeding rats diet containing 0.028% AAF for 5 weeks did

not decrease the labeling index of either nuclear type below
that seen at time 0 (data not shown).

The gross morphological and cytological appearance of
the livers of 3'-MeDAB- and AAF-fed rats revealed addi

tional differences between these carcinogens. After 5 weeks,
the surface of livers of rats fed 0.03% 3'-MeDAB had a

rough texture. This was more exaggerated in rats fed 0.05%.
However, no distinct nodules were present. Cytologically,
these livers showed ductular cell proliferation involving, in
some lobules, both the periportal and the central vein areas.
This response was extensive in livers from rats fed 0.05%
3'-MeDAB and slight to moderate in those fed 0.03%.

Gross morphological observations of livers from rats fed
0.028% AAF for 5 weeks revealed the presence of some
small tan nodules in the surface of some of the livers.
Cytological observation revealed the presence ofhyperbaso-
philic areas and areas of parenchymal cell hyperplasia.
Ductular cell proliferation was more diffuse around the
portal areas, and central vein involvement was not observed.

Hyperplastic Responses Dependent upon or Independent
of the Continual Presence of 3'-MeDAB in the Diet
([3H]TdR Incorporation into DNA). In view of the results
suggesting the possible cytotoxicity of 3'-MeDAB, an

attempt was made to demonstrate liver regeneration in
response to ingestion of the carcinogen and, if possible, to
separate this process from neoplastic hyperplasia, an ap
proach not included in the earlier studies (1, 12, 34).

Rats maintained on a controlled lighting and feeding
schedule were fed 0.05% 3'-MeDAB for various periods and
then fed a carcinogen-free basal diet for various subsequent
periods and subjected to the "integrated pulse" technique.

Two experiments were conducted with this protocol. In
general the results supported one another; however, the
changes in both [3H]TdR incorporation and isoenzyme
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patterns as well as cytological alterations were more
extensive in the 1st experiment than in the 2nd experiment.
Other than the fact that the experiments were initiated at
different times of year, no further alterations in protocol
were apparent.

In the initial experiment, [3H]TdR incorporation per liver

was elevated in rats given injections of isotope immediately
after being taken off 3'-MeDAB following 1.6, 3, 4, or 8

weeks of carcinogen feeding (Chart 3, dashed line). After
rats had been fed basal diet for 3 weeks, incorporation
largely attributable to regenerative hyperplasia had re
turned to control levels in all groups except in livers of rats
previously fed 3'-MeDAB for 8 weeks. In the latter case,
animals had elevated levels of [3H]TdR incorporation even
after the carcinogen-free diet had been fed for 10 weeks
(Chart 3). In livers of rats fed on 3'-MeDAB diet for 1.6 and
3 weeks and off the carcinogen-containing diet for 10weeks,
the levels of [3H]TdR incorporation were comparable to
those in the 18-week control rats, indicating that neoplastic
hyperplasia, if any, was not detectable in terms of thymidine
incorporation in the whole liver. Stained tissue sections did
not reveal any cytological alterations. In contrast, livers of
rats fed 3'-MeDAB for 4 weeks and then fed carcinogen-free

diet for 10 weeks exhibited small but significantly (p <
0.05) elevated levels of [3H]TdR incorporation compared to
livers of rats fed 3'-MeDAB for shorter periods (Chart 3).

In addition, the livers of these rats also contained small
nodules visible on their surface. Tissue sections subjected to
autoradiography and stained with hematoxylin revealed the
presence of areas containing oblong (nonparenchymal)

0 2 12 14 166 8 10
WEEKS

Chart 3. Changing rates of thymidine incorporation into liver DNA
following various exposures to 3'-MeDAB with subsequent return to basal
diet. Ordinate, amount of [3H)TdR incorporated into DNA (dpm/liver x
IO'*): abscissa, weeks of experiment. Rats were fed 0.05^ 3'-MeDAB for

1.6 (P). 3 (O),4 (A), or 8 (O) weeks ( -) and subsequently fed basal diet
( ). Controls were fed basal diet continuously (â€¢).At the appropriate
times the rats were subjected to the integrated pulse technique as described
in "Materials and Methods" and killed 2.5 days later. Where present, a

symbol with bar represents the mean Â±S.E. of 3 to 6 rats. At times where
only 2 rats were killed, the value for each rat is shown. The values for
individual rats fed 3'-MeDAB for 8 weeks are shown to demonstrate the

variability of the response.

labeled nuclei that were disrupting the normal lobular
architecture. In addition, labeled round nuclei (parenchy-
mal) were seen frequently. These changes were reflecting the
early stages of neoplastic hyperplasia.

The results obtained from a 2nd more extensive experi
ment were similar to those just discussed. Control rats
continued to gain weight increasing from 211 Â±10 to 386 Â±
16 g over 24 weeks of the experimental period. In contrast,
body weight did not increase while rats were being fed diet
containing 3'-MeDAB. However, in each instance, after

cessation of carcinogen feeding, body weight increased
rapidly reaching control levels within 3 weeks. These
observations demonstrated the capacity of rats to recover
following treatment with 0.05% of 3'-MeDAB for as long as

6 weeks.
The [3H]TdR incorporation data obtained with the

integrated pulse technique in this 2nd experiment are
presented in Chart 4. [3H]TdR incorporation per liver
increased continuously in rats given isotope injections
following 1, 2, or 4 weeks of 3'-MeDAB feeding (Chart 4A,

dashed line). Thymidine incorporation then returned to
control levels in all groups following feeding of carcinogen-
free diet. Even after 20 weeks of feeding basal diet to rats
previously fed 3'-MeDAB for 1 or 2 weeks, no elevation in
[3H]TdR incorporation or cytological sign of hyperplastic
regions was detected. In contrast, evidence for the presence
of neoplastic hyperplasia was detected in 3 of 4 rats fed
3'-MeDAB for 4 weeks and then fed carcinogen-free diet for
20 weeks (see Chart 4/4 and Table 2). [3H]TdR incorpora
tion was elevated in 3 of the 4 rats previously fed 3'-

MeDAB; however, incorporation was at control levels in 1
rat. In addition, elevated [3H]TdR incorporation was
detected in one of the control rats killed at the same time; no
altered histology was seen. Thus, by examination of the
values obtained from individual rats, responses can be seen
that are obscured by averaging the data.

[3H]TdR incorporation into rats fed 3'-MeDAB for 6
weeks and refed carcinogen-free diet for various periods is
illustrated in Chart 4fi. The average amount of incorpora
tion was elevated immediately after cessation of carcinogen
feeding and remained elevated throughout the experiment.
However, there was wide disparity among individual rats in
each group of 3. As indicated by the shaded area, the level of
incorporation returned toward control levels in 2 of 3 rats
following 1, 2, 3, and 5 weeks of feeding carcinogen-free
diet. However, at each of these times incorporation was
considerably elevated in 1of 3 rats. At both 10and 15weeks
after cessation of carcinogen feeding, this distribution
reversed and incorporation was elevated in 2 of 3 rats;
following 20 weeks of feeding carcinogen-free diet, incorpo
ration was elevated in 2 of 5 rats.

An Autoradiographic Analysis of Liver from Rats Fed
3'-MeDAB for Various Periods of Time. An autoradio-

graphie analysis was made of the tissue sections obtained
from livers of the 2nd experiment described above. The
labeling index of the oblong nuclei (nonparenchymal) in
creased approximately 2- to 3-fold while that of the round
nuclei (parenchymal) increased approximately 7-fold over
that seen at time 0 in rats fed 3'-MeDAB for 4 weeks. Thus,

it appeared as if the parenchymal cells underwent the
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Chart 4. Thymidine incorporation into liver DNA after I to 6 weeks of
exposure to 3'-MeDAB followed by a return to basal diet. Ordinale.
amount of [3H]TdR incorporated into DNA (dpm/liver x 10~6):abscissa.
weeks of experiment. A. rats fed 0.05% 3'-MeDAB for 1(D), 2 (o). or4 (A)

weeks ( ) and subsequently fed basal diet ( ). Controls were fed
basal diet continuously (â€¢);the â€¢¿�*.I rat. B, values from rats fed 0.05%
3'-MeDAB for 6 weeks (O). Other symbols same as in A. At the

appropriate times the rats were subjected to the integrated pulse technique
as described in the legend to Chart 3. In A, each symbol and bar represents
the mean Â±S.E. of from 3 to 4 rats. Only 2 rats were subjected to the
integrated pulse technique immediately after 4 weeks of 3'-MeDAB

feeding: the value for each is shown (A). In B. the values for the individual
rats fed 3'-MeDAB for 6 weeks and subsequently fed basal diet are shown.

Shaded area, range of the 2 lowest values of each group of 3 subjected to
the integrated pulse technique as they return to control levels after various
times on basal diet up to 5 weeks (11 weeks total).

greatest hyperplastic response. This would be expected since
it is probably the parenchymal cells that would be largely
responsible for the metabolism of the 3'-MeDAB to its

active carcinogenic form and subsequently be initially
exposed to the highest concentrations (6, 22, 39). In rats fed
3'-MeDAB for 4 weeks and then carcinogen-free diet for

140 days, the labeling index for each rat reflected the
amount of [3H]TdR incorporated into liver DNA (Table 2).
Three rats previously fed 3'-MeDAB for 4 weeks had

elevated labeling indices for both round and oblong nuclei as
well as areas of cholangiofibrosis disrupting the lobular
architecture after being fed the basal diet for 140 days.
These rats may have been caught in the very early stages of

neoplastic hyperplasia. Similar cytological changes were not
seen in any of the control livers, although 1 control had
elevated levels of both [3H]TdR incorporation and labeling
index (Table 2).

A Comparison of the Effects of 3'-MeDAB (0.03%) and
AAF (0.028%) on [3H]TdR Incorporation. As shown in
Charts IÃŸ,and 2B, 3'-MeDAB and AAF had different

effects on the stability of prelabeled liver DNA when
present in the diet at isomolar levels. In view of these results
the effects of the 2 carcinogens on [3H]TdR incorporation
into liver DNA were compared. Thus, rats were fed either
0.03% 3'-MeDAB or 0.028% AAF (isomolar amounts) for
various periods, followed by feeding carcinogen-free diet for
0, 7, or 21 days. At each point, rats were subjected to the
integrated pulse technique and killed as described previ
ously. Liver weight and DNA content in rats fed either
0.028% AAF or 0.03% 3'-MeDAB were not significantly

different from the appropriate controls during the experi
mental period.

Chart 5 shows the [3H]TdR incorporation patterns in
livers of the rats fed either 0.03% 3'-MeDAB or 0.028%

AAF. After 14 days of feeding either of the carcinogens,
incorporation was somewhat elevated but returned to
control levels within 21 days of removal of the carcinogen
from the diet. After 35 days of carcinogen feeding, incorpo
ration was greatly elevated and comparable in each case.
Again, incorporation decreased on feeding carcinogen-free
diet. Thus, although previous results indicated that these 2
carcinogens had quite different effects on liver DNA
stability, they had similar effects on the patterns of
[3H]TdR incorporation. However, it may be that the cause
of the elevated incorporation is different in each case. This
will be considered in the discussion.

An evaluation of the autoradiograms from these livers
revealed an interesting difference between 3'-MeDAB and

AAF. In this experiment ductular cell proliferation was
more extensive with both carcinogens than was seen in
previous experiments. With 3'-MeDAB, ductular cell prolif

eration was observed in both portal and central vein areas.
No distinct hyperplastic nodules were observed. However,
both parenchymal and nonparenchymal cell nuclei were
labeled by the [3H]TdR pulse. In contrast, with AAF, the

ductular cell proliferation was more diffuse and only

Table 2
Thymidine incorporation into liver DNA and percentage of labeled

parenchymal cell nuclei in rats fed 0.05%3'-MeDAB for 4 weeks and
then fed carcinogen-free diet for 20 weeks

By integrated pulse technique.

dpm/liver x 10~5 ; labeled parenchymal cell nuclei

3'-MeDABfed6.52Â°9.615.882.646.16

Â±1.43"Control8.12Â°2.703.794.87Â±1.65"3'-MeDABfed2.3Â°2.82.71.52.3Â±0.5"Control2.8"0.61.21.4Â±0.4"

' Values for individual rats.
1Mean Â±S.E.
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Chart 5. Thymidine incorporalion into liver DNA after I to 5 weeks of
exposure to AAF or 3'-MeDAB followed by a return to basal diet.
Ordinales. [3HjTdR incorporalion into DNA (dpm/liver x 10 â€¢¿�);abscissa.

weeks of experiment. Rats were fed either 0.028% AAF (A) or 0.03%
3'-MeDAB (fl) for 1 (D), 2 (O), 3 (A), or 5 (O) weeks (- - ) and

subsequently fed basal diet ( ). Controls were fed basal diets continu
ously (â€¢).At the appropriate times the rats were subjected to the
integrated pulse technique as described in the legend for Chart 3. Each
symbol represents the mean Â±S.E. for 3 to 4 rats.

involved portal regions. Distinct hyperplastic nodules were
observed. In addition, in these livers, only parenchymal cells
within the nodules and the extranodular nonparenchymal
cells were labeled by the [3H]TdR pulse. Parenchymal cells
found outside the nodules were not labeled. (A more
extensive report of these autoradiographic analyses will be
prepared for publication.)

Stability of Prelabeled DNA and | H |TdR Incorporation
in Livers of Rats Fed 2-MeDAB (0.05%). Rat liver DNA
was prelabeled with [MC]TdR following surgical partial
hepatectomy as described previously. After a 4-week recov
ery period rats were fed diet containing 0.05% 2-MeDAB
for 1, 3, or 5 weeks followed, in each instance, by feeding
basal diet for 0 or 3 weeks at which point they were given
injections of [3H]TdR using the integrated pulse technique
(Chart 6). Feeding of 0.05% 2-MeDAB did not result in as
large a loss of [MC]TdR from prelabeled DNA as was seen
previously for [3H]TdR in rats fed 0.05% 3'-MeDAB (Chart

1Ã„).This difference is probably not due to the use of
[MC]TdR in I instance and [3H]TdR in the other since

Goodman and Potter (12) reported only a slight difference
in the half-life of [MC]TdR and [3H]TdR prelabel in DNA
of 3'-MeDAB fed rats. In sharp contrast to both 3'-MeDAB
and AAF, [3H]TdR incorporation was depressed immedi
ately following 2-MeDAB feeding (Chart 6B). However,
incorporation returned toward control levels following a

3-week feeding of 2-MeDAB-free diet. Thus, 2-MeDAB un
der this protocol did not appear to induce liver hyperplasia
as measured by [3H]TdR incorporation. In addition hema-
toxylin and eosin section showed no evidence of atypia after
even 5 weeks of 2-MeDAB feeding.

DISCUSSION

The purpose of this study was to compare some of the
effects of short periods of feeding diets containing various
levels of the hepatocellular carcinogens 3'-MeDAB and
AAF and the "noncarcinogenic" 2-MeDAB on rat liver. It

was felt that greater insight into their mechanisms of action
would be obtained by combining analyses of their early
effects on liver DNA stability and on the isoenzyme patterns
of several glycolytic enzymes of the same livers (manuscript
in preparation).

The data demonstrated a dramatic difference between the
effects of 3'-MeDAB, 2-MeDAB, and AAF on the stability
of prelabeled liver DNA and on DNA synthesis. 3'-MeDAB
caused a dose-dependent loss of [3H]TdR from prelabeled
DNA with large losses occurring in rats fed 0.03 and 0.05%
3'-MeDAB for 5 weeks. Autoradiography revealed that the

loss was largely due to a decrease in labeled parenchymal
cells. These results confirmed and extended previous obser
vations (12, 28, 34) and demonstrated the cytotoxicity of
3'-MeDAB. Feeding 0.05% 2-MeDAB for 5 weeks caused a

comparatively small loss of prelabel. In contrast to 0.03%
3'-MeDAB, 5 weeks of feeding on an isomolar amount of
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Chart 6. The amount of prelabeled DNA and the incorporation of
thymidine into DNA of rat liver after I to 5 weeks of exposure to
2-MeDAB followed by a return to basal diet. Ordinale. |"C]TdR
remaining in prelabeled liver DNA (dpm/liver x I0~s, A) and the amount
of [3H]TdR incorporated into DNA (dpm/liver x 10 ', B); abscissa, weeks

of experiment. Rats were subjected to partial hepatectomy and given 6
injections of [14C]TdR on the subsequent 2 days as described in the legend

for Chart 1.The rats were allowed to recover for 4 weeks and at time 0 were
fed either basal diet continuously (â€¢)or 2-MeDAB for I (D), 3 (O), or 5
(A) weeks ( ) and subsequently fed basal diet ( . B). At the appro
priate limes the rats were subjected to the integrated pulse technique as
described in the legend for Chart 3. Each symbol represents the mean Â±
S.E. for 3 to 5 rats.
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AAF (0.028%) did not cause the loss of prelabeled DNA,
confirming the results of Albert el al. (1). However, 10
weeks of feeding 0.028% AAF did cause a loss of prelabel
also confirming Albert et al. (1).

Goodman and Potter (12) interpreted the large loss of
prelabel caused by 3'-MeDAB as being largely due to the

excision-repair of damaged DNA. Several studies have
demonstrated that rats treated with 3'-MeDAB (11, 12) and

AAF (31, 41) resulted in DNA damage followed by its
repair. It seems reasonable to assume that DNA damage
caused by 3'-MeDAB and AAF are repaired by similar or

identical repair mechanisms. Thus, if excision-repair were
responsible for the loss of prelabel, one would have expected
to see such a loss in the livers of AAF fed rats. More likely,
it is the difference in the cytotoxicity of 3'-MeDAB and

AAF that gives rise to their different effects on prelabeled
DNA. However, repair synthesis (nonsemiconservative
DNA synthesis) has been reported to occur following very
short periods of 3'-MeDAB feeding (11).

Since 3'-MeDAB, 2-MeDAB. and AAF had different

effects on prelabeled DNA, it was felt that a better
understanding of their overall effects would come from a
study of DNA synthesis in the livers of these rats. Previ
ously, using a single-injection protocol, Sneider el al. (34)
did not detect increased DNA synthesis until rats had been
fed 0.05% 3'-MeDAB for 2 weeks. However, in the present
study, elevated [3H]TdR incorporation was detected after

only 1 week demonstrating the greater sensitivity of the
multiple-injection protocol.

Feeding rats isomolar amounts of 3'-MeDAB and AAF

(0.03 and 0.028%, respectively) caused comparable early
increases in [3H]TdR incorporation into parenchyma! cell

DNA. This was followed by a rapid return of incorporation
to control levels upon removal of the carcinogens from the
diet. Thus, the initial hyperplastic response was dependent
upon their continued presence in the diet. When a higher
dose of 3'-MeDAB (0.05%) was fed for 4 weeks followed by

10 to 20 weeks of feeding carcinogen-free diet, a 2nd
elevation of incorporation was detected in most of the rats.
This 2nd response may represent neoplastic hyperplasia of
cells previously damaged enough by sufficient prior carcino
gen treatment to have progressed to the autonomous stage
of carcinogenesis.

The rapid return of incorporation to control levels and of
the glycolytic isoenzymes (in preparation) to an adult
pattern upon cessation of carcinogen feeding may represent
the recovery of the liver. This may account for the success of
the protocols used by Epstein el al. (8) and Teebor and
Becker (37) in producing large hyperplastic nodules and
hepatomas. Their protocols, which involve cycles of 3 to 4
weeks of carcinogen feeding followed by 1 week on carcino
gen-free diet, may benefit from this type of recovery. Thus,
more cells may survive and engage in DNA synthesis which
can be inhibited by these carcinogens (19, 21).

The initial hyperplastic response in livers of rats fed
3'-MeDAB and AAF may not have the same cause. With
3'-MeDAB it may largely represent regeneration in re

sponse to its cytotoxic effects. In contrast, since AAF
appears to be much less cytotoxic at an isomolar dose, the

comparable amount of hyperplasia may come from a direct
stimulation by the carcinogen of cell proliferation.

2-MeDAB, although somewhat cytotoxic, depressed
[3H]TdR incorporation. Maini and Stich (21) demonstrated
that both 3'-MeDAB and 2-MeDAB caused comparable

amounts of chromosomal abnormalities and suggests that
2-MeDAB was noncarcinogenic because of its inability to
stimulate proliferation. The results of this paper support
their proposition. However, Warwick (38) demonstrated the
carcinogenic potential of 2-MeDAB. He reported that
partial hepatectomy of rats being fed 2-MeDAB did cause
hepatoma formation. Thus, it appears that a hepatocarcino-
gen must at least damage the cell and cause a hyperplastic
response. If it can accomplish the former but not the latter,
exogenous influences must act to continue the carcinogenic
process. However, the results of Jackson and Irving (20)
demonstrate that other factors such as the hormonal status
of the animal may also exert a large influence on the
carcinogenic process at any or all of its stages.

It is probable that the doses and times of feeding used in
the present study were, in themselves, insufficient to give a
high yield of hepatomas. Prolonged continuous or cyclic
feeding of the carcinogens is generally required. However, in
the latter cases, additional damage to the liver cells must be
continuously occurring. This makes the dissection of the
complex process of carcinogenesis into stages and the
distinction of essential from nonessential changes virtually
impossible. A different approach must be used.

Carcinogenesis appears to consist of at least 2 separable
stages, initiation and promotion. Initiation is an irreversible
process that can be produced by sufficient treatment with a
subcarcinogenic dose of a physical or chemical carcinogen,
while promotion is a reversible process requiring repeated
application of a promoting agent that ultimately stimulates
the initiated cells to give rise to a tumor (2 4, 10). Since
most, if not all, chemical carcinogens interact with DNA
(17) it seems reasonable to assume that alterations in DNA
(somatic mutations) may give rise to an initiated cell.
However, epigenetic mechanisms cannot be discounted (26).
The mechanisms responsible for promotion are also un
known and, while stimulation of cell replication is required,
this does not in itself appear to be sufficient (20, 29). The
effect of promoters on gene expression and other cellular
metabolic processes may be indispensable (4).

Liver carcinogenesis has been separated into initiation
and promotion. Craddock (7) demonstrated an enhanced
tumor frequency when dimethylnitrosamine (initiator) was
given during the wave of DNA synthesis (promotion)
following partial hepatectomy. The work of Warwick with
2-MeDAB (38) discussed above is another example of
initiation and promotion in hepatocarcinogenesis. However,
the best demonstration of a 2-stage process in hepatocar
cinogenesis was reported by Peraino et al. (24, 25). PhÃ©no
barbital feeding (promotion) of rats previously fed 0.02%
AAF (initiator) for only 18 days dramatically enhanced
hepatoma formation. This dose of AAF was even lower
than that used in the present study. Thus, prolonged feeding
of a hepatocarcinogen is not necessary to induce hepatoma
formation. The liver cells can be sufficiently damaged, i.e..

1232 CANCER RESEARCH VOL. 35

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2394605/cr0350051225.pdf by guest on 19 M

ay 2023



DNA Metabolism in Precancerous Livers

initiated by a relatively brief exposure to the carcinogenic
compound. This report has described some biochemical
changes occurring in the liver during brief exposures to
3'-MeDAB, 2-MeDAB, and AAF. It is hoped that the

changes detected more closely reflect those essential to the
initiation phase. Additional studies designed to reveal the
hepatoma frequency in rats briefly treated with 0 to 0.05%
3'-MeDAB and 0.05% 2-MeDAB are in progress.
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