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ABSTRACT

The exposure of rats to a feeding regimen containing /V-2-acetylami-
nofluorene (2AAF) causes an accumulation of lesions on liver DNA and
a progressive impairment in DNA repair capacity. We used the in vivo
experimental model of Teebor and Becker (Cancer Res., 57:1-3, 1971)
with the carcinogen given to rats during four consecutive cycles, each one
composed of 3 weeks of treatment and 1 week of recovery. The extent of
DNA damage and repair was determined during each cycle by the alkaline
elution technique. The results obtained showed that the number of alkali-
labile sites in DNA is significantly enhanced after the first cycle and
remains increased during following cycles.

Since ADP-ribosyl transferase (ADPRT) is known to play a central
role in the response to DNA damage, we investigated the effect of 2AAF
on this enzyme during the carcinogenic process. The activity and the
structure of ADPRT were analyzed using the activity gel and Western
blot techniques. The catalytic band with a molecular weight of 116,000,
clearly evident in liver extracts of control rats, was no longer detectable
after one cycle of exposure to 2AAF returning progressively to an almost
normal level within the last two cycles. When the aminothiol .\-acctyl-
L-cysteine (NAC) was added to the 2AAF diet, the extent of DNA
damage was drastically reduced, and DNA repair activity preserved for
a longer period. In addition, the loss of ADPRT was not observed after
the first cycle, but delayed to the end of the second, indicating that NAC
exerts a protective effect on DNA and on ADPRT. Such effect was not
evident when NAC was substituted by glutathione.

The analysis of liver extracts on Western blot showed that the ADPRT
immunoreactive band was almost undetectable after the first cycle sug
gesting that the loss in enzyme activity could be due to a block in de novo
synthesis of the enzyme and not to an inhibition of its activity.

INTRODUCTION

Malignant transformation of mammalian liver cells has been
demonstrated to be a multistage process that can be initiated
by the induction of DNA damage and gene mutation, and fixed
by subsequent rounds of DNA and cellular replications (1-3).

Experimental evidence indicates that in vivo treatment with
2AAF* induces, in rat liver, the formation of DNA adducts (4,

5), the modification of several cytosolic enzyme activities and
the arising of GGT positive foci (for a review see Ref. 6). This
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latter effect reflects the appearance and growth of "resistant"

cell foci and, ultimately of hyperplastic nodules (1-3). The
prolonged exposure to the carcinogen, finally, stimulates the
progression into hepatocarcinoma (7).

Although the molecular mechanisms leading to the formation
of hyperplastic liver nodules are unknown, it has been demon
strated that DNA damage is induced during exposure to 2AAF
and that it persists after treatment (8). This suggests that DNA
excision repair capacity is altered and that this could prompt
the subsequent steps of the hepatocarcinogenic process. To this
end, several enzymatic activities known to be involved in DNA
repair process have been analyzed: DNA-apurinic sites endo-
nucleases (9), DNA polymerase 0(10), and more recently DNA
ligase (11). All these reports indicate that these enzymes were
not modified in liver hyperplastic cells.

Recently it has been suggested that ADP-ribosylation of
nuclear proteins is involved in DNA repair, possibly through
modifications of the chromÃ¢tin structure (12-14). The process
is catalyzed by the enzyme ADPRT whose activity was shown
to be involved in DNA repair of cells treated with DNA dam
aging agents (12, 15, 16).

This work was undertaken to investigate the possible role
played by ADPRT in the carcinogenic process induced in liver
by 2AAF. Moreover, since we recently reported that the ami
nothiol NAC, a synthetic precursor of glutathione, partially
prevents the DNA damage produced by 2AAF metabolites and
allows the maintenance of an efficient DNA repair (17,18), the
effect of NAC on ADPRT activity and structure during the
exposure to the hepatocarcinogen was studied.

After each cycle of treatment the structural properties of the
enzyme were characterized by the activity gel procedure. This
method allows in situ detection of active polypeptides of
ADPRT after SDS-PAGE separation. The immunological fea
tures of ADPRT were studied by the Western blotting tech
nique.

MATERIALS AND METHODS

Chemicals. /V-2-Acetylaminofluorene, phenylmethylsulfonyl fluo
ride, and pepstatin were from Sigma. yV-Acetylcysteine was a gift from
Dr. V. Cicchetti (ZambÃ³nS.p.A., Milano, Italy). Glutathione was from
Fluka AG. Hoechst 33258 |2-[2-(4-hydroxyphenyl)-6-benzimidazole]-
6-(l-methyl-4-piperazyl)-benzimidazole trihydrochloride) dye was pur
chased from Calbiochem-Behring. Nitrocellulose was from Schleicher
& Schuell GmbH. Newborn bovine serum was purchased from Flow;
alkaline phosphatase-conjugated goat anti-rabbit IgG (H+L), alkaline
phosphatase color development reagents NBT and BCIP were obtained
from Bio-Rad. A rabbit antiserum raised against highly purified calf
thymus ADPRT was kindly donated by Drs. M. E. Ittel and C. Nied
ergang, CNRS Strasbourg, France. DE 81 paper was obtained from
Whatman. Prestained protein molecular weight standards were from
BRL. Adenine-2,8-[3H]NAD (25 Ci/mmol) and adenine-2,8-[32P]NAD
(1000 Ci/mmol) were from New England Nuclear; adenosine-8-[14C]
(56 mCi/mmol) and [3H]dTTP (50 Ci/mmol) were from Amersham.
Calf thymus DNA was activated to about 3-5% solubility by DNase I.

Male Wistar rats, weighing 80-100 g, were purchased from Merini
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Reggio Emilia, Italy. All the pelleted diets were prepared by Laboratori
Piccioni, Brescia, Italy.

Experimental Design. The experimental procedure was essentially
that described by Teebor & Becker (19). Male Wistar rats were placed
on a four-cycle discontinuous feeding regimen, each cycle consisting of
a 3-week exposure to a standard diet (24.5% protein) containing 0.05%
2AAF followed by 1 week of normal diet.

The animals were divided into four groups. Group 1 received the
standard diet and Group 2 received the same meal supplemented with
0.1% w/w NAC (control groups). Group 3 received a standard diet
containing 0.05% w/w 2AAF and Group 4 received the same 2AAF
diet supplemented with 0.1 % w/w NAC (exposed groups). The pelleted
meals and tap water were supplied ad libitum. The NAC content in the
diet was determined as previously described (18).

To evaluate the effect of the treatment after the third and the fourth
week of each cycle, four to five rats from each group were sacrificed
under slight ethyl ether anaesthesia.

The liver was rapidly removed, washed in cold PBS, blotted, and
weighed. Liver samples to be analyzed for ADPRT activity were frozen
in liquid nitrogen and stored at -8(1 C. One g of fresh tissue was used

to prepare a crude nuclear suspension and to determine the DNA
content, as previously described (18, 20).

DNA Elution in Alkali. The alkaline elution procedure applied was
essentially that of Kohn et al. (21), modified as described elsewhere
(22).

Briefly, crude nuclei were lysed in a hypertonic buffer containing
ionic detergent and filtered on a mixed-esters cellulose membrane.
After washing, the DNA was eluted from the filter with the alkaline
buffer. Both the DNA recovered with the collected fractions and that
still retained on the filter were fluorimetrically determined according
to Cesarone et al. (20). The elution rate constant (K) was computed,
from the semilog plot of the DNA fraction left on the filter (ÃŸÂ»;log
scale) with respect to the eluted volume ( V; ml), using the equation:

K(m\-1) = -In ÃŸv/K

The K value was computed on the third fraction to avoid artifacts
due to single-strand breaks produced by the permanence of DNA in the
alkaline buffer.

Preparation of Extracts and Activity Gel Procedure for ADP-Ribosyl
Transferase. Total extracts were prepared as previously described.
Briefly, from each frozen liver sample (â€”80Â°C),about 0.2 g were minced

in 10 volumes of 0.6 or 1.5 MNaCl, 1 HIMEDTA, 0.5 mM dithiothreitol,
10 mM NaHSOj, 1 mM phenylmethylsulfonyl fluoride, 1 MMpepstatin,
and 50 mM Tris-HCl (pH 8.0). The suspension was sonicated twice for
20 s in ice at 50 W and centrifuged at 4Â°C,for 30 min at 35,000 rpm.

The supernatant was used as enzyme extract for the activity gel and
biochemical assays.

Catalytic peptides of ADPRT were detected by means of the activity
gel technique. The different steps of this procedure were performed as
described by Scovassi et al. (15, 16) and included: SDS-PAGE; in situ
renaturation of proteins; incubation of the intact gel with [32P]NAD;
removal of nonincorporated NAD by trichloroacetic acid and autora-
diography. The first lane of the gel usually contained a mixture of
prestained molecular weight markers.

Western Blot Procedure. Protein blotting was carried out according
to Towbin et al. (23), and as previously reported (15). After separation
by SDS-PAGE, the proteins were transferred to nitrocellulose by ap
plying 90 V, 350 mA for 90 min. The blot was then incubated as
follows: overnight with 10% newborn bovine serum-0.1% Tween-20 in
PBS; 3 h with rabbit antiserum against ADPRT; and 2 h with a 1:3000
dilution of goat antirabbit conjugated with alkaline phosphatase. Vis
ualization of immunoreactive peptides was obtained by BCIP-NBT
color development substrate.

Adenosine Deaminase and DNA Polymerases Assays. Total extracts
prepared from rat liver samples were assayed for adenosine deaminase
according to the procedure previously described (24). One unit of
enzyme activity corresponds to 1 nmol of inosine produced in 1 min.

DNA polymerases a and ÃŸwere measured in extracts according to
Bertazzoni et al. (25). One unit of enzyme activity corresponds to the
incorporation of 1 nmol of total nucleotides in 1 h.

RESULTS

Effect of 2AAF Treatment on the Elution Kinetics of Rat Liver
DNA. The four-cycle experimental model followed for the
discontinuous feeding regimen used for rat treatment was es
sentially that devised by Teebor and Becker (19) and described
in "Materials and Methods." The 2AAF-containing diet was

supplied during the first 3 weeks of each cycle and discontinued
during the fourth week to allow recovery. Liver samples to be
analyzed were obtained from rats sacrificed at the end of the
third and of the fourth week of each cycle.

In order to assess the extent of DNA damage induced in rat
liver the alkaline elution kinetics of DNA was determined for
each liver sample as described in "Materials and Methods."

The results obtained for each of the four cycles are shown in
Fig. 1, A-D, respectively. The profiles are obtained by plotting
the DNA fraction retained on membrane filter against the
volume of eluted buffer. The slope of the curve is directly
proportional to the number of DNA alkali-labile sites. The
elution curves corresponding to the third week of treatment of
each cycle represent the total amount of DNA damage produced
by the carcinogen whereas those related to the fourth week of
the cycle indicate the extent of residual DNA damage. Thus the
difference between these two sets of data corresponds to DNA
repair activity occurring during the recovery period. It is evident
that the treatment with 2AAF induces a striking decrease of
DNA fraction retained on filter which is already evident after
the third week of the first cycle. The extent of DNA damage is
notably reduced when NAC is concomitantly supplemented
with the carcinogen. However this protective effect is no more
evident during the last two cycles. The data indicate that the
extent of DNA damage not repaired during the recovery period

ELUTEO

1.Ã‡

ELUTEO VOLUME ImL)

Fig. 1. Alkaline elution kinetics of liver DNA from rats exposed to a discon
tinuous feeding regimen with 2AAF. The elution profiles are reported in each
panel as a function of the treatment cycle. A-D, obtained for each of the four
cycles, respectively, and referring to: DNA from control rats (â€¢);DNA from
2AAF-treated animals sacrificed on the 3rd (A) and on the 4th week (A); DNA
from 2AAF-treated rats supplemented with 0.1% NAC, sacrificed on the 3rd (D)
and on the 4th week (â€¢)of each cycle. The elution curves are obtained from the
semilog plot of DNA fraction retained on the membrane filter (log scale) versus
the eluted volume of alkaline buffer. Values, mean of at least five triplicate
experiments.
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tends to increase with the length of the treatment.
These observations were confirmed by calculating for each

curve the elution rate constant, as reported in Fig. 2. The total
amount of DNA damage, measured at the end of the third week
of each cycle, is already significantly increased over controls
after the first cycle (p < 0.001) and tends to remain at the same
level during subsequent exposures. On the first and second cycle
only 50% of DNA damage is repaired in the recovery period
and the addition of NAC to the 2AAF diet exerts a protective
effect by further reducing the extent of damage and restoring it
to values close to those found for controls.

During the last two cycles, it appears that the extent of DNA
damage repaired in the recovery period is significantly reduced
and the protective effect of NAC drastically affected.

Effect of 2AAF Treatment on Rat Liver ADP-Ribosyl Trans-
ferase. The activity and molecular weight of ADPRT were
analyzed in liver extracts obtained after the recovery period of
each of the four cycles by means of the activity gel procedure
and of the Western blotting technique. The activity gel analysis
of ADPRT of control and 2AAF-treated rats is shown in Fig.
3A. A catalytic band with a molecular weight of 116,000 was
well evident in control extracts (lane 1) whereas after the first
cycle the active band was no longer detectable (lane 2), reap
pearing progressively only in following cycles (lanes 3-5).

In a second series of experiments rats were fed with 2AAF
and 0.1% NAC or 0.1% GSH (Fig. 3, B and C). When NAC
was supplemented to the diet the active band of ADPRT was
still evident after the first cycle (Fig. 3B, lane 2) becoming
barely detectable after the second cycle (lane 3) and returning
to normal levels after the third and fourth cycle (lanes 4 and
5). When NAC was substituted by GSH the protective effect
was not evident and the activity gel pattern obtained (Fig. 3C)
was very similar to that observed for treatment with 2AAF
alone (compare A and C of Fig. 3).

In order to understand whether the loss in the enzymatic
activity observed in 2AAF-treated rats was due to an inhibition

of ADPRT or to a block in the synthesis of the enzyme, the
same extracts were analyzed by the Western blot technique
using a polyclonal antibody against ADPRT. The results of a
typical experiment are shown in Fig. 4. An immunoreactive
peptide with a molecular weight of 116,000 was clearly recog
nized in untreated rat liver extracts (lane 1) whereas it became
almost undetectable after the first and the second cycle of 2AAF
treatment (lanes 2 and 3). This indicates that the loss in the

12345

1Titfr

"'â€¢l9

\\â€¢I,

NÂ»
lX;

{Â¡Â¡Â¡lÃ¬1
1WEEK

1 4
FIRST ' +SECONDL THIRD ' i Â»FOURTH-1

CYCLE OF TREATMENT

Fig. 2. Elution rate constants of liver DNA of rats exposed to a discontinuous
feeding regimen containing 2AAF. Each elution rate constant was computed on
the basis of the mean Â±SE of at least five different DNA elution kinetics, and
refers to control animals (â€¢),rats treated with 0.05% 2AAF (A) or with 0.05%
2AAF and 0.1 % NAC (â€¢).
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Fig. 3. Activity gel analysis of ADPRT in liver extracts from rats exposed to
a 0.05% 2AAF diet (A), supplemented with 0.1% NAC (B), or with 0.1% GSH
(C). Lanes: 1, control extracts; 2-5, extracts obtained after the 1st, 2nd, 3rd and
4th cycle of treatment, respectively. Molecular mass markers were /3-galactosidase
(116 kDa), phosphorylase b (94 kDa), and bovine serum albumin (67 kDa).

catalytic band observed in activity gels corresponds to a lack of
ADPRT protein. During the two following cycles, when the
activity band of ADPRT reappeared, also the Mr 116,000
immunoreactive peptide was evident (lanes 4 and 5).

The Western blot analysis was even carried out on extracts
from liver of rats treated with 2AAF and NAC (Fig. 4). Also in
this case a close correlation between the presence of immuno
reactive peptides and activity bands was obtained confirming
the protective effect of the aminothiol during the first cycle.

Analysis of Adenosine Deaminase and DNA Polymerases in
Control and Treated Rat Liver. We have in addition determined
the level of adenosine deaminase and of DNA polymerases a
and ti. The specific activity of adenosine deaminase ranged from
4.2 to 6.6 U/mg protein in controls and from 4.5 to 7.6 in
livers of treated animals. The values of DNA polymerase a
ranged within 0.06-0.09 U/mg protein in controls and treated
livers and those for DNA polymerase ÃŸwere computed between
0.13 and 0.20 U/mg protein in the same samples. These results
suggest that other essential cellular proteins are not signifi-
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Fig. 4. Western blot analysis of ADPRT in rat liver extracts. The animals
were exposed to a four-cycle discontinuous feeding regimen containing 0.05%
2AAF (A) or 0.05% 2AAF + 0.01% NAC (B). Lanes: 1, control extracts; 2-5,
extracts obtained after the 1st, 2nd, 3rd, and 4th cycle of treatment, respectively.

cantly affected by the treatment and that the effect obtained for
ADPRT is a specific one.

DISCUSSION

Considerable evidence indicates that the accumulation of
alterations in DNA may be the basic event in the initiation of
carcinogenesis (26, 27). Among the mechanisms responsible
for this phenomenon of particular importance is a decreased
capacity in DNA repair activity.

The relationship between DNA repair and carcinogenesis
was studied in several laboratories using the in vivo model of
Teebor and Becker (19). This experimental system is based on
a discontinuous feeding regimen with the carcinogen 2AAF
given to rats during four consecutive cycles each one composed
of a 3-week treatment and 1-week recovery. A complete four
cycle exposure is known to induce the development of GGT-
positive foci, liver hyperplastic nodules and ultimately hepato-
carcinoma(s) (7). Many lines of evidence, obtained by this
model, support the aforementioned view (9-11, 27) although
no alterations in the different steps of DNA repair have been
so far observed.

Since it has been demonstrated that ADP-ribosyl transferase
plays a central role in the modulation of cellular response(s) to
DNA damage(s) (12, 13, 28), we investigated in rat liver the
relationship between DNA repair capacity and ADPRT activity
during the exposure to 2AAF. In addition, the extent of DNA
damage and ADPRT activity were followed early during expo
sure to the carcinogen and also at later stages that reflect the
arising and persistence of putative premalignant cell foci and

nodules. The total damage to liver DNA was evaluated using
the alkaline elution procedure and calculating the elution rate
constants after the treatment and the recovery periods of each
cycle.

The difference between these two sets of data corresponds to
the DNA repair activity which occurred during the recovery
period. The results obtained clearly show that the number of
alkali-labile sites in DNA is significantly increased after the
first cycle of treatment and tends to remain enhanced during
following cycles. It also appears that only 50% of DNA lesions
are repaired during the recovery period of the first two cycles
and that repair capacity is significantly affected during the last
two cycles.

When W-acetylcysteine, a free radical scavenger aminothiol,
well known as a precursor of glutathione and as cysteine pool
supplier, was supplemented to the diet with 2AAF, the extent
of DNA damage in the first two cycles was notably reduced and
led to an almost complete DNA repair, although the protective
effect was not lasting in later cycles.

The activity and the structure of ADPRT was analyzed using
activity gel and Western blot procedures. The catalytic band of
Mr 116,000, clearly evident using liver extracts of control rats,
was no longer detectable after one cycle of 2AAF exposure.
When NAC was added to the 2AAF diet, the loss of the ADPRT
activity band was not observed after the first cycle but only to
the end of the second. No significant protective effect was
exerted when NAC was substituted by GSH.

The analysis of the same extracts on Western blot showed
that the immunoreactive peptide of M, 116,000 was clearly
recognized in untreated rat liver whereas it was undetectable
after the first and second 2AAF treatment cycles, indicating
that the loss of the catalytic band observed in activity gels was
due to a lack of ADPRT protein and not to an inhibition of the
enzyme.

These results would suggest that in this system ADPRT is
not strictly related to DNA repair capacity since its activity
tends to drop when cellular response to DNA damage is appar
ently still effective. However it should be noted that after one
cycle of treatment about 50% of DNA lesions are not repairable,
suggesting that the repair process is already impaired. In addi
tion, it has been demonstrated that ADPRT response to DNA
damage occurs shortly after cellular exposure to genotoxic
agents (12, 15). Our observations, on the contrary, refer to a
late effect possibly related to specific regulatory processes in
volved in the initiation of the hepatocarcinogenesis (29, 30).

An additional interesting result of this study is the observa
tion that ADPRT activity, after an apparent complete loss in
early cycles, reappears progressively during the ongoing treat
ment. This seems to be related more to an increasing number
of "resistant" cells than to a reversal of the inhibitory effect in

normal hepatocytes (29). In fact it has been shown that altered
hepatocytes in hyperplastic liver nodules, such as those induced
by continuous or intermittent exposure of rats to 2AAF, present
characteristic cellular and physiological patterns and are phe-
notypically different from normal liver cells at any stage of
their development (29, 30). An increased excretion of 2AAF
metabolites from liver with many altered cells could be respon
sible for a decreased binding of 2AAF to DNA, RNA, and
proteins in resistant cells of liver nodules (29, 31).

Moreover, it must be noted that these transformed cells are
able to grow in an environment that severely hinders the repli
cation of the bulk of the normal hepatocytes (32). Therefore it
can be argued that the 2AAF-induced loss in ADPRT could be
due to a specific inhibition of ADPRT de novo synthesis in
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normal hepatocytes during the period of time in which the
number of "resistant" cells is not yet considerably increased.

The progressive reappearance and enhancement in ADPRT
level during successive cycles is concomitant to the increase in
GGT-positive cells (18) thus suggesting that the return of the
enzymatic activity is solely due to the remarkable burst of
2AAF-resistant cells.

A direct modification of the enzyme by 2AAF metabolites
appears as unlikely since our results demonstrate that the
molecular mass of ADPRT remained unchanged and that the
activity of other enzymes such as adenosine deaminase and
DNA polymerases a and ÃŸwas unaffected.

Finally, it is known that 2AAF stimulates DNA repair syn
thesis possibly resulting in an increased accessibility of the
genome. Thus a specific modification in genomic DNA se
quences should be considered since it was evidenced that active
genes are more susceptible to be modified by chemical agents
(33). To further understand whether the expression of this
important enzyme is blocked at the level of the synthesis of its
mRNA or by directly damaging its gene, it is instrumental to
make use of specific DNA probes resulting from the cloning of
the cDNA, which has been very recently accomplished (34, 35).
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