Jpn. J. Cancer Res. (Gann), 79, 1094-1100 ; October, 1988

Preventive Effect of 3-Aminobenzamide on the Reduction of NAD Levels in Rat Liver
Following Administration of Diethylnitrosamine
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Nicotinamide adenine dinucleotide is utilized as the substrate of a chromatin-bound enzyme,
poly(ADP-ribose) polymerase. The effects of diethylnitrosamine and/or 3-aminobenzamide, a
potent inhibitor of poly(ADP-ribose) polymerase, on the cellular NAD levels in rat liver were
investigated. 3-Aminobenzamide (600 mg/kg) administered intraperitoneally was not detectable
in the liver within 12 hr after adminis{ration; the inhibitor had a calculated half life of 90 min.
Diethylnitrosamine reduced the NAD levels in rat liver in a dose-dependent way. The NAD
content reached a minimum level at 8 hr, returning to 78% of the control value after 48 hr. The
reduction of the NAD levels caused by diethylnitrosamine was completely prevented when 3-
aminobenzamide was administered either simultanecusly with diethylnitrosamine or 4 hr after
diethylnitrosamine treatment. Furthermore, an immunohistochemical study showed that nuclear
poly(ADP-ribose) decreased 1 hr after the administration of 3-aminobenzamide. These results
suggest that inhibition of poly(ADP-ribosyl)ation is involved in the initiation of liver carcino-

genesis by diethylnitrosamine and 3-aminobenzamide,

Key words:

Poly(ADP-ribose) is a biopolymer which is
synthesized enzymatically from nicotinamide
adenine dinucleotide (NAD")."™ Accumu-
lated data suggest an involvement of poly-
{ADP-ribose) in DNA repair,” cell differenti-
ation,” ® sister chromatid exchanges” and cell
proliferation.”

Previously, we have reported the enhanced
initiation of liver carcinogenesis by inhibitors
of poly(ADP-ribose) polymerase in rats.*'"

*3 To whom communications should be addressed.
*6 Present address: Biochemistry Division, National
Cancer Center Research Institute, 1-1, Tsukiji, 5-
chome, Chuo-ku, Tokyo 104.

*7 Abbreviations: ABA, 3-aminobenzamide; DEN,
diethylnitrosamine; NAD, nicotinamide adenine
dinucleotide; ¢-GTP, 7-glutamyltranspeptidase;
poly (ADP-ribose), poly (adenosine diphosphate
ribose); DMSO, dimethylsulfoxide; PES, 5-ethyl-
phenazinium ethyl sulfate; MTT, 3-(4,5-dimethyl-
thiazolyl - 2) - 2,5 - diphenyltetrazolium bromide,
PBS; phosphate-buffered saline.
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In these studies, 3-aminobenzamide (ABA)™*’
was used as a representative inhibitor of poly-
(ADP-ribose) polymerase to investigate its
effect on the early stage of liver carcinogenesis
induced by diethylnitrosamine (DEN). Esti-
mation of the number and size of y-glutamyl-
transpeptidase (y-GTP)-positive foci, assayed
as a marker representing populations of ini-
tiated cells,'” showed that ABA enhanced the
number of such foci in rat liver initiated by
DEN in a dose-dependent way.

Alkylating agents and irradiation reduce the
cellular NAD level,® ' and cause a transient
accumulation of poly(ADP-ribose)® ' 1"
in various cell lines. NAD is the substrate for
poly(ADP-ribose) synthesis. The demonstra-
tion of changes in NAD levels in vivo caused
by inhibitors of poly (ADP-ribose) poly-
merase would provide evidence for the in-
volvement of the poly(ADP-ribosyl)ation re-
action in liver carcinogenesis.
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In this study we have observed a reduction
of NAD levels in rat liver following DEN
treatment and a protective effect of an in-
hibitor of poly(ADP-ribose) polymerase. In
addition, we demonstrate by immunohisto-
chemistry that ABA decreases nuclear poly-
(ADP-ribose) in rat liver. These data are
evidence of the possible involvement of poly-
(ADP-ribosyl)ation reactions in the initia-
tion of liver carcinogenesis by DEN and ABA
in rats.

MATERIALS AND METHODS

Animals Male Fischer 344 rats (Shizuoka Labo-
ratory Animal Center, Shizuoka) weighing approxi-
mately 200 g each were used throughout the exper-
iments. Rats were given a commercial stock diet
(Oriental MF, Oriental Yeast Ind., Tokyo) and
water ad libitum in an air-conditioned room at 24°.
Rats were sacrificed by decapitation after starva-
tion for 14 hr and the livers were immediately
removed.

Chemicals DEN (Wako Pure Chemicals Ind.,
Osaka) was dissolved in 0.9% (w/v) NaCl at a
concentration of 50 mg/ml and given intra-
peritoneally (ip) at doses of 20, 100 and 200 mg/
kg body weight. ABA (Tokyo Kasei Kogyo, Co.
Ltd., Tokyo) was dissolved in dimethylsulfoxide
{DMSQO; Sigma Chemicals Co., USA) at a concen-
tration of 300 mg/ml and given ip at doses of 100,
300 and 600 mg/kg body weight. An authentic
sample of 8-NAD"' was purchased from Sigma
Chemicals Co, Nicotinamide was purchased from
Nakarai Chemicals Ind., Kyoto. 3-(4,5-Dimethyl-
thiazolyl - 2) - 2,5 - diphenyltetrazolium  bromide
(MTT) and alcohol dehydrogenase were from
Sigma Chemicals Co. All other reagents were
of the highest grade available from commercial
sources.

Determination of ABA Content in Rat Liver We
developed a method for the determination of ABA
content of rat liver. ABA at a dose of 600 mg/kg
body weight was given ip and the rats were
sacrificed by decapitation at 5 min, 30 min, 1 hr, 4
hr, 12 hr and 24 hr after administration. The livers
were immediately removed and a 1 g sample was
taken from each of the three different lobes. The
tissue samples were homogenized in 5 ml of 10%
(w/v) TCA and centrifuged at 3000¢ for 10 min.
The centrifugation was repeated 3 times and the
supernatants were collected and mixed with a solu-
tion containing 1 ml of 0.1% (w/v) NaNQ,. Then
1 ml of 0.5% (w/v) ammonium sulfaminate and
1 mt of 0.05% (w/v) N-(l-naphthyl)ethylenedi-
amine dihydrochloride in ethanol were added. The
samples were then incubated at 30° for 30 min. The
absorbance of the ABA derivative was measured
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at 550 nm on a spectrophotometer (Model 124,
Hitachi Litd., Tokyo). For calibration, ABA was
dissolved in DMSO, diluted with 10% (w/v) TCA
and measured as described above.

NAD Determination Cellular NAD levels were
measured using the method described by Bernofsky
and Swan'® and modified slightly by us. One gram
of liver from an individual was homogenized in 9
ml of ice-cold 50mM potassium phosphate buffer
(pH 6.0) and immersed in boiling water for 5 min.
The samples were cooled on ice and centrifuged at
3000g for 10 min at 4°. The supernatant was then
preincubated with 1.2M sodivm-bicine buffer (pH
7.8) containing SmM PES, SmM MTT, 6 M ethanol
and 50mM EDTA in a dark room at 30° to estab-
lish thermal equilibrium. The assay was initiated by
adding alcohol dehydrogenase (0.125 mg) which
was reconstituted in 40mM Tris, 40mM, KH,P,0,
(final pH 8.1} immediately before vse. Changes in
absorption were measured at 570 nm on a spectro-
photometer (Model 124, Hitachi Ltd., Tokyo).
Calibration standards of -NAD™ in the range of
1 to 5 zg/ml were used.

Immunohistochemical Studies of Poly(ADP-
ribose) Polyclonal antibedy against poly(ADP-
ribose) was prepared as previously described,'” A
portion of rat liver was removed and immediately
frozen in a dry ice/acetone mixture. The tissue was
sectioned at 2 um in a cryostat, then the sections
were thawed on glass slides, dried with a fan at 4°
and fixed with 95% ethanol for 5-10 min at 0°. The
sections were incubated for 30 min at 37° with
rabbit anti-poly(ADP-ribose) antiserum dilution.
Controls were incubated with preimmune rabbit
IgG. Slides were washed by immersing and agitat-
ing in PBS. Sections were then incubated for 30
min at 37° with FITC<onjugated swine anti-rabbit
IgG and washed as above. Slides were observed
with a Nikon fluorescence microscope equipped
with an epi-illumination system.

RESULTS

Kinetics of ABA Disappearance from Rat
Liver A linear relationship was obtained be-
tween the amount of ABA and absorbance,
using authentic ABA, over the range of 0.5 to
| mg/ml.

The kinetics of ABA disappearance in rat
liver was as follows. Values of ABA content in
rat liver were 0.68, 0.49, 0.39 and 0.20 mg/g
liver at 5 min, 30 min, 1 hr and 4 hr, respec-
tively; 5.5% of administered ABA was pres-
ent in the liver at 5 min after ABA administra-
tion (600 mg/kg). Within 12 hr ABA content
was below 0.1 mg/g liver weight, correspond-
ing to a calculated half-life of 90 min.
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Fig. 1. NAD levels in rat liver as a function of

time after DEN administration. DEN was given at
200 mg/kg body weight. Each point represents the
mean+ 8D (n=35).
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Fig. 2. Dose-response effect of DEN on the NAD

levels in rat liver 12 hr after administration. Each
point represents the mean 8D (n=3).

Effects of DEN or ABA on the NAD Content
in Rat Liver Figure 1 shows the NAD level as
a function of time after DEN treatment at 200
mg/kg body weight. The NAD level reached a
minimum at 8 hr and had returned to 78% of
the control level at 48 hr after DEN adminis-
tration. The dose-response effect of DEN on
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Fig. 3. NAD level as a function of time after
ABA treatment in rat liver. ABA at a dose of 600
mg/kg body weight was given. Mean valuestSD
(n=4).
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Fig. 4. The effect of ABA on the NAD level in rat

liver 4 hr after administration. Mean values =SD
(n=35).
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the NAD levels assayed at 12 hr after admin-
istration is shown in Fig. 2. A dose-dependent
lowering of cellular NAD content 12 hr after
administration was observed following DEN
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ABA Protects Liver from Loss of NAD due to DEN Administration

Table I.
b . Time after administration
ase 0
Group Treatments® DEN  No. of 4 hr 12 hr
(mg/kgy  TAts NAD content? - NAD content® .
(i2g/g liver) Ratio? (ue/g liver) Ratio®
1 0.9% NaCl 13 364+27.0 1.00 388 +38.2 1.00
2 DEN 20 9 319450 0.82 3201395 0.81
3 DEN +ABA 20 6 387+58.79 0.98 392 +30.69 1.00
4 DEN 200 9 2851487 0.72 204534 0.52
5 DEN+ABA 200 9 5251£59.6" 1.34 490+23.3» 1.52

a) ABA at a dose of 600 mg/kg body weight was given ip.

b) Mean£8D.

c¢) Ratio of NAD content in rat liver treated with DEN and/or ABA was calculated from the value of NAD

content in rat liver treated with 0.99% NaCl.
dy P<0.05 compared with Group 2.

e) P<0.01 compared with Group 2.

5y P<0.001 compared with Group 4.

g) P<0.001 compared with Group 4.
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Fig. 5. Protective effect of ABA on the reduction

of NAD level in rat liver caused by DEN treat-
ment. Each point represents the mean =SD (n=
5). @, 20 mg/kg DEN; a, 200 mg/kg DEN; O,
600 mg/kg ABA 4 hr after 20 mg/kg DEN; 2, 600
mg/kg ABA 4 hr after 200 mg/kg DEN.
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Fig. 6. Histochemical demonstration of poly-
{ADP-ribose) stained by the indirect immunofiuo-
rescence method. Poly(ADP-ribose) in the liver of
a control rat sacrificed [ hr after DMSO treatment
(A). The liver of a rat sacrificed | hr after admin-
istration of ABA at 600 mg/kg body weight (B).
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treatment. The effect of ABA (600 mg/kg) on
the NAD level as a function of time after
administration is shown in Fig. 3. ABA in-
duced a small transient increase in liver NAD
level with a peak at 4 hr, after ABA treat-
ment, then the level returned to the control
value by 12 hr, and remained constant there-
after. Cellular NAD level 4 hr after adminis-
tration was increased in a dose-dependent way
by 300 and 600 mg/kg body weight of DEN
(Fig. 4).

Prevention of the Loss of NAD by ABA Fol-
lowing DEN Treatment Table I shows the
effects of ABA on cellular NAD content in rat
liver after the administration of DEN. DEN
alone decreased the NAD levels at both 4 hr
and 12 hr in a dose-dependent way, while
ABA (600 mg/kg) completely prevented this
decrease. The protective effect of post-treat-
ment with ABA on the reduction of NAD
level caused by DEN is shown in Fig. 5. ABA
(600 mg/kg) administered at 4 hr after DEN
treatment (20 or 200 mg/kg), clearly pre-
vented the reduction of cellular NAD level.
Effect of ABA on Poly(ADP-ribose) In an
indirect immunohistochemical investigation,
conspicuous nuclear immunofluorescence due
to poly(ADP-ribose) was observed in the liver
of control rats treated with DMSO (Fig. 6A),
while it was decreased 1 hr after the adminis-
tration of ABA (600 mg/kg) (Fig. 6B).

DiscussionN

NAD is the substrate of poly( ADP-ribose)
polymerase, which polymerizes the ADP-
ribose moiety of NAD™ to form homo-
polymers covalently attached to various nu-
clear proteins. The present experiments dem-
onstrate that the administration of DEN to
rats reduced the celiular NAD content in liver
in a dose-dependent way and that ABA, an
inhibitor of poly(ADP-ribose) polymerase,
prevented this reduction. This demonstrates
protection by ABA in vivo.

The reduction of the NAD level in rat
liver by DEN suggests that NAD was rapidly
converted to poly(ADP-ribose), since the
changes in NAD content and poly(ADP-
ribose) polymerase activity are related in
vitro. The present findings suggest that the
increase in cellular NAD level observed after
ABA administration is due to the inhibition
of poly({ADP-ribosyl)ation since it correlated
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with a decrease in the nuclear immunofluores-
cence of poly(ADP-ribose). However, further
dose-response and time-course studies on the
changes in poly(ADP-ribose), poly(ADP-
ribose) polymerase activity and NAD concen-
tration in vivo are needed for this relationship
to be clarified. The effects of DEN at various
doses and of combined .administration of
DEN and ABA on poly(ADP-ribose) levels
in rat liver are under investigation and prelim-
inary data showed that DEN treatment in-
creased the immuncfluorescence due to poly-
(ADP-ribose) in rat liver and ABA inhibited
its increase (unpublished data).

ABA administered simultaneously with
DEN or even 4 hr after DEN treatment pre-
vented the reduction of NAD levels caused by
DEN. Ii is perhaps significant that in our
previous studies,”'” such simultaneous or
even subsequent administration of ABA was
effective in enhancing the induction of DEN-
initiated y-GTP-positive foci in rat liver. Ad-
ministered ABA in rat liver was removed
rapidly with a calculated half life of 90 min.
Although ABA disappeared rapidly from the
liver, the remaining amount of ABA in rat
liver after 4 hr is equivalent to a concentration
of 0.7-1.4m M, which is known to inhibit poly-
(ADP-ribose} polymerase activity in vitro.
The amount of ABA retained in a rat liver
might be effective for the prevention of NAD
reduction by DEN.

ABA is reported to have side effects when it
is used at high concentration in cell lines.”®
We have checked the toxicity of ABA in rat
liver histologically and found no necrotic cell
at a dose of 600 mg/kg (data not shown).

There have been several reports concerning
a role of poly(ADP-ribosyl)ation in cellular
transformation and carcinogenesis, though
some showed different results. In vitro, in-
hibitors of poly (ADP-ribose) polymerase pre-
vented the transformation following exposure
to carcinogens and this protective effect of
inhibitors on transformation had no relation-
ship with DNA repair processes.’” But there
is no clear explanation of the role of poly-
(ADP-ribosyl)ation in transformation in
vitro. In animal experiments, inhibitors of poly-
{ADP-ribosyl)ation enhanced oncogenic pro-
cesses during renal cell carcinogenesis in
rats.” Qur previous studies demonstrated the
enhancing effect of an inhibitor of poly(ADP-
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ribosyl}ation, ABA, on rat hepatocarcino-
genesis.”'" Other workers found no effect or a
protective effect of ABA on carcinogenesis in
rats.”? However, the experimental proto-
cols, carcinogens and strains of rats used in
these experiments were different. To clarify
the mechanisms involved in the enbancing

effect of ABA during carcinogenesis, we

focused on NAD metabolism and poly(ADP-
ribose) at the initiation step of rat hepatocar-
cinogenesis.

It is known that poly(ADP-ribose) poly-
merase of the cell nucleus is dependent on
nicked DNA for its enzymatic activity’?®
and that treatment with DNA damaging
agents causes a rapid conversion of NAD™ to
poly(ADP-ribose), resulting from increased
poly(ADP-ribose) polymerase activity, and
leads to decreased cellular NAD levels in
vitro.") DEN induces DNA fragmentation
and produces N’-ethylguanine as a major
product.’” Shall® has shown that poly(ADP-
ribose) polymerase activity is required for
efficient DNA strand rejoining. Cleaver and
Morgan®™ reported that poly(ADP-ribose)
did not regulate the ligation step of repair but
might regulate nuclease and other enzymes
and change chromatin structure. The present
documentation of the prevention by ABA. of
a DEN-induced reduction of cellular NAD
content indicates that a decrease of poly-
{ADP-ribosyl)ation activity is perhaps asso-
ciated with the inhibition of some processes
in the repair of DNA damage, thus contrib-
uting to the enhanced initiation of rat liver
carcinogenesis by DEN. Such protective
effects of ABA on the reduction of NAD
levels probably correlate with phenotypical
changes of the initiated cells. Miwa et al”
have demonstrated that ABA increased the
hepatocarcinogenesis by methylazoxymeth-
anol acetate (MAM acetate) in the small fish
“Medaka”™ (Oryzias latipes), with a decrease
of NAD level after MAM acetate treatment,
Some discrepancy in the kinetics of NAD
concentration after the carcinogen treatments
may be due to a different route of administra-
tion and the use of different carcinogens.
However, these data further indicate the
importance of involvement of poly (ADP-
ribosyl)ation in carcinogenesis.

Evidence for the involvement of poly ADP-
ribosylation reactions in liver carcinogenesis
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initiated with DEN provides support for the
view that DNA lesions are necessary for the
initiation of liver carcinogenesis and that pro-
cesses of repair of DNA damage, including
those involving changes in the levels of NAD
and poly(ADP-ribose), are involved in neo-
plasia in the rat liver.
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