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SUMMARY

Sedimentation of hepatic DNA in neutral and alkaline
sucrose gradients has been used to detect double- and
single-strand "breaks," respectively, following administra

tion of the hepatocarcinogens, nitrosomorpholine, nitroso-
piperidine, and dinitrosopiperazine to rats. With each
compound, the relationship between initial damage to DNA
and dose and the time course of restoration of high-molecu
lar-weight DNA ("repair") were established. Changes in

the velocity sedimentation of DNA prepared 4 hr after
administration of from 1to 100mg/kg body weight nitroso
morpholine were observed in both alkaline and neutral su
crose gradients. The single-strand damage to DNA was not
completely repaired 14 days after treatment while the
double-strand breaks were more rapidly repaired. Injec
tion of similar doses of either of the other two cyclic com
pounds also caused single-strand breaks in liver DNA
which required at least 6 days for repair. These compounds
had no effect on the velocity sedimentation of DNA on
neutral sucrose gradients. High doses of the respective
parent cyclic amines, morpholine, piperidine, and pipera-
zine, did not cause strand breaks in DNA. The data are
discussed with particular reference to the possibility that
the cyclic nitrosamines examined may be metabolized by
rat liver with the formation of species capable of alkylating
DNA.

INTRODUCTION

It has been proposed that the alkylation of some cellular
constituent, possibly a nucleic acid, may be responsible for
the carcinogenic activity of the A'-nitrosamines (15). Alkyl
ation of both DNA and RNA in several tissues of the rat
has been repeatedly observed following administration of
dialkyl nitrosamines (11, 14, 26). However, the possible
role of alkylation in the carcinogenic activity of cyclic
nitrosamines is less clear. Reports have appeared which
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seriously question the occurrence of any covalent inter
action of some of these carcinogens with tissue nucleic acids
in vivo (13). However, evidence of alkylation products in
both DNA and RNA after injection of the cyclic compound
NM4 labeled with 14C was reported recently (B. W.

Stewart, P. F. Swann, J. W. Holsman, and P. N. Magee,
unpublished results) (24). For such analyses it is necessary
to prepare the carcinogen in a radioactive form of high
specific activity containing minimal impurities. This
severely limits extension of this experimental approach to
other structurally related cyclic nitrosamines which are
known to be carcinogenic.

A method for detecting changes in the physical proper
ties of rat liver DNA by means of velocity sedimentation in
sucrose gradients has been developed in this laboratory (4).
Changes, interpreted as strand breaks in this macromole,
have been observed following administration of compounds
known to be carcinogens and to react in vivo with bases in
DNA (7). The present communication describes the conse
quences of administration of 3 cyclic nitrosamines to rats on
the velocity sedimentation of liver DNA in alkaline and
neutral sucrose gradients. The results indicate that all 3
compounds behave in a similar manner to the methylating
agents tested earlier. In contrast, the respective parent
cyclic compounds, which are equally toxic to the nitroso
derivatives, were found to have no effect on the DNA. The
reproducibility and sensitivity of this approach to the study
of the tissue effects of carcinogens suggest its probable use
fulness as a bioassay procedure and in the further analysis
of carcinogenesis.

MATERIALS AND METHODS

Animals used in these experiments were white male rats
of the Wistar strain (Carworth Farms, New York City,
N. Y.) weighing approximately 100 g. All animals were
partially hepatectomized and the DNA of the liver labeled
with thymidine-methyl-3H during the period of regenera
tion as described in a previous paper (4). The thymidine
was given i.p. at a dose of 50 /iCi/animal every 4 hr be
ginning at 16 to 17 hr after the operation until each animal
received a total of 450 Â¿Â¿Ci.The animals were used after
a minimum recovery period of 2 weeks, at which time the

'The abbreviations used are: NM. 'l-A'-nitrosomorpholine; NDP,
/V-nitrosopiperidine; DPZ, /V./V-dinitrosopiperazine.
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liver returns to a quiescent state. Radioautographic study
in this laboratory has shown that over 80% of the hepato-
cytes are labeled by this procedure.

After 2 weeks, the rats were given i.p. injections of the
compound under study. NM, NDP, and DPZ (purchased
from Schuchardt, GMBH and Co., Munich, Germany);
piperidine and morpholine (from Fischer Scientific Co.,
Fair Lawn, N. J.); and piperazine (from Eastman Kodak,
Rochester, N. Y.) were dissolved or diluted with 0.9%
NaCl solution and injected at varying dosages depending
on the experiment. Each experiment included analysis of
DNA from an untreated control animal. The analysis of
liver DNA on alkaline and neutral sucrose gradients has
been described previously (4, 23), as have data concerning
determination of sedimentation coefficients of "broken"

DNA on these gradients. The lysing solutions used con
tained sodium dodecyl sulfate as well as EDTA and NaCl
with or without NaOH. Radioactivity in individual frac
tions from a given gradient is expressed as a fraction of the
total radioactivity detected in that gradient (400 to 700
cpm, 80 to 90% recovery). Gradients from control animals
had the following characteristics: 0.55 to 0.72 of the radio
activity was located in 1 or at most 2 adjacent fractions,
which were usually Fractions 2 or 3 and occasionally Frac
tion 1. Each of the succeeding fractions (4 to 16) contained
considerably less than 0.05 of the detected radioactivity.
For clarity, control gradients are not shown in each of the
charts presented but rather the position of the rapidly
sedimenting control DNA is indicated in each chart by a
horizontal line from Fractions 1 to 3.

RESULTS

The acute 50% lethal dose of N M for rats (p.o. adminis
tration) is reported to be 320 mg/kg (8), approximately 10
times that of dimethylnitrosamine. Initially, the effect of
i.p. administration of 100 mg NM per kg on the sedimen
tation of DNA in alkaline sucrose gradients was determined
for comparison with that previously reported with 10 mg
dimethylnitrosamine per kg, both doses being less than that
required to cause hepatic necrosis. Maximal change in the
rate of sedimentation of DNA following administration of
dimethylnitrosamine had been observed 4 hr after treat
ment. Four hr after 100 mg NM per kg, there was a similar
complete shift in the position of DNA within the gradient
(Chart 1). This change in sedimentation rate is presumed
to be the result of single-strand breaks in the DNA. Killing
the rat 1 hr rather than 4 after administration of 100 mg/kg
did not affect this result. Reduction of the dose from 100 to
10 mg N M per kg did not affect this result. Reduction of
the dose from 100 to 10 mg N M per kg resulted in only a
slight change in the rate of sedimentation of the DNA as
compared to the large dose (Chart 1). After administration
of 1 mg NM per kg, most of the DNA was located at the
bottom of the gradient (Fraction 2). However, the propor
tion (0.3) of detected radioactivity in this position in the
gradient was less than that in control preparations (0.5) due
to the shoulder (Fractions 4 to 7) in the case of the nitros-

amine-treated rat. By 24 hr after treatment with NM, there
was a difference in sedimentation profiles of DNA from rats
given 100 mg/kg and those given 10 mg/kg (Chart 2), the
higher dose having caused an even further shift toward
lighter fragments of DNA than at the earlier -time (4 hr).
Reappearance of radioactivity at the bottom of the gradient
(Fraction 2) was inversely related to dose (Chart 2). The
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Chart !. Effect of NM on the sedimentation of rat liver DNA in alka
line sucrose gradients. Rats were killed 4 hr after injection of NM at doses
of 100, 10, and 1mg/kg body weight. The DNA was analyzed as described
in a previous publication (5). The symbols used for the respective sedi
mentation profiles are defined on the chart. In this and succeeding charts,
sedimentation is from right to left and the horizontal line (upper left) indi
cates the position of radioactivity after similar analysis of DNA from un
treated control rats as described in "Materials and Methods."
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Chart 2. Sedimentation profiles of DNA in alkaline sucrose gradients
24 hr after administration of 100, 10, and 5 mg NM per kg. Symbols used
are defined on the chart. After administration of 25 or 50 mg N M per kg,
maximal radioactivity was detected in Fractions II and 12, respectively
(data not shown).
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Chart 3. Sedimentation profiles in alkaline sucrose of liver DNA 2, 6,
and 14 days (symbols defined on the chart) after administration of 100
mg N M per kg. The shift in the position of the radioactive peak from left
to right with increasing time is considered due to repair of single-strand
breaks in the DNA.

profile after 1mg/kg (not shown) did not differ from control
at this time. This reappearance of DNA having the same
physical characteristics under these experimental condi
tions as that from control animals is considered to be the
result of DNA repair. Thus in the terms defined above, the
single-strand breaks in rat liver DNA produced by a dose of
100 mg N M per kg are repaired gradually during a period
of at least 14 days (Chart 3). Preparations of DNA were
analyzed 1, 2, 3,4, 6, and 14days after treatment. Although
there was obvious change in the position of the peak be
tween 1 and 2 days (compare Charts 2 and 3), there was
little difference between the profiles 2 to 4 days after NM.
The results at 14 days may be distinguished from control
profiles since a relatively low proportion of the radioactivity
(0.3) was located in the rapidly sedimenting peak.

Changes in the velocity sedimentation of rat liver DNA
after administration of NM similar to those described
above were also observed in neutral sucrose gradients.
These changes are considered to be the result of double-
strand breaks in the DNA. In neutral sucrose gradients,
the displacement of the peak of radioactivity from the con
trol position was dependent on the dose of N M as had been
observed in alkaline gradients. Analysis of DNA from rats
killed 1 to 4 days after N M indicated the return of radio
activity to the heavier fractions of the neutral sucrose gradi
ents more rapidly than in corresponding alkaline gradients
(Chart 4). By 6 days after NM, it was not possible to dis
tinguish DNA from treated animals from that of corre
sponding controls by velocity sedimentation in neutral su
crose (2 experiments). Addition of RNase (preheated to
90Â°for 10 min) to the neutral lysing solution (final concen

tration, 0.67 mg/ml) followed 10 min later by Pronase
(self-digested at 37Â°;final concentration, 1.1 mg/ml) and

incubation at room temperature for a further 30 min prior
to centrifugation under the same conditions did not affect
the result shown in Chart 4 at 24 hr or the return to control

pattern seen 6 days after N M in neutral sucrose gradients.
With respect to analysis by sedimentation in alkaline su

crose, administration of N M is similar in effect to dimethyl-
nitrosamine (7), a result which may be interpreted as evi
dence of alkylation of DNA by the cyclic compound. An
attempt was made to determine whether the results ob
tained with N M could be generalized to other cyclic nitros-
amines by examination of NPD and DPZ. Four hr after
administration of 50-mg/kg doses of either NPD or DPZ,
doses which did not cause hepatic necrosis, single strand
breaks in DNA were observed. In the case of both carcino
gens, the degree of breakage of the DNA was dependent on
the dose administered (Charts 5 and 6). However, DPZ
differed from NPD in that maximal change in the sedimen
tation of DNA was observed 24 hr after treatment with both
high and low doses. There was no change in the velocity
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Chart 4. Sedimentation profiles in neutral sucrose of liver DNA 1, 2, 3,
and 4 days after administration of 100 mg NM per kg.

0.5

0.4

0.9

02

U-
o

0.1

xâ€”x50mg/kg
oâ€”o20 mg/kg
â€¢¿�â€”â€¢I0mg/kg

5 10 15

FRACTION NO.

Chart 5. Effect of various doses (50, 20, and 10 mg/kg, symbols defined
on the chart) of NPD on the sedimentation of liver DNA in alkaline su
crose from rats killed 4 hr after administration of the carcinogen.
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Chart 6. Differences in the sedimentation profiles of liver DNA on
alkaline sucrose gradients 4 hr (upper) and 24 hr (lower) after injection of
DPZ. With doses of both 50 and 10 mg/kg, the degree of "damage" to

the DNA was greatest 24 hr after treatment.

sedimentation rate of DNA in neutral sucrose gradients
following administration of NPD or DPZ.

NPD and DPZ were similar in that repair of the single-
strand breaks induced by either compound required at least
6 days (Charts 7 and 8). The patterns of repair following
N M and NPD were similar in that there was a gradual
movement of a single peak of radioactivity from a position
of maximal displacement to the control position at the bot
tom of the tube. Thus there was no radioactivity in Frac
tions 1 to 3 until 14 or 6 days, respectively, after treatment
(Charts 3 and 7, respectively). In contrast, repair of the
DPZ lesion was characterized from Day 2 onward by a
gradually increasing amount of radioactivity in Fraction 2
(Chart 8).

As a means of demonstrating the involvement of the
nitroso group in the modification of these cyclic com
pounds, the parent amines, morpholine, piperidine, and
piperazine were used. These compounds were comparably
toxic to their nitroso derivatives; administration of 400 mg
morpholine per kg killed all animals (4 rats) treated and
100 mg/kg killed 1 rat of 4 treated. Injection of 100 mg
piperidine per kg caused death within 3 hr (2 rats). The
doses used to determine the effect on velocity sedimenta
tion of DNA (100 mg morpholine per kg, 50 mg piperidine

per kg, and 50 mg piperazine per kg) were sufficiently low
to permit the majority of treated animals to survive for at
least 48 hr. Four hr after administration of these com
pounds, there was no difference in the sedimentation pro
files of DNA from the treated animals and that from 0.9%
NaCl solution-treated control rats (Chart 9). The same re
sult was obtained when the animals were killed 24 hr after
injection of the cyclic amines.

DISCUSSION

The results of the present study have shown clearly that
the administration of 3 cyclic carcinogenic nitrosamines, in
contrast to the corresponding parent heterocyclic com
pounds, induces measurable changes in DNA or DNA
complexes such that this macromolecule becomes consider-
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Chart 7. Repair of single-strand breaks in DNA following adminis
tration of 50 mg NPD per kg. Sedimentation profiles of liver DNA in
alkaline sucrose from rats killed 1, 2, and 6 days after treatment are
shown.
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Chart 8. Repair of single-strand breaks in DNA following administra
tion of 50 mg DPZ per kg. DNA was analyzed by sedimentation in alkaline
sucrose gradients 2, 3, and 6 days after treatment.
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Chart 9. Failure of the cyclic amines piperazine, morpholine, and
piperidine to modify the sedimentation profiles of rat liver DNA in alka
line sucrose gradients. Rats were killed 4 hr after administration of the
compounds at the levels shown on the chart and there was no difference
between these profiles and that obtained using an untreated control rat,
shown in the upper Â¡eftpanel.

ably lighter when examined by sedimentation velocity in an
alkaline sucrose gradient and in 1 case a neutral sucrose
gradient. At least 2 general considerations become impor
tant in interpreting the possible biochemical and biological
significance of these lesionsâ€”the validity of the measure
ment of liver DNA by velocity sedimentation under the
conditions used and the implications concerning the prob
able metabolic activation of the cyclic nitrosamines and the
interaction of any activated forms with liver DNA.

The analysis of DNA by velocity sedimentation has
given much useful information for many problems relating
to DNA in bacteriophage, bacteria, and other prokaryotes.
The application of such techniques to the eukaryote and
especially to tissues of the intact animal is complicated by
the very large size of such DNA and its association with a
variety of proteins as well as RNA (3-6, 10, 18). However,
there is increasing evidence that the method for liver DNA
as used in this study (4) is probably a valid way to obtain
new information concerning the effects of chemical car
cinogens and other chemical compounds upon the state of
the DNA in liver. Briefly, the evidence relating to alkaline
sucrose gradients is as follows: (a) the material in the radio
active peak from control liver is acid precipitable (with 5%
trichloroacetic acid), alkali stable (0.3 \ KOH, 37Â°for 30

min), and sensitive to DNase but resistant to Pronase and
RNase (4); (b) the material in the peak is free from detect
able protein and RNA (less than 5%) as measured with
radioactive labeled precursors (4); (c) the material in the
peak behaves like single-stranded DNA on hydroxyapatite
columns (4); (d) mixing of liver from control and from di-

methylnitrosamine-treated animals with appropriately
labeled DNA gives 2 peaks, a control peak and a consider
ably lighter peak from the treated animal. No overlap or
mixing of the 2 DNA's was found and (e) pancreatic DNase

I added to the lysing solution had no measurable hydrolytic
effect on the DNA. All of the above observations indicate
that velocity sedimentation of liver preparations in alkaline
sucrose gradients maintains very heavy DNA in predom
inantly single-stranded form when the lysing conditions with
sodium dodecyl sulfate are used. In respect to neutral su
crose gradient, extensive incubation with RNase or pronase
has no noticeable effect on the size distribution of the DNA
and there is less than 5% contamination with protein or
RNA as measured by the use of labeled precursors.

Assuming that the decrease in velocity sedimentation of
liver DNA represents a difference in size of the DNA mole
cules, one must conclude that the 3 cyclic carcinogenic
nitrosamines used were somehow interacting with the DNA
to initiate such a change. Whether the change directly
causes the apparent break in the DNA or whether it merely
acts as a recognition site for an appropriate endonuclease
remains to be determined.

These results with the nitroso derivatives are in apparent
contrast to those of the parent cyclic amines which induced
no obvious change in the size range of liver DNA even when
administered at toxic levels.

In the case of a variety of alkylnitrosamines, including
dimethylnitrosamine, there is accumulating evidence that
metabolic conversion to some activated moiety is a pre
requisite for both toxic and carcinogenic activity (14). The
current concept concerning the cyclic nitroso compounds
is contradictory. Chronic administration of NM, NPD, and
DPZ induces liver tumors, with N M the most potent of the
3, as reviewed in detail by Druckrey et al. (8). N M also
causes kidney tumors while NPD and DPZ cause esopha-
geal cancer in rats. Although theoretically a need for meta
bolic activation of each of these 3 nitrosamines would be
predicted, the available experimental data are not clear on
this point.

It appears that the parent heterocyclic compounds are
either not metabolized or metabolized only to a small de
gree. Morpholine is known to be excreted in rats unchanged
(17). Also in rats, the antifilarial drug diethylcarbamazine
is almost completely (95% recovery^ metabolized to com
pounds that contain an intact piperazine ring which is ex
creted as such (2). Piperidine synthesized by intestinal flora
is excreted intact (19). Hence, it has been suggested that
these cyclic nitrosamines would not be degraded in vivo (1).

This suggestion is not supported by recent work with
N M in the rat. In studies with radioactive N M (/V-nitroso-
3-14C morpholine), exhalation of radioactive CO2 occurred

at linear rates for 30 hr and alkylation of both DNA and
RNA of liver were found (B. W. Stewart, P. F. Swann,
J. W. Holsman, and P. N. Magee, unpublished results)
(24). At least 6 radioactive compounds were found on acid
hydrolysis of the DNA, 1 of which proved to be 7-(2-hy-
droxyethyl)-guanine. These data are in obvious contrast to
those of Lijinsky and Ross (13), who concluded that alkyl
ation of rat liver nucleic acids was not related to carcino-
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genesis by cyclic nitrosamines, since no 7-methylguanine
was found in DNA following the administration of each of a
series of cyclic nitrosamines. Unfortunately, these authors
did not report on the presence or absence of other alkylated
derivatives, even though the DNA was labeled.

Previous work (7) indicated that there is a progressive
decrease in the velocity sedimentation rate of hepatic DNA
in alkaline sucrose gradients from 15 min to 4 hr after in
jection of dimethylnitrosamine. This appearance of single
strand breaks in DNA correlates with the rate of elimina
tion of the nitrosamine from the blood, a process which
appears to be intimately related to metabolism by the liver
(16). The latter in term is closely correlated with methyla-
tion of hepatic DNA (14-16). Furthermore, treatment of
rats with aminoacetonitrile, which decreases the rate of
loss of dimethylnitrosamine from the blood, the rate of
oxidation to CO2, and the level of methylation of DNA
(9), also decreases the degree of DNA strand damage by
this nitrosamine (B. W. Stewart, unpublished observations).
Thus, there is evidence that with at least 1 nitrosamine,
metabolism of the carcinogen correlates closely with alkyl-
ation of liver DNA and with the induction of DNA damage
as measured by velocity sedimentation.

The less complete data with N M suggest the same tenta
tive conclusion for this cyclic nitrosamine. If further studies
support this suggestion, it is probable that the measure
ment of velocity sedimentation of liver DNA may prove to
be a sensitive index of the generation of highly reactive
moieties from precursor chemicals by the liver. The data
with NM as well as with nitrosodihydrouracil (23) indicate
that doses of 1/200 or less of the 50% lethal dose may have
detectable effects by this method.

Although NM, NPD, and DPZ all induce DNA damage
in the liver, there is no obvious explanation why NM alone
should cause double-strand breaks. Such double strand
breaks have now been observed in rats given 1 of 4 other
hepatocarcinogens, 2 active forms of 2-acetylaminofluorene,
the /V-hydroxy and /V-acetoxy derivatives (21), nitrosodi
hydrouracil (23), and 3-hydroxyanthine (R. O. Michael and
D. S. R. Sarma, personal communication). In contrast,
carcinogenic methylating and ethylating agents thus far
examined (5, 7) cause only single-strand breaks in hepatic
DNA even though the degree of strand damage to DNA,
as measured by velocity sedimentation, is as great or
greater than with the compounds inducing double-strand
breaks. With respect to repair, most previous studies of
this phenomenon have utilized nonsemiconservative or un
scheduled DNA synthesis as an assay (see reviews in Refs.
3, 10, and 25). Such experiments, which usually involve ex
posure of cultured cells to various chemicals including car
cinogens (4, 12, 20, 22), cannot be easily related to the
present experiments either from the point of view of dose
response or duration of repair (see discussion, Ref. 4). How
ever, comparison is possible between the present data and
that obtained with the same assay system with other car
cinogens, particularly methylating agents (7). In this re
spect, N M resembles dimethynitrosamine and methyl-
azoxymethanol in that repair of the DNA requires at least
14 days. The damage produced by NPD and DPZ requires

6 days for repair in contrast to a corresponding time of a
few days for nitrosomethylurea and methyl methanesul-
fonate which have not been reported to cause liver cancer in
otherwise untreated adult rats. Thus the more potent liver
carcinogen, NM, differs from the other 2 cyclic compounds
examined in the production of double strand breaks and in
the length of time required to repair the damaged DNA.
The possible relationship of these lesions to carcinogenic
activity is being examined.

As with studies of other carcinogenic compounds (5, 7,
21, 23), the basis for the differences in duration of repair
between the 3 cyclic nitrosamines remains unknown. Con
ceivably, differences in the chemical nature of the inter
action between the carcinogen and DNA, in varying sus
ceptibilities of different parts of the DNA to interaction or
in varying effects on proteins such as repair enzymes, that
could be targets for the active forms of the carcinogens
might well be important factors in determining patterns of
repair of damage induced by carcinogens. Whether these
differences in turn have any role in determining the time
and dose patterns of carcinogenesis remains a provocative
area for intensive study.
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