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ABSTRACT

A new viscometric technique, capable of detecting DNA strand breaks
and alkali-labile sites by monitoring time-dependent changes of DNA-
reduced viscosity, has been used to analyze dose-response curves for the
induction of DNA damage in liver of rats treated with single p.o. doses
of sixteen A-nit roso compounds. Statistically significant changes of DNA
viscometric parameters, which are considered indicative of DNA frag
mentation, were produced by A'-nitrosodimethylamine (0.022 mg/kg), ,'V-
nitrosomethylethylamine (0.025 mg/kg), V-nitrosodiethylamine (0.067
mg/kg), jV-nitrosodiethanolamine (1.03 mg/kg), Ar-nitrosodi-/i-propylam-
ine (031 mg/kg), N- nitrosodi-n-butylamine (0.083 mg/kg), /V-nitroso-A1-
methylurea (0.56 mg/kg), A'-nirroso-A'-ethylurca (037 mg/kg), /V-nitroso-
A'-butylurca (0.16 mg/kg), streptozotocin (20 mg/kg), A'-nitrosomorpho-
line (0.4 mg/kg), JV-nitrosopiperidine (2.22 mg/kg), A'-nitrosopyrrolidine
(5.0 mg/kg), l-nitroso-2-imidazolidinone (031 mg/kg), and A'-methyl-
A"-nitro-A'-nitrosoguanidine (5.57 mg/kg).

The contemporary measurement of liver DNA fragmentation by the
alkaline elution technique revealed that in our experimental conditions
higher doses are needed to produce a statistically significant increase of
DNA elution rate. This suggests that the viscometric method is capable
of detecting smaller levels of /V-nitroso compound-induced DNA frag
mentation, but it does not exclude that the sensitivity of alkaline elution
can be improved by appropriate modifications of the experimental pro
cedure. With both techniques DNA damage was undetectable in liver of
rats treated with 540 mg/kg of the non-hepatocarcinogen A'-nitrosodi-

phenylamine. With the exception of A-nitrosodiethanolamine, that ex
hibited a plateau effect, all the other A'-nitroso compounds examined
displayed a linear dose-response curve over the entire wide range of doses
tested. Consequently, a nonlinearity of the relationship between dose and
tumor response cannot be attributed to a nonlinearity of the pharmaco-
kinetic processes involved in the formation of DNA damage.

INTRODUCTION

NOC3 have been recognized as potent carcinogens, active in
a large variety of animal species (1-3). Since they are wide
spread in the human environment and can be formed endoge-
nously in humans from precursors ingested separately (4, 5),
their importance cannot be overrated. However, the relevance
of NOC to a possible carcinogenic risk to humans is difficult
to establish, although some epidemiolÃ³gica! studies have indi
rectly suggested their possible role in the etiology of a number
of human cancers (6-9). In addition to interspecies differences,
the source of an erroneous risk estimate may be the linear
extrapolation to the low doses encountered in human exposure
of the results obtained in the experimental animals at doses
many orders of magnitude higher. In fact, the relation between
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applied dose and tumor response may be nonlinear (10). This
nonlinearity often reflects a nonlinearity of the pharm ucokine tic-

processes, absorption, distribution, metabolism, and elimina
tion from which the effective concentration of the ultimate
carcinogen at the level of the target organ is dependent (10).
There is indeed evidence of a frequent linear relation between
the concentration of carcinogen-DNA adducts and tumor inci
dence (11-15), and this correlation may be improved when the
levels of specific DNA adducts and the rates of their removal
are included in the evaluation (16-18). A limitation for a DNA-
binding assay in vivo is the need of radioactively labeled chem
icals. Recent evidence has shown that a new viscometric tech
nique provides a reliable estimate of the amounts of DNA
fragmentation produced in the intact rat by very low doses of
some chemical carcinogens (19-22). It is reasonable to assume
that for a preliminary study of the relationship between admin
istered dose and biologically active concentration the measure
ment of the amount of DNA fragmentation may represent an
alternative approach to the determination of DNA binding. It
was therefore decided to evaluate the relationship between dose
and induction of DNA fragmentation in the liver of rats treated
with a wide spectrum of single p.o. doses of 16 NOC of various
chemical structure. This evaluation also was done in order to
assess the sensitivity of the above-mentioned viscometric
method in detecting DNA damage induced by this family of
carcinogens. The frequency of DNA single-strand breaks and/
or alkali-labile sites was measured either by the alkaline elution
technique (23) or by the viscometric method (21). In our exper
imental conditions alkaline elution should allow the detection
of one DNA lesion/5 x IO8 to IO9 daltons and the viscometric
method of approximately 0.3 lesions/1010 daltons (19).

MATERIALS AND METHODS

Chemicals. The chemical name, abbreviation, molecular weight, LDM
for single p.o. administration, source, and chemical purity of the NOC
investigated are reported in Table 1. Tc true*thy (ammonium hydroxide

was purchased from E. Merck, Darmstadt, Federal Republic of Ger
many. All other chemicals were reagent grade.

Treatment of Animals. Random-bred male albino Sprague-Dawley
rats (160 to 180 g) fasted for 12 h were used. NBU, NDPHA, NIMIO,
and MNNG were suspended in distilled water with 1% carboxymethyl
cellulose as suspending agent, and the other NOC were dissolved in
distilled water immediately before use. A single dose of each NOC was
administered by gavage in 0.01 ml of vehicle/g of body weight. Controls
were given by gavage the same amount of the same vehicle. Rats were
sacrificed 3 h after treatment.

Viscometric Analysis of DNA Damage. A detailed description of the
theory and technique of DNA viscometric analysis has already been
published (19-21). Briefly, the viscometer, used at constant temperature
(22 Â±0.1'C) consists of a perspex crucible oscillating around a nickel/

chromium wire from which it is suspended and containing the DNA
solution under study in a half-filled U-shaped concentrica! channel dug
into the disc. The parameter measured is the harmonic damped oscil
lation of the crucible, which depends on the frictional torque exerted
by the liquid on the internal walls of the circular channel. In order to
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LIVER DNA DAMAGE BY W-NITROSO COMPOUNDS

Table 1 N-Nitroso compounds tested

NameAT-nitrosodimethylamineiV-nitrosomethylethylamine.V

nilniMiiliclhylanlincjV-nitrosodiethanolamine/V-nitrosodi-n-propylamine,Y-nitrosodi-n-butylamineA'-nitroso-A'-methylureaJV-nitroso-yV-ethylurea/V-nitroso-A'-butylureaStreplozotocin/V-nitrosomorpholine.V

nitre iscipipcriiliiH-W-nitrosopyrrolidine1

-Nitroso-2-imidazolidinoneJV-Methyl-N'-nitroWV-nitrosoguanidineiV-nitrosodiphenylamineAbbreviationNDMANMEANDEANDELANDPANDBANMUNEUNBUSTRNMORNPIPNPYRNIMIDMNNGNDPHAMolecular

wt74.188.1102.1134.1130.2158.2103.1117.1145.2265.2116.1114.2100.2115.1147.1198.2LDM(mg/kg)Â°2690280>75004801200110300400Not

known282200900Not

known901650SourceE.

Merck, Darmstadt, Federal Repub
lic ofGermanySigma

Chemical Co., St. Louis,MOE.
Merck, Darmstadt, Federal Repub

lic ofGermanyICN
Biomedicals, Inc., Plainview,NYEastman

Kodak Co., Rochester,NYEastman
Kodak Co., Rochester,NYServa

Feinbiochemica,Heidelberg,Federal
Republic ofGermanyServa

Feinbiochemica,Heidelberg,Federal
Republic ofGermanyServa

Feinbiochemica,Heidelberg,Federal
Republic ofGermanyServa

Feinbiochemica,Heidelberg,Federal
Republic ofGermanyServa

Feinbiochemica,Heidelberg,Federal
Republic ofGermanyServa

Feinbiochemica,Heidelberg,Federal
Republic ofGermanyICN

Biomedicals, Inc., Plainview,NYServa
Feinbiochemica,Heidelberg,Federal

Republic ofGermanyServa
Feinbiochemica,Heidelberg,Federal

Republic ofGermanyICN
Biomedicals, Inc., Plainview, NYChemical

purity(%)98Reagent

grade98Reagent

gradeReagent
gradeReagent
grade999910010010098Reagent

grade99100Reagent

grade
" Dose lethal to 50% of rats after single p.o. administration, as reported in Ref. 39.

obtain values of specific viscosity, the visconte ter has been standardized
against solutions of glycerol in distilled water at concentrations ranging
from 0 to 50%. In the experiments reported in this paper liver cell
nuclei of treated and control rats were obtained by liver perfusion, and
analyzed viscometrically in alkaline conditions (pH 12.5) at high ionic
strength (I = 1.08) as previously described (19, 21). The cells harvested
with the procedure used were predominantly of the lobular parenchyma.
The number of nuclei lysed in the circular channel of the viscometer
ranged from 6 to 7 x 10'. Results are expressed as reduced viscosity

(imi) that is the viscosity of DNA solution for concentration units of
DNA, determined at the end of each experiment. To obtain quantitative
parameters, viscosity measurements were performed at 20- to 40- min
intervals. Instead of computing viscometric data with the previously
described manual method (21), a new computerized system, which
allows the contemporary analysis of three specimens has been used to
monitor time-dependent changes in the viscosity of the DNA solution.
In brief, the damped oscillation of the crucible is registered by a sensor,
formed by 64 phototransistors, which receives the light beam reflected
by a mirror attached to the axis of the crucible. An appropriate ana
logue-digital circuitry reads the phototransistors with a cyclic sequence.
A microprocessor unit, based on a purposely designated microcomputer
card, operates a storage and preelaboration of data generated by the
sensors of three viscometers. High level data analysis is carried out by
an Apple II computer in terms of an esponential decay process using
an iterative least-squares-fitting algorithm according to the following
equation

where t is the time and h the slope of the curve. The parameters
calculated were (a) t-95, which is the time required for i)rejto reach
95% of (jjred)â„¢,,(b) 95% of (ifajmuÂ»and (c) slope of TJ^Jtime-dependent
increase (which depends also upon the initial value of )/â€ž.,,).Means were
compared by using Student's t test (2 tailed).

Previous experiments (21, 22) demonstrated that treatment of rats
with single doses of chemical carcinogens inducing DNA fragmentation
(direct single-strand breaks and/or alkali-labile sites) causes a reduction
of both t-95 and 95% (rimi)mâ€žand an increase in the slope of i;,,.(i.In
nine male rats of the same age treated i.p. with 0.07 mg/kg of NDMA
(21) f-95 values of liver DNA ranged between 295 and 473 min (368 Â±
58 (SD) min). Because of this satisfactory repeatability of results, we
deemed it sufficient to carry out only 3 viscometric determinations (on
3 different rats) for each dose of the 16 NOC considered in this study.

Determination of DNA Damage by Alkaline Elution. DNA fragmen
tation was evaluated by the alkaline elution technique (23) on aliquots
of the same liver nuclei suspensions used for the viscometric analysis.
The procedure used has been previously described (24). Briefly, 1 x 10'

nuclei were deposited onto a Millipore filter (mixed esters of cellulose;
25 mm diameter, 5 /Â¿mpore size) and lysed with 0.2% sodium lauroyl-
sarcosinate:2 M NaCl:0.02 M disodium EDTA. Single-stranded DNA
was eluted from the lysate in the dark with the controlled flow (0.15
ml/min) of 15 ml of 0.06 M tetraethylammonium hydroxide:!Â».02M
disodium EDTA (pH 12.3). AH of these steps were performed at the
constant temperature of 22 Â±1"C. The content of DNA in the eluate

and that remaining on the filter was determined by a previously de
scribed fluorometric procedure (24). The recovery of applied DNA was
80% or greater. Data are expressed both as percentage of DNA eluted
from the filter and as elution rate over controls. The percentage of
DNA eluted from the filter gives direct information about the experi
mental results obtained. A",- ACis the average elution rate over controls,

where K, is the elution rate of DNA from treated rats and ATCis the
elution rate of DNA from control rats. K was calculated from the
equation

K =
(-\nFR)

where FR is the fraction of DNA retained on the filter and V is the
eluting volume (15 ml). As a first approximation A' is directly propor

tional to the number of DNA single-strand breaks (23).

RESULTS

Analysis of DNA Fragmentation by the Viscometric Method.
In 20 experiments carried out with liver nuclei from control
rats the time required for DNA reduced viscosity (j^ed)to reach
95% of (7/red)mM,i.e., t-95 value, ranged between 1044 and 1484
min, 95% (i]rcÃ¡)m**between 2.46 and 2.96 x 10~2 dl/g, and the

slope of Tjredtime-dependent increase between 0.18 and 0.29 x
10~2. Data listed in Table 2 show that 15 of the 16 NOC tested

induced a dose-dependent reduction of both f-95 and 95%
(ired)nuxand a parallel dose-dependent increment in the slope
of T?,Â«!,which are all indices of DNA fragmentation. Any sig
nificant modification toward controls of liver DNA viscometric
parameters was absent in rats treated with 540 mg/kg of
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LIVER DNA DAMAGE BY N-NITROSO COMPOUNDS

Table 2 Effect ofN-nitroso compounds on viscometric behavior of rat liver DNA

Rats were given a single p.o. dose and were killed 3 h after treatment. Parameters of Columns 3, 4, and 5 were computed from viscometric profiles as described in
"Materials and Methods." They are, respectively, f-95, time required for jjâ€žito reach 95% of (T^).Â»,; 95% (T)â€ž,I)â€žâ€ž;and slope of TJ^ time-dependent increase. Each

treated group contained three rats. The control group contained 20 rats.

N-Nitroso
compoundControlNDMANMEANDEANDELANDPANDBANMUNEUDose(mg/kg)0.0220.0670.20.61.80.0250.0740.220.672.00.0670.20.61.85.41.033.089.2527.8250.0750.00.310.932.88.325.00.0830.250.742.226.6720.060.00.190.561.675.00.371.113.331

0.030.0r-95

(min)1271
Â±182Â°891

Â±86*609
Â±19'383
Â±67'188

Â±33'60
Â±19'853

Â±58'581
Â±4'408
Â±30e196
Â±20'0913

Â±19*735
Â±37'582

Â±13'384
Â±14'183

Â±32'816

Â±27'614
Â±75'349

Â±29e247

Â±V2\6Â±9C234

Â±11'999

Â±202*834
Â±124'467
Â±15'396
+51'196

Â±67'811

Â±18e704
Â±23C486
Â±56'206
Â±23'169
Â±16'66
Â±29'01241

Â±43589
Â±30e444
Â±11'200

Â±5'962

Â±104''743
Â±75'661
Â±78'318
Â±16'177
Â±13'95%

(â€žâ€ž,)â€žâ€žxlO-2dl/g2.76

Â±0.162.47

Â±0.03*2.24
Â±0.05'2.14

Â±0.10'1.67
Â±0.14'1.33
Â±0.04'2.43

+0.05*2.
10Â±0.03'1.72

Â±0.01'1.09
+0.01'0.88
Â±0.03'2.54

Â±0.03d2.31
Â±0.08'2.17

Â±0.10e1.99
Â±0.05'1.62
Â±0.02'2.33

Â±0.04'2.18
Â±0.03'1.99

Â±0.21'1.98
Â±0.06'1.56

Â±0.02'1.47
Â±0.03'2.33

Â±0.10e2.17
Â±0.02'2.08

Â±0.07'1.92
Â±0.08'1.49

Â±0.14'2.54

Â±0.061*2.32
Â±0.04'2.24
Â±0.04'1.25

Â±0.03'1.12
Â±0.06'0.84

Â±0.05'0.81
Â±0.08'2.85

Â±0.032.26
Â±0.04'1.58

Â±0.14'1.00
Â±0.08'2.42

Â±0.03*2.15
Â±0.10e2.05
Â±0.05'1.81

Â±0.22'1.55
Â±0.01'Slope

(xIO"2)0.24

Â±0.030.33

Â±0.04'0.48
Â±0.02'0.80
Â±0.15'1.62
Â±0.29'5.75
Â±1.81'0.35

Â±0.03'0.51
Â±0.01'0.74
Â±0.05'1.52

Â±0.16'000.33

Â±0.01'0.48
Â±0.02'0.51
Â±0.02'0.78
Â±0.03'1.67
+0.27'0.37

Â±0.01'0.50
Â±0.06'0.84
Â±0.07'1.21

Â±0.04'1.39
Â±0.05'1.27
Â±0.06'0.30

Â±O.Oo*0.37
Â±0.05'0.63

Â±0.01'0.74

Â±0.1^1.75
Â±0.62'0.37

Â±0.01'0.42
Â±0.02'0.63
Â±0.07'1.48

Â±0.17'1.80
Â±0.17'5.66

Â±2.52'000.24

Â±0.010.50
Â±0.03'0.68

Â±0.01'1.49
Â±0.04'0.32

Â±0.04'0.41
Â±0.04'0.52

Â±0.13'0.92
Â±0.05'1.66
Â±0.12'N-Nitroso

Dose
compound(mg/kg)NBU

0.160.491.484.4413.340.0STR

6.6720.060.0180.0NMOR

0.130.401.23.610.732.0NPIP

0.742.226.6720.0NPYR

1.675.015.045.0NIMID

0.310.932.788.3325.075.0MNNG

5.5716.750.0150NDPHA

540f-95

(min)1007
Â±110"616

Â±31'518Â±

\<f399
Â±49*204
Â±23'94
Â±10e1307

Â±163831
Â±44'600
Â±19e130
Â±15'1052

Â±105666
Â±28'379

Â±31'169
Â±6'95

Â±14'01174

Â±122655
Â±99'324
Â±63'170

Â±5'1178Â±

100668
Â±8'328

Â±iff144
Â±15'849

Â±118*604
Â±59'462
Â±49e212Â±r121

Â±10'93
Â±5'835

Â±130e504
Â±100e351
Â±59e171
Â±16'1411

Â±8895%

(^W
Xl0-2dl/g2.41

Â±0.08*2.25
Â±0.10e2.09
+0.12'1.90
+0.27'1.84

Â±0.06'1.52
Â±0.15'3.02

Â±0.09*2.32
Â±0.03'2.22
Â±0.04'1.87
+0.06'2.58

Â±0.052.31
Â±0.07'1.81

Â±0.02'1.11
Â±0.03'0.99

Â±0.02'0.64
Â±0.04'2.74

Â±0.042.37
Â±0.04'2.03
Â±0.02'1.61

Â±0.13'2.82

+0.122.07
Â±0.08'1.79

Â±0.16'1.23
Â±0.06'2.66

Â±0.102.33
Â±0.02'2.04
Â±0.02'1.83

Â±0.10'1.28
Â±0.11'1.38
Â±0.04'2.55

Â±0.15''2.07
+0.05'1.73

Â±0.03'1.33
Â±0.03'3.05

Â±0.11*Slope

(xIO'2)0.30

+0.04*0.49
+0.02e0.58
Â±0.02'0.77

Â±0.10'1.49
Â±0.17'3.26

Â±0.37'0.24

+0.030.35
+0.03'0.50
Â±0.02'2.36
Â±0.28'0.29

+Q.Oy0.45
Â±0.02'0.80
Â±0.06'1.79

Â±0.04'3.19
Â±0.45'000.27

Â±0.030.47
Â±0.07'0.95
+ 0.1<f1.75

Â±0.05'0.26

Â±0.030.45
Â±0.01'0.92
Â±0.09'2.10

Â±0.21'0.36

Â±0.05'0.51
Â±0.05'0.65

Â±0.07'1.39
Â±0.03'2.50

+0.21'3.20
Â±0.17'0.37

Â±0.05'0.62
Â±0.13'0.88
Â±0.14'1.75

Â±0.15'0.22

Â±0.03

Â°Mean Â±SD.
* Significantly different from controls (P < 0.01).
' Significantly different from controls (P< 0.001).
d Significantly different from controls (P < 0.05).

NDPHA (approximately, one-third of LDÂ»). The correlation
between dose (log value) and f-95, which resulted in the most
sensitive index of DNA fragmentation, is shown in Fig. 1. A
regression analysis between the two values demonstrated that
14 of the 15 active NOC produced an amount of DNA frag
mentation proportional to the dose over the entire range of the
doses tested. A departure from the linearity of the dose-response
curve was observed with NDELA, which displayed a plateau
effect at dosages greater than 27.8 mg/kg. The minimal dose
capable of producing a statistically significant modification of
DNA viscometric parameters was lower than 0.1 mg/kg for
NDMA, NMEA, NDEA, and NDBA; between 0.1 and 0.5 mg/
kg for NDPA, NEU, NBU, NMOR, and NIMID; between 0.5
and 5 mg/kg for NDELA, NMU, NPIP, NPYR; and higher
than 5 mg/kg for STR and MNNG.

Analysis of DNA Fragmentation by the Alkaline Elution Tech
nique. In 16 assays performed with liver nuclei from control

rats the percentage of DNA eluted from the filter ranged
between 11.0 and 22.8, and the elution rate constant from
0.0078 to 0.0172. Data listed in Table 3 show that 14 of 16
NOC tested produced a dose-dependent amount of DNA frag
mentation, as revealed by the increased values of the elution
rate. NPIP was active only at a dose (180 mg/kg) close to LDso.
DNA damage was absent in the liver of rats given 540 mg/kg
of NDPHA. The correlation between dose (log value) and
percentage of DNA eluted from the filter is shown in Fig. 2. A
regression analysis between the two values demonstrated that
13 of the 14 active NOC produced an amount of DNA frag
mentation proportional to the dose over the entire range of
doses tested. In agreement with the results provided by the
viscometric method, a plateau effect was observed with doses
of NDELA higher than 27.8 mg/kg. The minimal dose capable
of inducing a statistically significant increase in the percentage
of eluted DNA was lower than 1 mg/kg for NDMA, NMEA,
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LIVER DNA DAMAGE BY JV-NITROSO COMPOUNDS

1200 r

Fig. 1. Dose-response curves obtained in
rats with IS carcinogenic N-nitroso com
pounds by measuring the amount of liver DNA
fragmentation with the viscometric method 3
h after p.o. administration of a single dose.
Curves were lit ted by regression analysis.
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and NDEA; between 1 and 10 mg/kg for NDELA, NDBA,
NMU, and NMOR; and higher than 10 mg/kg for NDPA,
NEU, NBU, STR, NPYR, NIMID, and MNNG.

DISCUSSION

DOSE (mg/kg)

the results of previous studies (25-27) which showed that
NDMA, NMU, NEU, NMOR, NPIP, and MNNG produced
the maximal amount of DNA damage between 1 and 4 h after
administration. However, it may be that for other NOC the one
observed does not correspond to the peak of DNA fragmenta
tion. Although the two techniques used measure different phys-

In the present work we have investigated in 16 NOC of ical properties of DNA, both of them have been shown to
various chemical structures the relationship existing between
dose and amount of DNA fragmentation induced in rat liver

provide a reliable estimate of the amount of DNA fragmenta
tion (21, 23). With the exception of NDELA and NDPHA, all

DNA. Rats received a single p.o. dose, and the frequency of the NOC examined displayed a linear dose-response curve over
DNA single-strand breaks and/or alkali-labile sites was evalu- the entire range of doses tested (Figs. 1 and 2). NDELA
ated 3 h after treatment either with a new viscometric method exhibited a plateau effect starting from 27.8 mg/kg. DNA
or with the alkaline elution technique. The choice of a 3-h fragmentation was absent in the liver of rats given 540 mg/kg
interval between treatment and killing of rats was suggested by (approximately, one-third LDso) of NDPHA, for which there is
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LIVER DNA DAMAGE BY ^-NITROSO COMPOUNDS

Table 3 Fragmentationof rat liverDNAinducedby N-nitrosocompoundsas
measuredby the alkalineelation technique

Rats were given a single p.o. dose and were killed 3 h after treatment.
Parameters of Columns 3 and 4 were obtained as described in "Materials and
Methods." Each treated group contained four rats/dose. The control group
contained 16 rats.

N-Nitroso
compoundControlsNDMANMEANDEANDELANDPANDBANMUNEUNBUSTRNMORNPIPNPYRNIMIDMNNGNDPHADose(mg/kg)0.2

0.6
1.8
5.40.67

2.0
6.00.6

1.85.4

16.21.03

3.08
9.25

27.8
250.0
750.025.0

75.0
225.02.22

6.67
20.0
60.00.56

1.67
5.0

15.030.0

90.0
270.013.4

40.0
120.020.0

60.0
180.01.2

3.610.7

32.060.0

180.015.0

45.0
135.025.0

75.0
225.050.0

150.0
450.0540.0%

DNA eluted
from the filter
(mean Â±SD)16.8

Â±3.421.5

Â±2.7
57.8 Â±3.1Â°
73.2 Â±10.3Â°
79.9 Â±3.6Â°28.6

Â±5.8Â°
56.0 Â±2.7Â°
76.7 Â±4.0Â«21.2

Â±2.2*
43.1 Â±7.2Â°
52.3 Â±6.2Â°
58.4 Â±1.6Â°23.1

Â±2.5C
46.8 Â±5.2Â°
67.3 Â±7.2Â°
71.5 Â±4.1Â°
72.2 Â±9.2Â°
76.6 Â±7.4Â°21.8

Â±2.2C
66.9 Â±2.4Â°
81.6 Â±2.3Â°30.4

Â±3.9Â°
43.2 Â±4.9Â°
58.6 Â±7.2Â°
70.0 Â±5.2Â°19.4

Â±0.7
39.6 Â±1.9Â°
58.9 Â±7.4Â°
79.3 Â±5.0Â°23.4

Â±5.Ie
54.7 Â±2.7Â°
74.9 Â±3.0Â°17.1

Â±1.7
41.4 Â±6.5Â°
75.8Â±3.1Â°21.3

Â±2.2*
29.0 Â±2.5Â°
38.3 Â±5.2Â°43.6

Â±1.8Â°
54.7 Â±3.6Â°
62.8 Â±3.6Â°
68.3 Â±5.7Â°17.4

Â±4.8
31.1Â±4.9Â°27.9

Â±5.6Â°
50.5 Â±5.1Â°
66.7 Â±2.7Â°23.7

Â±3.4'
50.5 Â±7.3Â°
71.0Â±1.4Â«26.0

Â±2.4Â°
46.1 Â±0.8Â°
85.5 Â±2.7Â°19.2

Â±6.3DNA

elution rate
overcontrols

(K, -Ai)(Ac

=0.0123)0.0039

0.0453
0.0755
0.09470.0102

0.0425
0.08480.0034

0.0253
0.0371
0.04620.0052

0.0363
0.0623
0.0714
0.0731
0.08450.0041

0.0614
0.10060.0119

0.0254
0.0465
0.06800.0021

0.0213
0.0470
0.09270.0055

0.0405
0.07990.0002

0.0234
0.08230.0037

0.0106
0.01990.0259

0.0405
0.0537
0.06430.0005

0.01260.0095

0.0346
0.06100.0058

0.0346
0.07030.0078

0.0289
0.11650.0020

Â°Significantlydifferent from controls (P < 0.001).
*Significantlydifferentfrom controls (P < 0.05).
cSignificantlydifferent from controls (P < 0.01).

limited evidence of carcinogenic activity (28). Concerning
NDMA and NDEA, our findings are in good agreement with
data previously obtained by measuring the relationship between
dose and amounts of 7-alkylguanine and 06-alkylguanine,

which were linear for doses of NDMA (29) ranging from 0.001
to 20 mg/kg, and for doses of NDEA (30) ranging from 0.5 to
100 mg/kg.

DNA fragmentation may be reasonably assumed to reflect
the intracci lular concentration and reactivity of the carcinogen.
If examined according to this assumption, dose-response curves
of Figs. 1 and 2 indicate that, with the exception of NDELA
and NDPHA, the biologically effective concentration of NOC
tested is directly proportional to the administered dose over a
wide range of dosages. This implies solely that nonlinearities
of the dose-response curves for tumor induction cannot be
attributed to saturation of metabolic and transport processes
involved in the formation of carcinogen-DNA adducts but are
the consequence of other causes. As a matter of fact the major
cause of DNA breaks in alkali are the apurinic sites generated
from the loss of unstable 7-alkylguanines, while several data
(16-18) demonstrate that the carcinogenic activity of NOC is
strongly correlated with the persistence of 06-alkylguanines in

tissues susceptible to tumor induction. Moreover, chemical
carcinogensis has been found to depend also on cell prolifera
tion and subsequent still poorly understood processes (31, 32).
For 8 of the NOC tested this is demonstrated (Fig. 3) by the
poor correlation existing between liver DNA-damaging po
tency, expressed as the dose which produced a 50% reduction
of the average t-95 value obtained in controls, and carcinogenic

potency, expressed as the dose which induced liver tumors in
50% of rats (1). A regression analysis of the relationship be
tween the log of DNA-damaging potency and the log of carcin
ogenic potency was carried out; the slope of the regression line
was 3.3, r = 0.516, and P > 0.05 (one tailed). Moreover, it is
worth noting that NMU, NEU, NBU, and NIMID, although
active in producing DNA damage, do not induce liver tumors
in rats.

With respect to the relevance of our findings to the evaluation
of the carcinogenic risk of NOC to humans, mention should be
made that for a series of cytotoxic chemicals including alkylat-
ing agents a remarkable quantitative parallelism has been found
to exist between the effect on humans and the effect on other
animal species (33), equitoxic doses being closely similar if
expressed as mg/m2 of body area. Since body area is ~3 dm2 in
a rat of 200 g and ~180 dm2 in a man of 70 kg, for some

nitrosamines found to induce liver DNA damage in rats at
doses lower than 0.1 mg/kg a similar amount of DNA damage
should be expected in humans for doses lower than 0.017 mg/
kg, which are close to doses encountered in the environment.

In the last few years it has been suggested that short-term in
vivo rodent assays should be used to assess if an agent previously
denned as genotoxic in vitro is capable of exerting a corespond-
ing effect in mammals exposed to it in vivo (34, 35). To do this
a fundamental requisite is the availability of a method capable
of revealing the genotoxic effect of meaningful doses. Under
our experimental conditions the viscometric method was more
sensitive than alkaline elution in detecting small levels of NOC-
induced liver DNA fragmentation. However, two points must
be considered. The main aim of this study was to investigate
the relationship between dose and amount of DNA damage for
a range of dosages as wide as possible, not to compare the
sensitivity of the viscometric method with that of alkaline
elution in their optimal forms. Consequently, to avoid an ex-
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Fig. 2. Dose-response curves obtained in
rats with 15 carcinogenic /V-nitroso com
pounds by measuring the amount of liver DNA
fragmentation with the alkaline elution tech
nique 3 h after p.o. administration of a single
dose. Curves were Tilted by regression analysis.
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cessive overlapping of the frequencies of DNA lesions revealed
by both methods and to better discriminate between the
amounts of DNA fragmentation produced by high doses, no
effort has been made to increase the sensitivity of alkaline
elution by the use of a larger filter and/or of a slower elution
rate. Moreover, it is worth noting that the difference in sensi
tivity between the two methods was found to depend on the
NOC tested. This can be seen by the ratios between the dose
producing a 50% increase in the amount of eluted DNA and
the dose producing a 50% reduction of f-95 (calculated from
the equations in Figs. 1 and 2): NDELA, 5.4; NMU, 8.3;
NPYR, 17.6; MNNG, 21.0; NDMA, 26.1; NMOR, 39.1;
NDPA, 52. 7; NMEA, 54.2; NDEA, 67.1; NEU, 74.7; NBU,
103.2; STR, 168.8; NDBA, 174.8; and NIMID 204.0. For
NPIP the estimate of this ratio gives a value in the order of
1000. At present we cannot give any meaningful explanation

for this variability. Markedly higher doses of NOC are usually
needed to obtain positive results with other in vivo genotoxicity
assays. Autoradiographic DNA repair was observed in hepato-
cyte primary cultures derived from treated rats only after i.p.
injection of 1 to 10 mg/kg of NDMA (36). Increased frequen
cies of micronuclei were detected in hepatocytes from rats
exposed to a single i.p. dose of 8 mg/kg NDMA and 40 mg/kg
NDEA (37). Doses found to be effective in increasing sister
chromatid exchange frequency in mouse bone marrow cells
were 18 mg/kg for NDMA, 216 mg/kg for NDEA, 172 mg/kg
for NDPA, 300 mg/kg for NDBA, 12 mg/kg for NMU, 60 mg/
kg for ENU, 33 mg/kg for STR, 37.5 mg/kg for NMOR, 21
mg/kg for NPIP, 25 mg/kg for NPYR, and 25 mg/kg for
MNNG (38). In conclusion the in vivo liver DNA damage/
viscometric assay can be considered to be a rapid and reliable
method of evaluating the genotoxic effect of NOC at doses near
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Fig. 3. Log-log plot of the relationship between DNA-damaging potency in
rat liver and carcinogenic potency for 8 hepatocarcinogenic A -nitroso compounds.
ED,,,, dose which produced a 50% reduction of r-95 control value; TI),,,, dose
which induced tumors in 50% of rats. The curve was fitted by regression analysis.

the level of human exposure or at least markedly lower doses
than those revealed as effective by other commonly used in vivo
short-term genotoxicity tests.
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