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Two aspects of the biological activity of N-nitros-

amines were studied. First, the effect of ascorbate on the

mutagenicity of N-nitrosopiperidines was studied in the Ames

Salmanella/ mammalian microsome mutagenicity test. The ad-

dition of ascorbate significantly enhanced the mutagenicity

of these compounds. This enhancement was selective for

N-nitrosamines suggesting a possible role of ascorbate in

N-nitrosamine induced carcinogenicity. Second, the tech-

nique of velocity sedimentation in alkaline sucrose density

gradients was applied to the detection of N-nitrosamine

induced DNA damage in Balb/c 3T3 cells. This technique

detected N-nitrosamine induced DNA damage when the cells

were made permeable before treatment. This technique

compares favorably with other test systems used to evaluate

N-nitrosamines and should be useful in further studies of

N-nitrosamines.
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CHAPTER I

INTRODUCTION

N-nitrosamines are an important class of chemical car-

cinogens. Over sixty of these compounds have been found to

be carcinogenic in animals. Every animal species which has

been tested is sensitive to N-nitrosamine induced carcino-

genicity (14,41,45). Humans are exposed to these compounds

from a number of sources. Among these are synthetic cutting

fluids, herbicides, pesticides, pharmaceuticals, cosmetics,

and cigarette smoke (27,28,36). N-nitrosamines have also

been found in a variety of foods including some types of

cheeses, processed meats and beers (18,19,20). The N-nitro-

samines in many of these sources are probably formed as a

result of the chemical reaction of nitrogen oxides with

amines in the material (36). Several studies, both in vitro

and in vivo (45,52,53,65), have suggested that another pos-

sible source of exposure to N-nitrosamines is through their

formation in the digestive tract from nitrite and amines.

Because of their carcinogenicity in animals and their wide-

spread human exposure, N-nitrosamines are highly suspect as

human carcinogens and the need to study their activity and

mode of action is obvious.
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Because animal cancer studies are severely limited by

cost, space and time requirements and a lack of sensitivity,

workers in the field of chemical carcinogenesis have relied

increasingly on tests which measure various biological

responses such as mutation, cell transformation, and un-

scheduled DNA synthesis. To the extent that these responses

are predictive of a compound's carcinogenicity, these tests

are useful in assessing and studying the mechanism of car-

cinogenicity of various compounds. The most widely used and

best characterized of these tests is the Salmonella/mammali-

an microsome mutagenicity test of Ames et al. (2), commonly

referred to as the Ames test. The relative activity of many

compounds in this test seems to correlate well with carcino-

genicity (48), although the precision of this correlation is

still subject to considerable debate (3,4,60). The Ames

test and, to a lesser extent, other short term tests have

been used to facilitate the study of the biological activity

of N-nitrosamines.

In the present study two aspects related to the

biological activity of N-nitrosamines were investigated.

Chapter II describes a study of the effect of the polyalco-

hols, ascorbate, sucrose and glucose, on the mutagenicity of

N-nitrosamines in the Ames test. Chapter III describes an

application of the technique of velocity sedimentation

centrifugation in alkaline sucrose density gradients to the
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study of the DNA damaging ability of N-nitrosamines. The

structures of the N-nitrosamines used in this study and

those which are relevant for discussion are illustrated in

Figure 1.
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CHAPTER II

THE EFFECT OF POLYALCOHOLS ON THE

MUTAGENICITY OF N-NITROSAMINES

Background

Many sources of human exposure to N-nitrosamines are

dietary. Accordingly, the effects of other dietary compo-

nents on the biological activity of N-nitrosamines have been

examined. Of special interest has been ascorbate or vitamin

C, which has been shown to prevent the formation of N-ni-

trosamines from nitrite and amines in vitro by the direct

chemical reduction of the nitrite (52,65). This observation

implied that ascorbate might significantly reduce the risk

of cancer due to N-nitrosamines by preventing their for-

mation either in foodstuffs or in the digestive tract. The

studies of Mirvish et al. (53) and Fong and Chen (14) have

supported this conclusion by demonstrating a lower incidence

of tumor formation in animals fed nitrite in combination

with amines when the animals also received ascorbate.

The effect of ascorbate on the biological activity of

preformed N-nitrosamines has not been widely studied. Lo

and Stich (43) demonstrated that ascorbate reduced the

amount of DNA damage induced by N-nitrosodimethylamine

(NDMA) in human skin fibroblasts. Ascorbate was also shown

6
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to reduce the mutagenicity of NDMA in the Ames test by

Guttenplan (22,23). These results were attributed to the

activity of ascorbate as a reducing agent possibly reducing

an active metabolite of NDMA. Mirvish et al. (53) observed

an increase in the incidence of tumor formation when mice

were fed preformed nitrosamines and ascorbate. This effect

was unexplained.

Physical interactions between N-nitrosamines and

ascorbate and other polyalcohols have also been reported.

Rubio et al. (63) reported the absorption of N-nitrosodi-

ethylamine to lignan. Based on induced circular dichroism

studies, Lyle et al. (44) have recently postulated the form-

ation of a stable, noncovalent complex between polyalcohols,

including ascorbate and sucrose, and N-nitrosamines. These

observations suggested that a physical interaction between

ascorbate and N-nitrosamines might be responsible for some

of the effects of ascorbate on the biological activity of

N-nitrosamines and that sugars might also affect the biolog-

ical activity of N-nitrosamines.

In the present study the mutagenicity of N-nitroso-

piperidine (NPIP) and two derivatives, N-nitroso-1,2,3,6-

tetrahydropyridine (NTHP-II) and N-nitroso-1,2,3,4-tetra-

hydropyridine (NTHP-I), was examined in the Ames test. The

effect of ascorbate on the mutagenicity of these compounds

was also examined. The effect of sucrose and glucose on the

mutagenicity of NTHP-I was also examined.
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Materials and Methods

Materials

Sprague-Dawley rats, weighing 200 to 225 g each, were

purchased from Grand Island Biological Company (Grand

Island, NY). 2-Aminoanthracene, aflatoxin B1 , nicotin-

amide adenine dinucleotide phosphate, oxidixed form (NADP ),

and glucose-6-phosphate were purchased from Sigma Chemical

Company (St. Louis, MO). Benzo[a]pyrene was purchased from

Eastman Kodak Company (Rochester, NY). Arochlor 1254 was

purchased from Analabs Inc. (North Haven, CT). Ascorbic

acid was purchased from Matheson, Coleman and Bell Manufac-

turing Chemists (Norwood, OH). Sucrose, glucose, KCl and

MgCI2 were purchased from Fisher Scientific (Fairlawn,

NJ). N-nitrosopiperidine was purchased form Aldrich

Chemical Company (Milwaukee, WI). N-nitrosopiperidine and

derivatives were kindly provided by Dr. Robert E. Lyle,

Southwest Research Institute (San Antonio, TX).

Methods

Mutagenicity testing. Mutagenicity tests were carried

out using the standard plate incorporation test of Ames et

al. (2). The compound to be tested was added to a 0.1 ml

aliquot of stock culture of the Salmonella tester strain.

Next, two ml of molten top agar (supplemented with biotin

and histidine) were added, followed by 0.5 ml of S9 mix (the

microsomal activation system containing 0.05 ml of rat liver
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S9 fraction, 5 mM glucose-6-phosphate, 4 mM NADP , 33mM KCl,

8 mM MgCI , 100 mM phosphate buffer, pH 7.4). The mixture

was then poured over a minimal agar plate and allowed to

harden. The plates were incubated for 48 hours at 370 C,

after which revertant colonies were scored. Tester strains

TA1535 and TA100 were used because of their sensitivity to

compounds such as N-nitrosamines which cause base pair sub-

stitutions. These strains are identical except that TA100

contains a plasmid which codes for an error-prone DNA repair

system (46). Compounds to be tested were dissolved in di-

methylsulfoxide just before use.

Preperation of Rat Liver S9 Fraction. The rat liver S9

fraction was prepared according to the method of Ames et al.

(2). Male Sprague-Dawley rats were injected intraperitone-

ally with Arochlor 1254. After five days the rats were

sacrificed and their livers removed. The livers were homo-

genized with a teflon pestle tissue homogenizer in three

volumes of 0.15 M KCl and the homogenate was centrifuged for

ten minutes at 9,000 x g. The supernatant (59 fraction) was

collected and stored at -80 C until use. All operations

were carried out under sterile conditions at 40 C.

Additions of polyalcohols. Polyalcohols were added to

the bacterial cell suspensions before the addition of top

agar. Polyalcohol solutions of 0.5 M were made fresh daily.

Sucrose and glucose were dissolved in distilled water.
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Ascorbic acid was dissolved in 0.2 M sodium phosphate buffer,

pH 7.4, and was neutralizd with NaOH.

Scoring and presentation of mutagenicity data. Mutagen-

icity was scored by counting the revertant (his+) colonies

occurring after the 48 hour incubation period. When over

200 colonies occurred, representative areas of the plate

(usually six, 4 sq cm areas) were counted and averaged. The

average count was then corrected for the total area of the

plate. The mutagenicity values expressed as revertants per

plate in the following figures were averages of duplicate

plates or averages of multiple experiments. Duplicate val-

ues rarely differed more than ten per cent from the average

value when the number of revertants were more than twice the

number of spontaneous revertants. Standard deviations be-

tween experiments were rarely greater than ten per cent of

the mean value. Spontaneous revertants were not subtracted

from the values presented. Mutagenicities expressed as re-

vertants per mol of compound were calculated from the slope

of the most linear portion of the dose response curve.

Results

Mutagenicity of a Reference Compound

The response of the Ames tester strains TA1535 and TA100

to mutagens which require metabolic activation was confirmed

using 2-aminoanthracene as a reference compound.
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Figure 2. Dose-responce of 2-aminoanthracene.
Panel A: Dose response in tester strain TA1535 in the
presence ( A ) and ( A ) absence of microsomal
activation. Panel B: Dose-responce in strain TAl00 in
the presence ( * ) and absence ( 0 ) of microsomal
activation.
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Dose-response curves were obtained in tester strains TA1535

and TA100 as illustrated Figure 2. The mutagenicity of

2-aminoanthracene was 13 revertants per mol in strain

TA1535 and 137 revertants per pmol in strain TA100. McCann

et al. (44) reported mutagenicities of 17 and 449 revertants

per mol in strains TA1535 and TA100, respectively. These

results demonstrated that the tester strains were responding

well and that the microsomal activation system was funct-

ioning properly.

Mutagenicity of N-Nitrosopiperidines

The mutagenicity of N-nitrosopiperidine (NPIP) and two

derivitives, N-nitroso-1,2,3,6-tetrahyropyridine (NTHP-II)

and N-nitroso-1, 2,3,4, -tetrahydropyridine (NTHP-I), was

tested in the Ames test. A dose-response was obtained for

NPIP in the strain TA1535 as illustrated in Figure 3. The

mutagenicity NPIP was 2.0 revertants per pmol. This value

was lower than the reported values of 18 revertants per pmol

(59) and 10 revertants per ymol (47). Dose-response curves

were obtained for NTHP-II in strain TA1535 and strain TA100

as illustrated in Figure 4. The mutagenicity of NTHP-II was

14 revertants per pmol in both strains. Mutagenicity was

not detected (< 0.5 revertants per ymol) in the absence of

microsomal activation. Roa et al. (59) reported values of

81 revertants per mol and 25 revertants per ymol in the

presence and absence of microsomal activation, respectively.
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Figure 3. Dose-responce of NPIP. Dose-responce
of NPIP in strain TA1535 in the presence (0 ) and
absence ( 0 ) of microsomal activation.
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Figure 4. Dose-responce of NTHP-II. Dose-re-
sponce of NTHP-II in strain TA1535 in the presence
( A ) and absence ( A ) of microsomal activation and
in strain TA100 in the presence (@ ) and absence () )
of microsomal activation.
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Dose-responses were also obtained for NTHP-I in both strains

as illustrated in Figure 5. The mutagenicity of NTHP-I was

45 revertants per pmol in both strains. In contrast to NPIP

and NTHP-I, NTHP-II exhibited significant mutagenicity in

the absence of microsomal activation (14 revertants per pmol

in both strains). The mutagenicity observed in the presence

of the microsomal activaton was dependent on an active mixed

function oxidase. When the NADPH generation system was

omitted from the microsomal activation system in the assay

or when the microsomal fraction was heat inactivated the

mutagenicity of NTHP-I remained low as shown in Table I.

Effect of polyalcohols on the Mutagenicity

Because of its relatively high mutagenicity in the

presence of microsomal activation and its significant muta-

genicity in the absence of microsomal activation, NTHP-I was

chosen as a model compound for studying the effects of poly-

alcohols on N-nitrosamine mutagenicity. When ascorbate was

added to the top agar of the standard Ames plate-incorpor-

ation test with NTHP-I an enhancement of the mutagenicity of

NTHP-I was observed in both strain TA1535 and strain TA100

as illustrated in Figure 6 and Figure 7. The mutagenicity

of NTHP-I was maximal at ascorbate concentrations of 10 to

20 mM. In strain TA1535 the mutagenicity was enhanced to

1.9 fold that in the absence of ascorbate, and in TA100 it

was enhanced to 3.1 fold. Ascorbate increased the
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Figure 5. Dose-responce of NTHP-I. Dose-responce
of NTHP-I in strain TA1535 in the presence ( ") and
absence ( A ) of microsomal activation and in strain
TA100 in the presence ( 0 ) and absence ( 0 ) of
microsomal activation. Data points represent averages
from three seperate experiments.
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TABLE I

MICROSOMAL ACTIVATION REQUIREMENT OF NTHP-I

iymol No

NTHP-I Activation

System

Revertants per Plate

Incomplete Heat

Activation Inactivated

Systema S9 b

Complete

Activation

System

2 28 32 38 390

4 40 42 37 832

10 57 57 59 1319

20 80 56 76 1934

a. Microsomal activation mix lacked glucose-6-phosphate

and NADP+

b. S9 rat liver microsome fraction was heated in a boiling

water bath for three minutes before addition to mix.
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Figure 6. Effect of ascorbate on the mutagen-
icity of NTHP-I in TA1535. NTHP-I was tested at a
dose of fifty ymol in strain TA1535 with increasing
amounts ascorbate in the presence of microsomal
activation (@0 ). The mutagenicity of NTHP-I in the
absence of microsomal activation and without ascorbate
is also shown ( A ). Ascorbate alone was also tested
in the presence (0 ) and absence ( AQ) of microsomal
activation.
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Figure 7. Effect of ascorbate on the mutagen-
icity of NTHP-I in TAIO0. NTHP-I was tested at a dose
of five imol in strain TAIO with increasing amounts
of ascorbate in the presence ( 4 ) and absence ( ,A )
of microsomal activation. Ascorbate was also tested
alone in the presence (0 ) and absence ( jA) of
microsomal activation. Data points represent averages
from three expreriments.
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spontaneous reversion rate of strain TA100 by approximately

thirty per cent, but no increase was observed in strain

TA1535. Ascorbate had very little effect on the mutagenici-

ty of NTHP-I in the absence of microsomal activation. This

result indicated that the enhancement of the mutagenicity of

NTHP-I is dependent on microsomal activation. Ascorbate

also enhanced the mutagenicity of NTHP-II in a similar fash-

ion as illustrated in Figure 8. The mutagenicity if NTHP-II

in the presence of 10 to 20 mM ascorbate was 3.4 fold that

in the absence of ascorbate when tested in strain TA1535 and

2.6 fold when tested in TA100. The mutagenicity of NPIP in

strain TA1535 was also enhanced by ascorbate as illustrated

in Figure 9. In 20 mM ascorbate the mutagenicity of NPIP

was enhanced to 9.2 fold.

Sucrose and glucose were also added to mutagenicity

tests performed on NTHP-I. As illustrated in Figure 10,

both sucrose and glucose enhanced the mutagenicity of NTHP-I

in strain TA1535. The maximum mutagenicity was observed at

sugar concentrations of 10 mM to 20 mM where it was 1.5 fold

that in the absence of sucrose or glucose. Neither sucrose

nor glucose affected the spontaneous reversion rate of the

tester strain or the mutagenicity of NTHP-I in the absence

of microsomal activation. When NTHP-I was tested with

sucrose or glucose in strain TA100 no enhancement of muta-

genicity was observed as illustrated in Figure 11.
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Figure 8. Effect of ascorbate on the mutagen-
icity of NTHP-II. Panel A: NTHP-II was tested at a
dose of fifty imol in strain TA1535 with increasing
amounts of ascorbate in the presence ( 0 ) and absence
( Z, ) of microsomal activation. Ascorbate was also
tested without compound in the presence of microsomal
activation ( []). Panel 13: NTHP-II was tested at a
dose of ten pmol in strain TA100 with increasing
amounts of ascorbate in the presence ( } ) and absence
( A ) of microsomal activation. Ascorbate was also
tested without compound in the presence of microsomal
activation (I ).
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Figure 9. Effect of ascorbate on the mutagen-
icity of NPIP. NPIP was tested at a dose of ten pmol
in strain TA1535 with increasing amounts of ascorbate
in the presence (@* ) and absence ( A ) of microsomal
activation. Ascorbate was also tested without com-
pound in the presence ( Q ) and absence (A n) of
microsomal activation. Data points represent averages
of two experiments.
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Figure 10. Effect of sucrose and glucose on the
mutagenicity of NTHP-I in TA1535. NTHP-I was tested at
a dose of five mol in strain TA1535 with increasing
amounts of sucrose (A ) or glucose ( * ). Sucrose

( A ) and glucose (0 ) were also tested without com-
pound. All tests included the microsomal activation
system.
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Figure 11. Effect of sucrose and glucose on the
mutagenicity of NTHP-I in TA100. NTHP-I was tested at
a dose of five ymol in strain TA100 with increasing
amounts of sucrose (@ ) or glucose ( ) ) in the pres-
ence of microsomal activation. NTHP-I was also tested
in the absence of microsomal activation with sucrose(A ) or glucose (L ) added. Sucrose (U ) and glu-
cose (f] ) were also tested without compound in the
presence of microsomal activation.
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Effect of Polyalcohols on Other Mutagens

The effects of ascorbate and sucrose on the mutagen-

icity of three compounds, 2-aminoanthracene, benzo[a]pyrene

and aflatoxin B1 , which like N-nitrosamines require meta-

bolic activation (1) were also examined. 2-Aminoanthracene

was tested in both strains as illustrated in Figure 12.

Benzo[a]pyrene and aflatoxin B1 were tested in strain TAlOO

as illustrated in Figure 13 and Figure 14, respectively.

These compounds are not detected by strain TA1535. Neither

ascorbate nor sucrose enhanced the mutagenicity of any of

these compounds. The mutagenicity of aflatoxin B1 was

eliminated by ascorbate and the mutagenicity of 2-aminoan-

thracene was slightly depressed by ascorbate and sucrose.

These results indicated that the observed enhancement of

mutagenicity by ascorbate and sugars was selective for

N-nitrosamines.

Discussion

The role of ascorbate in preventing the formation of

N-nitrosamines from nitrite and amines has been well estab-

lished (16,52,53). However, the effect of ascorbate on the

biological activity of preformed N-nitrosamines has not been

widely studied. Guttenplan (22,23) studied the mutagenicity

of N-nitrosodimethylamine (NDMA) in a modification of the

Ames test in which tester strain TA1535 was incubated in

suspension with NDMA in the presence of the microsomal
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Figure 12. Effect of ascorbate and sucrose on
the mutagenicity of 2-aminoanthracene. 2-Aminoanthra-
cene was tested at a dose of 50 nmol in strain TA1535
(panel A) and at a dose of 25 nmol in TA100 (panel B)
with increasing amounts of ascorbate (@ I) or sucrose
( A ) added. Ascorbate (0 ) and sucrose (A ) were
also tested in the absence of compound in each strain.
Data on the effect of ascorbate are averages from two
seperate experiments.
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Figure 13. Effect of ascorbate and sucrose on
the mutagenicity of benzo[ajpyrene. Benzo[ajpyrene
was tested at a dose of ten nmol in strain TA100 with
increasing amounts of ascorbate ( * ) or sucrose ( A )
added. Ascorbate (0 ) and sucrose ( A ) were also
tested in the absence of compound.



39

1200

0
CL

800

n,
O 5 10 15 20

Concentration , mM

I I~

-0

0

.

a..

0
400

Polyalcohol



40

Figure 14. Effect of ascorbate and sucrose on the
mutagenicity of aflatoxin Bi. Aflatoxin B1 was tested
at a dose of two nmol in strain TAIO with increasing
amounts of ascorbate ( 0) or sucrose (A ) added.
Ascorbate ( Q ) and sucrose ( A ) were also tested in
the absence of compound.
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activation system and ascorbate before plating onto minimal

agar. In this system the mutagenicity of NDMA (200 mM) was

inhibited ninty per cent when tested in the presence of 8.5

mM ascorbate. The direct chemical reduction of NDMA by

ascorbate could not be detected. The reduction of an active

metabolite of NDMA was postulated. Lo and Stich (43) ob-

served an inhibition of DNA damage in human skin fibroblasts

treated with NDMA in the presence of ascorbate. In this

study 50 mM NDMA was reduced the rate of sedimentation of

cellular DNA in alkaline sucrose gradients. Addition of 10

mM ascorbate to the treatment mixtures increased from 4 to

34 per cent the fraction of the DNA from treated cells which

sedimented with DNA from untreated cells. In separate

experiments, the addition of ascorbate resulted in a three

fold decrease in NDMA induced unscheduled DNA synthesis

(UDS) as measured by autoradiography. The other reducing

agents tested, cysteine, cysteamine and propylgalate, also

reduced UDS induced by NDMA, suggesting that ascorbate was

acting as a reducing agent. The authors postulated that

ascorbate could have acted by reducing an active metabolite

of NDMA or by competing with NDMA for oxidation by the

activation enzymes.

In contrast to these inhibitory effects, Mirvish et al.

(53) observed significant increases in the incidence of

tumor formation in Swiss mice fed N-nitrosomorpholine (NMOR)

or mono-N-nitrosopiperizine (M-NPZ) in combination with
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ascorbate. The addition of ascorbate at 5.75, 11.5 and 23

g/kg to the feed of mice given NMOR at 0.173 mmol/l in their

drinking water increased the incidence of lung tumors 26, 30

and 15 per cent, respectively. The same levels of ascorbate

increased the incidence of tumor formation in mice given

M-NPZ (0.44 mmol/1 in drinking water) 41, 29 and 41 per

cent. Although in another trial (0.60 mmol/l M-NPZ and 23

g/kg ascorbate) the observed increase was attributed to an

increase in water consumption and therefore an increase in

M-NPZ dose, no difference in the water consumption was

observed in any of the other trials. No other possible

explanations were given for these observations.

In the present study the addition of ascorbate enhanced

the mutagenicity of NPIP, NTHP-I and NTHP-II in the standard

Ames plate incorporation test. The mutagenicity of NPIP (10

imol) in strain TA1535 in the presence of 20 mM ascorbate

was 9.2 fold that in the absence of ascorbate. The muta-

genicity of NTHP-I was enhanced to 1.9 and 3.1 fold in

strains TA1535 and TA100, respectively, and that of NTHP-II

was enhanced to 3.4 and 2.6 fold in the respective strains.

The mutagenicity of NTHP-I in the absence of microsomal

activation was not enhanced by ascorbate. An enhancement

was also observed when sucrose or glucose was added to the

test system with NTHP-I in strain TA1535. The mutagenicity

of NTHP-I was enhanced to 1.5 fold that in the absence of

sucrose or glucose.
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Several possible mechanisms for the observed enhance-

ment of N-nitrosamine mutagenicity have been considered.

Oxidation products of ascorbate have been implicated in DNA

damage (69,70), and therefore ascorbate induced DNA damage

could have been responsible for the observed enhancement.

A synergistic effect between the N-nitrosamines and ascor-

bate must be postulated due to the lack of any significant

mutagenicity in the ascorbate controls. The enhancement

observed with sucrose and glucose, however, suggested a more

general mechanism for the enhancement. A nonspecific enhan-

cement of the activity of the microsomal activation system

could also have resulted in the observed enhancement of

mutagenicity. An effect on metabolism was suggested by the

lack of an enhancement of the mutagenicity of NTHP-I in the

absence of microsomal activation. The mutagenicity of

2-aminoanthracene, benzo[a]pyrene and aflatoxin B was not

enhanced by ascorbate or sucrose even though these compounds

also require microsomal activation. The effect of the poly-

alcohols was therefore selective for N-nitrosamines and not

a general enhancement of metabolism.

Reports of physical interactions between N-nitrosamines

and polyalcohols suggested a possible general mechanism for

a selective effect on the biological activity of N-nitros-

amines. Rubio et al. (63) reported the adsorption of

N-nitrosodiethylamine to lignan. Lyle et al. (44) postu-

lated the formation of a strong, noncovalent complex between
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N-nitrosamines and polyalcohols based on the induction of

circular dichroism in achiral N-nitrosamines at a wavelenght

corresponding to maximum absorption of the nitroso function.

The presence of ascorbate induced circular dicroism in all

of the N-nitrosamines tested, including NPIP, NTHP-I and

NTHP-II.

Several mechanisms for a selective enhancement of the

mutagenicity of N-nitrosamines by polyalcohols can be pro-

posed considering these observations. The formation of a

N-nitrosamine/ polyalcohol complex may reduce the general

toxicity of the N-nitrosamine allowing more cells to survive

to express mutations. The ability of N-nitrosamines to

complex with polyalcohols also suggested that the low muta-

genicity of these compounds may be due to their adsorption

to the agar in bacterial test systems. The action of ascor-

bate and sugars may have been to compete with the agar for

binding of the N-nitrosamine, thereby increasing the availa-

bility of the compound for metabolism. The N-nitrosamine/

polyalcohol complex may also have had a higher affinity for

binding the metabolizing enzymes resulting in an enhancement

of the metabolism of the N-nitrosamines. The polyalcohols

may have complexed with the active metabolites of the N-ni-

trosamines stabilizing them and thereby increasing their

availability for reacting with DNA. The formation of a

complex with an active metabolite may also have altered the
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spectrum of DNA damage increasing the types of damage which

results in back mutations in the Ames test.

The first two proposed mechanisms could be tested by

determining the effect of polyalcohols on the mutagenicity

of the compounds in a liquid suspension test such as that of

Mitchell (51). In this test cells are plated to determine

survivors, and therefore an effect on general toxicity

should be readily apparent. Any effect of agar would be

eliminated in this test because the cells are treated in

suspension. An effect on the binding of N-nitrosamine to

the metabolizing enzymes (presumably a P4 50 oxidase) might

be investigated by measuring changes in the absorption spec-

tra of the metabolizing enzyme upon N-nitrosamine binding

(10). An effect on enzyme binding could also be examined by

measuring the kinetic parameters, K and V , using the
m max

a-hydroxylase assay of Chen et al. (10). Due to their tran-

sient nature, effects on the active metabolites would be

difficult to examine, but some information might be obtained

by correlating the magnitude of the enhancements with some

chemical property of the N-nitrosamine which could influence

the stability of the active metabolites. An effect on the

spectrum of DNA damage could be examined by preparing radio-

labeled N-nitrosamines and examining the types of adducts

formed in the DNA (54).

The contradiction between the results of the present

study and. those using NDMA as a model compound which found
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inhibition of DNA damage due to ascorbate may be due to

differences in the reactivity or metabolism of NDMA and the

cyclic N-nitrosamines. The proximate alkylating species

derived from NDMA, presumably a methylcarbocation or methyl-

diazonium ion (24), could be very easily reduced by ascor-

bate, where as the corresponding metabolite resulting from

the cyclic or larger dialkyl-N-nitrosamines may be much less

reactive there by unmasking an enhancement due to one of the

proposed mechanisms. Ascorbate may also have a differential

effect on metabolism of NDMA and the other N-nitrosamines.

An alternate oxygenase which activates NPIP but not NMDA has

been reported in mitochondria (38). Ascorbate is known to

be involved in the activity of some types of oxygenases

(18,35) and may enhance the activity other oxygenases which

could activate N-nitrosopiperidines.

An enhancement of mutagenicity was not detected when

NTHP-I was tested in the presence of sucrose or glucose in

strain TA100. The lack of an enhancement in this strain may

be explained by the mutagenicity of NTHP-I in the absence of

microsomal activation. While neither the mutagenicity of

NTHP-I in the absence of microsomal activation nor the spon-

taneous reversion rate of the strains were significantly

affected by any of the polyalcohols, the mutagenicity in the

absence of microsomal activation did decrease relative to

the spontaneous reversion rate. This was most visible in

strain TAICO in the presence of ascorbate where the
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spontaneous reversion rate increased thirty per cent 
but was

also observed with sucrose and glucose. If this actually

represents a slight decrease in mutagenicity in the absence

of microsomal activation, superimposing this effect on the

small enhancement observed in the presence of sugars in

strain TA1535 could account for the inability to observe the

enhancement in strain TAl00.

The enhancement of the mutagenicity of N-nitrosamines

observed in the present study has profound implications for

N-nitrosamine carcinogenesis in humans. An effect of

polyalcohols on the biological activity of NPIP is obviously

important because of its presence in foods (20,21). The

major importance of the observation of an effect on the

mutagenicity of the synthetic NPIP analogues, NTHP-I and

NTHP-II is to suggest that polyalcohols may affect the

biological activity of N-nitrosamines in general. Although

NTHP-I and NTHP-II have been shown to be carcinogenic (42),

they are not known to occur naturally. A compound contain-

ing NTHP-II has recently been detected in tobacco products

and tobacco smoke (28). This compound is N'-nitrosoana-

tabine (NAtB) a derivative of the tobacco alkaloid anatabine

which consists of a pyridine ring linked carbon-carbon to

1,2,3,6-tetrahydropyridine (see Figure 1). The ability of

NAtB to damage DNA has not as yet been reported, but other

N-nitrosated tobacco alkaloids are mutagenic and carcino-

genic (26,27). In view of the activity of NTHP-II, it is
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likely that NAtB will also be found to be mutagenic that

this activity will be affected by ascorbate.

The public's current intrest in nutrition and preven-

tive medicine, with the encouragement of some members of the

scientific community (55), has led to the consumption of

large amounts ascorbate (as much as 10 g daily) by some in-

dividuals. Amoung the projected benefits of these large

doses is the prevention of cancer (7). The observation that

ascorbate could prevent the formation of N-nitrosamines in

vitro (52) implied that ascorbate might significantly reduce

the risk of cancer due to N-nitrosamines by preventing their

formation either in foodstuffs or directly in the digestive

system. The results of feeding studies (16,53) have sup-

ported this conclusion. Studies on the effect of ascorbate

on the mutagenicity of NDMA also suggest a protective role

for ascorbate. The present study and that of Mirvish et al.

(53), however, suggest that ascorbate may not protect from

other preformed N-nitrosamines but may, in fact, enhance

tumor formation. It is difficult to predict the overall ef-

fect of a high dietary content of ascorbate since a variety

of N-nitrosamines, including NDMA and NPIP are present in

the diet (19,20,21), and the effect of ascorbate on the bio-

logical activity of other N-nitrosamines is unknown. There

is also concern that the typical western diet being high in

sugar and low in fiber may contribute to the incidence of

cancer (6,62). The enhancement of mutagenicity by sucrose
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and glucose indicates that there may be an 
increased risk of

N-nitrosamine induced tumor formation due to such 
a diet.

The proposed mechanisms for the enhancement of the mut-

agenicity of N-nitrosamines via formation 
of complexes with

the polyalcohols could also function in 
vivo to enhance the

carcinogenicity of N-nitrosamines. If the enhanced mutagen-

icity was the result of competition between 
the agar and the

polyalcohol, a similar competition between sugar or ascor-

bate and fiber in the gut could lead to increased absorption

of N-nitrosamines. Enhancing the metabolism of N-nitros-

amines could result in an increase in tumor formation in

vivo. The stabilization of active metabolites of the N-ni-

trosamines could also increase tumor formation by allowing

for transport of the metabolite to the target tissue. Since

sugars are ubiquitous in biological systems the enhancements

observed in the present study may also partially explain the

discrepancy between the carcinogenicity and mutagenicity of

N-nitrosamines. The potent carcinogenicity of N-nitros-

amines may, in fact, result from the enhanced activity of

the N-nitrosamine when complexed with a polyalcohol.

In conclusion, ascorbate was shown to enhance the mut-

agenicity of three N-nitrosamines, NPIP, NHTP-I and NTHP-II.

Sucrose and glucose were also shown to enhance the muta-

genicity of NHTP-I in strain TA1535. The enhancement was

dependent on microsomal activation, suggesting an effect on

the metabolism or on the activity of an active metabolite.
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The ability of polyalcohols to enhance mutagenicity was also

selective for N-nitrosamines. These observations suggest

that N-nitrosamine/ polyalcohol interactions may contribute

to the incidence of N-nitrosamine induced tumor formation in

humans.



CHAPTER III

THE USE OF VELOCITY SEDIMENTATION CENTRIFUGATION

IN ALKALINE SUCROSE DENSITY GRADIENTS TO

DETECT N-NITROSAMINE INDUCED DNA DAMAGE

Background

Due to their carcinogenicity in animals and wide spread

human exposure, N-nitrosamines may contribute significantly

to the incidence of human cancer. The study of the mode of

action of these and other carcinogens is limited by the cost

and other difficulties involved in conducting animal cancer

studies. Among the various short term tests, the Salmonella/

mammalian microsome mutagenicity test (Ames test) has been

the most widely used to facilitate the study of the biolog-

ical activity of N-nitrosamines. In general, the carcino-

genic N-nitrosamines are also mutagenic in the Ames 
test,

but the mutagenicity of these compounds does not adequately

reflect their carcinogenicity. For this reason and because

of an occasional false negative responce (a compound which

is carcinogenic but not mutagenic) some workers have

questioned the validity of the Ames test for studying 
the

biological activity of N-nitrosamines (3,59). It was felt

that an additional technique should be used to confirm

biological activity measurements made with the Ames test.

52
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The technique of velocity sedimentation centrifugation

in alkaline sucrose density gradients has been used exten-

sively in the study of DNA damage and repair (13,43,49,56,

68). This technique directly assays DNA damage by detecting

the reduction in molecular weight due to the direct action

of chemicals or due to the action of DNA repair enzymes.

The technique has had some limited use in the study of DNA

damage induced by NDMA. Laishes et al. (39) observed in

vivo DNA damage in mice treated with NDMA by velocity sedi-

mentation in alkaline sucrose gradients. Mendoza-Figueroa

et al. (50) observed NDMA induced DNA damage in primary

hepatocytes. Douglas and Grant (13) and Lo and Stich (43)

also observed DNA damage in non-hepatic, mamalian cells

treated with NDMA in the presence of a microsomal activation

systems. Velocity sedimentation centrifugation in alkaline

sucrose density gradients was chosen from amoung the various

other short term tests as a system likely to be successfully

adapted to the study of cyclic N-nitrosamines.

Balb/c 3T3 cells were utilized in the test system

because of their availability in the laboratory and because

of previous experience with their response to DNA damaging

agents (32). Although 3T3 cells are not responsive to

compounds which require metabolic activation (12,32), the

addition of a liver microsomal activation system has been

shown to activate compounds in short term tests utilizing
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other mammalian cells (13,37,43) and therefore should be

applicable to the proposed system.

In the present study the technique of velocity sedimen-

tation centrifugation in alkaline sucrose density gradients

was first performed and validated using 3T3 cells treated

with direct acting DNA damaging agents and inactive ana-

logues. A microsomal activation system was then added to

the test system and conditions were found to detect DNA

induced by indirect acting compounds (those requiring meta-

bolic activation) including N-nitroso-1, 2,3, 4-tetrahydro-

pyridine (NTHP-I).

Materials and Methods

Materials

Biologicals. Balb/c mouse embryo fibroblasts (3T3

cells) were obtained from the American Type Culture Col-

lection (Rockville, MD). Dulbecco's Modified Eagle's medium

and Sprague-Dawley rats were purchased from Grand Island

Biological Company (Grand Island, NY).

Radioisotopes. [Methyl-14C]thymidine was purchased

from Schwartz/Mann (Orangeberg, NY). [Methyl-3Hithymidine

and Omnifluor were purchased from New England Nuclear

(Boston, MA). Tritium-labeled DNA size markers were pur-

chased from Bethesda Research Laboratories Inc. (Rockville,

MD).
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General supplies. Glucose-6-phosphate, NADP , Triton

X-100 and Trizma Base (tris) were purchased from Sigma Chem-

ical Company (St. Louis, MO). 2',3'-Dideoxythymidine was

purchased from P L Biochemicals (Milwaulkee, WI). 2-Mer-

captoethanol was purchased from Eastman Kodak Company

(Rochester, NY). Sucrose, trichioroacetic acid, EDTA, NaOH,

NaCl, MgCI2 and dimethylsulfoxide were purchased from Fisher

Scientific (Fairlawn, NJ). Whatman filter paper disks

(Whatman Limited, England) and polyethylene sheeting were

purchased from Scientific Products (McGraw Park, IL).

DNA damaging agents. Aflatoxin B1, 2-aminoanthracene

and N-methyl-N'-nitro-N-nitrosoguanidine were purchased from

Sigma Chemical Company (St. Louis, MO). Arochor was pur-

chased from Analabs Inc. (North Naven, CT). 2-Aminofluorene

was purchased from Aldrich Chemical Company (Milwaukee, 
WI).

Benzo[a]pyrene metabolites were obtained from the National

Institute of Health chemical repository (Washington, D. C.).

N-nitrosamines were kindly provided by Dr. Robert E. Lyle,

Southwest Research Institute (San Antonio, TX).

Methods

Tissue culture. Balb/c mouse embryo fibroblasts (3T3

cells) were grown as described by Jacobson and Jacobson (31)

in a humidified, 10% CO2-air incubator at 370 C in

Dulbecco's modified Eagle's medium (DME).
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Radiolabeling of 3T3 cells. Logarithmically growing

3T3 cells (approximately 2 x 105 cells/35 mm dish) were

radiolabeled by the addition of 0.2 pCi/mi of [methyl-3H]-

thymidine (specific activity 50 Ci/mmol) or [methyl-14C]-

thymidine (50 mCi/mmol) in a total volume of 1 ml of DME

medium followed by incubation for twenty hours. Incorpor-

ation of radiolabel into the acid insoluble cell fraction

was assayed for determination of labeling conditions and for

determination of total radiolabel applied to gradients by

applying aliquots of cells to 3 MM Whatman filter paper

disks. The disks were then washed once in 20% trichloro-

acetic acid, twice in 10% trichloroacetic acid, and twice in

100% ethanol. Each wash was for ten minutes at 40 C. The

filter paper disks were then counted using a toluene based

liquid scintillation cocktail (Omnifluor 4 g/l toluene).

When total recovery was determined, 150 pl of 20% alkaline

sucrose buffer was applied to the filter paper before appli-

cation of the cells.

Treatment of 3T3 cells. The medium containing radio-

labeled thymidine was removed from the cells and replaced

with fresh DME medium. After one hour the compound to be

tested and, when used, the microsomal activation system were

added to the medium (total volume 1 ml). Later experiments

were carried out in other media as described in "Results".

In these experiments the DNA medium was removed and replaced



57

by the proper medium. Compounds were added to the treatment

mixtures from freshly made dimethylsulfoxide solutions (fin-

al DMSO contration 1% v/v). All treatments were carried out

at 370 C in a CO2 incubator. Treatment times and other

details are listed in the figure legends.

Microsomal activation system. The microsomal activ-

ation system consisted of the addition of 4 mM MgCl2, 
17 mM

KCl, 3 mM glucose-6-phosphate, 2 mM nicotinamide adenine

dinucleotide phosphate, oxidized form. (NADP ) and 50 p4 of

rat liver S9 fraction. The rat liver S9 fraction was

prepared by the method of Ames et al. (2). In experiments

which included the microsomal activation system, control

cells were treated with compound and a microsomal activation

system which was incomplete and inactive due to 
the omission

of glucose-6-phosphate and NADP

Alkaline sucrose density gradients. Cells were removed

from the dish with 0.25 ml of Puck's saline (58) containing

0.02% (w/v) EDTA. Next, 0.05 ml each of control cells

([3H]thymidine labeled) and treated cells ([14C]thymidine

labeled) were layered onto each gradient. This represented

a total of approximately 1 x 105 cells. The gradients

were 5 to 20% (w/v) sucrose, 0.5 M NaOH, 0.05 M EDTA and

bottom of each gradient was a 0.4 ml shelf of 40% (w/v)

alkaline sucrose. Immediately before the cell suspensions
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were applied to the gradient, 100 p1 of lysis/denaturation

buffer (0.5 M NaOH, 0.05 M EDTA, 0.5 M NaCl, 1% (v/v) Triton

x-100) was layered onto the gradient. A second 100 pl of

lysis/denaturation buffer was layered onto the cell suspen-

sions. The gradients were then kept in the dark for twelve

hours at room temperature before centrifugation. Centrifu-

gation was for twelve hours at 200 C in a Beckman 
L5-65

preparative ultracentrifuge using a Beckman SW 
50.1 or SW

65K rotor. Centrifugation speeds varied and are listed in

the figure legends.

Fractionation of gradients. The gradients were eluted

from the top by pumping 60% (w/v) alkaline sucrose into the

bottom of the tube. Fractions of approximately 150 pl were

collected on pairs of 3MM Whatman filter paper disks (24 cm)

which were stapled to a sheet of polyethylene. The frac-

tions were then acid precipitated as described above while

still attached to the polyethylene sheeting. The filter

papers were allowed to dry and were counted under 
conditions

optimized for double label counting.

Permeabilization of cells. Cells were permeabilized

(made permeable, in this application to metabolites of test

compounds) by a modification of the procedure of Berger 
et

al. (5). Dishes of cells were chilled on ice, the medium

removed and the cells washed twice with an ice-cold,
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hypotonic buffer containing 0.01 M tris-HCI (pH 7.8), 0.25 M

sucrose, 1 mM EDTA, 1.25 mM 2-mercaptoethanol and 2.5 mM

MgCl . The cells were allowed to stand on ice 
for fifteen

2

minutes in 0.9 ml of hypotonic buffer. The ingredients of

the microsomal activaction system and the compound 
to be

tested were added (total volume 1 ml). The cells were then

incubated at 370 C.

Calculations. Calculations of per cent total cpm in

each fraction and total recoveries were performed 
on a

Hewlett Packard HP2000 computer. The program written for

this purpose is listed in "APPENDIX".

Results

Production of Gradients

Initial experiments were carried out to test systems

for forming and fractionating gradients. In the following

experiments three gradients were formed simultaneously 
using

a commercial gradient maker and parastaltic pump (Buchler

Instruments, Fort Lee, NJ). The gradients were eluted as

illustrated in Figure 15 using a specially built tube holder.

Together these systems produced three identical 
gradients

which were linear based on the refractive indices of col-

lected fractions. The gradients were reproducible from

experiment to experiment based on the sedimentation 
of DNA

from control and treated 3T3 cells.
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Figure 15 A. Apparatus for eluting alkaline
sucrose denisity gradients. A commercially available
parastaltic pump (a) was used to pump 60% (w/v) alka-

line sucrose from a reservoir (b) into the bottom of

the centrifuge tube (c) containing the gradient. The

centrifuge tube was held in place by a specially built

tube holder (c). The 60% alkaline sucrose forced the
gradient out the top of the tube holder where it was

collected on 3 MM Whatman filter paper disks (e) which
were stapled to a sheet of polyethylene (f).

Figure 15 B. Detail of tube holder. The 0.5 x

2.0 in Beckman centrifuge tube (g) was held by a 12 ml

disposable syringe barrel (h) which had been cut at

the 6 ml scribe. A large bore syringe needle (i) was

cut to the necessary lenght and attached to the
syringe barrel leuer lock to serve as a guide for the
puncture needle. The centrifuge tube was sealed by a

cap assembly. The cap assembly was made from a #3
rubber stopper (j) cut to a lenght of 20 mm and bored

with a 10 mm hole. A #000 rubber stopper (k) also cut

to 10 mm (excess was cut from the small diameter end)

was placed in the hole in the #3 stopper. A 20 gauge
syringe needle (1) was inserted throught the center of

the #000 stopper and the tip and leuer lock removed.
The lower opening was dressed smooth and flat with
emery cloth. The top of the #000 stopper extended 0.5
mm beyond that of the #3 stopper and fit snugly into
the top of the centrifuge tube. The #3 stopper com-
pleted the seal. The needle (1) extended 3 mm beyond

the #000 stopper to maintain an air space above the
gradient. The exit tube (m) was connected to this
needle. After capping the tube was punctured with a
20 gauge vacutainer needle (n) the short end of which
was attached to the entrance tube (o). A piece cut
from a wide rubber band (p) (3 mm square) was placed

under the centrifuge tube to seal the puncture.
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Conditions for Radiolabeling

Conditions for radiolabeling of cellular DNA with

[methyl-3H]thymidine and methyl- 4C]thymidine were de-

termined by incubating cells for 24 hours in the presence of

labeled thymidine followed by testing for acid insolubility

as described in "Materials and Methods". Cell counts were

also taken to assess any effect of the radiolabel on cell

growth. As shown in Table II, [14C]thymidine did not

affect the growth of the cells nor did increasing the amount

of radiolabel above 0.2 lpCi significantly increase the

amount of radiolabel incorporated into DNA. At higher lev-

els of [3H]thymidine, cell growth was inhibited, however

these levels were necessary for sufficient incorporation of

radiolabel into DNA. On the basis of these data subsequent

experiments were carried out by prelabeling cells with 0.20

pCi/ml (I ml total volume of DME) for both [14C]thymidine

and [3H]thymidine. As illustrated in Figure 16, no dif-

ference was observed between the sedimentation of the DNA of

cells prelabeled with [3H] or [14C]thymidine. The avai-

lability of both [3H]thymidine and [14C]thymidine for

labeling cells made it possible for an internal control to

be included in every gradient. Routinely, cells prelabeled

with [3H]thymidine and [14C]thymidine were used for control

and treated cells, respectively. A computer program was

designed to assist in the extra calculations necessitated by

the use of double labeling. The program, listed in
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TABLE II

INCORPORATION OF RADIOLABELED THYMIDINE

[L C]THYMIDINE

14
[ C]thynmidine

(pci)

0.2

0.5

1.0

1.5

[3H]THYMIDINE

[3Hjthymidine

(pCi)

0.02

0.05

0.10

0.20

Cells/dish

(xlO)

2.55

2.50

2.30

2.45

Cells/dish

(xlO

2.65

1.75

1.70

1.45

cpm

5220

5780

6470

6518

cpm

609

1212

1408

5089

cpm/10 cells

2050

2300

2850

2650

cpm/104 cells

200

700

1400

3500
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Figure 16. Sedimentation of 3T3 DNA. Cells were

prelabeled with [3H]thymidine (@) or [14C]thymidine

(0). The cells were removed from the dish and were
layered onto the same gradient as described in "Mater-

ials and Methods". Lysis/denaturation time was 12 hr

hours, and centrifugation was for 12 hr 13,500 rpm in

the Beckman SW 50,1 rotor.
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"APPENDIX", performed double label corrections in the

calculation of total recovery as well as in the calculation

of per cent of total cpm in each fraction. Although the

gradients were usually identical and were very reproducible,

these internal controls increased the ease of observing

small changes in DNA size while eliminating any doubts that

small changes might be due to inconsistancies between

gradients.

Conditions for Lysis/Denaturation

The effect of lysis/denaturation time on the sedimen-

tation of the DNA in the gradients was also examined.

Control cells and cells treated with 1 Vg of N-methyl-N'-

nitro-N-nitrosoguanidine (MNNG) were allowed to sit on the

gradients for four, eight and twelve hours before centrifu-

gation. As illustrated in Figure 17, the sedimentation of

both control and treated DNA decreased with increasing

lysis/denaturation time. On the basis of these results a

twelve hour lysis/denaturation time was chosen for routine

analysis. Lysis/denaturation was found to be complete only

if the cells were applied to the gradient immediately after

the lysis buffer.

Calibration of Gradients

An analysis was performed on tritium-labeled DNA size

standards as illustrated in Figure 18. It was hoped that

the gradients could be calibrated to allow calculation of
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Figure 17. The effect of lysis/denaturation time

on the sedimentation of 3T3 DNA. Cells were prela-

beled with [l4clthymidine. After removal from the

dish, the cells were layered onto the gradients and

allowed 4 hr (O), 8 hr (A) or 12 hr (@) lysis/de-
naturation time before centrifugation. Cells in panel

A were untreated. Cells in panel B were treated for

30 min with 1 pg/ml N-methyl-N'-nitro-N-nitrosoguani-
dine before removal from the dish. Centrifugation was

for 12 hr at 12,000 rpm in the Beckman SW 50.1 rotor.
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Figure 18. Sedimentation of tritium-labeled DNA

size standards. Size standards were taken up to a

final volume of 100 .l of in Puck's saline (56) and

layered onto the gradients as described for cell sam-

ples in "Materials and Methods". After a 12 hr mock

lysis/denaturation time, the gradients were centri-

fuged at 15,000 rpm in the SW 50.1 rotor. The size

standards were 16 S SV40 I DNA (A), 40 S lambda

phage DNA (@), and 53 S SV40 III DNA (0). For

clarity only the peaks of radioactivity are shown.
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the molecular weight of DNA from control and treated cells.

The molecular weight could then be used to calculate the

numbers of strand breaks caused by the treatment (9,11).

However during the course of these experiments, the rotor

bucket caps of the SW 50.1 rotor were lost by another

research group. This necessitated the use of another rotor,

the SW 65K, which was borrowed from Texas Woman's University,

Department of Biology. Upon replacement of the SW 50.1

rotor bucket caps, the SW 50.1 rotor was again used.

Because of these rotor changes, centrifugation conditions

varied greatly, and most experiments were carried out under

nonstandard conditions. This made the routine calculation

of molecular weights impossible. The analysis of the size

standards does however serve to illustrate the resolution of

the alkaline sucrose denisity gradient system.

Detection of DNA Damage

The ability of velocity sedimentation centrifugation

to detect DNA damage in 3T3 cells was demonstrated with a

number of DNA damaging agents. Ultraviolet light has been

shown to produce pyrimidine dimers in DNA, which are excised

by a specific repair process. The action of an endonuclease

has been demonstrated by a reduction in the size of DNA from

treated mammalian cells (17). Exposure of 3T3 cells to

ultraviolet light followed by a thirty minute incubation to

allow for excision of dimers resulted in a reduction in the
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sedimentation of their DNA as illustrated in Figure 19.

N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) has been shown

to cause DNA damage in a number of systems (12,46,30). When

3T3 cells were treated with MNNG, the sedimentation of DNA

was decreased in a dose dependent fashion as illustrated in

Figure 20. These results demonstrated that the gradient

system was quite responsive to the small amount 
of DNA

damage induced by 0.5 pg of MNNG, and that it was also

responsive to the range of damage induced by a twenty fold

range in the concentraton of MNNG.

Specificity for DNA Damage

The specificity of the gradient system for DNA damage

was demonstrated using two metabolites of the carcinogen

benzo[a]pyrene. The first, trans-7,8,9,10-tetrahydroben-

zo[alpyrene-7,8-diol-9,10-oxide (B[a]P-7,8-diol-9,10-oxide),

is believed to be the ultimate carcinogen derived from

benzo[a]pyrene and has been shown to bind DNA (67) and is

mutagenic (29,72). The second, trans-7, 8-dihydrobenzo[a]py-

rene-7,8-diol (B[a]P-7,8-diol) is the immediate metabolic

precursor to B[a]P-7,8-diol-9,10-oxide. In the same studies

B[a]P-7,8-diol was shown not to damage DNA in the absence of

metabolic activation (29,67). As illustrated in Figure 21,

the sedimentation of the DNA of 3T3 cells treated with

B[a]P-7,8-diol was identical to that of control cells,

whereas the sedimentation of the DNA of cells treated with
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Figure 19. Sedimentation of DNA from 3T3 cells
irradiated with ultraviolet light. Media was removed
from a dish of cells prelabeled with [1 4 C]thymidine
(O), and the dish irradiated for 100 sec with a 15
watt germicidal lamp (60 Joules per square meter total
exposure). The media was then replaced and the cells
incubated for 30 min before the cells were removed
from the dish and layered onto the gradient. Untreated
cells (@) labeled with [3Hjthymidine were layered
onto the same gradient. Centrifugation was at 14,000
rpm in the SW 50.1 rotor.
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Figure 20. Sedimentation of DNA from 3T3 cells
treated with N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG). Cells prelabeled with [1 4C]thymidine (0)
were treated with various concentrations of MNNG; 0.5
.g/ml, panel B; 1.0 pg/ml, panel C; 2.5 pg/ml, panel

D; 5.0 pg/ml, panel E; 10.0 pg/nl, panel F. Cells in
panel A and [3 Hithymidine prelabeled cells ( 0) on
each gradient were untreated. Centrifugation was at
15,500 rpm in the SW 50.1 rotor.
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Figure 21. Sedimentation of DNA from 3T3 cells
treated with benzo[alpyrene metabolites. Cells prela-
beled with [1 4C]thymidine (0) were treated for 1 hr
with 5 yg/ml of either 7 , 8 -dihydroxybenzo[a]pyrene-
7,8-diol (panel A) or 7,8,9, Io-tetrahydroxybenzo[a]py-
rene-7, 8-diol-9,10-oxide (panel B). Untreated cells
prelabeled with [ 3H]thymidine (0) were layered onto
the gradients with treated cells and the gradients
were centrifuged at 14,500 rpm in the SW 50.1 rotor.
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B[a]P-7,8-diol-9,10-oxide was clearly reduced. The spec-

ificity of the system for DNA damage was also demonstrated

using the N,N-dibenzylnitrosamine (DBN) and its a-acetoxy

derivative, N-(a-acetoxybenzyl)-N-benzylnitrosamine (AcDBN).

Jacobson et al. (34) demonstrated that the chemical modifi-

cation of DBN, a non-carcinogen (14), to form AcDBN resulted

in the formation of a potent DNA damaging agent as measured

by mutagenicity in the Ames test. 3T3 Cells prelabeled with

[14C]thymidine were treated with DBN or AcDBN at 100 nmol/ml

for one hour. The cells were then applied to gradients with

untreated celles prelabeled with [3H]thymidine and centri-

fuged. As illustrated in Figure 22, AcDBN significantly

reduced the sedimentation of the DNA of the treated cells,

whereas DBN had no effect. These results demonstrated that

the alkaline sucrose density gradient system was specific

for DNA damage.

Testing of N-Nitrosopiperidines

Attempts were next made to observe DNA damage induced

by N-nitrosopiperidine (NPIP) and N-nitroso-1,2,3,4-tetra-

hydropyridine (NTHP-I) both of which require metabolic

activation for maximal activity (42,58). Cells were prela-

beled with [14C]thymidine and were incubated with compound

in the presence of a complete microsomal activation system

as described in "Materials and Methods". The incubations

were carried out in DME medium. Control cells were
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Figure 22. Sedimentation of DNA from 3T3 cells
treated with Dibenzylnitrosamine (DBN) or N-(o-acet-
oxybenzyl)-N-benzylnitrosamine (AcDBN). Cells prelab-
eled with [l4 C]thymidine (0) were treated for 1 hr
1% v/v dimethylsulfoxide (DMSO), 100 }mol/ml DBN, or
100 ymol/ml AcDBN as shown in panels A, B.or C, re-
spectively. DBN and AcDBN were disolved in DMSO The
final concentration of DMSO in the medium was 1% v/v.
The experiment in panel A was a DMSO control.
Untreated cells prelabeled with [3H]thymidine (@)
were also layered onto each gradient. Centrifugation
was at 14,500 rpm in the SW 50.1 rotor.
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prelabeled with [ H]thymidine and were incubated with

compound and a microsomal activation system which was incom-

plete and inactive due to the omission of glucose-6-phos-

phate and NADP+. Both compounds were tested at 10 pmol/ml.

Higher concentrations of NPIP were toxic to the cells and

higher concentrations of NTHP-I were insoluble in dimethyl-

sulfoxide concentrations which were nontoxic to the cells.

The cells were incubated for two hours before removal from

the dishes and application to the gradients. Only a slight

reduction in the sedimentation of the DNA of treated cells

was observed as illustrated in Figure 23.

Attempts to Increase Sensitivity

Several attempts were made to increase the sensitivity

of the cells to DNA damage. In previous experiments the

media had turned yellow upon addition of the NADP+ for the

microsomal activation system. Some interference from the

phenol red pH indicator or the fetal calf serum in the DME

medium was therefore suspected. Treatment of 3T3 cells in

Earl's minimal salts solution or Earl's salts with 1 g/l

glucose (15) did not effect the results. Treating the cells

with compound for twenty hours also did not increase the

amount of DNA damage observed with NPIP. Smith et al. (68)

demonstrated that addition of 2',3'-dideoxythymidine in-

creased the sensitivity of cells to DNA damage as measured

by velocity sedimentation in alkaline sucrose gradients.
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Figure 23. Sedimentation of DNA from 3T3 cells
treated with N-nitroso-l, 2, 3, 4 -tetrahyropyridine
(NTHP-I) or N-nitrosopiperidine (NPIP). Cells prela-
beled with [1 4 Cithymidine (0) were treated for 3 hr
with 10 ymol/ml of NPIP, panel A, or NTHP-I, panel B,
in the presence of a complete microsomal activation
system. Cells prelabeled with L3 H]thymidine (C)
were also treated with compound but the microsomal
activation system lacked glucose-6-phosphate and NADP+.
The components of the treatment mixtures were added
directly to the DME medium on the cells. Centrifugation
was at 15,500 rpm in the SW 50.1 rotor.
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This occured presumably by the termination of DNA repair by

the incorporation of 2',3'-dideoxythymidine. When 3T3 cells

were treated with NPIP for twenty hours in the presence of

2',3'-dideoxythymidine, no significant DNA damage was obser-

ved. Another mutagen 2-aminofluorene, which also requires

metabolic activation (46), was also tested in 3T3 cells. No

DNA damage was observed. These results suggested that the

lack response to these compounds in 3T3 cells was due to an

inability of the activated compounds to enter the cells.

Permeabilization of 3T3 Cells Before Treatment

Impermeability of cells to molecules has been overcome

recently by techniques which increase the permeablity of

cells. Cell permeabilization has been used extensively to

increase the permeability of mammalian cells to nucleotides

in the study of the synthesis of macromolecules (8,64) . As

illustrated in Figure 24, a dose dependent reduction in the

sedmintation of the cellular DNA was observed in 3T3 Cells

which were made permeable as described in "Materials and

Methods" and then treated with 2-aminofluorene in the pres-

ence of a microsomal activation system. NTHP-I also damaged

the DNA of cells which were made permeable before treatment

with the compound in the presence of a microsomal activation

system. The DNA damage was also dose dependent as illus-

trated in Figure 25. Acute toxicity was observed at a dose

of 40 pmol/ml as is evidenced by the DNA damage in the
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Figure 24. Sedimentation of DNA from permeabil-
ized 3T3 cells treated with 2-aminofluorene. Cells
were permeabilized as described in "Materials and
Methods". Following permeabilization cells were
treated with 25 pg/ml, 50 pg/ml or 100 pg/ml 2-amino-
fluorene as illustrated in panels A, B and C, respect-
ively. Cells prelabeled with [1 4 C]thymidine (0)
were treated for 3 hr with in the presence of a com-
plete microsomal activation system. Cells prelabeled
with [3H]thymidine (@) were treated with compound
in an incomplete microsomal activation system. The
components of the treatment mixtures were added
directly to the permeabilization buffer. Centrifu-
gation was at 18,000 rpm in the SW 65K rotor.
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Figure 25. Sedimentation of DNA from permeabil-
ized 3T3 cells treated with N-nitroso-l,2,3,4-tetra-
hyropyridine (NTHP-I). Cells were permeabilized as
described in "Materials and Methods". Following
permeabilization cells were treated with 10 Bmol/ml,
20 pmol/ml or 40 imol/:ml NTHP-I as illustrated in
panels A, B and C, respectively. Cells prelabeled
with [l4 C]thymidine (C) were treated for 3 hr with
in the presence of a complete microsomal activation
system. Cells prelabeled with [3H]thymidine (0)
were treated with compound in an incomplete microsomal
activation system. The components of the treatment
mixtures were added directly to the permeabilization
buffer. Centrifugation was at 18,000 rpm in the SW
65K rotor.
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control cells (panel C). With both NTHP-I and 2-aminofluor-

ene treatments, DNA damage was apparent in permeable cells

when intact cells showed no damage. Velocity sedimentation

centrifugation in alkaline sucrose densitity gradients when

was therefore suitable for the detection of DNA damage

induced in Balb/c permeable 3T3 cells by N-nitrosamines as

well as other mutagens which require metabolic activation.

The addition of internal controls utilizing the double-label

technique allowed the detection of small amounts of DNA

damage and also provided a means of detecting acute toxicity

in control cells.

Disscussion

N-nitrosamines have been tested in several of the pro-

posed short term carcinogenicity tests. Positive results

have been obtained in the test systems which possess or

incorporate a metabolic activation system. The aim of most

of this research has been to demonstrate the ability of the

individual tests to detect many classes of carcinogens

rather than to study the response of the tests to N-nitrosa-

mines in particular. As a result, the N-nitrosamines tested

were usually the most active ones, NDMA and NDEA, and the

most obvious non-carcinogenic ones, N-nitrosodi-tert-butyl-

amine and N-nitrosodiphenylamine (if inactive compounds were

tested at all). Others such as the cyclic N-nitrosamines,

NPIP and NMOR have been tested in only a few systems.
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All but a handful of the short term test systems have been

proclaimed as sensitive to N-nitrosamines based on results

obtained for less than six different N-nitrosamines.

By far the largest number of N-nitrosamines have been

tested in the Salmonella mammalian/microsome mutagenicity

test of Ames et al. (2). This test measures the frequency

of back mutations in specially constructed strains of

Salmonella typhimurium. Strain TA1535 is most often used

for testing N-nitrosamines. McCann et al. (47) reported an

evaluation of the activity of ten N-nitrosamines in the Ames

test. The mutagenic activities of these compounds was found

to vary from 10 to 150 revertants per p mol of compound. The

activity of NPIP was reported as 10 revertants per mol.

Rao et al. (59) have studied a series of N-nitrosopiperi-

dines and reported activities ranging from 6 to 208 revert-

ants per tmol of compound. The parent compound, NPIP had an

activity of 18 revertants per imol. This value represents

the detection of 1 iymol in a test plate. In tests conducted

in this laboratory NPIP had an activity of 2 revertants per

p mol and NTHP-I the compound used in the present study, had

an activity of 45 revertants per pmol. Other studies have

been conducted with similar results (3,16,60).

The sensitivity of the Ames test to some N-nitrosamines

has been increased by modifications such as the preincu-

bation test of Yahagi et al. (73). Rao et al. (61) reported

a mutagenic activity of 48 revertants per Pmol for NPIP in
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a preincubation system. Even with modifications the Ames

test is convenient to use because it is simple and requires

only a two-day incubation before mutants can be scored.

Unfortunately, the test is particularly insensitive to the

cyclic N-nitrosamines of interest in this laboratory. Also

some workers have questioned the validity of the Ames test

for studying N-nitrosamines because the correlation between

carcinogenicity and mutagenicity is not absolute (3,59).

For these reasons, it was thought prudent to examine the

possibility of supplementing the Ames test with another

short term test.

The response of N-nitrosamines has been closely exam-

ined in only a few other test systems. Kuroki et al. (37)

have tested thirteen N-nitrosamines for mutagenicity in V79

Chinese hamster ovary cells. A microsomal activation system

was used, and selection was for 8-azoguanine resistant mu-

tants. Compounds were detected within a concentration range

of 0.5 to 50 pmol/ml. The cyclic compounds N-nitrosopyrrol-

idine (NPYR) and N-nitrosomorpholine (NMOR) were mutagenic

at a concentration of 10 pmol/ml. This system allowed

mutagenicity values to be corrected for toxicity, a feature

lacking in the standard Ames test. The system also suffered

from some limitations. Of the eleven carcinogenic compounds

one, N-nitrosomethylphenylamine, was not mutagenic. The

mutagenicity of the cyclic compounds was only slightly more

than twice the spontaneous mutation rate. This test also
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required a twelve day incubation before the mutants were

scored.

Jones and Huberman (34) also measured the mutagenicity

of N-nitrosamines in V79 cells. Their system, however,

utilized primary hepatocytes co-cultured with the V79 cells

for activation of the compounds. Resistance to 6-thioguan-

ine and ouabain were used for selection of mutants. This

system was more sensitive than that of Kuroki et al. (37)

detecting compounds at concentrations of 1 to 1000 nmol/ml.

This was partially due to the treatment of larger numbers of

cells. Selection for ouabain resistance, due to a very low

spontaneous mutation rate (one revertant per 106 cells),

allowed the detection of N-nitrosamine mutagenicity over

three orders of magnitude when expressed as revertants per

106 survivors. The cyclic compounds NPIP and NMOR even at

the highest concentrations produced only approximately ten

revertant colonies on the 16 dishes plated for each dose of

compound raising questions as to the statistical signifi-

cance of the reported mutagenicity values. A sixteen day

incubation period was required before mutants were scored,

and twenty-four plates were required per dose for the

determination of mutants and survivors. This system also

necessitated the culturing of primary hepatocytes.

Williams and Laspia (71) examined nine N-nitrosamines

for their ability to induce unscheduled DNA synthesis (UDS)

in primary rat hepatocytes. Cells were treated with
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compound in the presence of [ HJthymidine and UDS was

measured by autoradiography. The active compounds were

detected over concentrations ranging from 1 to 100 imol/ml.

NPIP and NMOR were detected at 1 ymol/ml. This system had

the advantage that primary hepatocytes are capable of

metabolizing the compounds and therefore the addition of an

activation system was not necessary. Positive responces for

the cyclic N-nitrosamines were also clearly distinguishable

from the background. The system was limited by a two week

exposure time for the autoradiography and an occasional high

background.

In the present study, velocity sedimentation centrifu-

gation in alkaline sucrose denisty gradients was examined as

a potential supplement to the Ames test. To detect N-ni-

trosamine induced DNA damage in 3T3 cells it was necessary

to add a microsomal activation system and to make the cells

permeable before treatment with the compounds. This system

allowed the detection of DNA damage induced by NTHP-I at a

concentration of 10 mol/ml. This sensitivity compares

favorably with the other short term tests. The system also

requires less overall time than other tests except for the

Ames test. It also has the advantage of being able to

quantitate DNA damage in a more direct fashion than any of

the other tests. The system does require a preparitive

ultracentrifuge and a liquid scintillation counter but these

instruments are available to most laboratories.
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Fewer N-nitrosamines have been tested in a number of

other test systems (30,40,57,66). Generally these systems

were equally or less sensitive and were not significantly

more convenient than the systems disscussed above.

In conclusion, the technique of alkaline sucrose den-

sity gradient centrifugation allows the detection of DNA

damage induced by N-nitrosamines in Balb/c 3T3 cells when

the cells are made permeable and then treated with compound

in the presence of a microsomal activation system. The

sensitivity of this system is similar to other test systems

which have been examined. The technique now requires the

testing of other N-nitrosamines for further validation.



APPENDIX

PROGRAM FOR PERFORMING DOUBLE LABEL CALCULATIONS

Algorithms

Calculation of Net cprm in Each Fraction

Net 1 4 C cpm = Z-C

where: Z = 14 C cpm
C = 1 4 C background

Net 3H cpm = (Y-T)-((Z-C)xP)

where: Y = 3H cpm
T = 3 H background
P = correction factor

for 14C cpm in 3H
window

Calculation of Per Cent Total cpm

% Total cpm = Net cpm xto
Sum of net cpms

Calculation of Per Cent Recoveries

Recovery }=Sum of net cpms xlOO

cpm applied - background

96



97

Program

1 REM ** THIS PROGRAM IS DESIGNED FOR USE IN CALCULATING **
2 REM ** CPM IN FRACTIONS AND % RECOVERY FROM **
3 REM ** DOUBLE-LABEL ALKALINE SUCROSE GRADIENTS **

4 REM ** R A BARTON, DEPT OF CHEMISTRY, NTSU, JUNE 1970 **

5 REM *** DEMENSION AND ZERO MATRIXES ***

10 DIM A[40,7]
12 DIM V$[3]
20 DIM D$[3]
20 DIM J$[80]
30 DIM H[40]
40 MAT H=ZER
45 MAT A=ZER

47 REM *** INITIALIZE VARIABLES ***

50 E=0
60 F=0
70 L=0
80 M=0
90 B=0

91 REM *** REQUEST AND INPUT TITLE AND CONSTANTS ***

92 PRINT "TYPE THE TITLE OF THIS EXPERIMENT ON THE NEXT 80
SPACES"

94 INPUT J$
100 PRINT "HOW MANY 3H COUNTS DID YOU PUT ON THE GRADIENT"
110 INPUT S
120 PRINT "HOW MANY 14C COUNTS DID YOU PUT ON THE GRADIENT"
130 INPUT R
140 PRINT "HOW MANY SAMPLES DO YOU WANT TO PROCESS"
150 INPUT N
160 PRINT "WHAT IS THE CARBON FOURTEEN BACKGROUND"
170 INPUT C
180 PRINT "WHAT IS THE TRITIUM BACKGROUND"
190 INPUT T
200 PRINT "WHAT IS THE CORRECTION FACTOR FOR THE CARBON

FOURTEEN COUNTS IN THE TRITIUM WINDOW"
210 INPUT P
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220 REM *** REQUEST AND INPUT DATA (CPM) ***

230 PRINT "AFTER EACH ? ENTER THE DATA IN ORDER:
THE SAMPLE NUMBER, THE TRITIUM COUNTS,
AND THE CARBON FOURTEEN COUNTS"

240 D$="NO"
250 IF A[N,1]=N THEN 430
260 INPUT X,Y,Z
261 IF X <=N THEN 270
262 PRINT "SAMPLE NUMBER IN LAST ENTRY IS TOO LARGE

PLEASE REENTER DATA"

263 GOTO 260
270 A[X,1]=X
280 A[X,2]=Y
290 A[X,4]=Z

295 REM *** CALCULATE NET CPM 3H AND 14C ***
296 REM *** SETTING ANY VALUE 0, AT 0 ***

300 E=0

305 REM * TEST FOR NET 3H 0 *

310 IF Y> T THEN 340
320 A[X,3]=0
330 E=1

* TEST FOR NET 14C 0*

340 IF Z> C THEN 390
350 A[X,5]=0

355 REM * IF NET 3H AND MET 14C = 0 GO TO NEXT N *

360 IF E=1 THEN 250

365 REM * IF ONLY NET 14C = 0, NET 3H = Y-T *

370 A[X,3]=Y-T
380 GOTO 250

385 REM * IF NET 14C 0, CALCULATE NET CPMS *

390 IF E=1 THEN 410
400 A[X,3]=(Y-T)-((Z-C)*P)
410 A[X,5]=Z-C
420 GOTO 250
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425 REM *** REQUEST AND INPUT CHANGES IN DATA ***

PRINT "DO YOU WISH TO CHANGE ANY ENTRY"
INPUT D$
IF D$="YES" THEN 260

465 REM *** TEST FOR DATA NOT INPUT ***

460 FOR K=1 TO N
470 IF A[K,1] <> K THEN 510

475 REM *** SUM NET CPMS ***

L=L+A[K,3]
M=M+A[K, 5]
GOTO 350

505 REM *** LIST AND PRINT SAMPLES NOT INPUT ***

B=B+1
H[B]=K
NEXT K
IF B=0 THEN 583
PRINT "THE FOLLOWING SAMPLES WERE NOT IMPUT"
FOR Q=1 TO B
PRINT H[Q]
NEXT Q
PRINT " "

PRINT " "

584 REM

PRINT
PRINT
PRINT

*** PRINT TITLE OF EXPERIMENT ***

J$

" "

430
440
450

480
490
500

510
520
530
540
550
560
570
580
582
583

585
586
587
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588 REM *** PRINT HEADING AND DATA (CALC. %TOTAL CPM) ***

590 PRINT USING 600
600 IMAGE 3X,"SAMPLE #",5X,"3H",7X,"NET 3H",3X,"% TOTAL 3H"

,5X,"14C",4X,"% TOTAL 14C"
610 FOR 0=1 TO N
620 IF A[O,1]=0 THEN 640
630 PRINT USING 650;A[O,1],A[O,2],A[O,3],A[O,3]/L*100,

A[0,4],A[O,5]/M*100
640 NEXT 0
650 IMAGE 3(6D,5X),3D.D5X,6D.5X,3D.D
655 PRINT " "
656 PRINT " "

657 REM *** PRINT TOTAL NET CPM AND %RECOVERY ***

660 PRINT "TOTAL NET 3H =",,L
670 PRINT "TOTAL NET 14C IN 14C WINDOW =",M
680 PRINT "TOTAL 14C PUT ON THE GRADIENT =", R-C
690 PRINT "% RECOVERY OF 14C =",(M/(R-C))*100
700 PRINT "TOTAL 3H COUNTS ON GRADIENT =",S-T
710 PRINT "% RECOVERY OF 3H ON GRADIENT =",(L/(S-T))*100

715 REM *** REQUEST TO AND REPROCESS DATA ***

720 PRINT "DO YOU WISH TO REPROCESS ANY OF THE DATA"
730 INPUT D$
740 IF D$ <> "YES"THEN 770
750 B=0
752 L=0
754 M=0
760 GOTO 260

765 REM ***REQUEST TO AND REPRINT DATA ***

770 PRINT "WOULD YOU LIKE ANOTHER COPY OF THE DATA. IF SO
ADVANCE PAPER TO NEXT PAGE. ANSWER YES OR NO.

771 INPUT V$
772 IF V$="YES" THEN 540
780 END
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