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DNA adducts, mutant frequencies and mutation spectra inllacZ
transgenic mice treated with N-nitrosodimethylamine
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Marie-Jose S.T.Steenwinket, Robert A.Baar? and sure to NDMA is not possible, but, based on indirect evidence,
Soterios A.Kyrtopoulos'-3 it has been suggested that this mode of exposure may greatly

1 , . . , L exceed that arising from exogenous sources and may constitute
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and Biotechnology, National Hellenic Research Foundation, 48 Vassileos & Significant cancer risk factor for man (9,10). Although

Constantinou Ave., Athens 11635, Greece &RNO Nutrition and Food epidemiological studies have provided evidence compatible
Research In_stitute, P.O. Box 360, 3700 AJ Zeist, Utrechtseweg 48, with a carcinogenic role of NDMA in man, such evidence is

3704 HE Zeist, The Netherlands far from conclusive, possibly because the effectiveness of
%To whom correspondence should be addressed these studies was compromised by the difficulty of estimating
Email: skyr@eie.gr the true extent of total NDMA exposure (11-18). Hence, and

Groups of AlacZ transgenic mice were treated i.p. with N-  in view of the powerful and multispecies animal carcinogenicity
nitrosodimethylamine (NDMA) as single doses of 5 mg/kg of NDMA, there is a need to add mechanism-based approaches
or 10 mg/kg or as 10 daily doses of 1 mg/kg and changes to epidemiological investigations of the role of NDMA in
in DNA N7- or O%-methylguanine or the repair enzymeO%-  human cancer.
alkylguanine-DNA alkyltransferase (AGT) were followed NDMA has been widely employed as a model experimental
for up to 14 days in various tissues. Adduct induction in  carcinogen and for this reason much is known about the
the liver exceeded by at least one order of magnitude than mechanism of its biological effects. It is metabolised primarily
observed in the next nearest target tissue (lung), and was in the liver by cytochrome P4502E1 to a methylating reactive
approximately linearly related to dose, except for 0% intermediate (probably the methyldiazonium ion) which
methylguanine after the first dose of 1 mg/kg which was methylates cellular macromolecules (19). It is agl$ype
lower than expected. Substantial induction ofAlacZ muta- methylating agent, generating in DNA primarily7-methyl-
genesis was observed only in the liver, where the mutant guanine N7-meG, ~70% of all adducts formedpé-methyl-
frequency was already maximal within 7 days after 5 mg/ guanine O%-meG, ~7%), N3-methyladenine (~3%),0*
kg NDMA and remained unchanged thereafter up t0  methylthymine ©*meT <0.1%), methylphosphotriesters
49 days. Small but marginally significant increases in (~129) as well as a number of other minor base modifications
mutant frequency were consistently observed in the spleen (20). The quantitatively major DNA lesioh7-meG is not
after all three mlode_s of treatment. A lack of proportlonahty directly mutagenic, but it can undergo enzymatic or spontan-
between mutation induction and the administered dose or  gqys depurination to form mutagenic apurinic sites (21). On
the corresponding adduct levels was observed, probably the other hand, oxygen-centred base methylation adducts are
reflecting the importance of toxicity-related cell p(oln‘era— directly mutagenic and most current evidence suggests that
tion caused by NDMA at higher (_joses. Twenty _elght day_s the most abundant of thes®8-meG, plays a major role in
after a dose of 10 mg/kg (causing a 3.6-fo_|d increase in - mytagenesis and carcinogenesis by NDMA and othgt- S
mutant frequency), NDMA was found to increase the e methylating agents. This is supported by correlations
frequency of GC— AT mutations (with a concomitant shift  perveen the accumulation dd5-meG in different animal
of their preferential location from CpG sites 10 GpG  jisgies or cell types and susceptibility to methylating-agent
sites), which made up ~60% of the induced mutations. o cinogenesis, as well as by the cancer protective effect
Surprisingly, NDMA also caused a significant increase in ¢ the repair enzyme®-alkylguanine-DNA alkyltransferase
deletions of a few (up to 11) base-pairs (22%). (AGT) which specifically repair©5-meG (22—25).
Single-adduct studies have demonstrated D&meG is
strongly premutagenic, giving rise to GCAT transitions by
direct miscoding during cell replication (26—-28), a sequence
N-Nitrosodimethylamine (NDMA*) is a carcinogen of substan- change which has been found to dominate the mutation spectra
tial laboratory and environmental interest, capable of inducingnducedin vitro andin vivo by S 1 methylating agents (29—
benign and malignant tumours in many animal species and i81). In the case of NDMA, sequence analysis of large numbers
a variety of tissues, including the liver, the kidney, the lungof mutants derived from mutagenesis in theel gene of
and the nasal cavity (1,2). Human exposure to NDMA isEscherichia colihas shown that it induces predominantly
widespread, associated primarily with nitrate- or nitrite-treatedSC -, AT transitions, as well as a small proportion (~10%) of
foods, certain beverages and tobacco smoke (3,4). Significaother types of mutations (30,32).
human exposure is also derived from endogenous formation While information on the mutagenicity of NDMA in whole
of NDMA in the stomach and possibly in other body compart-animals is relatively limited, recent studies witcZ or lacl
*Abbreviations: NDMA, N-nitrosodimethylamine%-meG,0f-methylguan- t-ranSgemC mice have shown that it is mUta-genic mainly i!1 the
ine; AGT, Os-aikylguan'ine-DNA aIkyItrar%sferas@“-meT,'O4-meth))//It%\ym- liverand, toa Sm.a”er degree, the Iun_g and kidney, but notin th.e
ine; N7-meG, N7-methylguanine; P-gal, phenlgalactoside; WBC, white 0ON€ marrow, urinary bladder or testis (33-35). Furthermore, it
blood cells; MF, mutation frequency. has recently been reported that administration of NDMA in
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Fig. 1. Changes irN7- andOf-meG and in AGT in various tissues of mice following a single dose of 5 mg/kg NDMA. Data are averages obtained from 4
mice. For experimental details, see Materials and methods.

— e In the_ work reportgd here an attempt was made to begin
FST pretreatment AGT addressing the question of the mechanism of NDMA muta-
B post-treatment AGT genesign vivo. For this purpose)lacZ transgenic mice were
exposed to single or multiple doses of NDMA and the kinetics
of induction of DNA methylation adducts and mutations
in different tissues, as well as the spectrum of induced
mutations, examined. We report that, following single or
multiple treatment of animals with NDMA with doses ranging
up to 10 mg/kg, (i) a clear mutagenic effect was observed
only in the liver, while a small effect was consistently observed
in the spleen, (ii) as the dose was increased, liver mutagenesis
increased more than adduct accumulation and (iii) after a dose
i o ; ; ; of 10 mg/kg NDMA, in addition to the predominating GCAT
iver  lung  spleen  WBC  brain bone marrow mutations a significant proportion of single- and multiple-base
deletions were also induced in the liver.
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Fig. 2. Levels of 05-meG and AG 6 h following a single dose of 10 mg/
kg NDMA, as well as pre-treatment levels of AGT, in various tissues of .
mice. The levels oN7-meG in the liver after the same treatment were Materials and methods
1591 + 247 (SD). Data are averages obtained from 4 mice. For Animal experiments
imental detail Material thods.
experimental details, see Materials and mthods Male Muta™ mice, 9-10 weeks old (Hazleton) were maintained on normal
laboratory chow. For each dose or time point, groups of four animals were
the form of split doses or even chronic treatment in thetreated i.p. with NDMA dissolved in physiological saline. Animals were killed
drinking water is more effective in inducing liver mutations at appropriate times after treatment and tissues immediately placed in liquid
h dmini . f th inale d nitrogen. For AGT measurement in white blood cells, the cells were isolated
than administration of the same amount as a single O_Sﬁ:"om fresh blood by lysis of the erythrocytes in 155 mM RMEV10 mM
(33,36). However, as no DNA adduct data were reported ikHCOy0.1 mM EDTA on ice for 15 min, followed by centrifugation and
these studies, interpretation of dose effects and extrapolatiomshing of the leukocyte pellet with PBS, prior to freezing. All tissues were
to events likely to occur under environmentally relevantstored at—72C until analysis.
conditions is difficult. As regards the types of mutationsMeasurement of BmeG, N7-meG and AGT
induced by NDMAIn vivo, limited information comes from DNA was isolated by a previously reported method involving multiple
Mirsalis et al (35) who reported that eight out of 10 liver treatments with proteinase K and RNase and phenol/chloroform extraction
tati . d. d itacl t . . by five dailv d (48). Measurement dd®-meG was carried out by the competitive repair assay
mutations induced imacl transgenic mpe y Tive dally doses (49), with a limit of detection, using 10g DNA per assay, of 0.05 fmaly
of 4 mg/kg NDMA were GC- AT transitions. DNA (0.08 pmol/molG). N7-meG was analysed by hydrolysis of DNA
GC- AT mutations have also been found to occur frequently(enzymatic or by heat treatment) prior to HPLC with electrochemical detection
in cancer-related genes of animal tumours induced by NDMAYY gytim?‘unoi'gtéb;m nﬂetgor\?AOk()fy USiDG "}8??%'8)"31 gqtibOdi%S’tWith_a "dmit
: i _ etection of 0.6 fmollg pmol/mo . was determine
f’a‘nd gther methylatmg N mtrogo compound_s (37 43.)’ thu% tissue extracts using as substrétemethylated calf thymus DNA (48).
implying an important role folO°-meG in carcinogenesis by Mutant freduency analvsis
such agents. On the other hand, it is notable that in Phages gontaizing ttilecz gene were rescued from high molecular weight
number_ of (,:ases hu,man Cance_rs fo,r Wh_ICh’ on the basis NA using a commercially available phage packaging extract (Giga-pack Il
e_p|dem|0|09|ca| StUd|e_Sy the_ etiological |_nV0|Vement of N- Gold, Stratagene) and subsequently used to irfecoli lacZgalE bacteria
nitroso compounds (including NDMA) is suspected, the(51). Bacteria containintacZ-mutated phages were selected using phgayl-
mutations in the corresponding genes are not dominated bgplactoside (P-gal). In most casesio0 000 phages were analysed, while
GC- AT transitions (44-47). Although these observations mayPreups of four animals were used for each time-point.
indicate lack of involvement of NDMA in tumour induction, Seduencing of mutants _ S
they also invoke the possipity that under certain condiionsTs Seeine e 1sor(f, ) o e b macoscess gene i e
NDMA may induce a more cor_n_plex pattern of r.nUtatlon_S th"’mc rried out involving ryeplating of the mutants on the three complementation
that _observed under the conditions employed in experimentalrains ofE.coli: DH5a (-, B+, w-+), W4680 (i +, B, w-+) and Hfr3000<90
studies. (a+, B+, w-) (52). The region thus determined to contain the mutations was
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Fig. 3. Changes ilN7-meG (only in the liver)08-meG and AGT (various tissues) during 10 daily treatments of mice with 1 mg/kg NDMA. Data are
averages obtained from 4 mice. For experimental details, see Materials and methods.

subjected to PCR amplification using pairs of primers of which one Was 5
biotinylated. Following separation of PCR products by low melting agaroseapie . Mutant frequencies (mean, sd) AfacZ transgenic mice after a
gel electrophoresis, binding of the biotinylated PCR products to magneti¢jgse of 5 mg/kg NDMA

beads and DNA sequence analysis was performed by standard methods (53)

MF (per 16 pfu) (SD)

Results Time (days) Liver Bone marrow Lung Spleen
In order to assess the dose- and time-relationships between 59 (@) 28 (6) 63 (23) 5 @
DNA adduct_formatlon and mutagenesis by N'DM)NacZ 0P (25 31 (10) 61 (18) 65 (21)
transgenic mice were treated with single or multiple doses ang, 109 (21) 4% (4) 56 (12) 43 (6)
adducts and mutations measured at various times. Attentiors 106 (21) 28 (8) 56 (13) 25 (10)
was focused mainly on the liver and lung (known targets for49 116 (8) 32 (11) 71 (26) 35 (6)

NDMA carcinogenesis), as well as the spleen and the bong _ - . .
marrow in view of the high proliferation rate of these tissues.Eﬂgﬂzrﬁggai?ﬁgih‘éﬂgss otherwise indicated. For experimental details, see
Additional tissues in which adducts were measured includepata from 3 mice.
white blood cells (WBC) and the brain. bp < 0.05.

’p < 0.001 (-test).
DNA adductsThe kinetics of adduct formation and repair was
examined in animals treated with single doses of 5 mg/kg or
10 mg/kg NDMA. As can be seen in Figures 1 and 2, theTable Il. Mutant frequencies (mean, sd) MacZ transgenic mice after a
liver showed by far the highest adduct levels, followed by thedose of 10 mg/kg NDMA
lung, spleen, WBC, bone marrow and brain. Six h after
treatment with 5 mg/kg, the levels @5- and N7-meG had MF (per 16 pfu) (SD)

already reached maximal values, thereafter decreasing witfime (days) Liver Bone marrow  Lung Spleen
half-lives of 20-25 h and 35-55 h, respectively, depending o

the tissue. Whereas r@*-meG could be detected 7 days after?zfcomrob 2%‘ 892); 4470((1132)) 6514(557)) 3‘:30((7(;)
treatment, the more slowly repaired adddtt-meG was still 23 20% (81) 48 (7) 56 (6) 63 (10)

detectable in liver DNA at levels substantially higher than : —

background even 14 days post-treatment. Significant depletio'ﬂata from 4 mice, unless otherwise indicated; two controls were analysed

of AGT was observed 6 h after treatment in all tissueS%net(:]ao):j;’.‘l and two on day 28. For experimental details, see Materials and

examined, followed by slow return to full activity within 7— a, < 0.0s.

14 days. bp < 0.01 ¢-test).

Animals were also treated with multiple doses of NDMA, ‘Data from 3 mice.

consisting of 1 mg/kg NDMA every 24 h for 10 days. Tissues

were collected 6 h after the 1st, 6th and 10th treatments, anafter 5 mg/kg NDMA and 14 and 28 days after 10 mg/kg

DNA adducts and AGT measured. As can be seen in Figure 3DMA. As can be seen in Table |, after 5 mg/kg NDMA a

the tissue distribution of adducts was similar to that seen aftesignificant increase in MF occurred in the liver, where the MF

single doses, with the liver showing at least one order ohad doubled by day 7 and remained practically unchanged

magnitude higher adduct accumulation than the lung and thentil day 49. A small but statistically significanp & 0.037)

other tissues. In the liver, WBC and spleen, adducts approachégcrease also occurred in the spleen 7 days after treatment.

steady-state levels by day 10. Although @-meG could be An analogous picture was obtained after 10 mg/kg NDMA

detected in the bone marrow and brain at any time poin{Table II), with the MF increasing substantially in the liver,

examined, significant AGT depletion was observed in thesevhere it almost quadrupled after 14 days and remained constant

tissues, implying thaD8-meG accumulation at levels below up to 28 days, and to a smaller but statistically significant

the detection limit had probably occurred. degree o = 0.008) in the spleen 28 days post-treatment. No
evidence of an increase in the MF was obtained for the bone

Mutant frequenciesMutant frequencies were measured in themarrow and lung.

liver, lung, spleen and bone marrow 7, 14, 28 and 49 days Mutant frequencies were also measured 14 and 28 days
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Table Ill. Mutant frequencies (mean, SD) MacZ transgenic after 10 daily = Table IV. Liver mutations in controhlacZ transgenic mice
doses of 1 mg/kg NDMA

Sequence Region Position Target sequence Amino acid
MF (per 16 pfu) alteration alteration
Time (days) Liver Bone marrow Lung Spleen GC_AT a 436 AGACGCGAAT arg- STOP
GC- AT B 595 GAGTGACGGC asp asn
14 102 (24) 32 (7) 58 (9) 35 (6) GC-AT P 1114 CAGGTCATGG vak ile
28 137(33) 31 (10) 64 (8) 69 (26) GC-AT B 1373 GAGTGTGATC ser.asn
o GC- AT B 1492 CGACACCACG asp asn
Data from 4 mice; two coqtrols were an_alysed on day 14 and two on day gc_ AT B 1543 AAGACCAGCC asp.asn
28. For experimental details, see Materials and methods. GC_AT B 1561 TGTGCCGAAA val. met
°p < 0.05 t-test). GC-AT B 1676 ATACTGGCAG trp- STOP
GC_ AT B 1688 GCGTTTCGTC arg his
. _ GC- AT B 1708 TTTACAGGGC gln- ser
after completion of the 10-day treatment with 1 mg/kg/dayGC- AT w 2153 CGGGCACATC gly-glu
NDMA (Table Ill). An increase was observed in the liver, gTC*é‘I: ® Zggg ?A?‘é%gggé taFQSTOP
which became significanp(= 0.019) 28 days post-treatment. ‘1~ 3¢ E o1 CCAAACTGTG &;":g[ﬂ
As was the case after single doses, a small (1.7—fqld) increa_sgagc B 1202 CATCCGCTGT his. pro
was observed in the spleen on day 28. This increase isr-GC B 1232 TACGGCCTGT tyr.ser
significant p = 0.029) when compared with the day 14 value,AT ~GC B 1510 CACCGATATT ile-leu
although it just failed to reach statistical significance when™l ~GC @ 2408 GTAAGTGAAG glu ala
d to the control animal valug € 0.06) ec-m g 187 COLEATEG glu- STOP
compare e U.Uo). GC-TA B 994 GCAGAAGCC glu- STOP
Sequence-characterisation of mutations GC-TA B 1722 TGGGACTGGG trp cys
S ionBourtv-th tant ol btained €S~ TA B 1739 GTCGCTGAT ser STOP
pontaneous mutationsourty-three mutant plaques obtained ¢ 1a 0 1823 CTGTATGAAC cys- phe
from the livers of four control mice were selected at randomgc-1a  w 2266 AGCGCCTGG glu-trp
and sequence-characterised. In four of these mutants, multipfeC- TA w 2493 AGTGCACGG cysSTOP
mutations were observed. One mutation (a —C deletion a‘f’g*gg E 1‘&2? g%%igﬂg ;‘I'ligqg
nucle(_)tlde position 109) was obs_er_ved tV\(/]lce. Of _the A71:c2cc o 2215 CGCCGCGTCC alapro
mutations thus a.nallysed,. the majority (7OA))_conS|sted ORT .CG B 905 GTCGAAAACC glu-ala
single-base substitutions, including 41% transitions and 29%r - TA B 548 TTTTTACGC leu- STOP
transversions (Tables IV and V). The most frequent type of\T ~TA B 899 ACGTCTGAAC asm. ile
mutation was GG AT transitions (28%), including 5/13 at AT-TA B 1438 GTATCGCTGG trp-arg
CpG and 4/13 at GpG dinucleotides. In addition, all possiblé g g 109 o
pG a at Gp ucleotides. In addition, all possible g B 479 GGTGCAAC
single-base substitutions were observed, as well as eight singles B 756 CAGATGTGC
base deletions, two single-base insertions, two large deletiong B 759 GTGCGGCGA
and one three-base pair insertion. _fgb P 1%33 1062 %CT%LCTACT{*F%C
Mutations in NDMA-treated miceFourty-three randomly — °P E 1144 GATATCOTGC
selected mutants obtained from the livers of four mice 28 daysg B 1179 GTGCGCTG
after treatment with 10 mg/kg NDMA were sequenced. In four-52bp B 1502-1553 ACGG...CCCG
cases, multiple mutations were found. Of the 47 mutationsT B 1656 AGTCTTGGCG
thus analysed, 64% were single-base substitutions, consistirg 5 if12‘1513 OTrTﬂAATTTGCC
predominantly of transitions (58%) and a few transversions, taa 1513-1514 TTATAATTTGCC
(6%) (Tables V and VI). In addition, seven single-base dele--c B 1734-1735 GGAT'CAGTC
tions, one single-base insertion, eight larger deletions of 4=+T w 1849-1850 ACC'GCACG

100-bases and one 5-base insertion were found. Taking info
account that these mutants were derived from a treatmegri
which caused a 3.6-fold increase in MF relative to the controls;

the observed mutation spectrum was corrected for the probab'ndlcatlng that the process of conversion of premutagenic DNA

oo . &sions into mutations in this tissue was complete within 7
contribution of_spon_taneous mutations (Table \_/). The Onlydays. By this time,0%-meG (the most potent premutagenic
types of mutations in the calculated net mutation spectrung,qion induced by NDMA) was no longer detectable in DNA.
which were significantly X2 test) increased were GCAT

transitions and single or multiple base deletions Fourteen days post-treatmeht7-meG was _stiII detectable in

: liver DNA at levels (20.3 fmojig DNA) which were greatly
reduced but still significantly higher than in control animals.
Based on the observed rate of lossNif-meG, the levels of
In this study, quantitative and qualitative data on the inductiorthis adduct in liver DNA 28 days post-treatment are likely to
by NDMA of methylated DNA adducts and gene mutationshave been of the order of 1 fmpl, comparable to that
in AlacZ transgenic mice have been obtained. The liver wasbserved in the liver of untreated animals (Figure 1).
the main target for adduct induction, accumulating ~10-30 Table VII shows that the yield of liver adducts per unit dose
times more adducts than the lung (tissue with the next mosimg/kg NDMA) 6 h after treatment with 5 mg/kg or 10 mg/
abundant adducts). The liver was also the primary target fokg NDMA is constant, whereas it is significantly reduced after
mutagenesis. Single doses of 5 mg/kg or 10 mg/kg NDMAa dose of 1 mg/kg. While adduct levels at a specific time-
resulted in clear increases in liver MF within 7 days, with nopoint constitute a useful measure of the amount of the genotoxic
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Table V. Summary of mutations observed in control and NDMA-treat&tZ transgenic mice

Control NDMA-treated

Observed % Observed % Corrected for contibution of spontaneols (%)
Transition
GC- AT 13 (5 28 24 (5} 51 60 p < 0.001)
AT - GC 6 13 3 6
Transversions
GC-TA 7 15 -
GC-CG 3 6 2 4
TA - AT 3 6 -
TA-GC 1 2 1 2
Deletions
-1 9 19 7 15 144 = 0.031)
>-1 2 4 8 17 221§ = 0.003)
Insertions 3 7 2 4
Total 47 100 47 100

4n brackets, mutations within’8CpG dinucleotides.
POnly mutations calculated to be statistically significantly increagédest) by treatment are shown.

damage occurring after a given dose, a more satisfactorgplit-dose regimen was less than that following a single
quantitative measure of the biologically effective extent ofadministration of 10 mg/kg. As shown in Table VII, 28 days
DNA damage occurring in a given tissue would be providedafter the end of the split-dose regimen the net induced MF in
by the area under the corresponding adducts—time curvéhe liver was 73 per T0pfu, less than half of that caused by
Calculation of the areas under the curve over the period 0-1the same total dose of 10 mg/kg administered at once. Since
days after 5 mg/kg shows that, for different tissues, theyno significant decrease in MF occurred up to 49 days after
correlate closely with the correspondi h levels for both 5 mg/kg NDMA, the lower mutagenic efficiency of split dosing
06- and N7-meG (F = 1.00; p < 0.01) (results not shown), cannot be attributed to mutant loss, but was probably related
indicating that the 6 h measurements reflect accurately tht the lower effective concentration @f-meG and the more
area under the curve over a wide range of tissue-specifiimited toxicity-induced cell proliferation. While no systematic
adduct concentrations and repair capacities. Given that almostudy of the effects of dose and time on toxicity-induced cell
complete depletion of AGT was observed after both 5 mg/kgproliferation has been reported, it is noted that treatment of
and 10 mg/kg NDMA, it is likely that the same correlation C3H mice with NDMA dissolved in their drinking water at a
holds for the dose of 10 mg/kg NDMA (for which the available concentration of 30 ppm (resulting in a daily dose of ~5 mg/
data do not permit the direct calculation of the correspondindkg) for 16 days gave rise to a significant increase in hepatocyte
areas under the adducts curve). Thus, the time-integratgutoliferation, whereas no increase was observed in animals
concentration of the two major DNA adducts appears to bexposed to 3-fold lower concentration of NDMA (57). Further-
linearly related to the administered NDMA dose in the 5—more, Doolittleet al. (54) reported that seven daily treatments
10 mg/kg range. In contrast, the corresponding MF 14 or 2&f CD-1 mice with 4 mg/kg NDMA gave rise to a toxicity-
days post-treatment shows clearly superlinear relationshipgssociated increase in hepatocyte replication, whereas a similar
with the dose [f for linearity >0.12) and the 6 h adduct levels treatment with 2 mg/kg had no detectable effect. Finally,
(Table VII). Characteristically, the number of net inducedSuzuki et al. (33) recently reported that five daily oral
mutants (post-NDMA minus spontaneous) 28 days after 10 mgdoses of 1 mg/kg NDMA did not induce any significant cell
kg was 148 per 10pfu, >3-fold greater than that induced by proliferation in hepatocytes of Big Blue (C57BI/C6) mice.
5 mg/kg (47 per 1®pfu). This greater than linear increase of Based on these data, it appears that little if any hepatocyte
MF is likely to be the result of increased liver cell proliferation proliferation would be induced by 10 daily doses of 1 mg/kg
caused by the hepatotoxicity of 10 mg/kg NDMA (33,54-56).NDMA as employed in our study, whereas it would have been
During 10 daily administrations of 1 mg/kg NDMAQ®-  after the highest single dose employed, i.e. 10 mg/kg.
and N7-meG accumulated steadily in liver DNA, their 6 h  Our finding that 10 mg/kg NDMA is more effective in
adduct levels approaching a constant value by the end ahducing liver mutations when administered as a single dose
this treatment period. Consequently the biologically effectivethan when split over 10 days contrasts with the recent report
concentration of each adduct throughout the dosing period, af Suzuki et al. (33) who reported that five daily doses of
reflected by the area under the curve, cannot be accuratelymg/kg NDMA were more mutagenic in the liver of 8-week
estimated from the available data, since following each admineld male Big Blue mice than a single dose of 5 mg/kg. In
istration of NDMA there would have occurred a rapid increaseview of the similarity in mouse strain (except for the transgene
in adduct levels followed by repair. However, the less extensivgenotype), age and sex employed in that study and ours,
depletion of AGT and the consequent lower yield@¥meG  this difference is unexpected and we have no satisfactory
per unit dose caused by 1 mg/kg NDMA (Figure 3) imply thatexplanation for it, other than speculate that the more extended
the area under the adducts curve ©f-meG during the period of exposure in our study may have resulted in different
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Table VI. Liver mutations in NDMA-treated\lacZ transgenic mice

Table VII. Summary data on the induction of DNA adducts and mutations
(mean; SD) by different doses of NDMA

Sequence Region  Position Target sequence Amino acid
alteration alteration Dose 05-me@/ N7-meG/ Induced MF  Induced MF/
total dose total dose total dose

GC- AT a 85 ACCCAACTT gln- STOP
GC- AT a 217 GCACCAGAAG glu-lys 1 mg/kdt 9.9 (0.9) 104 (22)
GC- AT a 237 AGCTGGCTG trp> STOP 5 mg/kg 16.6 (1.6) 130 (5) 47 (29) 9.4 (5.8)
GC- AT a 403 ATGTTGATGA val-ile 10 mg/kg 17.6 (1.0) 159 (15) 148 (93) 14.8 (9.3)
GC- AT B 556 GCGCCGGAGA gly arg 10X 1 mghkg 1.35(0.13) 17.8(47) 73(62) 7.3 (6.2)
GC- AT B 619 AAGATCAGGAT asp-asn
GC- AT B 646 TTTTCCGTGA arg- cys First of 10 daily doses of 1 mg/kg.
GC- AT B 801 TTATGGCAG trp- STOP b6 h post-treatment.
GC- AT B 955 GGTGGTTGAA vab ile €28 days post-treatment.
GC- AT B 1090 CACGAGCAT glu- lys
GC- AT B 1177 AACGCCGTGCG vakh met
GC- AT B 1249 TGTGGTGGATG asp asn
GC- AT B 1279 GGCATGGTGCC val met high, toxic doses, it appears to have marginal clastogenic
GC-AT P 1303 ATGATCCGCG asp asn effects at doses in the range of 5-10 mg/kg as employed in
GC- AT B 1468 CCGCCCGGTG val met h dv (33 59.60
GC-AT 1537 CGCGTGGATG aspasn the present study (33,59,60). o
GC- AT B 1645 GATGGGTAAC gl ser Of the tissues examined for mutagenesis in our study, the
GC- AT B 1700 GTATCCCCGTTT arg his spleen was the only one, in addition to the liver, for which
ggﬂg B %255’ gﬁfgg%ﬁ% ?'Y* asp consistent evidence of a small mutagenic effect was obtained.

N @ oy gy-asp Small (<2-fold) but statistically significant increases in spleen
GC- AT w 2317 TCACAGATG gln- STOP
GC_AT © 2772 GCTGGGATCT trp. STOP MF were observed 7 days afte.r 5 mg/kg a_nd .28 da_ys after
GC- AT ) 2837 GCTGCGGGAC glyglu 10 mg/kg NDMA, while a small increase which just failed to
GC- AT ® 2871 CAGTGGCGC trp- STOP reach statistical significance was also observed 28 days after
AT-GC B 457 GGCGTTIAACT asm. asp the end of 10 daily administrations of 1 mg/kg NDMA.
AT-GC B 809 GCAGGGTGAA glu-gly Althouah L Py ¢ animal Id b
AT_GC 2638 AGTGGCGAGC sex gly though examination of larger groups of animals would be
GC-CG 2539 CCGCTCACGCG valleu required to obtain conclusive support for the significance of
GC-CG 2840 GGGACGCGC thr arg such small increases in MF, their consistent occurrence after
TgHGC B 288 géégéﬁ%&g phe- val all three dosing regimens and only in this tissue suggests that
s g 1182 GOTGTTCGCA NDMA may indeed have a mutagenic effect on the spleen,
—34bp B 1243-1276 TAT..TGGT despite the aqcumullation in this tissue of ~40—1QO—foId_ fewer
—7hp B 1430-1437 CGCT..TGGA adducts than in the liver. We note that the spleen is particularly
=T B 1509 GCCACCGATA susceptible to methylating agent mutagenesis, exhibiting the
P g 1008 1009 SGA. BOCCG highest levels of mutagenesis after administration of a single
_A P B 1744 CTGATTAAAT dose of MNU, a direct-acting methylating agent which, in
—4bp w 1830-1833 TGAA..CTGG contrast to NDMA, causes significant methylation in many
—11bp w 19952005 TGGA..TGGCA tissues, including the spleen (61).
—ibp @ g%gg—ﬂ” SJSSTGASSSC Our observations on the spectrum of spontaneous mutations
- @ = in the liver oflacZ transgenic mice confirm and extend those
—~100bp w 2475-2574 CCGA...CGGAA
—c ® 2722 GGGCCGCAA report_ed by Douglast al. (62). Based on a t(.)Fa| of 47
-A w 2909 AGTCAACAG mutations sequenced, we found that G&T transitions are
+T B 1163 GAACAACTTT the most frequent spontaneous mutations, a large proportion
+5T w 22552260 GATTTTTGC

of them being concentrated at CpG dinucleotides. We also
observed all the other possible single-base substitutions, as
well as a substantial number of frameshift mutations, including

eight single-base and two larger deletions and three insertions.

cell replication kinetics in specific subpopulations of liver cells We sequenced 47 liver mutations isolated 28 days after
which constitute targets for NDMA mutagenesis (58). Wetreatment with a single dose of 10 mg/kg NDMA, a treatment
note, in this respect, that Mirsalet al. (35) failed to induce which resulted in a 3.6-fold increase in MF. Correction of the
mutations after five daily treatments of 2 mg/kg NDMA in 6- observed mutation spectrum for the likely contribution of
week oldlacl mice, although they did report a positive responsespontaneous mutagenesis revealed that NDMA induced mainly
in 3-week old mice given the same dosage. An additionalGC- AT transitions (~60%) and deletions. Sequencing of a
point of contrast of our results with those of Suzekial. (33)  limited number of liver mutations induced Iacl transgenic
concerns our failure to observe induction of lung mutationsmice by five daily doses of 4 mg/kg NDMA was reported to
by NDMA. On the other hand, in agreement with these authorgieveal 8/10 GC, AT transitions, one TA,GC transversion

we too observed no NDMA-induced mutagenesis in the bonand one single-base insertion (35). The proportion of GXT
marrow. The levels 0D®%-meG in this tissue after 10 mg/kg mutations obtained by us from the analysis of a much larger
NDMA were ~200-fold lower than in the liver (Figure 2) number of mutations is comparable to that reported above, as
while they were below the limit of detection after 10 daily well as that caused by MNU in mammalian cells (29,63-65),
doses of 1 mg/kg (Figure 3). While NDMA causes clastogenicand reflects the important role of direct miscoding®meG
damage in the bone marrow (micronucleus induction andluring DNA replication. On the other hand, this proportion is
sister-chromatid exchanges) after animal treatment at vergignificantly lower than that observed Ecoli in vitro or in
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combinedin vivd/in vitro systems (30,32,35), a difference  Summarising, we have found that the extent of NDMA-

which may reflect the high probability of conversion into induced mutagenesis in mouse liver increases disproportion-

mutations of a short-lived, highly mutagenic lesion such asately to dose intensity and to DNA adduct induction in the

05-meG in rapidly proliferating bacterial cells. Approximately dose region 1-10 mg/kg. This suggests that toxicity-induced

63% of GC- AT mutations observed in our study were at liver cell proliferation may play an important role in determin-

5'GpG sites, in agreement with the known sequence specificiting NDMA mutagenesis in the liver and that extrapolation of

of Sy1-type methylating agents (64,65). NDMA-mediated mutagenic effects to low dose levels should
The finding that approximately one third of NDMA-induced not be based on the assumption of dose linearity, even if dose

mutations involved deletion of one or more bases is unexpecteds expressed in terms of DNA damage. At the highest dose

While the confounding of the mutation spectrum in NDMA- examined (10 mg/kg), in addition to GCAT mutations,

treated animals by spontaneous mutations does not permit ttNDMA induces a significant proportion of deletions of one or

assignment of individual mutations to NDMA, it is statistically a few bases. The elucidation of the molecular mechanism of

probable that most of the observed deletions of one or a feuhese mutations may assist in the interpretation of mutation

(up to 11) bases were caused by NDMA. As discussed abovspectra in cancer genes of human cancers in whose etiology a

the reported mutation spectrum of MNU in mammalian cellspossible role of NDMA is suspected.

includes a significant proportion of non-GCAT mutations.
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