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Table 1
Mutant frequencies induced by BaP and 10-azaBaP in eight organs of Muta™Mouse
Tissue Treatment  lacZ assay clf assay
Individoal animal data Average + S.D.  Individual animal data Average £ S.D.
No. of No.of MF x 10® MF x 10° No. of No.of MF x 10° MF x 106
phages mutants phages mutants
anafyzed analyzed
Liver  Control 422000 21 498 378000 15 39.7
(olive ail) 602000 k1 64.8 1394000 37 26.5
194500 10 514 938000 48 51.2
136000 8 58.8 1168000 32 274
333000 18 54.1 558 £ 55 987900 31 314 352492
BaP 1495500 403 269.5 349200 17 48.7
211000 &3 298.6 225900 36 159.4
1054500 561 5320 103800 8 771
1457000 602 4132 32300 31 959
483000 267 552.8 413.2 £ 116.1* 286500 26 90.8 4.3 + 364
10-AzaBaP 1116500 80 7.7 1515900 153 100.9
148000 27 182.4 368700 21 570
369000 28 759 555300 34 61.2
155500 3 199.4 643800 33 513
236500 37 156.4 137.2 £ 53.5* 489300 22 450 63.1 £ 197
Spleen  Control 634500 30 473 745200 29 389
(olive oil) 781000 40 512 . 846500 17 20.1
221000 19 86.0 366000 10 273
771500 43 55.7 1016700 37 364
680500 48 70.5 62.1 & 143 442200 15 339 31368
BaP 276500 170 614.8 672300 83 1309
194000 101 520.6 579600 77 132.9
882000 731 828.8 : 204900 37 180.6
1024000 354 34537 849000 128 150.8
136050 122 896.7 6413 £ 201.5% 61550 13 m.a2 1613 &+ 30.7
10-AzaBaP 226000 11 48.7 1532100 30 19.6
452500 25 55.2 609600 11 18.0
322000 24 74.5 366600 19 51.8
240000 17 70.8 346800 11 . 3L7
729500 93 1275 754 + 27.8 1024800 25 244 29.1 £ 123
Lung  Control 473000 21 44.4 743700 41 $5.1
(olive cil) 211500 21 99.3 424200 17 40.1
460500 28 60.8 816500 47 515
181000 11 57.6 400200 18 45.0
293000 55 187.7 90.0 £ 52.2 278100 10 360 46.7 + B4
BaP 181000 43 237.6 415200 39 93.9
127500 n 556.9 314700 46 146.2
138000 63 456.5 372000 25 67.2
76500 27 3529 210900 92 4362
41500 16 385.5 3979 £ 1064™ 150600 10 66.4 162.0 £ 140.1
10-AzaBaP 172500 31 179.7 515706 24 46.5
214500 16 74.6 471000 13 27.6
516500 25 484 900000 100 110.0
196000 13 66.3 610200 21 34.4

102000 8 784 89.5 % 463 327900 28 854 60.8 £ 31.7
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Table 1 (Contimued)

Tissue Treatment  lqcZ assay oIl assay
Individual animal data Average + S.D. Individual animal data Average + S.D.
No.of No.of MF x 105 MF x 108 No.of No.of MF x 10° MF x 106
phages mutants phages mutants
analyzed analyzed
Kidney Control 269000 32 119.0 802800 34 424
(olive oil) 299000 19 635 687600 37 53.8
695500 49 70.5 1512600 54 357
843500 63 74.7 1579200 116 135
818500 70 85.5 826 + 195 1654200 122 738 558 £ 156
BaP 243500 53 2177 821400 86 104.7
355500 73 205.3 1071000 B4 784
685500 129 188.2 1394400 56 402
393000 162 412.2 1596000 161 100.9
516000 116 2248 249.6 £ 82.2= 1236000 167 135.1 919 + 31.5
10-AzaBaP 859500 58 675 442200 31 70.1
192000 18 93.8 476700 19 39.9
500500 66 1319 1330200 90 61.7
427500 47 109.9 1339800 98 731
450000 29 64.4 935 4 255 1216800 55 452 592 £ 138
Bone marrow  Control 934500 180 1926 672300 30 44.6
{olive qil) 248500 15 60.4 395400 11 21.8
197000 i1 558 417300 6 144
57000 3 52.6 178500 3 16.8
391500 24 61.3 846 £ 54.1 321300 19 59.1 326 £ 17.0
BaP 313500 202 6443 554400 136 2453
130500 101 7739 318900 48 150.5
12000 9 7500 112500 11 97.8
57000 50 8772 . 276300 36 130.3
121500 139 11440 8379 + 170.0* 44400 14 3153 187.8 + 80.5™
10-AzaBaP 241000 15 62.2 569400 13 28
115000 6 522 282300 7 248
11500 1 870 115200 5 434
56500 4 708 18300 1 546
372000 3 8.1 56.0 £ 266 81500 2 244 340+ 128
Colon Control 619500 70 113.0 332700 14 42.1
{olive oil) 676500 56 82.8 385500 10 25.9
521200 33 633 1084900 26 240
913500 79 86.5 389700 15 3858
365000 18 49.3 79.0 £ 21.7 619200 15 24.2 309+ 77
BaP 784000 1241 15829 310800 75 2413
396000 529 13359 627900 170 270.7
201000 417 2074.6 363000 72 1983
484000 654 13512 1005900 676 672.0
81900 196 2393.2 1747.6 £ 418.9** 434500 199 458.0 368.1 £ 176.0*
10-AzaBaP 503000 74 147.1 277050 14 50.5
256500 33 1272 523500 27 51.6
125000 21 168.0 954000 32 335
£82000 53 91.1 247800 10 40.4

129500 19 146.7 136.0 £ 25.9™ 1070400 32 299 412 £ 8.7
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Table 1 (Continued)

Tissue Treatment  laeZ assay clf assay
Individual animal data Average X S.D. Individual animal data Average & 5.D.
No.of No.of MF x 105 MF x 10° No.of No.of MF x 105 MF x 108
phages mutants phages mutants
anatyzed analyzed
Stamach Control 399500 17 426 705000 13 184
(olive oil) 363000 18 49.6 559800 17 304
506500 36 na 1068200 76 ng
604000 62 102.6 1090200 34 312
341500 39 1142 76.0 4 28.3 703800 26 369 377+ 180
BaP 402000 175 4353 705900 79 1119
275500 80 290.4 448300 13 735
153000 114 745.1 366600 87 2373
226000 126 557.5 715200 104 1454
550500 264 471.8 500.0 £ 149.9* 847200 84 99.2 133.5 £ 56.9*
10-AzaBaP 403500 62 153.7 515100 17 330
1065000 62 58.2 589800 14 237
380000 41 107.9 964200 123 127.6
313500 25 79.7 787200 29 36.8
390500 43 110.1 101.9 + 322 723600 13 18.0 478 % 404
Forestomach Controt 129500 20 154.4 334500 14 419
{olive oil) 205000 12 58.5 303000 11 36.3
566500 40 70.6 453900 18 3997
430500 25 58.1 854 £ 40.2 446400 17 38.1 390+£20
BaP 36500 102 2794 5 111600 75 6720
114000 693 6078.9 316800 392 12374
55500 190 34234 167400 161 961.8
469500 697 1484.6 645900 333 515.6
321000 80 2492 2806.]1 + 1968.6° 339600 36 106.0 698.6 £+ 386.0*
10-AzaBaP 65500 11 167.9 197700 5 253
55000 @ 8 1455 243600 20 82.1
232500 34 146.2 297600 15 504
364000 26 7.4 502500 40 79.6
334000 a3 938 126.0 £ 354 399600 12 30.0 5354239

* P < 0.05 (significantly different from the control group).
** P < 0.0} (significantly different from the control group).

PCB-induced rat liver 89 [12]. To investigate the dif-
ference between the in vivo and in vitro mutagenicity,
BaP and 10-azaBaP were re-tested for in vitro muta-
genicity by Ames test using liver homogenates from
different sources.

Mutagenicities were tested with S. typhimurium
TA00. In all cases using liver homogenates, BaP and
10-azaBaP showed more than twice the number of
background revertants, The results are summarized in
Table 6, where the number of revertants per nmol, a
measure of mutagenic potency, was calculated from
the linear portion of the dose-response curve.

It is well known that BaP and 3-MC strongly induce
CYP1Al, one of the enzymes necessary to convert
BaP to the ultimate form according to the bay-region
theory [6-9]. We prepared CYPlA-inducer-treated
rats, and CYPlA-inducer-treated and non-treated
mice for the Ames test, Furthermore, we carried out
an Ames test using pooled human liver 89 [27] to
examine species differences in metabolic activation.

It was obvious that, in the Ames test using a non-
treated mouse liver homogenate, 10-azaBaP showed
about the same mutagenicity as BaF, but in the Ames
test using a CYPlA-inducer treated rodent liver
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Table 2

Sequences of ¢ff mutations in the liver of 10-azaBaP-treated Muta™ Mouse

Mutant no. Position Mutation Sequence Amino acid change
Al 188-189 +T GIC GTT GAC Frameshift
A2 128 Gto A AGG TGG AAG Trp to Stop
A3 161 Ttoe G ATG CTG CIT Leu to Arg
Al 64 Gto A ATC GCA ATG Ala to Thr
AS* 64 GtoA ATC GCA ATG Ala to Thr
A6 113 CtoG AAG TCG CAG Ser to Trp
A7 241-246 +2A AAA AAA CcGC Frameshift
Al 247-249 -CGC AAA AAA CGC Frameshift
AR 89 CwoT ACA GCG GAA Als to Val
A9 34 CtwoT CTA CGA ATC Arg 10 Stop
AlQ* 34 CwoT CTA CGA ATC Arg to Stop
All 46 Gwo C AGT GCG TTG Ala to Pro
Al2 91 +C GCG GAA GCT Frameshift
Al3 34 CoT CIA CGA ATC Arg 1o Stop
Alg? 34 CwT CTA CGA ATC Arg to Stop
AlS 132 GwT TGG AAG AGG Lys to Asn
Alé 103 GwT GGC GIT GAT Val to Phe
Al7 179-184 -G TGG GGG GTC Frameshift
Algt 179-184 -G TGG GGG GTC Frameshift
Al9 101 Gto T G1G GGC GTT Gly 1o Val
A20 28 GtoT GAG GCT CTA Ala to Ser
A21 35 GtoC CTA CGA ATC Arg to Pro
A22 41 AT ATC GAG AGT Glu to Val
A23 185 Tw G GGG GTC GTT Val to Gly
A24 281-282 AG to TA ATC CAG ATG Gln to Leu
A25 180 GtoT GAA TGG GGG Tmp to Cys
A26 202 G A ATG GCT CGA Ala to Thr
A27 62 Tto A AAA ATC GCA lle to Asn
A28 25 Gtwo A AAC GAG GCT Glu to Lys
A29* 25 GtoA AAC GAG GCT Glu to Lys
A30 40 Gto A ATC GAG AGT Glu to Lys
A3l 196 Gwo A GAC GAC ATG Asp to Asn
A2 57 CtoA CIT AAC AAA Asn to Lys
A33 101 GwoT GIG GGG GTT Gly to Val
A34 34 CwoT CTA CGA ATC Arg w Stop
A35 205 CwoT GCT CGA TTC Arg to Stop
A36 233 Tto A ATT CTC ACC Leu to His
A37 117 Gt T TCG CAG ATC Gin to His
A38 196 Gto A GAC GAC ATG Asp to Asn
A39 34 CtoT CTA CGA ATC Arg o Stop
A40 212 CtwoT TIG GCG CGA Ala to Val
Adl 193 Gto A GAC GAC GAC Asp to Asn
A2 25 Gtio A AAC GAG GCT Glu to Lys
A43 178 TwoA GAA TGG GGG Tep to Arg
Ad4 175-184 +G TGG GGG GTC Frameshift
AdS 89 CtoT ACA GCG GAA Ala to Val
Adé 51 GtoT GCG TIG CIT Leu to Phe
Ad? 233 Tt C ATT CTC ACC Leu to Pro
A4 212 CwoA TIG GCG CGA . Ala to Glu
A49 103 GtwoT GGC GTT GAT Val to Phe

* Ascribable to the same mutation obtained in an identical mouse.
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Table 3

Sequences of clf mutations in the liver of BaP-treated Muta™ Mouse

Mutant no. Pasition Mutation Sequence Amino acid change
Bl 39 Cto G CGA ATC GAG He to Met
B2 179-184 +G TGG GGG GIC Frameshift
B3 38 Tte A CGA ATC GAG Ile to Asn
B4 89 Cto A ACA GCG GAA Ala to Glu
B5 _ 224 Cto A GTT GCT GCG Ala to Asp
B6 252-253 -G CGC CCG GCG Frameshift
B7 193 GioT GAC GAC GAC Asp to Tyr
B3 73 GT CTT GGA ACT Gly to Stop
B9 125 GwT AGC AGG TGG Arg o Met
B10 T Tto A ATG CTT GGA Leu to His
Bl11 180 GuwT GAA TGG GGG . Trp to Cys
B12 115 Cto A TCG CAG ATC Gln to Lys
B13* 115 Cto A TCG CAG ATC Gln to Lys
B14 103 GtoC GGC GTT GAT Val to Leu
B15 25 Gt A AAC GAG GCT Glu to Lys
Blé 125-126 -G AGC AGG TGG Frameshift
B17 25 Gt T AAC GAG GCT Glu to Stop
B18 {13} Gto C GTG GGC GTT Gly to Ala
B1¢9 103 Gt T GGC GTT GAT Val to Phe
B20 212 Cto A TTG GCG CGA Ala to Glu
B20 215 Gto A GCG CGA CAA Arg to Gln
B21 103 G A GGC GIT GAT Val to lle
B22 241246 —-A AAT AAA AAA Frameshift
B23 179 GtwT GAA TGG GGG Trp to Leu
B24 166 GtT CTT GCT GTT Ala to Ser
B25 205 CtoT GCT CGA TIG Arg to Stop
B26 88 GtoT ACA GCG GAA Ala to Ser
B27 117 GtoT TCG CAG AlC Gln to His
B28 89 Cto A ACA GCG GAA Ala to Glu
B29 103 GtaT GGC GTT GAT Val to Phe
B30 179-184 -G TGG GGG GTC Frameshift
B31 190-198 ~GAC GAC GAC GAC Deletion
B32 146 Cto A ATT CCA AAG Pro to Gin
B33 196 Gt T GAC GAC ATG Asp to Tyr
B34 179 GwT GAA TGG GGG Trp o Len
B35 134-136 -G AAG AGG GAC Frameshift
B36 88 Gto A ACA GCG GAA Ala to Thr
B37 169 GtoT GCT GIT CTT Val to Phe

* Ascribable to the same mutation obtained in an identical mouse.

homogenate, BaP had a greater mutagenicity than
10-azaBaP. In the Ames test using pooled human liver
59, 10-azaBaP showed a higher mutagenicity than
BaP.

4, Discussion
BaP is known to be a typical potent environ-

mental mutagen. BaP is also known to bind to the
aryl hydrocarbon receptor [28] and activates its

trans-activating gene such as CYPIA! [6-8). It is
known that BaP is activated by CYPl1Al by the
bay-region mechanism to induce mutations [9]. On
the other hand, 10-azaBaP would not be activated by
the bay-region mechanism because 10-azaBaP has
the nitrogen atom at position 10 of the BaP skele-
ton. However, the in vitro mutagenicity of 10-azaBaP
was nearly equal to that of BaP as previously re-
ported [12]. Next we investigated the mutagenicity of
10-azaBaP in vivo and in vitro in comparison with
BaP.
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Table 4

Sequences of ¢J7 mutatiens in the liver of control Muta™ Mouse

Mutant no, Positien Mutation Sequence Amino acid change
Ct 74 GtoT CTT GGA ACT Gly to Val
c2 150 GtwT CCA AAG TIC Lys to Asn
C3 212 CtoT TIG GCG CGA Ala to Val
c42 212 CtoT TG GCG CGA Ala to Val
cs 133 AT AAG AGG GAC Arg to Trp
Cé 46 GwC AGT GCG TIG Ala to Pro
Cc7 64 Gio A ATC GCA ATG Ala to Thr
cs 113 CwoT AAG TCG CAG Ser to Leu
c9 146 CtoT ATT CCA AAG Pro to Leu
C10 52 CtwoT TIG CIT AAC Leu to Phe
cn 40 G A ATC GAG AGT Glu to Lys
C12 34 CroT CTa CGA ATC Arg to Stop
C13? 34 CwoT CTA CGA ATC Arg to Stop
Cl4 40 Gt T ATC GAG AGT Glu to Stop
Cl15 233 Tto A ATT CTC ACC Leu to His
Cl6 112 Tto A AAG TCG CAG Ser to Thr
C17 196 Gto A GAC GAC ATG Asp to Asn
C138 179-184 +G TGG GGG GTC Frameshift
Cl9 73 GtoT CIT GGA ACT Gly to Stop
C20 64 Gto A ATC GCA ATG Ala to Thr
c21* 64 Gto A ATC GCA ATG Ala to Thr
C22 214 CtoT GCG CGA CAA Arp to Stop
c23 179-184 +G TGG GGG GIC Frameshift
c24 179-184 +G TGG GGG GIC Frameshift
C25 179184 -G TGG GGG GTC Frameshift
C26 103 Gto A GGC GIT GAT Val to Ile
€27 40 Gto A ATC GAG AGT Glu to Lys
C28 211-212 GC to AT TIG GCG CGA Ala to Met
Cc29 ) 214 CwT GCG CGA CAA Arg to Stop
C30 89 CtwoT ACA GCG GAA Ala ta Val
C31 n Tt C ATG CTT GGA Leu to Pro
C32 42 GtoT ATC GAG AGT Gl to Asp
C33 64 Gto A ATC GCA ATG Ala to Thr
C340 64 Gto A ATC GCA ATG Ala to Thr
C35 25 . GtwoA AAC GAG GCT Glu to Lys
C36 212 CwoT TIG GCG CGA Ala 1o Val
€32 103 GwA GGC GTT GAT Val to lle

* Ascribable to the same mutation obtained in an identical mouse.

The total dose of 625 mg/kg (125 mg/kg x 5 days) of
BaP was high enough to show carcinogenicity and mu-
tagenicity for Muta™Mouse as previously reported
[2]. In this study, it was observed that BaP remarkably
increased the mutant frequencies in all organs as previ-
ously reported; however, 10-azaBaP slightly increased
the mutant frequency only in the liver and colon at the
above dose. Therefore, it is obvious that 10-azaBaP
has a much less in vivo mutagenicity in Muta™Mouse
than BaP in contrast to the in vitro mutagenic activity.

According to the oIl mutant spectrum analysis in
Muta™ Mouse liver, the characteristic of spontaneous
mutations was the G:C to A:T transition mutation.
The majority of BaP-induced mutations were G:C
to T:A transversions as previously reported [3]. It
is known that the bay-region diol epoxide of BaP
forms adducts primarily with the N2-exocyclic amino
group of guanine moieties in DNA, predominantly
giving G:C to T:A transversions [29,30]. On the other
hand, 10-azaBaP slightly increased the G:C to T:A
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Table 5

Summary of cfT mutation spectra in the liver of Muta™Mouse
Mutation class Control (%)  BaP (%4) 10-AzaBaP (%)
Base mubstitution 28 (88) 28 (78) 38 (86)
Trangitions
GC to AT 18 (56) 4 (1D 17 (39)
AT to GC 13) 0(0) 1)
Transversions
AT o TA 309 2 (6) 4(9)
AT to CG 0 (0) 0 (D) 2(5)
GC 1o TA 5 (16) 19 (53) 11 (25)
GC to CG 1(3) 3(8) im
-1 Frameshifts 1(3) 5(14) 1{2)
+1 Frameshifts 2 (6) 1(3) 3(7)
Deletion 0 (0) 1(3) 0 (0)
Insertion 0 (0) 0 (0) 0 (0
Complex 1) 1(3) 2(5
Total 32 (100) 36 (100) 44 (100)

The same mutations from an identical mouse were counted as a
single event.

transversion and slightly decreased the G:C to AT
transition. The results suggest that 10-azaBaP might
mainly induce G:C to T:A transversions.
Furthermore, we ecxamined the in vitro muta-
genicities of BaP and 10-azaBaP by Ames test
using liver homogenates prepared from different
sources, i.¢. the liver of CYP1 A-inducer-treated rats,
CYP1A-inducer-treated and non-treated mice, and
humans. The results demonstrated that in the presence

Table 6
Mutagenicities of BaP and 10-azaBaP in 8. typhimurium TA100
Species  Liver fraction  Inducer Revertants/nmol®

BaP 10-AzaBaP
Rat 89 PCE® 317.5° 3162°
Rat Microsome 3-Mc? 1176 418
Mouse Microsome - 86.0 70.0
Mouse Microsome BaP 216.2 458
Human 59 - 126.6 964.8

* Calculated from the slope of the linear portion of each curve
near the origin. The numbers indicate the means of at least three
independent experiments.

b polychlorinated biphenyl.

¢ The data of BaP and 10-azaBaP using PCB-induced rat kiver
59 are from the previous report [12].

4 3. Methylcholanthrene.

of a liver homogenate from CYP1A-inducer-treated
rodents, BaP showed a greater mutagenicity than
10-azaBaP; however, in the presence of a liver ho-
mogenate from non-treated mice, 10-azaBaP in-
duced as many mutations as BaP. Therefore, the
CYPlA-induced liver homogenate efficiently en-
hanced the in vitro mutagenicity of BaP, but not that
of 10-azaBaP. These findings suggest that 10-azaBaP
might not be converted to the ultimate form by CYP1A
and that the potent CYP1A-inducibility of BaP leads
to the potent mutagenicity of BaP in Muta™Mice. In
the in vivo mutation assay system using the transgenic
rodent such as Muta™Mouse, a mutagen which has
inducibility of the enzymes necessary to convert itself
to the ultimate form, such as BaP, might show a more
potent mutagenicity than the risk expected from in
vitro mutagenicity tests such as the Ames test.

Additionally, the result that 10-azaBaP showed a
more potent mutagenicity than BaP in the presence of
human liver S9 suggests that the enzymes responsible
for the conversion of 10-azaBaP to the ultimate form
might be more abundant in human liver homogenates
than CYP1A1, which is responsible for the conversion
of BaP to the ultimate form.

It is worth mentioning that the hepatocarcinogen
quinoline [31], an aza-analog of naphthalene and a par-
tial structure of 10-azaBaP, may be metabolized by the
liver microsomal enzymes to the ultimate genotoxic
form, enamine epoxide (N-4-hydrated 2,3-epoxide),
which is responsible for the mutagenic modification
of DNA [24,32-34]. Our previous studics reveal that
quinoline induces mutations in Muta™Mouse only
in the liver, but not in the kidney, lung, bone mar-
row, or testis [17,32], and support the hypothesis that
metabolic oxidation might take place in the pyridine
moiety of quinoline in vivo as well as in vitro [32,35].
Because 10-azaBaP showed mutagenicity only in
the liver and colon, but not in the kidney, lung or
bone marrow, it may be proposed that the genotox-
icity of 10-azaBaP might be attributable to forma-
tion of a quinoline-type ultimate form, an enamine
epoxide.

In conclusion, our results suggest that the metabolic
activation pathway of 10-azaBaP, both in vitro and in
vivo, may be different from that of BaP which is me-
diated by CYP1A, and 10-azaBaP might be as much
risky a mutagen as BaP in bumans. These results in-
dicate that 10-aza-substitution markedly modifies the
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mutagenicity of benzo[alpyrene in both in vivo and in
vitro mutagenesis assays.
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Abstract

Dinitropyrenes (DNPs), 1,3-, 1,6- and 1,8-dinitropyrene, are carcinogenic compounds found in diesel engine exhaust, DNPs
are strongly mutagenic in the bacterial mutation assay (Ames test), mainly inducing frameshift type mutations. To assess
mutagenicity of DNPs in vivo is important in evaluating their possible involvement in diese] exhaust-induced carcinogenesis
in human, For this purpose, we used the lambda/lacZ transgenic mouse (Muta™ Mouse) to examine induction of mutations in
multiple organs. A commercially available mixture of DNPs (1,3-, 1,6-, 1,8-, and unidentified isomer (s) with a content of 20.2,
30.4, 35.2, and 14.2%, respectively) was injected intragastrically at 200 and 400 mg/kg once each week for 4 weeks. Seven
days after the final treatment, liver, lung, colon, stomach, and bone marrow were collected for mutation analysis. The target
transgene was recovered by the lambda packaging method and mutation of lacZ genc was analyzed by a positive selection
with galE~ E. coli. In order to determine the sequence alterations by DNPs, the mutagenicity of the lambda cIf gene was
also examined by the positive selection with hfi~ E. coli. Since clf gene (294 bp) is much smaller than the lacZ (3024 bp),
it facilitated the sequence analysis. Strongest increases in mutant frequencies (MFs) were observed in colon for both lacZ
(7.5 % 1075 t0 43.3 x 10~%) and cII (2.7 x 1075 t0 22.5 x 10~5) gene. Three—four-fold increases were observed in stomach
for both genes. A statistically significant increase in MFs was also evident in liver and lung for the lacZ gene, and in lung and
bone marrow for the cI7 gene. The sequence alterations of the ¢II gene recovered from 37 mutants in the colon were compared
with 50 mutants from untreated mice. Base substitution mutations predeminated for both untreated (91%) and DNP-treated
(84%) groups. The DNPs treatment increased the incidence of G:C to ‘T:A transversion (2-43%) and decreased G:C to A:T
transitions (70-22%). The G:C to T:A transversions, characteristic to DNPs treatment, is probably caused by the guanine-C8
adduct, which is known as a major DNA-adduct induced by DNPs, through an incorporation of adenine opposite the adduct
(“A”-rule). The present study showed a relevant vse of the eI gene as an additional target for mutagenesis in the Muta™
Mouse and revealed a mutagenic specificity of DNPs in vivo. © 2002 Elsevier Science B.V. All rights reserved.

Eeywerds: 1,3-Dinitropyrene; 1,6-Dinitropyrene; 1,8-Dinitropyrene; cff; Muta™ Mouse; Mutation spectrum; G:C to T:A transversion

1. Introduction
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carcinogenesis. Diesel exhaust is known to induce
tumors in experimental animals [1]. Of the com-
pounds present in this complex mixture, varicus
polycyclic aromatic hydrocarbons (PAHs) such as
benzo[a]pyrene, and nitroarenes such as dinitropy-
renes (DNPs) and nitrofluorantenes are potent mu-
tagens and carcinogens. In the Salmonella reverse
mutation assay (Ames test), DNPs show extremely
strong mutagenicity without an exogencus metabolic
activation system, in which the frameshift type mu-
tations predominated [2—4]. DNPs are activated
by the nitroreductase and the O-acetyltransferase
of the bacteria to form DNA-adducts; strains defi-
cient in these enzymes show reduced mutagenicity
[5]. The ultimate reactive form of DNPs is pre-
sumably the nitropyrenc-1-nitrenium ijon which re-
acts with guanine to form a major DNA-adduct,
1-N-(deoxyguanosine-8-yl}-1-amino-nitropyrene [6].
The DNP-DNA-adduct was identified both in vitro
and in vivo [7-11]. Despite a strong mutagenicity in
bacteria, litle is known about mutagenicity in vivo.
To evaluate the mutagenicity of DNPs in vivo, the
micronucleus test was performed with the transgenic
mouse mutation (TG) assay [12].

Since diesel exhaust contains a various muta-
gens/carcinogens, the question arises to what extent
the DNPs contribute to the mutagenicity and car-
cinogenicity. Recently, Sato et al. reported that di-
rect exposure of lacl transgenic (Big Blue®) rass 1o
diesel exhaust increased the mutation frequency in
lung [13]. Comparing the mutation frequency and
spectrum of DNPs with those of diesel exhaust, the
possible involvement of DNPs in the mutagenicity of
diesel exhaust is discussed.

NO, NO, NO,
NO, | S
NO,

1,3-dinitropyrene

1,6-dinitropyrene
202%)

(30.4%)

2. Materials and methods
2.1. Chemicals

DNPs, as a mixture of isomers, was purchased
from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). The isomer content was analyzed by the high-
performance liquid chromatography (HPLC) and four
peaks were detected. Three of them were identified
as 1,3-, 1,6-, and 1,8-DNP by the co-chromatography
with standard DNPs (Sigma). The fourth peak was
revealed as DNP isomer (s) by the UV and mass spec-
trometry but the exact structure was not determined.
The content of each isomer is 20.2% (1,3-DNP),
304% (1,6-DNP), 352% (1,8-DNP) and 142%
{(unidentified isomer (s)) as a peak area ratio in the
HPLC analysis. DNPs were dissolved in olive oil
for use. The chemical structires of these isomers are
shown in Fig. 1.

2.2. Animals and treatments

Six-week-old male Muta™ Mouse (ca. 25 g body
weight) supplied by Covance Research Products (PA,
USA) were acclimatized for 1 week before use and
divided into five groups. Based on the LDsg, 200 or
400mg/kg (40 and 80% LDso, respectively) DNPs
was injected intragastrically at a volume of 10 ml/kg
once a week for 4 weeks. The vehicle control (olive
oil} group was treated at the same time in the same
manner. Six-week-old male ICR mice were supplied
by Japan SLC (Shizuoka, Japan) and were used for
the micronuciens assay after 1 week of acclima-
tization.

(NO;)2
1,8-dinitropyrene unidentified isomer (s)
@52%) (14.2%)

Fig. 1. Structures and contents of DNP isomers.
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2.3. Micronucleus test

Forty-eight hours after the first treatment with the
Muta™ Mouse, 5l of peripheral blood was col-
lected from the tail vein without anti-coagulant. The
blood thus collected from each animal was placed on
an acridine orange-coated glass slide, covered with
a cover slip, and supravitally stained [14]. Type I,
I, and III reticulocytes (RETs) with red fluorescent
reticulum in the cytoplasm were scored. One thousand
RETs were analyzed per animal under a fluorescence
microscope within a few days after the slide prepa-
ration. The number of RETs with a micronucleus,
which fluoresced greenish yellow, was recorded. For
a further analysis, five male ICR mice (7-week-old)
per group were treated intraperitoneally or intragas-
trically with 100, 200, 400, and 300 mg/kg DNPs,
and micronucleus induction was analyzed in a same
manner using peripheral blood. In this experiment,
2000 RETs were znalyzed per animal and mitomycin
C (0.25 mg/kg) was used as a positive control.

2.4. Tissue collection

Animals were killed 7 days after the last treatment
by cervical dislocation. Liver, lung, stomach, bone
marrow, and colon were removed, quickly frozen in
liquid nitrogen, then stored in a deep freezer at —80°C
until analysis.

2.5. DNA isolation and in vitro packaging

The isolation of total genomic DNA from tissue
samples was carried out using the standard phe-
nol/chloroform method (Stratagene manual, 1994).
Briefly, homogenized tissues were incubated with
RNase and protcinase K, and gepomic DNA was
extracted using a phenol/chloroform mixture and
chloroform. The DNA was precipitated with ethanol
and dissolved in TE-4 buffer (10 mM Tris—HCI at pH
8.0 containing 4 mM EDTA).

2.6. In vitro packaging and mutant frequency (MF)
determination

The lacZ transgene, integrated into the lambda
phage vector (lambda gtl0), was recovered by in
vitro packaging reactions. The DNA solution (10 ul)

adjusted to } mg DNA/m] was gently mixed with the
Transpack packaging extract (Stratagene, La Jolla,
CA, USA) and incubated at 37 °C for 1.5h twice. The
lacZ MF was determined by a positive selection with
galE~ E. coli according to the standard procedure
(Comning Hazleton, October, 1996). The MF was also
analyzed for the cll/ gene of lambda phage vector.
A positive selection for cll mutants was performed
according to Jakubczak et al. [15] with a slight modi-
fication. Briefly, the phage solution was adsorbed to
1ml of E coli G1225 (hfl”) at room temperature
for 20-30 min. For the titration, appropriately diluted
phage solution was mixed with 200l of E. coli
G1225. The phage-E. coli solution was mixed with
14 ml (for selection) and 6 ml (for titration) LB top
agar (containing 10mM MgSQ4), and plated onto
five and two petri dishes (9cm), respectively, con-
taining 10 ml bottom agar. The plates were incubated
for 48 h at 25 °C for the selection of cfl mutants or at
37°C for the titer of total phages. Wild-type phage,
recovered from Muta™ Mouse, has a ¢/~ phenotype,
which permits plaque formation with AfI~ strain at
37°C but not at 25°C.

2.7. Sequencing of mutants

The entirc lambda c// region was amplified di-
rectly from mutant plaques by Tagq DNA poly-
merase (Takara Shuzo, Tokyo Japan) with primers
Pl; 5-AAAAAGGGCATCAAATTAAACC-3, and
P2; 5-CCGAAGTTGAGTATTTTTGCTGT-3'. Am-
plification was done by the Minicycler PTC-150-25
(M7 Research Inc., MA, USA) with an initial heat-
ing step at 95°C for 5min followed by 30 cycles of
denaturing at 95°C for 20's, annealing at 53°C for
30s, extension at 72°C for 40s, and 10 min incuba-
tion at 72°C. A 446bp PCR product was purified
with a microspin column (Amersham Pharmacia,
Tokyo, Japan) and then used for a sequencing reac-
tion with the Ampli Tag cycle sequencing kit (PE
Biosystems, Tokyo, Japan). The sequencing reac-
tion was done by Minicycler PTC-150-25 with 25
cycles of denaturing at 96°C for 10s, annealing at
50°C for 55, and extension at 60°C for 4 min, with
the primer P1. The reaction product was purified
by ethanol precipitation and analyzed by the ABI
PRISM™ 310 genetic analyzer (PE Biosystems,
Tokyo, Japan).
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2.8. Statistical analysis

The difference in MFs between control and treated
group was evaluated with the one-side test with the
Poisson regression using quasi-likelihood. Statistical
significance was defined as P < 0.085.

3. Results

3.1. Micronucleus induction

Results of the micronucleus test 48 h after the first
intragastric administration of DNPs in the Muta™
Mouse are shown in Table 1. The mean incidence
of the micronucleated RETs (MNRETS) after intra-
gastric injection of 200 or 400 mg/kg DNPs was not
different from the vehicle control. To confirm the
negative response, male ICR mice were treated in-
traperitoneally or intragastrically with 200800 mg/kg
DNPs. As shown in Table 2, no increase of MNRETs
by DNPs treatment was observed while micronucleus
induction did occur with the positive control MMC.

3.2. MF of lacZ and cll genes

DNA was isolated from various organs 7days after
the last treatment with DNPs. The MFs of lacZ and
cil genes were analyzed for liver, lung, colon, stom-
ach, and bone marrow. At least 10° plaques were an-
alyzed for both genes, which is generally obtained by
one packaging reaction, although a few DNA sam-
ples with a low packaging efficiency did not reach this
number. The individual data are presented in Table 3.
Spontaneous MFs were in the range of 3.1 x 10~ to
7.6 x 1075 and 1.6 x 10~5 10 5.9 x 1075 for the lacZ
and the cll gene, respectively. The MF increase above
spontaneous levels was most apparent in colon, with
respectively six- and eight-fold increases lacZ and cll
MF. Increase was also evident in the stomach for both
genes although the increase was not statistically sig-
nificant at the higher dose for the i/ gene. A statis-
tically significant increase was observed in liver and
lung for the lacZ gene but was pot evident for liver
of the cIf gene. A few-fold increase was observed in
bone marrow for both genes but was statistically sig-
nificant only for the clI gene.

Table 1
Micronucleus induction in peripheral blood of Muta™mice treated with DNP
Treatment Dose MNRETs per 1000 RETs Mean = 8.D. (%)
Intragastric
Olive oil 10ml/kg 1 2 1 3 1 016 £ 0.09
DNP 200mgrkg 3 2 2 1 020 + 0.07
400 mg/kg 1 4 1 2 1 0.18 % 0.13
Table 2
Micronucleus induction in peripheral blood of ICR mice treated with DNP
Treatment Dose MNRETSs per 2000 RETs Mean + S.D. (%)
Olive oil 10mVkg (intraperitoneal) 7 5 4 4 0.25 £ 0.06
DNP 200mg/kg (intraperitoneal) 4 5 6 6 0.26 + 0.04
400 mglkg (intraperitoneal) L2 1 k| 7 .16 = 0.11
800 mg/kg (intraperitoneal) 4 4 4 5 0.21 + 002
Olive cil 10mlkg (intragastric) 1 7 6 3 021 4 0.12
DNP 200mg/kg (intragastric) 3 10 5 6 030 £ 0.13
400 mg/kg (intragastric) 3 3 3 5 0.18 &+ 0.04
800 mg/kg (intragastric) 5 4 4 11 0.30 & 0.15
MMC (positive control) 0.25mg/kg (intraperitoneal) 7 12 16 12 059 £+ 0.16*

* P < 0.05 in Fisher’s exact test.
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Table 4
The ¢lf mutations recovered from colon .
Mutation type Treatment Altered site Sequence Amino acid change No. of mutant*
Base substitution
Transition
G:C to AT Control 25 aac Gag get Glu to Lys 3
34 cta Cga atc Arg to Stop 3
40 atc Gag agt Ghu to Lys 2
64 atc Gea atg Ala to Thr 3
89 aca gCg gaa Ala to Val 1
103 gge Gt gat Val to lle 1
113 aag tCg cag Ser to Leu 3(2)
146 att cCa aag Pro to Len 1
193 gac Gac gac Asp to Asn 1
196 gac Gac atg Asp to Aso 2
212 ug gCg cga Ala to Val 3
214 geg Cga caa Arg to Stop 1
DNPs 34 cta Cga ate Arg to Stop 1
40 atc Gag agt Glu to Lys 1
64 atc Gea atg Ala to Thr 1
i41 gea tgG att Trp to Stop 1
196 gac Gac atg Asp to Asn 1
212 tig gCg cga Ala to Val 1
214 geg Cga caa Arg to Stop 2
AT to G:C DNPs 233 att ¢Tc ace Leu o Pro 3
Transversion
ATtoTA Contro] 112 aag Tcg cag Ser to Thr 1
DNPs 38 cga aTc gag Ile to Asn 32
AT to C:G Control 110 gat aAg tcg Lys to Thr 1
DNPs 149 cca sAg (e Lys to Thr 1
GCto T:A Control 42 ate gaG agt Glu to Asp 1
79 act Gag aag Glu to Stop 1
141 gea tgG att Trp to Cys 1
167 ctt gCt gtt Ala to Asp 1
DNPs 20 aaa c¢Ge aac Arg to Len 1
is cta cGa atc Arg to Leu 1
89 aca gCg gaa Ala to Glu 1
94 gaa Get gtg Ala to Ser 1
100 gtg Gge gtt Gly to Cys 1
122 atc aGe agg Ser to lle 1
132 tgg aaG agg Lys to Asn 1
134 aag aGg gac Arg to Met i
159 tca atG cig Met to Ile 1
167 ctt gCt gtt Ala to Asp 1
179 gaa tGg ggg Tp to Leu 1
210 cga G geg Leu to Phe 1
212 tig gCg cga Ala to Glu 3
224 git gCt geg Ala to Asp 1
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Table 4 (Continued)

Mutation type Treatment Altered site Sequence Amino acid change No. of mutant*
G:C to C.G Control B4 gag 2aG aca Lys to Asn 1
DNPs 44 ctt gGa act Gly to Ala 1
74 ctt gGa act Gly to Ala 3
179 gaa tGg ggg Trp to Ser 1
—1 Frameshift
Control 179-184 g£aa 1gg geg gie gt 1
260-261 gea acc gag 1
DNPs 179-184 gaa 1gg geg gte git 73
+1 Frameshift '
Control 179-184 gaa tgg geg gto gtt 1
DNPs 179-184 gaa tgg geg gte gt 32
Deletion
DNPs 190-198 gt GAC GAC GAC atg (—GAC) 1

* Numbers in parenthesis indicate independent mutations after subtraction of mutations recovered from the identical mouse.

3.3. The cll mutation spectrum

Thirty-seven DNPs-induced mutants in the colon
were sequenced, together with 33 control mutants.
Table 4 lists the types of mmtations detected, and
the mutation spectra are summarized in Table 5.

Table 5

Summary of cIf mutations in the colon of control and DNP-treated
Muta™ Mouse

Mutation class Colon
Control (%) DNP (%)
Base substitution 30 9D 31 (84)
Transitions 23 (70) 924
GCuw AT 23 (70) 8(22)
at CpG sites 22 (67 1(3)
AT to G:C 0(0) 103
Transversions 720 22 (59)
ATt TA 1 3) 2 (5)
AT w0 CG 1(3) 1Q3)
GCto T:A 4 (12) 16 (43)
G:C o C:G 13} 38
—1 Frameshift 2 (6) 3®)
+1 Frameshift 1(3) 2(5
Deletion 0 (@ 1(3)
Insertion 00) 0
Complex N (1)) 0
Total 33 (100) 37 (100)
MF (x1075) 20.1 296.2

Spontaneous mutations consisted mainly of base
substittions (30/33). Among them, G:C to A:T tran-
sitions (23/30) predominated and almost all of them
(22/23) occurred at CpG sites. DNPs-induced mu-
tations also consisted mainly of base substimtions
{31/37). Comparing to the control, G:C to A:T tran-
sitions decreased (24% versus 70%) and G:C to T:A
transversions increased (43% versus 12%}). No change
was observed for incidences of frameshift mutations.
The locations of the mutations, obtained from colon
of control and DNP-treated mouse, were shown in
Fig. 2.

4. Discussion

There have been increasing concerns on the car-
cinogenic risk of diesel exhaust. DNPs are important
mutagenic components in diesel exhaust, and were
proved to be carcinogenic in rodents [16]). A strong
mutagenicity of DNPs in bacteria suggested that they
may also be mutagenic in vivo. Therefore, we have
investigated the in vivo mutagenicity of DNPs by
the TG assay, which is a powerful tool for studying
chemical mutagenesis in vivo. Because DNPs exist
in the diesel exhaust as a mixture, we used a com-
mercially available mixture to test whether any of the
isomers possess mutagenic potency in the transgenic
system. The mutagenicity of DNPs in vivo is clearly
demonstrated by this assay using the lacZ and c/f gene
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Fig. 2. The clIf gene mutations in the colon of control and DNP-treated Muta™Mice. The sequence from top to bottom represents the
amplified lambda ¢/J region. Mutations shown above the sequence were detected in control mice, whereas those below were detected in

DNP-treated mice.

as targets, afthough the micronucleus tests gave neg-
ative results. These results demonstrated that the TG
assay is important as a complementary or alternative in
vivo test to the micronucleus test. Analysis of the lacZ
and cll gene mutations showed organ-specific MF
among liver, lung, colon, stomach, and bone marrow.
The strongest MF increase was observed in colon fol-
lowed by stomach and lung > liver > bone marrow
although such ordering is not absolute, and is depen-
dent on maximal mutation expression. Accordingly,
this relative order might be affected if tissue-specific
sub-optimal expression conditions existed in this
study. The weakest response, which occurred in bone
marrow, might correlate with the negative result in
the micronuclens assay. Becanse DNPs were admin-
istered by intragastric injections, organs of contact

(stomach and colon) are likely to be the main tar-
get organs for mutagenesis. The carcinogenicity of
DNPs has previously been observed at the site of
administration, lung by intrapulmonary instillation
[17,18], sarcoma by subcutaneous injection [19,20],
and soft tissues of peritoneal cavity by intraperitoneal
injection [11]. In addition, it was reported that forma-
tion of DNA-adducts in the lung was 10-fold higher
than in the liver after intrapulmonary instillation of
1,6-DNP [7]. The highest MF induction in colon, as
was also the case for other mutagens [21-25], sug-
gested that colon is the most sensitive organ for muta-
genesis in the TG assay, probably because of its high
proliferation rate. It should also be considered that
enteric bacteria might have some role in mutagenic
activation of DNPs in colon by a nitro-reduction.
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The mutagenic response of the ¢ff gene is almost
similar to that of the lacZ gene, although the MF
is generally lower in cll. There were variatons in
the MFs among animals and between lacZ and clf
gene in some case, that might be derived from clonal
(jackpot) mutations. The possibility of clonal muta-
tions can be checked by sequencing the mutants. The
‘cll gene has a great advantage for sequence analysis
because the target size is about (1/10) of the lacZ
gene. The sequence analysis was performed on the
mutants recovered from colon where the highest MF
was obtained. As has been reported with the lacZ
and lacl genes, the most common spontancous mu-
tation was G:C to A:T wansitions, most of which
occurred at CpG sites. The site of mutations was dis-
tributed widely among ¢If genes. The DNPs mainly
induced base substitution mutations that contrast to
the results in the Salmonella reversion (Ames) assay,
in which DNPs induce mainly frameshift mutations
[26). Similar differences between bacterial and trans-
genic systems were reported for heterocyclic amines
[27.28]. It is rare that a chemical induces predomi-
nantly frameshifi-type mutations in the TG assays. A
possible explanation for the difference is a repair de-
ficiency (uvrB™) or the target-sequence context (GC
repeats) of bacterial tester strains. The main changes
in the mutation spectrum after DNPs treatment were
the reduction of G:C to A:T transitions and the in-
duction of the G:C 1o T:A transversions. The latter
correlates with the fact that 1,6- or 1,8-DNPs-induced
lung tumors contained G to T transversions in codon
12 of the K-ras gene [29,30] and the major type of
base substitution mutation in bacteria [34]. The ma-
Jor DNA-adduct formed by 1,6-DNP was reported
as 1-N-(deoxyguanosine-8-yl)-1-amino-§-nitropyrene
[6]). As was also observed with heterocyclic amines
[31}, guanine~C8 adducts induce G:C to T:A transver-
sion mutations probably by inserting *“A™ opposite to
the uninformative or apurinic bases [32]. There were
no apparent hot spots for the DNPs-induced mutations.

Recently, Sato et al. [13] reported that exposure to
diesel exhaust increased mutation frequency in lung
of Big Blue® rat. This report is important for provid-
ing evidence that diesel exhaust, as a mixture, acts as
a mutagen in vivo. They reported that the G:C to T:A
transversion of the lacl gene at the site 211 was a hot
spot. The surrounding sequence of this site (gantG-
gcg) is identical to the cll sequence at 206-213 but

only one mutation was recovered at the cormrespond-
ing guanine, In addition, the major mutations induced
by diesel exhaust in the lacf gene were A:T to G:C
and G:C to A:T transitions. Therefore, there was no
direct evidence on a contribution of DNPs to the mu-
tagenicity of diesel exhaust although it was reported
that DNPs contribute 43% of the total direct muta-
genicity of diesel particulate extracts in the Ames test
[33]. The different routes of exposure (inhalation or
intragastric administration) might gave different mu-
tation spectra beiween Sato et al. [13] and this study.

In conclusion, the TG assay demonstrated that
DNPs, as a mixture, are mutagenic in multiple or-
gans, while micronucleus induction was not observed.
Sequence analyses of DNPs-induced ¢! pmtants
revealed a molecular signature of DNPs-induced mu-
tation as G:C to T:A transversions.
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