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Seommary

Benzene was studied in its target organ of effect, the bone marrow, with the micronucleus test and
metaphase analysis. Male and female CD-1 mice were treated with 2 doses of benzene (440 mg/kg) oc
toluene (860 or 1720 ma/kg) or both 24 b apart, and sacrificed 30 h (or 54 h) after the first dose.
Benzene-treated animals were prewreated with phenobarbital (PB). 3-methyicholanthrene (3-MCA), SKF-
525A, or Aroclor 1254. Toluenc showed n0 clastogenic activity and reduced the clastogenic effect of
benzene when the mixture was given. Nane of the pretreatments protected against the clastogenic effect of
beazene. 3-MCA pretreaunent greatly promoted benzene myelocisstogenicity. Females were consistentdy
more resistant 10 benzene than males. Dose-response curves in benzene-treated mice were much steeper
with 3-MCA induction than without. Chromosomal damage was higher with p.o. thas ip. bmme

administration.

* Grevi myelos, medulla, marrow; Greek kismua, a (rag-
ment, genox, birth. A myelociasiogen is an agent that
causes chromasoma] breakage (including SCE) ia the
bone marrow.
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Benzene has been uvsed in mdustry since 1888.
Currently over four million metric tons are used
annually in the U.S.A. by the chemical indusiry
(EPA, 1980). A unique feature of benzene among
the simple aromatic hydrocarbons is its capability
of producing a variety of blood dyscrasias ranging
from mild changes in peripheral blood counts to
severe aplastic anemia and leukemia (Snyder and
Kocsis, 1975; Laskin and Goldstein, 1977). Yet,

Abbreviations: APM. abecrations per metaphase: DC, damaged
cells; Expe. experiment; ip. iatraperitanesl; MA, metaphase
snalysis; -MCA. J-methyicholanthrene: MNT, micronucieus
ten; MPCE, microsucieated polychromalic erythrocyws; PB,
pheacbarbiwal; PCE, polychromatic erythrocye; p.o., aral. .
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no clear evidence for a dose-dependent response in
chromosomal damage caused by benzene exposure
has been established to support its leukemogenic
actions (Wolman, 1977; Snyder &t al, 1977). The
present study was undertaken to obtain 2 dose—~re-
sponse relationship for chromosomal aberrations
caused by benzene and to explore the relationship
between benzene’s myeloclastogenicity and
metabolizm.

In a series of experiments, we investigated the
myeloclastogenic effect of benzene in mice with
the micronucleus test (MNT) and metapbase anal-
ysis (MA). We modified benzene metabolism with
toluéne, 3-MCA, PB, SKF-525A or Aroclor 1254,
and examined sex differences and the effects of the
route and timing of benzene administration.

Materials and methods

Swiss mice (CD-1), 7-10 weeks old (Charles
River Breeding Laboratories, Wilmington, MA),
were used throughout this work. The females
weighed 25-29 g and the males 32-37 3. Mice
were allowed w0 acclimarize in cages with water
and food (Formulab Chow $008; Ralsion Purina
Co., St. Louis, MO) ad libitum, in an artificially
ventilated room at 25°C with controlled humidircy
and tme-conwrolled lighting (12 h of light per
day), for 10 days before weaunent. Usually §
males and S females were randomly assigned to 2
treatment dose.

Chemicals

Benzene (thiophene free), toluene (99% purity).
and olive gil were obtained from Fisher Scientific
Co.. Fair Lawn, NJ. We redistilled toluene (boiling
point 110.4°C). Cytoxan (cyclophosphamide,
Mead Johnson Laboratories, Evansville, IN);
sodium phenobarbital (St Bakes Chemical Co.,
Phillipsburg, NJ); SKF-525A (Smith, Kline aand
French Laboratories. Philadelphia, PA); Arcclor
1254 (Analabs, Inc., New Haven, CT), and 3-
methylcholanthrene (Sigma Chemical Co.. St
Louis, MO) were used in these experiments.

Pretreatmen:s

PB was cither given as 0.1 3/100 ml in drinking
water for 7 days (Expr I) or injected i.p. (30
mg/kg/day in distilled water) (Gibco Laborato-
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ries, Grend Island, NY) for 3 days (Expt. II) .

before treatment. SKF-525A was given ip. (80

mg/kg in distilled water) 2 h before each weat- .

ment dose. Aroclor 1234 was injected ip. (100
mg/kg in olive oil) once, S days before rreatment,
3-MCA was injected i.p. (30 mg/kg/day in olive
oil) twice, 24 h apart, siarting a day before the first -
treatment dose (Gill et al., 1979; Malaveille et al.,
1979). Each pretrearment was formulated such
that each mouse received 0.01 ml/g body weight

Trearment

Solutions of benzene and /or ioluene in alive oil
were (reshly prepared, such that each animal re-
ceived 0.01 mi/g body weight; cytoxan was dis-
solved in distilled water. Two doses were adminis-
tered 24 h apart at 8 a.m. by oral gavage, and mice
were sacrificed by cervical dislocation 30 h after
the first dose (i.p. route for benzene and 54 h
termination tume were added to Expt. II (A))
Colchicine (Fisher Scientific Co.) was injected i.p.
(1 mg/kg) 2 h before sacvifice. Immediately afier
sacrifice, one femur was used {or the MNT and the
other for the MA.

Micronucleus test

The procedure was that of Schmid (1975) with
some modifications (Connor et al., 1979). (1) The
bone marrow from coe femur was flushed into 2
centrifuge tube contsining a minimal amount of
feral calf serum (Gibco Laboratories). (2) Two
slides were prepared from cach cell batton, and
stained with Wright and Giemsa saing (Fisher
Scientific Co.); the latter was diluted with pH 6.0
phosphate buffer. 1000 polychromatic erythrocytes
(PCE) were scored and the number of the micro-
nucieated ones (MPCE) recorded as per thousand
of PCEs countad. The number of microaucleated
oxyphilic erythracywes (MOE) per 1000 PCEs was
also recorded in animals sacrificed at 54 h (Von
Ledebur and Schmid, 1973).

Bone marrow metaphase analysis

The bone marrow was flushed into a centrifuge
tube containing 5 ml Eagle’s minimal essential
medium (Gibeco Laboratories), and centrifuged at
112 % g for 10 min. The cells were subjected o0 2
25-min exposure to 0.075 M KCL followed by
fixation in 3 : 1 methanol : acetic acid. Slides wese
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prepared by flame drying and stained with Giemsa
(Connor et al, 1979). 50 metaphases were scored
per animal. The various chromosomal lesions were
defined according to the "Glossary of Genetics
and Cytogenetics’ (Rieger et al., 1976). Cells with
at least one gap or break were considered to be
damaged (DC) (Comings, 1974; Goerz et al., 1975;
Au =t al, 1978: Anderson and Richardson, 1981).
Metaphases with > 10 aberrations were consid-
ered severely damaged cells (SDC), and pulverized

m

cells (PC) were those with > 20 abemrations —
mostly cells with very few undamaged chro-
mosomes. Exchanges included intra- and inter-ex-
changes and Robertsonian translocations. For stat-
istical purposes the recorded chromosomal aberra-
tions were converted into ‘aberrations (or lesions)
per metaphase’ (APM), which provide information
about the "severity’ of the damage per cell (Au et
al., 1978; Sandberg, 1980; Presion et al, 1981).
Chromatid gaps and breaks were calculated as 1

T-341  P.04/20 F-6T1

TABLE ]

BFFECT OF BENZENE ON THE MICRONUCLEUS TEST AFTER PHENOBARBITAL, 3-METHYLCHOLANTHRENE AND
SKF-525A PRETREATMENTS, AND WITH CO-ADMINISTRATION OF TOLUENE

Dosage Numberandsex X +$.0.0f G-X£5D. of Range of
mE/hg bw. X2 of mice MPCE per 1000 PCE MPCE per 1000 PCE MPCE per 1000 PCE
Coarrol M) 243 05 24+13 -4
{olive ail) XF) 12+ 13 1417 0-3
Bexxene 440 M) a9 16.7+214 7-74"
XF) 83+ 8.1 58+£258 2-22°
Toluene 1720 5(M) 20+ 07 1.9+1.4 1-3°¢
F) 3Jo0x 07 29%+13 24
Benzene 440 45 (M) 83+ 44 72+18 4-13°*
+ toluens 1720 XF) 42+ 02 42412 3.3+
Berasas 440 XM) 56 42 42238 1=-121
+ woluene 360 XF) 44+ 146 45+14 2-6*
PB S{M) 40x 23 34120 -2
L) 36+ 08 15213 3-§
PB (M) 20,6 2.1 196+13 12-28 ™
+ benzcne 440 4"(F) 13.84+100 11.7¢138 s-29*
3-MCA HM) 45x 29 40+1.8 2-8
SFY 402 15 39+1.7 2-6
3.MCA 5(M) 58.6+16.4 68+1.3 45-34"
+ benzene 440 L% ! 30124 230413 12-46"
SKF-525A M) 30+ 08 29+1.3 2~4
L") 22+ 13 19219 led
SKF-513A HM) 22.8+15.7 180x23 5—aq6 "4
+ denzene 440 «F) 63+ 4 4924 1=-11*
Cytoan 50 (M) 56+ 76 349313 i-33"
XF) 130x %4 31.3+1.3 26=49 "<

¥ +8.D.. Sample mean and standard devistion: C- ¥. geometric mean: M. male: F. female.

a0 Values significantly higher than coaurol (olive oil), P < 0,03 and P < 0.01. respectively (Mana-Whitaey test statistics).

‘  Values siatistically significant from the group receiving benzene glone (P < 0.05).

. 4 ..Welycs signifcantly lower than the 3-MCA -+ benzene 440 treated group ( 2 < 0.05),
* * ' ‘The fifth animal decressed.

! One unimal did 8ot yield a scorable preparation.
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lesion each, and all other lesions (chromosome
gaps or breaks, rings, exchanges, etc) as 2 lesions
each. All metaphases with > 10 breaks (SDC and
PC) were considered as having 10 lesions cach (Au
et al, 1978).

Siatistical analysis

The Mann-Whitney U test was used to analyse
the data; P values were calculated for a two-tailed
test. Values < 0.05 were considered 1o be statisti-
cally significant. Statistical metaphase analysis of
both DC and APM were performed. In addition,
the MNT and APM data were presented with both
the arithmetic mean (X) and the goometric mean
(G X) — the latter heing more representative of a
highly skewed group (Snedcor and Cochran, 1980).

The following I experiments were performed:

Expr. 1. 12 groups of male and female mice
were used: they received benzene (440 mg/ kg X 2),
toluene (1720 mg/kg X% 2), or 2 benzene-toluene
mixtures (440 + 1720 and 440 + 860 mg/kg X 2,

3.0

?-Og Jremates
1.0

0.8
0.8
0.7
0.8
0.5
0.4
03
0.2
0.1
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ie. 1 : 4 and 1 : 2, respectively); others were
pretreated with PB, 3-MCA or SKF-525A before
being given benzene. Appropriste control groups
and a positive cytoxan group (50 mg/kg X 2) were
included.

Expr II. (A) 4 groups of 10 male mice were
igjected ip. with benzens (440 mg/kg X 2), with
or without 3-MCA pretreatment, and sacrificed at
30 or 54 h. 4 corresponding 5-male groups were
given benzene p.o.

(B) We compared the effects of Aroclor 1254,
PB and 3-MCA pretreatments on benzene (440
mg/kg % 2) clastogenicity, and 3-MCA pretreat-
ment on tolnene (1720 mg/kg X 2) and a ben-
zeme-toluene mixmre (1 : 4).

Expr. 111, Groups of § male mice wers given
benzene p.o. in doses ranging from 8.8 w 880
mg/kgx 2, with or without 3-MCA precreat-
ments; in one group, 3-MCA induction was ini-
tiased 48 b, instead of 24 b, before the first ben-
zene dose.

i B

Bons 440 By 440
* Tal * Yol
200 1,720

"Fig. 1. Effact of modification of bunzene metabolism with PB, 3-MCA. SKF-525A and toluenc ou the aberrations per metaphase.

Geometric msan 4+ S.D. Ordinute: APM.
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Resnits difference from untraated controls. Both ben-

Expt. §. Modification of benzene merabolism with
PB (p.a.), 3-MCA, SKF-523A and rofuene (Tables 1
and 2 and Fig 1)

Benzene increased the MPCE, DC and APM in
both sexes above those of the control and toluene
groups; the differences were statistically signifi-
cant for males (P < 0.01) but in females only for
the APM between the benzene and wluene groups
(P < 0.05). Toluene groups showed virtually oo

zene—-toluene mixtures resulted in lower MPCE,
DC and APM than beazene alone; the difference
was statistically significant for DC and APM in
both sexes, and for MPCE in the male (1 : 2)

group (£ <0.05). The two mixtures, however, re-
sulted in statistically higher MPCE than control -

(P < 0.0%5) except for males in the (1 : 2) group
(P > 0.05); the differences in APM and the per-
centage of DC between sither mixture and the
controls were stastistically insignificant (£ > 0.05).

TABLE 3

EFFECT OF THE ROUTE OF BENZENE ADMINISTRATION, AND TIMING ON THE MICRONUCLEUS TEST

Oosnge Number 2SI G- Xx5D. Rampeol X£SD. X+S.D. afall G- ¥=S.D

mg/Xgbw. X2 andsex ol MPCE of MPCE MPECE of MOE mmcroaucieated of all micvo~
of mice per1000 PCE per 1000 PCE per 1000 PCE per 1000 PCE celis (MPCE+MOE) nuckstad calle .

per 1000 PCE per 1000 PCE =

Beeene 440  10(M) 119z 3B ll4xld  6-17° L7¢ 18 136z 35 13213

(ip.; 0 b)

3-MCA M) 338z140 318414 n-6 03+ 13 M6+137 32114

+ Benzenc 440

(ip; 30 by

Bonzens 440 10(M) 92+ 40 3416 17" 15+ 23 117+ 38 104+1.7

(.ps S4 h)

3.MCA 10(M) 290+200 2.0+22 4-80~* 120+ 80 2035 +282 13.7+20

+ Benzenc .

(ip;54h)

Benvens 440 5 (M) 404186 832418 29-70 %~ 280+ 10 4152194 449+1S

(p.o: 0 b) )

FMCA S(M) 1078x258 1050+13 $0-149 M0 S8+ 16 113.4+250 1113212

+ Benzene 440

(po.; 30h)

Bemzonc 440 5 (M) 54.0+13.0 52713 33-47 280+ 110 81.2+19.7 790+13

(p.o.: 54 h)

3-MCA S(M) 10921240 107021.3 33138 30< 510155 1606 £ 27.9 158712

«+ Berrena 440

(p.o.; 54 1)

3-MCA . 3 (M) 30+ 12 28+15 2= - 30+ 1.2 23+ 1.3

(54 h)

Control 10 (M) 24 10 22315 1-4 - 24+ 10 32% 15

(olive ofl}

MOE, Micmoauclcated oxyphilic erythrocyte.

¢ Values significantly higher than control {ofive oil} (P <0.01).

b Valnes significandy higher than the comespoading non-presrested group (£ < 0.01).

¢ Values significantly higher than mcmspondiumwuwdwimmi.p.(r<o.on.
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Mice pretreated with PB or SKF-525A before
receiving benzene exhibited no statistically sigaifi-
cant difference from those given benzene alone
(£ >0.05). Pretreatment with 3-MCA, however,
raised the MPCE, DC and APM above all the
other benzene-treated groups; these differences
were statistically significant for males ( P < 0.05).
An increase in exchange figures was seen in the
groups showing the most overall damage, namely
the cytoxan-treated groups and 3-MCA-benzene-
teeated males.

Expr. Il. (A) Effect of the route of benzene adminis-
iration, induction with 3-MCA, and timing (Tables 3
and 4 and Fig. 2)

{i) p.o. vs. Lp. Mice receiving benzene orally
without pretreatment and sacrificed a1 30 or 54 h,
scored higher MPCE than those injected ip. (P <
0.01), whereas the differences in the DC and APM
were statistically insignificant ( P > 0.05). Pretreat-
ment with 3-MCA resulted in higher MPCE with

T-341 P.00/20 BN

ORI,

benzenc p.o. than ip. at both termination times

(P <0.01): the DC and APM.at 30 h were higher

with the p.o. than i.p. route, and the difference |

was statistically significant in APM (P < 0.09),
{Note: the group 3-MCA—benzene i.p. at 54 h did
not yield scorable metaphasss.)

(i) Induction with 3-MCA vs. nome. Wheother |

p-o. or i.p., for the same route of henzene adminis-
tration and tweatment period, 3-MCA pretreat-
ment resulted in higher MPCE (2 <0.01). Higher
DC and APM due to 3-MCA pretreatment were
seen with the oral ( P < 0.05) but not the i.p. route
(P> 0.05).

(iii) Sacrifice a1 30 h os. 54 . Whether ben-
e was given p.o. or L.p.. for the same route the
difference in MPCE was noe statistically signifi-
cant between the two termination times, but the
DC and APM were much lower at 54 h than at 30
h (P <0.05). When 3-MCA prewreasiment was ad-
ded, for the same route difference m MPCE as
well as DC and APM were not statistically signifi-

1.5 Bera =

1.4 Tol = Toluene

1o} ]

0.8} 1

0.8f

0.7F

Q.6

0.6

04 F- 7

0.3}

0.2F

0.1 r{‘

0 | 14:1 ol e |
0 N T S S R et R b
i e T GO wa ge wito o et

30 wr 0w 64w
mg/kg x 2

Fig. 2. Effect of the toute of benreas adminiseration, the timing and 3-MCA induction on the aberrations per metaphase in male mice.
Geometric meaa +S.D. Ordinate: APM. LP., intraperitoneal; P.O., onl

&
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TABLE 5
EFFECT ON THE MICRONUCLEUS TEST QF PHENORARBITAL OR AROCLOR-1154 PRETREATMENT ON BENZENE,
AND OF 3-METHYLCHOLANTHRENE ON BENZENE, TOLUENE. OR BOTH

Dosage Number and sex X £8.D. of G-X+8D. of Rangs of
mp/kg bw. X2 of mice MPCE pex 1006 PCE MPCE per 1000 PCE MPCEpalmOPCE
Benzene 440 S(m) 40%18.6 4324158 ¥- 7
S(F) 176+ 140 110434 2. 33"
3IMCA 5 (M) 10783238 1050x13 30-149 %
+ ben2éne 440
Aroclor-1254 SM) 3281 60 324412 7- 41
+ benzene 440 L1132 92 36 83+15 4-13*
PB+ 5(M) 330+190 344+1.7 20 -6"
beazene 440 5(F) 88z S0 76+20 4- 167
Senaene 440 5M) 84 1.7 62+20 $- o¢
+ wiuene 1720 3(F) 24+ 05 30413 2- 3
3-MCA 4 (M) 35+ L7 30z23 1- §
+ toluene 1720 4 (P 28+ 140 2614 i- &
3-MCA S(M) 3142120 28515 19- 49°*
+ benzens 440 6{F) 9.7 S0 34120 3-16°
+ tojuene 1720
Arocior-1254 6M) 2= 10 2016 1- 4
Control 10(M) 4+ 10 22418 1- 4
{olive ol) L Xi ] 18+ 13 1.3+1.7 - 3

* Valuai significandy higher than contral (olive ail), (£ < 0.01).
® Values significantly higher than any treatsd growp ( » < 0.01).
® The fifth animal &id no¢ yicld a icorable preparation.

1.8 ['-Mala
L4 Jremales

2

1.0F Jore ] Seraene
os}
0.8
0.7
0.6
05
04
0.3
0.2
0.1

Fig. 3. Effect of Aroclor 1254, phenobasbital, and 3.MCA oa winene and benzene-woluens mixture. Geometric mean +5.0.
Ordinate: APM.
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EFFECT OF BENZENE, WITH AND WITHOUT 3-METHYLCHOLANTHRENE PRETREATMENT, ON THE MICRO-

NUCLEUS TEST: DOSE-RESPONSE

Dosage Number and sex ¥iSD. of G- Y£38D,of Rangs of

mg/kg b, %2 of mice MPCE per 1000 PCE MPCE par 1000 PCE MPCE per 1000 PCE
.- Benzeoe 880 M) 283+ 3.0 287+x1.1 u-n*

Banzene 440 $(M) 304318 7218 14—~ 60*

Benzme 88 (M) 04+ 42 6020 3-13°

Benzene 8.8 $(M) 46+ 1.0 4011.8 2-10

Cantrol (olive oil) HM) 25% 1.1 2417 1- 4

3-MCA + . (M) 23+ 42 79x1.? 4- 14*

benzene 8.8 .

3-MCA+ M) 112+ 40 106+1.5 6-—15*

benncae 44 )

3 MCA~+ 45(M) ' 140z 18 1921 4- n*

benzene 88 ’

MCA+ M) 3431119 3N7+13 We=-35“

beanme 220

3-MCA + S(M) 56.8+228 515+17 - n*

benaene 440

3-MCA + (M) 80.0+32.4 75215 48~130°

bensme 380

3-MCA (delayed) (M) 626+122 61.7+12 s1-g°*

+ beazene 440 ¢ -

** vaines significantly highar than conwal (olive oil), 2 < 0.03 and P < 0.5, respectivaly.

¢ The fifih animal did not yield a scorable preparation.

2 3-Methyicholanthrene was staned two days. iasiead of anc. before the Gra: baazene doss foc this group.

cant between the two time periods (£ > 0.05). The
rates of micronucleated oxyphilic erythrocytes
(MOE) were higher at 54 h than 30 h. for the p.o.
but not i.p. route, and were higher with 3-MCA

80,
pe |
%} L
v

60} 3MCA + Deinved bunsene rustmant—~3§ //
30 X'/
«o} * Bansane

-’ Serxzene
£ e-18 'r g \measnteced
20 /
10

o 20 40 m 8 320 420 S20 €30 720 W20 320
Bermene ng/hg 2 2)

Fig. 4. Micronucleus tesi. Dote raspoase with benzene (non-in-

" duced) (@) and 3-MCA induction { O ). Geomeatric meen +S.D.

Ordinate: micronucieated palychromasic erythrocyses (MPCE)

per 1000 PCE.

induction than without; the highest rate was in the
group 3-MCA-benzene (p.0.) a1 54 h (X =51+
15.5).

0 3-MCA + Deloyns bensens Sreament =0

oCcH
-]
-
Z

_ s
0520 40 & 80 ‘120 32 420 530 630 736 &0 820
Benzene (my/kg x 24

Fig. 5. Metaphase analysis. Dose responss in damaged ceils
{3DC) with benzene (non-induced) (a) and 3-MCA industion
(a) Ordinate: porcentage of damaged ceolls.
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Expt. I1. (B) Effect of Aroclor 1254, PB (ip.)
pretreatmenis on benzene, and of 3-MCA on ben-
2ene, tofuene, ar botk (Tables S and 6 and Fig. 3)

Pretreatment with Aroclor 1254 or PB showed
no stavstically significant differences from ben-
zene weaument alome in both sexes (P> 0.05);
whereas, 3-MCA-pretreated males scored signifi-
cantly higher MPCE, DC, and APM (2 <0.01).
3-MCA pretreaument of benzene-toluene groups
resulted in differences statistically insignificant
from benzene weatment alone (both sexes) (P >
0.08). but in higher MPCE. DC and APM than
male groups receiving the mixture without induc-
tion (P <0.01}). 3-MCA induction had no effect
on toluene-treated mice.

Expr. 111. Dose response (Tables 7 and 8 and Figs.
46}

When the non-induced benzene-treated groups
were ranked together and compared with the cor-
responding and similarly ranked 3-MCA-induced
animals, the latter exhibited significantly higher
MPCE and DC ( P < 0.05); the difference in APM
was significant (P < 0.05) only when the highest

WARINONL
1.1}F &
?

1.0

~AN—y

ag
a7+
as

o4
a3

a2

[ R )

1
© 20 & & 8 §00 700 300
Beraena (ma/ k3 x 3¢

Fig. 6. Metaphase analysis. Doss response ia abarrations per
meaphase with benzene (noa-induced) (C), and 3-MCA in-
duction (0). Geometric mwan + S.D. Ordinste: APM.
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dose group (880 mg /kg) which presumably showed
cywotoxicity was excluded from the comparison.
The group (440 mg/kg) induced for 48 h prior to
the first bemeene dose — labeled ‘Delayed” —
showed a clastogenic response dramatically
elevated over the corresponding 3-MCA-induced
group. Thus, overall 3-MCA pretreatment in-
creased the parameters we examined, and these
effects were dose-related 10 benzene.

Discussion

We have studied benzene with the MNT and
MA for the following reacons: first, the bone
marrow is a “target organ’ of benzene effect (Laskin
and Goldstein, 1977; Snyder et al.. 1977); the
MNT and MA which were positive with benzene
in mice (Diaz et al., 1980; Hite ex al., 1980; Meyne
and Legator, 1980 Siouetal.,lﬂl)ueper-
formed on cells originating in the marrow (Kliesch
et al,, 1981). Second, the M'NT reveals early insult
10 erythropoiesis reflecied in the maturing
erythrocytes (Matter et al., 1974; Schmid, 1975).
Third, the spontanecous rate of microguclei in the
bone marrow is low and consistent — about 3
MPCE per 1000 PCE (Schivid, 1975) — and since -
the PCE is easily identifiable, both the numerator
sad denominator of this ratio are exceptiomally
accurate. Fourth, the MA provides information
about the chromosomal damage sustained by all
nucleated bone marrow cells Le. both erythrocytic
and leukocytic series.

Chromosomal aberrations following prulonged
ben2ene exposure have been reporied in humans
and animals (Tough et al., 1970; Forni s al., ) 71;
Kissling and Speck, 1972 a, b; Picciano. 1979). In
addition, benzene suppressed radioactive incorpo-
ration of iroa (*Fe) in maturing erythrocytes (Lee
et al., 1974). Benzene inhibited the incorporation
of [*H}thymidine into DNA (Moeschlin and Speck,
1967) as well as [*Hcytidine into RNA (Kissling
and Speck, 1972 a, b) of bone marrow cells in
rabbits; the authors interpreted ihis as inhibition
of synthesis of both DNA and RNA by benzene.
However, these studies do not prove that the
‘primary’ toxic event was indeed inhibition of
DNA synthesis, as these studies were performed
‘after’ toxicity (pancytopenia) had occurred
(Freedman, 1977), Binding of labeled benzene and
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metabolites 10 nucleic acids in rat liver (Lutz and
Schlacter, 1977) as well as mouse bone marrow
(Snyder et al, 1978; Gill and Ahmed, 1981) has
been reported.

We have generated a dose-response relation-
ship for benzene-induced myeloclastogenicity (Ta-
bles 7 and 8 and Figs. 4-6). Compared to the
microaucleus test, the metaphase analysis was reia-
tively more sensitive to very low benzene dosage
and the chromosomal aberrations expressed per
metaphase (APM) yielded the most sensitive index
for clastogenicity; thus, at 8.8, 88, 440 and 830
mg/kg X 2 the APM were twice (0.06}, 5 (0.16), 25
(0.76) and 37 (1.10) times, respectively, higher than
the unueated controls (0.03). Severely damaged
cells were found at the high henzene doses (440
and 880 mg/kg). In our study, biological varia-
bility was observed with benzene treatment, e.g. in
Table 1, ove animal had 74,/1000 MPCE while the
geometric mean (G X') was 16.7. Interestingly, this
mouse also displayed more severe chromosomal
damage than the rest of the group (Table 2).

Sex difference with benzene

Male mice have previously been found to be
more sensitive to the chromosome-breaking cffect
of benzens than females (Meyne and Legator,
1980; Siou et al., 1981). Castrated males, as sensi-
tve a9 (emales, regained their original sensitivity
when treated with testosterone (Siou et al, 1981).
We have obsexved the same sex difference in the
clastogenic response to benzene whether its
metabolism was unaliered modifed by co-adminis-
tered toluene or 3-MCA preweamment. We bave
gavaged pregnant female CD-1 mice with doses of
benzene ranging from 440 1o 4400 mg/kg by the
16 gestalional day — hemopoiesis being maximal
in the fetal liver between the 12th and 16th gesta-
tional days (Cole et al, 1979) — and the rate of
MPCE was similar 10 that of ontreated controls in
both maternal femur bone marrow and fetal liver
(Gad-El-Karim and Legator, unpublished results).
Thase results reinforce hormonal influence as an
etiological factor in female resistance to benzene

clastogenicity.

Tobluene
Contflicting results have been reported on the
effects of toluene in mammalian chromosomes

B OO VOl N U S S
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{Dean, 1978). The purity of toluene was not men-
tioned in those studies which reported toluene-in-
duced myelotoxicity (Cohr and Stockholm, 1979).
Using re-distilled toluen=, we have demoastrated it

" 10 be entirely devoid of detectable clasiogenic ac-

tivity (1720 mg/kg X 2). Higher and lower doses
p-o. and L.p. used in our laboratory yielded similar
results (Gad-El-Karim and Legator, unpublished
results). Moreover, pretrearment with 3-MCA had
no cffect on toluene-treated mice (Tables 5 and §).

It was demonstrated in vitro, using liver micro-
somes, that toluene is & comperitive inhibitor of
benzene metabolism (Mikulski et al., 1979; Sato
and Nakajima, 1979). Toluene protected against
benzene-induced depression of red coll ¥Fe up-
take in mice (Andrews et al, 1979). Toluene sig-
mificantly alleviated the adverse effects of bemzene
on granulopoictic stem cells (CFU per tibis) and
on tibial bone marrow cellularity in mice (Tunek

. et al., 1981). However, the clastogenic eflects of

toluene and benzene were reported to be additive
in rars when simultaneously inhaled {Dobrokho-
tav, 1972; Dobrokhotov and Enikeev, 1976). We
found that toluene aniagonized the clastogenic
activity of benzene when the mixture was adminis-
tered p.o. in CD-1 mice (Tabies 1 and 2).

Modlfiers of mixed-fumction oxidase activities
Various iohibitors or inducers of mixed-func-
tion oxidase acuivities have been used previously o
clucidate the role of metabolism in the expression
of benzene woxicity. Pretrestment of rats with 3-
amino-1,2 4-triazole or pipercay! butoxide, inhibi-
tors of hepatic microsomal monooxygenases, pro-
tected against benzene toxicity (Suyder and Koc-
sis, 1975; Laskin and Goldstein, 1977). Benzene-
associated leukopenia was alsd allevialed by pre-
treating rats with phenobarbitsl. an inducer of
cytochrome P-450 (Ikeda and Ohtsuji, 1971; Drew
et al., 1973; Gill et al. 1979). However, pretreat-
ment with 3-methyicholaathrene, a prototype
polycyclic aromatic hydrocarbon iaducing a pro-
file of hepatic microsamal activities different from
that induced by phenobarbital (Meyer et al, 1980),
did not pravent benzene-induced leukopenia (Gil
et al, 1979). A paradox. hence, existed: both in-
hibitors and inducers of beazeae metabolism pro-
tected against toxicity. Thus, it has been pos-
wulated that these agents elicit different responses
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in the liver (the major site of detoxication) and the
bone-marrow (the major site of benzene 1oxicity):
inducer stimulate hepatic detoxication, whereas in-
hibitors prevent the formation of reactive metabo-
lites in the bone marrow (Sayder et al., 1977)..

PB pretreatment in our study did not proiect
the mice against benzene-induced myeloclastogen-
icity; nevertheless, animals of the same group ex-
hibited a wide range of MPCE and chromosemal
aberrations (Tables 5 and 6). This is in agreement
with the previous finding that PB did not exert a
protective effect against benzene-induced depres-
sion of **Fe uptake into red cells in the mouse
(Snyder, 1973) even though it protected against
leukopenia in rats. In contrast, it has been re-
ported that phenobarbital increased the frequency
of sister-chromatid exchange in female DBA/2
mice exposed to benzene but not in males; chro-
mosomal aberrations were increased in both sexes,
but more in males (Tice et al, 1980).

Aroclor 1254 protected rats {rom benzene-in-
duced lymphocytopenia (Greenlee et al, 1981 a, b;
Greenlee and Irons, 1981). and neither SKF-525A
nor 3-MCA had an effect on benzene leukopenia
in rais (Gill et al., 1979). We found, in CD-1 oice,
that peither Aroclor 1254 nor SKF-525A had an
effect on the myeloclastogenicity of benzene. Fre-
treatment of mice with 3-MCA, an inducer of
P-448 monooxygenase, greatly promoted the clas-
togenic activity of benzene. In the dose—-response
curve for benzene with 3-MCA pretreatment, ev-
ery point — grometric mean — on the curve was
higher than the correspouding point for animals
given benzene alone (Figs. 4-6). The MNT showed
differences between induced and nom-induced
animals at all benzene doscs (the former group
exhibited higher MPCE]}, and while the magnitude
of that difference was small at the Jow doses, it
increased at the high doses 440 and 280 mg/kg
(Table 7. Fig. 4). At the highest benzene dose (830
mg/kg), however, there was a tendency for chro-
mosomal aberrations to decrease in the metaphases
(Figs. 5§ and §), presumably due 10 cytotoxicity.

Benzene p.o. vs. i.p.

In mice, higher rates of MPCE were reported
with the p.o. than i.p. route of benzene administra-
tion; such 2 route difference was not found in the
MA (Meyne and Legator, 1980), nor was it seen in

T-341  P.18720 F=fT1

239

rais with single 2-h inhalation vs. ip. exposure
(Anderson and Richardson, 1981). We have wit-
nessed the same findings, but also found that after
3-MCA induction the clastogenic effect of benzene
was much more proncunced (by both MNT and
MA) when ic was administered p.o. instead of i.p.
(Tables 3 and 4). Diaz et al. (1980) found a higher
rate of MPCE at 54 b than 30 h in mice given
benzene (s.c.); they ascribed the difference 10 a
cellcycle delay caused by benzene. We found no
swatistically significant difference — i.p. or p.o. —
in MPCE at 30 b vs. 54 h in Expt. II with or
without 3-MCA pretreaimen: (Table 3). To further
examine this route difference, we performed an
expefiment in which germ-free male CD-1 mice
were given benzene p.o. or ip., and compared
them with groups of ‘conventional’, ie, noo-
germ-free males receiving the same treatment
(Gad-E}-Karim and Legator, unpublished results).
The oral route rvemained superior to the in-
traperitoneal route in induction of MPCE in the
bone marrow. Thus, the possibility that the gut
flora (Gabridge et al., 1969; Batzinger et al., 1978;
Tunek et al, 1978) played a major role in enhanc-
ing benzene clastogenicity was ruled out. The dif-
ferences observed between the two routes of ad-
ministration could be due to more rapid benzene
absorption after intraperitogeal injection than oral
gavage, resulting in increased loss of unmetabo-
lized benzens via the lungs. The volatility of be-
nzene has been described as a factor which dif-
ferentiates its metabolic fate from most drugs,
which are also Hpophilic, but not volatile (Gut,
1976). Therefore. not as many dividing cells would
be expased to the clastogenic effect of benzene due
to the limited availability of the compound for
biotransformation afier Lp. injection. Lukas et al,
(1971) have demonstrated that compounds admin-
istered ip. were absorbed primarily through the
portal circulation — similar to the p.a. route —
but wers very rapidly distributed into the entire
blood volume. On the other hand, a possible role
of small intestine mixed-function oxidases in the
biotransformation of orally administered benzene
remains undetermined.

Sacrifice at 30 h vs. 54 h
The clastogenic effect of the second benzene

dose 6 and 30 h prior to termination, i.e. at 30 and

-~
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34 h, respectively, differs in MNT from MA. In
the MNT, the PCE are not a target for benzene’s
clastogenicity since they are non-dividing; inssead,
they reflect the chromosomal damage sustained by
dividing erythroblasts and become micronucleated
(MPCE). Cole et al. (1979, 1981) have determined
the timing of the final stages of mouse boae mar-
row erythropoiesis as roughly 10 h from the final
mitosis to the expulsion of the nucleus from an
orthochromatic erythroblast to produce a PCE

Considering cell-cycle phases G,, S, and G, of 1.0, -

7.5, and 1.5 b respectively, a clastogen acting in S
phase, similar to benzene (Irons, 1981), should not
show ‘any effect. before at least 1.5+ 10 h afier
treatment. However, the time necessary for ben-
zene uptake, the formation of the active metabo-
lite(s) as well as 2 mitotic delay caused by the
parent compound, and the nesd to accumulate a
scorable number of MPCE considerably prolongs
the period for optimum incresse in MPCE. In
Table 3, for example, the 3-MCA-benzene p.o.
reated group at 54 h maimtained a similar rate of
MPCE as the 30-h group — approximately 105
per 1000 PCE — due to the second benzene dose.
However, the S4-h group exhibited a higher rate of
tosal micronucleated cells — about 160 per 1000
PCE — due 1o the increase in micronucleated
oxyphilic erythrocytes which are, presumably a
function of the first benzene dose (Von Ledebur
and Schmid, 1973). The contribution of the second
benzene treatmen: 6 h prior 10 sacrifice is greater
in the induction of aberrations in the metaphase
chromosontes than the MNT. The metaphases are
cells that were themselves exposed 10 clastogenic
benzene metabolite(s) late in their S phase. Thus.
the frequency of aberrations becames lower, as a
result of loss at division, at later — 54 h —
fixation time; however, 3-MCA induction has sig-
nificantly increased the aberrations at 54 h (Tablke
4).

Benzene oxide was found to be very potent in
terms of genetic toxicity and DNA damage and
was pesitive in the Ames assay (Kinoshita et al.,
1981). Products of benzene metabokam were
formed upon the addition of ben2ens oxide to a
microsomal preparation (Jerina et al. 1968).
Gonasun et al. (1973) found that treatment of
mice with benzene incveased the metabolism of
benzene in vitro without increasing cytochrome

T-341 P.1720 F-b71

P-450 concentrations, and that treaiment with PB
increased cytochrome P-450 but did not increasa
benzene metabolism; on the other hand, SKF-52SA.
inhibited bénzene metsbolism. Thus, the likely
events involved in the biotransformation of ben-
zéne leading to its myeloclastogenicity would en-
tail the reported ability of benzene to induce its
own metabolism (Soyder e1 al, 1967), described as
being similar to that of the polycyclic aromatic
hydrocarbons (Goaasun ¢t al., 1973; Saito et al,
1973; Tunek and Oesch, [979; Ungvary ot al,
1981). This study confirms that 3-MCA, a poly-
cyclic aromatic hydrocarbon and an inducer of
P-448 monooxygenase (Haugen et al, 1976; Tunek
and Oesch, 1979; Boyd, 1980; Delaforge ot al,
1980; Dresner ¢t al., 1981; Nebert, 1981; Nebert et
al., 1981), induces a critical pathway of benzene
metabolism in mice that leads to enhanced
myeloclastogenicity. It is also possible that 3-MCA
induces bone marrow mixed-function oxidase
(Andrews ¢t al, 1976, 1979; Boyd, 1980; Irons et
al, 1980; Dresner et al., 1981}, especially the
nuclear sry! hydrocarbon hydroxylase (Jernstrom
et al., 1976) which, due to its proximity 10 nucleas
DNA, could play a significant role in covalent
binding of metabolite(s) 10 DNA (Snyder et al,
1978; Gill and Ahmed, 1981), leading to increased
chromosomal damage, especially in a rapidly pro-
liferative organ such as bone marrow. Benzene
oxide (Jerina &1 al.. 1968; Suyder and Kocsis,
1975), proven 2 potent inducer of DNA damage
(Kinostita et al., 1981), and perhaps with catechol
{Nomiyama, 1965; Morimoto and Wolff, 1980) or
hydroquinone (Tunck et al, 1981), may play the
major role in the chemical pathogenesis of ben-
zene-induced chromosomal damage. hence aplastic
anemia, preleukemia, and leukemia (Sayder &t al.,
1977; Hogsted: and Mitelman, 1981). We have not
found in CD-1 mice any benzene metabolite (phe-
nol, catechol or hydroquinoae) with or without
3-MCA preucaiment (o possess any of the potapt
myeloclastogenicity of the parent compound, ben-
zene. In fact, only hydroquinone (150 mg/kg x 2)
p.o. induced a mild clastogenic response (unpub-
lished results).

In coanclusion. we have found benzene indnc-
tion of chromosomal damage in proliferating bone
marrow cells 10 be dase-dependent. The effects of
modifications in benzene metabolism by ap-
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propriate pretreatment, as 3MCA or co-adminis-
tradon of toluene, are reflected in the extent of
chromosomal damage, being increased or de-
creased respectively. The sex diffesence, with
females consistently more resistant to benzene, is
maintained with induction of benzene metabolism
by 3-MCA or its inhibition by co-administered
toluene, The oral route more than the in-
traperitoneal route of ben2ene administration re-
sults in greater chromosomal damage which is
distinctly increased with 3-MCA induction. PB,
Aroclor 1254 or SKF-525A preircatments have
not modified benzene myeloclastogenicity. This
study leaves no doubt that a metabolite(s) of ben-
mxsmpombhforthcmydodammyot
the parent compound. Tolucne is not clastogenic,
even with 3-MCA pretreaunent. The myeloclasto-
genic effect of benzene appears to be the earliest
benzeae-induced ceflular damage that is readily
identifiable (scorable), antedating changes in other
hematologic parameters such as peripheral blood
counts,
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