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INTRODUCTZCH

This review of the litaratura concercizg the toxiciiy of benzene focuses al-~
=03t entirely on werk published frem 1978 te the present. It i3 intsnded 3s a fol-
iewup of the information in "Seazene Toxicity: 4 Critical Evaluation® adited by
Laskin and Galdstein (1977). That was a mulii-authored volume containing over 1,800
references which deseribed iz depth the kuown bDenzene litsrature tg that point.
m.s. preseat single-autiored review will 2ot attempt to be as cocoprelansive in it3
coverage. Hather, the focus will be on reviewing and interpreting the recent

iterature particularly pertineat to :cisn:i:.‘.c queaticons underlying the regula-

tidn of denzene axposure.

The following brisf overview of the literatures until 1977 and of the
hematologic basis of benzene taxicity i3 intesded as backgrousd for the present
review. For those interestsd, a nore detailed descripticn ia previded in Laskin and
Geldatedn (1977) and othar scholarly reviews (Haley, 1977; Wnits et al., 1980; Gold=-

steiz and Soyder 1982; Sayder et al., 1982).

Senzene Ras been knowa %0 produce hematological Toxicsilty i pan siace the
Siteteent: ceatury. The earlisst reports of beazene toxicitiy focussed oo its
ability to profoundly decrease all -:'oz-.nd elaments iz tnRe dblocd (red blocd cells,
weita blecod cells, and platelets). This disease, nown as aplastic anemia, i3
czaracterized by loss of bone marrew cells whick are the precursors of paLure cir=
eulatizg blocd cglls. Iaveatigatich of workplaces with z2ignilizap:t tenzaze 2x-
pesure revealed 3 wide spectrum of respconle rasSging STox savers aglaatic anemia to
2ild decreases in red blood cells (anemia), wbite blocd cells (leukapesmia), and
Fidtalets (thromhocytapenia); the nilder form of thias disorder oftan beizg kncwn as
Pancytopenia. 4z associaticn of benzene exposure Jita acute 3yeligencus eukemia
was flrst coted over flve decades agc. Tha evidence confirming a causal relatlon-

3£i} betueen henzena exyosure and this disease ccmes IrIm a variety of diffarent ap-
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diversze disorders is acute and chronic lymphatic leuksmia, chronic zyelogenous leu~-
<e=ia, gultiple @yelcema and varicus types of lymphcma izeluding Hodgkin's Diseass,
Zay also be related ta bencane exgosure. Reports of such discrders lizked to hanzerne

exgosure are tzbulatad by Goldstein (1577).

Inaformation available in 1977 about the pechanism of benzecne texicity pointad
atrengly to the actica of a zetabolite of benzeze rather than Lenzezne itsell in
produt;ing bone marrow toxiaity. Other studies in both animals ard man suggested
t2at hest factors, such as age, sex, cbesity, ‘a.ud genetic factors, zight modulate
the extent of benzane toxtcity in terms of 123 apiut;c erffects. Althougk dose-res-
Foz;.‘-ve pancytopenia wvas readily produced evidence of lsukemia in laberatery
azizala exposed o benzene was aot obaerved. Alsc of nota was the ccnaisteat failure
to cbserve nutagenesis due o benzsne in bacterial systanms suck as %te imes test des-

pite ample evidence that chromosomal damage was produced i azi=mals and zan.

STORIZS I3 MAN

imong the more important studies published in the paat five years has been that
of Riasky et al (1981) whick extanded and elaborated on the prior study by Iafante et
al (1977). These investigators frem NIOSH origically reported seven deatia due to
leukemia iz a3 cohort of T48 whits male rubber vorkers employed ats any time durizg the
pericd of 1980-1949 who died between January 1, 1950 and Juae 3@, 1575 (Iafante et
al, 1977). Qf the seven casea, 4 were reported as acute syelogencus leukenia, 2 as
zcoocytic leukemia, and 1 as chrenic ayelogesous leukemia. Tte extected aumier of
deashs in the cohort vas 1.38 based on the general population of US whise malaes acd
1.38 based upoa 3 control group of white males employed-i2 the same state and at tle
sane Line iz mapufacturs of 3 fibrous glass product. Thess findizzs, anc tlke aszer-
150 t2at tie vorkers had been exposed o b.nzene".evela withia as.cwablie wcrkslace
stazdards, leq to an actempt by OSEA to promulzate a more rigercus standard <f 1 ppm

TAA as ccmpared 5o the axistizz 0 prm TWA. Althouga tle standard m~=maizss at 10 pp=
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recently to excsedingly bigh levels of benzene comes from industrial hygiene surw
veys conducted by the University of Yorth Carolina in 1G73=74 Lo wkick levels of 163=
35% pPpm tenzsne were noted irsida a dryer and it was reported that respirators were
often not wora. It i3 further stated that men could stay up to 30 mizutes at this
location but it is not clear whether that occurred without use c;r a respirator.
Simdlarly, durirg a 1972 shutdown operation, it was notad by the safety manager that
durizg a short-term check an smployee was not wearing respiratory praotection 40 am

area ir which benzena levels wers estimated tc be cver 200 3f3.

Using this monitoring data, Rinsiky et al {(1981) have atteaptad to estimzate the
Yenzene exposure levels for the individuals who developed leukemia. They present
short case reports includirg the type of leukemia, interval betueen axposure and co-
set af disease, and tizs period of employment. For the 7 individuals originally
reported Dy Iafants et al (197T), TWA exposurs levels wh:.ie at work are estizated to
e 35 ppm (one worker), 40 ppm (three workers), "less than 100 ppm” (oze worker),
unable to estimats due to exXposSure occurrizng between 154082 (one worker), and, iz a
warker exployed for a very short periocd of time, a poasible sirgle exposure episode

to 1,000 ppm benzene.

The study of Rinsky et al.(1981) has been interpreted as indicating that ben-
zene levels at or near the present standard are laukemogenic (Rosenstock, 1982;
Whits et al., 1981). This of course i3 a poasible interpretatica of the relaticn of
tenzene to acute ayelcgencus leukamia ip man. Zowevepr, in my judg=ent tze Riasky et
ai. data, and the origizal rindings of Izfante et al., do mot previde signilicant
Lrect support for laukemogenesis occurring at levels of bencene at or cear the
sresent OSEA standard. This interpretatico i3 due both $o the suzerically low in-
cidence of leukemia and to the marksd heterczeneity of benzene sxjosure L= the work
force studied. Zven when bermzane exjposure la2ads 2 an lncrease in laukemia in-
cidence sufficient o be statistically appreciable, aa (n the Izfante et al atudy,

t2e tctal incidence of leaukemia has fortupately always been a very mall lracticn of
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Akscy has continued to review and summarize his experience with shoe workers
aad cthers ccoupationally exposed to benzene Ln Turkey ( Askay 1980 a,b). Durircg the
19603 skoe workera in Istanbul replaced gasoline with benzene as their solveat of
ctoice for working witd achesives. Cases of aplastic anemia followed by cases of
dcute leukemia were cbaerved in this wcr;t populatios. Exposure levels were well
sver 100 ppm benzane. The receat review articles contain further substantiation of
a decrease 12 the incidence of leukemia ameong shoe workers iz receat years which
could be attributed to the gradual prch.:l.hitian aod discomtinmuatica of the use of
tqnzeses 1o Istaabul beginning 1969. The substitutes now 12 place contain little or
ts benzena (Aksoy and Erdem, 1978). After reaching a high of seven cases iz the year .
1973, leukemia incidence in shoe workers in 1978 wvas four cases, i3 1975 three cases,
and iz 1976-78 go cases. iksoy does report four cases of leukemia iz benzene exposed
izddviduals 4 1979 however only one was ;ahao worker. Ailac of interest is that 11
of thw 44 izdividuals with leukemia had a documentad pericd of pancytopenia
preceding the coset of leukemia. No evidence i3 presented whick would allow one to
cagclusively exclude the poasibilily of a pancytcpenic paricd preceding the caset
of leukenia iz the other 33 patients. In studying those patients who originally
preseanted with pancytopenia, Aksoy noted complete remissica iz 23, deatl dues to
aplastic anemia or ifs complicationsa in 18, and leukemia in six of a total of 33
Fatients. In a tabulation of 42 individuals with leukemia and benzene exposure
iz3cy noted 16 witl acute myelcgenous leukemia, eight wiil erythroleukemia which
can be conaidersd a variant of acuts =avelogencus leukemii; one Witk acute
premyalocytic leuksmia, alsa a variant of acute myelogencus leukenmia, and seven ine
dividuals with preleukamia which usually also evelves inte acuts Tyesloblastic leu=
Xemia. Inaddition he reports four individuals witd acuts lympacblastic leukemia,
t&ree with dcute AoOOCYTLC loukemia, two with c:':.z'ua.‘.c ayelogeacus Leukemia, and oge

vith acuts undiffarentiated leukemia., Yo individualawith caronic lymphocytic leu=-

-T=
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feraing their risk estimate, and as the mean and median age of bis patients 'with
ayelcgenous Leukemia is well below that at which peak incidence cccurs, this tends
L0 underestizate the relative risk. Aksoy's observaticn that zany of the ine
dividuals with benzene induced pameytopenia progress through preleukemia into
acute myelogencus leukemia is in keeping with that reported by raany authors i3 ine-
dividual case reports following exposure tc benzene arouzd the world. These obser=-
vations bad led hematclogista to accept the causal relationship cf benzene ta acute
ayelogencus leukemia decades ago. E’iaa.Lly. if zors proof were feeded, the virtual
cs33ation of Daw casas of botl pancytopenia and leukemia among tiese workers fol-
lowing a decrease in benzane usage £1its a tamporal pattern that i3 conclusive. There
t."'.;.s resains no queaticn that an epidemic of aplastic ansala and acute zyelogenous

leukamia cccurred due to exposure to higzh levels of benzsne iz tie Turkish shoe in-

dussry. ——

Pagnotte et al. (1979) have presentad an interesting followeup on 38 workers
previcusly expesed to beazane levels generally between 5-50 ppm until 1564. This
ITedy i3 notable £or the relatively extansive induatrial hygiens :.nd hematological
sgidies that wers performed betwsen 1960 to 1964 whtich resultad i3 reasonably
detailed charactarizatiocn of the workforce exposed to denzeze. The chserved am-

120t levels of detzZene were confirmed by measuremsat of urinary 7henol excretion.
Mild hematoloegical aboormalities were present in a number of tle vorkars when
studied 1in 1961 and 1963. Since cessatica of benzane exposure iz 1964, retesting
rerformed Lo 1973 and 1977 revealed what appeared to he ccmplete reccvery. No
Rematological zaligancies were obaerved during this 13 year follcw=up pericd. Al-
thcugh this lack of leuksmia iz these wall-studisd workers is reassurinrg, the coport

i3 %ar tco small %o be meaningful.

The Occupaticnal Healtd Stucias Group of -:::a University 22 Yorth Caraliza
Seicol of Public Sealth has conducted a oumber of studies of porcallly of workers 1=
t2e US rubber izdustry. They acted an exgeas of deatis attributed o znecplasms of

3= -
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ctosen to 309;5;:0 this from the acute myelogencus leukemia group. Alsc rather
wousual is the finding that of the 37 cases of leukemia irn Company 4 only oce in-
¢ividual kad chroaic nyelogenous leukemia. A more axpected incicdence fop this age
greup would be the five of 27 cases of laukemia reported in Compary E. The use of
death certificates £o sub=divide the type of hematological malignancy i3 clearly a
perilous undertaking, particularly in the differentiaticn of leukamias. This
prabably accounts for the variable findings between companies, although the pcs-
sidility that scme highly uzusual process was occurring iz Cempany A cannat be exe
cluded. Even if this were the case, 1t seems most unfortunats that the investigaters
unforteek this major effort without attempting to coafirm the hamatological diag- -
2csis of thess individﬁal: through careful review of the clizical findirga, In view
cf these problems it i3 sot surprising t2at oo association wvaa found between
zyslogenous lsukenia and so..l.un: use. The authors conclude that these findirgs supe
fort thelir previocusly reported asscociation of lymphatic leukemia with work Risteory
of possibie solvent exposure but tiat the asscciation ;as weaker than had been
zoted. However, it 13 also stated that a recently detailed envirccmental evaluation
reported as an abstract 1s said to support the ilnitial findizgs and that further
studlies are therefors required to resolve :n; issue. Pearhapa of caote f3 that of the
Z%0 categories avaluatsd lymphatic leukemia and momocytic leukemia wers par-

tizularly cbserved iz general service workers.

Monscn and his colleagues at the Harvard School of Public Eealtl have alsc con-
tizued their series of studies evaluating the healtl ¢f rubber workers. Recent
studies icclude an asseszment of cancer morbHidity and mortality ameng 13,570 white
Iale rubber workers who had worked for at least five yeara at an iAkrenr, Qhic ruber
plant (Momsca and Fize, 1978). Occurreace ¢f cazcer was xeasured by deathk cer-
tificatas and by a survey of loeal Hoapital sumer registries. Ccmpari=zon of zor-
S3ALLtY rates with thase of US wiite nalas was 5erfomnd. as was azalysis of cancer

2crdidity rates anong different subgroups of workers. Ixcesses i a cumter of dil-
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MR reported L3 that for central Dervous Systam nsoplasms with an SMR of §9. This is
Saic to be the only statistically signilicant effect. Among male tire workers SMBa
for leukemia wers 129 and stomach cancer 145, Zilpikari (1582) has also published a
study evaluating mortality among male rubber workers in Fipland showing a decrease
iz risk of cardiovascular disease and an apparent increase in cancer incideace.

However, the ccohort =ize is too small for further evaluatioen.

Another paper compiling a series of studies is that by Burrows (1980) com=
nenting on health care of workers in ma;rcn laboratories. In tirse studies in dife
fearent countries, that of the American Chemical Society zsmbership, zale graduates
of the School of Chemical Engingering, Stockbolm, and graduatas and fallows of the
Royal Institute of Chemistry in Great Sritain, there i3 an increase in the aumber of

asoplasma of the hematological system.

Two studies from Swedea suggest an association between lymphoma and solveat
exposure. Ha;-dcll et al. (198Q) Nporte;t on 2 case control atudy of 169 cases of all
types of lyinneu and for each cxse there are two controls. 4 statutiéally sig-
sificant relative risk of 2.8 was cbserved for thcse with a bistory of substantial
exgosure to sclvents, while those with a leaser exposure had a relative riskof 1.2,
Incressed relative risks wers also chserved 4in individuals exposed to phenoxy acids
and to chloropoenals and there seems to be an enhanced risk with ccabined exposure to
tie various chemicals, It :h—ou.l.d be noted that only one individual gave a history of
substantial exposure to benzens. L[a another study, Jlsses aod Srazdt (1981) used a
standardized lntarview io 81 consecutive male patients with a diagncais of non=-
Heodgicin's lymphema to avaluate 2 $Ossible exposure to organic solvents. They repart
that in those who had a history of organic solvent exposure there was a Juch higker
ipeidsnce of supradiaphragmatic presen:at‘.cnr of disease as czmpared o0 :-ose
wiltlcut sueh 2istory of expesure. digain in this study an overt Zistgory of Denzene
sxposSure was found i1 only ome patient. Zenzene wal apparsatly banned for oc-

cupaticnal use iz Swaden in 1972. However, the-wxtent %3 which otler solvents cone
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risk 0.70 and 0.9% respectively). A relative risk of 3.34 was cbserved for exposure

to benzene, dut dus to the small aumbers this was not statistically significanc. OfF
rest 13 that 3 of 4 patients with a history of benzene exposure vere diagnosed as

‘.n:‘
Zavipg chrenic lymphocytic leukemia.

Timcpen and Ilvomen (1978) suggested that contact with bospitals i3 an
etiologic factor in leukemia (defined as acuts leukemia and chroaic myeloid leue
keaia). This vas based on a study of 45 adults and a control group of patieats from
the 'auo haspital in Fialand. No significact difference in the use of chemicals
batween the tWO groups was observed, although there was apparently ac bistory of the

use of benzene by any of the study population.

-

The study of Vianna and Polan led Saith and Lickiss (1980) o evaluate the ex-
tant to whick Hodgikin'’s Dizease and m—am*: lymphoma is asscciated with bene
Zans exposurs in Tismania. Their study includes all new cases dlagnocsed Letween
1972 and 1979. Using the same ariteria for occupaticnal benzene exposure used by
Viinna and Folan, they were unable to coofir= an associationwitx lymphoma. Qf zcts,
Eevever, is that a statistically significant increase in deatha dus to acute
Zyelogenous leukamia was obsarved suggzeating that henzene exposure bad in fact cc=

curred.

Cytogenatic abnormalities have been demonatrated to resul: {rom hematotoxic
lavels of henzese iz pravious studies in animals and zag (see below). Another re-
cent, and scmewhat controversiil, study reporting cytogenetic abnormalities in
weriers axpesed to relatively low lavels of benzeze is that of Pizstanec (1979). The
author reportad an {ncrease in chromoscme aberTaticn rates i tle peripheral lyum-
sooeytes of 52 workers= in a chemical company as opposed to a 44 persor control group
obsarved for pre-employrmeat axamirzation. 7The age of tis expesad group was sig-
zilisantly greater than that of the ccatrael grouz.: syt was said By %he autkor not %0

affset the results. The workers were reportad to Zave been exPesed o less tkan !0

-8

-

MCD 000008347



cobort studies of eantirs industries. The finding of fewer tharn expectad leukemia
deaths in the entire coﬁort of this industry ig wiich benzene exycsurs i3 known G
Qesur apparently conceals a true benzene effect which can only be cbserved with more
careful evaluation of the workforce assessing the degree and duration of exposure,
it should be noted that iz this study, as in zany others, the cbserved leukemia iz~
cidence, although less than that expected based upol 3 contrel group derived from
Lte general populatica, is actually more than that observed for all neoplasams or all
causes of deatl. Tiis "healthy worker effect” is well kzown and i3 almost uniformly
demcnatrated 12 studisa of this type. Sueh results argue in favor of the use of

prepertional zortality ratics 13 opposed to standard gortallity ratlos.

-

Another appreach to evaluats mortality among workers at petroleum refineries
ird petrochemical plants waa taken by Thomas et al (1980). Tiaey studied the more-
tality experiezce of 3,105 sembers of the Qil, Chemical and itemic Workers Iater-
national Unton (OCAW) reportad by locals in Taxas ta have died detween L347-TT aae
for whom desth certificatas were available. The proporticoal zsortality ratic was
calculated based on expactad mortality for the general population adjusted Jor age,
racs, and cause of deatk. The workers vere divided into four categories depexdizg
upes the type of work performed. A statistically significast izcrease in the PMR for
all camcers in white zalaes (1.17) was odserved. This was particularly notable for
sii= (1.78), brain and CUS (1.46) and respiratory syatem (1.25); all of which were
stagistically sigpificant. 63 hematologic neoplasms were chsarved as compared to
53.3 expected resulting in a PMR of 1.16 which was not stasistically significant.
The subgroup witl the highest PMR for hematologic necplasms vas tiat of "petroleum
refining and producticn of petrochemicala™ (34 observed, 36.3 expectad; PMR 1.21).
I2 t2is work category, :nvu-e was a tendency to an increase in the FMR for leukemia
wiza incnuiﬁg length of zempership ig the Jniocn. This was also chserved when ke
excectad tumor frequency was calculataed dased upon data for Texas zalea. Zowever,

i3 20 case were the fingings for Sematologic cecplasms szatistically signmificant.

-17- -
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below iz that benzene may be capable of producicg non- hematolegical neoplasms in
zan. Fux;thamn, the lack of zyelogencus leuksnia .1.:. Maltoni's studies could even
be icterpreted as L.t;dzcaung that benzene causes thase other tumors at a higher ine
¢idence than Lt does leukamia. Obviocusly, one can not readily extrapolate relative
cancer incidence from animals to man; there beirg zany instances of species dif-
ferences in organ salectivity of a carciscgen. The rindicgs by Maltont et al., if
oge iccepts thelir validily, do however serve to raise the kypothesis that benzene
wvill cause Son-hematalogical mpla:aa iz man. This has alsc been suggested by
Ak:or (1580a,b) who coted Sive cases of lung cancer asscciated with chronic beazene
tx?oaurn (see below). Of note is that it 43 at least possible to begin to svaluate
this hypotheaia. There are mumerous cobort studies of work groups who have been ex-
pesed t0 benzene and for vhom cafcer DOrtality has bean evaluated. A4S discussed
above, an increased incidence of hematological necplasms has been observed for zany
Qf these groups. Inasauch as the causal link between benzene axpoaure and at least
cartiiz bematological neoplasia is zow beyond reascnable doubt, oze can as a first
appruximation utilize an cbsaerved increase in hematological cancters iz these vork
groups as 3 zarker for significant bensense exposure. Tharafors, i coBorts selected
in this way it skould de possible 0 evaliats tle relative incresse 18 risk of nooe
kemztcleogical cancers frem this same benzans exposure. Tiasre are of course a mumber
cf problems with an appreach of this type. Thess izclude the fact that all
kemataological cecplasis Bave not been proven to be asscciated with benzens; that ex-
fesure in cone of the cohorts i3 to benzens alone but to a ixture of vorkplace
::bmica.].: azd facters; and that for magy of these coborts the locreases in
bematolegical 2eoplasia are too small to reach statistical significance. Two other
eeasideraticny which are inherent L2 an approach of this type zust De kept in mind .
A3 actual causative role for beazens in a Specili :on—hmtalcgzc caneer Tay =ct be
observed in a ¢obort with benczane—iznduced hematclegical neoplasia s:3Iply Yecause
the relative i3k Jor these hezatological cancers 13 greater Than that for the cother
csoplasm. éta:ed a.zéther Wiy, ofle may Rave a copor= of a aurficient ailze o observe a

-1~
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these cavu:-m it should he pointed cut that a simple sign test or other aon-
parametric statistical approach which eva.l.u';:ed sizmply whether or not each findins
was above or below the expected incidencs, might well l.aad to a statistically sige-
adficant ua_ocuuon with hemf.alo_g:.c canrcers, depecdisz upon how the studies were

checaen.

To suxmarizs, epidemiclogical studies since 1678 bave provided further cone
firzmatory evidance that occuﬁat.‘.onzl expcsure to benzans results iz hematclogical
neoplaxms, particularly acuta zyelogencus leukamia and it3 variants., TZere bas
‘been Zarginal izprovemant in the ability to make a dose response estimation of tha
levels of benzene respensible for adverse hematolcegical effeats, ifacluding leue
kemia. This i3 in part due to many additiozal thorough studisa of benzenre exposed
cchorts, comfirmatory svidence cobcerning the relation of benzsnze expoaure 2
aplastic anemia and acute myelogeoous leukemia iz Turkish leather workers, and tae
follow=up uramuaa.obta:.n_.d by Rinsiky et al. (1981). concerning exposure i3 :
verforce of mbcr workers previocusly shown to have a high incidence of leukamia.
However, the human data ¢o not appear to provide any evidence conesraing the shape ¢
the benzene-leukemia dose respcuse relatiocnsnip, and purticularly, tie relation
ship to leukemia of benzsne levels at or below the current cccupaticnal standard,

SsSprEs N &K‘""ALS AND ¥ _To2qd

There has beer an explosive iccrease iz the mmber of publicatioans detadli-
ladboratory investigation izto the metabolism and texieity of benzane. The fol
lowicg discussion ({3 aimed at xighlighting certala of the directicza iz ik
research. Yo attempt will De made to provide a detailsd descripticn of the liter

ture or to reference every publicaticen.

Perhaps the mest cotable fizdizg iz the past five years has been tle develc
zent of animal models of beozens carcizcgenesis. ‘The previcus i2akilit7 o demc

V ‘strate tiat benzene produced Simors L acimala bad bSeen intriguiog; parcisularly

. .
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cidence of other patholeogical lesions, deseribed as ncdul.u' byperplasia and dys~-
plasia, were ripornd iz the benzene~-exposed rats, witd again 'a 2ero {necidence i
tie control animals. Subsequently, an irereased incidencs of mammary tumors has
also beeg cbserved in this experizental group (unpublished data). In the third ex-
parizant, 7 week old Sprague~Cawley rats were given 500 zg/kg bezzens, toluens,
xylene, or ethyl benzene by stomach tube ocnce daily, 3-5 tizes weekly, for 104 weeks.
Cbaarvations at 83 weeks again revesled an increased incidence of zymbal gland
tusors in the benzete=exposed rat3. Yo hepatcmas had been observed although the
mean latsncy period for this tumor based on their previous study bad not yet becz
resched. The incidence of hemztologic nn;pla.sm also did Dot differ from the cono
ol group. Cf note, however, was the ocbservation of 3 atatistically significsss

ingrease {2 tumors of the oral cavity. A few tumors of this tyve wvere observed in tha

‘first study, also performed by stomach tube., I i3 interesting to speculate that the

diffsrent patterns of neoplasms observed in these studies night reflect variaticn
1:; the sits of action of benzans dcpcnd;ng upon the pode of adminmdstration. Obe
vicuuly, =cre inforzaticn is needed concerning the results of these ong&ug experic
Teuts. The pressnce of hapatic patkolegy and tuxors is particularly intriguing.anc
deserves further evaluatica, izsludisg restudy of the pathological fimdimgs 4n the
NYU Institute of Envirommental Medicize atﬁd.‘!.u which also exposed Sprague-~Dawle:
rats to similar benzsus concentrations. is discussed above, these fladings shoul:

laad to a cloaer sxamnination of the non-hemataleogical ¢canger mortality exgerienc:

of workers with kncwn exposure to benzene.

Izbalation toxteclogy studies at toe Hew York Juiversity Iascitute of Eovirers
zental Medicing by C. Snyder and his colleagues have provided clear-cut evidencs ¢
benzene irnduced lysphoma and the first :uggg::‘.cn of myelogenous leukemia :
laboratery animals. The izhalation rege=en used 12 tZis laberatcry coosiscs cf e
posures sixz hours a day, five days a week, for up to lifesiza. Iz CST/SL mice exgos:

£0 300 ppz= hencene a hizther incidence of an snducible thymic lyTphema was cbserm
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duced myelogenous lesukemia. Such a model would allow evaluaticz of whether pan-
cytopenia is a necessary prerequisite for the development of acute myslogencous leu~
kemia. Studies dy this group exposing varicus mouse strains and Sprague-Dawley rats
to 100 pﬁa or 300 prm benzaze up to lifetime are summarized by Goldstein and Sayder
(1982). The hematological findings in these animals document strain differences,
23 well as the mparksd relative resistance of rata as compared to mice which is
reflectad iz berzene pharmacokinetics (Sayder et al, 1981a). Lymphcoytopeaia is
the earlisst finding and the most sensitive indicator of benzers effects in these
anizals among standard hematologic testa (Saoyder et al, 1978;1980;1982; Green st
al, 1981a) A proliferative effeact on myelcblasts and/or premyelocytes uas cbserved
in Q=1 oice, the strain whick agpeara to bo susceptible ¢ benzans—inducad leukamia
(Snyder et al, 1981). Other studins by this group evaluating the iztaraction of ben-
2ane and ot;:a.nol lngesatiocn, and assessnent of done marrow cells in culture are

described below.

The mechanism by whichk benzene might cause leukemia or other cam:eri is stall
wnknows. Zenzage has not deen found to be mutagenic in stasdard bactarial tesats.
Negative studies include that of Floria at al. (1980) who tested henzens concentri-
tions 02 0.03, 0.3, 3, and 30 ataremoles/plate uaing Salmonslla Syphizurium strains
Ti98 apd TA100 with and without an activated Liver preparaticz from j-asthyl cholan-
threne=induced ratS. Despits these cegative findings iz viftro therwe is 20 question
tkat benzene produces cytogsnetic abmormalities in vive iz both a.nim.l.a and man.
Receat observaticma include demomstraticn of a positive micronucleus test iz
anizals administered benzene (Eita et al., 1980; Diaz et al.,1980; Tunek et
al.,1982). Bowever, onoe does wonder about the valldity of the micrsnucleus tast asa
zarksr for gemetic toxicity due to hematological poiscas. Perzaps tie o3t in=-
teresting of the akort-ter=z in vivo teats for ggixatic toxizaleogy recently used with
Yepzene 14 that of sistar chromatid exchange (SCZ). Tice et al (198Q) demanstrataed

an increase iz SCZ in bona marrow calls of DBA/2 oice inhalisg 3100 pp of benzece for
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ture techniques which allow the growth and ideatificaticn of different stages of
na:nrin.g Rematcpoietic precurser cells. Exposure to banzene has been demcnstrated
toizhibit érovtn of bone mar:sow cells in culturs by a opumber of izvestigators using
different techniques and different animal species. Findings iaclude a decreaze in
bone marrow coleony forming cells following exposure of BDF1 mics to 4680 ppm benzene
for § hours (Uyekd et al, 197T); a decrease in stem cells zessured as spleen colony
forming cells in C5TBL/6J female mice exposed to 400 ppm benzane § houra daily for 9=
11 days (Harigaya et al, 1981); a decrease in stem cells observed durirg exposurs of
CSTE1/6 male mice to 4,000 ppm benzena § hours daily, five days veekly, for up to six
weeks (G411 et al, 1980), and the preventiocn of the development of s'plocn colonies

‘.:;‘CSTBJJG zice transplanted with normal marrow cells prior to sxfosure to 100 ppm

beazenae for 8 days (G1ll et al,1980). In this latter study, ike authors repert a
docse=dependent decrease in white blood cell count in which there is an approxizataly
803 decrease iz mice coatinucualy exposed to 100 ppa benzene for oaly 4 days. Haak
and Speck (1982) bave receatly reported that rabbity treated subcutineously with
0.2 al/kg benzens, 5-'{ days weakly, for 2 months donicp not caly an inhibition of in
vitro coleony fermation of their own bome marrcow, but also of zormal bonmm zarrow
occultivated together with the zarrow from the beazens treated rabbits. This io-
taresting and surprising finding, which suggesats that benzane is oot cnly directly
Tyelotuxic but also results in bone Zarrow cells with growth Lmaitor'y potential,

requires replication and extensica.

Green et 2l (1981%), at the New York Tniversity lnstitute of Eaviroomenctal
Madicine, performed an extensive dosSe response study evaluatizg splenic caloay
forming cells and granulcoeyte/macrophage progenitor cells i3 CO-1 nice. Effects on
splenic granulocyte/ aacrophage progenitor cell levels and or femoral bone zarrew
apd splenic colony forming units werse observed following exposurs to 103 Dpm beazene
or higher levels § hours daily for five days. In a second study, icae were exposed to

9.5 ppm benzenw, § hours daily, five daya weekly, for a total of 50 expoaure days (e-
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catechol, bydroquinons, and benzoquinone ia rat tissus followizg iznalaticn of ben=
Zsze. Free catechol and hydroquinone were found to persist in the bone garrow longer
than benzane or phenol (Richert et al, 1379). Greenlee et al (1581) have suggested
tkat the mechaniam by which polyphenol zstabolitas produce hematotoxicity is
through the autoxidation of hydroquinone and 1,2, 3=benzenstriocl resultizg in the
formation of semiquincone and quincze oxidatica products as well a3 superoxide anion
radical. Irofis and Neptun (1980) have advanced the intereatirg hypothesis that the
polym metabolites or their autaxidation products interfere witk microtubule
function perhaps resulting in cytoskeletal abnormalities central to benzeze toxe-
}ci:y. The findings in these and other studies provide relatively convincing
svidence of 3 role for polybydroxy metabolitss in benzsne toxicity. There is
however atill scme question conceraing why short and lomg-tar=z studies of the tox-
Lleity of phencl or other non-benzens pmuraérs of these polyrhenol metabelitas do
got demonstrate pancytopenia. It is peasible that the polyphenol metabolites pare
ticipats iz benzsae toxicity, particularly the lnﬁnoto:u effacts, but do oot ac=

count for the totality of the aobserved effects,

Otier studies by Irans and his colleagues include an issessment of bore marrew
call cyele kinetica in rats given benzene by subcutanecus izjectiocn in wihich the
findings suggest that benzene toxicity is relatively specific for the cell dif-
ferentiatica and cell cycle phase of bone zarrow precuraor cells (Irons et al,1579).
4 sertes of immurnotaxicological studies by this group have itcluded evidence that
the lymphocytopenic affact of benzese in rabbits primarily arlected B lymphocytas,
although a decrease iz T lymphocytes was alsc cbserved at higher doses (Irems and
Moors, 1980). The effects of benzene on T cell and B cell function have also been
studied dy Laraulov and Frasch (1978). Wierda et al (19381) found a variety of al-
tarations in lymphocyte responses, includirg inbibiticn of 3 and T cell
Titogenesis, in CSTIL/E alce injectad intra:;oritanu.lly wvith 34=66Q 223/kg berzene

Zor three days. Of intersst is that pretrestzent with Aroclor ‘254 altered =cme but
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te present 10 other benzene metabolizing systems (Andrews et al, 1979; Snyder et al,
1982). Of particular intsrest is the recent observation by Ealf et al (1982) that
Senzene 1nhibits RNA synthesis tnmitochondria from liver and bone marrow. Gill and
itmed (1981) noted a significant extent of binding of label derived froz radicactive
benzane to bone marrov mitochondria i a study which also observed that 173 of the
label in the marrow wvas bouad to nucleic acids. This avidence of a mitochapdrial efe
fect opens a new lins of Ln;v'atigaucn into the biochemical basis of benzege toxe
leity.

Galdstein et al (1981) bave suggested that a ring-opened fora of benzene may be
responsible iz part for its hemmtotoxicity. Evaluation of traans,trans-sucocale
detyde, wiich i3 formed in the reaction of hydrexyl radicals with benzene, kas found
this compound to be hematotoxic but there i3 as yet no dirsct evidence that L%t ia

forzed from benzene in vive.

Studies of interactive affects have included the obssrvation that S2 or 152
etianol in driniking wmter marikedly potentiates the hemmtotoxicity of 300 ppm bent=
cane inhaled by CSTHL/S mice, 3ix hours daily, five days weekly (Soyder et al, 1981;
Zaarscon et 31, 1982). Qf intereat 13 that scae ficets of the hematotoxicity of the
W0 agents togetlher diffar from those cbserved with benzene alccs despite the fact .
that aleohol by itaelf had no overt hematolcgical effect. Tie iatsraction of
toluene and benzane continues to be evaluatad. Combined exposure usually leads to a
decreass in benzene-induced hematotoxicity, apparently due to inhibition of benw
Zsne zetabolism (Andrews et al, 1977). However, the :Lmaort;nce of this finding o
=an has been quesaticned in a study by Sato and Nakajima (1979) who found no sig-
eificant interacticn between beazens and toluens wien disappearance rates in bloaod
and 10 expired air vere zeasured. Exposure was to 25 ppa benzene and 100 ppm toluene
fer two hours io three subjects. Tice et al (1982) alsc observed that the imhibiticn
of SCE by toluene only cccurred at higher beszens levels. An additional study sug-

gestizg that lead, another common component of-gascollze, might fztaract with ben-
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medels cf dose-response affects in animals potantially extrarolatable toman. A few
of the mors importint approaches include the use of bone marrcw ssll culture tache
cigues to obtaln information about potential target cells of benzene toxicity. This
is 3 pajor improvezent over approaches measuring peripkeral blood counts and hone
zarrow cellularity as an endpoizt of banzana toxicity. Based on the data thus far,
it i3 conceivable that careful dose-response 5::111...1 evaluating laboratery
animals, particularly mice, exposed to berzene inhalation regizens approximating
the current TLV will demonstrate an effect on booa marrow kematipoietic precursor

ealls, The implications of such findings would bear carefiul evaluation and would

Jcertainly be of comcern to regulators and other decision pakers.

The ascertainment of 2 pumber of candidate bematotoxic zetabolites of bhenzens
13 also potentially of inportance. Evidence is beginning to accumulate that in fact
1% may be acre than one metabolite that i3 responsidle for the effects of benzene. It
should be emphasized eha.tﬁt:udica of the taxicity of benzene metabolites have thus

far focuased predominataly on endpoints related to aplasia rather than louhn.ta.

Evidance that benzarne doas in fact c.auao cancer in laboratory animals has begun
to acouwmulata. A nodel of benzete induced leukemia would be of particular value iz
ansvering questicns concerning the shape and cature of the doas-response curve. The
suggestion that benzane may cause non~hamatclogical teoplaaia in animala, other
than that of zymbal gland tumors, warrants a thorough reevaluation of the cancer
mrﬁa,u.:y expearience of human coborts in which bdenzeane exposure i3 identifiable

tirough the presence of a high incidence of hematological rmecplasia.
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