CURRENT CONCEPTS OF CHRONIC BENZENF TOXICITY
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INTRODUCTION

The maladies that have beset mankind through-
out history may in general be classified as parasitic
(infections, infestations, etc.), nutritional/
endocrine disease (hyper. or hypofunctional en
docrine organs, etc.), or traumatic injury (acci-
dents, war, etc.). With the development of an
industrial society, new forms of disease arose in
which people succumbed to illness induced by
exposure to toxic materials in the course of their
labor. Occupational diseases have been with us for
many centuries.” ** but the incidence of indus. s.J
toxicity increased markedly with the advent of the
industrial revolution. Although efforts to protect
workers against jobrelated illmess have been vigor-
ous in recent years, economic necessity compels
the continued use of hazardous chemicals, and
benzene is an excellent case in point. It has been
estimated by the National Institute for Occupa-
tional Safety and Health that about 2,000 000
perrons in the national work force have potential
exposure to benzene.

In 1922 Alice Hamilton,” the noted student of
industrial toxicology, reported on **The Growing
Menace of Benzene (Benzol) Poisoning in Ameri-
can Industry.” She wx familiar with the descrip.

tions of benzene toxicity reported by Santesson®
rnd Selling,**® and she reviewed the incidence of
both acute and chronic toxicity with the intention

of alerting the medical profession and industry to

the hazards of benzene. During the next several
years, steps were taken to restrict benzene utiliza-
tion, and in 1928 it was possible for her to write a
follow-up paper, “The Lessening Menace of Benzol
Poisoning in American Industry.””  Despite the
optimism generated by the title, she reported that
benzene utilization remained heavy in industries
concerned with the manufacture of rubber, artifi-
cial leather, cans, paints, certain artificial furs. and
in dry cleaning. With the advent of high-speed
printing presses in the 1930s and the consequent
need for fast-dryving inks. benzene was again
pressed into service because it was spn sxcetsnt
solvent for ink and it evaporated rapidly. Thus,
despite attempts to decrease overall utilization of
benzene both in this country and abroad, by the
middle 1930s there remained. unfortunately, an
abundance of clinical material in which to studv
benzene toxicity.

The development of the chemical industry
during World War Il and in the postwar era.
especially in the field of plastics, firmly reestab.
listhed the necessity for large quantities of benzene
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i the starrmy matera! tor chemidal suntheses

Gensene 15 now  consumed by the chenucal e
Justry i this country gt an annual rate of abont
3 bailon gallons g tigure wihich s expected to
increase when additional taailities tor manutac
tunng henzene hecome nvatlshle Y turthermore,
sddittongl uses 1or henzene continue to be tound.,
v wurrentiv gasodime compames plan to use
hensene tamoeng other Jhemials) to replace lead
av an o antiknock component in motor fuels. Tl}__ji
the extensne use of benzene continues despite the
appreciation that henzene 1s among the most

SETInUS Torve hazards that contront workers in the

Tremmdl indusrres

The Amencan Conference of Governmental
Industnial  Hyvprernists®  has  recommended  that
warkers not he exposed to atmosphene levels of
bensene exceeding 25 ppm. while the National
Institute of Occupational Safety and Health sug-
gests that exposure should not exceed 10 ppm asa
time-weighted average for a 10-hr day or 40-hr
work week with no exposure exceeding 25 ppm.'°
Sherwoud'' has suggested that an alternative
approach would be to restri:t exposure to a total
of 5.000 ppm-mn per day. These exposure limits
are essentially in agreement since time-weighted
averages are approximately one third of the
maximum values. Thus, an MAC of 25 ppm =
TLV of 10 ppm > 5.000 ppm-min’day. Despite
these regulations and conscientious atiempts to
monitor exposure and to evaluate the effects on

workers using modern techniques.’ * ' -_the hazanl
will probably remain with us as long as the
nust be produced. Lansporied, and utilized The
consequence to the medical community is that we
must continue our efforts to gain a complete
understanding of benzene toxicity if we are to
learn how to prevent or to deal with the illness
resulting from exposure to benzene.

The_most serious effect of chronic exposure ty
benvsene is depression of the b——rew.'® The
effect is unique among aromatic hydrocarbons and
is not shared by simple alkyl derivatives of
benzene.' 7 Acute exposure to high concentrations
of benzene in the atmosphere has led to loa of
consciousness since benzene :long with many
other hydrocarbons exerts a depressant effect on
the central nervous system that appears to be
related to its thermodynamic activity in aqueous
solution.'* Both acute and subacute exposure to
benzene has resulted in histochemical changes in
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spinal cord = The heart is also affected.”  and it
has been reported that indinduals performing
strenuous physicol labor are especially susceptible
to henzene tovaty Hamilton™® describes wsitua-
ton n o windh 3 person entered a tank previousdy
used to store hensene. was overcome by the
fumes. and lest consciousness A co-worher who
entered the tank without resprratory protection
was himself overcome while attempting to rescue
the unconscrous person and died. The first victun
was subsequently removed from the tank by
adequately protected personnel. regained con-
sciawsness, and sunvived. Browning'® summarnzed
the effects on the heart by indicating that during
stressful situations excessive catechulamines arc
produced hy the adrenal and that benzene like
some other general anesthetic agents such as
cyclopropane and the halogenated anesthetics sen-
sitizes the heart to catecholamines.?® The result
may he ventricular fibrillation followed by death
Thus, it may he surmised that the first worker lost
consciousness due to the central nervous systemn
depressant activity of benzene and regained con-
sciousness when removed from the benzene-rich
atmosphere whereas his would-be rescuer suc-
cumbed to the cardiotoxic activity of benzene
while struggling to save his companion.

The incidence of acute toxicity is iou hut in
stressful situations may be fatal The symptoms of
acute and chronic benzene toxicity are different.
and while benzene itself appears to cause acute
toxicity. considerable study has gone into evalua-
ting the role of brnzene metabolites as etiologic
factors in chronic toxicity. Therefore, because
acute benzene toxicity is of sufficient interest and
complexity to generate a separate discussion. this
review will concentrate on chronic benzene toxi-
city

The opening sectron will describe chronic ben-
zene toxicity in humans and will be followed by a
discussion of reports on the mechanism of benzene
toxicity derived largely from animal studiec. The
discussion will continue with a review of current
thought on whether benzene toxicity may lead tu
leukemia and on immunological effects of ben.
zene. The next two sections deal with benzene
metabolism in vivo and in vitro because there is a
strong possibility that a metabolite of henzene
rather than benzene itself is responsible for ben.
zene toxicity. The last section reviews studies
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specifically aimed at attempting to relate benzene
metabolism to benzene toxicity.

CHRONIC BENZENE TOXICITY
IN HUMANS

The earliest reports of benzene toxicity*™®
descnbe the development of aplastic anemia as a
consequence of chronic exposure to benzene.
Despite many years of study, our understanding of
the effects of benzene on bone marrow is limited
in part because the structure and function of the
bone marrow have not been well understood and
in part because the concept of aplastic anemia has
undergone evolution sina the first descriptions of
benzene toxicity *-30-34

fn normal adults blood cell formation occurs in
the marrow of the central bones and the proximal
ends of the femur and humerus®* The totd
volume of the marrow cavity equals about 30 to
5 ml/kg body weight of which about half
contains active marrow The cells produced in this
organ include not only erythrocytes, leukocytes,
and thrombocytes but also some types of lympho-
cyte~'t adults the marrow usually has suffi-
cient reserve capacity to obviate the necessity for
extramedullary hematopoiesis.

Early studies of benzene toxicity suggested that
benzene caysed aplastic anemia resulting in pan-
cytopenia.' Subsequently pancytopenia  was
equated with aplastic anemia Later investigation
of bone marrow smears in benzene toxicity re-
vealed cases in which the marrow appeared to be
hyperplastic despite pancytopenia of the circu-
lating blood.' ®-*7 If the current definition of
aplastic anemia, i.e., pancytopenia accompanied
by fatty displacement of bone marrow,’’ is
applied, then pancytopenia accompanied by hy-
perplastic bone manow is not aplastic anemia and
may be a sign of the preleukemic state or of true
leukemia. The possible role of benzene in the
induction of leukemia will be dicussed later in
this review.

In pancytopenia characterized by a hy poplastic
bone marrow sternum,®<*2**1 ribs and ver-
tebrae display marked drsp!acement of red marrow
by fat, and fibrotic areas in which fit has been
replaced by collagen have been described. In SOme
areas ineffective attempts it intramedullary com-
penwation are exemplified by pockets of nucleated
red cells. while other pockets contain phagocytes
laden with hemosiderin. Ecsinophilic urd neutro-

philic granulocytes may be present in numbers
equal to or less than those of erythroid cells.
Msgakaryocytes are largely absent. All of these
observations coincide with the finding that
throughout the marrow mitotic figures are infre-
quent. These observations made either in the late
stages of benzene toxicity or during post-mortem
examination provide a reasonable basis for the
pancylopenia of benzene toxicity.

Although various stapes of increasing severity
during the progression of benzene toxicity in man
have been observed in different individuals. the
complete course of the disease cannot be experi:
mentally investigated in man because it eventually
reaches a stage which is irreversible. Indeed most
cases of | of benzene poisoning have not voluntarily
presenied themselves (o physicians umm-
ease reached life-threatening severity. " Outwardly

the typical picture of an indigual in the late

stages of benzene toxicity is one of general
debilitation displaying purpura and bleeding from
mucuous membranes.’® Helmer*? reported that
among 60 cases of chronic benzene poisoning in
various stages, 72% complained of headache, 887%
of tiredness, and 44% of cutaneous hemorrhages
The detection and description of the early stages
of benzene toxicity have been a less frequent
Occurrence because in the absence of routine
screening programs at places of employment g
uals may not appreciale that thev are yictims,
af benzene poisoning UntiT the disease has become,

severe. Nost of the reported cases of the earlier

stages of benzene toxicity were detected when a
large group of workers were screened as part of a
study subsequent to reports of severe toxicity due
to benzene exposure in a specific indus-
try,}»7»*34¢ whereas other reports were more
concerned with later, more serious*'"*® examples
of the disease. The reconstruction of the progress
of the disease comes from synthesis of the
observations made on people at various stages of
toxicity supplemented with inferences taken from
animal studies. In its initial stages benzene toxicity
t manifested as a paradoxical alteration of the
blood picture. Polycythemia and anemia, leuco-
cytosis and leucopenia, thrombocytosis and
thrombocytopenia have all been reported in the
same studies. With continued exposure. however,
the trend is toward decreased levels of circulating
erythrocytes, leucocytes. and thrombocytes. As
the disease intensifies, circulating blood cell levels
decrease further as pancytopenia develops.
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In man decreases in red cell levels are a frequent
indicator of early chronic benzene poisoning
Among 89 individuals studied by Hunter** 159
studied by Coldwater.*® and 60 studied by
Helmer.*? 37. 4R. and 977, respeclively, dis-
played erythrocyte levels below 4.5 million/mm’.
The ancmu 1s described as macrocytic and hyper-
chromic The former 15 a frequent consequence of
bone marrow depression, and the latter appears to
be related to the fact that while there is a decrease
in total hemoglobin concentration the reduction in
red cell numbers is much greater, the net effect
being hyperchromicity '6-2%-4%,80-31

Because benzene toxicity has been intensively
studied through most of this century, the report of
a sign or symptom not previoudy described is rare.
Thus. it was with consdderable interest that investi-
gators in this field read the report of Aksoy et
al.,*'" who demonstrated that workers in Turkey

exposed to benzene and suffering fram pancyto:
penia displayed increased levels of fetal hevm

globin_(HbF) in “their blood. HbF igapromunent
hemoglobin variant normally found in the fetus
and at birth constitutes between S0 and 65% of
total hemoglobin.”™ ™ HbF decreases in early life to
below ! at the age of 10 and is not usually
observed in normal adult blood. It is usually
elevated in the thalassernias and is often associated
with elevated levels of HbA; . another hemoglobin
variant in these diseases.®**** It is important to
recall that thalassemia may be manifested from
childhood as a serious anemia called (hajassemnia
major (Cooley’s Anemia) Or may occur asympto-
matically in carriers for the disease. in which case
it is called thalassemia minor. An intermediate
form of the disease is also known.

Shahidi et al.*® and Aksoy and Secer*’ had
previously demonstrated that HbF & frequently
observed in patients suffering from aplastic
anemia. and Bloom and Diamond" showed that
among a large group of children in Boston suf-
fering from aplastic anemia with elevated HbF
levels, those children in whom the HbF was
present in excess of 400 mg% survived while those

with less HbF all died. Aksoy et al*! reported
thma 24 patients with chronic benze

toxicity an Wﬁfﬁﬁﬁfﬁﬁfoﬁ
00 m and the remainder were below that level.
M s$a8 t e ower leve|l survived,

wsseg_y_ru.a_AanLLl,” that the HoF concenr
tntion in blood v&

of mecemarly prognostic fot
.
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recovery from aplastic anemia induced hy bep-

“zene,

The significance of the relative values of HhF
levels in predicting survival during aplastic anemia
may lie in the different populations that were
studied. Thalassemia is a disease endemic to
Turkey. whereas it is relatively rare in Boston.
Although Aksoy et al.*' showed that HbA, levels
were normal in 21 out of 24 patients. suggesting
that they were not thalassemic. it has been
reported that elevated HbA; is not always seen in
thalassemia ** Fu-thermore, the possible role of
benzene in modify g HbA, levels has yet to be
investigated. Therefore. it would be of interest to

determine the various hemoglobin variants in a _

group Of workers similarly exposed to benzepe.
who show no signs of benzene toxicity or have not-
developed pancylopenia. It__mav [
Thalassemia_can elther piedispose OF conv®y pro-

fection agai T . Alternatively,

benzene may either mask or exacerbate some of

the signs of thalassemia. Further studies in this

area would he welcomed by students of benzene

toxicity.

Although there is some evidence for an increase
in red cell hemolysis in benzene toxicity,*®+*? the
anemia is most commonly thought to be the result
of decreased red cell production. Detection of the
earliest stapes of reduced hemopoiesis is not
possible using cell counting techniques because of
the long life span of the red cell. If the normal
mechanisms for removal of aged or damaged cells
from the circulation are operational, approxi-
mately 1/120 of the erythrocyte population is
removed and must be replaced per day. It is likely
that early in benzene toxicity erythrocyte produc-
tion i reduced but not prevented and some
portion of the red cells can be replaced despite
benzene toxicity. The result is that the time
necessary to detect a depression in erythracyte
counts may be quite long. Hunter** reported that
by the time exposure to benzene caused anemia,
depression of leukocytes and/or thrombocytes was

apparent. Thus, the appearance of anemia may

_signily benzene toxicity of long standing,

In contrast, the snorter life span of the leuko-
cyte and the fact that there cells tend to leave the
bloodstream and not return suggest that detecting
decreased white cell production should be simpler
than detecting a change in red cells. The picture is
complicated by the fact that the white cells are 3
complex mixture of cell types, some of which do




not arise 1n bone marrow. Leukopenia has been
described as the earliest® and most (requent*® sign
of benzene toxicity. In a study of 200 women
exposed to benzene in the course of their occupa-
tion, neutropenia was reported in 50 cases, « more
generalized leukopenia in 44, and anemia in 41.**
The finding of leukopenia in the absence of other
bone marrow abnormalities, however, is relatively
rare *?+*4-** White cell values have been reported
to drop from levels of $,000 to 10,000 cells/mm’
to below |.000 in benzene toxicity.” ™ Despite the
general agre¢ment that benzene toxicify results in
[ENROpenia, elTeclive creening for benzens toxi:
¢ify SROUIG NOT DE T=UAZg (0 qelenrination of

léucocyte leveis only.
ften individuals who suffered from benzene

toxicity <id nol approach 1 physician until they
to hemorthage. Both Ssntesson' and Sel-

ling®"® described excesdve bleeding in benzene
toxicity, but Duke™ was the first to describe the
reduction in thrombocyte levels. Nikulina and
Titowa®' suggested that thrombocytopenia may
be among the earliest signs of benzolism, and
Goldwater*® showed that platelet counts were
depressed in over 30% of his rotogravure workers
exposed to benzene. The observations by Mitnik
and Genkin*® and Brocher*” that platelet levels
may drop from about 250,000 cells/
mm® to belov 10,000 are an indication of
the severity of thrombocytopenia in advanced
benzene toxicity. In sddition to decreased num-
bers of platelets, Ssita and Sbertoli®® reported
that the ability of platelets to aggregate was
depressed by benzene. Saita et al.*? suggested that
there may be several defects in clotting but that
both decreased levels of platelets and a decrease in
thromboplastic factor activity were important.

The time required for these events to occur
varies greatly among individuals. Some workers
have beeo—kngwpg to show signs 0f benzene

toxicity after brief exposure to rejatively low
@ncenirations, wWhereas manv display resistance

ggﬁng periods of time. Factors such as genetic
differences, conditions of e
probably all play a role. In man, however, chronic
benzene eXposure 16aQs (0 8 progressive disease in

pressed e ed b ‘ ¢

creases in circulating blood cell levels, until it
ceases 10 TURCIION in the proauctlon i normal.
F e

blood cells.
- ]

ANIMAL STUDIES ON
CHRONIC BENZENE TOXICITY

The early reports of Santesson* and SeHing® of
benzene toxiaty in humans were accompanied by
descriptions of experimentally induced benzene
toxicity in animals. The observations Of pan.
cytopenia and bone marrow depression in animals,
smilar to those in man foBowing chronic exposure
to benzene, suggested that animal models would
be useful in the study of the mechanism of

benzene toxicity. In animals the evidence suggests
that barri T hypersensitivity there is in

i relatjonship between dose, time of
gfgurel and_ degree of toxicity in_vahous
species.” " Four reports can be chosen to exem-
plify this relationship. Latta and Davies** admini-
stered benzene to rats subcutaneously at doses of
2 to 4 mi/kg/day, whereas Deichmann et al.5¢
exposed rats to benzene in the atmosphere and
observed toxic effects in the range of 65 to 831
ppm. Selling® gave rabbits benzene subcutaneously
at a dose of | mifkg, while Weiskotten et al.®”
exposed rabbits to atmospheric benzene at a level
which we have calculated to be 240 ppm.*

Although an_initial _transitory leucocytosis was
frequently observed, the eventual resulf in each

case_regardless of the species or the route gf

administration was feucopenia. At lower doses

required: _but the eventual r
was_the same. The predominant effect was neutro-
Em——ere—

*The limiting concentration of benzene (Q(1)) in the exposure chamber was calculated from a fisst order differential

equation:
dQ/dt = -pQX1) + Q

where P = outflow rate and Q = inflow rate. The general solution of the equation is of the form:

Q) = e~ fPAX ((efPdx 4y 4 ()
using the dats supplied in Weiskotten et al.
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penia accompanied by an apparent lymphocytosis
which gradually disappeared as henzene attacked

Iy mphoid tisuefws“ reported that,
Iy mphatic_tissue was_more sensitive to benzeny
than myeloid tissue In rats, while Se igg 'SE;’[“g!
that the oppusite_was (rue In rahbits_The neutro-
penia 1s Characterized by a SHITt to the left in the
Arneth count. which suggests that leucocyte
maturation_1s Impaired. The leucopenia can occur
rapidly, and cell counts may reach extremely low,
lexels pnog to death

The use of animal models to determine which
cell type is most sensitive to henzene in order that
monitoring of that cell type . man might be used
to monitor benzene toxicity may in retrospect
have been relatively unprofitable. In man argu-
ments have been advanced to demonstrate that
each of the cell types may be an early indicator of
benzene exposure if its level in circulating blood
decreases. In animals larger doses of benzene are
ysually given than those to-which man is exposed

cyte pruductiun occur quite early after exposure,
but their detection requires methods more sensi-
tive than counting the number of circulating cells.

The mechanism of benzene toxicity has been
studied in hone marrow of experimental animals.
The classical studies of Selling® included a descrip-
tion of rabbit bone marrow following chronic
intoxication with subcutaneuusly administered
benzene. T t_si of bone marrow damage

complete. of the cell types were damaged and
gradually disappeared during the course of treat-

ment. Considerable evidence has been develgpg‘g_'

to_support the thesis_that benzene produces %
effecUby inhibiting mitosis. Fewer mitotic figures
are observed in marrow of benzene-intoxicated
animals, and abnormal mitotic figures have been
described by Parmentier and Dustin®® and Pollini
et al.”? Chromosome aberrations following hen.
Zene trealment or_exposure have been reported by

M in_an attempt to condense the course of the
disease in Tfr%ef'ﬁecause of _the extremely lon
hall dile oF The red cell, it is difficult lo observe
CRanges in red cell counts Jurin _benzene exposure
T T o e T T T

f ige. Platelets are rather more difficult
to measure and are not commonly used as indica-
tors of benzene exposure. Therefore. leukocytes
which suffer from neither drawback have usually
been reported in animal studies as the first cell
type to be denieted. It must be stressed. however.
that no conclusive evidence exists to show that
benzene preferentially depresses the production of
any individual cell line in the bone marrow.

In an attempt to detect early effects of benzene
on red :ell production. we®*+¢? devised a method
for studying the effect of benzene on erythro-
noiesis Using the incorporation of *°Fe into
hemoglobin of maturing red cells as a measure of
red cell synthesis in the mouse. We found that
after a single Jose of benzene a reduction in the
Incorporation of " Fe into red cefls occurred at 3,
time when no inhibition of white cell production

_was apparent._hased on cell counfinn techniques
Using this technique it was possible to show, in
agreement with Siei (Y an
Speck,”? shat early stages in red cell maturation
involving pronormoblasts and normoblasts were
more sensitive to benzene toxicity than were stern
cells, reticulacytes, or the process of hemoglobin
synthesis. Thus. the effects of benzene on erythro-
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Kissling and Speck,’'’" Forni et al,””> and
Tough et al.”® Although cellular damage which

results in mitotic arrest is readily observed. the
initial attack may well have been inflicted at any
of several stages in the cell cycle. Thus. Moeschlin
and Speck™ ™ and Kissling and Speck”?*™* treated
rahbits with benzene subcutaneously and reported
inhibition of incorporation of tritiated thymidine
into DNA and tritiated cytidine into RNA, re-
spectively. They claim that benzene inhibited the
synthesis of both types of nucleic acids. Boje et
al.*® exposed rats to atmospheric benzene until-

sgns of benzene toxicity were apparent in per.

pheral blood and also administered tritiated thy mi-

dine to determine_the effects of benzene on the -

incorporation of thymidine into DNA . When they
e TATErTSTaRe T e 2cids radio
autographically 1 hr after thymidine administra-
tion (i.e., the method used by Speck and co-
workers’ 7374y they also found a decrease in
the uptake of tritium. Their interpretation, how-
ever. was that the results may have been due to the
effect of benzene on synthesis, degradation, re-
utilization. or pool size of thymidine. However, in
the event that DNA synthesis was in fact inhibited
as a result of exposure to benzene, they ques-
tioned whether this technique could distinguish
between direct effects on nucleic acid synthesis
during S phase and effects of benzene on other
portions of the cell cycle, i.e,, Gs, Gy, or G,.
They pointed out that alterations in the cell cycle

were evident oh the 2nd day of inections with 1 .
mi kg of benzene,"and by the 9th day aplasia was

*
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may account for the difference in uptake by
dlering factors which regulate the rate of cell
proliferation. Thus. although there may well be
decreased nucleic acid synthesisin bone marrow of
benzene-treated snimals. the damage caused by
benzene may actually have occurred in any pad of
the cell cycle but wx= observed as an effect on
nucleic acid production within the experimental
design

BENZENE. LEUKEMIA
AND CARCINOGENESIS

A cauwe and effect relationship between ben:
zene and leukemia has been difficult to establish.
Despite some negative reports,”™™ it now seems
fairly clear that chronic exposure to high concen-
trations Of benzene may lead to one of several
types of leukemia, the most prevalent of which ts
acute or subacute myeloblastic leukemia.' ¢+2*-7*
Chronic granulocytic, lymphatic. aleukemic, and
ecythroleukemic leukemia and Hubkan's  dh-
ease' ¢ " 7884 hove also been reported to resuht
from chronic benzene toxicity, but there are fewer
of these and in some cases they are not wel
documented. Yigiani and Fomi™* reportedthat in
two studies in France and Ity involving 1 total of
77 fatalities resulting from chronic benzene
poisoning, approximately half died from splastic
anemia and the remainder from leukemia. Leu.
kemia frequently followed aplastic anemis.
Saita®? g ted that the incidence of benzene-

induced leukemia may be greater than was pre-
viously recognized because many of the earlier
dugnoses _were made without stud _baone_
marrow _spirates  [herefore, pancytopenis may
have erroneously been equated with aptastic
ainemis when the marrow might heve demon.
strated that the disorder was in fact aleukemic
leukemia, a form of leukemia characterized by
leucopenia.

The suggestion’’+** that hyperplastic bone
marrow sstociated with benzene toxicity may
indicate 1 preleukemic or leukemic state suggests
the necessity of reevaluating previous descriptions
of bone marrow in benzene toxicity. For example,
the deseription by Mallory el al.>¢ of hypersctive
bone marow In benzene mtoxication closely
parallels Salta's>? description of the bone marrow
iNnuute leukemis. The marrow displayed extreme
proliferation of immature cell forms with numer.
ous muitipolar mitoses, and larg2 multinucieated

cells containing extreme vesiculations were ob-
served. Saita”™ " suggested that if the marrow &
atrophic. leukemic metaplasia may be observed in
the liver or spleen. and Mallory et al.*® reported
that the gnusoids contained large numbers of
undifferentiated cells with many mitotic figures.
Although they appeared to be primarily erythro-
genic, some myeloid elements and occasionally
apparently normal megakaryocytes were observed.
Later in the disease they observed the progressive
invasion of the pulp with many immature cells. In
both marrow and spleen the authors noted a
general similarity to the picture observed in
Hodgkin's disease,

The Occurrence of acute leukemia, usually in
the later stages of benzene toxicity subsequent to
marrow plasia, is characterized by high fevers,
hemorrhages, serious rapidly developing anemia,
infections, and ulcerations about the nose and
mouth. Although red cells and platelets are usually
wverely depressed, white cell levels may vary
¢onsidendly from below 5,000 to above
$0,000/mm?. As in the case of nonbenzene.
induced acute keukemias, the disease is usually
fatal.

“abermrations in bone

chromotomal » _
marrow samples from rabbits, and they have been
reporied In_both bone marrow ma‘ peripheral
auite cells_of humans exposed_to benzene *o '+
R e rrer———t

Newell®” suggests that abnormal marrow
chromosomes mm Ias tic
el snd R e BT 3 means oT Thenifics

g poGs cautions, however, that

ple who hwe duplzyed tbnormal clones in the
marrow have not awrys developed neoplastic
disease, while others who did not display chromo-
somal sbnormalities were leukemic. Unfortunately

for purposes of diagnosis, chromosomal abnormali.
ties in t k acute leukemias are relatively rare,

observed

Nevertheless, Viglani and Forni®® recommend
cytogenic studies a3 a2 useful diagnostic tool in
helping to identify benzene toxicity, which may or
may not eventually develop into leukemia, pro-
vided that exposure to X-rays or other drugs likely
to alter chromosomes is ruled out.

In view of the apparent role of benzene in
Inducing leukemis, an analyss of benzene i a
caarclnogen s approprate. Emplrical observations
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have demonstrated that aromatic hydrocarbons
can be classified according to whether or not they
are aarcinogenic. Using this classification the elec.
tronic structure of these compounds has been
studied to determine quantitative parameters use.
ful for predicting carcinogenicity. The work of
Coulson®* and Pullman and Puliman*® recently
confirmed by Herndon.®® suggests that carcino-
genicity of aromatic hydrocarbons can be pre-
dicted from calculations of resonance energies of
bonds in the K and L region on the basis of the
localization theory of chemical reactions. When
expressed in terms of chemical reactivity, the
theory predicts that compounds in which the K
region is chemically reactive but the L region s
not (or is lacking) are carcinogenic. Sims and
co-workers' *~*® have reported that the activity of
the K region resides largely in the ability to form
epoudes which can be degraded by several path-
ways or can react with nucleic acids. Although
benzene s thought to be converted to an
epoxide.™ ® the theoretical calculations predict
that it is nonarcinogenic.

The prediction of carcinogenicity based on
calculations of resonance energy B subject to
error. Despite accurate predictions for such highly
carcinogenic compounds as 3.4-benzo(a) pyrene
and others and the accurate prediction of noncar
cinogerdcity of 20 known noncarcinogens, it ws
shown that 16 noncarcinogens were predicted to
have arcingenic activity while a number of
other compounds known to be carcinogenic were
not predicted by the theory.” ™ The errors may be
related lo secondary structural features of the
compounds, the route by which they are
metabolized, (maccuracy in measurirg carcino-
genicity, or inability to determine the specific type
ofcancer in animal models. The latter may be true
in the case of benzene since it has not been
possible to reproducibly demonstrate the forma-
tion of kukemia in animals after giving ben-
zene.' 'Y Furthermore, benzene has not been
shown to produce skin cancer or other types of
tumors produced by polycyclic aromatic hydro-
carbons which were used to develop the theory.
The evidence described by VYigliani and Fomi*®*®
that links benzene to the production of leukemia
suggests either that the theory does not predict for
induction of leukemia or that benzene 5 m
example of a case where the theory ern.

The study of the K region and K region
epoxides, however, msy prow to be wseful in
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predicting how benzene (or its epoxide) may react
with nucleic acids either tc depress bone marrow
activity or to produce leukemia. In genera!l two
types of reactions of «rcinogens with nucleic
acids have been demonstrated.®®*'®° Noncovalent
interactions include intercalation or external
binding. whereas covalent linkages to DNA have
been suggested to occur at guanine moie-
ties.”®+'®1 While the former may be difficult to
detect because of the possibility of removing
noncovalently linked benzene from DNA during
isolation and removal of unreacted benzene. the
prcsena of covalently linked benzene should
present fewer difficulties. Preliminary attempts to
defect covalently bound benzene in this laboratory
have shown that small quantities of benzene may
be bound to liver microsomes. but binding speci-
fically to DNA has not yet been studied.

Detailed studies of induction of leukemia by
benzene haw been hampered by the lack of a
suitable snimal model. It has not been possible to
teproduce the Jingle report of leukemia in ben-
zene-trattd mice." " Several types of studies
might, however, contribute useful information.
For example, morphological studies of benzene-
treated animals in which the bone marrow is
examined to ewaluate the Incidence and signifi-
cance of hyper. versus hypoactive bone marrow in
benzene toxicity might provide a model for
studying the preleukemic condition in the absence
of true leukemia. It would also be of value to
measure the binding of radiotabeled benzene to
proteins and nucleic acids in bone manow of
benzene-intoxicated animals, Thw, biochemical
lesions leading to leukemis in animals may be
studied in the absence of the full-blown disease.

IMMUNOLOGICAL ASPECTS
OF BENZENE TOXICITY

Early in this century it was recognized that
benzene had an adverse effect on immunological
mechanisms. It was demonstrated that suscepti-
bility to tuberculosis' ®* and pneumonia' ®3'°4
wz increased m benzene-treated rabbits. The
reports of decreased production of red cell lysins,
agglutining for killed typhoid bacilli and opson-
i5"™ and the absence of antibacterial anti.
bodies' ®#+'°7 in benzene-intoxicated rabbits were
4l indications of depression of the production of
various components of the immune mechanism.
Developments in the fkld of immunology have led



to studies of the effects of benzene in humans on
several immunological components which have
been identified in recent years. Smolik and co-
workers' %' °? studied a large number of workers
exposed to but not seriously intoxicated by
benzene. They found that serum complement
levels, [gG, and [gA were decreased bur that IgM
levels did nut drop and were in fact slightly higher.
Taken together these observations may explain
why benzene-intoxicated individuals readily
succumb to infection and the terminal event in
severe benzene toxicity is often an acute over-
whelming infection.

These authors also evaluated levels of leukocyte
agglutinins and found them elevated in selected
individuals exposed to benzene.' '® They extend:
ed this observation to suggest that in some persons
the picture of benzene toxicity may in part be
account»d for asan allergic blood dyscrasia.

Alterations of immunological function may
also play a role in the development of acute
leukemiz resulting from benzene intoxication
described above. Current concepts of immunology
suggest that a mechanism referred to as *"immune
surveillance™' '+ 12 s constantly at work to
weed out cells which result from mistakes in
cellular genetics or genetic changes caused by
carcinogenic agents. Tlie mechanism, while not
completely understood, appears to involve a
recognition of surface components of abnormal
cells followed by immunological destruction of the
cell or clone of cells. Since some forms of benzene
intoxication result in hyperplasia of bone marrow
with the Occurrence of many bizarre cellular
species, it may be presumed that some of these
may be neoplastic. DRamage to immunological

mechanisms in benzene toxicity mav (hep imoais
the immune surveillance response. with the [esult-

ing development of leukemia.

BENZENE METABOLISM IN VIVO

Although metabolic modifications of foreign
chemicals usually result in the formation of more
polar, less biologically active metabolites, it isnot
uncommon for the products to possess enhanced
biological activity.' ** Thus, prontosil, the first
sulfa drug, is metabolically inactive until converted
to sulfandamide, the active antibacterial agent.' '
There are also many adverse effects resulting from
metabolic activation. Carcinogenesis by 2-acetyl-
aminofluorene, dimethyl nitrosamine, AN-methyl-

4.aminoazobenzene, and aflatoxins. hepatotoxi-
city by carbon tetrachloride. and carcinogenesis or
mutagenesis by nitrofurans are but a few examples
of the activation of foreign chemicals to more
toxic compounds.' *$-''® Before undcrtakinp a
discussion of the relationship between benzene
metabolism and its toxicity. benzene metabolism
both in s.vo and in vitro will be reviewed.

Porteous and Williams' '+ 2° administered
benzene to rabbits orally and using chemical
methods determined that the principal metabolites
in urine were ethereal sulfate and glucuronide
conjugates of phenol, catechol, and quinol. They
also detected muconic acid in the urine. More
accurate and quantitative determinations of the
metabolites were performed when radioactive
labeled benzene became available. Parke and
Williams' 2'+' 22 administered ''C-benzene (0.34
to 0.5 ml/kg, orally) to rabbits and recovered 84
to 89%of the dose as radioactivity in the expired
air, urine, feces. and body tissues. In the expired
air 43% was recovered as unchanged benzene and
1.5% as '*CQ,. The urine contained 34.3%, of
which phenol accounted for 23.5%, and the
remainder consisted of hydroquinone (4.8%),
catechol (2.2%), hydroxyhydroquinone (G.37%),
frons-transmuconic acid (1.3%). and L.
phenylmercapturic acid (0.5%). The phenolic
metabolites were found to be conjugates which
were liberated by hydrolysis in strong acid. No
free phenols were found in the urine. The feces
and body tissues contained about 5 to 10% of the
dose. In other studies Williams and co-workers' 23
found that 1% of a dose of benzene was excreted
in the bile.

Snyder studied benzene metabolism as a
function of dose in the mouse. When mice were
given 'H-benzene at 880 mg/kg subcutaneously in
oil. 70% of the dose was recovered in the expired
air within 8 hr. The rate of benzene metabolism
was evaluated over a 24- hr period by collecting
urine and quantitating the labeled metabolites of
benzene from mice given 440 to 8.800 mg/kg of
3H.benzene. Using a double reciprocal, plot it was
estimated that a 25.g mouse can metabolize at
most approximately 1 mmol of benzene per day.
The major metabolite of benzene was phenol, but
trace quantities of catechol were also identified.
The phenolic compounds were found primarily as
conjugates in the urine, but 8 small percentage
(e.g.. 5%) of the metabolites was consistently
found to be unconjugated phenol. Glucuronide
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downunted tor about S0 1o 657 ot the dose and
ethereal sulfate about 26 to la ™

Bensene mcuhnhsm in the rat was studied by
Cornish and Ryan.'*° Gerarde and Ahlstrom.'
and Ve Rhiees 7 Cormish und Rvan' 7% gave
benizvne ta erther fed or fasted rats (85 mg,kg
intrapentonedty) and  messured free  phenols.
glucutpnide  conpigates. and  total  conjugated
phenots in the unne In fed controls glucuronides
accounted tor 1777 of the dose, nonglucuronide
conpugates 707, and the remuainder was unconju-
gated phenols. In fasted rats the percentage of
glucuronide rose tu 487 and the nonglucuronide
conjugates fell to 477, with the remainder free
phenuls  Gerarde and  Ahlstrom'*® used the
formation of ethereal sulfare as a measure of
bensene metabolism. They determined the sulfate
ratio Ginorgamic sulfate 'organic sulfate) in control
and treated rats. and a decrease in the ratio was
used as a measure of benzene metabolism. They
showed that with douses up to 889 mg/kg, benzene
metabolism was complete within 24 hr. but longer
time periods were required for higher doses. Van
Rhees' 27 pave rats either 2 or 4 mg of benzene
intraperitoneally and measured urinary metabo-
lites after 8 and 24 hr by hydrolyzing the
conjugates, steam distilling the phenol, and mea-
suring it colorimetrically. At thew low doses
benzene metabolism was largely complete at & hr.
Benzene metabolism_in_dogs has not been

_Lud:ed in_recent years, but inferences from the

7z Blder literature can be made. Callow and Hele' **

w' ere interesied N sultur metabofism and attempt-

ed to distinguish between ethereal sulfate forma.
tion and the production of mercapturic acids.
were given benzene at doses of 180 or 230
mg/kg. As a result. inorganic sulfur in the urine
Jecreased with a corresponding increase in organic
sulfur. The so<alled ""extra™ urinary sulfur after
giving benzene was reported as either ethereal
sulfate or "“neutral sulfur'™ (mercapturic acid).
Thirty to forty percent of the dose was excieted
bound to sul®r, of which 50 to 75% was ethereal
sulfate and the remainder was mercapturic acid.
The authors indicated that the ratio of free to
total phenol in the srine suggested that 609 of the
phenol was excreted unchanged. thereby account-
ing for the remainder of the phenol not bound to
sulfur. Although glucuronic acids were known st
that time. there was no indication of the finding of
these compounds in the urine. More recently.

—-Ochmed_2 extensive studies On the metabolism
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of phenal in the dug. has reported that within 24
hr $5 1o 807 of an injected dose of '*C.phenol
was recovered in the arine at doses rangng from
10 tu 100 mg kg. Glucuronides were pruminent
metaholites at each dose level. For example, at
doses of S0 to 100 mg'kg which would be closest
to the duses of benzene reported by Callow and
Hele.!*™ 60 to 6377 of the urinary metaholites
were recovered as glucuronides and 15 tu 287
were recovered as ethereal sulfate. No report of
mercapturic acid was made.

Williams arid co-workers' 22:132 137 g3|so
studied the metabolism of the major metabolites
of benzene in' vivo in the rabbit. When they
administered ''C-phenol orally they recovered
approximately 507 of the dose in the urine almost
equally divided between phenylsulfaie and phenyl-
glucuronide. Approximately 107 was recovered as
quinol and less than 1% s catechol. In contrast to
benzene. phenol did not give rise to muconic acid.
suggesting to the authors that catechol was not a
substrate for ring opening. Parke and Williams' 22
suggested rhar |,2-dihydrobenzene-1,2-diol might
be a more immediate metabolite of benzene that
could give rise to muconic acid. The formation of
the dihydrodiol has since &en confirmed by
Jerina et al.' **

Oehme'?? administered '*C.phenol to dogs.
cats, pigs. and goats intravenously and measured
the urinary metabolites. The dog excreted approxi-
mately equal quantities of free phenol, phenylsul-
fate, and phenylglucuronide. In contrast, the cat
excreted 80% as phenyl sulfate with the remainder
equally distributed between free phenol and the
glucuronide. The pig converted 607 to the
glucuronide, and 30% was recovered as free
phenol, with very little as the sulfate. Phenylsul.
fare represented 75% of the radioactivity in the
goal urine, 25% was glucuronide, and about 1%
was free phenol. When the dose of phenol was
increased in these studies. the percentage of total
metabolites in each species recovered as phenylsul.
fate decreased and the glucuronide portion increas-
ed. suggesting that sulfate availability may be
limited and that glucuronidation may provide a
reserve mechanism following depletion of sulfate.

In a more extensive study performed in
Williams' laboratory, the metabolic fate of phenol
was studied in 19 species including man.'*?
14 C.Phenol was given orally at doses of 25 mg/kg
except for man, where the dose sis 0.01 mg/kg,
and the rhesus monkey, where 50 mg/kg was




given The major route of metabolism in all species
was conjugation, and all species with the exception
of the cat and the pig put out both ethereal sulfate
and glucuronide conjugates. The pig excreted the
tutal dose as phenylglucuronide and the cat as
phenylsulfate (87%) and quinol sulfate (13%).
Among the other species. some conjupated phenol

pnmanly via the ethereal sulfate route (man,
hedgehog, chicken. jerboa). others favored
glucuronide formation (squirrel monkey,

capuchin, fruit bat. guinea pig). while in the
remander neither predominated (rhesus monkey,
ferret. dog, rabbit, mouse, gerbil, hamster,
lemming). Quinol was a significant metabolite in
many of the species and exceeded 20% of the dose
in the ferret, dog. mouse. lemming, squirrel
monkey, capuchin, and hamster. Although the
results of Williams and co-workers and those of
O¢hme are largely in agreement, some dight
discrepancies are apparent which may be related to
differences in specific strain or breed of animals,
route of administration of the phenol. and dose.

Williams and co-workers' 32132 also investi-
gated the fate of the two minor metabolites of
benzene found in greatest quantity — catechol and
quinol. Rabbits were given about 200 mg/kg orally
of each compound and the urine was found to
contain ethereal sulfate and glucuronide conju-
gates of each. There was no evidence of the
addition of another hydroxyl group to quinol, but
trace amounts of hydroxyquinol were recovered
after giving catechol. In each case the polyhy-
droxylated benzene derivatives were excreted as
the monoconjugates.

The rate of benzene metabolism can be determ-
ined by the dose of benzene and by compounds
which either stimulate or inhibit benzene
metabolism. Thus, both Geratde  and
Ahlstrom' 2¢ and Snyder' ** demonstrated a dose
dependency for the rate of benzene metabolism in
the rat and the mouse, respectively. Pretreatment
with phenobarbital has been shown to increase
benzene metabolism in the rat by 40%'** and in
the mouse by 70%.'*® Cornish and Ryan'?’
reported that SKF525A inhibited benzene
metabolism in the rat, Toluene inhibits benzene
metabolism in both the rat'27+'3% and the mouse.
Bectuse benzene is metabolized via the hepatic
microsomal mixed function oxidase,'?* it is not
surpriting that compounds which stimulste the
activity of that enzyme gystem might increase the

rate of henzene metabolism. while thuse uhich
react with cytochrome P450 might inhibit benzene
metabolism.

BENZENE METABOLIS11
IN VITRO

Early studies of benzene metabolism in vitro
relied on the colorimetric determination of phenol
production & a measure of benzene hydroxyla-
tion. Sakamoto et al.'’ 7 attempted to identify the
intracellular locus of benzene hydroxylation using
differential centrifugation of rabbit liver homogen-
stes, but because they used g forces too low to
isolate microsomes they were forced to conclude
that the enzyme resided in their 19,000¢ super-
natant fraction. They were the first, however, to
describe the requirement for reduced pyridine
nucleotides in benzene hydroxylation and re-
ported that phenol was the principal metabolite.
They also showed that the enzyme was inhibited
by heavy metals and was sensitive to dialysis.
Although these key observations were reported
relatively early in the study of benzene metabo-
lism in vitro. they were not appreciated because
they were published in Japanese in a rather
obscure and inaccessible journal. Using a similar
procedure, Posner et al.'** demonstrated that
benzene was converted to phenol in microsomes
isolated from rabbit or dog liver.

Because of the lack of sensitivity and the
possibility of interference by other phenolic com:.
pounds, the colorimetric method of phenol deter-
mination was not considered adequate for datailed
studies of benzene metabolism. Thus, Snyder et
al.'3? instituted the use of radioactive labeled
benzene to measure benzene metabolism in sub-
cellular fractions of liver from rabbits, rats. and
mice. Both hydroxylation of benzene to phenol
and subsequent conjugation to form either phenyl.
sulfate or phenylglucuronide were measured in
elther whole homogenatss or 9,000¢ supernates,
whereas only phenol formation occurred in iso-
lated microsomes. In 9,000¢ supernates about
50% of the phenol was conjugated but upon
addition of ATP and sulfate over 90% of the
phenol was converted to phenylsulfate. In contrast
UDPG glucuronic acid or its precursors ATP, UTP,
NAD , 1nd glucose were less effective in promoting
the formstion of phenylglucuronide.

The rate of benzene metabolism in these studies
weesred to be related to the degree of conjugs
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tion hecause wtwn ATP and sulfate were added
more benzene was metabolized. M0t It was
suggested that pechaps there was either inhibition
of benzene hydroxylation by competition of
phenol with benzene for s site on benzene
hy droxylase or phenol exerted a negative feedback
un the reaction. Under these circumstances conju-
gation would remave phenol and thereby stimulate
the reaction To test this idea sodium luoride was
added to these preparations. Sodium fluoride
inhibits ATPase and would therefore amplify the
effectiveness of small amounts of ATP. It aso has
the effect of inhibiting ethereal sulfate forma-
tion.'*? The result was that fluoride prevented
the conversion of a large percentage of phenol to
phenylsulfate but the increase in benzene metabo-
lism was not altered. The stimulation of metadbo-
lism appeared to be a function of the effects of
ATP and fluoride on benzene hydroxylase rather
than on conjugation. and, indeed, when added to
isnlated microsomes both produced sn increase in
the rate of benzene hydroxylation. The mechan-
ism has yet to be determined. but the effect is not
observed in the course of the metabolism of
chlorpromazine, zoxazolamine, neoprontosil, g
nitrobenzoic acid, aniline, or N-methylmﬂine.“
It was of interest that the oxidation of aldrin to
dieldrin was stimulated by ATP and F in vitro.
Liver microsomes contain a relatively nonspeci.
fic enzyme system called the mixed function
oxidase which is primarily responsible for the
metabolism of 3 great many xenobiotic com-
pounds.'*3:'** The system requires molecular
oxygen and NADPH for activity. Mixed function
oxidase activity revolves about a series of reactions
of a heme-containing protein calied cytochrome
P450, which is the active ste at which both
substrate’ **7'*7 and oxygen react.!4%+!4? The
substrate reacts with oxidized (i.e., Fe'™) cyto-
chrome P450, and the resulting enzyme-substrate
complex Ls reduced to the Fe™ form by reducing
equivalents originating from NADPH and trns

mitted via a flavoprotein enzyme called NADPH-

cytochrome P450-reductase.' 315" Alterna.
tively, some of the electrons may come from a
second source of reducing vquivalents involving
NADH, another flavoprotein called NADH.cyto
chrome bg-reductase, and another hemeprotein
called cytochrome by.'*2:'%® The latter s itself
incapable of reacting with oxygen, binding sub-
strates, or catalyzing hydroxylation, but it may rid
in the reduction of cytochrome P450. The
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sequence uf events continues with the reaction
between reduced enzyme substrate complex and
oxygen; the substrate undergoes hydroxylation
and the cytochrome is reoxidized. The demonstra-
tion of benzene metabolism in liver microsomes
strongly suggested that the mixed function oxidase
wat benzene hydroxylase.' 5?

Several pieces of evidence taken together indi-
cate that benzene is hydroxylated by cytochrome
P450 and the mixed function oxidase. Benzene
hydroxylation occurs in liver microsomes of rab-
bits, rats. and mice and requires oxygen and
NADPH.'3¢+138.13% Benzene reacts with cyto-
chrome P450 to yield a Type | spectral change
indicative of the formation nf an enzyme-substrate
complex and with cytochrome P448 to yield a
Type R! spectral change in much the same manner
u many other substrata for the mixed function
oxidase.'’¢*'**  Aniline, metyrapone, amino-
pyrine, and SKFS$25A, all of which inhibit the
metabolism of other compounds by cytochrome
P450 or interact with cytochrome P450, inhibit
benune metabolism.' *® Cytochrome ¢, which
inhibits mixed function oxidase reactions appar-
ently by diverting electrons from cytochrome
P450,"** aswo inhibits benzene hydroxylation.' **
Benzzne hydroxylase, like other microsomal
hydroxylases, is inducible, and its induction will
be described beiow. Finally, benzene metabolism
B inhibited by carbon monoxide, and the inhibi-
tion is best reversed by light at 1+ wavelength of
450 nm."** From these data it seems fair to
conclude that benzene hydroxylase is a form of
the mixed function oxidase.

The mechanism of benzene hydroxylation by
the mixed function oxidase has not yet been
determined largely because of the difficulties
encountered when trying to isolate and purify the
membrane-bound components of the microsomal
enzyme system. Studies by Jerina and Daly' ? and
their associates have concentrated on the chemical
uspects of the problem and have suggested that the
reactions probably occur via the formation of an
vene oxide intermediate. Upon the addition of
benzene oxide to a microsomal preparation, the
products of benzene metabolism were formed.' **
Benzene oxide production has not been demon-
strated in microsomes probably because of its
extreme lability, but naphthalene oxide was re-
covered when naphthalene, an aromatic hydro-
carbon closely related to benzene, was incubated
with liver microsomes.”*® On theoretical grounds,




Hamilton'*' has proposed that it would be
expected that mixed function oxidation reactions
proceed through arene oxides. Furthermore, arene
oxides of a number of aromatic hydrocarbons haw
been reported.®? *7+¢2:1 ¢ Therefore, benzene
oxide 1ppears to be a likely intermediate in
benzene metabolism.

The products of arene oxide degisdation result
fran either enzymatic a nonenzymatic resc-
tions. " Nonenzymatically benzene oxide can
undergo isomerization to form phenol by either of
two mechanisms, one of which i favored st low
pH while the other is pH independent. Since both
in vivo and in vitro phenol is the major metabolite
of benzrne and biclegical systems function in the
nnge of neutradity, the latter appearsto be the
preferred mechanism. Enzymatically benzene
oxide may be hydrated to 8 dihydrodiol by the
action of epoxide hydrase'34:284:165 f4ljo5ed
by subsequent reduction to catechol. The signifi-
cance Of the latler pathwry has yet to he
determined since very little catechol is formed in
the course of benzene metabolism. Another en-
zymatle reaction ts the transfer of glutathione to
trene oxldes by e enzyme arene oxde.
gutathlone trangferase, Perhaps the mort signifi-
ant pathway for the degradation of benzene
oxide b the resction with ceflular nucleophiles
such as nucleic acids or proteing which could result
in cellular damage (ndicative of benzene toxicity.
Thus, the metsbolic fate of benzene an be
visualized as the formation of an arene oxide
followed by the rearrangement to the less chemt
cally reactive phenol, the interaction of the oxide
with cellular nucleophlles, or the enzymatic con.
version to either the dihydrodiol Or a premercap-
turlc add.

The hepatic microsomal mixed function oxi-
de system can be stimulated by enzyme induc-
tion by at least two general classes of compounds:
(I) polyeyelic aromatic hydrocarbons and (2)
phenobarbital plus a8 number of other compounds
which st amilady.'*¢ The former appear to
Induce the formation of a type of heme protein
allsd cytochrome P448, whereu phenobarbital
induces  tht formation of cytochmme
P450.'* '’ Benzene hydroxylase sctivity in
vitro lnereassy after (reating animals with pheno-
barbital a 3methylcholanthrene, ¢ polycyclic
aromatic hydrocarbon.t??+! 7*+!%%  Administrs.
ton of benzene [tself or DMSO also Increases the
nte of benzene metaboligm.!3?+! 7%:!%1 Hhen

benzene or DMSO is administered subcutaneously
or intraperitoneally, benzene metabolism in liver
preparations increases but there is no increase in
cytochrome P4S0 levels! *4+'#3  Recently
Norpoth et al.'*? reported that exposure of rats
to benzene vapor at about 450 ppm for 10 days
resulted in an increase in cytochrome P4350 levels
of about 65%, and Drew et al.!’® reported that
exposing rats to levels of benzene in the atmos-
phere above 4,000 ppm for 4 hr/day fur 3 days
resulted in an increase in microsomal benzene
metabolism. Newertheless, the reports of increases
in benune metabolism by benzene or DMSO in
the absence of increased levels of cytochrome
P450 suggest that other factors may play arole in
determining the rate of benzene metabolism.

When benzene is added to liver microsomes, it
i peasible to observe a Type 1 spectral change
typical of substrates for the mixed function
oxjdase.' >* When the technique of Schenkman et

for titrating microsomes to obtain the
apparent spectral dissociation constant (K,) was
applied, it wa found that in liver microsomes
from benzene-treated mice there was no change in
the K, but the maximum change in optical density
(A OD)  wu increased. By the same token
kinetic studkes shoaed that metabolism in liver
microsomes of benzene-treated mice wws charac.
terized by no charge in the Ky for benzme but
the Y4 increased by about the same percentage
@&IEXYBSf controls) s the A OD,,.

In addition to increasing the rate of benzene
metsbollsm, parenteral administration of benzene
tlso increased the rate of zoxazolamine hydroxyla-
tion and the reduction of p-nitrobenzoic acid in
rats.” ™" Stimulation of the metabolism of both
benzene' 7* and aminopyrine' *? has been report-
ed following exposure of rats to benzene in the
atmosphere. Therefore, benzene appears to func-
tion as a microsomal stimulant which can increase
the rate of drug metabolism without necessarily
increasing cytochrome P450 and as a result poses
questions regarding the nature of the induction
which may be dealt with in the context of our
understanding of microsomal enzyme induction.

In the course of developing current concepis of
hepatic microsomal enzyme induction, it decame
clear that many drugs, among which phenobarbital
and the polycyclic aromatic hydrocarbons are
most prominent, were capable of initiating protein
syntheds (n liver. Increased microsomal pro-
tein.'*” lncreaed Incorponation of amino acids
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into hepatic microsomal protein.' **'*” increased
activity and synthesis of nucleic acids and enzymes
that mediate their activity,'®”"'** prevention of
induction by inhibitors of protein synthesis.” ¢ 7
vee. %% proliferation of smooth endoplasmic
reticulum (SER).'**"**? and increased synthesis
of cytochromes P450 and P448'*3:299.201 phaye
b¢en determined during enzyme induction. Induc-
tion by benzene is characterized by an increase in
metabolism and in incorporation of amino acids
into microsomal protein within 24 hr of a singk
dose, but no proliferation of SER is observed at
that time.” *®' ¥ After | or 2 weeks Of benzene
treatment, SER appears to e proliferated and the
metabolisms of benzene, zoxazolamine, and
neoprontosl remain sdightly stimulated. whereas
those of hexobarbital and p-nitrobenzoic acid are
depressed.'** Benzene induction is characterized
by requiring a longer time wnd producing less
proliferation than phenobarbital. In contrast, it is
more similar to polycyclic aromatic hydrocarbons,
which also induce ripidly and do not csuse
proliferation of SER at the time of induction.” *’
There may be a grester similarity to dieldrin,
which after several weeks causes the formation of
hypertrophic, hypoactive smooth endoplasmic
reticulum.2®? [n all, thew observations suggest
that there does not sem to be a relationship
between the degree of proliferation of SER and
the rate of benzene metabalism.

Since hepatic microsomal enzyme induction
involves protein synthesis, the data nigges( that at
Jeast two different types of protein may be
synthesized to account for increases in the rate of
benzene metabolism. The finding by Gonasun et
al.!?¢ that the increase in denzene metabolism
after induction with benzene waus not accompanied
by elevated levels of cytochrome P450Q is consist-
ent with induced synthesis of a minor component
of the microsomal cytochrome P450 population
which i responsible for benzene hydroxylation
but which represents a relatively gmall fraction of
the total microsomal carbon monoxide binding
heme proteins. Thus, s sizeable percentage increase
in that component might go undetected when
measuring cytochrome P450 but become apparent
only when measuring binding specira, Recently,
Norpoth et al.'** demonstrated that after expos
ing rats to benzene vapor for 10 days (5 hs/day),
cytochrome P450 levels n liver (ncreased 65%.
Therefore, benzene can tncrease cytochrome P450
Jevels but not repidly enough to observe the effect
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within 24 hr, the time at which benzene can
increase the rate of its metabolism.

An alternative possibility was suggested by
Remmer®®? e veral years ago but has not yet been
evaluated. He showed that phenobarbital stimulat-
ed the metabolism of hexobarbital and amino-
pyrine and DDT stimulated the metabolism of
hexobarbital, but in neither case was there an
increase in cytochrome P450 levels commensurate
with the increase in the rate of metabolism. He
also observed that male rats metabolized hexo-
barbital faster than female rats but that the
difTerence could not be explained on the basis of
cytochrome P450 levels. In each case the rate of
metabolism was more closely associated with the
optical density changes in the binding spectra than
with cytochrome P450 content of the microsomes.
Incresses in binding spectra following enzyme
induction have also been reported by other
workers.” 774204295 Remmer?®? suggested that
regardless of the effect of inducing agents on
cytochrome P450 concentrations, the relationship
between the rate of metabolism and the binding
specirum may be caused by the induced synthesis
of a so<alled “binding protein” which facilitates
the binding of the substrate to the cytochrome. If
the nitedimiting step in the hydroxylation of
benzene is the rate at Which the enzyme substrate
complex cui be reduced,?®® then a protein which
increases binding may hasten the rate of reduction
and thereby stimuiate denzzne metabolism. Both
of these possibilities deserve further study.

RELATIONSHIP BETWEEN
BENZENE METABOLISM
AND TOXICITY

Relatively few studies have been aimed at
correlating benzene metabolism with benzzne
toxicity. Following the definitive studies of Parke
and Williams,!2'»'*? in which the metabolites of
benzene were identified as phenol tnd polyhy-
droxylated phenols, Dustin?®” suggested that the
metabolites might be responsible for benzene
toxicity through either of two mechanisms. In
one, quinone-yklding metabolites such as cate.
chol, quinol. or pyrogallol could react directly
with chromosomes and interfere with mitosis. An
dlternative propowal was the following sequence of
events: (1) depkton of sufate, derived from
sulfur amino acids. for purposes of conjugation,
leading t0 (2) rubsequent depletion of glutathione
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In bone marrow, resultiag in (3) disturbances in
redox reactions in bone marrow, lesding to (4)
bone marrow depression. NO evidence has yet been
developed to support either of these suggestions,
bur they represent some of the first thought
indicating that benzene metabolism may play
role in benzene toxicity.

Nomiyama et al.>®**'" reported that young
rats displayed a high rate of benzene metabolism
in vitro and were more susceptible to benzrne
given subcutaneously than old rats in which the
rate of benzene metabolism was slower. They
demonstrated that 3-amino-1,2,4-triazole, which
inhibited benzcne metabolism in rat liver homo-
genates, protected against benzene toxicity. They
therefore concluded that a metabolic product of
benzene was responsible for benzene toxicity rnd
procseded tO test several benzene metabolites for
their potential as hemotoxic agents. Among
phenul, catechol, quinol, hydroxyquinol. trens-
transmuconic acid, D,L-phenylmercapturic acid,
and potassium phenylsulfate, only catechol
appeared to depress bone marrow function by
causing anemia rnd leucopenia.

At about the same time Ikeda®'? exposed rats
to benzene in the atmosphere at 1,000 ppm for 7
he/day, § days/week and thowed that the order of
increasing sensitivity to benzene based on depres-
sion of white cell counts was adult males >young
males > adult females > young females. He then
evaluated the levels of several enzymesinvolved in
benzzne metabolism.  Aryl4-Hhydroxylase was
asumed to be the enzyme that hydioxylates
benzene, and its activity was determined using
aniline s the substrate. Ethereal sulfate and
gucuronide-forming enzymes were evaluated using
p-nitrophenol as the substrate. He concluded that
the best correlation between b¢nzene toxicity and
metabolism could k made between the rate of
ethereal sulfate formation and toxicity. Thus, the
relationship among the various groups of rats with
respect to decreasing ethereal sulfate formation
was identical to the relationship stated above for
increasing susceptiblity to benzene. NO correla:
tion between metabolism and toxkity for the
other enzymes was found. lkeda suggesied that
Nomiyama's results may have differed from his
own becaus Nomlyama used whole homogenties
rather than the cell fractions in which greatest
enzyme activity could b obmrved and becaus
Nomiysma falled to fortlfy his homogenates with
pyridine nucleotides. 1t b apparent, however, that

Ikeda, in attempting to study enzymes involved in
benzene metabolism in vitro. used neither benzene
nor its metabolites as substrates. Although the
mixed function oxidase is the enzyme that
hydroxylales both benzene and aniline, there is no
reason to assume the rates of these reactions will
be equal nor can it be assumed that the rates will
necessarily vary among the groups of rats that he
studied in the same way for both substrates. The
relationship of these studies to events in humans is
even more tenuous when it is considered that
many instances of sex difTerences in drug metabo-
lism have been reported in rats which do not occur
in other species.””  Although it was previously
suspected that women were more susceptible to
benzene toxicity than men, that idea has not stood
the test of time rnd further experience.” '4

Tkeda'?*+2'% then went on to study benzene
metrbolism in vivo and reported that rats treated
with phenobarbital metabolized more benzene and
were more resistant to benzene-induced leuco-
penia. These results were later confirmed by Drew
et al'”" lkeda’'® therefore suggested that
metabolism of benzene was a detoxifying proce-
dure and that inhibition of benzene metabolism
should result in increased toxicity. It must be
argued that in fact these studies could not dis-
tinguish between toxicity by benzene or 1 meta-
bolic product because the increase in metabolism
produced by phenobarbital might either have
detoxified benzene or hastened the removal of a
toxic intermediate, a mechanism similar to that
orginally suggested by Ikeda.” '?

In this laboratory we have studied the relation-
thip b¢lween benzene metabolism and toxicity by
administering labeled benzene to mice and (I)
using the labeled metabolites in the urine as a
measure Of the rate of benzene metabolism and (2)
using the reduction of the incorporation of ** Fe
given the next day into erythrocytes of the same
mice as 1 measure of hematopoietic toxicity
produced by that dose of benzene.” ** When the
mice were given toluene, s competitive inhibitor of
benzene metabolism, the rate of benzrne metabo-
lism wes reduced and *’Fe uptake into erythro-
cytes increased, indicating that benzene toxicity
was alleviated. In dmdar studies in which pheno-
barbital w& gyen to mice to increase the activity
of the mixed function oxidase, mice with higher
rates Of benzene metrbolism demonstrated a
greater decrease in Fe  uptake than mice in
which less benzene wis metabolized, Thess studies
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would rend to support the view expressed by
Nomryama that a metabolic step was important in
causing benzene toxicity.

A common thread seems to run through the
studies renewed above. In each case the effect of
benzene on a parameter of bone marrow activity
was conelated with the rate of benzene metabo-
lism either in vivo or in vitro using liver prepara-
tions Some recent studies suggest that these
approaches might be modified to yield further
information Acetaminophen®' ¢ *'? induced liver
necrosis appears to be directly related not only to
the rate of acetaminophen metabolism but also to
the extent of acetaminophen binding to hepatic
protein. Stimulation of acetaminophen metabo-
lism by phenobarbital increases both necrosis and
binding; inhibition of acetaminophen metabolism
by piperonyl butoxide or cobaltous chloride
protected against necgsis while decreasing bind-
ing. Bromobenzene’  also produced hepatic
necrosis, but inhibition of romobenzene metabho-
lism by SKFS$S25A coincided with reduction of
liver damage. The effect of enzyme induction on
bromobenzene-induced liver hepatotoxicity, how-
ever. depended on the metabolic pathway induced.
Thus, phenobarbital stimulated the formation of a
hepatotoxic metabolite, while 3-methyl cholan.
threne tncreased the activity oOfF a detoxifying
pathway. The rate of benzene metabollsm may
afTect bone marrow & presgon by a mechanism
similar to that by which scetarminophen or
bromobenzene produces liver damagz. Further-
more, there may well be both detoxifying path-
ways as well 15 pathways which lead to bone
marrow depression which could help to explain
difTerential sensitivity of humans to benzene as a
result of enzyme induction. In any event, the role
of covalent binding to subcellular constituents n
benzene toxicity should be evaluated.

Although there is considerable suspicion that
benzene metabolism plays a1 role in benzene
toxicity, there is good reason why the evidence is
not yet definitive. The study of benzene metadbo-
lism whether in vivo Or in vitro has In actuality
been a study of events that occur m the liver. The
liver is responsible for most of the metabolisn of
benzene, md the metabolites of benzene in the
urine are essentally the result of hydroxylation
and comjugation in liver. However, benzene toxi-
city is manifested in the bone marrow rather than
the liver. It must either be wgsed that a toxk
melabolite travels from the lver to the bone
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marrow or that the metabolite is indeed formed in
the bone marrow. If benzene oxide is the active
metabolite, its chemical reactivity is too great for
it to survive transport through the circulation.
Phenolic metabolites might well be transported
free or as conjugates which may be hydrolyzable
in the bone marrow. However, there is some
evidence that conjugates of benzene are neither
degraded nor are they toxic.”’'"*'' It appears,
therefore, that although the liver may serve as a
good model for the study of the enzyme systems
which metabolize benzene, the most profitable
tissue for studying the role of benzene metabolism
in toxicity is the bone marrow. The techniques are
difficult, and bone marrow s not available in large
quantities. It may be necessary to use the methods
of tissue culture. Among the problems to study are
the metaboliem of benzene in bone marrow and
the effects of the metabolites of benzene formed
either in the liver o1 the marrow on bone marrow
activity. In any event, a point has been reached in
the study of benzene toxicity where we must
recognize that there can be no more direct
approach to studying the disease process than to
investigate it in the organ where it occurs.

SUMMARY AND CONCLUSIONS

Although the morphological aspects of darmags
to hematopoietic organs caused by chronic ben-
zene exposure have been understood for some
time, the mechanism by which benzene acts is not
known. The evidence suggests that benzene inhi-
bits the maturation of early blood cell precursors;
i.e., the Ameth count is shifted to the left in the
leucocyte s¢cies and maturation of pronormoblasts
and normoblasts is inhibited in the erythrocyte
wries. In advanced stages the result can be
pancytopenia due to bone marrow aplasia. DNA
syntkesis is reduced in bone marrow of benzene-
treated animals either because of inhibition of
enzymes involved in DNA synthesis or because a
lesion revealed as reduced incorporation of triti-
ated thymidine in DNA occurs at some point in
the all cycle. How benzene mediates this inhibi-
thon is not yet clear,

Although epidemiological studies among
workers in industries wher¢ benzene exposure is a
hazard have failed to demonstrate a correlation
between the Incidence of kukemia and b¢nzene
exposure, many individual s+ of leukemia have
been !mmked to benzene. The suggestion that




hyperplastic bone marrow sometimes seen in
benzene toxicity is indicative of the preleukemic
state and the concept that aleukemic leukemia
may he more frequent in benzene toxicity than
was previously recognized are ideas that must be
more fully explored. The evaluation of chromo-
some abnormalities in benzene-intoxicated indivi-
duals might be usefu! in determining leukemia, but
it must be recalled that acute leukemia, which is
frequently related to benzene exposure, yields
chromosome abnormalities relatively rarely. Fur-
thermore, abnormal chromosomes are not neces-
sarily prognostic for leukemia.

Benzene has been known to repress immuno-
logical mechanisms for many years. Recently it
was demonstrated that specific immunoglobulias
such as [gA and [ghi as well as serum complement
are depressed while {gM s elevated in benzene
intoxication. Two observations in  benzene-
intoxicated individuals may result from immuno-
logical damage. Benzene-intoxicated individuals
often suffer from serious infections which they are
unable to combat and thus may be terminal.
Furthermore, in some instances of benzene toxi-
city the “immune surveillance” mechanism which
appears to be partly responsible for preventing the
growth and development of neoplastic tissues may
not function and the result may be benzene-
induced leukemia.

Benzene is hydroxylated by the microsomal
mixed function oxidase to phenol and other
hydroxylated benzene derivatives probably via the
intermediate formation of an epoxide. The
epoxide may either rearrange to yield phenol.
conjugate with glutathione to yield a premercap.
turic acid, be hydrated to epoxide hydrase and
reduced to catechol, or it may react with various
cellular constituents and thereby produce its toxic
effects. Despite some contrary evidence. there are
considerable data to support the concept that a
metabolic step yielding a !oxic intermediate is
necessary to produce benzene toxicity. Thus,
inhibition of benzene metabolism protects against
benzene toxicity. Since the bulk of these studies
has been perfarmed using whole animals or liver
preparations, it is essential that further studies
revolve around the metabolism and toxic effects of

benzene in bone marrow.

ACKNOWLEDGMENTS

The authors wish to thank their colleagues Drs.
E.W. Lee and C.M.Witmer for discussions during
the preparation of this review. This work was in
part supported by a grant from the USPHS,
National Institutes of Environmental Health
Sciences (ES00322).

REFERENCES

|. Hunter, D., The Diseases of Occupations, Little,

Brown & Co..

Boston, 1962. chap. 1-4.

2. Ramazzini, B Diseases of Workers (De Morbis Artificum), revised, transtated. and annotated by Wright, W. C.,

Hafner, New York. 1964.

3. Hamilton, A, The growing menace of benzene (benzol) poisoning in American industry, JAMA, 7¢ 627. 1922.
4. Santessnn, C G., Uber chronische Vergiftung mit Steinkohlentheerbenzin; vir Todesfalle, Arch. Hyg. Bin!. 31, 336.

1897.

5. Selling. L., Preliminary report of some cases of purpura haemorrhagica due to benzol poisoning, Bull. Johns Hopkins

33 1910.

7. Hlmi!om ALl

degenenuon and regenerstion of the blood and haematopotetss

he esstmr. menace ofbenzol polsoning in Ametican industry, J. Ind Hyg., 10,227, 1928,

8. Busy gasoline pumps put benzene users in a bind, Chemical Week, August 8, 1973, 11,

9. American Conference of Governmental Industrial Hygienists: Documentation of the Threshold Limit Velues for
Substances in Workroom Air, 3td ed., Cincinnati, 1971, 22.

10. Smith, D. L, Criteria for ¢ Recommended Standard Occupational Exposure to Benzene, U.S. Department uf Health,
Education snd Weifare, Pudblic Health Service, Center for Disease Control, National Institute for Occupationai

Safety and Health, 1974, 1.

11. Sherwood, R. )., The monitoring of benzene exposure by ais sampling. Am. Ind Hyg. Assoc. /., 32, 840,1971.

June 1975 281

- W



14.
1S.
16.
17.

18.
19

20.

21.

22.

23.
24.

25.

26.

217.
28.
29.

30.
31.

[N}
'~

3s.
36.

37.
38.

39.

»2

Haaften, A B and Sie, 8. T, The meusurement of phenol in urine by gas chromatography a« a check on benzene
exposure, Am Ind Hyg. Assoc. J., 26.52. 1965.

Parkinson, G. S, Benzene in motor pasoline - an investigation into possible health hazards in and around fUting
stations and in normal transport operations, Ann. Occup. Hvg., 14, 145, 1971,

Sherwood, R J. Occupational hygiene in aromatics plants, 4nn Occup. Hyg.. 14, 125, 1971,

Sherwood, R. J., Benzene the ntetpretation ofmonitoring results. Ann. Occup. Hyg.. 15,409, 1972.

Browning. k., Toxicity and Metabolism of Industrial Solvents, Elsevier, Amsterdam, 1965, chap. 1.

Gerarde, H W, Toxicological studies on hydrocarbons {I. A comparative study of the effect of benzene and certain
monu-n-alkylbenzenes 0n hemopoiesis and bunr marrow metabolism in rats. Arch. Ind. Hegith, 13, 468, 1956
Albert, A_ Selestive Toxiciry, Sth ed.. Chapman and Hall. London. 1973. chap. ! 5.

Jonek. J. Kaminski, M., Karbowski, A. and Grzybek, H., Einfluss subacuter Benzotvergiftung auf das Yerhalten
eiruger Enzyme in der Nwere von Mausen, /at. Arch Gewerbepathol Gewerbehyg., 24. 140, 1967.

Kaminski, M., Karbowski, A, 1d Jonek, J. Some histochemical renal changes in mice duting acute poisoning w ith
benzene. Folia Histochem. Cytochem., 8.63. 1970.

Jonek, /. and Kamimki M., Submicrowopic changes in renal cells in subacute benzene poisoning. 4¢ta Med Pol,
12. 2. 1971.

Wirtschafter, Z. T. and Cromya, M. W., Relstive hepatotoxicity. pentane, trichloroethylene, benzene, carbon
tetrachloride. 4 A Environ. Health, 9. 180, 1964,

Wirtschafter, Z. T. and Bischel, ®. G., Reticuloendothelial response to benzene. Arch. Environ Health, 1. 10. 1960.
Jonek, J. Grzybek, H, Kaminski, M., and Koachanska, D., Histochemische Lokaisation verschiendener Erzyme in
der Miusefeber beiakuter Benzolvergiftung, Int. Arch. Gewerbepathol. Gewerbehyg., 22. 342. 1966.

Jomek, J., Kaminski, ., Latowska, H., and Ksminska, O.. The dynamics of histochemical changes in the epithelium
of the small intestine of mice after experimental intraperitoneal intoxication with benzene. Acta Histochem., 44.
15, 1972,

Jonek, J, Otkowski, Z. 1nd Zisterznik. B Histochemical studies on the spinal cord of mice poisoned with benzene.
Acta Histochem., 20, 286, 1965.

Thienes. C. L &nd Haley, T. )., Clinical Toxicology, 6th ed., L& & Febiger, Philadelphia, 1972. chap. §

Ham¥ton. A, Benzene (benzol) polonine, AKA Pathol, 11. 434, 1931,

Price, . L and Dripps, R D, Genera anesthetics, in The Pharmacological Basis of Therapeutics, 4th ed.,
Goodman, LS. and Cilman, A, Eds, Macmillan, London. 1970. shao. 6 and 7.

Rhoads, C P. and Mider, D. K., Histology of the bone marrow in splasiic anemia Arch. Pathol, 26.648, 1938.
Bromford, R R. and Rhowds, C. P, Refractory anemin [ Clinical and pathological aspects. Q. /. Mcd. 10, 176,
1941.

Viter, R. W Jarrold, T., Will, J. J., Meuller, . J., Friedman, B. L, and Hawkins, ¥. R_ Refractory anemia with
hyperplastic bone marrow, Blood. IS. 1. 1960.

gErder, A J. Erythrocyte disorders = spemias related to disturbance of stem cell proliferation or differentiation. in
Hematology, Williaos W. J. Beutler, E., Erdev, A. J., and Rundles R. W.. Eds., McGraw-Hill, New York. 1972.
207.

Erdev, A. J, Pathophysiology of aplastic anemia, in Drugs end Hematologic Reactions, Dimitrov. N.V. and Nodine,
J.H. Eds., Grune and Siratton, New York. 1974, 6S.

Abdou, N L and Richter, M., The role of bone morrow in the immune response. Ady. Immunol,, 12, 201, 1970.
MaBory, T. B., Gell, E A, and Brickiey, W, )., Chronic exposure to benzene (benzol). 111 The pathologic results. J.
Ind Hyg., 21. 35S, 1939.

Anderson, D. H., Benzol poisoning vith hyperplasia of the bone martow, Am. J. Pathol, 10, 101, 1934,

Zolezzl, G. G., Richerche in vivo sulla citologia dd midolo osseo nella intossicazione professionale de benzolo, Med.
Lev., 28, 202, 1937.

Saita, G., Benzene induced hypoplastlc anemizs and leukemus in Blood Disorders Due 1o Drugs end Other Agents,

. and Dincol, G, Details of blood changes in 32 patients with
pancy(openu 1ssac il ed with lon¢ em exposure to benzene. Br | Ind. Med., 29. §6.1972.
Hetmer, K. J., Accumulated o e of chronic benzene poisoning in the rubber industry, 4cte Med. Scand.. 118, 354,
1944,
Greenburg, L., Msyers, M. R Goldwater, L., and Smith, A. R., Benzene (benzol) poisonirg in the rotogravure
printing industry N New York City, /. Ind. Hyp., 21, 395, 19309.
Hunter, F. T, Chronic expo e to benzene (benzol). [, The clnical effects, S Ind. Hyg., 21,331, 1939.
Goldwiter, L. 1., Disturbances in the blood foBowing exporwe to benzene, /. Lab. Clin. Med., 26,957, 1941,
H.-dl:;-rmm. J. L. and Browning, £ Toxic ¢(Tects in women exposed to Industrial rubber solutions, Br. Med.
J. 1, , 1944,
Brocher, J. E. W., Beitrag zur Panmylopathia strophicans und zur Frage der Berzolintoxikathon in Bruckersien,
Zentralbl. Inn. Med., S, 1186, 1929.

CRC Critical Reviews in Touxicolesy




4% Mutnik. P. and Genkin, S. Zur Klinik der chronischen Benzolvergiftung, Arrh Gewerbepathol. Gewerbehvg 2 457,
1931

49  Dimmel, H., Zur Klinik der chroniwhe Benzolvergiftung, Arch. Gewert-epathol Gewerbehyvg., 4,414, 1933

< Erf, L. A and Rhoads, C. P, The hematological effects of benzene (benzol) poisoning. J /nd. Hyg . 21,421, 1939

5} Dimmel, H.. Vergiftung mit omatischen Substanzen, Wien Med. Wochenschr, 82,526, 1932.

S2  Cadwell, J. E. Sifferd, R H., Porsche, ). D._tnd Fenger, F., Recent studies on yellow bone marrow extracts. /
Med S 209,717, 1945.

3 wintrobe, M. M._ Clinrcal Hematology . Lea & I'ebiger, Philadelphia. 1967. 6.

<4  Hammond, D.. Sturgeon, P., Bergren, W, and Caviles, A, J1., Definition of Cooley's trait or thalassemia minor
classical. climicai and routine aboratory hematology. 4nn. N Y. dcad Scr. 119, 372. 1964

< Arwater, ). and Schwartz, E., Separation of hemoglobins, I Hematology, Williams. W. J., Beutler, L., Frslev, A. J.,
and Rundles.R W ., kds .McGraw-Hill, New York. 1972. 1368.

<6 Shahidi, N. T.. Gerald, P. S., and Dismond, L. K_, Alkali resistant hemaglotin in aplastic anemia of both acquired
and cungenual types, N. Engl J Med., 266, 117, 1962.

§7  Aksoy, M. and Secer, F. Fetal hemoglobin in acquired aplastic anemia, Acra Haemarol., 32, 188. 1964.

58. Bloom. G. E and Diamond, L K, Prognostic value of fetal hemoglobin levels I acquired aplastic anemia. . Engl
J. Med.. 278. 304, 1968.

%9  Aksoy, M. Erdcm, S.. Akgun, T., Okur, O., and Dincol, K.. Osmotic fragitity studies in three patients with aplastic
anemia due to chronic berzene poisoning, Blur. 13, 85. 1966.

60. Duke. W.W. Causes of variation in the platelet count, Arch. /arern Med . |1, 100, 1913,

61. Nikulins, M. and Titows, A, Die Frage der thrombopenie als einer der fruhesten Symptome der chranischen
Benzolintoxikationen, Arch Gewerbepathol Gewerbehyg | §, 201, 1934

62 Saita, G. and Sbertoli, C., L'Agglutinogramma nell' intossicazione crunica da benzolo, Mrd. Luv . 45. 250, 1954,

63. Saita, G., Sartorelli, E.. and Calaresu, F., Il processo di coagulazione del tangue nel benzolism cronico. Med. Lav |
48 250 1954
Steinberg, B.. Bone marrow

. snd Davies, L. T, Eﬂ'ecu
h_Pathol, 31,55, 1941.
Deichmann, W. B., MacDonald, W.
rmacol_ 5,201, 1963/~

67. Weiskotten, H. G., Schwartz, S. C., and Sternsland, H. S., The action of benzol. II. The deulerophau Of the diphasic
leucopenia and antigen-antibody reaction, J. Med. Res., 35,63, 1916.

68. Lee.E.W., Kocsis, J. J, and Snyder, R., Dosedependent inhibition of * * Fe incorporation into erythrocytes after a
single dow of benzene, Res. Commun. Chem. Paihol. Phermacol, 5,547. 1973.

69. Lee, E. W Kocsis, J. J, and Snyda, R., Benzene: scute effect on ' ' Fe incorporation into circulating erythrocytes,

( . 27,431,1974,

70. Moeichlm. S. and Speck, B., Experimental studies on the mechanism of action of benzene on the bone ma@
radioautographic studies using *H-thymidine).Acta Haemarol., 38.104, 1967.

71. Parmenter, R. and Dustin, P, Jr., Early effects of hydroquinone on Mitons. Narwre, 161, $27. 1948.

72. Pollini, G, Biscaldi, G. P, and Corsico, R, L'azione del benzolo mull’sttivita proliferativa delk cellule emopaietiche

Juls ionari Cd Lav. 0 8 1965
Kissling, M. and Sp B.. Chramggome aberrations in experimental benzene intoxication, Helv. Med. Acta, 36, 59
1969
774, Kisding, M. and Speck, B. , Further studies on experimental benzene induced aplastic anemia, Blut, 25, 97, l972
F=tomi, K., ifico, E., and Limonta, A-, Chromosome studies in wor erlth‘
, drch. Environ, Health, 22,373, 197
76. Tough, L M. Smith, P. G., Court Brown, W. M, and Harnden, D. G., Chromosome studies on workers exposed t_\

atmospheric benzene: the pouible influence of age, Eur. J. Cancer, 6, 49, 1970.
1. orpe, 1. 1., Epﬂmiojo;n survey of leukemis in persons potentully exposed to benzene. J. Occup. Med., 16, 375,

——

78. Vigliani, E. C. and Forni, A., Benzene chromosomes changes md leukemia. J. Occup. Med., 11, 148 L1963
Y. Vigliani, E. C. and Saita, G., Benzene and leukemia, N. Engl. , 211,872, 1964,

80. Rondanefli, E G, Gorini, } Germa, G., snd Magliulo, E., Pathology of Erythroblastic Mitosis in Occupational
Benzenic Er,vrhropafh) and Erythemia, S. Karger, Basel, 1970.

81. Fakconet, E H An instance of lymphatlc eukemia following benzol poisnning, Am. J. Med. Sci., 186, 353, 1933.

82. Kohl, P, Brunner, H. E. and Slegenthaler, \\., Erythrokukemias nach chronischer Benzolintoxikation, ScAweiz.
Med. Wochenrchr..97.368, 1967.

83. Aksoy, |, Dincol, K, Edem, S, and Dincol, G., Acute kukemir due to chronic exposure to benzene, AM. J. Med .
52,160, 1972.

84. Aksoy, M., Erdem, S, Dincol, K Hepmksel, T., and Dincol, G.. Chronic exposure to benzeme as a possible
contrfbuury etlologic factor tn Hodgkin's disease, Blur, 28,293. 1974,

June 1975 283



< . . )
85 Fomni, A. and Moreo, L., (hromosome studiey in & case of benzene-induced erythroleukemia, Fur J Cancer, $. 459
1969

A M., Cappellini, A_ Pacifico, E., and Vigliani, E C., Chromosome changes and their evolution in sybiects

st exposure to benzene, Arch Environ. Health, 23, 385, 1971 /™ -

87 Newdl, P. C, Cytogenetics. in ; ~ 1., Beutler, E__Erdlev, A J., and Rundles. R. W, Edxs.

McGraw-Hill, N 1972, 29. e

88 Coulson, C. A. Electrorc configuration and carcinogenesis, tn Adwances in Cancer Research. Vol |, Greenstein, G

P and Haddow, A. Eds., Academic Press, New York. 1953, 1.

89 Pullman. A snd Pallman, B, Electronic structure and cascinogenic activity of aromatic molecules. 4dwnces in

Cancer Research. Vol 111 Greenstein. G. P. and Haddow, A, Eds, Academic Press. New York. 1955, 117,

Herndon, W. C . Theory of carcinogenic sctvity of aromatic hydtocarbons, Trans N Y. Aced. Sci., 36, 200. 1974.

Booth, ). and Sims, P., Metabolism Of benr{a)anthracene epoxides by rat liver. Biochem. Pharmacol, 13, 2547,

1974

02 Keysdl, G. R Booth, 1., Grover, P. L_Hewer, A_ and Stms, P, The formation of "K-rgion™ epoxides as hepatic
microsomal metabolites of 7-methylbenz(a)anthrscene and 7.1 2dimethylbenz(a)anthracene and their 7-hydroxy-
methy! derivatives, Biochem Pharmacol., 2°, 2853, 1973.

93. Booth, J., Keysell, G. R, and Simy P., Formation of ghitathione comugates & metabolites of 7.12-dimethyl-
benzizyanthracene by rat livet homogerates, Biochem. Pharmacol., 22, 1981.1973.

94. Swaisland, A. J.. Grover, P. L, and Sims, P., Some propertims of “K-region™ epoxides of polycyclic aromatic
hydrocarbons. Biochem. Pharmacol, 22, 1541, 1973.

95. Sims, P, Grover, 2 L, Toshio, K, Hubarmaa, £, Marquardt, H., Selksik, ). J. and Heidedberger, C., The
metabolisn of berz(amnthricene and dibenz(alanthracene and their related " K-rgion™ epoxides, cis-dthydrodiols
and phenols by hamster embryo cell, Biochem. Pharmecol, 22, |. 1973.

96. Grover, P. L. and Semy . K-region epoxides of polycyclic hydrocarbons: reactiors with nucleic acids and
polyribonuciectides, Biochem. Pharmacol., 22.661, 1973.

97. Jerina, D. and Duly, J. W, Arene oxida: a mew aspect of drug metabolbm, Science, 185, 573.1974.

98. Lignac, G. 0. E., Die Benzoleukimie bei Memschen und wettsen Miusen, Xiin. Wochenschr., 12, 109, 1932.

99. Irving C. C., Interaction of chemica! carcinogens with DNA. in Merhods in Cancer Retearch, Vol. Yiil, Buuh. H.
Ed, Academic Press, New York, 1973. chap. 5.

100. Arcos, J. C. and Argus, M [ Molecular geometry and carcinogenic activity of aromatic ~ompounds, new
perspectives, in Adwmnacet in Cancer Resegrch, Vol 1l Greenstein, G. P. and Haddow, A.. Eds., Academic Press,
1954, 308.

101. Pochon,  Brookes, P., and Michdsos, A_ M., Action Of carcinogen 7-bromomethylbenz(a)dsnthracene on DNA
Eur. J. Biochem., 21. 154, 1971.

102. White, W. C. and Gammon, A M., The influence of benzo! inhalations on experimental pvimonary tuberculosis in
rabbits. Trens. Agsoc. Am, Phys., 29. 332, 1914,

103. Wintersitz, M. C. and Hirschfdder, A D., Studies upon experimental pneumonia (n rabbits: Parts I-11, J Exp.
Med , 17,657, 1913.

104. Hirschfdder, A D. and Winternitz, K C., Studies upon expertmental pneurmonia in rabbita Part V. In there a
prrafldiszm between trypanocidal and pneumococcidal action of drugs? /. Exp. Med., 17,666,1913.

10S. Simouds, J. P. and Jomes, H. M., The efTect of injections of benzol upon the production of antibodies, J. Mcd. Rn..
33. 197, 1915.

106. Camp, W. A and Baumgarteer, E A., Inflammatory reactions in nbbits with a severe leukopenia. J. Exp. Med.. 22,
124,191S.

107. Hektoen, L., The efTects of benzene on the production of antibodies, L/nfect. Dis, 19, 69, 1916.

108. Smotik, R, Grzybek-Hryncewicz, K., Lange, A., 18d Zstonski, W Serum compiement level in workers exposed to
benzene, toluene and xylene. Int. Arch. Arbeitsmed., 31, 243, 197).

109. Lange, A., Smolik, It, Zatomski, W, smd Garmen, H, Leukocyte agglutining in workers exposed to benzene.
toluene and xylene, /nt. Arch. Ardeitsmed., 31.45, 1973.

110. Lange, A, Smalik, R, Zatonskl, W., and Syzmansks, J, Serum immunoglobulin levels in workers exposed to
benzene, toluene and xylene. /nt. Arch. Arbeitamed., 3\, 37. 1973.

111. Smith, R T, Cell membrane receptors, in Immune Surveillance, Smith. R. T_and Landy, M.. Eds., Academic Pres,
New York, 1970. L

112.  Smith, R T, Possibilities and problems of immunclogic intervention I cancer, N. Engl 1. Med., 287.439. 1972

113, Mandel, H G, Pathways of drug biotransformation: biochemicil conjugations, in Fundamentals of Dnig
Metabolism snd Drug Disposition, 1aDu, B. N., Mandet, H. G, and way. E. W., Edr, Willlams & Wilkins, Baltimore.
1971. 149.

114.  Albert, A, Selecrive Toxicity, Sth «d., Chapman and Hall. London, 1973, 50.

115. Miller, J. A, Carcinogenetis by chemicals: an overview, Cancer Res, 30,559. 1970.

116  Heldelberper, C, Current trends in chemical carcinogenesis, Fed. Mroc., 32,2154,1973.

117. Recknagel, R O. and Glends, E. A, Jt, Carbon tetrachloride hepatotoxichy: an example of lethal cleavage, CRC
Crit. Rev. Toxicol,, 2, 263.1973.

3y

B2

84 CRC Critical Reviews in Toxicology




118. Yahagi, T.. Nagao, M., Hara. K, Sugimurs, T., and Bryan. G. T., Relationship between the carcinogenic and
mulagenic Or ONA-modlfyirg ¢Mects of nitrofuran deratives, Including 2-(2-furyl)}-345-nitro-2-furyl) acrylamide,
food additive. Cancer Res., 34, 2266. 1974.

119. Porteous. J. W. and Wllkems A T, Studiesin detoxication.19. The metabolism of benzene.l. (8) The determiration
of phenol in urine with 2:6-dichloroquinonechioroimide. (b) The excretion of phenol glucuronic acid and ethereal
sulfate by rabbits receivirg benzene and phenol (¢) Observations on the determination of catechol, quinol and
muconic acid in urine, Biochem. J., 44.46, 1949.

120 Porteous, | W. and Willwme R T, S(udis in detoxiation.20. The metabolism of benzene. 1. The isolation Of
phenol. catechol. quinol and hydroxyquino! from the ethereal sulfste friction of the urine of rabbits receiving
benzene orally. 8icchem. 144, 56, 1949.

121 Puke, D. V. and WiEliamy R. T, Studies in detoxication.49. The metabolism of benzene containing {'*C, I
benzene. 8iochem. J., 54,231, 1951,

122. Purke, D. V. and wmum; R. T, Siudies in detoxication. $4. The metabolism of benzene. (3) The formation of
phenylglucuronide and phenylsulfuric sckd from {' *C} benzene. (b) The metabolism of {**C} phenol, Biochem. /J
55, 337.1953.

123. Abou-el-Marakem, M. M., Millburn, P., Smith, R. L., and Willlams, R T_, Biliary excretion of foreign compounds:
benzene and its dervatives in the rat. Slochem. 1.,108, 1269. 1967.

124. Saydsr, R. Relaion of benzene meubolism to benzene toxicity. in Sympodum on Toxicology Of Benzene and
Alkylbensenes, Braun. D.. L, Industrial Health Foundation, Pittsburgh, 1974, 44.

125. Comnish, H. H 124 Rywn, R C, Metaboliam of benzene in aonfisted snd srybhydiocrbon inhibited mts, Toxicol
Appl. Pharmacol, 7,767 .1965.

126. Cerurde, HW. and Ahbitrom, D. B, Toxleologic studles on hydrocarbon% XI. Influence of dose on the metabolism
of mono-n-alkyl derivatives of benzene. Toxicol Appl. Pharmacol, 9. 185, 1966.

127. Van Rhesy, H, Mutual influence on the metabolism of some industrial solvenis in rats. in Proceedings of the
Europemn Society for the Study of Dru; Toxicity, X!/, Toxicological Problems of Drug Toxicity, DeC. Baker. S. B.

Neuhius O, A.. Eds, Excerpta M jon. Ams(erdmL 1972 69.
w, ¢ tulfurmets ¢ ellect O and of some

deriva tives of benzene on D.qur metabolism, Sixchem J, 20. 598 !926
129. e, ACommratre Study of »¢ E\o!nnu'ormazEn ana Excretvon of Phenol, W.D. thesis, University of

Misse ri, Columbia, 0  (University Microfilms, Inc., Ann Arbor. Mich.).

130. Carton, G. A and Williams R T, Studiain detoxication 2!. The fates of quinol and resorcinal in the rabbit in
relation to the metabolism of benzene, Biochem. J., 44, 1949

131. Garton, G. A and Williams, R T., Studies in . toxication 26.The fates of phenol, phenylsulfuric acids and
phenylglucuronide inthe rabbit, in relation to the - etaboligm of benzene, Blochem. 1.48, 158, 1949,

132, Garton, G. A. and Williams, R. T Studio in detoxication. 17. The fate of alechol th the nbbit and the
chincterization of catecho! monoglucuronide, Biochem. 1..43, 206, 1948.

133. Capel, L [, French, M. R., Milburn, P., Smith, R. L, and Willisme, R T, The fate of [' *C] phenol in various
species, Xenobiotics, 2, 25, 1972.

134, Jerina, D., Duly, J., Witkop, B., Zaltzman-Nirenberg, P, and Udenfriend, S., Role or arene oxide-oxepln system (n
the metabolism of aromatic substrates 1. /m y/tro converton of benzene oxide to a premercapturic acid and a
dihydrodiol, Arch. Blocheom Blophyt, 128, 176,1968.

135, lkeda, M., Ohtsuji, H., and Imsmurs, [, In v/»0 suppression of benzene and styrene oxidation by co-administered
toluene in rats and effects of phenobarbital, XYemobiotics, 2,101, 1972.

136. Gonasun, L. M., Witmer, C. M., Kocsis, J. J, 1ad Snyda. R. Benzene metabolism in mouse liver microsomes.
Toxicol Appl Pharmacol., 26,398. 1973.

137. Sskamoto, A, Insmori, K., Watamabe, |., 1n4 Fukiware, E_ Ring oxidation of benzene. Phenol formation. Osaka
Daigaku Zasshi, 9, 345, 1957.

138. Potner, H &, Mitoma, C, and Uden{rend, S, Enzymatic hydroxylation of aromatic compounds. 1. Further studies
of the properties of the mxrosomal hydroxylating system, Arch Biochem. Biophys, 94.269. 1961.

139. Sayde, R, Uzukl, F,, Gonssun, L, Bromfeld, E and Welle A, The metabolism of benzene in vitro, Toxicol Appl
Pharmacol., 11, 346, 197,

140. Snyder, R,Santoye, M. C, Suito, F., snd Kocsis, /. J., Role of ATP in biotramsformation of ' * C-benzens in virro,
Proc. IV Int. Congr. Pharmacol, 1969, 242.

141. Witmer, C M., Santoyo, K G Snyda, R,1sd Kecss, 1 3, Effect of ATP and F on ' *C-berzene metabolism,
Pharmacologist, 13, 193, 1971.

142. De Melo, . L 1nd Tkace, L, Conjugation of phenol by rat thver slicet and homogensier . Bid Chem, 195, 172,
1952.

143. Mason, H 8., North, J. C, aad Vannests, K, Microsomal mixed-function oxidations: the metabolism of
genobiotict, Fed Proe, 24,1172, 196S.

144. Mannering, G. J., Microsomal enzyme systems which culyre drug meladoliom, in Fuademenrals of Druy
Metabolism end Ditposition, La Du, B. N, Mandel, H G., and Way. E. L., Edy, Williams & Wilkiny Butimore,
1971, chap. 12.

June 1975 288

R I . e —



145 Remmer, H. Schenkman, J. 1. Estabrook, R. W_ Sasame, H., Gillette, J,, Narasimhulu, S, Cooper, D. Y., and
Rosenthal, O., Drug tnterac ion with hepatic microsomaleytochrome. Mol Pharmacol. 2, 187, 1966.

146 Schenkman, J. 1. Remmer. H., and tstabrook. R. W., Spectral studies of drug Interaction with hepatic microsomal
«ytochrome, Mol Prarmacol, 3. 113, 1967.

147 Siese. H and Brauser, B., Interaction of mixed function oxidase with its substtates and associated redax transitions
of cytachrome P450 and pyridine muclevtsdes in perfused rat liver. £ur. J Biochem., 15, 531, 1970.

148 (ooper. D. Y. Levine S Namsimhulu, S Rosenthal, O.. and Estabrook, R. W, Photochemival action spectrum of
the terminat oudase uf minved function oxidase systems, Science, 147, 400, 1965,

149  Cooper. D. Y.. Schieyer, H.. bstabmok, R W., ax] Rosenthal, 0., The role of vytochrome P4S0 inthe biosy nthesis
and metabolism of sterards. Progress in Endocrinology. Proc Third Int Congr Endocrinol, Excerpa Medica
Foundatiun. Amsterdam. 1969. 784.

SO Schenkman, J. B., Ffiect of substrales on hepatic microsomal cytochrome P450. Hoppe Seyler's Z. Physiol Chem.,
349, 1624, 1968,

151  Gigon, P. L, Gram, T. E., and Gilette, 1 R., Studies on the rate of reduction ofhepatic microsomal cytochrome
P450 by reduced nicolinamide adenine dinucleotide phosphate. Mol Pharmacol, $, 109, 1969.

1S?. Cohen. B. S and Estabrook, R W. Microsomal electron tramsport reactic & 1 Interaction of reduced
tnphosphopyridine nuclentide during the oxidative methylation of aminopyrine and cytochtome b, reduction,
Arch. Biochem Biophys., 143.37, 1971.

153. Cohen. B S and bstabrook, R W. Microsomal electron transport reactions L The use of triphusphopyridine
nucleotide and or reduced diphosphopyridine nucleotide for the oxidairve N-demethylation of aminopyrine and
other drug substrates, Arch. Biochem. Biophys., 143.46_1971.

{54 Cohen, 8 S. and Estabrook, R. W, Microsomal efeciron traraport. {if. Cooperative interactions between reduced
diphosphopyridine mucleotide and reduced triphosphopyridine nucleotide linked reactions, Arch. Biochem.
Brophys, 143, 54, 1971.

185. Hidebrandt, A amd Estabrook, R. W, Endence for the partkipation of cytochrome b, I hepatic microsomal
mixed function oxidation reactions, Arch. Biochem., 143, 66, 1971.

156. Correis, M. A and Mannering, C. J., DPNH synergism of TPNH-dependent mixed function oxidase reactions. Drug
Mer. Disp., 1, 139. 1973.

157, Snyder, R, Kocsa J. )., Gonmsun, L., Saito, | Saatoyo, M. C., aad Witmer, C., Studies on the enzymatic
hydroxylations of benzene, N Symposium on Heme Protein P450 A discussion of Its Nature end Function. Cooper,
D. Y. Ed and Publ, Philadeiphia, 1971.

158. Witmer, C. W, Nehis, P., Krsum, P, Remmer, H., and Sayder, R, Optical and ept studies of partiaily purified rabbit
liver cytochrome P450, in Advences in Experimentsl Biology end Medicine Proceedings of the Second Philadelphia
Conference on Heme Protein P450, Cooper. D. Y. Rosenthal, P., Snyder. R.. and Witmer, C. M. _Edr. Plenum Prem,
New York. inpress,

[s9. Gillette, ). R Brodie, B. B., and La Du, K N, The oxidation of drugs by liver microsomes. on the role of TPNH
and oxygen. /. Pharmacol. Exp. Ther., 119.532. 1857

160. Udenfriend, S, Arene oxide intermediates in enzymatic hydroxylation and significance |0 drug toxicity. Ann &. Y.
Aced Sci, 179,298, 1971.

161. Hamilton, G. A., Chemical models and mechanisms for oxygenases in Molecular Mechanisms of Oxygen Activation,
Hayaishi O.. Ed.. Academic Press. New York, {974, 405.

162. Swms, P.. Epoxy derivatives of aromatic polycyclic hydrocarbons, Siockem. 1., 125,159, 1971,

163, Selkirk, J. K., Huberman, E., and Heidefberger, C, AN epoxide isan inlermediate in the microsomal metsbobism of
the chemical carcinogen dibenz{ah)anthracene, Siochem. Bioph)t. Res. Commun..43, 1010, 197t

164, Oesch, F. and Daly, J. Solubilization, purification, and properties of a hepatic epoxide hydrase, Biochim. Biophys.
Acte. 227,692, 1971,

165. Oexch, F and Daly, J., Conversion of naphthalene to rrens-naphthalene dihydrodiol: evidence for the presence of a
coupied atyl monooxygenase-epoxide hydrase system in hepatic mictosomes, Biochem. Biophys. Res. Commun.. 46,
1713.1972.

166. Conney, A H Pharmicological implications of mictosomal enzyme induction. Pharmaco! Rev., 9, 317, 1967.

167. Conney, A. H., Miller, E C., and Miller, J. A The metabolism of methylated aminocazodyes, V. Evidence for
indpction or enzyme synthesis in the rat by 3-methyicholanthrene, Cancer Res.. 16,450, 1956.

168. Conney, A. H., Gillette, J. R., Inscoe, L I, Tramu, E. G, and tans. H. S, 3.4-Benzpyrene.induced synthess of
liver microsomal enzy me s which metabolize foreign compounds, Science, 130,1478,1959.

169. Lo. A Y. Kuntzman, R., West. S., amd Commey, A H Reconstituted tver microsomal fystem that hydroxylates
drugs, other foreign compound:s mnd endogenous substrates. |, Determination OF substrate specificity by the
cytochrome P450 and 1448 fractions, Biochem. Blophys. Res Commun.. 42, 1200, 1971,

170. Lu, A- Y. snd Levia, W., Partial purification of cytochromes 1450 and P448 from fit tiver microsomes. Biochem.
Biophys Res. Commun., 46,1334, 1972,

2 171. Lu, A Y. Kuntzmanm, R., West, §., Sacobsom, M., and Conney, A H., Reconstituted Bver microsomal enzyme

system that hydroxylates drugs, other foreign compounds, and endogenous substrates, J. Biol. Chem., 247, 1727,
1972.

286 CRC Critical Reviews in Toxiology

—



172

1

176

177

17R

179

| RN

81

1R2

183.

184

185.

186.

187,

188.

189.

190.

191.

192.

193.

194.

195.

196,

197.

198.

Remmer. H. and Merker, H. 1. Fffect of drugs on the formation of smooth endoplasmic reticulum and
drug-meabolizing enzymes. Ann. N Acad. Sci 123,79, 1965

Alvares, A. P. Schilling, G, Levin, W., and Kuntzman, R, Studies on the induction of CO-binding pgments in liver
microsomes by phenobarbitaland 3-methylcholanthrene, Biochem Biophys Res. Commun . 29. 521, 1967

Stadek, N. F. and Mannering, G. J., Evidence for a mew P450 hemoprotein in hepatic microsomes from
methy tcholanthrene treated rats. Biochem Biophvs Res Commun , 24.668. 1966

Siadek, N. £. and Mannering, G. L Induction of drug metabohsm I Differences in the mechanisms by uhich
poly ¢y chie hydrocarbons and phenobarbital produce theb inductive effects on microsomal N-demethylating <y stems,
Mol Pharmaeol, §. 174. 1969

Siadek, N. E. and Mannering, G. J.. Induction of drug metabolism Y Qualitative differences in the microsomal
N-demethy lating systems stimulated by polycyclic hydrocarbons and by phenobarbital. Mol. Pharmacol . 5. 186,
1969

Shoeman, D. W, Chaplin, M. D.,and Mannering, G. J., Inductionof drug metabolism. [11. Further evidence |or the
formation of a new P4%0 hemoprotein after treatment of rats with 3-methylcholanthrene, Mol. Pharmacol. 5. 412,
1969

Fujita, T, Shoeman, D.W., and Mannering, G._ J., Differences N P450 cytochromes from liver of rats treated with
phenobarbital and 3-methylcholanthrene, J. Biol. Chem., 248, 2192, 1973,

Drew, R. T.. Fouts, 1L R.. and Harper, C., The influence of certain drugs on the metabolism and toxicity of benzene.
in Symposium on Toxicology of Bem:zene and Alkyiben:enes. Braun. D.,Ed , Industrial Health Foundation.
Pittsburgh, 1974. 17.

Drew, R. T. and Fouts, 1 R The bck of effects of pretreatment with phenobarbital and chlorpromazine on th.e
acute toxicity of benzenein rats, Toxicol. Appl. Pharmacol , 27, 183, 1974

Kocsis, J. J.. Harkaway, S., Santoyo, M. C and Snyder, R, Dimethy!| sulfoxide: interactions with aromatic
hydrocarbons. Science, 160, 427, 1968.

Stock. E. H, Hansen, A R., and Fouts, J. R., Stimulation of hepatic microsomal aniline p-hydroxylase sctivity by
dimethyl sulfoxide administration to rats, Toxicol, Appl. Phermacol., 16,728. 1970.

Norpoth, K, Witting, U., Springorum, M., and Witting, C, Induction of microsomal enzymes In the rat Liver by
inhalation of hydrocarbon solvents, Int. Arch. Arbeitmed., 33,315, 1974,

Saito, F. U Kocss, 1 J., and Snyder, R, Effect of benzene on hepatic drug metabolism and ultrastructure.
Toxicol Appl. Pharmacol., 26.209.1973.

Getboin, H. and Sokoloft, L., Effects of 3-methylcholanthrene and phenobarbital on amino acid incorporationinto
protein, Science, 134,611, 1961,

Gelboin, H. V. snd Blackburn, N, Stimulatory effect of 3-methylcholanthrene on microsomal amino acid
incorporation and benzpyrene hydroxylase activity and its inhibition by actinomycin D. Biochim. Biophys. Acta.
72.657, 1963.

Ksto, R, Jondorf, W. R, Loeb, L. A, Ben, 1_mnd Gefboin, H, Studies on the mechanism of drug induced
microsomal enzyme activities. V. Phenobarbital stbmulation of endogenous messenger RNA and polyuridylic acid
directed L (" *C) phenylalanine incorporation, Mol. Phermacol ., 2. |71, 1966,

Bresnick, E Brand, R, and Knight, ). A Ribonucleic add synthesis in methylcholanthrene treated rats, Biochim.
Biophys. Acta, 114.227.1966.

Getboin, H. Y., Wortham, J. J,, and Wison, R. C, 3-Methyicholanthrene and phenobarbital stimulation of rat liver
RNA potymerase, Nerure, 214,281,1967.

Bresnick, £, Synerholm, M. E, and Tizard, G. T., Changes in liver cytoplarmic RNA after administration of
J-methylkcholanthrene, Mol. Phermecol., 4,218, 1948,

Nebert, D. W, and Gelboin, H \, Substrate inducible aryl-hydrocarbon hydroxylase in mammalian cell culture. il.
Celular responses during enzyme induction, J. Biod. Chem., 243,6250,1968.

Nebert, D. W. and Gefbomm, H \/ Substrate inducible ary -hydrocarbon hydroxylase in mammalian cell culture. |.
Assay and properties Of induced enzyme, /. Biol. Chem., 243, 6242, 1968,

Nebert, D. W. ind Gelboin, HL V., The rok of RNA and protein synthesis in microsomal arylhydrocarbon
hydroxylase induction N cell culture: the rok of transcription and translation, 1.Bid. Chem., 245, 160, 1970.
Matsumurs, S. and Omuny, T., The effect OF phenobarbital cn the turnover of messenger RNA's for microsomal
enzymes, Drug Mer. Digp., 1,249, 1973

Conney, A. H. and Gilrman, A G., Puromyecin inhibition of enzyme inductbn by 3-methyicholanthrene and
phenobarbital, ). Biol Chem., 238, 3682, 1963.

Remmer, H. and Merker, H. ] Drug induced changes in the liver endoplasmic reticulum: association with drug
metabolizing enzymes, Science, 142, 1657, 1963,

Fouts, J. R. and Rogers, L A Morphological changes in the liver accompanying stimulation of microsomal drug
metabolizing enzyme sctivity by phenobarbital, chlordane, benzpyrene or methyicholanthrene inrats. J. Pharmacol
Exp. Ther, 147,112, 196S8.

Orrenius, S. and Ericeson, J. L, Enzyme-membrane relationthip tn phenoberbital induction of synthesis of
drug-me tabolizing enzyme system a d proliferation of endoplasmic membranes, 1.Cell. Biol., 28, 181, 1966.

June 1978 287



“199 Staubli. w., Hews, R. and Weibel, L. R, Correlated morphumetric and biochemical studies nn the liver cell |
Ltiects of phenobarbital on rat hepatocytes, /. Cell Biol. 42.92, 1969.

)0 Hildebrandt, A. Remmer, H.. and Estabrook, R. W.. Cytochrome P450 of liver microsomes — une pigment or many,
Biochem Biophys Res. Commun., 30, 607, 1968

201, Schemkman, J. B, Gmm. H., Zange. M., and Remmer, H., On the problem of possible other forms of cytochrome
P40 in liver microsomes, Biuchim Biophys Acta. 171, 23. 1969.

202 Hutterer, F., SchafTner, F. Klion, F. M., and Popper, H., Hy pertrophic. hypoactive smooth endoplasmic reticulum
e enutive indicator of hepatotoaicity exemplified by dieldrin. Scien-e. 161, 1017, 1968

103 Remmer. H.. Induction of mictosomal hydroxylase involvement of a second factor besides cytochrome P4a<n.
Hoppr Sevier's Z Physiod Chem , 349,1621, 1968.

204 Frommer, U., Ulinch, V., and Sundinger, H, Hydroxvylation of aliphatic cumpounds by liver microsomer. 11
Lffect of phenobarbital induction in rats on :pecific activity and cytochrome P450 substrate binding spectra.
Huppe Sevier's Z Phyvsiol Chem . 351,913, 1970,

25 Kato, R, Taksnaks, A, and Takaysmaghi, M., Substrate induced spectral change in liver microsomes in
phenubarbital and methylcholanthrene treated male and female rats. J. Biochem (Tokyo0).68, 395, 1970.

206 Gigon, P. L. Gram, T. E., and Gillette, J. R, Studier on the rate of reduction of hepatic microsomal cytochrome
P450 by reduced micotinamude adenenine dinucleotide phosphate. effect of drug substrates. Mol. Pharmacor.. §,
109. 1969.

207 Dustin, P., Jr. The action of mitotic poisons on normal and pathological blood cell formation, Sang, 21, 297. 1950.

208. Hirokawa, T_and Nomiyams, K., Studies on poisoning by benzene and its homologues. 5. Oxidation rate of benzene
in rat liver homogenates, Med J Shinshu Univ., 7,29, 1962.

209 Nomiyama, K., Studies on the poisoning by benzene and its homologues. 6.0xidation rate of benzene and benzene
poisoning, Med J Shinshu Univ., 7, 41, 1962,

220. Nomiyama. K., Experimental studies on benzene poisoning, Bull. Tokyo Mrd. Denr. Univ., 11, 297,1964.

21, Momiyama, K., Studies on poisoning by benzene and its homologuer 7. Toxicity of benzene metabolites to
hemopoiesis, /nd. Mealth, 3. 53, 1965.

212. Ikeds, M., Enzymatic studies on benzene intoxication, J Biochem. (Tokyo) 55, 231, 1964.

213. Gillette, J. R., Metabolism of drugs and other foreign compounds by enzymatic mechanisms. Progr. Drug Res., 6,
,43.1963.

214. Smith, D. L., The development of criteria Tor benzene, in Symposium on Toxicology of Benzene and
Alkyibenzenes, Braun, D.. BEd. Industral Health Foundation, Pittshurgh. 1974, 4.

215. lkeds, \|. and Ohtauki, H., Phenobarbitakimduced protection sgainst toxicity of toluene aad benzene in the rat,
Toxicol. Appl. Pharmecol., 20, 30, 1971.

216. Mikched, J. R, Jalbow, D.J, Potter, W. 2., Davis, D. C., Gillette, J. R., 1ad 8radie, 8, B, Acetaminophen-induced
hepatic m¢crodds. |. Role of drug metsbolizm, /. Pharmacol Exp. Ther, 187,18S, 1973.

217. lollow, D. J., Mitchell, J. R., Potter, \\. Z., Davis, D. C., Glllette, J. R, and Brodie, B, B., Acetaminopheninduced
e patic necrosis. Il. The role of covalent binding in vivo. 1.Marmacol. Exp Ther., 187, 195,1973.

218. Potter, W. Z., Davis, D. C., Mitchall, J. R., Jollow, D. J, Gillette, J. R., and Brodi¢, B, B., Acetaminophen-induced
hepatic necrosis. . Cytochrome P450 medicated covalent binding in viiro, 1. Pharmacol. Exp. Ther., 187, 203.
1973.

219. Mitchell, ). R, Jollow, D. | Potser, W. Z., GiBette, J. R, and 8rdie, B, B, Aceluminophen-induced hepatic
necrosis |V, Protective role of glutathione, J. Marmacol Exp. Ther., 187, 211, 1972.

220. Zamgpagione, N., Jollow, [. 1., Mitchell, J. R., Stripp, B., Hamrick, M., and Gillette, ). R.. Role of detoxifying
enzymes in bromobenzene-induced liver necrosis, 1.Pharmecol Exp. Ther., 187, 218, 1973.

»s CRC Critical Reviews in Toxicology



