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EXPERIMENTAL BENZENE INTOXICATION

I. INTRODUCTION

Occupational diseases have been with us for several centuries, but
the problem of industrial toxicity has increased markedly since the
industrial revolution and recently, in the postwar era, especially in the
plastics industry, where large quantities of benzene were being used as

starting material for chemical synthesis.

The American Conference of Governmental Industrial Hygienists has
recommended that workers not be exposed to atmospheric levels of benzene
exceeding 25 ppm, while NIOSH suggests that exposure should not exceed 10
ppm as a time-weighted average of a 10-hour day or 40-hour work week,

with no exposure exceeding 25 ppm.

The incidence of acute toxicity is low but can under conditions of
stress be fatal. The most important effect of chronic exposure to
benzene is depression of bone marrow. Both acute and chronic benzene
exposure result in changes in the blood, central nervous system (CNS),
vascular function, and liver, kidney and lung functions. Additionally,
there is evidence to show that benzene causes birth defects and loss in

body weight in experimental animals.

The symptoms of acute and chronic benzene toxicity are different.
While benzene itself appears to cause acute toxicity, its metabolites

appear to play an essential role in chronic toxicity.

Experimental evidence in animals suggests that, barring cases of
hypersensitivity, there is in all likelihood a relationship between age,
sex, route of administration, dose, duration of exposure, and the degree
of severity of the toxic effects of benzene in various species. Thus,
each of the above parameters becomes important in the in vitro testing

system (1).




It 18 now well established that the toxicity of benzene is related to
tts solubilaty 1n the body lipids, and under chronic conditions of

exposure, its accumulation 1s greatest in the tatty tissue (2).

For the purpose ot this review, acute toxicity s detined as
resulting trom a single exposure (inhalation), injection intravenous
(iv), subcutaneous (sc), intraperitoneal (ip), i1ntramuscular (iwm), oral
administration (po), or direct contact (by application or accidental
contact). Subchronic toxicity results from repeated treatment during a
90-day period or less (short term tests), and chronic results from

repeated treatment over a period of 2 vears or more (long term tests).

Ihe eftects of benzene on in vitro cell and organ cultures and organ

and tissue extracts, as well as its metabolism (in vive) and studies on

1ts mechanism of action, will be described under acute toxtcity.

lntormation Sources

fhe 1ntormation contained in the body of this backup document 1is

basically derived trom such current critical reviews as:

Q Occupat tonal Exposure to Benzene, DHEW, No. (NIOSH)74-137
(NTIS TB 240-700), 1974

o A Critical Bvaluation of Benzene Toxicitvy, 1977, Editors,
S. Laskin and B.D. Goldstein, N.Y.U., Institute of
Buvironmental Medicine, tor APl, Contract U=150-1a4 (pPs=7)

o Benzene Health BEftects Assessment, 1977, EPA. External
Review Dratt

0 Mutagenicity Studies with Benzeune, J. Lyon, 1975,
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The specitic points of information noted in the backup document were

checked by reading the pertinent literature citation. In addition, a few

pertinent citations that were identified through a Tracor Jitco
literature search are included. ‘The information contained in the backup
document 1s summarized in the appended matrix. The term 'mnone reported",
which appears in the matrix, means that no literature reference related

to that particular item was identified.
IT. ACUTE TOXICITY (including in vitro observations) i

l. Hematologic Effects

Leucopenia. Single sc injections of benzene (1 ml/kg) into rabbits
produced a rapid fall in the number of leucocytes in the peripheral blood
within 24 hours of treatment (2). Female rabbits were found to be more

sensitive than males to the leucopenic effect of benzene (3).

Hemolysis. Exposure to high concentrations (10,000 ppm) of benzene
resulted in high blood levels of the toxin in rabbits (20-30 mg/100 ml),
and this produced a decrease in red blood cells (RBC) and an increase in

the RBC resistance to saponin and hemolvsis (4).

2. Bone Marrow Changes

Erythropoiesis. In an attempt to detect early eftects of benzene on

, b ; eRla
RBC production, Lee et al. (5, 6) used the incorporation of Fe 1nto

the hemoglobin of maturing red cells as a measure of RBC syvnthesis in the
mouse. They found that single sc doses of benzene (440-2200 mg/kg)
reduced 59Fe incorporation into erythrocytes at a time when leucocyte
production was not affected. Using this technique, it was possible to
show, in agreement with Steinberg (7) and Moeschlin and Speck (8) who
used the radioautographic method, that the early stage of red cell
maturation, involving pronormoblast and normoblasts, was more sensitive
to benzene toxicity, than were the stem cells, (colony-torming cells,

CFC), reticulocytes, or the process of hemoglobin synthesis.




However, Uyeki et al. (9) have recently shown that mice exposed to
benzene vapors (4680 ppm for 8 hours) show a significant depletion of the
CFC of the bone marrow 24 hours following exposure, indicating that the
precursor cells of the hemic cell renewal system are sensitive to benzene

inhalation in mice.

3. Immunologic Response - None reported.

4. Central Nervous System (CNS) Effects

The narcotic threshold concentration for laboratory animals is about
4000 ppm. Concentrations above 10,000 ppm result in death within a short
time. For example, rabbits exposed to 35,000-45,000 ppm of benzene
developed light anesthetic reactions at 3.7 minutes (min) followed by
excitation and tremors (5.0 min), loss of papillary reflex to light (6.5
min), loss of blinking reflex to tactual stimuli (l11.4 min), papillary
contraction (12 min), involuntary blinking (15.6 min), and death (38.2
min) (10). Low doses (0.1 mg) given iv resulted in excitation, severe

hemolysis, and death (11).

Gerarde (2) noted that effects such a breathlessness, nervous

irritability, and unsteady gait may persist for a period of 2-3 weeks.

Orally, benzene was more toxic to l4-~day-old rats and young adults
than to older males. The oral LDSO's for the newborn, young, and adult
male rats were 1.0, 3.8, and 5.6 mg/kg, respectively (12). Higher doses
resulted in paralysis (hind limb), petechial bleeding (urinary tract,
eyes, nose), and mild, acute gastritis accompanied by stripping of

epithelial cells of the stomach lining (2, 13).

5. Behavioral Effects - See CNS Effects.
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0. Cavdiovascular Eftects

Nahum and Hott (14) exposed cats and monkeys Lo air saturated with
benzene vapor and recovded ventricular extrasvstole or pertods of
ventricular tachycardia, which occasionally terminated 1 vertoiceula
tibrallation.  The postulated mechantsm s the rapid velease of the

adrenal hormone, opir- and novepinephrine, into the bloodstrean,

sensitizing the mvocardium to the action of benzene.

- Bochemical and Histochemical Changes

Spinal Cord. A histochemical assav of the spinal cord ot mice
exposed tor 40 minutes to 00 mp,/ 1 ot benzene an are (LS, 780 ppa) revealed
a decrease an the activity of succinic dehvdrogenase, NADH diaphorase,
alkaline phosphatase, S-aucleottdase, aciud phosphatase, and thiolacetae
esterase.  There was also an elevatiton ot deoxviibonue lease 11 ta the

white matter of the spiaal cord CL5 )«

Succinie dehvdrogenase s daivect Iy assoctated with benzene

metabolism, but the functions ot the other enzvmes tematn (o be 4

cluctdated. Jonek ot al. (1M sugpest that benzene selectaively

it luences oxtdation an neurons, and they postulate that the changes

could rvesult trom a divect leston on the Lipoprotein membrane ot the cell.
Brain. Kadvrov and Satavov (10) exposed vabbits o 39 mg 1oand O03%

me Lot benzene and measured the actaivaty ot glutamie decarboxylase in

vartous aveas of the brain. the actaivity ot the enzvme was sipnd reant 1y

tncreased at both concentrat tons.

Kidney.  Fasvmatte activity was studied o Kedoey slhices ot mee
exposed to 3750 ppm benzene (LD mg/ 1) tor 40 minutes; some were kil led
mmediate Iy and some were killed one hour latev. Histochemical studives
showed ncreased suceamate dehvdropenase and NADH taphovase ‘
(respiratory enzyvmes) and Ca-tormol-AlPase and alkaline and acad

phosphatases (active (ransport ensvaes) activityv.  However, the actawvaly
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in all the enzymes, except the acid phosphatase, was decreased at 3 hours
and increased at 12 hours post exposure. The acid phosphatase activity
did not decrease until 12 hours after exposure (17). The authors
considered that benzene initially activates the processes ol

intrace [lular respiration and active transport and then depresses them.
A subsidence of the poisoning symptoms was observed in the tinal phase of

the experiment.

The above enzymatic studies demonstrate the connection between enzyme
activity and benzene toxicity. A tew enzymes, such as the
dehydrogenases, have been found to be directly responsible tor benzene
metabo lism, but the functions of most of the others remain to be

e lucidated.

8. Eftect on Body Weight, Organs and Ti.

Body Weight. No adverse etftects reported.

Skin. The defatting ctfect of benzene is well known. Withey and
Hall (13) and Gerarde (2) showed that direct contact with high

concentrations of benzene leads to hemorrhage and destruction ot the skain.

Fatty Tissues. Withey and Hall (13) noted destruction of the soft
tissues of the internal organs in rats, which resulted trom lipid

solubility of benzene. |

Spleen, Thymus and Lymph Nodes. Benzene pi oduced a marked
reticuloendothelial response in the lvamph node, spleen, thymus and bone
marvow of rvats (I18). Single s¢ injections of 0.4 wml/kp resulted in
decreased thromboceyte tormation (120 hours), increased number ot
macrophages in the lymph node and thymuas (10 hours ), and marked
proliteration of reticuloendothelial cells in the spleen, accompanied by

aberrant morphology.

(8]
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Other Organs. High doses of benzene produced hemorrhage in the

brain, pleurae, pericardium, urinary tract, and mucous membranes of rats

C2),
9. Cyto lﬁ&i C _;lll\l‘ _C)‘_l ogenet 1C Ettects

Nuclear Aberrations. Roundanelli et al. (19, 20) observed giant
nuc lei among erythroid precursor cells of humans and newts exposed in
vitro to 135 microgram/ml ot benzene.  Observations over several hours
showed that mitotic abnormalities were the rvesult of unequal nuclear
diviston, polynucleated cells, and atypical nuclet. Benzene induction ol
giant nuc lei occurred through polyploidy, as scen in preparations trom

exposed humans (21-25).

Chromosomal Aberrations. An increased ineidence of chromatid breaks
and gaps was observed in cultured human leucocyte and Hela cells at 1.1
or 2.2 xl()”’iM benzene after briet exposures to benzene (20, 27).
Another study in which the peripheral blood {ymphocytes were stimulated
by phy tohemagglutinin (PHA) exposed to benzene tor 72 hours resulted in
both numerical and structural alterations in chromosomes (28).  la this
study, ancuploidy was seven times more f{requent in treated cultures, and
chiromosomal breaks were seen in LG of the treated cells as compared with

15 ot the controls.

In one other study in which rats were injected sc (2 ml/kg) with
benzene, chromatid breaks and gaps were observed at 12 and 24 hours in

cells of the bone marvow (29).

Stuce chromatid gaps are ditticult to interpret because their rvates
vary significantly with the interpreter and the prepavatton, their
e lusion as chromosomal abervations has been questioned.  For example i
the study where toluene-tested controls were used (30), signiticant

increases in aberrations were also tound tn the controls, but the

SR - N v S Ao v




benzene-treated animals in this group showed a greater number ot breaks
than gaps as aberrations. Exchange figures, i.e., ring forms,
translocations, and dicentrics, which result from abnormal repair after

breakage, were rarely secen.

10.  The Molecular Site of Benzene Toxicity

DNA Synthesis. Moeschlin and Speck (8) injected rabbits with single

doses (2 mg/kg) ot pure benzene and tound that DNA~synthesis in bone

marrow cells 1s severely inhibited at this dose.

. - - . : - 14 2 e :
Some 1nvestigators have used 1ncorporation of C-thymidine into
the nucleus as a measure of DNA synthesis. By this technique a decrease

in DNA synthesis was demonstrated in human lymphocytes and Hela cells

rS

(20, 27) in culture, tollowing brief exposures to small doses (l.] or 2.
-3 : S ! s .
x 10 "M) of benzene. Inhibition of DNA synthesis means that benzene is

acting as a "mitotic poison".

RNA and Protein Synthesis

Polyribosomes. In vivo and in vitro studies on rat liver
polyribosomes and soluble RNA synthesis showed that single doses of

benzene (0.52-5.63 mM) given ip produced (31, 32):

a. Inhibition of in vitro protein synthesis in the polyribosomes

b. Disaggregation of liver polyribosomes with ribosomal monomer and
dimers and appearance of an intermediate peak not found in
controls

Ce Inhibition of incorporation of labeled RNA precursor into
polyribosomes but not into total hepatic RNA

d. An increase in soluble (4S) RNA (31, 32).
These observations were interpreted to mean that the primary toxic
action of benzene is at translation and that the defect specitically is

at the level of the ribosome associated within RNA, namely the inhibition

of initiation of synthesis.

oo s <
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Other studies that support the above observation are those of Lee et
3

al. (5), who tound decreased qu incorporation into mouse bone marrow
after benzene injection (sc), suggesting that benzene aftects heme
synthesis, which is necessary for the initiation of synthesis of most, it
not all, proteins. Hemin (50 mM) was tound to prevent benzene-induced
heme inhibition in rabbit and human reticulocytes (33), and benzene
etfects were tound to be associated with reversible conversion ot

polyribosomes of smaller aggregates, predominant ly monoribosomes.

Heme Synthesis. Freedman et al. (34) studied the incorporation ot
, 14 : 14 : - el .
L=-2-""C glycine and L- C leucine into rabbit reticulocytes suspended
!
in media containing benzene (0.113 M).  They tound a 50% inhibition in

5 : : A . e ;

incorporation of both precursors. When 4= C aminolevulinic acid (ALA)
was used, no inhibition was observed. Since ALA measures heme synthesis
beyond ALA synthetase, the authors concluded that benzene inhibits heme

synthesis at or before this enzymatic step.

ALA-Synthetase. ALA-synthetase plays a key role in erythropoiesis.

Levere and Gidari (35) summarized the data showing that evythropoietin
and 5 B-H steroids stimulate erythropoiesis, heme and globin synthesis in
bone marrow cells by inducing ALA synthetase. Recently Glass ot al.
(36), using murine bone marrvow erythroid precursors, showed that
erythropoietin stimulates ALA synthetase and heme synthesis betore it
stimulates globin synthesis. It was also shown that heme synthesis was
maximal in the earliest precursor cells and decreased with cell maturity,

while globin synthesis increased with cell maturity.

It is postulated that benzene, by acting on or betore ALA svathetase,
prevents initiation ot heme syunthesis and depression of heme-controlled
repressor (HCR), which in turn are necessavy tor globin synthesis and

erythropoiesis.

9
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Aplastic Anemia and Heme Synthesis. It is believed that very early

inhibition of bone marrow precursors leads to the development of aplastic
anemia. Since ALA synthetase is the rate limiting enzyme, it along with
other enzymes in the pathway will have to be inhibited. Robinson and
Climenko (37) exposed rabbits to a nonfatal dose of benzene and recorded
a concentration of benzene in the RBC of up to 25-30 mg/100 ml of blood.
On the basis of a 20-fold increase in concentration, a value of 500-600
mg/ 100 1 would be expected for the marrow. In the in vitro reticulocyte
studies (33, 34), concentrations of 438 mg/100 ml were used.

Conceivably, these studies reflected what occurs in vivo in humans.

The studies described above relate to acute benzene exposure, and
most cases of aplastic anemia are caused by prolonged exposure.
Furthermore these studies do not take into account the possible eftects
of environmental pollutants such as alcohol and lead, which inhibit heme
and protein synthesis in reticulocytes (38-42) and cause a sideroblastic
anemia in humans (43, 44). 1In cultures of rabbit leucocytes, lead also
produces polyribosomal disaggregation, which is reversed or prevented by
hemin (39) and formation of HCR, which in turn block initiation of

protein synthesis (45).

Heme Synthesis and Cyclic AMP. 1In intact reticulocytes in vitro,

epinephr ine (lO—bM), teophy lline (IO_AM) and dibutyryl cyclic-AMP
(lO_QM) all elevate cyclic-AMP concentrations within one minute of
incubation. These results suggest that reticulocytes contain adenyl
cyclase and phosphodiesterase systems (36). Benzene itself does not
change the cyclic AMP levels in the cells, but when it is administered
along with either of the above compounds, it stimulates cyclic AMP and

prevents heme and protein inhibition.
This means that in intact reticulocytes, cyclic-AMP elevates benzene

inhibition of heme synthesis which then allows inactivation of

heme-controlled repressor, thus permitting normal protein synthesis.

10
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Further investigation into the relationships of heme synthesis,
cyclic-AMP, and pyridoxine metabolism might prove to be of therapeutic

value in the treatment of benzene hematotoxicity.

It must be emphasized that the above in vitro findings in animal
cells cannot be directly extrapolated to occupational exposure
situations. However, it should be noted that the rabbit reticulocyte,
which is extensively used as a model of hemoglobin synthesis, has proven

extremely useful in the identification of agents toxic to humans (36).

ll1. Embryonic and Teratogenic Effects

Watanabe et al. (47) injected pregnant mice sc with single doses of
benzene (3 mg/kg) on days l1-15 of gestation. The fetuses, delivered by
cesarian section on day 19 of gestation, showed anomalies of the palate
and jaw. Increased maternal body weight and decreased maternal WBC count

were noted in dams with and without malformed fetuses.

12. Metabolism in Animals

In vivo Metabolism. Few investigations on benzene toxicity involve

the use of species other than the rabbit, rat, mouse and dog. Regardless
of the route of administration, benzene is eliminated both in the expired

air and in the urine.

William and his co-workers found that 21% of a dose of benzene given
po to rabbits was excreted mainly as phenols (phenol, catechol, quinol,
and hydroxyquinol) and a small amount as trans-trans-muconic acid
(nonaromatic material) (48). The excreted phenols were conjugated either
as glucuronides or as ethereal sulfates (49). Over 95% of the phenol and
60% of the hydroxyquinol, catechol, and quinol were eliminated during the
first two days. The elimination of hydroxyquinol was maximal on the
third day, which suggested that dihydroxyphenols were subsequent
oxidation products of phenols and that the trihydroxyphenol was an even

later oxidation product (49).
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More accurate and quantitative determinations were pertormed when

radioactive labeled benzene became available. Parke and Williams (50)
administered i C=benzene (0.34-0.5 mp/Kg po) to vabbits and recovered
84-89% ot the dose as radioactivity in expired alr, urine, feces, and
body tissues. I[n the expired air, 433 was recovered as unchanged benzeae
and 1.5% as l“\TU‘. with elimination beginning 12-18 hours atter
administration and continuing tor several days. The urine contained

oW

Ja.5% ot the radioactivity, with phenol accounting tor 23.5% and the
rematnder consisting of hvdroquinone (4.8%), catechol (2.2%),
hvdroxvhyvdroquinone (0.33), trans-trans-muconic acid (1.3%), and

pheny lmercapturic acid (0.50).  The teces and body tissues contained

5=10% ot the dose and the bile 1%,

Benzene metabolism has also been studied tn rats.  Cornish and Ryan
(O1) gave ip injections (88 mp/kp) and tound a 237 vield ot phenol in the
urine, /0% ot which was conjugated as sultates, 7% conjugated as
glucuronides, and the rest were free phenols. A higher percentage ot
organic sultates was observed in another study (52), 1n which the

metabo Lism was complete by 8 hours (53).

In dogs treated with 10-100 mg,/ky v, 55=80% ot the dose was excreted
in the urtne as a mixture ot phenylglucuronides and phenylsultates.  Cats
and pigs showed stmilar metabolism, but the goat predominant lyv excreted

“

phenylsultate (75%), the rematnder being glucurontde (250 and about only

IS phenol (H54).

Thus 1t appears that, vegardless of the route of administration,
benzene is eliminated both in the exptred atr and ta the urtne.  The
expived air predominant ly consists ot unchanged benzene and €0 . 1o
the urine, phenol represents the largest quantity among the conjupated
metabolice oxidation products ot benzene, accompanied by smaller amounts

ot catechol, hvdroquinol, and hydroxvhyvdroquinol.  The liver appears to

be the major site ot both oxitdation and conjugation.




Mixed Function Oxidase and Cytochrome P450. Results trom several

studies indicate that benzene is hydroxylated by cytochrome P450 and the
mixed function oxidase in the liver microsomes of the rat, rabbit, and
mouse (55-57). Benzene reacts with cytochrome P450 and P448 in much the

same way as other substrates tor mixed function oxidase.

Benzene Hydroxylation. The mechanism of hydroxylation of benzene by

mixed function oxidase has not yet been determined. Studies by Jerina
and co-workers (58 to 60) suggested that the reactions probably occur via

the formation of arene oxide intermediates.

Arene Oxides. The products of arene oxide degradation result from
either enzymatic or nonenzymatic reactions. Nonenzymatically, they
undergo isomerization to torm phenols; enzymatically, they may be
hydrated to a dihydrodiol by the action of epoxide hydrase, tollowed by a
subsequent reduction to catechol. The significance ot the latter pathway
1s not understood as yet since very little catechol is tormed in the
course of benzene metabolism. Another enzymatic reaction is the transfer
ot glutathione to arene oxides by the enzyme, arene oxide-glutathione
transterase. The glutathione conjugates are readily metabolized to

premercaptopuric acid followed by dehydration to mercapturic acid (59).

Perhaps the most significant reaction ot arene oxide with cellular
nuc leophiles (nucleic acids and proteins) is that which could result in
cellular damage indicative of benzene toxicity and carcinogenesis. The
stability of a particular arene oxide will also influence the extent of
its nonenzymatic reaction with intracellular nucleophiles. Although the
proposal is attractive that arene oxides are the bioactivated
intermediates responsible for binding and for the cytotoxic and
carc inogenic effects of polycyclic hydrocarbons, the possibility that
metabolites other than arene oxides sre the active agents in

carc inogenesis should certainly not be excluded.
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the nature and the binding site of arene oxides, the structural

parameters and the kinetics that intluence their activity, and thei:
binding capacity to specitic target molecules ave still under

tnvestigatiron.

In summary, the metabolic tate of benzene can be visualized as the
tormation of an avene oxitde, tollowed by the rvearrangement to the less
chemically active phenol, the interaction ot the oxitde with cellulay
nuc leophiles, or the enzyvmatic conversion to either dihvdrodiol orv a

mercapturic acid.

Rate ot Benzene Metabolism. The vate of benzene metabolism can be
determined by the dose of benzene and by compounds that stwmulate or
inhibit benzene metabolism.  derarde and Ahlstrom (52) and Savder (ol)
demonstrated a dose dependency tor the rvate of benzene metabolism tn the
rat and mouse, respectively. Pretreatment of rats with phenobarbital
(04) and toluene (53) 1nhibits benzene toxicity.  Because benzene s
metabolized via the hepatic microsomal mixed function oxidase (55), 1t s
to be expected that the compounds that stimulate the activity ot that
system might increase the rate of benzene metabolism, while those that

react with cvtochrome Pad0 might tnhibit benzene wmetabolism,

Norpoth et al. (03) exposed vats to 450 ppm ot benzene vapors tor W0
davs and tound an increase 1o cytochrome Pad0 levels (050), and Drew ot
ale (04) tound an increase in microsomal benzene metabolism tollowing
exposure of vats to 2000 ppm tor 4 hours dav tor 3 davs. However, the
tatlure ot DMSO to stmilarly increase covtochrome Padl) levels sugpests
that other factors may play a rvole tn determining the rate ot benzene

metabolism,

Enzyme lnduction. 1o addition, pareateral admimistration ot beasene
also tucreased the rate of zoxazolamine hvdroxyvlation and p-uitvodbeasotc

acid reduction tn rvats (05). There tore benzene appears to tunction as a

microsomal stimulant that can tncrease the rvate ot drug metabo liswm
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without increasing P450. 1Induction by benzene is characterized by an
tncrease in metabolism and in the incorporation of amino acids into
microsomal protein within 24 hours of a single dose, but no proliteratton
ot the smooth endoplasmic reticulum (SER) was observed at that time (05,
00). After ! or 2 weeks of benzene treatment, SER showed proliferation
and the metabolism of benzene remarned slightly elevated. No
relationship was found between the degree of proliteration of SER and the

rate of benzene metabo lism.

Since enzvme induction by benzene involves proh'in synthesis, the
data suggest that at least two ditfterent types of protein may be
synthestized to account tor increases in the benzene metabolic rate. The
observation that tncreasad benzene metabolism, tollowing itnduction with
benzene was not accompanied by raised cvtochrome P450 levels is
consistent with tnduced svathesis ot a minor component of the microsomal
cvtochrome P450 population which is responsible tor benzene
hyvdroxylation. This small elevation 1n cytochrome Pa50 level would
become apparent only when measuring binding spectra and not when
measuring total cyvtochrome P450 levels. On the other hand, the
observations of Norpoth et al. (03) that cvtochrome P450 levels do
tncrease 1n rats exposed to benzene vapor indicate that the increase
produced by benzene may not be sufticient to be detectable within 24
hours. Several studies have shown that the rate ot metabolism was more

he bind g,

closely associated with the optical density changes in t
spectra than with cvtochrome Pa450 content of the microsomes tollowing

enzvme induction (07, o8).

There 1s evidence that the velatiouaship between the rate of benzene
metabolism and the binding spectrum may be due to the itnduced svathesis
of a so~-called "bin\{in}'_ pl'\‘t(‘iﬂ"' which tacilitates the l‘inding ot the
substrate to the cvtochrome (09). Thus the rate-limiting step in
hvdroxy lation of benzene 1s the rate at which the enzyme substrate
complex is reduced. A protein that tucreases binding will hasten the

rate of reduction and thereby stimulate benzene metabolism,
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Benzene Metabolism and Toxicity. Very tew attempts have been made to

correlate benzene metabolism with benzene toxicity. Following the
studies of Parke and Willtams (70) in which phenol and polyhydroxylated
phenols were identified as benzene metabolites, Dustin (71) suggested
that the metabolites might be responsible tor benzene toxicity through

two mechanisms:

(1) The quinonme-yielding metabolites (catechol, quinol, pyrogallol)
could react directly with chromosomes and intertere with mitosis
(erythropotetic syvstem) or produce an arrest in maturation (bone
marrow cells) or both, and could also inhibit DNA and RNA

synthesis (hemopoietic cells).

(2) Cell division and maturation could be inhibited through benzene
detoxification via sulfo-conjugation, with subscquent depletion

of glutathione in bone marrow leading to bone marrow depression.

No evidence has yet been developed to support either suggestion.

In vitro studies showed that phenol, catechol and hydroquinol ave
mitotic toxins. Nomiyvama (72) administered benzene metabolite to rats at
dose levels similar to those observed in metabolic studies and tound that
only the catechols depressed bone marvow by causing anemia and
leucopentia. lkeda (73) exposed rats to benzene in air at 1000 ppm for
hours/day, 5 days a week and found that the order ot increasing
sensitivity based on leucocyte depression was: voung temales, adult
females, and finally males. He evaluated aryl-4 hydroxylase, ethereal
sultfate, and glucurontde-torming enzymes and conc luded that the best
corre lation between benzene toxicity and metabolism would be made between
the rate of ethereal sultate tormation and toxicity. No correlation
between metabolism and toxicity for the other enzvmes was tound. Other
studies, in which rats treated with phenobarbital metabolized move
benzene and were resistant to benzene-induced leucopenia, indicated that

phenobarbital may either have detoxitied benzene or hastened the vemoval

of a toxic intermediate (74).




13.  Possible Leukemogenic and Tumorigenic Effects - None Reported.
LIl SUBCHRONLC TOXICLLY (Short Term Tests)
L. Hematologic Ettects

Leucopenia. Four reports have been selected to exemplify
subchronic eftects of benzene 1nhalation in laboratory animals.
Deichmann et al. (75) exposed rats to varying concentrations of benzene
in atr (44-65 ppm) and found that the time tor development of signiticant
leucopenia was dose- and time-related. Thus exposure to 6l ppm or more
induced significant leucopenia between atter 2-4 weeks ot exposure, 44
and 47 ppm induced moderate but definite leucopenia after 5-8 weeks of
exposure, and 15-29 ppm did not induce any changes in the hemopoiletic
tissue after 3-7 months exposure. The number of red blood cells and the
hemoglobin concentration in circulating blood were not affected by any ot
the exposures. Guinea pigs given 23 exposures in 32 days developed mild
leucopenia (76). 1In a study where rvats, guinea pigs, and dogs were
exposed (817 mg,m&\ for 30 exposures in a b-week period to benzene
vapor, a decrease in leucocytes occurred in the rat and an increase in
the dog. No change was found in the gulnea pig (77). Other effects
besides leucopenia included slight anemia, thrombopenia, and progressive
depletion of myelopoietic cells in bone marrow (78). Leucopenia was also
seen in animals given benzene by the sc route (1 mg/kg for 3 weeks) (2).
Rotter (79) observed a prolongation of prothrombin time, accompanied by a
decrease in serum proteins in gulnea pigs exposed to benzene vapors (4

mg/l) for & hours daily for 5 weeks.

Sex-Related Changes in Leucocyte Count. Sex differences in benzene

poisoning have been observed in the rat. Female rats exposed to 10,000
ppm daily for 20 days respouded with a 60% decrease in the total
leucocyte count in the peripheral blood. Under similar experimental
conditions, the males showed ouly 30% decrease (80, 100). Male rvats

feminized by castration or injected with 1.0 mg/kg of estrogen reacted
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more severely than rats given androgen (81). Conversely, female rats
masculinized by ovariectomy or testosterone injections showed increased
leucocyte counts for the first 30 days, followed by a rapid decrease
thereafter (81). Although Ito did not analyze his data statistically,
his experiments and those of others (75) showed unequivocally that female
rats were more susceptible to benzene than males. It was suggested that
the greater susceptibility of the female to benzene could be due to the

high affinity of benzene for fatty tissue (82).

2. Bone Marrow Changes

Hypoplasia. Sc injections of varying amounts (0.5-3.0 ml) of benzene
(in olive o0il) to guinea pigs produced initial leucocytosis, followed by
mild leucopenia and granulocytopenia in 6-8 days. These changes were
progressive, and animals that survived for 15 days or more developed
profound leucopenia and granulocytopenia. Other cellular changes
included the appearance of "primitive" (Q-cells of aplastic anemia) and
giant cells. There was a marked shift to the left of the myeloid
elements, suggesting impairment of cell maturation. Abnormal cytoplasmic
basophilia was a conspicuous feature in both myeloid and erythroid cells
in the marrow of benzene-treated animals. These abnormalities are
suggestive of a dissociation of nuclear and cytoplasmic growth and

maturation, possibly resulting from a metabolic block to some biochemical
level (83).
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The above observation, coupled with the fact that a lag period of 6
to 8 days is necessary for development of leucopenia, indicated that the
primary effect of benzene was on the bone marrow (83). The leucopenia
and granulocytopenia were accounted for by the natural death of the
circulating leucocytes, which were inadequately replenished by the bone
marrow due to toxic damage by benzene. The results of this experiment
were in disagreement with those of Latta and Davies (84), who postulated
that benzene exerts toxic effects primarily on the mature leucocytes in

peripheral blood, and the bone marrow is affected secondarily.

A rapid fall in femoral marrow nucleated cell counts was also
observed in rats (1 or 2 mg/kg for 3-5 weeks) by Koike et al. (85) and (l
ml/kg for 2 weeks) Gerarde (2). In the latter study, leucopenia and

involution of the spleen and thymus were also noted.

3. Immunologic Response

It has been shown that the complementary potential of native serum is
decreased in rabbits receiving a sc dose of 0.5 ml/kg of benzene every
other day for 40 days (86). 1In another study, rabbits treated with
benzene lacked the serum complement activity against iv administration of
increasing doses of vaccine (87). These observations suggest that
benzene inhibits the tissue and humoral factors that control the immune
de fense mechanisms. In a third experiment in which leucopenia was
induced through sc injection of benzene (0.3-1.0 ml/kg for 5-10 days),
the appearance of the leukoagglutinin type antibody was noted in the
blood of those rabbits that showed leucocyte counts of 3500 per 1 mm3
of blood or less (88). Tikhachek and Frash (89) also noted a
potentiation of the autoimmune process in rabbits injected sc with

benzene.
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4. Central Nervous System Eftects

No central nervous system ettects were observed by Deichmann et al.
(75) at any ot the benzene concentrations they used (15-831 ppm) to
intermittent ly expose rats over a 90 day period.

. Behavioral Eftects - None Reported.

t. Cardiovascular Effects

Rats did not shown any abnormal cardiovascular response to

intermittent exposure to benzene (15-831 ppm) (75).

/. Biochemical and Histochemical Changes

A coanstderable number ot studies have been done on the levels ot
cnzymes and intermediates in blood and organs with the objective of
tinding subtle changes trom benzene poisoning. 1t is now believed that
the toxic ettects of benzene are primarily on the enzymes that control

its oxidation in the body, such as the peroxidases and catalases.

Brain. Muzyka (90) injected male rabbits sc with 0.1 and 1.0 ml/ky
of benzene daily tor 12 days and measured the delta-aminolevalinic acid,
porphobilinogen, copro- and protoporphyrin in the grey matter of the
brain. He noted that the direct action of increasing benzene
concentrations upon the secreted enzymatic preparation resulted in a
gradual tall of its activity, with an attendant increase in
delta-aminolevulinic acid levels. From this, it was conc luded that the
intluence of benzene on porphyrins biosynthesis in the grey matter of the

brain involves induction of the delta-aminolevulinic acid synthesis.
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Serum. One of the earlier studies on catalase activity in blood of
rats injected daily with I or 2 ml of benzene/kg was conducted by
Hasegawa and Sato (91). A 00-80% decrease in activity was observed
within 10 days and this declined still further by 3 weeks. The decrease
was definitely not due to phenol. Since the physiological action of this
enzyme is still uncertain, the significance of these results is not

interpretable in terms of benzene metabolism.

In another study, repeated exposure ot rabbits to benzene resulted in
increased serum aldolase levels in 10 days. Glutamic oxalacetic
transaminase and glutamic pyruvic transaminase levels were not affected.
Again the role of aldolase in benzene metabolism remains to be elucidated

(92).

Rotter (79) exposed guinea pigs to benzene vapors (6 hours/day tor 5
weeks) and found increases in aspartate and alanine aminotransferase
activities throughout the test period. Aldolase activity in this
experiment remained unchanged, but cholinesterase activity decreased

during the first weck.

Rozera (93) examined the alkaline phosphatase activity in
erythrocytes and the concentration of phenol in the blood of rabbits
given intramuscular (im) injections of 0.5 ml/kg of a 30% oil emulsion ot
benzene. He found the serum phosphatase activity was inhibited. The
inhibition occurred carlier and lasted longer in the erythrocytes than in
the leucocytes. The blood levels of phenol were increased initially but
returned to normal by 30-60 days following exposure. The author
suggested that inhibition of the alkaline phosphatase activity was due to
the products of oxidation of benzene (phenols) rather than to benzene
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Frash and Karaulov (94) injected rabbits sc daily with 0.5 ml/kg ot

benzene tor 2-3 weeks and rats with 2 ml/kg for 4 weeks, then determined

the RNA, the acid phosphatase, succinate-dehydrogenase, and lymphopoietic
activity of the blood serum histochemically. They observed a decrease in
lymphocyte counts, a depression in RNA synthesis, and a decrease in

activity of both enzymes.

Liver. lkeda (73) exposed rats of difterent ages to 1000 ppm ot
benzene, 7 hours a day, 5 days a week for 60 days and tound an increasce
in aryl-4-hydroxylase and UDP-glucuronyl-transferase activity. Both
enzymes were i1nvolved in benzene metabolism. Other liver enzymes
concerned with sultating activity (sultate adenyltransterase,

adenylsultate kinase, aryl-sultotransterase) were not aftected.

Histochemical studies on liver and kidney slices trom mice exposced to
24 mg/l tor 60 hours a day tor 2 weeks showed damage to the mitochondria,
and this was retlected in depression of succinic and lactic acid
dehydrogenase, glucose-o-phosphate dehydrogenase, and NADH, -tetrazole
reductase activity. The eftect of benzene on alkaline phosphatase was

inconsistent (95,96,97).

The microsomal mixed function oxidase system is a relatively
non-specitic enzyme system that is primarily responsible for the
metabolism of many xenobiotic compounds (98). Activity requires
mo lecular oxygen and NADPH, which revolve round a series of reactions of )
a heme-containing protein, cytochrome P450. Studies on benzene
metabo lism strongly suggest that the mixed tunction oxidase is benzene
hydroxy lase (55, 99). Further details of its role in benzene metabolism

in experimental animals are discussed under acute toxicity, Section Ll.
8. Eftects on Body Weight, Organs and Tissues
Body Weight. The rate of growth in rats, as indicated by the

increase in body weight of the animals, was not atfected by benzene

exposure (75).
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Skin. Changes in the skin were similar to those described tollowing

acute exposure (2, 13).

Fatty Tissues. The eftects were the same as described for acute

studies (13).

Lung. Rats exposed to 31 ppm tor 7 hours a day for 90 of 126 days
showed pathological changes in the lung which resembled those of chronic

bronchopneumonia (75).

Spleen. Noeske and Mentens (101) observed a marked decrease in
myeloid parenchyma and an increase in lymphoid tissue tollowing exposure
of rats to sc¢ injections of benzene for 3 weeks. Deichmann et al. (75)
observed significant hemosiderosis in benzene-exposed rats (31 ppm, 7/

hours a day for 90 of 126 days) as compared with controls.

Kidney. Mild nephritis, with convoluted tubule abnormalities, was
found by McCord et al. (102) tollowing exposure of rats to benzene.
y I
However, Deichmann et al. (75) exposed rats to varying benzene

concentrations and noted that the kidneys were normal.

Liver. Selling (103) tound fatty infiltration, hepatitis and
necrosis following benzene inhalation (1000 ppm) in rats, but Deichmann
et al. (75) found livers of rats exposed to 31 ppm to be normal. Rozera
et al. (104), who gave rabbits benzene im (I ml of a 30% solution in {
0il), identified functional changes in the liver, which they suggested
were secondary to the hematologic disturbance resulting trom benzene

administration.

Endocrine Organs. lannaccone and Cicchella (105) treated rats with

I ml/kg of benzene daily for 22 days and found merphological changes in
the anterior pituitary, thyroid, thymus and adrenal. An increase in ACTH
and TSH production was also observed. There was increased tunctional
activity in the cells of the lIsles of Langerhans (pancreas), the
medullary cells of the adrenal, and the tollicular cells ot the thyroid.

None of these changes were observed by Deichmann et al. (75).




Other Organs. The heart, testes, ovary and gastrointestinal tract
were normal in rats exposed to benzene vapor (31 ppm, 7 hours a day),

subchronically (90 days) (75).

9. Cytologic and Cytogenetic Changes

Chromosomal Aberrations. Chromosomal aberrations were observed 1in

the bone marrow of rats injected sc with 1000 or 2000 mg/kg of benzene
for 12 days (30, 106). In both studies, Heps, chromatic and isochromatic

breaks were recorded at metaphase in more than 50% of the cells examined.

10. The Molecular Site of Benzene Toxicity

Radioautographic Measurements. Moeschlin and Speck (8) measured

/

*C—Lhymidino in corporation into DNA of rabbit bone marrow following
daily sc injections of benzene (0.3 ml/kg/day) for 1-9 wecks. This
treatment resulted in severe pancytopenia. Hypoplasticity ranged trom
mild to severe. White blood cells were reduced in number, and DNA

synthesis was inhibited.

In Vivo Radioactive Incorporation. Similar studies were performed by
Kissling and Speck (107), where the incorporation of SH—thymidinv and
iH-—cytidinc into DNA and RNA of the bone marvow cells of rabbits was
measured following benzoene administration (0.2 ml/kg/day for 6-12
weeks). Marked hypocellularity and decreased incorporation of
radiolabeled precursors indicated disturbance and inhibition of both DNA

and RNA of bone marrow cells.

In Vivo Colony Forming Assay. Speck and Kissling (108) used in in
vivo colony~forming assay technique to study the etfect of benzene on the
hemopoietic stem cells. A high dose of benzene was used (300 mg/kg/day),
and the treatment was extended over 2 weeks. The results indicated that
the primary effect of benzene was on the stem cell and not on the

differentiated cell.




Il. Embryonic and Teratogenic Ettects

attected 1n any ot the treated groups, but the ocrgan/body wetght
tor the 19.8 ppm group was signticant ly higher than controls.,

results, 1t was conc luded that the parenchymatous organs were attected by

benzene potsoning (109).

12, Metabolism

In vivo metabolism ot benzene duriny subchronie treatment

to that described tor acute treatwment.

la summary, subchronic benzene toxicity appears to be

levels and amounts of benzene metabolites present 1n the

Treatments that increase the rvate of benzene metabolism also

vate elimnation ot the metabolites, thus decreasing the

and elevating the rvesulting toxicity.

I3. Possible Leukemogenic and Tumorigenic Ettects - None Reported.

IV. CHRONIC TOXICITY (Long Term Tests)

lae l_l_('l}\il_l_\)»_l o &l ¢ bttects

between dose, exposure time and degree of toxicity.  lLatta

(84) administered benzene to rats scoat 2-4 mg/kp/day, while Deichmann ot

T
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ln one reproductive study, temale rats were exposed continuously to
0.3-209.7 ppm ot benzene vapor tor 10-15 days prior to wmpregnation.
animals exposed to 209.7 ppm tailed to become pregnant, and at
doses the number ot ottspring obtained per temale on day 2 pestation

was tnversely related to benzene tntoxication. Fetal weight

Leucopentia.  Four reports were se lected to exemplity the rvelationship

al. (75) exposed rats to benzene in air and observed toxic

LR




range of 65=831 ppm. Hough et al. (110) exposed dogs to 000-1100 ppm,
whereas Selling (103) gave rabbits benzene sc at a dose ot 1 mg/kg.
Although an 1nitial transitory leucocytosis was trequently observed, the
result in each case, regardless of the species or administration route,
was leucopenia. At lower doses more time was required to achieve the
etfect, but the final result was the same. The most striking effect was
neutropenia accompanied by lymphocytosis, which disappeared as the

benzene continued to attack the myeloid tissue.

Latta and Davis (84) tound the lyvmphoid tissue to be more sensitive
to benzene than the myeloid tissue in rats. In rabbits, the opposite was
true (103).  The neutropenia, charvacterized by a shitt to the left ot the
myeloid element, suggests that the leucocyte maturation is aftected.  The
leucopenia can occur quite rapidly and the cell counts usually rveach

extremely low levels prior to death.

Hormonal and other cyvclic tactors must also be taken into account
when evaluating cell counts. Although temale rats are more prone to
deve lop leucopentia following benzene intoxication, studies by Farvis
(111) clearly show that there is a significant decrease in leucocyte
number at the peak of the estrus cvele with counts roturning to normal

during the diestral interval.

Platelets. A number of investigators have prescated evidence ot
decreased platelet function associated with benzene hematotoxicity in
humans (112, 113, 114, 115). This appears to be due to intrinsic
platelet abnormalities that enhance the eftect ot auy decrease in
abso lute platelet number. The presence of purpura or other bleeding
manifestations may be due to such an eftect on platelet tunction. 1In
addition, there is some suggetion that abnormalities ot coagulation

factors, in addition to decreased platelet tunction, may also be present

in benzene toxicity (112, 114).




2. Bone Marrow Changes

Aplasia - Hyperplasia. The sequence ot hemopoietic changes in
rabbits tollowing s¢ itnjections of benzene was studied by Selling (103),
using the routine cell counting technique. The results showed that the
lvmphotd tissues were more susceptible to benzene toxicity, as indicated
by a rvapid decrease in lvmphocytes and a relatively stable number ot
ervthrocytes in the peripheral blood. But histopathological examination
ot the bone marrow showed that all cell types - ervthrocvtes,
granulocytes, thromboceytes and lymphocytes = were attected.  Since the
sranulocytic leucocytes have a shorter lite than the erythrocytes, a
shight 1tnhabition of leucocyte production will be rapidly retlected in
the peripheral leucocyte count (85, 1lo), whercas inhibition ot
eryvthrocyte production in myeloid tissue will not be detected by
peripheral erythrocyte counts.  Although aplasia was the predominant
condition, Selling (103) also showed the co-existence ot hyperplasia.
his was the result of vegenervation that began within 3-4 davs ot
treatwent, with tormation of groups ot cells containiung lavge

lymphocy tes, granulocytes, or erythroblasts.

Reticuloendoplasmocytic Reaction. Low doses ot benzene given sc
(0.05 = 0.1 mp/kp) produced a marked reticuloendoplasmocytic reaction in

the bone marvow (89).

Among the recent studies evaluating velatively large groups ot
tndividuals occupationally exposed to benzene is that ot Aksov ot al.
(L17). Anemia and leucopenia, with or without thrombocytopentia, were the
most common tindings.  The bone marrow tindings, which ranged trom
slhight ly hypocellular to hypercellular, were in keeping with the many
studies of benzene-induced pancytopenia in animals.  The benzene-itnduced

pancytopenta is very sitmtlar to the so-called wdiopathic aplastic anemia.




b. lumunologie BEttects

Antmal experiments have shown that severe leucopenta s accompanted

by the absence ot antibacterial bodies, which results 1n 1ncreased

susceptibility to wtection.  Summonds and Jones (1 18) tound ncreased

mortality tn rabbits tnjected with benzene (1 wg/ kg, sc)j they succumbed

to spontancous ntections readily and showed decreased amounts ot

agpiutintns and opsonins.  Alekseeva and Zorina CLEY) and Tikhachek (89)

treated vabbits with s¢ njections of benzene (0.05 0.1 mg 'ky)

and observed the presence of autoantibodies tn their plasma at the end ot

N
~ vearvrs.,

we ek Ly

In humans, occupational exposure to benzene led to a decrease in

civculating granulocvtes (granulocvtopentia) (121 and to a lowerved

resistance to wmtection. In additron, the servuwm levels ot

mmmunoglobulins (120) have been reported to be altered in carly benzene

hemat otoxtwewt v,

“.  Central Nervous System bBttects

Repeated exposures ot rats to OO0 ppm of benzene tor 7 hout

s daily,

5 days a week tor 28 weeks did not cause any central nevvous systewm

depression (122). However, eftects on the central nervous svstew,

ine luding changes tn cevebral circulation (123 and altevations

recorded

by electroencephalographs (124), have been reported n humans exposed to

benzene tn occupational settings.

5. Behavioral Bttects - None Reported.

. Cardiovascular Ettects

No adverse eftects were rveported in rats exposed to a7 ppm (7

on 180 davs over a total ot a5 davs) or 15 ppm (b day week to

215 days) ot benzene (79). However, therve are uncontirmed suggestions

the literature that the human cardiovascular svstem may be adver

28

hr/ dav

154 ot

se vy

—
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attfected by benzene (120, 127). Monaenkova and Zorina (127) showed that

during benzene poisontng there is a tendency toward increased cardiac
output. Circulation was accelerated, and peripheral resistance and

arterial pressure were decreased.

7. Biochemical and Histochemical Changes

Brain. Muzyka (90) injected male rabbits sc with 0.1 and 1.0 ml/kg
ot benzene daily for 5 months and assayed the porphobilinogen, copro- and
protoporphyrin and delta-aminolevulinic acid in the brain (grey matter).
He obscerved a dose-related decrease in enzyme activity (synthetase) and
increase in delta-aminolevulinic acid. From these observations, he

conc luded that the etffect of benzene on brain porphyrin synthesis

involved induction of the delta-aminolevulinic acid synthesis.

Serum. Quantitative changes in several serum enzymes have been
reported by Hanko (128) and Lob (129) in humans exposed to benzene over

long periods (occupational exposure).

Frash and Karaulov (94) injected rabbits with 0.1 ml/kg of benzene 3
times a week tor 13 months and measured the RNA, acid phosphatase, and
succinate dehydrogenase activity in the lymphocytes. They observed a

decrease in all three parameters.  The number of lymphocytes was also

reduced.

8. Effects on Body Weight, Organs and Tissucs

Body Weight. Rats chronically exposed to benzene vapor showed a
normal growth rate as compared with controls LTS

S

Lung. Exposure of rats to 15 ppm, 7 hours a day, 5 days a week on
~ung i > A

154 of 215 days produced pulmonary eftects similar to those described tor

subchronic studies (75).




Skin. Dermal contact with liquid benzene may cause erythema and
blistering of the skin, and a dry, scaly dermatitis may develop during

chronic treatment (2).

Spleen. Tikhachek and Frash (89) noted a marked reticuloplasmocytic
reaction in the spleen of rabbits injected sc with benzene (0.05-0.1
mg/kg), while Wolf et al. (76) found degenerative changes in this organ
tollowing benzene inhalation (rabbit, 80-88 ppm, 5 days a week) and po
administration (0.05-0.1 mg/kg, 5 days a week) for 6 months. Deichmann
et al. (75) noted hyperemia and a "more marked" hemosiderosis in rats
exposed to benzene vapors (15 and 47 ppm, 7 hours a day for 154 and 180
days, respectively) than in controls. The incidence and severity of the
abnormality were higher in females than in males but were not

dose-related.

Gastrointestinal Tract. No adverse eftects were noted 1in the

gastrointestinal tract of rats exposed to chronic inhalation of benzene
vapors (15 ppm, 7 hours a day, 5 days a week for 154 of 215 days) (75).
However, there are unconfirmed reports that suggest that the human
gastrointestinal system may be adversely aftected by chronic benzene

exposure (130, 131).

Testes. In laboratory animals, (rats, guinea pigs, rabbits, monkeys)
chronic (6 months) inhalation of 80-88 ppm of benzene in air daily for 5
days a week or po administration of I mg/kg daily for 5 days a week
resulted in testicular degeneration, and retardation and depression of

the maturation of the germinal epithelium (70).

Other Organs. The heart, liver, endocrine glands, urogenital organs

and lymph nodes were not adversely affected 1in rats exposed to 15 ppm of

benzene (7 hours a day, 5 days a week on 154 of 45 days) (75).
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9. Cytologic and Cytogenetic Changes

Chromosomal Aberrvations. Chronic treatment ot rabbits with benzene

(0.2 ml/kg/day sc) resulted in inhibition of cell proliferation as
evidenced by a reduced number ot cells, a decrease in the labeling of
mye loid precursor cells, and a reduction in the number of mature

normoblastic cells in the bone marrow (132, [33).

Trisomy (Human). In contrast to the paucity of experimental data,
there 1s abundant intormation on exposed human populations and case
reports on leukemia patients. Due to the variability of the exposure
pattern (concentrations, duration, other clinical complications), these
data are hard to interpret. Nevertheless, certain trends appear amidst
this confused mass of data, which relate to the appearance of additional
chromosomes (134, 135, 20, 25). In two cases, the additional chromosomes
were identified as members of the C group (I30), which according to one

reviewer, does not constitute evidence of benzene etiology (137).

The C group anomaly or trisomy has been found in "pre-leukemia"
(pancytopenic) patients (138). The persistence of abnormal chromosomes
long atter exposure, and the occurrence of tetraploidy and polyploidy

have also been reported (21, 24, 25, 138).

However, the chromosomal aberrations produced by benzene appear to be
non-spec ific and unrelated to aberrations associated with various torms
of leukemia. The dose-dependent relationship between exposure to benzene

and amount of chromosomal damage has not been demonstrated.

10. The Molecular Site of Benzene Toxicity

DNA Synthesis. DNA inhibition was observed in rat bone marvow 1in
vivo following chronic benzene inhalation (78). The number of nucleated
cells declined and uptake of radiolabeled thymidine (a precursor of DNA)
was decreased. These changes in DNA synthesis suggest that the mutagenic

action of benzene could involve interference with mitosis,




11. Effect on Pregnancy (Human)

Male-female differences in susceptibility to benzene have been
observed in humans by a number of investigators. The greater sensitivity
of females is compatible with the hormonal influence on benzene toxicity
(80, 81) and is supported by animal studies (see Section II, 1). Of

possible pertinence are reports of benzene hemotoxicity during pregnancy

(139). In this study two sisters who were chronically exposed to benzene
during pregnancy deve loped pancytopenia and hypoplastic bone marrow. One
recovered rapidly post-partum, the other had a spontaneous abortion and
later died of acute leukemia during a subsequent pregnancy. Idiopathic
aplastic anemia of pregnancy is a recognized condition but is very rare.
Forni et al. (140) reported benzene-induced hemotoxicity in females 5

exposed to benzene during pregnancy; normal babies were delivered.

12. Metabolism (Human) i

The metabolism and elimination of benzene in humans follow the same
paths as in animals; however, the distribution of benzene in humans has ;
not been thoroughly investigated. The major difference between man and
animals is related to the conjugation of the final metabolites. Humans
and dogs show preference for sulfate formation, especially at low levels 3
of exposure. Glucuronide formation is observd only when the sulfonation

route is heavily used.

Studies on human volunteers exposed to benzene vapors (47-110 ppm for
2 hrs) showed that 30-50% of the absorbed benzene was eliminated through s
the lungs and only 0.1-0.27% through the kidneys. The remaining dose was
metabolized. The rate of benzene elimination was highest during the
first hour. 1In another investigation, 28-34% of the given dose (6000
ppm) was retained and absorbed in the blood. Approximatel. 55-60% of the
benzene in the blood became fixed within the bone marrow, fatty tissues, kY

and the liver (141).

32




13. Possibic Leukemogenic and Tumorigenic Effects
Leukemogenic.  Leukemia is Known to occur spontancously in some
strains ot mice and can be experimentally induced by a variety ot

chemicals in others.

Lignac (142) produced feukemia (lymphoblastoma) ta mice by s¢
injections of benzene (0.001 ml benzene in 0.1 ml olive oil) tor 17-21
weeks.  However, the failure to provide control data and the dragnostic
criterta used to evaluate the experiments leave this report open to
question. Amiel's (143) attempt to duplicate Lignac's results in a
difterent mouse strain was not successtul, and the animals treated
subcutancously throughout their litetime failed to develop either
aplastic anemia or leukemia. Ward et al. (144) treated CS57BL/ON mice tor
5% weeks and they were sacriticed 104 weeks from the initiation of the
experiment, i1ncreasing the dosage schedule trom 450 mp/ky to 118 p/kg
over the experimental period.  Although benzene was tatal to some
animals, there was no statistically signiticant increase in the incidence

ot neoplastic disease in the treated over the control groups.

Attempts by other investigators to produce leukemia via oral dosing
(145), skin painting with benzene (146), and inhalation (145, 147) tatled
to produce conclustive evidence of leukemia i1n rats, mice, rabbits, and

guinea pigs.

ln contrast, with respect to benzene-associated leukemia in humans,
evidence trom industries that use benzene heavily indicates a dirvect
re lattonship between benzene exposure and the development ot teukemia.
In every instance, leukemia was assoctated with a severe pancytopenic
condition (148). However, the tact that in some instances there s a
long delay between the cessation of exposure to benzene and the onset of
leukemia (149, 150, 151) raises the questions ot whether benzene or its
toxic metabolites divectly act as carcinogens on bone marrvow

hematopoietic cells, or is acute leukemia a secondary manitestation ot
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benzene-induced pancytopenia, expressed through unrelated aberrations in
the bone marrow-producing stem cells that are susceptible to mutagenic
change (preleukemic state). Morphologic abnormalities of the preleukemic
state itnclude bizarre RBC precursors (evythroleukemic state). It is
possible that leukemogenic eftects of benzene are expressed through

interaction with other tactors (genetic, environmental, eote) (148).

Tumorigenic. Hiraki et al. (152) injected Swiss mice sc with 0.1 ml
ot a 1% solution of benzene and reported that the treated animals
deve loped transplantable subcutancous sarcomas.  The validity ot their

tindings is questionable since they did not use adequate controls.

The possible role of arvene oxides in carcinogenesis is discussed
under acute toxicity (p. 13). However, it must be ecmphasized that
although 1t 1s possible that arene oxides are the bioactivated
intermediate responsible tor the cvtotoxicity and carcinogenicity ot
benzene, the posssibility that other metabolites could play an active

role cannot be a1gnored.

V. SIGNIFICANT PHYSICAL AND CHEMICAL PROPERTIES

Benzene is a clear, colorless, noncorrosive, highly tlammable biquid
with a strong, rather pleasant odor. 1ts physical properties are given
in Table 1. Today, it is obtained primarily from the petroleum industry
where it is produced as a petrochemical (rom paraftinic hydrocarbons. 1t
ts also recovered trom the gases and coal tar in coke oven operations.
The major impurities in commercial benzene (benzol) are toluene and
xy lene, although the commercial form may also be contaminated with
phenol, thiophene, carbon disultide, acetyl nitrile, pyridine, and other
substances. "Benzol 90" contains trom 80-85% benzene, 13-15¢ toluene,

and 2-3% xylene.  The "90" designation retfers to the percent of total

liquid, by volume, which distills below 100V ¢.
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The solubility of benzene in animal (rabbit) tissues, expressed as
partition coefficients (numerically equal to Ostwald solubility
coefficients) was determined by Sato et al. (153). Table 2 shows the
results of these experiments, which were conducted at 37° ©. The
authors noted the relatively high partition coetficient between tat-blood
and suggested that the coefficient between tissues-blood would depend, at

least in part, upon the tat content in the given tissue.
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Table 1

Significant Physical Properties

Formula

CoHO

Formula Weight

18 .1

Boiling Point

80.17 ¢ (176 F) at 760 mm Hg
Melting Point

5.5° ¢ (42° F)

Specific Gravity

0.87865 g/ml at 20° ¢ (68° F) 4°

Solubility

C (39.2° F)

of Benzene

0.06% in water, mixes freely with alcohol, ether and most organic

solvents.

Explosive Range for Vapor
1.4 = 7.1% by volume in air
Flash Point

-12 to -10° ¢ (10.4-14° F)
Ignition Temperature

490° ¢ (914° ¥)

Vapor Density

2.7 (Air = 1.0)

Derived trom references 154 and 155.




lable 2 (153)

Partition Coetticients ot Benzene tor Body Fluids,

Tissue Homogenates and Organic Materials

BENZENE
| MEAN STANDARD DEVIATION
;f‘ A Blood 10. 70 1.35
i Plasma 5.4 0.33
i
B Liver l.ol 0.18

Kidney Leld3 0.28

Brain, whole 1.93 0.50 j

Lung, 1.25 0.31 |

Heart L.44 0.38 |
3 - : {
i Muscle, femoral 1.08 0.17 |
#
! Bone marrow 10.18 2.45

Fat, retroperitoneal 58.53 11.87
: C Lecithin, trom egg 196 .42 9. 30 |
1 Triolein 535.08 3114
, Cholesterol 20.95 0.85
Cholesterol oleate 83.05 4499 )
} 3 /
Human fat, peritoneal 400.22 10. 10 |
,;. ‘
] S e S ) e i DS O B L e ;
i A: Fluid-air partition coefticirents. The figures arve wmeans and standavd
] deviations of 5 rabbits.

B: Tissue-blood partition coefticients, which are expressed as |

tissue-air partition coctficient/blood=air partition coetticient.

The figures are means and standavd deviations ot blood-air partition
|
1 coetticients ot 5 rabbits.
4
' C: Material-air partition coettictents. The tigures are means and ¢
| standard deviations ot 5 determinations.
6

37




i AR et

e My Lt

R r———

.

s34

Wi OB g -

i 5 AL St b S 3 Bl P R

e

¥

10.

13.

Reterences

Nardone, R.M. 1977. Toxicity testing in vitro. in Growth, Nutrition,
and Metabolism of Cells itn Culture, Vol. 111. Academic Press lInc.,
New York, San Francisco and London. pp. 471-491.

Geravde, H.W. 1950. Toxicological studies on hydrocarbons. 11. A
comparative study ot the etfect of benzene and certain
mono-n-alky lbenzenes on hemopoiests and bone marrow metabolism in
rats. Arch. Industr. Health 13: 408-477.

Desoille, Ho et al. 190l. The etfect of hormones on chronic benzol
poisoning in rabbits. 1. The intluence of natural oestrogens on
the white and red corpuscles. Archives des maladies professionelles

2: 681-693.

Robinson, E.J. and D.R. Chimenko. 1941. Eftects of inhalation ot
benzene vapors on red blood corpuscles ot rabbits. J. Ind. Hygiene
and Toxicology 23: 232,
; LS 59
Lee, F.W. et al. 1973. Dose dependent inhibition of Fe
Lncorporation into ervthroceytes atter a single dose of benzene.
Research communication in Chemical Pathology and Pharmacology

52 ) 547-550.

5

. ) 9. -
Lee, E.W. et al. 1974. Acute eftects of Benzene on Fe 1ncorporation
into circulating erythrocytes. Toxicol. and Applied
Pharmacology 27 ¢ 431-436.

Steinbery, B. 1949, Bone marvow regeneration in experimental benzene
intoxication. Blood &:  550-550.

Moeschlin, S. and B. Speck. 1907. Experimental studies on the mechanism
of actyon ot beunzene on the bone marvow (vadioautographic studies
using H - Thymioline). Acta Haemat 38: 104-111.

Uyeki, E.M. et al. 1977. Acute toxicity of benzene inhalation to hemo-
poictic precursor cells.  Toxicol. Appl. Pharmacol 40: 49-57. ’

Carpenter, C.P. et al. 1944, Studies on the inhalation of 1:3 buta-
diene; with a comparison of its narcotic eftect with benzol, toluol,
and styrene, and a note on the eliminating ot styrvene by the human.
J. Indust. Hyp. Toxicol. 28: 09-78.

Brater, L. and M. Francone. 1950, Phenomenes hemolyvtiques du benzene ot
ses homologues.  Arch. Mal. Prot. 1l: 307-309.

Kimura, E.T. et al. 1971, Acute toxicity and limits ot toluene residue
tor sixteen organic solvents. Toxicol and Applied Pharmacology
19: 099-704.

Withey, R.J. and J.W. Hall. 1975, The joint toxic aciion ot
perchloroethylene with benzene or toluene in rats. Toxicology a4
. l 5 ’




|
\
{
i
\

i
i
3
'
4
4
3
!
¥

i S <SS i s A S

19,

20.

Nahum, L.H. and H.E. Hoft. 1934. Mechanism of sudden death in
experimental acute benzol poisoning. J. Pharmacol. Exptl.
Therap 50: 330-345.

Jonek, J. et al. 1965. Histochemical studies on the spinal cord of mice
poisoned with benzene. Acta Histochem. Bd. 20: 286-290.

Kadyrov, G.K. and M.I. Safarov. 1973. Glutamate decarbozylase activity
in some structures of the brain and spinal cord after the inhalation
eftect of benzene on an organism. lzv. Akad. Nauk Az SSR Ser biol.
Nauk 2: 88-92. ' L s

Kaminski, M. et al. 1970. Some histochemical renal changes in mice
during acute poisoning with benzene. Folia Histochem. Cytochem. 8:
63-75.

Wirtschafter, Z.T. and M.G. Bischel. 1960. Reticuloendothelial response
to benzene. Archives of Environmental Health l: 10-lo.

Rondanelli, E.G. et al. 1904, Benzene induced anomalies in mitotic
cyucle of living erythroblasts. Sangre 9: 342-351.

Rondane llt, E.G. et al. 196l. Etftects du benzene suc la mitose
erythroblastique. Investigations a la microcinematographie en
constrate de phase. Acta Haematol. 20(5): 281-302.

Forni, A. and L. Moreo. 1967. Cytogenetic studies in a case of benzene
Leukemia. Europ. J. Cancer 3: 251-255.

Girard, R. et al. 1970. Etude de la phosphatase alcaline leucocytaire
et du caryotype de ouvriers exposes au benzene. Arch. Mal. Prof.

3i¢1-2)s 31-38.

Hartwich, G. and G. Schwanitz. 1972.  Chromosomenuntersuchungen nach
chronischer Benzol-Exposition. Deutsche Medizinsche Wochenschrift
97: 45-49.

Marchal, G. 1952. A propos-de la communication de R. Andre et B.
Dreyfus maladie de Di Gugliel'mo. Sangre 23: 082.

Pollini, G. and R. Colombi. 1904. 11 - danno cromosomico midollare
nell' anemia aplastica benzolica. Med. Lavoro 55: 241-255,

Dobashi, Y. 1974. Influence of benzene and its metabolites on mitosis
of cultured human cells. Jap. J. Ind. Health lo: 453-4ol.

Koizumi, A. et al. 1974. Cytokinetic and cytogenetic changes in
cultured human leucocytes and hela cells induced by benzene. Ind.
Health 12: 23-29.

Haberlandt, W. and B. Mente. 1971. Deviation in number and structure ot
chromosomes in industrial workers exposed to benzene. 4bl.
Arbeitsmed. 21(11): 338-341.

?




293,

30.

61

33,

34.

3.

Jo.

37

38.

39.

Philip, P. and M.K. Jensen. 1970. Benzene induced chromosome
abnormalities In rat bone marrow cells. Acta Path. Microbiol. Scand.
78(A): 489-490.

Lyapkalo, A.A. 1973. Genetic activity of benzene and toluene. Gig. Tr.
Prof. Zabol. 17(3): 24-28.

Trytiates, G.P. and N. H. Choulis. 1972 Effect of benzene on rat liver
ribonucleic acid. J. Pharm. Sci. 61: 465,

Trytiates, G.P. 1971. Ettect of benzene on rat liver polyribosomes.
Biochemical Pharmacology 20: 1609-1677.

Forte, F.J. et al. 1976. Hemin reversal of benzene - induced
inhibitions of reticulocyte protein syntheses. Blood
47(1):  145-154.

Freedman et al. 1977. A critical evaluation of Benzene Toxicity. Eds.
S. Laskin and B.D. Goldstein. N.Y.U. Institute of Environmental

Medicine for A.P.[. under contract U. 150~-14 (PS-7)

Levere, R.D. and A.S. Gidari. 1974. Steriod metabolites and the control
of hemoglobin synthesis. The Bulletin of the New York Academy ot
Medicine 50: 503.

Glass, J., L.M. Lavidor and S.H. Robinson. [(975. Studies of murine
erythroid cell development: Synthesis of heme and hemoglobin. ‘The
Journal of Cell Biology ©5: 298.

Robinson, E.J. and D.R. Climenko. 1941. Eftects of inhalation of
benzene vapors on the red blood cells of rabbits. Ind. Hyg.
Toxicol. 23: 232-238.

Borsook, H., E.R. Fisher and G. Keighley. 1957. Factors aftecting
protein synthesis in vitro in rabbit reticulocytes. J. Biol.
Chem. 229% 1059

Farkas, W.R. 1975. The effect of plumbous iron on protein biosynthesis
in reticulocytes. Res. Comm. Chem. Pathol. and Pharmacol. 10: 127,

Waxman, H.S. and M. Rabinovitz. 19066. Control of reticulocyte
polyribosome contentand hemoglobin synthesis by heme. Biochim.

Biophys. Acta 129: 309.

Greeublott, et al. 1977. A Critical Evaluation of Benzene Toxicity.
Eds. S. Laskin and B.D. Goldstein. N.Y.U. Institute of
Environmental Medicine for A.P.l. under contract U. 150-14 (PS-7).

Freedman, M.L. and J. Rosman. 1976. A rabbit reticulocyte model ftor the
role of hypochromic anemias. J. Clinical Investigation 57:
594-603.




.

“+0.

48.

49 .

50.

s 1

g9

Griggs, R.C. 1974. Lead Poisoning: Hematologic aspects. in Progress 1in
ﬂsggtolggv. Vol. IV (C.V. Moore, E.B. Brown, eds.) New York, Grune
and Stratton, pp. l17.

Moore, M.R., A. Goldberg. 1974 Normal and abnormal haem bilosynthesis.
IN:  lron in Biochemistry and Medicine, A. Jacobs, M. Warwood, eds.,
Academi¢ Press, London, 1l15.

Wildman, J.M., M.L. Freedman, J. Rosman and B. Goldstein. 1970  Benzene
and lead itnhibition ot rabbit reticulocyte heme and protein
synthesis: Evidence for additive toxicity of these two components
ot commercial gasoline. Res. Comm. Che Path. & Phe :

1303):  473-487. AU T o e e e

Freedman, M.L., N.S. Cohen, J. Rosman and F.J. Forte. 1975. Ethanol
inhibition ot reticulocyte protein synthesis: The role of haem.
Br. J. Haematology 30: 351-303.

Watanabe, Gen-ichi. and S. Yoshida. 1970. lhe teratogenic eftect of
benzene in pregnant mice. Acta Medica et Biologica 17(4): 285-291.

Parke, D.V. and R.T. Williams. 1952. Detoxiciation. XLIV. Metabolism
of benzene. The muconic acid excreted by rabbits receiving
benzene. Determination ot the isomeric muconic acids. Biochemical
J. 51: 339-348.

Porteous, J.W. and R.T. Willtams. 1949. Studies in detoxication. The
metabo lism of benzene. The isolation ot phenol, catechol, quinol
and hydroxyquinol from the ethereal sulphate traction ot the urine
ot rabbits receiving benzene ovally. Biochemical Journal 44:
50-01.

Parke, D.V. and R.T. Williams. 1953. Studies in detoxication. The
metabo lism of benzene. (a) The tormation of phenvlglucuronide and
p?snylsulphuric acid trom ( 'C) benzene. (b) The metabolism ot
( C) phenol. Biochem. J. 55: 337-340.

Cornish, H.H.and R.R. Ryvan. 1905. Metabolism of benzene in non-tasted,
fasted, and aryl-hydroxylase inhibited rats. Toxicology and Applied
Pharmacology 7: 707-771.

Gerarde, H.W. and D.B. Ahlstvom. 1900. Toxicologic studies on
hydrocarbons. XI. Intluence ot dose on the meatabolism ot
mono-n-alkyl derivatives ot benzene. Tox. & Applied Pharm. 9:
185-190.

Van Rhees, H. 1972, Mutual intluence on the metabolism of some
industrial solvents in vats. Proceedings ot the European Society
for the Study of Drug Toxicity. XI1I1l. Toxicological Problems ot
Drug Toxicity. S.B. Baker, G.A. Newhaus, bEds. Excerpta Medica
Foundation, Amsterdam, p. 09,

New York University Document. 1977. A Critical Evaluation ot Benzene
loxicity.Eds. S. Laskin and B.D. Goldstein. N.Y.U. lunstitute ot
Environmental Medicine tor A.P. 1. under coatract U. 150-14 (PS5-7),
P 2L

———"




53

50.

27 -

00.

ol.

03.

05.

0o .

o7.

Gonasun, L.M., C. Witmer, J.J. Kocsis and R. Snyder. 1973. Benzene
metabolism in mouse liver microsomes. Toxicology and Applied
Pharmacology 201 398-400.

Posner, H.S., C. Mitoma and S. Udenfriend. 1961l. Enzymic hydorxylation
of aromatic compounds. 1l. Further studies of the properties ot
the microsomal hydroxylating system. Archives of Biochemistry and

Biophysics 94: 209-279.

Snyder, R. et al. 19067. The metabolism of benzene in vitro. Toxicology
and Applied Pharmacology 11: 346-3060.

Jerina, D.M. and J.W. Daly. 1974. Arene oxides: A new aspect of drug
metabo lism. Science 185: 573-582,

Jerina, D. et al. 1968. Role of arene oxide-oxepin system in the
metabolism of aromatic subtrates. 1. 1In vitro conversion ot
benzene oxide to a premercaptruic acid and a dihydrodiol. Arch.
Biochem. & Biophysics 128: 176-183.

Daly, J.W. et al. 1972. Arene oxides and the NIH shitt: The metabolism,
toxicity and carcinogenicity of aromatic compounds. Experientia
28: 1129-1264.

Snyder, R. 1974. Relation of benzene metabolism to benzene toxicity.
itn Symposium on Toxicology of Benzene and Alkylbenzenes, Braun, D.,
Editor. Industrial Health Foundation, Pittsburgh, pp. 44-53.

Ikeda, M., H. Ohtsuji and T. Imamura. 1972. 1In vivo suppression ot
benzene and styrene oxidation by co-administered toluene 1in rats and
effects of phenobarbital. Xenobiotica 2: 101-100.

Norpoth, K., U. Whitting and M. Springorum. 1974. Induction ot
microsomal enzymes in the rat liver by inhalation of hvdrocarbon
solvents. Int. Arch. Arbeitsmed. 33: 315-321.

Drew, R.T. et al. 1974. The eftect of phenobarbital on chronic benzene
toxicity in rats. Toxicology and Applied Pharmacology 29(1): 112,
Abstract #95.

Saito, F.U., J.J. Kocsis and R. Snyder. 1973. Eftect of benzene on
hepatic drug metabolism and ultrastructure. Toxicology and Applicd

Pharmacology 20: 209-217.

. . o ; ; -
Snyder, R. et al. 1969. Role of ATP in biotranstoramtion ot ( ¥

benzene in vitro. Proceedings 1V International Congress Pharmacol.

242.
Kato, R. et al. 1970. Substrate - induced spectral change ot liver
microsomes in phenobarbital and methylcholanthrene - treated male

and female rats. J. Biochem 68: 395-413.




o8.

(%

~4
>
.

iF e

~
o
.

S1.

Shoeman, D.W. et al. 1909. Induction of Drug metabolism. 111. Further
evidence for the tormation of a new P-450 hemoprotein atter
treatments of rats with J-methylcholanthrene. Mol. Pharmacol
5: 412-419.

¢ lavolvement ot
second tactor besides cytochrome P-450. Hoppe - Seyler's 2. Physiol
Chem 349: loll-lo24.

Remmer, H. 1908. Induction of Microsomal Hydroxylase

Parke, D.V. and R.T. Williams. 1953. Studies in detoxication the
metabo lism of benzene. (a) The formation of phenylglucuromide and
p?snylsulphuric acid trom ( C) benzene. (b) The metabolism of
( C) phenol. Biochem. J. 55: 337-340.

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

Nomiyvama, K. 1905. Studies on poisoning by benzene and its homologuocs
(7) Toxicity of benzene metabolites to hemopoiesis. Ind. Health
¥3  D3.

lkeda, M. 1904. Enzymatic studies on benzene intoxication. Journal ot
Biochemistry 55: 231-243,

Ikeda, M. and H. Ohtsuji. 1971. Phenobarbital-induced protection
agalnst toxicity of toluene and benzene in the rat. Toxicology and
Applied Pharmacology 20: 30-43.

Deichmann, W.B., W.E. MacDonald and E. Bernal. 1903. The hemopoietic
tissue toxicity of benzene vapors. Toxicology and Applied

Pharmacology 5: 201-224.

Wolt, M.A. et al. 1950. Toxicological studies of certain alkylated
benzenes and benzene. AM.A. Archives of Industrial Health la:
387~398.

Jenkins, L.J., R.A. Jones and J. Siegel. 1970. Long-term inhalation
screening studies of benzene, toluene, o-xylene and cumene on
experimental animals. Toxicology and Applied Pharmacology lo:
818-823.

Boje. H.y, W. Benkel and H.J. Heinger. 1970. Untersuchungen zur
leukipoese im knochenmark der rvatte nach chrontscher
benzol-inhalation. Blut 21: 250-257.

Rotter, A. 1975, Experimental Benzene poisoning. Archivum Immunologiae
et Therapiae Experimentalis 23: 871-879.

Ito, T. 1902. Study on the sex difterence in benzene poisoning. Report
3. The intluence of femaleness upon the benzene poisoning. Showa
1

gakukai Zasshi 22: 278-284.

[to, T. 1902. The study on the sex ditterence in benzene poisoning
Report 4. The influence of maleness upon the benzene poisoning.
Showa lgakukai Zasshi 22: 285-290.




| e

(¢ 7]
ro
.

83.

87.

88.

89.

90.

9l.

93.

95

Sato, A., et al. 1975. Kinetic studies on sex difference in
susceptibility to chronic benzene intoxication - with special

reference to body fat content. Brit. J. Ind. Med. 32: 32]1-328.

Das, K.C., N.N. Sen and B.K. Aikat. 1969. Studies on the development of
bone marrow hypoplasia. Effects of benzene on blood and bone
marrow. Ind. Journal Med. Res. 57(4): 650-659.

Latta, J.S.and L.T. Davies. 1941. Effects on the blood and hemopoietic
organs of the albino rat of repeated administration of benzene.
Arch. Path. 3l: 55-67.

Koike, S., K. Kawai and H. Sugimoto. 1959. Experimental studies on
benzene poisoning. Effect of benzene on the blood and bone marrow
in albino rats. Bull. Nat. Inst. Indust. Health 2: 1-l6.

D'Angelo, V. and L. Focardi. 1963. Communisation processes in
experimental benzene poisoning. 1. Complementary potential in
native serum. Lavoro Umano 15(5): 326-331.

Raddi, R., V. D'Angelo and V. Giuliani. 1964. Immunisation potential in
experimental benzene poisoning. IIl. Variations in serum
comp lementary power following active immunisation. Lavoro Umano
16C1):s 29-32.

Yaroshevski, A.Y. 19064. The effect of benzene on the leuko-
agglutinating and reticulocytogenic properties of sera. Bull. Exp.
Biol. Med 52(7): 784-787.

Tikhachek, E.S. 1973. Autoimmune processes in experimental benzne
induced hemopathy. Gig. Tr. Prof. Zabol. 17(8): 30-33.

Muzyka, V.I1. 1974. The effect of benzene upon biosynthesis of porphyrins
in the grey matter of the large cerebral hemispheres. Faram. 1.

Toksikologiia 37(1): 100-102.

Hasegawa, H. and M. Sato. 1959. Experimental studies on benzene
poisoning. 2. Effect of benzene on the catalase activity in
blood. Bull. Nat. Inst. Indsut. Health 2: 17-28.

Pieri, P., E. Orlando and G. D'Antuono. 1964. The behaviour of various
enzymatic activities in experimental subacute benzene poisoning.
Archivio di Patologia e Clinica Medica 40(5): 321-331.

Rozera, G. 1960. L'attivita fosfatasica eritrocitaria e sierica nel
benzolismo cronico sperimentale. Folia Medica 1572-1577.

Frash, V.N. and A.V. Karaulor. 1976. Lymphopoiesis and heterogeneity of
the lymphocyte population in benzene poisoning. (Experimental
investigations) Gig. Tr. Prof. Zabol 1ISS 9: 30-33.

Jonek, J., M. Kaminski and A. Karbowski. 1968. Histochemical
examination of the liver in subacute benzene poisoning. Med. Pracy
19(5):  414-419.




90 .

97,

98.

99 .

100.

101.

103.

104.

105.

106.

107.

108.

109.

Jonek, J., M. Kaminski and A. Karbowski. 1969. Histochemical
examination of the liver of mice in subacute benzene poisoning.

Med. Pracy 20(l): 7-17.

Jonek, J. et al. 1969. Effect of subacute benzene poisoning on
succinate dehydrogenase, NADH-tetrazolium reductase, ATPase, and :
acid and alkaline phosphatases in mouse kidneys. Med. Pracy
20050 s S504-512,

Mason, H.S. et al. 1965. Microsomal mixed-function oxidations: the
metabo lism of xenobiotics. Fed. Proc. 24: 1172-1180.

Snyder, R. et al. 1971. Studies on the enzymatic hydroxifations of
benzene. 1in Symposium on heme protein 1450. A discussion of its
nature and function. Cooper, D.Y., Editor and Publisher,
Philadelphia.

[to, T. 1962. Study on the sex difference in benzene poisoning.
Report 2. Animal experiment on the sex difference in benzene
inhalation. Showa Igakkal Zasshi 22: 273-277.

Noeske, K. amd H. Martens. 1972. Histologische und histometrische
untersuchungen am benzol-geschadigten rattenknochenmark. Arch.
Abt. A Path. Anat. 355: 50-65.

McCord et al. 1932. New investigation of the toxicity of benzene and
impurities. Ind. Health. Cons. Labs. Cincinnatti.

Seliing, L. 1916. Benzol as a leucotoxin. Studies on the degeneration
and regeneration of the blood and hematopoletic organs. John
Hopkins Hospital Reports 17: 83-142.

Rozera, G. et al. 1960. Sui rapporti tra attivita mitotica midollare e
fenoli nel benzolismo sperimentale. Folia Medica 1558-1571.

Inannaccone, A. and G. Cicchella. 1959. Histochemical alterations of
the endocrine glands in experimental benzene intoxication. Science
Med. Ital, 8: 59-77.

Dobrokhotov, V.B. 1972. The mutagenic influence of benzene and toluene
under experimental conditions. Gigiena i Sanit 37(10): 36-39.

Kissling, M. and B. Speck. 1972. '"Further studies on experimental
benzene induced aplastic anemia. Blut. Z. Gesamte blut Forsch
25(2)y 97-103.

Speck, B. and M. Kissling. 1971. A comparative toxicologic evaluation
of benzene, toluene and xylene. Thirteenth International Congress
of Hermatology p. 134.

Gofmekler, V.A. 1968. Effect on embryonic development of benzene and
formaldehyde in inhalation treatments. Hygiene and Sanitation
33 327=352.




[10.  Hough, V.N., F.D. Guinn and S. Freeman. 1944, Studies on the toxicity
ot commevcial benzene and ot a mixture of benzene, toluene and
xylene.  J. Industr. Hgy. 20: 290-300.

L1l. Fervis, E.J.o. 19420 Leukopentia associated with normal estrus in the
albino rat. Anal. Rec. 82(Z2): 14/7-151.

112, Craveri, A. 1902, Fibrinolysis, blood platelets, tibrinogen and other
blood=coagulation tests in clinical benzene poisoning. Medicina
del Lavoro 53(¢11): 722-727.

I3, Inceman, S. and Y. Tangum. 1909, Impaired platelet-coilangen reaction
in a case ot acute mycloblastic leukemia due to chronic benzene
intoxication. Turk. Tip. Cemig. Mecm. 35: 417-424.

L4, Monteverde, A., C. Graziolt and E. Fumagalli. 1903. The eftect of
tibrinogen and platelets on the thromboe lastogram in benzene
poisoning. Medicina del Lavoro 54(2):  95-102.

I15. Saita, G., C. Sbertolt and G.F. Farina. 1904. Thromboce lastographic
investigations in benzene hacwopathy. Medicina del Lavoro
SH5CLL) s 655-004.

ll6. Snyder, R. and J.¥F. Kocsis. 1975, Current concepts ot chronie benzene
toxicity. CRC Critical Reviews in Toxicology. pp. 205-288.

[17. Aksoy, M. et al. 1971, Hacmatological cltects ot chraonic benzene
poisoning in 217 workers. Brit. Journal Industrial Med. 28:
296-302.

118, Simonds, J.P. and H.M. Jones. 1915. The eftect ot injections ol benzol
upon the production of antibodies. J. Med. Res. 33: 197-211.

119, Alekseeva, 0.G. 1909, Auto antibodies tollowing chronic experimental
exposure to small doses of benzene. Gig. Tr. Prot. Zabol. 13:
30-33.

120, Lange, A. ot al. 1973, Serum immunoglobulin levels in workers exposced
to benzene, toluene and xylene.  Arch. Arbeitsmed 1S Y744 .

121, Saita, G. and L. Moreno. 1900. A case ot chronic benzene poisoning
with a Pelger-Huet type leucocyte anomaly. Medicina del Lavoro
S7TES ) 331 =335,

122, Svirbely, J.L., R.C. Dunn and W.F. von Octtingen. 1944,  The chronie
toxicity of moderate concentrations ol benzene and of mixtures ol
benzene and its homo logues tor rats and dogs.  The Journal of
Industrial Hygicne and Toxicology 20:  37-40. '

123. Monacnkova, A. M. and G.V. Snegova. 1973, Cervebral cirvrculation i some
occupational poisonings (lead, carbon disulphide, benzene).  Gig.
Tr. Prof. Zabol 17(4): 33-37.




1

et

26 .

F 4

33.

Sobeavk, W., B. Stedlecka and Z. Cajewska. 1973,
workers exposed o benzene compounds. Med. Pracy

Browning, k. 1905, Vitamns 1n the treatment
porsontng.  Jooof Qccupational Medicine

thienes, C.H. and T.J. Halev. 1972. Cardiac

Toxicologyv.  Chapter 19 pp. 124-131.  Lea Febiger,

Fitth edition.

Monacnkova, A.M. and L.A. Jorvina. 1975, Hemodvnames

changes 1o chronie benzene polsoning. 1
Jabolevaniva &z 03,

Hanke, J.Z. 19064. Preliminary investigations

exposure o toxic substances on the level
Arh. Hig. Rada 15: 57-60.

ot chronace

FCLL) .

potsons

g Truda

EREC recordings
24 8 27

benzene

3 ha -9,

i clinical

and

' )
\

283

m

Philadelphia,

heart muscle
l‘l 0L

of prolonged occupational

ol some

s rum

Lob, M. 1903, L'action du benzene sur les thrombocvies of

certaines activites enzymatiques.  Archiv

Protessionmeles  Ja(a-H): 1/1-374.

sut

et des Maladies

Appubn, E. and H. Goldeck. 195%/. Fruh-und spatschaden der

durch benzol und scine homologen.  Avrch. Cowes bepath u

Gewerbehygiene  1h: 04208,

Caprotti, M.y R. Colombi and R. Corsico. 1962.

memb rane of the colon 1o benzene potrsoniag

radiological studv.  Lavoro Umano  la(92):

benzene induced aplastic anemia. Blut 0
25(2): 97-103.

Ulcer

.

Ay =ah,

Gosamt e

] an

GClznical

Speck, Bo et al. 1900, Experimentelle untersuchungen uber

witkungsmechantsmus des benzols aut das knochenmark.

Schwetrzerische Medizinische Wochenschrudt

Aksov, M., S. Erdem and C. Dincol. 1974, Leukemia
449(0)

exposed chronicallvl o benzene.  Blood

i

. 1274

m

R

shoe

17

blutha

fhe mae

and

Ling, Mo and R. Speck. 1972, Further studies on experimental
Blut

Forsch

den

16,

workoet

Sal.

Buday, M., M. Labant and ¢. Soos. 1971, Benzolwmergeszes okosta

panmve lopathtabol tejladott acut myvelosas
2415-2416.

Kaplow, L.S. 19%%. A histochemical procedure
evaluating leukoevte alkaline phosphatase
blood and marvow. Blood 1O & 1023=1029,

Hartwich, (. 190, Benzol-leukamie.  Deutsch

Erdogan, G. and M. Aksov. 1973, Cytogenetie
patients with pancvtopenta and leukacmia

exposure to benzene.  New lstanbul Contra
230-247.

v  Orv.

Retul. o

tor localizaing and

activitly in

. Med. Wschr.

studies

bs Clins

smear s

QIR

m thirteen
assoctated with loag

DC 1 s

10:

CNIVIe s .

Ldung

(RIS

ot

ferm




g s/

st

7 i

oo i Vg

L e iierEsid 33

' g

e St 240

" me .

[39.

140.

la4.

145.

150.

154.

Gallinelli, R. and A. Traldi. 1963. Benzene haemopathy. Three cases
of chronic benzene poisoning with two deaths. Med. Lavoro 54(3):
169-182.

Forni, A., D. Pacitico and A. Limonta. 1971. Chromosome studies in
workers exposed to benzene or toluene or both. Arch. Environ.
Health 22 373-378.

Occupational Exposure Document NTIS. PB 246-800.

Lignac, G.0.E. 1932. Die benzolleukamie bei menschen und weissen
mausen.  Klin. Wschr. 2: 109-110.

Amicl, J.L. 1960. Essai negatif d'induction de leucemies chez les
souris par le benzene. Rev. Franc. Etudes Clin. Biol. 5: 198-199.

Ward, J.M. et al. 1975, Long-term ettect of benzene in CHY7BL/ON mice.
Avrch. Envivon. Health 30: 22-25.

Galavotti, B. and F.M. Troisi. 1950. Erythro-lcukaemic myelosis 1in
benzene poisoning.  British Journal ot Industrial Medicine /:
719=81..

Bernard, J. 1942. La lywphocytose benzenique. Sang 152 501-505.
Bass, M. 1970. Sudden sniffing death. JAMA 212(12): 2075-2079.

New York University Document. 1977. A Critical Evaluation ot Benzeae
Toxicity. Eds S. Laskin B.D. Goldstein. N.Y.U. lastitute of
Eavironmental Medicine tor A.P.l. under Contract U.  150-14
(PS=7) pp. lao-148.

DeCGowin, R.L. 1903, Benzene exposure and aplastic anemia tollowed by
kemia 15 years later. JAMA  185: 748-/51.

Saita, G. and E.C. Vigliani 1962, The action of benzene in inducing
leukemia.  Med. Lavoro 53(10):  581-586.

Sellyei, M. and E. Kelemen. 1971.  Chromosome study in a case of
granulocytic leukacmia with "Pelgerisation'” 7 vears atter benzene
pancytopenia.  Europ. J. Cancer 7: 83-8H.

Hiraki, K., S. Irino and 1. Mivoshi. 1963. Development of subcutancous
sarcomas 1n Swiss mice given repeated injections of benzene in
olive oil. Gann  5S4: 427-431.

Sato A. et al. 1974, Solubility ot benzene, toluene and m-xyvlene in
various body tluids and tissues of rabbits. Jap. J. Ind. Health
lo: 30-31.

Weast, R.C. (ed.) 1974. CRC. Handbook of Chemistry and Physics. 5ath
edition. CRC Press. Cleveland, Ohio.




155. Manufacturing Chemists Association. 1960. Chemical Safety Data Sheet
SD-2 Properties and Essential Information for Safety Handling and Use of

Benzene. Washington, D.C.




ii
i
:
;
i
3
iz
!
:
i
:

Benzene Toxicity - Matrix
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System Acute Treatment Subchronic Treatment Chronic Treatment Pre
or (including in (short term tests, (long term test, up to End
Effect vitro tests) up to 90 days) 2 years or lifetime)
1. Hematologic o Leucocytes. o Leucopenia. o Leucopenia: Sig
Effects Significant Appearance dose Appearance dose and dec
decrease at 24 and sex related sex related (75, Leu
hr; female (75-82). 84, 103,110). (Na
more sensitive
than male
€2,3)
o Hemolysis (4). o Thrombopenia (78). o Neutropenia (103).
o Prolonged bleeding o Platelets:
and clotting time Decreased number,
(79). abnormal function
(I11-115).
o Purpura (111, 113).
2. Bone Marrow o Significant o Hypoplasia: o Aplasia: Decreased Sig
Changes reduction in Leucopenia, RBC, WBC, Red
the precursor granulocytopenia, granulocytes, Pre
cells of the giant cells, thrombocytes, Cel
hemic cell "Q-type" cells lymphocytes (85, 89, cel
renewal system impaired myeloid 103,116). sys
(9). cell maturation o Anemia (117).
(83-85). o Fibrosis (human).
o Hemoglobin o Stem cells of o Hyperplasia: focal
synthesis hemotopoietic regeneration of
decreased system affected lymphocytes,
(5-8). (108). granulocytes and
RBC (103).
3. Immunologic c None o Decreased serum o Decreased serum (S
Effect Reporteda complement complement activity de
activity against against infection col
vaccine (86-89). (118-121). col
o Decrease in o Decrease in wi
agglutinins agglutinins and in
(86-89). opsonins (118-121). re
th
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ene Toxicity - Matrix

ent Chronic Treatment
s, (long term test, up to
2 years or lifetime)

Predictive
Endpoints

Tests
Recommended

Leucopenia:

Appearance dose and
sex related (75,
84, 103,110).

Neutropenia (103).
Platelets:
Decreased number,
abnormal function
(111-115).

Purpura (111, 113).

Aplasia: Decreased
RBC, WBC,
granulocytes,
thrombocytes,
lymphocytes (85, 89,
103,116).

Anemia (117).
Fibrosis (human).
Hyperplasia: focal
regeneration of
lymphocytes,
granulocytes and
RBC (103).

Decreased serum
complement activity
against infection
(118-121).

Decrease in
agglutinins and
opsonins (118-121).

Significant
decrease in
Leucocytes
(Non-Specific)

Significant
Reduction in
Precursor
Cells-Hemic
cell renewal
system

(Subchronic)
decreased serum
complement -
correlation
with increase
in
reticuloendo-
thelial cells

1.

2.

Complete CBC
(RBC, WC HG, Hct
Differential
Platelets)

Red cell survival
Clotting and
bleeding times

In Vitro
cytotoxicity
Bone marrow
differential
(turn over and
cycle rates)

Serum complement
depression test
Depressed
synthesis tests
(globulins and
interferon) -
electrophoresis
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Benzene Toxicity - Matrix (Cont'd)

System Acute Treatment Subchronic Treatment Chronic Treatment Pr

or (including in (short term tests, (long term test, up to En

Effect vitro tests) up to 90 days) 2 years or lifetime)

7. Biochemical and o Brain. o Brain. o Brain. 1.
Histochemical Elevated Elevated Elevated |
Effects glutamic aminolevulinic aminolevulinic |

decarboxylase synthetase synthetase (90). 24

activity (16). activity (90). |
|
|

o Spinal Cord. o Spinal Cord. o Spinal Cord. |

Elevated Elevated Elevated 3.

deoxyribonuclease aminolevulinic aminolevulinic acid

@15 synthetase (90). synthetase (90).

Depressed

succinic dehydro-

genase activity, 4,

NADH-diaphorase,

alkaline and acid

phosphatases,

5'nucleotidase

and thiolacetic

esterase

activity (15).

o Serum. None o Serum. o Serum.
reported. Elevated aldolase Elevated lactic

(92), aspartic and
alanine amino-
transferase (79)
activity.

Depressed catalase
(91), alkaline (93)
and acid (94)
phosphatases,
succinate de-
hydrogenase (94) and
cholinesterase

(79) activity.

Depressed RNA
synthesis (94).

dehydrogenase in
humans exposed to
benzene in
occupational
settings (133,
134).

Depressed RNA
synthesis (94).




pe Toxicity - Matrix (Cont'd)

Depressed RNA
synthesis (94).

atment Chronic Treatment Predictive Tests
sts, (long term test, up to Endpoints Recommended
2 years or lifetime)
o Brain. 1. Enzyme 1. RNA-ASE Test
Elevated changes
nic aminolevulinic
synthetase (90). 2. Reduced 2. Histology
) B protein (liver, kidney,
synthesis P450 Changes
spinal cord)
. o Spinal Cord.
Elevated 3. Altered 3. Liver and kidney
ic aminolevulinic acid liver and function test
(90). synthetase (90). kidney
; functions
4. P450 changes 4. Cholinesterase
test
o Serum.
dolase Elevated lactic
itic and dehydrogenase in
ino- humans exposed to
(79) benzene in
: occupational
latalase settings (133,
ine (93) 134).
h)
’
(94) and
se
y.
4) .
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System

Acute Treatment
(including in

Benzene Toxicity - Matrix (Cont'd)

Subchronic Treatment
(short term tests,

Chronic Treatment
(long term test, up to

Effect vitro tests) up to 90 days) 2 years or lifetime)
4. Central o Stimulation o No adverse effects No adverse Nervous Non
System (CNS) followed by noted under effects noted under
depression experimental experimental
(10, 11). conditions (75). conditions (75,122)
o Paralysis, but in humans from
petechial occupational
bleeding setting, changes
(12, 13). were observed in
cerebral circulation
(123) and electro-
encephalographs
(124).
5. Behavior o See CNS effects o None reported. None reported. Not
Effects
6. Cardiovascular o Ventricular o No adverse effects No adverse effects Noi
Effects fibrillation veported under reported under
(14). experimental experimental
o Hemorrhagic conditions (75). conditions (75) but

pericardium (2).

in humans benzene
exposure caused
increased cardiac
output combined
with a drop in
peripheral

resistance and a de-

cline in arterial

pressure. Death
often occurred due
to heart failure
(125-127).




1zene Toxicity - Matrix (Cont'd)

Treatment Chronic Treatment Predictive Tests
1 tests, (long term test, up to Endpoints Recommended
ys) 2 years or lifetime)
rse effects No adverse Nervous None None
ider effects noted under
:ntal experimental
ms (75). conditions (75,122) ¥
but in humans from
occupational
setting, changes
were observed in
cerebral circulation
(123) and electro-
encephalographs
(124).
yorted. None reported. None 1. Activity-wheel

rse effects
I under
ntal

ms (75).

No adverse effects
reported under
experimental
conditions (75) but
in humans benzene
exposure caused
increased cardiac
output combined
with a drop in
peripheral
resistance and a de-
cline in arterial
pressure. Death
often occurred due
to heart failure
(125-127).

running test
(related to
blood picture)

None None

Tracor Jitco




Benzene Toxicity - Matrix (Cont'd)

System Acute Treatment Subchronic Treatment Chronic Treatment Predictive
or (including in (short term tests, (long term test, up to Endpoints
Effect vitro tests) up to 90 days) 2 years or lifetime)
7. Biochemical and o Kidney. o Kidney. o Kidney. None
Histochemical Elevated Depressed succinic reported.
Effects succinic dehydro- and lactic
(Cont.) genase, NADH,- dehydrogenase,
diaphorase, glucose-6-phosphate
ca-formol-ATPase, dehydrogenase
alkaline and (95-97).
acid phosphatase
activity (17).
o Liver. o Liver. Same as in o Liver. None
Elevated aryl-4- acute studies. reported.
hydroxylase,
UDP-glucuronyl
transferase

activity (73),
cytochrome P-450
(63), aminopyrine
dimelthylase
(63).

Depressed
succinic and lactic
dehydrogenase,
glucose—-6-
phosphate
dehydrogenase and
NADH tetrazole

reductase
(95-97).




Benzene Toxicity - Matrix (Cont'd)

System Acute Treatment Subchronic Treatment Chronic Treatment Predict
or (including in (short term tests, (long term test, up to Endpoin
Effect vitro tests) up to 90 days) 2 years or lifetime)
8. Body Weight, o Body weight. o Body weight increased o Body weight 1. En
Organs No adverse effect (75, 82, 100). increased (75, cha
and Tissues reported (13). 82,100).
o Skin. Hemorrhage o Skin. Erythema, o Skin. Erythema,
{3, 13). blistering, blistering, dry 2. Spl
hemorrhage (2). scaly dermatitis ine
(2, 126). R.E
o Fatty tissue - o Fatty tissue o Fatty tissue co
destruction bioaccumulation bioaccumulation witl
(13). (2). (2): 1 mmy
o Lung and pleurae. o Lung - changes o Lung same as in effi
hemorrhage (2). resembled those subchronic. ‘
seen in chronic 3. Ro
bronchopneumonia en
(75)s
o Spleen, increased o Spleen, decreased o Spleen, marked (
proliferation myeloid parenchyma reticuloplasmo-
of reticulo- and increased cytic reaction 4. (S
endothelial lymphoid tissue (105), degenera~ Li
cells (18). (101); hemosiderosis tive changes (76), in
(75)., hyperemia and
hemosiderosis (75).
o Lymph nodes, o Lymph nodes. No o Lymph nodes. No
decreased adverse effect adverse effect 5. He
thrombocytes reported (75). reported (75). de

and increased
macrophage (18).

o Kidney. None

reported.

o Liver. None
reported.

o Kidney, mild
nephritis, convoluted
tubular abnormalities
(102).

o Liver, fatty
infiltration,
hepatitis, necrosis
(75), functional
changes (104).

o Kidney. No adverse
effect

reported (75).

o Liver. Same as in
subchronic.




gene Toxicity - Matrix (Cont'd)

eatment Chronic Treatment Predictive Tests
tests, (long term test, up to Endpoints Recommended
s) 2 years or lifetime)
t increased o Body weight 1. Endocrine 1. Hematological
100). increased (75, changes and histological
82,100). tests
thema, o Skin. Erythema,
g, blistering, dry 2. Spleen 2. Electron
e (2). scaly dermatitis increased microscope
(2; 126); R.E.C, - for RER
o Fatty tissue correlation
lation bioaccumulation with
(2). immunologic
anges o Lung same as in effects
those subchronic.
hronic 3. Rough 3. Decreased
umonia endoplasmic protein
reticulum synthesis test
ecreased o Spleen, marked (RER)
arenchyma reticuloplasmo~
ased cytic reaction 4. (Subchronic) 4. 90-Day
tissue (105), degenera- Liver -fatty percutaneous
osiderosis tive changes (76), infiltration toxicity test
hyperemia and hexane or acetone
hemosiderosis (75). controls
es. No o Lymph nodes. No
ffect adverse effect 5. Hemorrhagic
EC75). reported (75). dermatitis
ild o Kidney. No adverse
, convoluted effect
abnormalities reported (75).
tty o Liver. Same as in
ion, subchronic.
, necrosis
tional
(104).




System
or
Effect

Acute Treatment
(including in
vitro tests)

Benzene Toxicity - Matrix (Cont'd)

Subchronic Treatment
(short term tests,
up to 90 days)

Pred
Endp«

Chronic Treatment
(long term test, up to
2 years or lifetime)

8. Body Weight,
Organs
and Tissues
(Cont.)

o Endocrine organs.
Decreased
thrombocytes and
increased
macrophages in
thymus (18).

o Gastrointestinal
Eract.
Stripping of
gastric mucosa
and bleeding
(13).

o Testis. None
reported.

o Endrocrine organs,
morphological and
functional changes
in pituitary,
adrenal, thyroid,
isles of Langerhans
(pancreas) and
thymus (105).

o Gastrointestinal
tract.

No adverse effects
observed (75).

o Testis. No adverse
effects observed
G150 .

o Testis.

o Endocrine organs.
No adverse effects
observed (75).

o Gastrointestinal
tract.
No adverse effects
observed under
experimental
conditions (75), but
effects were
observed in humans
during occupational
exposure (130, 131).
Testicular
degeneration,
depressed maturation
of germinal
epithelium (76).




Benzene Toxicity - Matrix (Cont'd)

System Acute Treatment Subchronic Treatment Chronic Treatment Predﬁ‘
or (including in (short term tests, (long term test, up to Endpog
Effect vitro tests) up to 90 days) 2 years or lifetime) s)
9. Cytologic and o Chromosomal o Chromosomal o Chromosomal Chromg
Cytogenetic aberrations aberrations (30, aberrations (132, aberiyg

Effects

10. Molecular
Effects

11. Embryonic and
Teratogenic
Effects

(26-30).

o DNA synthesis,
inhibited (8,

26, 7).
RNA and protein

synthesis,
inhibited (31,

S22

o Heme synthesis,
inhibited
(5, 33-36).

o Aplastic anemia
(37-45).

o Cyclic-AMP
unchanged (46).

o Embryonic death
(46).
o Fetal

abnormalities

(46).

106).

o DNA synthesis
inhibited (8, 107).

o RNA synthesis
inhibited (8, 107).

(90).
o Lowered organ/body
weight ratio (90).

High embryotoxicity

133).

o DNA synthesis
inhibited (80).

o None reported

under experimental
conditions but in
humans absence of
pregnancy was
observed following
exposure to benzene
(59,60, 138, 139).




te Toxicity - Matrix (Cont'd)

atment Chronic Treatment Predictive Tests
sts, (long term test, up to Endpoints Recommended
) 2 years or lifetime)
i o Chromosomal Chromosomal 1. Sister chromatid
8 (30, aberrations (132, aberrations exchange
133). 2. Chromosome breaks

o DNA synthesis
inhibited (80).

toxicity o None reported
under experimental
n/body conditions but in
(90). humans absence of

pregnancy was
observed following
exposure to benzene
(59,60, 138, 139).

DNA, RNA,
Protein

synthesis
inhibited

1. Embryonic

Death

2. Fetal
abnor-

malities

and exchanges

1. Thymidine -
Uridine uptake
tests (in vitro)
(EPA Screening
level tests)

1. Embryotoxicity
screening tests

2. One generation
mouse test




Benzene Toxicity - Matrix (Cont'd)

Chronic Treatment Pred
(long term test, up to Endp

Subchronic Treatment
(short term tests,

Acute Treatment

System
or (including in

Effect

vitro tests)

up to 90 days)

2 years or lifetime)

Metabolism

o Excretion
products are
primarily phenol
and small
amounts of
trans—-trans-
muconic acid

(48-54).

o The metabolic

fate of benzene
can be

visualized as
the formation of
an intermediate,
arene oxide,
followed by a
rearrangement
to the less
chemically
active phenol,
the interaction
of the oxide
with cellular
nucleophiles or
the enzymatic
conversion to
either
dihydrodiol or
a mercapturic
acid (55-60).

o Metabolism as

described under
acute studies.

o Metabolism in humans
essentially same as
in experimental
animals (see acute
studies) except
sulphonation is the
predominant form
of conjugation at
low concentrations
of benzene and
glucuronide at high
doses of benzene.

o Highest
concentrations of
benzene found in
blood, bone marrow,
fatty tissue and
liver (141).

Areni
Formi




pﬁne lToxicity

- Matrix (Cont'd)

Treatment
tests,

Chronic Treatment
(long term test, up to
2 years or lifetime)

Predictive

Endpoints

Tests
Recommended

o Metabolism in humans
essentially same as
in experimental
animals (see acute
studies) except
sulphonation is the
predominant form
of conjugation at
low concentrations
of benzene and
glucuronide at high
doses of benzene.

o Highest
concentrations of
benzene found in
blood, bone marrow,
fatty tissue and
liver (141).

Arene Oxide
Formation

Pharmacokinetic
studies
(absorption,
distribution,
excretion,
body-burden)

Induction of
P450 and RER

Extent of

Co-Valent

binding

(liver/kidney)-

labelled

compounds
5 ¢
e
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Benzene Toxicity

- Matrix (Cont'd)

System Acute Treatment Subchronic Treatment Chronic Treatment F
or (including in (short term tests, (long term test, up to
Effect vitro tests) up to 90 days) 2 years or lifetime)
12. Metabolism o Enzyme induction
(Cont.) (63-69).
o Proliferation of
smooth endo-
plasmicr eticulum
(66).
o Suggested

mechanism of
benzene toxicity
through
metabolites which
interfere with
mitosis and
cellular
maturation and
inhibit DNA and
RNA synthesis
(71-74).




Benzene Toxicity - Matrix (Cont'd)

System Acute Treatment Subchronic Treatment Chronic Treatment

or (including in (short term tests, (long term test, up to End|
Effect vitro tests) up to 90 days) 2 years or lifetime)
13. Leukemogenic o None reported. o None reported. Experimental data Nong

and
Tumorigenic
Effect

10

reported to show

that benzene

produces leukemia

in animals were in-
clusive (142-147).

In humans benzene is
considered as a
suspect leukemogen
(148).

Experimental data to
show that benzene
produced sarcomas
were inconclusive
(152).

It was proposed that
arene oxides are the
bioactivated
intermediates
responsible for the
cytotoxic and
carcinogenic effect
of benzene. However,
the possibility that
metabolites other
than arene oxides are
active agents in
carcinogenesis cannot
be ruled out (55-60).




Benzene Toxicity - Matrix (Cont'd)

ronic Treatment Chronic Treatment Predictive Tests
t term tests, (long term test, up to Endpoints Recommended
o 90 days) 2 years or lifetime)
ne reported. o Experimental data None 1. Sister chromatin

reported to show
that benzene
produces leukemia
in animals were in-
clusive (142-147).

o In humans benzene is
considered as a
suspect leukemogen
(148).

o Experimental data to
show that benzene
produced sarcomas
were inconclusive
(152).

o It was proposed that
arene oxides are the
bioactivated
intermediates
responsible for the
cytotoxic and
carcinogenic effect
of benzene. However,
the possibility that
metabolites other
than arene oxides are
active agents in
carcinogenesis cannot
be ruled out (55-60).

10

exchange
Leucocyte-
chromosome damage
test (Brewer and
Evans)

)
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System
or
Effect

oo AT MR

Acute Treatment
(including in

vitro tests)

Benzene Toxicity - Matrix (Cont'd)

Subchronic Treatment Chronic Treatment
(short term tests, (long term test, up to
up to 90 days) 2 years or lifetime)

Pr
End

14. Physical
Chemical
Properties

Non|

@None reported, means that no literature was identified.




Benzene Toxicity - Matrix (Cont'd)

ronic Treatment
t term tests,
90 days)

Predictive
Endpoints

Chronic Treatment
(long term test, up to
2 years or lifetime)

Tests
Recommended

—
I

f

None

Chemical
structure
relationship

to known
carcinogens
examined should
be

Identify
volume-use
characteristics
of compound

?ntified.

14

N\
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EXPERIMENTAL CADMIUM INTOXICATION

Backup Report to Cadmium Toxicity Matrix
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EXPERIMENTAL CADMIUM INTOXICATION

INTRODUCTION

ACUTE TOXICITY (Including In Vitro Studies)

l. Hematologic Effects

Hemolysis

LB
.

Bone Marrow Changes

3. Immunologic Response

4. Central Nervous System (CNS) Effects

Cerebrum and Cerebellum
Spinal Ganglia

5. Behavioral Effects

6. Cardiovascular Effects

Hypertension

7. Biochemical and Histochemical Changes

Metallothionein

Mitochondria ~ Liver, Pulmonary Alveolar Macrophages

Glucogenesis

Other Effects

Collagen

Serum Albumin and Globulin

8. Effects on Tissues and Organs

Kidney

Lung
Pancreas
Macrophages
Gonads

9. Cytologic and Cytogenetic Effects

Dominant Lethal Mutations
Chromosome Rearrvangements




10. The Molecular Site of Cadmium Toxicity

RNA-Po lymerase and Protein Synthesis
Nucleic Acid and Protein Synthesis

11. Reproductive and Teratogenic Effects

Gonads
Testes
Ovaries
Behavior

Teratogenesis
Reproductive Performance

12. Cadmium Metabolism

Absorption
Skin
Respiratory Tract
Gastrointestinal Tract

Transport
Intravenous Route
Intraperitoneal Route
Subcutaneous Route

Tissue Distribution and Retention

Oral Intake
Liver
Kidneys

Injection Route
Liver
Kidneys

Placental Transfer
Experimental Animals
Human Beings

Excretion

Urinary Excretion

Excretion Via the Alimentary Tract
Hair

Milk

Saliva

Biological Half-Time

13. Carcinogenesis




SUBCHRONIC TOXICITY (Short-term tests, less than 90 days)

I. Hematologic Effects

Anemia

2. Bone Marrow Changes

3. Immunologic Response

4. Central Nervous System Effects

5. Behavioral Effects

6. Cardiovascular Effects

Rabbits
Rats

7. Biochemical and Histochemical Changes

Liver and Kidney Enzymes
Cyclic AMP

Mitochondria

Collagen

8. Effects on Tissues and Organs

Adrenals
Pancreas
Liver
Bone

9. Cytologic and Cytogenetic Changes

10. The Molecular Site of Cadmium Toxicity

11. Reproductive and Teratogenic Effects

Fetal Deaths
Fetal Malformations
Prolonged Estrus
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12. Cadmium Metabolism

Absorption: Gastrointestinal Tract
Transport

Tissue Distribution and Retention
Liver, Kidney, Pancreas, Spleen
Embryo and Placenta

Excretion
Urine
Alimentary Tract

Biological Half-Time

13. Carcinogenesis
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|
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CHRONIC TOXICITY (Long-term tests, 2-vear or lifetime treatment)

I. Hematologic Eftects
Anemia
Hemog login
Erythrocytes
Reticulocytosis
Los 1 noph ils
2« Bone Marrow Changes
Hyperplasia

3. lmmunologic Response

Antibody Producing Cells
Immune R<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>