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INTRODUCTION -1-

The extensive use of chemical agents to produce
tumors in experimental animals is one of the major advances
in the study of precancerous and cancerous lesions., The
ease with which tumors are érpduced by these agents enables
a study of the mechanism of the production of tumors. As
a result of these studies, more useful knowledge will be

gained in the field of experimental oncology.



URETHAN'S ACTION AS A COMPLETE CARCINOGEN -2~

Salaman and Roe defined a complete carcinogen as a
"substance capable of producing malignant tumors when
applied in adequate dose(s) to susceptible tissue".l

Berenblum2 applied a single dose of 9,10-Dimethyl-
1,2-benzanthracene and produced irreversible changes to
the backs of mice which resulted in tumors if a promoting
agent such as croton oil was subsequently appliea. He was
able to wait up to six months before applying the croton
oil and still obtain tumors. From these results Berenblum
divided carcinogens into two distinct types - - complete
and incomplete.2 (Incomplete carcinogenesis will be discussed
later.) TUrethan, the ethyl ester of carbamic‘acid, was
found to be a complete carcinogen for lung tissue.

In 1947, Larsen3 tested the methyl, ethyl, n-propyl,
isopropyl, n-butyl, and isoamyl esters of carbamic acid
for carcinogenic potency on a guantitative basis., He used
strain A mice because of their greater susceptibility to
lung tumor induction. The ten to twelve week old mice
were given intraperitoneal injections of 0.5 mg./gm. once
a week for a total of thirteen weeks, The mice were sac-

rificed at six months of age., The results showed a lung

tumor incidence of 16%, 100%, 59.5%, 90%, 12%, and 0%
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respectively for these compounds when compared with the
control groups. The conclusion drawn from these experi-

ments was that urethan was the most potent carbamate in

the production of tumors and that only three (ethyl,
isopropyl, n-propyl esters of carbamic acid) of the total
number of compounds tested displayed any carcinogenic

3

‘ potency.

i Nettleship and his cowo::*]z;:erslL gave weekly intraperi-
toneal injections of 1 cc of a 10% solution of urethan in
distilled water/100 gm. of mouse to C3H female mice in an

| attempt to determine the minimal time of occurrence of these
lung tumors, At intervals up to seven and one-half months,
the mice were sacrificed and autopsies performed., These
experiments demonstrated that there was some evidence of
tumors after two months of treatment in animals receiving
four or more weekly injections, When the period of treat-
ment was extended, fewer weekly injections were necessary

| to produce 1:1.uno:r's&.LL

Henshaw and Meyer wusing strain A mice found the mini-
mal number of anesthetic treatments of urethan necessary

to produce lung tumors. They used 1.5 ml of 10% solution/

100 gm. body weight. Six groups of mice were used. Group

#1 was the control group. The remaining five groups re-
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ceived one, two, three, four, and five intraperitoneal
injections of urethan at weekly intervals. Four and one-
half months later, the animals were killed and examined
for lung tumors. They observed that a single injection
of urethan was sufficient to induce an appreciable number
of tumors and that more injections increased the multi-
plicity of tumors, These tumors appeared in all lobes of
the lungs and in all locations of the parenchyma. It was
found that urethan induced tumors always developed at sites )
distant from ﬁhe place of innoculation and that usually no
tissue injury preceded the appearance of lung tumors,
These findings suggested to Henshaw and Meyer that urethan's
carcinogenic activity had characteristics assoclated only
with the viruses,

Orr,6 using C3H strain mice which normally showed a
low incidence of pulmonary tumors, injected 0,25 ml, of
12% urethan solution intraperitoneal weekly for a period of
eighteen weeks, At the end of this time period, he demon-
strated multiple adenomatous nodules in all urethan mice,

In 1945, Henshaw and Meyer7 administered urethan by
routes other than intraperitoneal injection to determine
if lung tumors could still be produced, Using strain A
mice, they implanted 1 mg./gm. of moﬁse of crystalline

urethan subcutaneously. They found a large number of lung
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adenomata but no tumors at the site of implantation. When
urethan was given orally in drinking water, they again found
only lung tumors. It was further observed that with larger
doses of urethan, more tumors were produced. This latter
finding suggested to Henshaw and Meyer that the cells of

the lung vary in susceptibility to urethan and that for a
given dose, the pulmonary epithelium responds in a quanti-
tative manner. 5

In 1947, Larsen et al. demonstrated that urethan
crosses the placental barrier, Strain A pregnant mice were
given intraperitoneal injections of 25 mg. of urethan.

The offspring were sacrificed at six months of age and thelr
lungs examined, BEach of the young mice exhibited multiple
_1ung tumors. From these experiments, Larsen postulated

that some carcinogenic action had been started in the

fetal lung tissue particularly in those mice whose mothers
had been injected late in term.

Klein,9 in 1954, studied the relationship of the in-
duction of lung adenomas in pragnant; newborn, and immature
mice, Pregnant, newborn and forty-seven day old strain A
albino mice were given one‘intraperitoneal injection of
2.5 cc. of a 10% solution of urethan in distilled water.

Some of the fetuses were removed by Cesarean section and
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placed with untreated foster mothers of the same strain.

All of the mice were sacrificed six months later. The group
of mice that were left in utero five minutes after injection
and then transferred to foster mothers had a lung tumor in-
cidence of 82% which indicated that effective amounts of
carcinogen crosses the placenta., If the fetuses were left
five hours in utero before being transferred to untreated
mﬁthers, the incidence increased to 100%. From this

data, Klein suggested that because of the short time of
exposure of the fetus to the compound, the whole molecule
rather than a metabolite crosses the placenta. When new-
born mice were injected with urethan, the average number

of tumors per lung were less than those mice subjected to
urethan in utero although the incidence of tumor formation
was the same., In the forty-seven doy old mice, there

were more tumors per lung then in the newborn and fetus
groups. Klein concluded that there was an increased

9

susceptibility to lung tumors in older mice,

Tannenbaum and Silverstonelo recently proposed that
urethan might be a multipotential carcinogen which both
induced and augmented formation of various tumors in a

number of different tissues, In their first experiment,

they used three groups of CXH mice (hybrids of GS7B1 females
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and C3H males). Groups #l and #2 received three droos to
the interscapular area of a 20% solution of crystalline
urethan in redistllled acetone two times per week (about

12 mg. urethan per dose), Group # 3 (control) were given
acetone alone, Groups #1 and #3 were treated fop eighteen
months and Group #2 was treated for six months., The experi-
ment was terminated when the mice were two years old, The
mice in Group #1 that died prior to the termination of the
experiment were autopsied and the followilng pathologic con-
ditions were found: 1) benign lung adenomas; 2) blood

cysts of the liver; and 3) mammary cafcinoma. Of the mice
that lived to the termination of the experiment, the fol-
lowing mathologic conditions were found: 1) mammary car-
cinoma; 2) pulmonary adenomas; 3) changes in the inter-
scapular fat pad varying from hemorrhagic cysts to spongy,
blood filled tumors:; L) blood cysts of the liver; and 5)
intra-orbital lesions, multilocular papilliferous cystadeno-
mas, The mice of Group #2 had fewer tumors of the breaat,
interscapular fat pad, and intra-orbital tissues, The lung
and liver involvement were ecual, From these latter results,
Tannenbaum and Silverstone concluded that the lung tumors
and liver blood cyst formation either required a shorter

10
time for development or a lower dose of urethan, In
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Group #3, five mice developed pulmonary adenomas., Because
of this finding, it was postulated that in mice treated
with urethan the formation of lung adenomas was one of
potentistion or enhancement of a spontaneous process,
Mammary carcinoma had anpeared spontaneously in the CXH
mice; and therefore, the question arose whether treatment
with urethan actually induced or just enhanced the forma-
tion of "normally expected" tumors,
| In a second experiment, Tannenbaum and Silverstonelo
used two groups of DBA female mice (three months old) to
demonstrate that urethan would enhance the formation of
mammary carcinoma in more susceptible strains, The mice
were given two applications per week of urethan (20% solu-
tion in aceﬁone) for a total of sixteen months., At twenty-
two months, the experiment was terminated. The results of
the experiment showed that 4l1% of urethan treated mice
developed mammary carcinoma in 60,7 weeks while 27% of the
control group developed mammary carcinoma in 70.1 weeks,
Of the urethan treated mice 12% developed hemorrhagic swell-
ing of the interscapular fat pad, two of which were malignant
tumors., ©No mesenchymal tumors developed in the control
group. ILuang adenomas and hepatic blood cysts developed in
the urethan treated mice but none developed in the control

group., No intra-orbital swellings developed in either group.
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In a third experiment, Tannenbaum and Silverstone

used forty C3H female mice, two months old. The doseage
applied to the interscapular area was the same as in the
previous experiments. All the mice of both groups developed
memmary carcinoma, In the urethan treated mice, the minimal
time of occurrence of the mammary carcinoma was 45.7 weeks,
as compared to Ij6.8 weeks for the control group. The num-
ber of tumors per mouse in the urethan treated group was

2.1 as compared with 1.5 tumors per mouse in the control
group. All the other types of tumors previously mentioned
were found in the urethan treated mice except the intra-
orbital tumors. Spontaneous mammary carcinoma appeared
when the C3H mice were ten months old. In these mice,
urethan increased the number of tumors pér mouse, Spontaneous
mammary carcinoma occurred when DBA female mice were seventy
weeks old. In these mice urethan decreased the average

time of occurrence of these tumops by ten weeks and aug-
mented the incidence of tumor formation., In CXH female
mice, there was a low incidence of spontaneous mammary
carcinoma with three years being the average time of oc-
currence. In the CXH group of mice treated with urethan,
the average time of occurrence of mammary carcinoma was

69 weeks.
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In evaluating all three experiments; Tannenbaum and
Silverstoneloconcluded that the blood cyst formation in the
liver was due to a dilatation of the sinusoids followed
by a pressure necrosis of the liver cords and not neoplasia,
It was further thought that urethan induced only mesenchymal
tumors and lacrimal tumors., From the results of these
experiments, Tannenbaum and Silverstone doubt if the two-
step concept of carcinogenesis (which will be discussed
iﬁ the following section) can be applied to urethan. Their
theory is that it 1is better to consl der urethan as a mﬁlti-
potential carcinogen that affects different tissues in
varying degrees: the lung readily and potently, the
interscapular fat pad with intermediate intensity and
the skin to a mild degree., Urethan causes no overt in-
flammatory or progressive tissue changes in the skin but
may cause subtle and yet unrecognizable alterations which
can lead to carcinogenesis, Urethan has been postulased
to act through an interference with the nucleic acid
synthesis (which will be discussed later). Damage to the
liver caused by urethan administration may result in a
decreased inactivation of the estrogenic substances and
increase the effective levels of estrogen on the target

tissues, Lstrogens have been known to evoke leukemia and

Po——— &



the formation of breast cancer. However, at present "there

is no reason to assume that the mode of carcinogenlic action
10
of urethan must be the same for all tissues."




URETHAN'S ACTION AS AN INCOMPLETE CARCINOGEN -12-

1
Salaman and Roe defire an incomplete carcinogen as

a substance which plays some part in tumor production but
is incapable of producing malignant tumors when applied
alone, Carcinogenesis consists of two phases - - initia-
tion and promation.ll They are different and independent
processes which in order to be effective must take place
in this sequence.ll They do not act by summation.12
The number of tumors produced is a function of the initiat-
ing action while the latent period is a function of the
promoting agent13 (which will be discussed later).
Salaman and Roel painted urethan on the backs of
S strain albino mice for eighteen weeks. There were no
tumors produced by two weekly doses of urethan (120 mg.
each dose) alone, However, two weekly doses of urethan
followed by weekly applications of 0,5% of croton oil
produced a large number of tumors. From the results of
these experiments, it was concluded that urethan was
capable of initiating the nrocess of carcinogenesis,
Salaman and Roel also concluded that urethan was capable
of transforming normal tissue into preneoplastic tissue.
A promoting agent (such as croton oil) which is necessary
for the second step of carcinogenesis is capable of trans-

12
forming the precancerous tissue into visible tumors.
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1
In 195, Roe and Salaman  determined the effect pro-

duced on tumor formation by urethan in different solvents,

Acetone as a solvent permitted urethan to be readily ab-

sorbed whereas urethan suspended in carbowax required a
longer time period for absorption. Croton oil was applied
twice weekly. However, there was no noted change in tumor
incidence between the two groups. This indicated that the
rate of absorption did not afféct the efficiency of urethan
as an initiator or carcinogenesis.l2

Berenblum and Haran-Ghera13 using female Swiss mice
studied the systemic initiating action of urethan. A 5%
solution ofurethan in distilled water was glven by the
oral, subcutaneous and intraperitoneal routes to respective
groups of mice, A 1L0% solution in acetone was used for
skin ppplication, In the first group, single feedings of
1 mg., (0.2 ce.), Ly mg., (0.8 cc.), 16 mg., (3.2 cc.) and 6l mg.
(12.8cc.,) of urethan were followed by twice weekly appli-
cations of croton oil., An increased response in skin
tumor production was noted with increased doseage., In the
second group, urethan's action as a skin carcinogen was
compared when it was given by the oral, subcutaneous and
intraperitoneal (I.P.,) routes. A total dose of 50 mg,
(10 cc.) I.P. and 64 mg. (12.8 ce,) by the other routes were

given, This was followed by twice weekly applications of
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croton oil. The experiments demonstrated that there was g
100% tumor induction incidence in all groups. In the third
group, a comparison of the results was made between the
skin application of urethan with and without a plastic
collar worn by the mice., The collar was used to mrevent
the mice from licking the urethan off their backs, The
results of the experiments showed that both groups developed
tumors; however, the group without the collar had a slightly
higher incidence. A fourth group of experiments evaluated
the influence of sex on tumor formation by urethan. It was
shown that the female mice were more susceptible to skin
and lung tumors, Their data was collected by pooling the
results of their past experiments, The exper;ments demon-
strated that regardless of the route of administration of
urethan, skin and lung tumors were produced. Because
urethan acted almost as effectively any way 1t was given,
the changes in the gut and absorption through intestinal
mucosa were not required for action.13

As previously mentioned, carcinogenesis is ordinarily
considered a two step process - - initiation and promo-
’cion.12 Promoting agents, such as croton oil which is one
of the most potent co-carcinogenic agents on mouse skin,15
are capable of producing tumors in tissues which have under-

1
gone the changes produced by an initiating agent.
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Berenblum suggested that croton oil might exert its action

by one of two possible ways, Either croton oil might be

a weak carcinogen and a summation action might take place
between the o0il and the other compound used as an initiat-
ing carcinogen or croton oil was able to augment carcinogene-
sis without itself possessing any carcinogenic action.
Beren.bluml6 favored the latter explanation because in his
experience only small warts were produced by croton oil
which never became malignant and would disappear when croton
oil treatment was stopped. However, Roe found that
papillomas appeared in almost all groups of mice after
eighteen weekly applications of croton oil, When treat-
ment was stopped, the tumors disappeared but reappeared
when treatment was again started and in increased numbers.
Recently Boutwell et al.lsdemonstrated on Sutter mice that
croton oil was an effective agent for the production of
both papillomas and carcinomas without the aid of a pre-
ceding small dose of carcinogenic hydrocarbon., Thirty mice
were used each receiving 1//,0 ml, of 1.5% croton oil in
benzene applied to the skin of the backs of the mice two
times per week for a total of sixty-two weeks., By the end
of the twenty-eighth week more than 5% of the mice had

tumors, The benzene was checked separately and shown not

to have had initiating or promoting properties, A small
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dose of DMBA applied prior to croton oil treatment produced
rapid formation of papillomas in comparison with croton
0il alone, From these experiments, it was concluded that
croton oll was a weak carcinogen and a strong promoting
agent., The acknowledgeﬁent of croton oil as a weak car-
cinogen did not discredit the concept of promotion of car-
cinogenesis nor the ability of croton oil to do so, but
called for further evaluation of experiments where croton
oil Qas assumed to be noncarcinogenic.l8
Recently, Boutwell and Boschlgconfirmed the carcino-
genicity of creosote for mouse skin., They observed that
mice which had lived in wooden cages treated with creosote
(2 wood preservative) developed papillomas readily when
further treated with croton oil., They had assumed that
croton oil was the carcinogen., However, further study
revealed that carcinogenesis had been initiated previously
by the use of creosote. ("Creosote oil is g loosely de-
fined industrial distillate of coal tar or of petroleum
residues and is of variable composition.")19 Seven
groups of female albino mice eight weeks of age were selected
for these experiments., The first group received no initial .

treatment and one week later 25 nl, of undiluted creosote

was applied twice weekly for the duration of the experiment.
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The second group received an initial application of 75 ng.
of DMBA per mouse followed one week later by twice weekly
treatment with 25 nl. of benzene (solvent control). The
third group got one application of DMBA followed by 25 ul,
of undiluted creosote twice a week, The fourth group

got one application of 75 ng. of DMBA and one week later
had 25 nl. of 0.,5% solution of croton oil in benzene ap-
plied twice 2 week for the remainder of the experiment,
The fifth group received no initial treatment, and one
week later 25 ul. of 0,5% solution of croton oil was put

on the dorsal skin of the mice two times per week for four
weeks, followed one week later by twice weekly applications
of croton oil. Papillomas developed in Groués #1, #3, #i,
i#5, and #7 but not in Groups #2 and #6. Group #l developed
papillomas rapidly with a maximum of 5.l tumors per mouse
at the twenty-eighth week, Application of 75 g of DMBA
shortened the time for appearance of papillomas by four
weeks, Mice treated with croton oil only developed 0,1
papillomas per mouse at 28 weeks while mice which received
creosote for four weeks prior to croton oil treatment de-
veloped 2.8 papillomas per mouse. The mice in Group #y
developed papillomas the most rapidily; six per mouse

at sixteen weeks, From these experiments, Boutwell and
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Bosch confirmed earlier reports that creosote was a com-
plete carcinogen for the skin and had both the initiat-
ing and promoting properties. They also demonstrated the
"inusual sensitivity" of mice previously exposed to creo-
sote to the promoting effect of croton oil, Therefore,
they concluded that mice exposed to creosote are "unsuit-

19
able for use in experimental oncology".
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CHARACTERISTICS AND METABOLISM OF URETHAN -19-

Urethan is a colorless, odorless, crystalline com-
pound which has a slightly salty or bitter taste.zo The
chemical structure for urethan is H,N - 049 0 - C,Hy.

It has a melting point of ABOC and a boiling point of
18&00.21 Urethan is rapidly absorbed from the gastrointes-
tinal tract and hydrolyzed in the liver.22 The radioactive
carbon atom from the carbonyl labeled urethan which remains
in the body after injection is fairly well distributed
throughout most tissues without indication of consistent
localization or tlssue specificity.23 The metabolism of
urethan in the body can proceed by either of two Eathways
or both - - spontaneous or enzymatic hydrolysis.2 The
hydrolysis of urethan produces carbon dioxlde, ethyl alco-
hol, and ammonia.25

Whether urethan itself or a metabolite is responsible
for carcinogenesis has not been determined. Skipper et
a1.26 found that almost immediately after injection, urethan
began to break down with about 90% of the radioactive
carbonyl carbon appearing in the expired air in the first
twenty-four hours. Using metabolism cages, they were able
to collect the expired gases of the mice as well as their

excrement. They also found 5 to 10% of the Clu in the
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6
urine and about 1% distributed throughout the body.2 A

portion of the tissue activity after administration of

clh urethan was due to clhoa which was produced by ure-
than's metabolism.23 The exact rate of hydrolysis of urcthan
is unknown but it appears to be complete within eighteen

hours.26

In 1955, Rogersa7 ahowed by a series of experiments
that .an intermediate of urethan was involved in the process
of carcinogenesis. By exposing fetal lung tissue in vitro
to varying concentrations of urethan, he was able to show
that no pulmonary adenomas were produced after walting
various periods of time up to twenty-four hours before
transplantation of the lungs to thighs of unexposed mice.
After an interval of two months, the lung tissue was in-
spected and as mentioned previously no lung tumors were
found. In another group of experiments, vpregnant mice,
of eighteen to twenty weeks gestation, were used to
study the effect of urethan in vivo on fetal lung. A
5% solution of urethan was injected by the intraperitoneal
route and after a period of three hours, the lungs of one
group were transplanted into the thighs of unexposed hosts; -

the second group was left in utero for a longer period of

time before transplantation; and the third group was left
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in utero. After an eleven week interval, the lungs of all
three groups were excised and the results showed that the
group left in utero had the most papillomas while the group
left in utero for five hours before transplantation had
the second greatest number of tumors. Another experiment
consisted of exposure of fetal lung tissue in vitro to
serum taken from rabbits previously injected with urethan
and. then transplanted to the thighs of unexposed hosts,

In this group, Rogers found a large number of papillomas.
It was concluded from these experiments that it was neces-
sary for lungs to be exposed to an intermediary substance(s).
When urethan is painted on the skin, enough is absorbed

to cause a "nmarcotizing effect" and there 1s no reason to
believe that an intermediate substance may not be neces-
sary for the initiating of skin tumors.27 The final answer

as to whether urethan or a metabolite 1is the carcinogen

depends on the isolation of this metabolite.




URETHAN'S POSSIBLE MECHANISM OF ACTION -22=-

Many theories have been proposed to explain the
mechanism of action of the carcinogenic compounds. The
Miller828 suggested a binding mechanism between carcino-
gens and protein. It was demonstrated that binding oc-
curred between the azo dye and protein., They fed an azo
dye (Lh-dimethylaminoazobenzene) to rats, Later the liver
was removed and homogenized. Attempts to liberate the dye

from the crude protein by mild procedures were unsuccess-
ful, The removal of nucleic acids from the liver powder
with hot trichloroacetic acid (TCA) did not significantly
alter the content of bound dye in liver protein. By
using colorimetric measurements in an acld solution, the
amount of dye bound to liver protein was detected. From
these experiments, the Millers concluded that, in vivo, a
firm combination took place between the derivatives of the
carcinogen and a cellular constituent of high molecular
weight, probably protein, By using trypsin to digest the
liver powders, it was found that the dye was released at a
rate parallel to the destruction of protein., The dye was

not bound to nucleic acid because upon their removal, the
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dye was not liberated, It has been shown that a covalent
type of liﬁkage exists between the protein and the dye.
It was unlikely that any other type of linkage could with-
stand the prolonged action of hot polar solvents, heat
coagulation, detergent and hot TCA. The latter reagent
disrupts both the salt and nonsalt linkage which exists
between the nucleic acid and the protein.28
h - A further finding from the above experiments was the
absence of bound dye in tumors. The Millersn interpretation
| was that a tumor, once initiated, did not need a carcinogen
\ for its continued growth., They also suggested that tumor
cells and normal cells differed with respect to certain
proteins, These conclusions were strengthenéd by showing
that paradimethylaminoazobenzene did not bind to tissues
(small intestine, kidney, spleen, lung, heart, and skeletal
muscle) which were resistent to the carcinogenic action of
this drug.
29

In 1951, E. C, Miller démonstrated the binding of
derivatives of 3,li-Benzpyrene to epidermis of mouse skin.
Using 0.2% solution of benzpyrene in benzene, four to six
drops were applied to the backs of cleanly shaved female
Sutter mice. The skin was collected, homogenized and pre-

cepitated with TCA. To determine if the dye was bound to

protein, the protein extracts were washed with three 30 ml,
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charges of bolling solvents over a ten hour period., If the
derivatives had only been adsorbed to the protein, signi-
ficant loses would have been detected by fluorescence, The
experiments indicated that the derivatives of 3,li-benzpyreme
were combined chemically in vivo with the epidermal protein.
Derivatives of benzpyrene were differentiated from the
parent substance by their different solubility properties
and by the fluorescence of 3,l-benzypyrene being quenched
to a greater degree by dissolved oxygen than its deriva-
tives, The lack of extraction of derivatives of benzpyrene
from protein by boiling solvents showed there was binding.
Mrs, Miller concluded from these experiments that the pos-
sible action of a carcinogen is to alter or delete some

of the proteins and that the cells which survived grew, but
lost their capacity to respond to the growth controls of

29
the body and became classified as tumor cells,

Further work by the Millers3o on the combination of
carcinogens and tissue constituents strengthened the cor-
relation between protein-binding aﬁd carcinogenesis, Livers
of rats fed azo dyes wefe analyzed for both free and bound
dyes. Tumors arising in these livers did not contain de-
tectable quantities of dye although bound dye was present

in the liver before evidence of these tumors were present.

The tumors did contaln marked levels of free dye "so lack
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of penetration of the dyes into the tumors does not seem to
be responsible for the lack of bound dye."Bo This finding
suggested that the "careinogenic dyes, through combination
with certain proteins, might cause their (proteins) gradual
deletion from liver cells."BO It was also thought that cells
might arise which had either complete absence or low levels
of those proteins which were bound to the dye. A further
result of this experiment showed that with the cessation
of dye administration, the disappearance of the dye¢ from
the liver cells were correlated with the breakdown of
normal liver protein. This work helps substantiate that
protein binding is important in the mechanism of carcino-
genesis,
31, 32

In 1953, Welst and Heidelberger, demonstrated
quantitatively binding between 1,2,5,6-Dibenzanthracene-
9,10-C1t and the protein of skin. A 1.0 ml, dose of 0.5%
solution of DBA-?,lO-Clh in benzene (.5 mg. of hydrocarbon
or 6.5 X 105 cpm per mouse) was applied to the skin of the
backs of ten Rockland female mice, The mice were sacrificed
two hours, two, nine, eighteen and forty-two days after
application of the compound. The skins were cleaned off

with benzene to remove any adhering hydrocarbon and then

shaved, The connective tissue and fat were removed by a



-26-~

31
liquid air scraping technique and the skins of three mice

were combined and homogenized in isotonic potgssium chloride.
The homogenate was centrifuged to separate the tissue into
particulate and soluble fractions, and the proteins were
isolated from the two fractions by precipitation with TCA
and washed with sodium hydroxide, ethyl alchol-ether mixture,
benzene and purified dioxane.31 The washing procedure was
gufficient to remove all the adsorbed radioactive compounds.
The results showed that mice sacrificed after two hours
exposure to the radioactive hydrocarbon had 5 to 6% of the
total radioactivity bound to skin protein. The maximum
specific activity 1n the skin protein was highest after

two days exposure to BBA-?,lO-Clh. By using a control

mouse and adding 0,15 mg, of DBA-9,10-Clh to the homogenate
and treating the tissues with the same washings as desecribed
above, Welst and Heldelberger were able to demonstrate only
slight in vitro binding of the hydrocarbon to protein.

They further showed a covalent chemical bond between the
radioactive compound and the tissue protein, The proteins
were "redissolved in suiltable solvents",Bzwashed with organic
Solvents, reprecipitated and the specific activity again
measured, A decrease in the specific activity would in-

dicate dissociation of the Clu from protein. The results
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showed that the reprecipitated protein had the same specific
activity; and, therefore, ruled out any possibility of surface
absorption of the radioactive hydrocarbon. By extracting

the protein for fifteen minutes with 5% TCA at 90°C, Weist
and Heidelberger demonstrated the specific activity re-
mained constant. This proved that the radioactive hydro-
cgrbons were not bound to nucleic acids which would have
degraded by thls strong treatment., This tracer study

method gave a more quantitative result thanvthe fluores-

cent method of determining protein binding because the

32
relative amount of binding could be defined.
33
In 1955, Bhargava et al. demonstrated that the
1

metabolite(s) of DBA-9,10-C were bound to amino acids.
Using Rockland female mice, they painted the backs of these
mlce with DBA-9,10-C*, The mic e were sasrificed at the
end of two days at which time there was maximum binding.
The skin was removed and the proteins precipitated, washed,
extracted and plated., The proteins were then subjected to
digestion by oepsin which degraded the proteins to the

polypeptide level, The polypeptides were plated and no

loss of specific activity was noted, The polypeptides were
then subjected $6 alkaline hydrolysis which degraded them

to amino aclds. These amino acids were plated and counted
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and agein no decrease in specific activity was noted, The
results of these experiments demonstrated that binding was
not due to adsorption or occlusion of DBA on the protein.
Also the extended washings to which the proteins were
exposed showed that a covalent bond must be present be-
tween the DBA or 1ts derivatives and the amino acids be-
cause ionic bonds could not survive the treatment to which
the proteins were subjected,

Bhargava and Heidelberger in a subsequent paper
demonstrated the structure of the carcinogen-protein com-
plex. They had observed that about 25% of the nrotein-

- bound radioactivity in the skin involvéd the binding of
2-phenylphenanthrene-3,2'dicarboxylic acid (PDA) to the
protein, If PDA were boﬁnd to protein through its carboxyl
groups as an ester, amide or imide, "hydrazine treatment
of the protein would result in cleavage of the peptide-
metabolite bond and thus yield radioactivity". Carrier
experiments were done using the hydrazides of derivatives
of PDA on the first fraction of the peptide fraction
(pepsin-insoluble large granuler, pepsin-soluble large
granular, pepsin-treated soluble). It was revealed that
half of the radioactivity was due to the dbthydrazide of
PDA and the other half#® the cyclic hydrazide of PDA.
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When the PDA-protein bond was treated with hydrazine, the
dihydrazide of PDA was formed. From the results of these
exoeriments, it was concluded that PDA was bound to protein
through a nitrogen (amide or imidce) or oxygen (ester) bond
or both. To further evaluate the possibility of an ester
linkage, the peptide fractions were ﬁreated with lithium
aluminum hydride. If an ester-linkage had been involved,
there would have been a cleavage of PDA-protein bond with
the formation of alecohol of PDA. However, when this pro-
cedure was done, no radioactivity was extracted. If bind-
ing involved an amide linkage, treatment of the PDA-protein
bond with phosphorus pentachloride, stannous chloride in
ethereai hydrochloric acid, and water, would réesult in a
"mono-and/or dialdehyde of PDA which would be extractable
in organic solvents". Bhargava and Heidelberger found
radiosctivity which was extracted with ethyl acetate after
hydrazine treatment and concluded that the binding of PDA
to mouse skin was through an "amide (both mono and di)
linkage". This represented about 25% of the total bound
radioactivity. However, it is not yét known whether this
25% "or the other 75% represents the structure of the com-

plex" concerned with the initiation of cencer.
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Heidelberger and Moldenhauer using a series of C
hydrocarbons demonstrated a relationship between binding
and carcinogenic action, They found that the non-carcinogenic
compounds such as phenanthrene were weakly bound; weak
carcinogens like 1,2-benzanthracene bound a little more;
and potent carcinogens such as 3,l-ben,pyrene and 20-
methylcholanthrene resulted in veak specific activities.

An interesting finding of these experiments was that 1,2,
3,4-DBA reported previously as a non-carcinogen was bound
to the greatest degree. However, except for this latter
comoound, there was still an excellent correlation between
the carcinogenic activities of the various hydrocarbons and
the quantities bound to skin protein. Also of interest

was the observation that a pre-application of 1,2,3,4-DBA
which was non-carcinogenic but was highly bound, did not
inhibit the binding of 1,2,5,6-DBA. This indicated that
non-carcinogens and carcinogens might be bound to different

35

receptor sites,
36
In 1957, Rogers attempted to explain the mechanism
of action of urethan in the production of vpulmonary
adenomas., He pointed out that young, rapidly growing

mice were more responsive to standard doses of urethan

than were older and slower growing mice, There was also
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a recognized correlation in the rate of synthesis of deoxy-
ribosenucleic acid and the growth rate of the body at a
given time., Therefore, Rogérs368hbwed to what extent the
number of tumors initiated by a single injection of urethan
might be Influenced by exposure of the animals to DNA, RNA,
their chemical components, precursors and the substances
influencing their rate of synthesis, A single injection of
DNA hydrolysate prior to the exposure of mice to urethan
greatly reduced the number of tumors initiated. Conversely,
the administration of aminopterin which inhibited nucleic |
gcid synthesis increased the carcinogenic activity of in-
Jected urethan. This increase muld be prevented by the
injection of a DNA hydrolysate. The various components of
nucleic acids were tested and theApyrimidines were found

to be the most active inhibitors of tumars produced by
urethan. Orotic, dihydro-orotic acid and carbamyl aspartic
acld were also found to exert profound inhibition upon
carcinogenesis by urethan, In DNA treated mice, nineteen
adenomas appeared after further treatment with urethan
while forty-seven adenomas appeared in mice treated only
with urethan. When mice were pretreated with aminopterin
for several days, the number of adenomas increased. How-

ever, mice pretreated with aminopterin followed by treatment
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with DNA hydrolysate showed greatly reduced numbers of
adenomas, Orotic acid not only modified the response of
animals to urethan, but varying the dose of either the
urethan or orotic acid showed that these two substances
acted as competitive antagonists, Dihydro-orotic acid also
inhibited the formation of pulmonary adenomas by urethan.
From these experiments, Rogers concluded that the mechanism
of action of urethan in initiating pulmonary tumors was
closely associated with nucleic acid synthesis. The ex-
perimental results indicated that urethan interfered with
the normal DNA synthesis, Inhibition of adenine synthesis
by aminopterin produced no effect on tumor formation by
urethan, while interference with thyminesyntheéis incrcased
urethan's carcinogenic activity. Rogers further suggested
that the carcinogen acted in the pothway of nucleic acid
synthesis before the stage of synthesis of orotic acid;
and, perhaps, at the level of ureidosuccinic acid because this
was one of the first eompounds in the chain to inhibit

urethan's gctivity.

Elion andAMQrco-worker337demonstrated a tumor inhibi-
tion and uracil antagonism by certain compounds, These
drugs (4 thiouracil, 6 azauracil and 6 azacytosine) which

were uracll antagonists were tested against Lactobacillus
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casei, This bacteria, grown on OFA media (a2 folic acid,
amino acid, vitamin, glucose media, with small amounts of
Mg, Mn and Fe), needed uracil for its growth even though
it was capable of the production of its own uracil. Iso-
barbituric acid produced inhibition of this organism, but
the inhibition was reversed by the addition of uracil to
the media, All the éompounds tested which produced inhi-
bition of growth of the organism on the OFA media were
tested in the presence of varying concentrations of uracil,
These antimetabolites which were found to inhibit growth
of this bacillus were then tested against Mammary Adeno-
carcinoma 755 in C57 Bl/6 male mice. Urethan was also
used because of its possible effect on thymidine synthesis.
The tumors were weighed, transplanted to the axilla of
normal hosts, treated for seven days, rcmoved and weighed
again, Urethan showed good anti-tumor activity at a dose
of 50 mg/kgr and above. Urethan in combination with 6-
azauracil and 6-azacytosine, produced similar anti-tumor
effects at lower doseages than any of the compounds alone.
The results demonstrated that 1/8 of the minimal effective
dose (MED) of 6-azauracil and 1/li the MED of urethan produced

a better cure rate (tumor resorption) than with either drug used

alone at its poyimum tolerated dose, Urethan and 6-azacytosine
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(25 mg/kg) did not have much effect on tumor inhibition.
Four thiouracil and urethan (% MED, 25 mg/kg of both) pro-
duced better inhibition of tumor growth than cither of these
two drugs alone.37 The nucleosides, thymidine and cytidine,
antagonized the effect of urethan on these tumors, Thymine
overcame the effect produced by urethan but had only slight
inhibition on the effects yielded by 6-g&zauracil alone or
in combination with urethsan, Orotic acid inhibited the
effects of 6-azauracil but only partially reversed the
effects of urethan alone or in combination with 6-azauracil.
When 62.5 mg/kg (4 MED) of 6-azauracil and 25 mg/kg. (4 MED)
of urethan were used in combination, none of the metabo-
lites effectively reversed inhibitions of tumor growth.
Some further interesting findings were that the combina-
tion of 6-azauracil plus urethan was much less effective

on older tumors., One-half of the MED of both compounds
reduced the incorporation of uracil-z-clu in all tissues
studied (liver, gut, tumor). One-fourth of the MiD of
both drugs reduced ;?e uracil uptake in tumors by L42% of

the eontrol figure.

Combinations of anti-metabolites which affect systems

related "sequentially or concurrently"3fshowed potentiation
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of their effects with a great frequency. Urethan seemed
to have had an sffeet on the pyrimidine blosynthesis and
a 8ynergistic action between urethan and some of the uracil
antagonists appeared possible, Hlion ¢t al, postulated
that the "locl of action" of 6-azauracil and urethan might
be closely rclated, The reversal of urethan's carcino-
genlc effects by ureldosuccinic and orotic acids although
incomplete and bthe lack of reversal by uracil and uridyliec
acld suggested to these workers that urethsn did not inter-
fere with carbamyl phosphate, Urethan might interfere with
the methylation of the uracil moiety to the thymine moiety.
Abnormel mitoses in Walker tumors produced by ursthan were
prevented by thymine but not uraeil.

In summary, the chart on the [ollowing page demon-
strates some of the possible biochemleal loei of action of

uraethon,
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Further research must be dorne Pefore the locetion of urethan's sction cen be
definitely esteblished, ,




URETHAN AS A CHEMOTHERAPEUTIC AGENT -37-
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In 1946, Haddow and Sexton demonstrated urethants
ability to inhibit cell division in both the Walker Rat
carcinoma and white blood cells, In the same year Patterson
and co-workers39demonstrated clinically that there was a
marked fall in leukocytes in both chronic myelogenous and
lymphocytic leukemia. She also noted a decrease in the size
oflthe spleen and lymph nodes and an increase in the hemo-
globin, Guyer and Claus%o’ulusing corneal epithelium to
study mitotic effects, noticed that urethan abolished all
mitotic stages for eight to twelve hours, This mitotic
inhibltion was found to be selective, acting principally
in leukemia on early myeloid cells. However, the extent
of this inhibition was of such a nature as to lead to
agranulocytosis and evencieath.zo

In rets with Walker 256 tumors treated with urethan,
Haddowuzfound that histologically, the tumors had changed
from a cellular structure to that of a fibrous structure
with an abundant stroma., This change was much like that seen
after roentgen tl'mr’s-lpy.L*'3

Engstrom et al.uBtransplanted myelogenous chloro-

leukemia to mice which subsequently developed leukemia,
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About six to eight weeks after innoculation, the spleen

was palpable; there was a high white count with immature
forms and enlarged lymph nodes, Urethan in an aqueous

sol was given by intraperitoneal injection (.004 to 1 mg/gm.
of body weight). The results showed a decrease in the white
blood count from 100,000 to normal, the spleen and lymph
nodes decreased in size and mature leukocytes appeared

in tﬁe peripheral blood. The mice lost weight and attempts
at reducing the dose resulted in a lesser degree of lower-
ing of the white blood count and only & partial reduction
in size of the lymph nodes and spleen, The white blood
cells were, however, more mature than those present without
treatment. Bone marrow studies showed a decrease in marrow
activity in leukemic mice but not in normal mice.

Watkins, in 1949, observed that no benefit was arrived

in treating acute human leukemias with urethan,

Skipper and his coworkersquound that labeled urethan
was hydrolyzed more slowly in cancerous mice than in normal
mice. The hydrolysis was enzymatically catalyzed and ap-
peared to be interfered with by certain tumors or leukemia,
However, the mechanism of action of urethan on cancer cells'

might be due to the increased rate of metabolism and division
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of these malignant cells and the greater preference of
urethan for these cells, In earlier experiments, Skipper
and his grouph.6 demonstrated that the combination of
urethan and nitrogen mustard inhibited the incorporation
of formate into the nucleic acids. Upon injection of

1l

sodium formate C ° into mice, the amount of formate in-
corporated in the nucleic acids in control groups was higher
thaﬁ those treated with nitrogen mustard and urethan,
Skipper et al, tested a series of anti-leukemic compounds
in various combinations to determine their joint effects.
The combination of urethan and nitrogen mustard was the only
compounds and agents tested which exhibited any synergistic
activity.

Urethan is active in one other neoplastic condition - -
multiple myeloma, Multiple myeloma of a diffuse nature
represents a fofm of aleukemic plasma cell 1eukemia.u8
Webb et al.hsconcluded that urethan reduced the localized
pain, retarded the growth of the myelomatous marrow cells,
diminished the abnormal serum globulins and Bence-Jones
proteinuria, changed electrophoretic serum vatterns,
permitted some repair of bone lesions, reduced fever and

L8

maliase and provided general symptomatic improvement.
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Side effects of urethan therapy were nausea and vomiting.
There was a general suppressive effect on all the cellular
elements of the blood, The usual doseage was from two to
four gms, per day for several months depending on the side
effects. The patients were carefully studied with fre-

quent hemoglobin, hematocrit, white blood count, and
platelet studies. If a depression of these elements occurred,
the drug was discontinued until the levels returned to
normai. Relapses following administration of urethan might
be due to the myeloma cells becoming adapted to the drug.
Treatment of multiple myeloma is only partially satisfactory;
.and, unfortunately, there is no consistent and favorable
response to urethan administration. It temporarily in-
fluences the disease but does not provide a cure. The

more chrbnic the disease, the better the results with
urethan may be. Webb et al. report that the combination

of 1.0 gm. of urethan and 50 mg. of nitrogen mustard daily

may offer a chance of longer remissions,

The toxicity of urethan has not been fully worked out
but there is good evidence that it can cause pulmonary
adenoma formation in mice.z2 In rats, pulmonary édenoma
formation has also been found and with prolonged adminis-

22
tration of urethan malignant hepatomas have been produced.
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In man, the toxicity generally consists of nausea, vomiting

48

and in rare instances hepatitis.




CONCLUSIONS -l2-

Although much has been learned about urethan, its
mechanism of action has not been established. The two
major theories proposed which may be related but not firmly
substantiated are the interference of nucleic acld synthesis
and the binding of carcinogens to protein. In fact, using
Rogers' work as a basis, we can not even be sure if
urethan or its metabolite is tne carcinogenic agent. How=-
ever, it is well-documented that urethan or its metabolite
is the carcinogen both of the complete and incompléte
typ92 and, perhaps, multipotential.lo Urethan passes through
the placental barrier, induces lung adenomas,8 and is more
effective on older female mice.lo Urethan causes the
formation of skin papillomas and lung adenomas no matter
by what route it 1is given.l3 Henshaw and Meyers'! results
demonstrate that one anesthetic treatment is all that is
necessary to induce an appreciable number of lung tumors
in strain A mice.

Urethan is also able to induce blood cysts of the
liver, mesenchymal tumors and intraorbital tumors if given

for a varying period of time., The question, however, also

arises if the adenoma formation is just one of enhancement



i3

v 10
by urethan of expected tumors in mice,

Urethan has been used as an anti-tumor‘drug since
19LL6.39 Treatment of chronic myelogenous and lymphatic
leukemia with urethan has been extensively used for pal-
liation, but, unfortunately the palliative effects are
neither satisfactory not lasting.zz’BgUrethan has no effect
or benefit in acute leukemia. The action of urethan on
the leukemic process simulates the effects of ::c--ray.B(}’LL3

Urethan is still being extensively used for the treat-
ment of multiple myeloma. In this condition symptomatic
relief as well as abatement of some of the signs and
symptoms does occur, However, relapses do occur eventual%?,
but this is no deterent for not using this drug to provide
relief from multiple myeloma as long as possible.

This review is on attempt to summarize current facts
and opinions concerning the carcinogenic action, the

mechanism of action and the chemotherapeutic effects of

urethan.,



9.

10.

BIBLIOGRAPHY -l

Salaman, M.H. and Roe, F.J.C. Incomplete Carcinogens:
Ethyl Carbamate (Urethane) as an Initiator of Skin
Tu?our Formation in the Mouse, Brit., J. Cancer, T7:472,
1953.

Berenblum, I. Carcinogenesis and Tumor Pathogenesis,
Adv. Cancer Research, 2:129-76, 195,

Larsen, C.D. Evaluation of the Carcinogenicity of a
Series of Esters of Carbamic Acid, J., Natl., Cancer
Inst., 8:99-101, 1947.

Nettleship, A.,, Henshaw, P.S. and Meyer, H.L. Induc-
tion of Pulmonary Tumors in Mice with Ethyl Carbamate
(Urethane)., J. Natl. Cancer Inst., l:309-319, 19,3.

Henshaw, P.S. and Meyer, H.L. Minimal Number of Anes-
thetic Treatments with Urethane Required to Induce
Pulmonary Tumors. J. Natl, Cancer Inst., 4 :523-525,

19,

Orr, J.W. The Induction of Pulmonary Adenomata in
Mice by Urethane. Brit. J. Cancer, 1:311-316, 1G47.

Henshaw, P,S. and Meyer, H.L. Further Studies on
Urethane-Induced Pulmonary Tumors. J. Netl. Cancer

Inst., 5:415-417, 1945,

Larsen, C.D., Weed, L.L. and Rhoads, P, B., Jr. Pul-
monary Tumor Induction by Transplacental Exposure to
Urethane. J. Natl., Cancer Inst., 8:63-69, 19,7.

Klein, M, Induction of Iung Adenoma Following Ex-
posure of Pregnant, Newborn, and Immature Mice to
Urethan, Csncer Research, 1li:l438-44,0, 195,

Tannenbaum, A., and Silverstone, H. Urethan (Ethyl
Carbamate) as a Multipotential Carcinogen. Cancer
Research, 18:1225-31, 1958,



1l.

12.

13.

1l

15.

16.

17.

18.

19.

20.

-4 5-

Berenblum, I. The Initiating Action of Ethyl Carbamate
(Urethane) on Mouse Skin. Brit. J. Cancer, 9:453-456,

1955 .

Berenblum, I, and Haran, N, The Significance of the
Sequence of the Initiating and Promoting Action in
the Process of Skin Carcinogenesis in the Mouse.
Brit, J. Cancer, 9:268-71, 1955,

Berenblum, I, and Haran-CGhera, A Quantitative Study
of the Systemic Initiating Action of Urethane (Ethyl
Carbamate) in Mouse Skin Carcinogenesis, Brit, J.
Cancer, 11:77-84, 1957.

Roe, F.J.C. and Salaman, M.H.A. Quantitative Study

of the Power and Persistence of the Tumour Initiat-
ing Effect of Ethyl Carbamate (Urethane) on Mouse Skin.,
Brit, J. Cancer, 8:666, 195l.

Berenblum, I. Co-Carcinogenesis, Brit. Med. Bull.,

ly:3143-345, 1947.

Berenblum, I. The Co-Carcinogenic Action of Croton
Resin, Cancer Research, 1l:li-48, 1941.

Roe, B.J.C. The Development of Malignant Tumours of
Mouse Skin after "Initisting and Promoting" Stimuli,
III. The Carcinogenic Action of Croton 0il. Brit. J.
Cancer, 10:72-78, 1956, '

Boutwell, R.K., Bosch, D. and Rusch, H.P. On the Role
of Croton 0il in Tumor Formation, Cancer Research,

17:71-75, 1957.

Boutwell, R.K. and Bosch, D.K. The Carcinogenicity of
Creosote Oil: Its Role in the Induction of Skin Tumors
in Mice, Cancer Research, 18:1171-75, 1958,

Webster, J.J. Urethan in Leukemia, J. Am. Med. Assoc.,
135:901-3, 1947.



21,

224

23.

2.

25.
26,
a7,
28.

29.

~ly6-

Fieser & Mieser, Organic Chemistry, p. 189. Boston:
D. C. Heath & Co., 194l.

Hirshbock, J.S., Lindert, M.C.F., Chase, J. and Calvy,
T,L., Bffects of Urethan in the Treatment of Leukemia
and Metastatic Malignant Tumors,., J. Am, Med. Assoc.,
136490-95, 1948.

Bryan, C.E., Skipper, H.E., White, L., Jr. Carbamates
in Chemotherapy of Leucemia; Distribution of Radio-
activity in Tissues of Mice Following Injection of
Carbonyl-labeled Urethane, J. Blol. Chem., 177:941-
950, 1949.

Larsen, C.D, Studies of the Mechanism of FPulmonary
Tumor Induction in Mice with Urethan. Cancer Research,
10:230, 1950.

Greenstein, J.P. Biochemistry of Cancer, pp. 76, 113.
New York: Academic Press Inc., 195l.

Skipper, H.E., Bennett, L.L., Jr., Bryan, C.E., White,
L., Jr., Newton, M.,A,, and Simpson, L. Carbamates in
the Chemotherapy of Leukemia, VIII, Over-all Tracer
Studies on Carbenyl-labeled Urethan, Methylene-labeled
Urethan, and Methylene-labeled dthyl Alcohol. Cancer
Research, 1l:46-51, 1951,

Rogers, S. Studies of the Mechanism of Action of Urethan
in Initiating Pulmonary Adenomas in Mice, I, The In-
direct Nature of its Oncogenic Influence, J. Natl,
Cancer Inst.,, 15:1675-83, 1955.

Miller, E.C. and Miller, J.A. The Presence and Signi-
ficance of Bound Aminoazo Dyes in the Livers of Rats
Fed p-Dimethylaminozobenzene. Cancer Research, 7:468-

)""80 ’ 191"‘7 3

Miller, E.C. Studies on the Formation of Protein-

bound Derivatives of 3,lj-Benzpyrene in the Epidermal
Fr;ction of Mouse Skin, Cancer Research, 11:100-108,
1951. ‘



30.

31.

32.

33.

3.

35.

36.

37.

K-

Mille r, E.C, and Mille r, J.,A. In Vivo Combinations
Between Carcinogens and Tissue Constituents and Their
Possible Role in Carcinogenesis,., Cancer Research,

12:5,7-556, 1952,

Weist, W.G. and Heidelberger, C. The Interaction of
Carcinogenic Hydrocarbons with Tissue Constituents,
I. Methods, Cancer Research, 13:246-249, 1953,

. The Interaction of Carcinogenic
Hydrocarbons with Tissug) Constituents. II. Lo2,5, 00
Dibenzanthracene-9,10-C" ' in Skin. Ibid., pp.250-25l.
19

Bhargava, P,M., Hadler, H.E, and Heidelberger, C.
Studies on the Structure of the Skin Protein-bound
Compounds Following Topiﬁal Application of 1,2,5,6-
Dibenzanthracene-9,10-C-+. I, 2-Phenylphenanthrene-
3,2'-dicarboxylic Acid, a Degradation Product. J.
Am, Chem, Soc., 77:2877-2886, 1955.

Bhargava, P.M, and Heidelberger, C. Studies on the
Structure of the Skin Protein-bound Compounds Fol-
1owinglgopical Application of 1,2,5,6-Dibenzanthracene-
9,10-C"", II, Nature of the 2-Phenylphenanthrene-3,2!'-
dicarboxylic Acid-Protein Bond, J. Chem. Soc., 78:

3671-3677, 1956.

Heidelberger,C., and Moldenhauer, M,D., The Inter-

action of Carcinogenic Hydrocarbons with Constituents,
IV, A Quantitﬁtive Study of the Binding to Skin Proteins
of Several Cll-labeled Hydrocarbons,., Cancer Research,

164214119, 1956.

Rogers, S. S5tudies on the lMechanism of Action of
Urethan in Initiating Pulmonary Adenomas in Mice,
JI, Its Relation to Nucleic Acid Sgnthesis, J. of
Exper. Med., 105:279-306, 1957.

BElion, G.B., Bieber, S., Nathan, H,, Hitchings, G.H.
Uracil Antagonism and Inhibition of Mammary Adenocar-
cinoma 755. Cancer Research, 18:802-818, 1958,



-118-

38, Haddow, A., Sexton, W.,A., Influences of CarbamicmnEsters
(Urethanes) on Experimental Animal Tumours, Nature
Lond,, 157:500-503, 19L46.

3%, Paterson, E.,, Thomas, I,A., Haddow, A,, Watkinson,
J.M, Leukaemia Treated with Urethane Compared with
Deep X-ray Therapy. Lancet, 250:677-682, 19L6.

L0, Guyer, M.,F. and Claus, P.E, Effects of Urethan on
Mitosis. Proc. Soc., Expt. Biol, Med., 64:3-5, 1947.

hl. Guyer, M,F, and Claus, P.E. Tumor of the Lung in
Rats Following Injections of Urethan (Ethyl Carbamate).
Cancer Resemrch, T7:342-36, 1947.

2. Haddow, A, Note on the Chemotherapy of Cancer, Brit.
Med, Bull,., lL:417-L26, 1947.

L3, Engstrom, R.M., Kirschbaum, A,, Mixer, H.,W. Effect
of Urethan on lMouse Myelogenous Leukemia, Science,

105:255-256, 1947.

Lly, Watkins, C.H. Treatment of Leukemia, Wis, Med. Jr.,
48:239-242, 1949, '

45. Skipper, H.E., Bennett, L.L.,, Jr,, Wheeler, G.P.
Reviews on Metabolism of Urethan, Methyl bis (B
Chloroethyl) Amine, Triethylenemelamine, 2,6-Diamino-
purine, and 8-Azoguanine, -roc, 2nd Natl, Cancer
Conf., pp. 1571-1576, 195l

46. Skipper, H.E., Mitchell, J.H,, Jr., Bennett, L.L., Jr.,
Newton, M.,A., Simpson, L., and Eidson, M, Observations
on Inhibition of Nucleic Acid Synthesis Resulting from
Administration of Nitrogen Mustard, Urethan, Colchicine,
2,6-Diaminopurine, 8-Azoquanine, Potassium Arsenite,
and Cortisone. Cancer Research, 11:1);5-9, 1951,

47. Skipper, H.&., Chapman, J,B., and Bell, M,J. Anti-
Leukemic Action of Combinations of Certain Known
Anti-Leukemic Agents., Cancer Research, 11:109-112, 1951.

48, Webb, wm., Ewer, R,, Hardgrove, M, Multiple Myeloma.
The Wis, Med. J., 57:311-317, 1958.



APPROVED BY Or\m-@% (%\‘rm\af“ el
i

DATE May & 159




	000 title
	001
	002
	003
	004
	005
	006
	007
	008
	009
	010
	011
	012
	013
	014
	015
	016
	017
	018
	019
	020
	021
	022
	023
	024
	025
	026
	027
	028
	029
	030
	031
	032
	033
	034
	035
	036
	037
	038
	039
	040
	041
	042
	043
	044
	045
	046
	047
	048
	049
	050
	051

