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MEDICAL PROGRESS

CHEMICAL CARCINOGENESIS
Esmanver Faraer, M.D., Pu.D.

T HE perception of cancer as a disease primarily
related to the environment has been progres.
sively strengthened since the publication of a Medical

ress article on chemical carcinogenesis in 1971,
By the mid-1960s, the view of the cause and patho-
genesis of cancer had already begun to change radi-
cally from that of previous decades, during which no
clear perception of the possible role of the environ.

. ment in the genesis of most of the major forms of can-

cer was evident. Although the relation of cancer to en-
vironmental hazards in the work place and to a few
unusual cultural patterns around the world was es-
tablished, the examples were considered exceptional.

The general acceptance of cigarette smoking as a
major factor in the development of lung cancer and
the increasing number of examples of major shifts in
the organ or tissue distribution of primary cancers
with migration of distinctive ethnic groups from one
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geographic location to another were important in
changing the whole perception of the genesis of
cancer.’? -

This radical change has encouraged increasing
attention to the nature of the environmental influ-
ences. The available epidemiologic evidence indicates
the likelihood of several (if not many) components in
this environmental outlook. Diet, carcinogenic chem-
icals, radiation, and viruses are among the major fac.
tors that appear to be involved. Of these, chemicals as
carcinogens have been receiving increasing attention
as having the greatest role in the genesis of cancer.
How justified is this perception of the causation of
cancer? .

About one third of the cancer in North America and
Europe is related to the use of cigarettes or other to-
bacco products. There is incontrovertible evidence
that chemicals related to the work place or occupa-
tion are responsible for a segment of cancer in human
beings (Table 1). To these must be added a growing
list of naturally occurring chemicals and of drugs used
in medicine. All these known agents, together with ul-
traviolet light as the single most common cause of can-
cer, can easily account for over 30 per cent of the cases
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°» <= 1. Chermicals Xnown or Strongly Suspected to be Car-
cinogenic for Muman Beings.

RRE 078 08 Cancae

L2 bl A, . Bladder
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Bronchus, pleura. »ad pentoneum

Bronchus 327 teade..  -c.
Skin and lungs
s~ Nanl unuses

- e Liver

LA F

- wis g oeweat. o Ceipholss: U dder

RIS 2 b c matopomt ke -
.~ REGS Liver
. Sk
Y .5 Bieddw
oo albeol Vagins

2w P apermuve 1rugs Ly~ shoed Ussme

St agatelopst wudind R:..ii paivis
'0" -
i vRg Lwver
-~ :moke Bionchus, mouth, pharyna. lsryaz,
phagus, bladder, 1ad p
SITEEPUL €% Liver

- .~ the ~  ‘red States, Canada, and several other
st G - Tes.
““hat abr.  the remaining cancers — thase in the

.-, bres  :zrus, hematopoietic-lymphoid sys-
., Tost.. i other sucs, including v+ :stantial
~ortion o 'nuse in the urinary bladder and pan-

' Car e be closely related to the chemical

-. ..amination uf the air, water, and food that has
= aceurring in the industrialized countries? ¢+ No

. .tive an.- -ris available. Evidence can be offered

»+or of si: 1 a view or against it.

“n the positive side are the following considera-

.+ ++, the known relation, mentioned above, between
:.any different types of cancer and exposure to chem-
1 in tobacco and in the work place; the wide.
.- «d presence of chemical mutagens and potential
.ucinogens in the environment in industrialized
- .atries, as monitored by short-term in vitro tests in
_.-okaryotes or eukaryotes; the observations that some
religious groups in Utah and elsewhere, who have dif-
ferent patterns of tobacco and alcohol use and differ-
ent codes of behavior, appear to have a lower inci-
dence of some forms of cancer in the respiratory,
tastrointestinal, and genitourinary systems!; the in.
-reasing evidence that cancers of many systems, re-
scmbling cancers in human beings, can be induced by
"~~mical carcinogens in one or more laboratory ani-
..:8; and the observations that cancers of the esoph-
.. us or liver have an unusually high incidence in some
gcographic locations in China, and that domestic ani-
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mais in close contact with human beings in these lo-
cations frequently have similar cancers in the same
anatomic sites.™*

Oa the negative side, no clear<cut clinical experi-
er . or epidemiologic evidence has been presented to
. --ate environmental chemicals as causative
azeats for the wide variety of cancers seen clinically.
% ..ding to German' and Cairns," putients with
xc.uderma pigmentosum, who have a detect in their

tasts in the repair of DNA dam: -~ by some
<" icals as well as by ultraviolet light, = 've no ele-

' risk of cancer in organs or tissues ot..cr than the
-kin [If the general environmental exposure to chemi-
¢a' were effective in the causation of cance., such pa-
tie' " : could be expected to have elevated incidences of
rs. .r not related to ultraviolet light. In -ome can-
ver :uch as leukemia and cancers of the sicmach and
cei..x, there were decreases in age-adjusted inci-
de: - ~ and in momality from 1969 to 1971 and from
19 . to 1976 among white persons in the United
St -, while there were only small increases in most
of - other tumors, as compared with cancers of the
lw  and with melanoma."” No increase comparable
to 1hat of lung cancer has been seen in the past two
de- les in the patterns of cancer incidence in the
Lnired States.

N ne of the above considerations are by any means
co:x iusive. Most of the arguments on either side have
encagh contingencies to leave the question in major
doubt. The close monitoring of cancer occurrence over
the next two decades may allow a more definitive po-
sition to be taken. In the meantime, a greater under-
standing of how chemicals are involved in cancer de-
velopment would seem important in helping us to
arrive at a conclusive position.

In addition, the large increase in the use of chemi-
cal carcinogens in the development of new experi-
mental models for the study of the possible cause, de-
velopment (pathogenesis), or treatment of cancers in
specific organ or tissue sites in human beings further
emphasizes the importance of the study of chemical
carcinogenesis. Such studies should generate a much
more critical understanding of the relative. roles of
exogenous and endogenous factors, including diet and
hormones, in cancer development and behavior.

The orientation in this presentation will be mecha-
nistic, not descriptive, and will attempt to relate fun-
damental concepts and understanding derived from
experimentation in animals and from other sources to
the causation, prevention, and (to some degree) ther-
apy of cancer in humnan beings. For this reason, little
coverage will be given to the many different types of
chemical carcinogens themselves or to their distri-
bution.™

Cancin as a Ceronic MuLTisTacE Paocass

It is now appreciated that the development of
cancer in human beings in various sites takes many
years and that progressive tissue and cellular changes

129600018 ;
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can be seen during the jong so-called latent period.
Often, new cell populations appear that probably rep-
resent stages or steps in the cellular evolution from
normal cells through initiated, preneoplastic, and
premalignant cells to highly malignant neoplastic
cells.’*’ Research in laboratory animals has concen-
trated heavily on the early events and has suggested
the existence of common panterns of early preneo-
plastic changes in several organ systems and in sever.
al species.'’ Research in human beings has concen.
trated largely on the later events and has confirmed
the occurrence of atypical hyperplasias, dysplasia,
and carcinoma in situ as probable precancerous steps
in several organs late in the process.!™* However, the
critical properties of each different cell population
that relate to the possible roles of these cells in cancer
development and to the manner in which the two
aspects of carcinogenesis (the experimental and the
human) fit together into some biologically meaning-
ful pattern remain as challenges.!

The conceptual advances made in the late 1930s
and 1940s concerning the first two early steps in
chemical carcinogenesis, initiation and promotion,
are well known.'"* However, their mechanistic
bases are only now unfolding, and these will be topics
for review. The basic validity of these concepts for
cancer development in human beings has been estab-
lished in a few instances and as such is reassuring
both for the physician and for the scientist. For exam-
ple, a relatively briel exposure to diethyistilbestrol
during pregnancy may be associated with the devel-
opment of vaginal neoplasia some 15 to 25 years later
in the exposed person’s daughters.” Parenthetically,
it should be mentioned that it is not known whether
diethyistilbeswrol acts in this situation as a chemical
carcinogen or whether the effect is predominantly hor-
monal. Again, a limited exposure for only a few
months to a kmown chemical hazard, such as vinyl
chloride, may iead many years later to the appear-
- ance of angiosarcomna of the liver.® Nonneoplastic cel-
jular and tissue changes are seen during the apparent
latent period.

Darutors anp bananion
Initistors ‘ :

Until fairly recently, one of the most puzzling and
confusing aspects of chemical carcinogenesis was the
diversity in the chemical suructure of carcinogens.
This problem has now been largely resolved by the
discovery of metabolic conversion of many carcino-

ens to highly reactive metabolites.® The best-known
orm of reactive moieties, generated from several dif-
ferent types of carcinogens, is the *elecurophilic re.
actant,” which is a positively charged molecule that
reacts well with sites of electron densities in many dif-
ferent cellular components, including DNA, RNA,
protein, glutathione, and probably also polysaccha-
rides.® A minority of chemical carcinogens, such as

" CHEMICAL CARCINOGENESIS — FARBER 1381

some nitrosamides (e.g., alkyl nitrosoures), bis(chlor-
omethyl) ether, and nitrogen rmustard, are active by
themselves and do not seem to require any metabolic
conversion to more reactive metabolites.

Activation snd Metsbolism of Procarcinogens

The first major rype of metabolic activation discov.
ered was the conversion of an aromatic amine, 2-ace-
tylaminofluorene, by NMhydroxylation to an N-OH
derivative.® This type of metabolic product is seen
with several aromatic amines, including the human
bladder carcinogen 2-naphthylamine (8-naphthyl-
amine).

More recently, much effort has been spent on the
clarification of the activation of benzo(a)pyrene and
the many other polycyclic aromatic hydrocarbons.
Many of them are easily generated by burning (py-
rolysis), are widely distributed in our environment,
and are thought 1o be partly responsible for the carci-
nogenicity of coal-tar products, oils, and tars. These
compounds undergo epoxidation to form reactive ep-
oxides, some forms of which are considered to be ulti-
mate carcinogens.” In the case of benzo(a)pyrene
(and probably other polycyclic aromatic hydrocar-
bons), the initial site of epoxidation may undergo hy-

dration to form a dihydrodiol in a reaction catalyzed

by epoxide hydrolase. This inactive derivative, in
turn, can be converted to another epoxide at a second
site to form a dihydrodiol epoxide. These are consid-

ered to be the most likely ultimate carcinogens for at -

least some polycyclic aromatic hydrocarbons. This
series of reactions for benzo(a)pyrene is illustrated in
Figure 1. Another potentially important carcinogen
for human beings that is subject to activation through
epoxidation is aflatoxin B,.® This substance under-
goes oxidation at its 2,3-position, and this derivative,
the 2,3-oxide, appears to be one form of ultimate car-
cinogen of this mycotoxin. Vinyl chloride is also acti-
vated through epoxidation.”
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2i.iter types of metabolic conversions are al<o con-
s:.¢mnr important in carcinogencsis. Nitrosamiu;s are

. ~oivzrted to highly reactive alkylating moieri-;, probo

aily through oxidation. Aromatic or heterveyclic ni-
il 2= nrvpounds, such as nitrofurans and densicrec quine
oure -Moxide, probably undergo initial reduction to
hydrory.-aming derivatives. In the case of 4-nitro-
quisnline-faxide, this form is considered to be an ul-
thmate carcisagen.

For the mairity of ¥ozwar conversions, the system
mast dctive in the cell i3 the “mixed-function oxygen-
aag' system, consisting of several cyrochromes P-450,
reduved  niconinamide ~donine  diaucleotide phos-
uhute evtoziirome redistase, and lipid * This induci-
bl eystem i3 'zcated omlominandy i otlis rmicroso-
inal fraziiea of the el (endoplasr-ic reticulum),
altksuph peacni work Lucecasingly poiats to a second
coranaradle sy:tem in the nucleus.® 1a addition to
*hesc exidative systems, reducing systems also exist
fur ccrue precasvinegens, such as the aromatic or het-
ervocvelic nitrs-compounds. Diaphorase or nther re-
dueed micotinamids-adenine dinuclectide phosphate

ur reduced nicodnamide-adenine dinucleotide reduc-
tnges are widsly disiributed among differeat cells and
are cifcctive ia reducing the nitro-group to the hy-
droxy-amino-dzrivative.

Tk liver iz Ly far the most active aiid most versa-
ti¥e organ in the mctabolism of procarcinsgens and of
x2edivtic agents generally. It and other organs have
an ability to dunxify potential carcinugens as well as
2erivare them, and the ultimate fate of a chemical de-
pends Jagely oo the balance between activation and
hrsctivistinn — 2 balance that is easily madnlated in
mnajor ways by drugs and other chemicals, age, nutri-
rior;, rnd hormiines, as well as genetics.*" For ex-
wimzlz, 1he carciaogenicity of several aromatic amines
far thc liver can be completcly prevented by simulta.
prous exposur: 1o phenobarbital or 3-methylcholan.
tiurne ~ agcuis 1hat induce many liver enzymes, 2%
‘This vhenomenon of resistance of the induced liver to
soine carcinoge::s may be of great practical impor-
rance to human beings. Virtually all people in the
Wezrarn world have levels of several xenobiotic
agzms, such as chlorophenothane, dieldrin, aldrin,
palycihlurinated biphenyls, and dioxins, in their adi-
pose znd other tissues. These agents as a group are ef-

- fective enzyme inducers in the liver. In addition, many

gryzs induce various microsomal or other enzymes in
the liver or other tissues. Are these inducers making

- tissues more or less susceptible to the acute toxic or

carcinogenic effects of other environmental agents?
The organ or tissue distribution of the carcinogen-

metabolizing enzymes may be involved in the organ-

orropism of carcinogens. Since there is an almost

ceruain requirement for activation, and since the met-

abolic patierns afecting carcinogens and other xeno-

. biotic agents are so variable from cell to cell or from -
.+ organ to organ, the absolute activities of the various
. ;. enzymes and especially their relative balance may

" have key roles in determining which organ will be a

w8, ‘\"
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-phates) reacts with one or more carcinogens. In ai-

“interest.
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targer for a particular carcinogen. An interesting ex-
amp!: of modulation at this level is the liver-kidney
axis with dimethylnitrosamine. This potent carcino-
gen nci mally induces liver cancer when taken through
the gas:rointestinal tract. However, if the animal is
placed on a low-protein diet, the hepatic activation
and :tabolism fall off. This pattern allows more of
the carcinogen to be available for action on the kid-
ney and changes the dominant cancer partern from
the Liver to the kidney.®

Clesiy, the pathologic consequences of expasure to
any potentially toxic xenobiotic are related not only to
the pachways available for its metabolism but also to
the physiologic state at the time of exposure. Thus,
the pre;ence of a known mutagen or carcinogen in
the environment is by no means synonymous with a
mutage.lic or carcinogenic response by the exposed
person.

Possible Molecular Targets for Ultimete Carcinogens

The molecular targets for the electrophilic react-
ants are many. To date, the bulk of the effort has been
concentrated on DNA, with some interest in RNA
and protein. In principle, many other molecular tar.
gets exist at the macromolecular and “‘micromolecu-
lar" levels. Because of the ease of relating changes in
DNA 10 a permanent change in the biologic behavior
of cells, DNA has received the lion's share of atten.
tion. Since the first dlscovery of the chemical nature of
an adduct of a carcinogen with nucleic acids in a tar-
get organ in vivo,* there has been an increasing inter-
est in establishing the chemical nature and site of in-
teraction with several different carcinogens.® As
shown in Figure 2, virtually every potential site for in-
teraction with DNA bases (as well as with phos-

tempts to narrow down the possibilities for relevance
to cancer, sites that are more likely to be involved in
hydrogen bonding between bases (purines and py-
rimidines) in DNA, and thus to be involved in possi-
ble miscoding, are often considered most relevan:.
This presupposes that the major or only biochemical
lesion in DNA that is relevant to cancer initiation is a
miscoding lesion. This judgment may not be justi-
fied, since the evidence is circumstantial and incon-
clusive. Conceivably, other types of alterations in
DNA besides xniseoding. such as recombinations and
gaps, may be imporiant to the early events in cancer nt
development.'* In fact, Cairns has suggested that . v ot -
mutagenesis may be of only minor importance in the o
initial events in chemical carcinogenesis, and that . ..
genetic transposition including relatively large re- | -t
gions of the genome may be more relevant to this 3
process.” The application of this newer technolo-
gy to appropriate “clean” cell populations during .
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Figure 2. Diagrammatic Reprasentation of Sites of Interac-
tons of Activated Forma of Carcinogens with the Four Bases
of DNA.

T denctes thymine: A, sdenine; C. cytosine: G. guanine;
MNU, A-methylA-nitrosourea; ENU, N-sthykAenitrosourea;
ENNG. N-sthyk-N ‘-nitro- A-nitrosogusnidine; 7 B¢ MBA, 7-
bromotnvi-denzo(slanthracene; BP epoxide, benzo(a)pyrens
7.8-dinyaro0i01,0,10 epoxide; 4NQO, 4&-nitroquinolinge-N-
oxige; DMS, dimetnhyisulfste: DMN, dimethyinitrossmine;
MMS, methyl methanesulionates; MNNG, NemethykN ‘-nitro-
N-nitrosoguaniding: 1.2.0MM, 1.2-dimethylhydrazine; DEN,
diethyinitrosamine; N-OH-1-naphthylamine, N-hydroxy-1-
naphinylaming: 2 AAF, 2-acetylaminotiuorene; MAM, meth-
yiazoxymaethanol; EMS, ethyl methans sultonate; BPL, S-pro-
piolactone; and MAB, 4-methylasmincazobenzens.

studies of susceptibility to nucleases, separation of
transcriptionally active from inactive DNA, or isola-
tion of linker and nucleosome regions in chromatin,
some of the interactions of i with DNA
have been found to be nonrandom. However, no single
region of high aflinity has been found.* The use of
DNA cloning for specific genes in biologically well-
defined prenecoplastic and early neoplastic popula.
tions should be profitabie.

DNA Repair

In view of the essentially irreversible nature of initi-
ation with chemicals and the apparent focal nature of
the initiation process, major emphasis at the molecu-
lar level is given to DNA as a probable target in ini-
tiation. However, the evidence is largely circum-
stantial.

The bulk of evidence comes from studies in pa-
tients with xeroderma pigmentosum, who have a high
incidence of skin cancers. The etiologic agent is ultra-
violet light, and the vast majority of patients have a
defect in their ability to repair the damage inflicted on
DNA by this form of radiation. Such patients can be
protected from skin cancer by careful avoidanee of ex-
posure to ultraviolet light.*® Fibroblast cultures from
these patients have increased sensitivity not only to ul-
traviolet light but also to some chemical carcinogens
and mutagens.” Other diseases (e.g., ataxia-telangi-

- &"‘
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ectasia and Fanconi's anemia) also involve deficien-
cies in DNA repair as well as an increased risk of neo-
plasia.*?

Experimentally, there is a correlation under some
conditions between the formation of specific DNA ad-
ducts (such as O'-methyiguanine in the brain), per-
sistence of this biochemical lesion, and the ultirmate
appearance of gliomas.** Other studies indicate that
the genesis and persistence of O*-methylguanine may
be important but is insufficient to account for cancer
production with some nitrosamines or nitrosamides*
or 1,2-dimethylhydrazine.®

The major protection against cancer may reside in
the efliciency with which we repair DNA that has
been damaged by mutagens and carcinogens. As
pointed out by German!' and by Cairns," since fibro-
blasts from patients with xeroderma pigmentesum
show a defect in the repair of DNA damage by some
chemicals as well as by ultraviolet light, such patients
should have an elevated risk for cancer in organs or
tissues other than the skin if chemical carcinogens
are important in the genesis of many forms of cancer.
Yet the available data show no apparent increase in
the risk of cancers other than those of the skin in pa.
tients with xeroderma pigmentosum.'? Patients with
Bloom’s syndrome do have an elevated risk. Such
observations are interpreted as evidence against a role
for the many environmental chemical hazards in the’
causation of human cancers generally, except in well-

established instances such as respiratory-tract cancef™t

in smokers and in persons with occupational expé?
sures.’? An alternative hypothesis must be enterwi
tained: that the role of repair may be quite different >
the dynamics of cancer induction by chemicals, £
compared with induction by ultraviolet light. =

The past 10 years have seen a large expansion 6.

studies of DNA repair, largely in vitro. These studie?™
should lead to a much clearer delineation of the typ®~
of repair that may occur in carcinogenesis. What do&§™
happen remains poorly undersiood. Processes of re-
pair by base excision, by *long-patch versus short-
patch” removal, by possible recombination or other
forms of post-replication repair, by removal of inter-
strand cross-links or other more complex lorms of
damage, and by other mechanisms are siowly being
studied in many different systems in vitro and to a
much lesser degree in vivo.**' The enzymology, al-
though difficult, is also slowly becoming clear. In the
case of methylating carcinogens, an interesting recent
finding is the discovery of an enzyme in bacteria that
removes the methyl group from the O* position of gua-
nine in DNA by transmethylation with its transfer to a
sulfur-containing moiety in protein.* This raises the
question of whether some of the enzymes involved in
repair of DNA damage perform physiologic functions
other than repair that subserve normal cellular re-
quirements.

Obvious failings in many of the attempts to corre-
late patterns of DNA repair with carcinogenicity in-
clude the wide gap between the chemistry and the bi-
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i:qv and the primitive state of the art of identifyving
= -1 ~uantitating discrete biologic steps in the carci-
-.rr2niC process.

=~ :2ir9gen Melaoolism 'n Numan Tissves

- satifving aspecr of recent stuwdies of the early
...»-~‘cai and biochemical events in ~arcinogenesis is
t=: .oarall similarity in patterns ci activation and
+.zet of adducts seen in tissues from human beings
==z = those from l:boratory aninmals. Studies with
sim: urosamines. bcnzo(a)pyrenc, aflatoxin B,, and
L= carcinugens®™** have shown that human tissues
.# ===-r3]l r+semble one or more animal ussues in
.=t .uacerns of activation and in the rype of carcino-
2= IMA adtues formed.

<. -~sreting development that may help to clarify
<z cypenc- of this important phase of activation is
<.~ 2 of iadicimmunoassays for specific adducts
im IMVVA, csustially with highly sensitive new ap-
=rczl.2s to radioimmunoassay.*** Such detection of
:.-.‘1.':: quzc.aties of carcinogen-induced adducts in
+A spent cp the possibility of studying exposure
sterre ty caccinogens. This tzchnique, coupled with
e 12re medical examination and appropriate epi-
2302 vic studies. might weil offer new approaches
».z witimate problem of risk assessment. Although
33 27 .90 early 10 discuss such possibilities except in
~z-~. terrs. adduct formarion is an index of expo-
z-¢ 29t initdtion. and persistence of a chemical le-
.: DNA is by no means synonymous with cancer
segiepinent. As discussed below, initiation of the car-
== 3¢ process is not an inevitable consequence of
iuey formmation.
i7..2:n cells resisted in vitro transformation with
vals for several years. However, the past three

. *ave seen positive results in some human-ceil
~g §781
s,

id 1o,
" ||
L% "

‘b }"
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4 e classical system of skin carcinogenesis in
-~‘¢2 3d rabbits, a single or brief exposure to a car-
#iae ro1 induces some change in the tissues, called ini-
i:azion, such that focal proliferations called papillo-
224 ¢as: be made to appear by application of croton
i1 cr sther agents called promoting agents, which by
tre'ns=ives are noncarcinogenic or only weakly car-
o --5rmc. More recently, this phenomenon was also
izuzd in several other organs, such as the liver, brain,
mammary gland, colon, and urinary bladder.'.V
Su=n focal prolilerations (papillomas, polyps, or
hvoerplastic nodules), in turn, are sites for further
evoiution to neoplasia. The term neoplastic refers toa
cell that can proliferate without the need for an added
or known stimulus for growth — i.c., a cell that has
acquired some degree of autonomy. Initiation at the
skin, liver, and mammary gland, and probably at
most sites, is generally permanent. This suggests that
tke very early carcinogen-induced altered cells are not
recognized by the host in a manner that leads to their
destruction, and it raises serious doubts about the va-
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lidity of the concept of immune surveillance at an
earlyv stage in carcinogenesis,*t as has been proposed
for host control of cancer development.*!

Thu:se observations are most easily interpreted as
rellcziing some permanent change in the DNA in the
rare zcll alfected during initiation in vivo. Whether the
chage is 3 mutation in a structural or regulatory seg-
inent of DNA* or whether it involves more complex
rear-angements of larger segments of DNA, as in
srancgositions remains unknown. Pertinent are the
hisrvations o3 transformation initiated with x-rays
ot ~ith polycvclic aromatic hydrocarbons, in which
som: change cr ~hanges other than a mutation in a
rare -2l appear 0 be involved as an early step in ini-
tiation in vitro -ih a highly selected cell type.t'#

Ce cannut rquate activation of carrinogens
lea«:~g to DNA-a-iluct formation with initiaz:on. For
example, many carcinogens, such as benzo(a)pyrene
and 7, 12-dimethvibenz(¢)anthracene, can be activat-
ed b) the liver to form adducts without initiating or

indu.:uig liver cancer in adult animals. However, if

coup:2d with one round of cell proliferation, many can
initiare**™ and induce liver cancer.” In vitro, with dif-
ferent cell svstems, cell proliferation early in the car-
cinognaic process is required for transformation with
x-rays,’* some viruses,” and some chemicals.” Thus,
as sheewn in Figure 3, initiation i3 at least a two-step
process: a biochemical step that is reparabie, Iol-
lowed by a round of cell proliferation that “fixes”
some change so as to make it essentially permanent.
The cell prolileration can be generated by some pri-
mary initogenic stimulus, such as partial hepatecto-
my, by a chemical mitogen,*® or as a response to cell
death.”” The mechanistic role of cell prolileration in
initiation is not understood. A popular hypothesis in-
volves DNA synthesis or replication as somehow fix-
ing damage in a daughter strand.

The probable requirement for cell proliferation for
initiation has important implicatinns for cancer de-
velopment in many sites. In the nonproliferating
tissues, such as the pancreas, salivary gland, liver, kid+
ney, urinary bladder, and brain, an important rate-
limiting step for beginning the carcinogenic process
may be cell proliferation. Thus, concomitant cell ne-
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crosis induced by viruses, toxic agents, parasites, or
dictary deficiencies, followed by cell regeneration,
could be a major determinant of cancer initiation in
many sites. [n addition, the presence of many prolil-
erating cells is probably one basis for the susceptibili-
ty of the fetus and neonate to many chemical cartino-
gers™ and could account for the peak in cancer
incidence in the first decade of life. The human fetus,
unlike the rodent fetus, acquires the capability of ac-
tivation of some carcinogens early in development™®
and thus may be at greater risk than some laboratory
animals for cancer development with chemicals.

A most important question about initiation con-
cerns the essential biologic nature of the initiated
cells. What properties have they acquired that allows
them, as a group, to be precursors for the ultimate de-
velopment of cancer? The available evidence is against
any conclusion that the initiated cells have acquired
any autonomy of growth.!sV?

In most svstemns, the properties critical to initiation
remain unknown. In two continuously proliferating
tissues, the skin®' and the colon," an early property of
carcinogen-aliered cells may be some disturbance in
programming or control, such that the cells do not
show the normal progression of differentiated proper-
ties. In the liver, the cell with acquired resistance to
the inhibitory effects of carcinogens on cell prolifera-
tion has been shown 10 be one type of initiated cell.''®

Although a majority of chemical carcinogens fall
well within the current paradigm in which initiating
effects are related to some form of DNA damage, there
are known carcinogens that appear to be exceptions.
A growing list of hypolipidernic agents™ and several
pesticides, herbicides, and other xenobiotics® have
not been shown to generate mutagenicity or other
DNA-damaging effects. Is this merely a reflection of
deficiencies in our technology, or are there pathways
to cancer that do not involve DNA damage of exoge-
nous origin as essential early steps in the process?

PaoxoTIas anp Promorion
The term “promotion” is often used for the process

.. whereby necplastic development, tumor formation, or

cancer development is accelerated or encouraged in a
tissue that has been exposed to an initiating dose or
doses of a carcinogen.

Prometers

Early in the recent history of chemical carcinogen-
esis it was found that a noncarcinogen, croton oil,
could stimulate tumor formation in the skin after a
brief initial exposure to a carci
encouraged a chemical “attack™ on croton oil
Hecker® and Van Dyuren®” discovered that esters of
the diterpene phorbol, isolated from cfoton oil, have
potent promoting effects on mouse skin. Many bio-
chemical, metabolic, and biologic effects are induced
in many different normal cells by the phorbol esters
and related compounds; in the vast majority of cases,
the intensity of the particular effect closely parallels

CHEMICAL CARCINOGENESIS — FARBER

This naturally -

the efficacy of the compounds as promoters of skin
papillomas in mice after exposure to a single dose of
dimethylbenzanthracene or a similar carcinogen.™®
These effects include changes in morphology, micro-
tubule polymerization, cell proliferation, enzyme
induction, polyamine synthesis, phospholipid synthe-
sis, membrane structure and function, ATPase, re-
lease of prostaglandins, inhibition and sometimes
stimulation of differentiation, and many others in a
wide variety of normal cells and cell lines. Many of the
effects are considered pleiotropic.

Recently, with the use of a less active phorbol ester,
SH.phorbol dibutyrate, membranes of fibroblast cul-
tures and mouse epidermal cells were found to con-
tain a high-aflinity receptor for many phorbol esters,
including one of the most active, 12-0O-tetradecanoyl-
phorbol-13-acetate.-* The “natural” metabolites for
the receptors have not been identified. Given the wide
diversity and large number of effects seen in treated
cells, it may be that more than one type of receptor is
involved.

At present it is impossible to relate the findings in
vitro to chemical carcinogenesis in vivo. Given the
array of phenomena induced by the phorbol esters,
how does one select relevance to promotion?

A major problem concerns the matching of the tar-
get cells in vivo and in vitro. In the intact animal, an
active promoter does not induce focal proliferations
(such as papillomas) in the normal skin, but does so
only after initiation. However, many skin promoters

do induce general hyperplasia of the epidermis in an- ~

imals in which initiation has not taken place. Studies
in several laboratories have shown that a general stim-
ulation of cell proliferation is insufficient for the selec-
tive or dilferential stimulation of initiated skin to form
papillomas.”

Promotion

A question that requires an early answer is wheth-
er the differential effect of a promoting environment
on initiated tissues is directed primarily to the initiat-
ed cells or to the surrounding cells.” There is consid-
erable circumstantial evidence to suggest that the first
major phenomenon in promotion is the selection of an
appropriately altered cell to produce a focal prolifera-
tion, and that promoting environments create differ-
ential effects on the initiated cells and on the sur-
rounding cells."’#% Cancer [requently arises in an
atrophi¢ tissue or organ, not a hypertrophic one. Is
this the consequence of a change in the local environ-
ment, {avoring growth of the rare initiated cell?

As observed in vivo in experimental models in com-
mon use today, cell proliferation is an essential phe-
nomenen in promotion. It is therefore to be anticipat-
ed that many biochemical changes that are seen in the
different phases of the cell cycle,” such as an increase
in ornithine decarboxylase activity, will be seen in
promotion. Determining whether one or more of such
changes in enzymes, the cell membrane, DNA organ-
ization, or other factors will have a special role in pro-
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1+ over and above that related to the cell cycle
~mains an interesting challenge..

...:m 15 a growing belief that one of the major fac-

.+ Jetermirang cancer development is the pres-
=== =+ intensity of promoting ravironments.™ lr
-e.10a 10 snmae specific agents such as phenobarty: -

sueviated hvdroxytoluene, and polvchlorinated
saravis for the liver,® prolactin for the mammary
;x 1. and bile acids for the colon,"-™ diet has been
T, 1) hafiusrae carcinogenesis in several sy
remms I f- wmrey, the specific roles of individual die
LR :nd of their balanc=s remain to be
Tresus ed in imest instances.

irer« 15 alsz 2 suspicion on the part of some inves.
*.pz.vr ‘hat tiszues or organs may create a physio-
SRR D .r.g a7 selecting environment. The most
~roarive evirdence relates to carcincgenesis in the
<einis ™ ¥ and the urinary tract.'®-*® {n each of these
iscar:zsz. diversion of the normal movement of con-
:ents has been found to lead to a decreased incidence
of mecplisia with known carcinogens.

Thers are several examples in which synergism or
y:omuiinn may be operating in human beings. For ex-
traple. exposure to asbestos, nickel, or uranium may
ire aszaciated with only a relatively low risk of lung
canzes. fHowever. when coupled with cigarette smok-
ng, the risk becomes extremely large — much larger
han L.t arsociated with smoking alone.

1922 cuant Steps
Sirograssion

Faz2i proliferative lesions resulting from a promot-
iy *avironment, such as papillomas, nodules, or pol-
s wndzrgo a number of further changes before ma-
u,'x«.:: behavior is expressed.

'i tiaay organs, including the bronchial tree in the
smoker one consisently sees several types of putative
presanceraus lesions, such as atypical hyperplasias,
, dvu. 7 2%, and carcinoma in situ.'*'* How these le.
ziens wolaie to each other and 1o altered biologic be-
Szvier of cells transformed in vitro (e.g., atypical
. grovih, growth in soft agar, or tumorigenicity) is not
¢le.r and remains a potentially fruitful area for study.

An iinportant property of many of these changes is
s=versidbility. There is considerable evidence in exper-
imeital models and in human beings that some focal
reolifcrative lesions, such as hyperplastic nodules in
rae liver (and their probable human equivalent, liver
‘“adensmas,” which are seen rarely in women using
oral rontraceptives), polyps in the colon, and papillo-
mas in the skin, can undergo regression or remodel-
ing with normal differentiation.'’*® This area is be-
corning of particular interest in view of the reported
eflicacy of vitamin A analogues, such as as-retinoic
acid, in preventing or delaying cancer development
initiated with chemical carcinogens'™ in several sites,
such as the bronchus and the urinary bladder.

Translection

An interesting recent dcveloprnent is the induction
of tranzformation by the transfer of DNA or chroma-
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tin to susceptible cell lines. DNA from several types of
cells transformed in vitro or in vivo with different car-
cinogens was shown to induce transformation. ' Of
or=at interest is the observation that DNA [rom nor-
.~al cells was also effective.'® These new approaches
a chemical carcinogenesis open up many areas of ex-
_ﬂ'onu'on, including the question of whether the in-
f,rmation contributions of the DNA are positive (i.e.,
they code for an iden:ifiable component that is im-
avetant in cell transformation) or negative (i.c., they
lisorganize the host genome in an appropriate
inanner).

Olet an.i Carcinogenesis

The c:mposition of the diet may influence the inci-
dence ¢: cancer in some sites, such as the colon,
breast, 1nd endometrium.'*™*® The mechanism or
mechanisms through which diets exert their influ.
ences a1 : not well understood. In some instances, car-
cinogens occur in the food as natural substances, as
contan:nants (e.g., aflatoxins), or as products of food-
preparation methods (e.g., pyrolysis). Dietary altera.
tions also modulate the activation of carcinogens.

In other instances, micronutrients have a role in the
endogenous formation of carcinogens. The past 10
years or 30 have seen a revival of the concept of the en-

" dogenous formation of carcinogens. This hypothesis

was proposed in the 1930s in relation to cholesterol
or other sterols, but it was progressively abandoned
as the evidence failed to materialize. The resurrec-
tion of this idea assumes a new form in the genesis
of nitroso-compounds from nitrite and secondary or
tentiary amines.''"® Dietary amines or drugs such as
oxytetracycline of chlorpromazine can react with ni-
trous acid, generated in the stomach from nitrite, to
form nitroso-compounds. Some of these substances
are carcinogenic in laboratory animals. The forma-
tion of such nitroso-compounds can be effectively in-
hibited by dietary ascorbic acid"! and by vitamin E.
This general model is being explored in colon
cancer in humnan beings.''? The hypothesis states that
carcinogens can be generated in the feces and that the
levels of the carcinogens, as measured by mutagenic
action, are influenced by the dietary composition, in-
cluding vitamins C and E and fiber content.

Chemotherapy snd Carcinogenesis

Some of the most effective chemnotherapeutic agents
for cancer are carcinogenic. For the treatment of can-
cer ‘in patients above 50 or 60 years old, the impor-
tance of the risk of carcinogenicity is clearly minimal,
given the long latent period for cancer development.
However, in children and young adults, the devel-
opment of second cancers years after the eflective
treatment of the primary tumor is now becoming a .
recognizable problem.""* Over 25 drugs used in
chemotherapy have been found to be carcinogenic in
animals, and some have also been nmphcated in

_human beings.

The magnitude of the risk associated with lhe many
treatment regimens is not fully known. However, for
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some patients the risk of second primary wumors
varies from 7 to 12 per cent.'’® These figures include
some risk factors aside from the therapy, that are pos-
sibly genetic and favor second or multiple primary
tumors. However, there is an additional risk from the
chemotherapy itself. This risk will increase in volume
as current types of chemotherapy for cancer become
more successful. However, as mechanisms by which
chemicals induce cancer and kill cancer cells are clar-
ified, ways will be found to prevent the carcinogenic
eflects without interfering with the drugs’ efficacy in
treating cancer.

A common problem in cancer chemotherapy is the
appearance of resistant cancer cells. Since resistant
cells are also produced by carcinogens during carci-
nogenesis, and since such resistance constitutes one
form of initiation,*’'® it is conceivable that the induc-
tion of resistance to therapy and that of cancer are
reiated.

Nezw Broassars ror Cazcovocins axp Paomorins

The basic knowledge that has been generated dur-
ing the past 20 vears or so has spawned a large array
of short-term tests (mostly in vitro) [or potential car-
cinogens, and more recently for promoters."* These
tests generally fall into two broad groups: those that
use some correlate of DNA damage or chromosomal
damage as end points and those that use cell ransfor-
mation as the end point."*""" The majority require
the inclusion of an appropriate activation system.

This development is an essential requirement for
rapid monitoring of our environment. In addition,
these tests are being used increasingly as rapid assays
for some more basic aspects of chemical carcinogene-
sis, such as patterns of activation in tissues and the en-
dogenous production of carcinogens or mutagens, to
name but two of many examples.

*

Coravsiom

The past decade has produced new insights into the
- need for metrabolic activation, the nature of the active
-molecules, the enzymology of activation, and the
. array of products generated, including major ulti-
mate carcinogens. The interactions of such deriva-
tives with DNA and other cell constituents and the
possible toxicities and other effects on cells are be-
coming clearer. There is a general belief that DNA
damage is involved in cancer initiation in most in-
stances. The basic studies have generned over 100
short-term assays for possible carcinogens, with many
of the assays reflecting damage to DNA or chromo-
somes.

The importance of the modulation of metabolic ac-
tivation by enzyme induction with hormones, diet,
drugs, and chemicals (inciuding many environmental
contaminants such as pesucxda. herbicides, and poly-
chlorinated biphenyls) is appreciated. How this ubig-
uitous exposure may influence cancer development in
human beings is not known.

The repair of lesions in DNA is receiving increas-
ing emphasis. The majority of such studies are in rel-
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atively simple in vitro systems and are generating in-
sights into what may happen. The study of what does
happen remains a major challenge. It may be aided by
the development of ultrasensitive enzymatic radioim.
munoassays for carcinogen-DNA adducts.

There is an increasing realization that many post-
initiation phenomena, including promotion, are of
major importance in cancer development. Alterations
in diet, hormones, drugs, and xenobiotic agents have
major influences through effects on promotion and
other later steps. The reversibility of many of the pre.
cancerous steps is being studied with vitamin A and
its analogues and with other dietary components.

Despite the major advances, the study of the later
phases of chemical carcinogenesis lags far behind that
of the early biochemical events. A nagging uncertain-
ty in this field in general concerns the role of chemical
carcinogens of either exogenous or endogenous origin
in the causation and pathogenesis of some of the
major forms of cancer. There is a general agreement
that cigarette smoking and ultraviolet light are two
major factors in the genesis of several important types
of cancers. There is also incontroventible evidence that
many chemicals to which persons are exposed in the
work place or its environs cause cancer in several.
organ systemns. However, the relative quantitative im-
portance of these considerations in the majority of pa-
tients with cancer not related to smoking is unclear.
The resolution of this problem, although no doubt dif-
ficult, will almost certainly have a major impact on
our approaches to cancer prevention in coming
decades.

I am indebted to Miss Héléne Robitaille for assisuance in the
preparation of this manuscript and 1o my colleagues, Drs. A. Med-
line and D. S. R. Sarma, for their critical comments.
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ceacs . the personnel and work stress. 365/81 The Us~< and Limits of Standard Exercise
sgesrm. -0 - .aracteristics snd perceived social Jests. L.B. dcuuire. Arch. Intern. Med. 141:
vum - r-u-tated these effects. Job dissatis= 339-332, Feb. 1981. 37 refs.
fgue - s tiund te be sn intersediary phate in
e ah. wnnlement of stress at work. The appiied Standard exerzi.c electrocardiography to dotect
thaeer 1-4. w=2ael was found fessible for ~spiain- corruary artery <isease involves limitations of
;nz .- ""iationships between the concepts sccuracy in & ~opulation of spparently hecalthv
sgeete o= the basis of the scquired results. pericns, te th~ ¢xtent that its value for zounsel-
~~Condensed {rom text ing such Indi: .duals is doubtful. Among subjects
- beirng examined f{or chest pain, however, the
secucncy of ti:: exercise ECC in predicting
zapdiionallv Induced Stress, Seriin corcvary obstr ..tive disease {< better. In
as Selated zo agze. J. llmarinen addition, the presence of =ore 3Severe coronary
irarz. Scand. J. Work Environ. obst:ictive discase tends tc be asscciated with
74--282, Dec. 1980. 23 refs. more Zistincily abnormai tesis at lov levels of
. axarcise. This tendency of sssocistion detween
Pruc n:x d:fierent types of vork 120 men, aged marhed ST-segment displacesant .. lov exertion
Zi=e 4, were classified according to the levels and more severe obstructive ¢isease alds
Erpenerae 22t Jiscription Questionnaire Jnto s measure of prognostic val:ie t~ rhe standard
iyt svoua: ripresenting specific work content exercise ECC in persons vitk chest pain or after
(peav ity doTces, cocrdinating motor snd myocardial infarction. The addition of either
aemsoey Itncrions, converting information into isotopic cardisc imaging or coronsry arterio-
rescbuat, aul producing information). Verk graphy to exercise ECG will he apdropriate for
SLILI® <as 3ssussed with measurements of oxygen situsctions in which ef{ther :he ECC ia known to
eorrwpilior ("95) and with the registracic: of be nonspecific or inadequat: exercise {a achieved.
tism minites snent at different stress levels. —Author's abstract reprinted
20} 'tive sitvbic strain (RAS) vas defined as the by permissinn
VGa H1i.ic wars gs the percentage of Vozn.u
Straln sau c~reured with continuous recordinga
af Wree. raic¢ Auring the vworkdsy. Peak louds 366/141 Therapeutics of Hvpr.-tension in the
weri = .sates lcgording to the relative nnaber Vork Environmen:. G.T. Mclnnes and E.B.
af =irures ab2<a the heart rate levels of 130, Macdenald. J. Soc. Occup. Med. J1: 31-37, Jan.
152 w4 1.7 bracs/min., The V0, during work vas 1981. 12 rafs. ~ .
wiitvuliw taencical 4n the age groups < 35, 33-50 i 3
aee > L7 3 The RAS tended to increase wvith age Essencial hypertension is a2 major heslth problem (Zg)
dur it Gocrease in VO,max. The strain amony people at work. Current therapy is ——f
ronoinez T azr:cally the same in sll the age discussed and the potential! role of the occupa- [[onm)
* groeer oty group “coordinating motor and tioral heslth vorker expizined. )
s saaver. Juwctices” strain tended to increaae =—Authors' summary reprinted P—)
wisle sire . Fooab loads over 150 beats/min vere by permission o
nor Tiv. ot toe older subjects. The results —
syieet [aat stress and sctrain during wnrk . B s -
cewaln rusticelly the same as age incresases. 367/81 Relative lnportance of Cigarette (==

The L7, bauover, tends to increase vith age

wiz}?ia ;‘u.-- Jdoing mainly physical work and

LN e sosures to peak loads.

’ —Authors' abstract reprinted
by permission

»
/8L Lrinromics: The Mechanics of Man 2 =-
The foivadlop of Work. C. Hayne. Occup.
desivn 33 13-24, Jan. 1981, 10 refs.

Fagizum, <Laugh better understood today than
ever tetoTn, is still too complex to be measured
by ary ¢irect method. When considering the
denaulis af uwath in relation to energy expendi~
oue sad Tatigue, 1t is.necessary to be svare of
tie &3uy elements, both physiological and psycho-
‘logic:u. 2%t0ciated vith huasn performance. The
4~lution to fatigue may not always be in longer

s Work pausce but in the redesign of sctivicies to

¢ preduce grearar joh enrichment and uthfaet!on.

==Condensed fros: ctext

13

Smoking in Occupational Lung Disesse. P.C.

Elpes. Brit. J. Ind. Med. 18:
30 refs.

1-13, Feb. 1981.

Since 1900 respirstory disease has remained s
constant serious causs of chronic 111 health and
premature death in Britain. The falling impor-
tance of tuberculosis and pneumsonia has desn
off-set by the rise in lung cancer. Bronchitis
sordidity and mortality have fallen only slightly
since 1935. To produce any real improvement in
the future existing information as to cause sust
be studied. The relative contribution of occupa-
tional exposure is compared vith the importance
of cigarette smoking. Relevant information is
scanty and has been produced to emphasise the
existence of occupstional diseases rather than
assesa their importance to the cosmunity as a
vhole. 1n Britain the evidence 1a that within
the coal sining and irom and stecl industries’
conditions are nov such that dust exposure
contributes 1ittle to the morbidity or wortality
compared vith the workers' smoking hadits.
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