_ THE ROLE AND ACTION OF ENVIRONMENTAL
AGENTS IN THE PATHOGENESIS OF LUNG CANCER
1. Air Pollutants

Pavr KoTi, a.D., AND Haxns L. FALE, PH.D.

MPREHENSIVE epidemiological studies
have demonstrated a world-wide increase
= the frequency of and absolute mortality
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QUANTITATIVE ANALYSIS OF ATMOS-
PHERIC SAMPLES COLLECTED IN LOS
ANGELES”

gom lmg cancer.® 32 These investigations

xave little question that a portion of the Sample 1 mg.t  Sample2, mg.}
ginerved increase is both real and, at least Per Par
suil very recently, progressive. An analysis of 1,000, 1900,
«e data in the various studies reveals a num- ;. 00nd Tot. cuo??,,. Tot. ecu. ft.
ket of consistent findings that appear to have ° 032
&ificant et logical implications. These com- [ henspyrene’ 1,81 0.92 2% o8
con factors include: (1) a greater frequency 1,12-Bensperylene 1.45 1.00 072 0.3§

« lung ancer in men than in women;18 3
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2 2 greater Hability to the development of gy Sampled Avg., -
wag cancer il urban residents than in rural ' ual sampling). , -2
et 5. () an Increaved incienee  autoriefrom Oct I 1952, t Juse 1, 1953 (9 2K
radated with a history of prolonged exces- .
we dgarette staoking; * 1328 and (4) a tem- o . L -
mial pattern of increasing frequency com- and identification of specific etiological agents g !
'+ with a possible etiologial influence and the determination of their mode of action , RES
: influenza pandemic of 1917-1920.%. 4 have been primarily laboratory undertakings, ?.':" T . A
~e considerations indicate the need for In the panorama of lung cancer, all available TEa e P
vudies aimed at: (1) establishing the exact ¢vidence points to a2 dominant etiological role ot i
exture of and the significance of the various for exogenous environmental agents.3 LShedI P
swociations (e.g., spurious, cause and effect, On the valid assumption that bronchogenic — . s
=i and (2) elucidating the biological mech- cancer develops subsequent to the action of o gy,
mwms rerponsible for and compatible with multiple factors, a broad experimental pro- (.._: - Ty
™e epidemiological characteristics of lung can- m was undertaken for the purpose of [ SR ASTg
err. In all instances in which an association ¢valuating the relative etiological significance e o
between a disease state and environmental Of several of these factors. Atmospheric pol.u- huse o
ictors has been demonstrated, the isolation tion, cigarette smoking, and viral agents were wad el
selected as the primary environmental condi- — e
— tions to be investigated since they were pre Ly s e
“'a“t; gmt atlholo_gy and Biochemis. eminently compatible with the epidemiologi- — . =
cve and the Pathology DCP:‘""‘“ i‘h&“ Medi-  ca] pattern of lung cancer. Two cardinal facts o el
Ceunry Hospital, Los Angeles, Calif. Aogeles  rere recognized at the onset. Firse, there are = s
\‘;rglso)wm has been supported by a grant  unequivocal instances of lung cancer in which o X
Tationg Bnnd:u; t};:;:‘?@ldonﬂ &mm"&m one or several of these environmental agents o
ac Natiomal Inmitutes of Health, Public Health appear to have played no role (e.g., non- LS
m&b’ml graoe (LCH) from the Ameriom  smokers, residents in rural areas or in g mewmee . __ TR
M Photographic work was done by Mr. Lioya Cultural economies, etc) and second, when | BB 0020 QZE“T
“1:!;7 of the Department of rnotog:Bhy, Uni- the factors under study have been present, the = . —
Voriee Cavathem Calitarnia School of Medicine, Lo etiological contribution of each presumably T ae R
. Fures 3,716, and 17A and B are reprinted from has varied from case to case. Nevertheless, one - - 240
L.'.'_'_"Ch‘:'g"" 14 is reproduced with permission of may properly postulate the exisience of a i,
% of Alr Pollatiors ol fodueed mith pomis  pathogenetic milieu compatible with the ac- -
\erse, Calit _ o tivity of several or all of the suspected en-
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Fic. 1. Recovery of aromatic polyeylic hydrocarbons after exposure to washed air and synthetic smog.

intensities, in the development of lung cancer.
Representative experimental findings in chem-
istry, physics, and biology that are related to
atmospheric pollution will be presented. Then
the data will be utilized in formulating a
concept of the pathogenesis of lung cancer
that is consistent with the epidemiological
characteristics of the disease. The role of dg-
arette smoking and viral infection will be
presented in a subsequent article and will be
integrated with the concepts being currently
" presented. The mechanism whereby these en-
vironmental agents working singly or in com-

¥
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METHOD

Soot, an experimentally and clinically rec-
ognized carcinogen, is 2 major component of
smoke emitted into the atmosphere incidental
' to the use of solid, liquid, and gaseous
fuels.® 2 A product of the incomplete com-
bustion of most organic aterials when they
are heated or burned in the absence of an
adequate supply of oxygen, sont's carcino-
genic properties are presumably due to the
presence in it of certain aromatic polycyclic
hydrocarhons.4% 41 Alth ugh quantitative data
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are lacking, the chemistry and method wi
formation of soot established its continuous
presence in the atmosphere { r centuries. Te
ascribe an etiological role to soot and is
aromatic polycyclic hydrocarbons present in
the air, therefore, requires either the idend-
fication of significant new sources for thee
compounds or the recent introduction im

the environmeént of potentiating or cofactons
An additional reason for considering the at-
mosphere in the pathogenesis of lung cancer
may be the presence in the air of a new das
of cardnogenic agents capable f acting iz
association with or independently of the >
didonal aromatic polycyclic hydrocarbon
carcinogens. We, therefore, established as ini-
tial goals the quantitation of aromatic poly-
cvclic hydrocarbons in the aunosphers.amd
the simultaneous determinati n of their
sources. Special interest was sh wn in oo
pounds recently introduced into our environ
ment. The exhaust products of the internal
combustion engine were chosen as the fint
materials for quantitative studies, Widespread
home and industrial use of petroleum prox:
ucts, especially in gasoline and diesel engine
is the hallmark of our industrial society. The
entry of these products into our environment
is temporally compatible with a possible.et=

logical role,
mm-‘-
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CHEMICAL

{ broad spectrum of aromatic polycyelic
~jroarbons was found in the atmosphere
;~. in the exhaust products from both gaso-
nac engines and diesel engines.®. 3433 The
~uent carcinogen 3,4-benzpyrene was identi-
= and quantitated in all of them. It is our
1elicf that 3,4-benzpyrene is best regarded as
pt ome of several possible crcinogenic pollu-
wnts in the atmosphere. Rather than assum-
== it 1o be the only or even necessarily the
ot significant carcinogen present, we let its
preencesexve as both a chemical index of are-
catie polyeyclic hydrocarbon contamination
r¢ :he air and a biological index of carcino-
nic POtENCy. As anticipated, in an essen-
taily liquid or gaseous fuel—consuming com-
wunity, such as Los Angeles, 3,4-benzpyrene
way identified in concentrations lower than
rhine 4 in certain other urban com-
=unities (Table 1). A listing of the vehicular
evhaust products, as shown in Tables 2 and 3,
~rabiishes thif presence of significant amounts
vi henzpyrene and allied hydrocarbons.

Comparison of the analytical findings from
wehimular exhausts with those from atmos-
: studies revealed a reversal of the ratio

.Rzpyrene to pyrene. Benzpyrene was con-
-wrntly emitted from vehicular exhausts in
wmaller quantities than was pyrene. Atmos-
vheric analyses showed benzpyrene to be pres-
=t in larger amounts than pyrene. Two al-
wrnative explanations for this finding sug-
~trd themselves. First, a significant emission
vuiree of benzpyrene existed of which we were
anaware, or second, marked variations in the
wability of the various aromatic polycyclic
hvirocarbons existed. A search- for proof of

TanLx 2

AROMATIC HYDROCARBONS ESTIMATED
IN_1-MINUTE SAMPLES OF GASOLINE
EXHAUST, USING VARIOUS ENGINE

REVOLUTION SPEEDS

At 0 load, pg./minute of:
Com- Benz- Benr- . An-
Sored, Py- .
pound py-  pery- than-
fam rene X rene lena threne
. {‘,‘g 225 289 120 235 153
' 0 439 325 61 177 102
Yo 507 266 13 60 36
Yo 374 142 . 40 73 27
P 344 127 25 70 3
P 121 25 13 8s 14
bl 43 5 10 39 15
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TabLe 3

AROMATIC HYDROCARBONS ESTIMATED IN
1.MINUTE SAMPLES OF DIESEL EXHAUST,
USING VARIQUS LOADS AND ENGINE
REVOLUTION SPEEDS

uG./minute of:

Py Comna Benz- Benz- ;"\‘ﬂ'
- pou py-  pery- than-
Load* rene X rene lene  threne

At 1,000 r.p.m
137 22 146 2 0.
267 76 465 42 33.
336 17% 172 124 223
1,800 640 1,320 610 472.
2,500 639 876 1,265 469.

At 1,200 r.p.m.
0 208 0 9 9 4.
257 0 47 40 24.
438 278 437 171 197,
888 488 432 930 320,
1,912 614 1,706 976 941.

At 1,400 r.p.m.
188 0 80 0 20.
177 36 78 0 16.
220 76 1,372 368 69.
} ™ 337 982 1,071 577,
2 346 1,687 o4 666,

“All with compression releass.

the first possibility proved unsuccessful. An
investigation of the stability and survival of
aromatic polycyclic hydrocarbons under vary-
ing ammospheric conditions was then under-
taken. Our data readily disclosed that the re-
versal in the benzpyrenc to pyrene ratio was a
reflection of differences in hydrocarbon sta-
bility.* As can be seen in Fig. 1, pyrene
proved to be the most labile of this group of
hydrocarbons while 3,4-benzpyrene, even un-
der the most adverse atmospheric conditions,
proved to be notably more stable.

PHYSICAL

Having established the presence of 3.4-

benzpyrene and allied hydrocarbons in com- .

mon and consistent sources of air pollution
and having demonstrated their survival in the
atmosphere, we then became concerned with
the relation of these hydroarbons to the soot
particles on which they are adsorbed. Physical
factors play a significant role in the deposition
of particulate matter in the respiratory tract.
The biological potential of carcnogen-laden
soot is, therefore, significantly related. to the
size of the soot particles present in the atmos-
phere, which in turn determines their epithe-
lial deposition capability. The fundamental
biological importance of particle size resides
in two indqwxxét ﬁﬁ?“AFREEOWjQ’FP""
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Fic. 2. Rate of retention "
of particulate matter in
lung in relation to par- :
bande e aly T T e 20 20 w s
PaericLe  Sizk
tion of inhaled soot particles (larger in size Studies of the atmosphere and of the - |
than 2 y) are arrested in the mucous mem- haust products from vehicular engines show s |
branes of the nose, accessory nasal sinuses, predominance of soot particles within the
pharynx, and oral cavity. At the other ex- 0.1- to 1.-u diameter range. As will be demon-
treme, a lesser but sdill significant segment of  strated, this range is consistent with the bi-
exceedingly small soot particles (less than 125 logical action of various particles on the baw.
Angstrom units in size) remain suspended in  of both particle retention in the lung, .
tidal air, except for that small amount of shown in Fig. 3, and elution £ carcinogenic
ultra, ultra microscopic particles that are hydrocarbons, as shown in Table 4.
precipitated by brownian movement. The .
retention of particulate matter in the lung in BIOLOGICAL
relation to particle size is shown in Fig. 2. _ _ c
Dautrebande et al.t correlated the location of Respiratory Epithelial Studies. Experi-
particulate deposition with specific sites in the mental. After inhalation, a period of conas:
tracheobronchial tree (Fig. 3). We have been with the respiratory tract epithelium is nece
able to confirm the pattern of pulmonary in- sary before the carcinogen an be liberated
halation deposition and retention through the - from its soot particle and enter the cell. Ordi- *
use of soots of specific particle size, narily the necessary prolonged interval for
The elution of carcinogens by appropriate this carcinogenic stimulus to be in contaa
organic solvents or plasma proteins is also with the respiratory epithelium is precluded
critically related to the size of the particle on by the physiologic defenses of the trachco
which the carcinogens are adsorbed. Aromatic  bronchial tree. The principal and mem:
polyeyelic hydrocarbons cannot be very read- . potent factors responsible for the prevenuoa
ily eluted from soots of very small particle of prolonged residence of particles on the
size. Further, particles with an average di- lining cells of the tracheobronchial tree are.
ameter of less than 400 A will actually remove the mucous stream covering the epitheliai
aromatic polycylic hydrocarbons from their cells and the activity of ciliated cells that b~
immediate environment because of their high their action constantly move the mucus ceph
surface adsorption. Particles beyond the 400-A  alad. Particles settling out on this stream are. ‘
average size range will release adsorbed aro- as a result, immediately set in motion. The
matic polycylic hydrocarbons in the presence normal rate of movement of these settled pa- ‘
of appropriate solvents. As particle size in- ticles is sufficiently rapid to make elunonan= {
creases, these compounds are released more local carcinogenic stimulus in the :r.:xd_uj’:
rapidly and in larger amounts. bronchial tree unlikely to occur, The initi:
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reriod required for elution or removal of the
arcinogen {rom the soot and the added time
equired for entry into the cell are fulfilled
- when the ciliary-mucus defense barrier is
“ ‘ed or lost. Carcinogenic particles pen-
, more deeply into the pulmonary
arcuchyma to the level of the alveoli are in-
:ested by the maarophages in the lung. Phago-
vtosis is effective in removing these particles,
-hich then may ultimately be disposed of by
heir entry into the systemic lymphatics or by
reing advanced to the level of the mucous
trear.

Under certain conditions, however, the haost
iefenses can be interfered with, and abnor-
nally long residence of particles ensues. Nu-
aterous irritants of a nonspecific type are pres-
nt in polluted atmosphere that, when
reathed in sufficient concentration, are cap-
ble fint of slowing mucous flow and uld-
nately of siopping ciliary activity. These
ompounds include both organic and inor-
anic acds, the oxidation reaction products
f hydrocarbons, the aldehydes, the oxides of
ritrogen, and the oxides of sulfur. They may
)¢ present in the air as gases and aerosols. As

rule, the effect of these compounds is tran-
ient, and when their concentration drops,
wrmal acrivity returns. .

The modifying effect of atmospheric irri-
ant substances (ozonized gasoline, aldehydes,
Z@nic acids, etc.) on the normal {unctions of
‘ "eobronchial tree was studied in two
v .r3t, animals in inhalation chambers
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were exposed to controlled test environments
for varying periods. After the animals were
removed, the tracheobronchial trees were ex.
teriorized and opened so that dliary activity
and mucous secretion could be observed in
the intact animal. The second method of
studying the atmosphere's effect consisted of
using isolated animal tracheobronchial epithe-
lial strips for in vitro studies. Carbon par-
ticles of a size, configuration, and chemical
structure identical to those recovered from
the atmosphere were used for the determina-
ton of ciliary rate. A steromicroscope with
scaled ocular lenses was adapted for this pur-
pose. In addition, studies were crried out
using the esophageal tract of frogs.

During study by the first method, one
initial response of the exposed epithelium was
apparent excitation as manifested by an in-
creased rate in the movement of particles. In
response to a few specific irritants, however,
this primary effect could not be observed.
With - exposure to these, there followed a
period of decreased activity that, if allowed to
persist, often resulted in total cessation of
particle movement. Prolonged or intense ex-
posure was followed by limited and delayed
recovery. Total dliary paralysis could be
maintained for a considerable length of time,
after which partial recovery was still possible.
Structurally, it was possible to demonswrate a
considerable degree of parallelism between
alterations in physiological functions and cell-
ular abno i BﬁDRgFesmmdve respon*~~
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TasLE 4

RECOVERY OF POLYCYCLIC AROMATIC HYDROCARBONS FROM 300 mux OF
SOOT AND PLASMA AFTER INCUBATION

% recovered alter incubation period of:*
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14 hr.

16 hr.

96 hr.

Compound,
»g./100 mg. soot Soot

Plas, Tot.

Soot Plas. Tor

Soot Plas.

8.4 90

Fluoranthene
1.0

100

100
97
79

M
P
T
17

41
67
L)

61
P
93
41
5
33
33

93

58
100
100

87

50
P
P

)

.23
13
17

% 66 26

10.0

92 8

*The symbols in this table are T for trace and P for present.

to irritant exposure are shown in Figs. 4 to 6.

Mucous secretion was also affected by ex-

ure of the respiratory tract to-irriang. .
Physiolngically, alterations were first charac-
terized by an increase in secretion. This re-
sponse could be demonstrated in microscopic
sections from the respiratory epithelium.
An increase in the number of and acuivity
ol goblet cells was the first histological change
noted. This progressed until there was almaost
complete replacement of the normal epithe-
iiura by an overgrowth of these mucus-produc-
ing cells. Subsequently, pools or lakes of,
mucus were formed in the epithelium, and
finally, the mucous lakes emptied into the
lumen of the tracheobronchial tree, with com-
plete epithelial desquamation down to but
not including the basal cells. The histopatho-
logical sequence is shown in Figs. 7 to 11. This
phenomenon is of considerable interest in
that ic represents a step in the pathogenetic
mquence in which compounds that are not in
themselves carcinogenic theoretically facilicate
the biological activity of compounds that are
presumably endowed with the property of in-
ducing cancer in the respiratory tract.

Human Lung Studies. ‘Two mechanisms
may explain the almost universal finding of
soot-laden lungy in urban residents at autopsy
—first, the action of pulmonary phagocytes in
the ingestion of the particulates and second,
the method previously elucidated whereby
soot may be abnormally retained in the respir-
atory tract. An investigation was undertaken

NOTE TLHA PANMRITMT N
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to determine the biological and chremical fate
of aromatic polycyclic hydrocarbons as ther
occur on retained soot. We wished to leam:
(1) if arcinogenic hydrocarbons remain un-
altered subsequent to their deposition on the
respiratory epithelium or if they change quali-
tatively or quantitaively; (2) if any changes
that might be demonstrated are associated
with the activity of exogen us substances (re-
active atmospheric pollutants) or endogenous
factors (metabolic degradation): and (3) if 2
relationship exists berween the amount of
soot and carcinogenic hydrocarbons recovered
from human lungs and the presence of “pre-
neoplastic” morphological changes or overt
lung cancer.
3,4-Benzpyrene, 3 potent carcinogenic aro-
matic polycydlic hydrocarbon, was chosen for
study as the prototype of a compound belong
ing to this group of hydrocarbons. Lungy for
analytical study were obeained with the short-
est possible postmortem delay from the au-
topsy service of the Los Angeles County How
pital.te ) '
Of all the aromatic polyeyvelic hydrocrbons
presumed to be present, pyrene alone was
capable of quantitation. Our inability to de
tect the presence of the other aromatic polvey-
clic hydrocarbons, most n tably $,4-benzpy-
rene. necessitated an investigation of whether
the absence reflected artifactitious destruction
of 3,4-benzpyrene and related compounds.in:
cidental to our experimental methods or
whether it represented their true in vivo fate.
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Fic. 4. Effect of smog
in various concentrations
on frog’'s esophagus.
Graphic presenuation of
effect of irritant (smog)
on movement of paricies
deposited on dliated epi-
thelium. Note greater in-
hibitory effect and de-
layed recovery in area of
impingement. The lines
indicate: rading
before exposure; x—X
impinged area; and

20 4t 40 00 00 140 100 w0 8E 200 2P0 FEe KD 200 390 300 200 300 *==-~=c unimpinged arce.
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Two methods were selected [or the resolu- throughout the entire procedure. In view of
tm of this problem. First, up to 20ug. the extreme susceptibility of- this group of
ounts of 3,4-benzpyrene were added to rep- compounds to oxidation, their persistence
ntative samples of lung tissue at the start  strongly suggests that benzpyrene, a less labile
luring the various sequential stages of compound, would have survived the analyd-
1. Jgacrion procedures in a series of experi- cal method. The disappearance of certain
mems. The presence of the added 3,4bemz-  aromatic polycyclic hydrocarbons, including
:srene was detectable ac levels of 10 ug. for 3,4-benzpyrene, musi, therefore, be regarded
“iwie lung samples. Second, carotenoids nor-  as being due to factors other than our experi- - -
=.ally present in lung tissue were identified mental method and techniques.

Fis. 3. Photomi b from semon of bronchial ';.heli prepared immediately after cenation of dli
“inuy and fiow of mul;ml stream, (x250.) b Y -

,[x. 6, Photomicrograph showing deposition and retention of soot an bronchial epithelium after neutralization
v+ alisry action and mucvus flow by irritant inhalation. (x30.)
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ichalium to irritane, as evidenced by increased goblet cell activicy. (x123.)

Fuc. 7. Initial response of bronchial ep
Fro. 8. Later stage showing marked increxse in mucous cell secretion, with mucous droplets in lumen. (x230.)
Fre. 9. Pooling of mucus in Lronchial epithelium, with compresion of nuclei, beginning obliteration of cell
membranes, and thick static mucous stream overlying epithelium. (x250.)
ial bronchial epithelium, with persisence of basal laver of ceils

10. Beginning sepanation of superficial b

Fr.
(x250)

The physical characteristics, including the
particle size of the.soots recovered from hu-
man lungs, were studied under the electron
microscope. It should be noted that the size
range primarily included particles from which
3,4-benzpyrene could be readily eluted. The
disappearance of aromatic polycyclic hydro-
carbons from representative human lungs is
shown in Table 5. The significance of these
data will be discussed.

Histopathological examination of sections
of respiratory epithelium removed from the
lungs frequently revealed hyperplastic and
metaplastic changes. These were most fie-
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quently seen at the arborizations and other
impingement sites in the tracheobronchial
tree (Figs. 12 and 13). This is consistent with
the exaggerated experimental effect of the im-
pingement of irritants on respirat ry epithe
lium when contrasted with sites of passive
passage. Attempts to establish a correlation
between the amount of soot recovered from
the human lungs and the presence of meta.
plastic or neoplastic changes were unsuccess-
ful. :

Carcinogenic Studies. Pajnting and_ Injec
tion. A necessary preliminary step in the as
sessment of the carcinogenic agents incidental
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‘ ~ospheric contaminants is their biologi-
.ing. Extracts of exhaust products of
suswiine engines, diesel engines, and the atmos-
smhere were bioassaved for tumorigenic prop-
crties. Samples were painted om the skin or
injected subcutaneously in C57BL and strain

\ mice. Representative tumor yields for the
various materials scudied are shown in Table 6.

The soilvents used in the carcinogenic
~tudies and the aerosol fraction of the atmos-
vhere collected in Shepherd traps were used
tor control experiments. The studies of Shep-
herd et al.3 and of Haagen-Smit1¢ have shown
the aerosol phase to consist primarily of the
nxidation products of aliphatic hydrocarbons.
We have confirmed these findings and have
further demonstrated that the aerosol phase
i« free of carcinogenic aromatic polyeylic
hvdrocarbons.*?

"An unexpected finding was the production
of tumors after paintng and injection with
the conool fracdon, presumably a noncarci-
nogenic aromatic polycyclic hydrocarbon-free
fraction of the aerosol phase of the atmos-
phere. This finding was duplicated in a second
«¢ries of experiments.® The tumor yield with
the use of these aervsol materials is shown in

le 6. An additional immediate unex-
“le finding was the production of a
nurnber of tumors in the mice painted
abw injected with atmospheric and vehicular
¢xhaust extracts than could be accounted for
lLw the presence of 8,4-benzpyrene alone. The
impliau'ons of these findings will be discussed
-~iter,

Inhalation. The production of skin tumors
in mice with both the aromadc polycyclic
hvdrocarbon fraction and the aerosol non-
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Fr. 11, Persistent basal layer of bronchial epithelium

uent to desquamation of superficial epithelium,

Note subepithelial inflammatory cell infiltration
(x250.)

aromatic polycyclic hydrocarbon fraction re-
covered from the aiumosphere made it neces
sary to choose the proper environment for
exposure of animals in our inhalation studies.
The non-aromatic polycyclic hydrocarbon
fraction was selected for several reasons. First,
essentially it represents a recendy introduced
atmospheric pollutant, the carcinogenicity of
which has apparently been demonstrated for
the first time. Second, in conmtrast io rural
areas, these pollutants are present in greatest
concentration in urban areas in which epi.
demiological studies have shown a consist-
ently higher lung cancer mortality rate. Third,
chemically related compounds have been

Tamz §
DISAPPEARANCE OF AROMATIC POLYCYCLIC HYDROCARBONS FRO)
SOOT IN HUMAN LUNGS* .
N Amount of:
Benzrpvrene &

P e Fyrene bensperyiene

age, lung, Soot, Ash, Found, Expected, Found, Expected,
Rk yT. gm. my. mg. g, »g. »g. »g-
2 90 950 0 450 0.9 627 kTH
3 n 1,338 360 200 1.9 313 11-3?
M 7 1,570 660 770 1.9 624 31.138
4 74 1,570 360 170 1.6 3.13 17-86
2 n 710 390 1,070 1.3 314 . 18.93
& 81 1,260 190 130 2.3 2-7 v 945
o 62 1,120 540 510 4.4 2 . 215130
0 70 910 330 310 5.1 7-31 Trace 38-200

.11 1,420 5,010 3,160 1.3 45-13% ves 233-1,200

ata are reprinted from Cawmcer 11: 486, 1958,
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Fic. 12, Focal ares of metaplasia presumably at site of impingement. Note ciliated epithelium on
of metaplavic area. (x125.) .

Fie, 13, Higher power of area adjacent to squamous meraplasia adjacent to site of ciliated bronchial epithelium.
(x250.)
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dation products. were similar with both

methods, Mass spectrometer® and- infrared

demonstrated to be carcinogenic in injection
spectroscopic studies¥ were used to demon-

stucies by workers in Great Britain3 34 and
by Fieser et al.!* in their injection studies
on the carcinogenicity of oxidation products strate the essential similarity between the
of cholesterol. Data from British studies in- naturally occurring pollutants and those re-
dicated that these compounds are capable of produced in exposure chambers (Figs. 14 and
intracellulir activicy.®. 3 Fourth, general 135). .
agreement exists that the latent development

period of lung cancer is approximately 2 dec-

ades, and these aliphatic phase materials were TamLz 6

introduced into the atmospheric environment  PRODUCTIOX OF SKIN TUMORS IN AMICE
sufficiently long ago to have allowed for any BY PAINTING 3 TIMES A WEER®
carcinogenic influence present to have become Appesrance of  Tumor-bearing
manifest ac the time of the recorded epidemio- tumars in gp.t mics
logial increases. Finally, from a technical Appear,
viewpoint the synthetic reproduction of these strain e Ist. = No,
materials in inhalation chambers is more P Jamele mer micr
feasible than is the use of aromatic polycyclic T —— -
hydrocarbons adsorbed on soot. C37BL ‘Partic. "m"“‘” a‘,‘l" 13
'dAnalg:al :hmdne: tl;;y' o:ll_xe;-s and ll:y ourE 76 ::‘m":.. - )]

ves have shown the aliphatic phase o :

hydrocarbons in the atmosghm tg consist ﬁi”s’ BL :h‘;:.'c' 20 8 (-2)

primarily of the oxidation products of o eh

straight chain, branched, and cyclic olefinic 35  pame: A
hydrocarbons. Gasoline provided a convenient .. dies.exh.

and realistic source of these hydrocarbons, }c"i?g'x'," with “‘l"‘""’"ﬁ;"“‘“ %“"P"‘!,"" "3‘5"""’"""
and it was reactexd with oxides of nitrogen 3 P )]

using either sunlight or artificial ultraviolet © atmon. : .
light as sources of photochemical cnergy for. *Data are reprinted from Cawcer 9: 006-007, 1934

tEleven per cent of the mice that developed turmos:

t!le prexduction of ozone, For the major por- hadl eoen per cont of the
ton of the study, however, gasoline was di- ;_\-u,,:"-!fe‘;";n’ m‘:vmhes'u indicate the number v
rectly reacted with ozone. The rexultant oxi-.. mice with malignant tumors.
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suain A mice, possessing a high spontane-
ons pulmonary tumor incidence along wigh
presumably a low threshold of pulmonary re-
activity to tumorigenic agents, were exposed
to an atmosphere of ozonized gasoline for a
tumor-dose study.®? In contrast, C37BL imice, a
«rain possessing a low spontaneous pulmonary
twmor rate with presumably a high resistance
threshold to the induction of pulmonary neo-
plasms, were used for the primary induction
of tumors.® Two control environments were
used for contrasting the strains of mice under
wudy. One consisted of an atmosphere washed
by passage thr ugh successive banks of me-
chanical and activated carbon filters. The
mher environment was an open room in
which the atmosphere was unaltered. The hu-
man experience of exposure to daily variation
in pollutant concentration was thus dupli-
ated.  ° -

As noted earlier, 2 modified tumor-dose-
exposure study was undertaken with the
srain A mice. The significance of experimen-
wl induction of pulmonary tumors in strain

EsviroNMeNT & Luxg Cancer. I -
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A mice in terms of extrapolations of the data
to humans is but one facet of the much
larger problem concerned with the applica-
tion to man of data from carcinogenic studies
in animals. While discussion of this problem
is beyond the scope of this presentation, cer-
tain 'facts relative to spontaneously occurring
and induced pulmonary tumors are pertinent,
The true neoplastic character of these tumors
has been established by the observation of
metastases both in regional lymph nodes and
in distant organs and by successful transplan-
tation.!”- 37 Pathogenetic and histological dif-
ferences notwithstanding, the commonness of
spontaneous development of lung tumors es-
pedally in mice and man adds to rather than
militates against the extrapolation of data
from the former to the latter. Finally, it has
been shown that the response of pulionary
tumor formation to meticulously controlled
doses of carcinogens given intravenously is so
sensitive that lung nodule formation has been
advanced as a method for bioassay of suspected
ardnogenic agents.®

et i e . e

P e Nembert o g
= e

Fi. 14, Mam spectrometer stnlies showing similari
N ng similarity bitween naturslly occurring and synthetically reproduced
‘idane type smog. The Grst Temvgrun is that of 2 concentrate from 150 liters of air sampled ac K1 R";.cho del

located om the

unog sample, taken on Oect. 19, 1950, at —13* C.; the third is that of a Los Angeles

Lindo, et 1 i
X ‘ oy dacaied om the ¢ near Palmdale, Calif., ahout 60 miles from Los Angeles. The second s
N

le taken on Nov. 7, 1930, at —33* C., and the fourth is that of “witches' brew” synthetic smog, taken
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Tamx 7
PRODUCTION OF LUNG TUMORS IN STRAIN A MICE*
Tumor-bearing mice
No. with mult. tumors
No- % with  No, with Toual tumory
Wk.of Sexaof * studs Tot. mult. sing. 2w Jtu- 4ty ——————
study mice ied? no. % tumars tumors mor’ Mo mors No. Tt
Osenized gasoline—wasked air chambar
16 Q 15 2 13 . 2 cee . vee 2 13
20 e 15 4 27 + 4 21
24 Q 15 4 27 4 4 -
28 9 45 11 24 4.4 9 1 1 . 14 31
32 @ 45 8 18 4.4 6 2 .o ven 10 v44
36 ed 78 19 28 4. 16 3 . . 2 9
40 °d 39 19 21 1.1 18 1} - - 20 3
52 ed 39 16 11 10. 12 3 1 - 21 £
Torar 338 &3 T 10 2 97
PrrcexTAGE 4 . »
Aliphatic hydrocarbon—poliuted air chamber
16 ¢ 14 1 7 .es 1 eee . . 1 7
20 9 14 s 36 S, . . 5 3
24 @ 15 ] +0 13.3 4 1 1 .es 9 &0
28 v “ 21 +8 1.3 16 3 1 1% n 73
32 Q 45 20 45 11.1 15 3 ‘ew 25 L)
36 ed 75 9@ 3 17.3 27 12 1 eee 54 7
40 ¢ 90 57 63 31.1 29 21 5 2 9 104
52 LN 39 31 8 48.6 12 9 8 2 62 1%
ToraL 336 181 109 51 16 5 m
PercENTAGE 54 a4
*Data are reprinted from Concer 9: 911 and 913, 1956, ) .
Mice were removed at 4 week intervals for study, in the numbers indicated. At the end of the fifty-second
week, all remaining mice were removed for study. ) .. )
{l’hi- percentage represents the total percenmage of tumors in the total number of surviving mica
This mouse had 7 tumors. .
i
The accumulated knowledge serves to re- mice. The changes observed in the mice ex-
emphasize certain pre-experimental considera- posed to the daily variati ns in air pollution
tions. First, the target tissue selected for study as they naturally occur were essentially simi-
was the respiratory tract. Epidemiological data lar to those seen in the test chamber mice.
relating to cancer of this system served as the The data relating to these experiments have
basis for this investigation. Second, the method  been previously reported.® .
of exposure chosen was that of inhalation.
Third, the spontanecus pulmonary tumor for- % Meserrass
mation observed in the strain A mice under
study provided a sensitive target for the rapid
procurement of data. »
The results of exposing strain A mice to a
washed air control atmosphere and poliuted D A A
air test atmosphere are shown in Table 7. A LIS 1% o
The C57BL mice were exposed in inhala- ]
tion chambers for a maximum of 92 weeks at % TRweMTYANGE
which time surviving mice were killed. The 0
incidence of lung tumors and certain data
relating to them are shown in Table3. 80 :
Two associated findings of marked interest
were observed in thé C57BL mice. The first was A e Y ——
a consistent and often intense hyperplasiaand B ° LR S . L
metaplasia in the test chamber mice as com- - “'”’"u ™ N wicRo
pared 3 16. 13, Similaritv between naturally occurring an
: to the cm.“n?ls' The second fmdmg .Of ssithetically  reproduced ether-soluble aerosolz. A
interest was a significant decrease in the in-  Typial infrared spectrogram of synthetic aerosols. €
Typical infrared spectrogram ol natural aerosols.
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Fw 16, Intrabronchial papillary rtumor in CS7BL
e subsequent to inhilation of symthetic smog.

1)

. readily apparent that the ozonized
“nmaie atmosphere had a significant tumori-
+nic effect on the respiratory epithelium of
‘¢ exposed mice, The tumors produced were
'entical with those referred to as classical
‘veologenic carcinomas, although our find-
3¢ indicated that these tumors were probably
-minal bronchiolar rather than alveolar in
rizin, Representative tumors are shown in
iy, 16 and 17A and B. Several observations
-lating to these tumors are worthy of note.
'+ A signifiant number of tumors were pres-
:nt in assodation with intensive surrounding
neumonitis. (2) In areas noncontiguous with
mor areas and f{requently in non-tumor-
wolved lobes, hyperplastic and so-called
etaplastic changes could be seen in the
ronchial and bronchiolar epithelium. (3)
'reater pleomorphism and invasiveness were
cmonstrable in the induced tumors than
¢re seen in the tumors among the controls.

Cornenr

The identification of carcinogenic agents in
"llutant sources and in the acmosphere docs
't inevitably connote an adverse biologial
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effec. Nevertheless, despite significant omis-
sions in our data and despite the limitations
imposed by the absence of or deficiencies in
certain analytical and biologil techniques,
our chemicl, physical, and biological data
unite to form a constellation that strongly im.
plicates the atmosphere as one dominant factor
in the pathogenesis of lung cancer. The data
are accorded additional significance by virtue
of their congruity with the epidemiological
pattern of lung cancer.

The following considerations are presented
in sequence to support our concepts.

Carcinogenic agents have been identified in
several ubiquitous sources of atmospheric pol-
lution. Materials identified include 3,4-benzpy-
rene, aliphatic hydrocarbon oxidation prod-
ucts, and specific inorganic materials such as
chromium and nickel compounds. Ever in-
creasing pollution of the atmosphere with
arcinogenic agents has been 2 concomitance
of the industrialization and urbanization of
society. One of the most ubiquitois of the
arcinogenic agents belonging to the aromatic
polycliec hydrocarbon group of chemicals is
3,4-benzpyrene. It is emitted into the air from
many sources including gasoline and diesel
engine exhausts, soot secondary to the incom-
plete combustion of organic matter, soot in-
cidental to rubber tire wear, tear, and deg-
radation, and, in isolated areas, soot from
specific industrial eflluents in the manufacture
of coal tar and its derivatives.

Experimental studies have shown that the
aromatic polycyclic hydrocarbons vary in their
stability in the atmosphere, with 3,4-benzpy-
rene belonging to the group with maximum
reladive stability. The destruction rate of aro-
matic hydrocarbons in the atmosphere indi-
cates that their survival in the atmosphere is
consistent with their being inhaled by exposed
populations. Even in a strong oxidizing at-
mosphere, such as occurs in Los Angeles, the
rate of destruction of 3,4-benzpyrene is lower

Tamz 8
LUNG TUMOR INCIDENCE IN CS7BL MICE*

Appear, No. Tumorbear. mice

1st, tu- mice

Mommegp. mor,wk.  surv. No.
Washed air
chamber

376
chamber n 155

*Data are reprinted with correction from Caneer 11:
174, 1958,
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adjacent 1o site of intensive pneumoaitis. (X123, I

High power of marked area of Fig. 17.\, showing stream of neoplaxic tisue into surrounding prenmonio

lung. Note arrow. (x730.)

than that of many other hydrocarbons. In
others areas, in which the oxidizing atmos-
pheric property is less significant, the stability
of this carcinogen is greater.

In, dddition to the traditional carcinogenic
agents belonging to the group of aromatic
polycyclic hydrocarbon compounds, we have
characterized two heretofore unidentified
polycyclic hydrocarbons in the atmosphere
(Fig. 18). The structure of these compounds
warrants their bioassay for carcinogenicity.,
Should they indeed be carcinogenic, these
compounds will help explain the discrepancy
observed by ourseives and by other investi-
gators between tumor yield and benzpyrene
content of samples from various environmen-
tal sources. [A third arematic polycyclic hydro.
carbon that has been recently identified is 3,4-
benzfluoranthene. Subcutmmeous injection of
5-mg. doses of this compound into C57BL
mice has resulted in a2 tumor yield of more
than 309, in experiments currently in prog-
ress.)

The aliphatic materials are primarily in-
troduced into the atmosphere as a result of
pollution by raw gasoline vapors. These vapors
under certain meteorological conditions react
in the presence of sunlight and oxides of ni-
trogen to form a broad spectrum of hydrocar-
bon oxidation products. These agents have
become significant atmospheric pollutants
simultaneous with intensive industrialization.

e s .
T ¥ “ A+ . - [

Their temporal presence coincides with th
epidemiologial increase in lung cancer. The
are capable of direct cellular entry, and thu
the necessity for concern with the mechanism
relating to the elution of aromatic polycycli
hydrocarbons from soot is obviated. As Jun:
cancer, in common with all neoplastic disease:
must surely have many agents involved in it
inception, the simultaneous or sequential ac
tion of both the traditional carcinogenic arc
matic polycyclic hydrocarbons and the ali
phatic oxidation products in the pathogenesi
of lung ancer is a reasonable possibilic
Chromium and nickel though present only is
infinitesimal amounts must also be considered
by virtue of the occupati nal and/or exper
mental data that incriminate them as crci
nogenic agents.t

A critical factor in the eticitation of th:
carcinogenic response is the concentration a
which the etiolugical agents are present. It i
our belief that as of the m ment we must a.
sume that any exposure is hazard us.1? As th
carcinogenic dose is the product of the con
centration of the environmental carcinogeni
agent and the exposure time, current dac
strongly sugmest that in general we are bein
exposcd to low dosages of carcinogens. Whil
little is really known concerning carcinogeni
dosages in man, the exposure to a “low dose
over a long period of time is compatible wit.
the induction of the neoplastic state. Abur

L
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perimental evidence exists to indicate
tia. his is so. Further, both epidemiological
.nd clinical data indicate that the develop-
.ient of cancer usually requires a prolonged
mierval. In the instance of human lung an-
.cr, a period of {rom 10 to 20 years is posiu-
ted. This seems entirely reasonable when
~ne considers that experimentally approxi-
mately 259, to 5097, of the life span of an
«nimal is usually required for the induction
»f cancer. Spontaneous tumors in experimen-
1l animals usually occur in the second half
of the life span. This is similar to the experi-
wnceinman.

The physical state of the carcinogenic hy-
cracarbons present in the atmosphere is one
-f adsorption on soat particles in a size range
mpatible with the depasition of and reten-
sian of a portion of the breathed carcinogen-

ExvironyMesT & Ltxe Cavcer. I«
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initial response of the respiratory epithelium
to the deposition of foreign particulate irri-
tants. (2) Persistence of the insulting agents
rapidly leads to a neutralization of the pro-
tective factors, with resultant slowing of par-
ticle movement; this, in turn, leads to pro-
gressive accumulation of particles at selected
sites in the respiratory tract. (3) A demon-
strable difference in the effect on the epi-
thelium can be observed, depending upon
whether the respired material directly im-
pinges on or passively flows over tracheo-
bronchial epitheliunv. In the instance of the
former, the effect is more intense and of
greater duration. (4) Reversibility of the ad-
verse effect of atmospheric environmental
agents persists for an unanticipatedly long pe-
riod, although restoration to base live levels
of activity seldom occurs. (5) Denudation of

“iden particles. ‘The anatomical site of deposi- che superficial epithelium permits the im- ™ -
rion is a specific reflection of the size of mediate apposition of inhaled particulate car- -,
-articles. The relative infrequency of primary cinogenic matter to the persisting layer of Sy
‘racheal carcinoma is perhaps, among other basal cells, which presumably may give rise to e .
actors, the result of the rarity of particle depo-  hyperplastic, metaplastie, and ultimately neo- ST N
ition on the tracheal epithelium. Those par- plastic change. : ;
cles destined, on the basis of their size, to Soot recovered from human lungs has been -
ctile on trachenl epithelium are the ones that  shown to be free of the carcinogen 3 4-benzpy- -~
'np- -eadily pass beyond the nose, accessory rene. Pyrene, although demonstrable, is pres. ~T
‘ wuses, and pharynx. Further, the ad- ent in significantly less than anticipated e .
~W..e bond hetween particles settling on  amounts. A gradient of disappearance exists, £ oo
‘ic bronchial and bronchiolar epithelium and  varying {rom partial in the case of pyrene to Lo .
e carcinogenic hydrocarbons is. such that ol in the case of 3,4-benzpyrene. The differ- S
‘wtion of the Intter reﬂdﬂy occurs in the ence bc[ween the [ota_l djsappeanncc of d)e :’::- :f:“‘
<esence of tissue and plasma proteins.'® carcinogen, 3,4-henzpyrene, and the partial e T
_Respiratory epithelial changes facilitating  disappearance of the noncarcinogen, pyrene, o,
-« deposition of and retention of particulates may be a reflection of the carcinogenicity of AL Y
cur in response to a broad spectrum of irmi-  the former and innocuousness of the latter. i
Ms present in the atmosphere. The as 9 e
vmbled data from studies suggest the follow- SUMMARY ANP CONCLUSIONS <

ez (1) An apparent purposefully exaggerated
aivity of ciliated cells and goblet cells is the

BINZ-~ (k) ~FLOORANTHENE

‘_Flc. 18 Two aromatic polycyclic hydrocarbons re-
Y identified in aimosphere and now under bicas-
+ lor  -cnogenidity.

The carcinogenic implications of atmos-
pheric pollutants reside in at least two indi-
spensable factors relating to the pathogenesis
of lung cancer. The first is, of course, the en-
vironmental presence of and the host entry of
agents proved experimentally to be tumori-
genic and epidemiologically to be associated
with an increased liability to the development
of the disease. The second factor is the atrmos-
pheric existence of host-modifying factors that,
by virtue of their effect on the dliated epithe-
lium of the tracheobronchial tree, make pos-
sible the abnormal deposition and retention
of ‘particulate-matter in the lungs. In the in-
stance of carcinogenic aromatic polycyclic hy-
drocarbons, the elution of benzpyrene from

-
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soot by intracellular proteins is thereby fadli-
tated. A significant local concentration of de-
sorbed aromatic polycyclic hydrocarbons, in-
cluding 3,4-benzpyrene, results. Atmospheric
irritants may, in addition, periodically and
intermittently cause denudation of the super-
ficial epithelium, so that the basal cell layer is
directly exposed to the carcinogenic stimulus,
This periodic epithelial desquamation and
regeneration in the presence of an abnormal
growth sumulus is regarded as providing a
favorable environment for subsequent abnor-
mal growth patterns.

Carcinogenic aliphatic oxidation products
present in the atmosphere in aerosal form are
experimentally capable of direct cellular en-
try, so that the respiratory epithelial cells are
subjected to simultaneous or sequential ex-
posure to tumorigenic agents. An endogenous
environment “favorable to the biological ac
tivity of the carcinogenic hydrocarbons results.

Bronchogenic carcinoma represents one of
the current critical problems in the field of
pulmonary disease. Laboratory investigation
can contribute much information to the ulti.
mate solution of this problem. In the physical
science area, finite analytical dara are possi-
ble. In the biological realin, strong supporting
data can be secured, despite the fact that ex-

CancEr January-February 1939
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perimental investigations are necessarily lin.
ited to nonhuman animal species. It is neces
sary, of course, to remember certain deficien.
cies inherent in the biological studies. Choice
of species, selection of appropriate anima
strain, duration of exposure, concentration of
test material, and routes of administration are
all variables that modify the extrapolation of
experimental data from other animals to man.
Despite these shortcomings, past experience
has shown a high index of meaningfulness o¢
animal experiments for the human species
The broad spectrum of agents carcinogenic
for visceral organs in experimental animals
and apparently for those in man should mak=
one proceed with caution in attributing the
absolute dominance of any one agent over an.
other. ’

It is perhaps safest to regard the develop
ment of lung cancer as the end stage of :
series of sequential changes that require the
presence of a carcinogenic agent, environmen-
tal host-modifying [actors, and the innacs
susceptibility of the host. All of the links ir
the chain are not of equal magnitude. Rathe:
than searching exclusively for a “cause™ o:
lung cancer, it might well be more rewardin:
to investigate the series of changes that consti.
tute its pathogenesis.
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