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ABSTRACT

The S-12 fractions of lung peripheral parenchyma obtained from 80
male individuals, aged 17-71 years, were assayed as blind samples for
the ability either to convert promutagens into bacterial mutagens or to
decrease the potency of direct-acting mutagens in the Ames reversion
test. In this system, lung preparations were completely ineffective in
activating an .V-niimsn compound (i.e., \-nitrosoniorpholinr) and poly-
cyclic aromatic hydrocarbons {i.e., 3-methylcholanthrene and
benzo(a)pyrene| or their metabolites (/.<â€¢.,3-hydroxy-benzo(a)pyrene and
benzo(fl)pyrene-frfl/w-7,8-diol|. They yielded a borderline and sporadic
activation of a cigarette smoke condensate, and a weak but frequent
activation of an aromatic amine (i.e., 2-aminofluorene), of a heterocyclic
amine (i.e., 2-amino-3,4-dimethylimidazo|4,S-/|quinoline) and of a diam-
ide (i.e., cyclophosphamide). The pulmonary metabolism was more ori
ented in the sense of detoxification, as shown by the consistent decrease
of potency of direct-acting mutagens, including a metal (i.e., sodium
dichromate), an acridine and nitrogen mustard derivative (i.e., 2-methoxy-
6-chloro-9-|3-(2-chloroniethyl)aminopropylaminoJacridine or ICR 191),
an epoxide (i.e., epichlorohydrin) and an jY-oxide (i.e., 4-nitroquinoline-
/V-oxide). As assessed by means of a numerical score quantifying the
variation of mutagenicity, a marked interindividual variability (up to 20-
fold) was detected in the ability of lung specimens to affect the mutagen
icity of test compounds. Such variability was not significantly related to
the protein concentration of S-12 fractions, nor to the age of the patients
under scrutiny, who during hospitalization were on normal institutional
diets and did not receive any special drug treatment. The only significant
difference between 20 noncancer and 60 lung cancer patients, irrespective
of the histolÃ³gica!type, was a decreased activation of cyclophosphamide
in the latter group. Probably due to the high prevalence of smokers
among lung cancer patients, a significantly decreased activation of cyclo
phosphamide was also observed in the group of smokers. Smoking habits
were associated with a stimulation of detoxifying mechanisms which, in
agreement with the results of a previous study with human alveolar
macrophages (F. L. Petrilli et al., J. Clin. Invest., 77:1917-1924,1986),
was significant in the case of sodium dichromate. Such effect was further
enhanced by considering only individuals smoking during the last 24 h
before collecting lung specimens, and under these conditions it became
significant also for ICR 191. In any case, the bulk of the interindividual
variations could not be explained by the analyzed sources of variability.

INTRODUCTION

Metabolic factors are of crucial importance in affecting the
first stage of the multistep carcinogenesis process, i.e., initia
tion, either by converting inactive chemicals into electrophilic
derivatives, or by detoxifying reactive molecules into harmless
derivatives. Modulation of biotransformation processes by ge
netic traits or by exogenous factors is likely to represent one of
the major sources of interindividual variability in susceptibility
to carcinogens (1), as also supported by the demonstrated
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possibility of preventing cancer by raising the levels of physio
logical protective mechanisms (2).

The metabolic fate of mutagens and carcinogens has been
extensively investigated in the biochemically most active organ,
i.e., the liver. Conversely, less attention has been paid to their
pulmonary metabolism, although the lungs represent by far the
largest surface of contact and communication between the body
and the environment. Inhaled xenobiotics reaching this enor
mous surface area can be retained and metabolized in the variety
of cells represented in the respiratory tract, prior to reacting
with target molecules or to being excreted or distributed to
other tissues. Even less explored has been the metabolism of
mutagens and carcinogens in human lung cells, which may
provide an important probe for the assessment of the respon
siveness of the respiratory target tissue to airborne chemicals,
as well as a means of quantifying the susceptibility to carcino
gens in humans (3).

Several years ago, we started a collaborative study involving
the University of Pisa, Italy, the University of Genoa, Italy, and
the International Agency for Research on Cancer, Lyon,
France, aimed at assessing the pulmonary metabolism of mu
tagens and its interindividual variability, by using S-12 fractions
of freshly collected specimens of lung obtained at surgery. So
far, with few exceptions (see e.g., Refs. 4-10), the interindivi
dual variations in susceptibility to lung cancer had been mainly
evaluated by testing individual enzyme activities, such as AHH3

activity, and using nontarget cells, such as circulating lympho
cytes (11, 12). In our study, in addition to the monitoring of
various enzyme activities (which is being performed in Inter
national Agency for Research on Cancer laboratories),4 we are

focusing on the final biological effect, i.e., the metabolic acti
vation or detoxification of mutagens, resulting from the balance
of the multiple biochemical pathways involved in their metab
olism. Although S-12 fractions cannot fully reflect the meta
bolic competence of the intact cells (1), use of these subcellular
preparations is suitable for a large-scale comparative evaluation
of the phenomenon with an appreciable number of test sub
stances and lung specimens. Three years ago we reported the
progress of the study when the lung specimens from 43 individ
uals had been examined (13). In the present paper we commu
nicate the cumulative results obtained with an increased number
of subjects. Moreover, use of a numerical score quantifying the
ability of each lung specimen either to activate several promu
tagens or to detoxify direct-acting mutagens has provided a tool

3The abbreviations used are: AHH, aryl hydrocarbon hydroxylase; 2AA, 2-
aminoanthracene; 2AF, 2-aminofluorene; BP, benzo(a)pyrene; BP-7,8-diol,
benzo(u)pyrene-frans-7,8-diol; CPA, cyclophosphamide; ECH, epichlorohydrin;
3-HO-BP, 3-hydroxy-benzo(a)pyrene; ICR 191,2-methoxy-6-chloro-9-[3-(2-chlo-
romethyl)aminopropylamino]acridine; 3MC, 3-methylcholanthrene; MelQ, 2-
amino-3,4-dimethylimidazo[4,5-/]quinoline; NM, JV-nitrosomorpholine; 4NQO,
4-nitroquinoline-ALoxide; PAH, polycyclic aromatic hydrocarbon; RME, relative
metabolic efficiency; SDC, sodium dichromate; CSC, cigarette smoke condensate.

4 S. Petruzzelli, A. M. Camus, L. Carrozzi, L. Ghelarducci, M. Rindi, G. F.

Menconi, C. A. Angeletti, M. Ahotupa, E. Hietanen, A. Aitio, H. Bariseli, R.
Saracci, and C. Giuntini. Long-lasting modulatory effects of tobacco smoke
exposure on pulmonary metabolizing enzyme activities in humans, manuscript in
preparation.
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for analyzing some of the possible sources of interindividual
variability.

PATIENTS AND METHODS

Patients. Lung specimens were collected from 80 male patients
hospitalized at the Surgical Clinic of Pisa University. Twenty of them
were affected by nonneoplastic, pulmonary or extrapulmonary diseases,
and underwent thoracotomy and lung resection for therapeutic pur
poses. Sixty patients underwent unilateral pneumectomy or lobectomy
due to primary bronchogenic cancer of various histology (29 squamous
cell carcinoma, 18 adenocarcinoma, 9 large cell carcinoma, 2 small cell
carcinoma, and 2 bronchiolar-alveolar carcinoma).

The age of patients ranged between 17 and 71 years, and was
significantly higher (P < 0.001) in lung cancer (56.6 Â±7.2) than in
noncancer patients (44.5 Â±11.1). In the days preceding the operation
all the patients received normal institutional diets, and none of them
were treated with anticancer drugs, nor received any special treatment.
A careful record of smoking habits was obtained from all subjects. Lung
specimens were used for diagnostic and research purposes with the
informed consent of all patients.

Preparation of Lung S-12 Fractions. Immediately after removal, a
fragment of peripheral lung parenchyma obtained from noncancer or
from lung cancer patients (healthy tissue surrounding the tumor) was
immersed and washed in ice-cold 0.15 M KC1. Within 3 h from surgical
collection, the specimen was transferred to the laboratories of the CNR
Institute of Clinical Physiology for the preparation of S-12 fractions.
All the steps were performed aseptically at 0-4Â°C,using sterile reagents

and glassware. The tissue was finely minced with scissors, wiped on
gauze, weighed, immersed in three volumes (i.e., 3 ml/g of wet tissue)
of 0.25 M sucrose and 50 mM Tris-HCl buffer, pH 7.4, and homoge
nized, first in a Polytron blender and then in a Potter-Elvehjem appa
ratus. The homogenate was centrifuged for 15 min at 12,000 x g and
the resulting supernatant (S-12 fraction) was distributed into polyeth
ylene tubes (3-ml aliquots) and quickly frozen at -80Â°C. At approxi

mately 6-month intervals the available S-12 fractions were dispatched
as coded, blind samples to the laboratories of the Institute of Hygiene
of Genoa University for mutagenicity assays. In parallel, aliquots of the
same specimens were dispatched to IARC for biochemical studies. The
data on the protein concentration of lung S-12 fractions were kindly
communicated by Dr. H. Bariseli from IARC.

Test Mutagens. Test mutagens included four PAHs, i.e., 3MC (gift
from Dr. D. S. Longfellow, National Cancer Institute, Bethesda, MD),
BP (Ega-Chemie KG, Steinheim/Albuch, Federal Republic of Ger
many) and its metabolites 3-HO-BP and BP-7,8-diol (both from the
National Cancer Institute), 2AF (Ega-Chemie), CPA (Endoxan; Asta-
Werke AG, Bielefeld, Federal Republic of Germany), ECH (Carlo Erba,
Milan, Italy), ICR 191 (Polyscience Inc., Warrington, PA,), SDC
(Merck-Schuchardt, Munich, Federal Republic of Germany), 4NQO
and NM (Sigma Chemical Co., St. Louis, MO), and MelQ (gift from
Dr. T. Sugimura, National Cancer Center, Tokyo, Japan). Compounds
were dissolved and diluted either in bidistilled water or in dimethyl
sulfoxide (see Table 1). Unfractionated CSC was obtained by aspirating
two defiltered commercial low-tar cigarettes through a disposable cig
arette holder, by using a water pump at a rate of 5 min per cigarette.
The tar deposited inside the filter was eluted by rinsing with 1 ml
dimethyl sulfoxide and tested at 100 /Â¿Iper plate.

Mutagenicity Assays. The efficiency of lung S-12 fractions in acti
vating promutagens or in decreasing the mutagenicity of direct-acting
mutagens was investigated in the Ames reversion test (14). Table 1
reports, for each mutagen, the dose, the his' Salmonella typhimurium

strain and the amount of lung S-12 fraction tested. The choice of these
experimental conditions was based on preliminary assays with several
samples, evaluating these parameters by means of checkerboard dose-
response curves with various S. typhimurium strains and making sure
that, in case of variation of mutagenicity produced by lung S-12
fractions, the effects were linearly related to the amount both of test
mutagens and of lung preparations.

Each group of lung specimens made periodically available was com
paratively assayed with each test mutagen and its solvent. For the

Table 1 Experimental conditions in mutagenicity assays

TestmutagenBPBP-7,8-diol3-HO-BP3MCNM4NQOSDCCPAECHICR

1912AFMelQCSCSolventDMSODMSODMSODMSODMSOWaterWaterWaterDMSOWaterDMSODMSODMSODoseGig/plate)51021025000.53040005002200.2*S.

typhimurium
strainTA100TA

100TA100TA100TA100TA100TA100TA

1535TA
1535TA
1537TA98TA98TA98Lung

S- 12
fractions
(^I/piate)100100100100100100100200200too200200200

" Amount equivalent to 0.2 cigarettes per plate.

performance of mutagenicity assays, a NADPH-generating system (S-
9 mix) (14), incorporating each one of the lung S-12 fractions (or their
buffer as a control), was mixed with test compounds and bacteria, and
processed according to the standard plate incorporation test (14). In
the case of direct-acting mutagens, the compounds and the metabolic
systems were preincubated at 37Â°Cfor l h prior to mixing with bacteria

and top agar. In each experiment, liver S-12 fractions from Aroclor-
treated Sprague-Dawley rats, in amounts ranging between 5 and 50 p\/
plate, were assayed in order to check the efficiency of the test system
used.

The number of mutagens which could be tested with each lung
specimen depended on the amount of S-12 fraction available. All the
specimens and their controls were assayed in duplicate or more often
in triplicate plates.

Evaluation of Metabolic Effects and Statistical Analysis. For each
specimen and control, the mean number of A/V revenants was calcu
lated, along with the corresponding SD, which almost constantly fell
within 10% of the mean value. Thereafter, an index expressing RME
was calculated as follows:

RME for promutagens = â€¢â€”-

RME for direct-acting mutagens B/A
D/C

where . I is the mean number of revenants induced by a given mutagen
in the presence of a given S-12 fraction; B is the same as A, but in the
absence of S-12 fractions; C is the mean number of spontaneous
revertants observed in the presence of a given S-12 fraction; D is the
same as C, but in the absence of S-l 2 fractions. Calculation of the A/B
or IS/A ratio warranted a satisfactory reproducibility of results in
separate experiments with different sets of specimens, as confirmed by
the results obtained with controls. The correction with the C/D ratio
was introduced because some lung specimens tended to raise the number
of spontaneous revertants (in strain TA98 only). The RME index is
scored by a scale of values, where 1 indicates no activation or deacti-
vation. The higher the value, the higher the metabolic efficiency for
both activatable and deactivatable mutagens.

The identity of tested specimens was revealed only at the end of all
the experiments. The influence of possible variability factors, i.e., age
of patients, protein concentration of S-12 fractions, different histolÃ³g
ica! types of lung cancer, and smoking habits, on the mean RME values
within each group was evaluated by analysis of variance. The relation
ships between the various parameters investigated was assessed by linear
correlation analysis.

RESULTS

Efficiency of Lung S-12 Fractions in Metabolizing Mutagens.
Table 2 summarizes the data concerning the effects of lung S-
12 fractions on the mutagenicity of the 13 test compounds. Fig.
1 shows the individual RME data for the eight mutagens which
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Table 2 Efficiency ofS-12 fractions of peripheral lung parenchyma on the mutagenicity of various compounds
Lung S-12 fractions, incorporated in S-9 mix, were mixed with direct-acting mutagens or promutagens and assayed with various hi\ S. typhimurium strains (see

Table 1). See "Patients and Methods" for technical details and for the rationale of the RME index.

Investigated
metabolic

effectDecrease

of mutagenicityofdirect-acting
mutagensActivation

ofpromutagensto
mutagenic metabolitesTestmutagenSDC4NQOECHICR

191BP3-HO-BPBP-7,8-diol3MCNMCSC2AFCPAMelQAll

patientsNo.716745767051952166543910RME2.51

Â±0.7*6.32

Â±2.11.90
Â±1.72.43
Â±2.01.01

Â±0.10.82
Â±0.41.10

Â±0.21.04
Â±0.10.98
Â±0.11.26
Â±0.42.02

Â±0.91.62
Â±0.51.65

Â±0.4Non-cancer

patientsNo.171712181905141614123RME2.44

Â±0.66.78
Â±1.71.43

Â±0.42.10Â±
1.11.01

Â±0.11.13

Â±0.20.990.96

+0.11.26
+0.42.22+

1.21.90
Â±0.51.61

+0.3Lung

cancer
patientsNo.

RME54

2.53 Â±0.850
6.16Â±2.333
2.08 Â±2.058
2.53 Â±2.251

1.00Â±0.15
0.82 Â±0.4144175040277.11

Â±0.2.05
+0.1).99Â±0.1.25

Â±0.4.95
Â±0.9.49
Â±0.5'.67

Â±0.5NonsmokersNo.262416282606242420162RME2.25

Â±0.66.30
+2.11.39
+0.61.90

Â±0.81.03

Â±0.11.13

+0.20.98
Â±0.00.98
Â±0.21.21

Â±0.31.99
Â±0.91.84
Â±0.51.45

Â±0.0SmokersNo.45432948443103164234238RME2.66

Â±0.7C6.33

Â±2.22.19
+2.12.73
Â±2.40.99

+0.11.02
Â±0.31.09

+0.21.08
Â±0.10.99
Â±0.11.28
Â±0.42.04

Â±1.01.47
+0.5'1.70
Â±0.5Recent

smokers"No.191916211923011915100RME2.85

Â±0.1"6.15

Â±2.21.83
Â±1.12.66
Â±1.6C0.97

Â±0.10.51
Â±0.11.05
Â±0.10.931.18

Â±0.31.90
Â±0.91.63

Â±0.5

" Smoking during the last 24 h preceding surgical operation.
* Mean Â±SD.
' Significantly higher I/' < 0.05) as compared to nonsmokers.
'' Significantly higher (P < 0.01) as compared to nonsmokers.
' Significantly lower (P < 0.05) as compared to noncancer patients.
' Significantly lower (P< 0.05) as compared to nonsmokers.

could be tested with the majority of the available specimens.
All the observed metabolic changes required the presence of
NADP+ in S-9 mix. A nonactive protein, i.e., bovine serum

albumin (50 mg/plate) did not significantly affect the activity
of test mutagens.

The liver S-12 fractions from Aroclor-treated rats, used as
controls in each experiment, efficiently decreased the mutagen
icity of direct acting compounds and activated promutagens to
mutagenic metabolites (data not shown). The only exception
was NM, which was never activated by the rat liver preparations
used but, as demonstrated by parallel assays, required activation
by liver S-12 fractions from Aroclor-treated hamsters for revert
ing strains TA 100 and TA 102 of S. typhimurium.5

Most lung preparations decreased to some extent the potency
of direct-acting mutagens. The interindividual variability was
marked (Fig. 1), as also shown by the SD values reported in
Table 2, as well as by the ranges of the RME index, which were
1.09-4.22 (minimum-maximum values recorded among the
tested specimens) for SDC, 1.23-13.70 for 4NQO, 0.60-11.79
for ECH, and 0.78-16.84 for ICR 191. Note however that, in
the case of ECH and ICR 191, the maximum RME values
corresponded to an unusually efficient specimen (Fig. 1, No.
42) whereas the top levels among the remaining specimens were
5.51 and 6.50, respectively.

In contrast, lung preparations displayed a poor ability in
activating promutagens. In fact, none of the 70 tested specimens
was successful in converting BP into mutagenic metabolites
(range of RME values, 0.77-1.36), and the same conclusions
were drawn by testing other PAHs, i.e., 3MC and the 3-HO
and 7,8-diol metabolites of BP, as assessed with a more limited
number of specimens. The data obtained with an unfractionated
CSC were also essentially negative, although a few specimens
showed some activating ability (range, 0.60-2.70). As shown
by the mean values, more common was a weak activation of
CPA (0.62-2.70) and especially of 2AF (0.53-4.05). Borderline
results (1.05-2.43) were also obtained by assaying 10 specimens
with the heterocyclic amine MelQ. Finally, none of 21 prepa
rations could activate the jV-nitroso compound NM (0.79-

1.28).
Correlations in the Metabolism of Different Mutagens. The

most efficient specimens in activating (or deactivating) a given

5S. De Flora, unpublished data.

mutagen were also the most efficient in metabolizing other
activatable (or deactivatable) mutagens. For instance, there was
a good correlation in the activation of CSC and 2AF (N = 54,
r = 0.584, P = 0.00001) or in the decrease of mutagenicity of
the following compounds: SDC versus 4NQO (N = 67, r =
0.462, P = 0.00004), SDC versus ECH (N = 42, r = 0.443, P
= 0.0016), 4NQO versus ECH (W= 42, r = 0.538,^=0.00012),
ICR 191 versus ECH (N = 44, r = 0.621, P = 0.0001).

Influence of Protein Concentration and of Storage of Samples.
In general, there were no relationships between the intensity of
metabolic effects produced by lung S-12 fractions and their
content in total protein, which ranged between 12.0 and 76.3
mg/ml (mean Â±SD = 32.8 Â±12.6 mg/ml). In fact, the corre
lation indices relative to the above parameters were not statis
tically significant for SDC (r = -0.106), 4NQO (r = 0.125),
ICR 191 (r = 0.171), BP (r = 0.096), CSC (r = 0.067), nor
2AF (r = -0.028). There was a weak yet significant (P < 0.01)
positive correlation only in the case of ECH (r = 0.378) and a
negative correlation in the case of CPA (r = -0.440). Therefore,

on the whole, the observed interindividual variability appears
to reflect variations in specific activity rather than in protein
concentration.

Moreover, there was no relationship between the storage time
of S-12 fractions at â€”80Â°C(for a maximum of 6 months) and

the corresponding metabolic efficiency, as shown by the very
low and nonsignificant values of the correlation indices calcu
lated for the mutagens under scrutiny.

Influence of Age and of Lung Cancer. Considering all together
the individuals under scrutiny, there was no significan! corre
lation between age and metabolism for any of the test mutagens.
Moreover, by dividing the individuals into age classes (<40.
41-50,51-60, >61 years), the analysis of variance did not point
out any age-related, significant difference in the metabolism of
the investigated compounds.

As shown in Table 2, there was no significant difference
between the lung preparations of noncancer patients and the
preparations of healthy tissue surrounding the tumor in lung
cancer patients. The only exception was CPA, the pulmonary
activation of which was slightly inhibited (P < 0.05) in cancer
patients. Within lung cancer cases, no significant variation was
detected in the metabolism of test substances, as related to the
histolÃ³gica! classification (not shown).
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Fig. I. RME of 80 lung S-12 specimens in
decreasing the potency of direct-acting muta-
gens (i.e., SOC, 4NQO, ECH, and ICR 191)
or in activating promutagens (i.e., HP, CSC,
2AF, and CPA). Dotted areas, RME values
si. Empty spaces, untested specimens.
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Influence of Smoking Habits. On the whole, for any mutagen
the intensity of metabolic effects was not significantly correlated
with the cumulative number of cigarettes smoked lifetime by
patients (pack-years) (not shown).

By dividing all the subjects into two groups, i.e., smokers and
nonsmokers (including individuals who had never smoked and
those who had refrained from smoking during the last 6
months), the only significant differences (P < 0.05) pointed out
by statistical analysis were an inhibition of CPA activation and
an enhancement in SDC metabolism in the group of smokers.
A similar trend was also observed with other two direct-acting
mutagens undergoing detoxification, i.e., ECH and ICR 191,
but the recorded differences were not significant, due to an
increased scattering of data among smokers (Table 2).

Smokers were further divided into subgroups, according to
the time elapsed between smoking the last cigarette and surgical

operation. By this way, no significant variation could be de
tected between nonsmokers and smokers withdrawing from
cigarette smoke for one week or more (not shown). Conversely,
as shown in the last column of Table 2, the inducing effects of
smoke became more evident in patients smoking during the last
24 h preceding collection of lung specimens. In fact, in spite of
the lower number of subjects within each group, a significant
effect (P < 0.05) was also detected in the case of ICR 191,
whereas the difference became more pronounced (P < 0.01) in
the case of SDC. The metabolism of the latter compound was
also weakly yet significantly correlated with the number of
cigarettes smoked during the day preceding intervention (r =
0.223, P < 0.05). In contrast, inhibition of CPA activation was
no longer significant in the group of recent smokers, which
suggests that such a phenomenon did not depend on a metabolic
effect produced by cigarette smoke but rather on the high
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prevalence of smokers among lung cancer patients (who, as
described in the previous section, were less active in metaboliz
ing CPA). In fact, the number of pack-years in lung cancer
patients (49.1 Â±24.6) was significantly higher (P< 0.001) than
in noncancer patients (19.2 Â±18.7).

DISCUSSION

The results herein presented confirm, on the basis of an
almost doubled number of specimens, the indications that
emerged from our previous study (13). Additionally, they give
some insight about the identification of at least a part of the
sources of the observed interindividual variability.

Once more, there was a clear evidence that human lung S-12
fractions are more efficient in decreasing the potency of certain
direct-acting mutagens rather than in activating promutagens.
In fact, lung preparations were completely ineffective in acti
vating PAHs (i.e., BP and 3MC) and their proximate metabo
lites (i.e., BP-7,8-diol and 3-HO-BP) in sufficient amounts to
give a mutagenic response. They also failed to activate an N-
nitroso compound (i.e., NM) and yielded only a borderline
activation of an unfractionated cigarette smoke condensate.
More convincing and more frequent, albeit weak, was the
activation of an aromatic amine (i.e., 2AF), of a heterocyclic
amine (i.e., MelQ) and of a diamide (i.e., CPA). It is noteworthy
that, for all three compounds, the first metabolic step is a
hydroxylation process. Our results are in agreement with those
reported by other investigators (15) who, by testing human lung
S-9 fractions from three autopsy cases, detected in the Ames
test some activating ability for another aromatic amine (2AA)
and no activation of PAHs nor of various CSC fractions.
Recently, some activation of MelQ to bacterial mutagens has
been also obtained in the presence of rabbit and mouse lung
microsomes or of freshly isolated rabbit lung cells, i.e., in
decreasing rank of efficiency, Clara cells, type II cells, and
alveolar macrophages (16).

On the other hand, the same lung preparations consistently
produced a loss of potency of direct-acting mutagens, including
a metal (SDC), an acridine and nitrogen mustard derivative
(ICR 191), an epoxide (ECH), and, above all, an W-oxide
(4NQO). Interestingly, there was a certain parallelism in the
metabolism of some mutagens, which underlies either common
metabolic pathways or biochemical processes governed by sim
ilar regulatory mechanisms. For instance, both 4NQO and
SDC, in spite of their chemical diversity, can be metabolized
by DT diaphorase, which converts 4NQO into its hydroxy-
amino derivative (17) and also participates in the cytosolic
reduction of chromium(VI) (18).

Application of the RME index provided an easy and reliable
quantification of the metabolic changes induced in the test
system used by equivalent (in terms of original tissue weight)
amounts of lung preparations. The variations in this index
among the investigated patients were rather broad, up to ap
proximately 10-20-fold, and reflected variations in specific
activity, being mostly unrelated to the protein content of S-12
fractions. Thus, also by evaluating a composite biological end-
point, such as the metabolic variation of mutagenicity, it is
possible to point out and to quantify the interindividual varia
bility in the pulmonary metabolism of mutagens, which had so
far been assessed by measuring individual enzyme activities, or
the yield of metabolites by means of analytical methods, or the
DNA-binding of a mutagen to cultured bronchus expiants (5-

10).
By ruling out known variability factors (19), such as sex, age,

diet, and drugs, it was of interest to assess the influence of
smoking habits and of lung cancer. In exploring the possible
metabolic consequences of lung cancer, only the healthy tissue
surrounding the neoplasia was examined, since it has been
already demonstrated that the metabolism of the pulmonary
tumoral tissue is different from that of the normal tissue, as
shown by a lower activity of both AHH (9) and of epoxide
hydrolase (7). Irrespective of the histological type, the only
significant effect observed in cancer patients was a slight inhi
bition of the metabolic activation of CPA. Since this antineo-
plastic and immunosuppressive agent is also used in the treat
ment of certain malignant neoplasms of the lung (20), a de
creased metabolic activation in lung cancer patients, at least in
the pulmonary tissue, would imply a decreased carcinogenic
risk in treated patients. However, in case the alkylating metab
olite responsible for mutagenicity and carcinogenicity of CPA
may be the same responsible for its antitumor activity [which
has been identified as the phosphoramide mustard (21)] the
observed phenomenon would also imply a loss of therapeutic
activity.

The effects of smoking habits on the pulmonary metabolism
of carcinogens represent an open question. Most studies facing
this problem have focused on the metabolic activation of BP,
with conflicting findings between animal and human data. In
fact, exposure of rodents to cigarette smoke has been found to
induce the pulmonary AHH activity and to enhance the binding
of reactive PAH metabolites to the DNA of lung cells (22-24).
In contrast, the low activity of AHH does not appear to be
stimulated by cigarette smoke in human lungs (8-10, 25). Also,
human bronchial cells derived from explanted tissue of smokers
did not show any induction of BP metabolism (26) nor any
increase in the DNA-binding of BP metabolites (5). However,
use of cultured bronchial cells involves several days of in vitro
growth, during which a reversible induction may be lost.

Our results provided evidence that, apart from an inhibition
of CPA activation which was clearly amenable to the high
prevalence of smokers among lung cancer patients, cigarette
smoke is capable of inducing some detoxifying processes. Such
effect was already significant for SDC by comparing nonsmok-
ers with all smokers, and became more pronounced (and signif
icant also for ICR 191) by comparing nonsmokers with individ
uals smoking during the 24-h preceding the collection of lung
specimens. This clearly demonstrates that cigarette smoke can
modify the local metabolism to such an extent to be detected
in a mutagenicity test system, and that the inducing effects are
reversible and relatively short-lived.

The induction of SDC reduction by cigarette smoke, as
revealed by the examination of blind specimens of peripheral
lung parenchyma, is in full agreement with the conclusions
drawn in a previous study on chromium metabolism in pulmo
nary alveolar macrophages (27). In fact, at equivalent number
of cells, chromium( VI) reduction, total protein, and some oxi-
doreductase activities had been found to be significantly in
creased in smokers, especially in recent smokers, without any
appreciable variation between lung cancer and noncancer pa
tients. The specific chromium reducing activity of alveolar
macrophages, mostly mediated by cytosolic, enzyme-catalyzed
mechanisms, was significantly higher than that of correspond
ing preparations of human peripheral lung parenchyma or
bronchial tree, or of rat lung or liver (27). Therefore, it is likely
that macrophages may have supplied an important contribution
to the SDC reduction detected in the mixed-cell populations
present in the lung specimens tested in this study. Together
with other chromium(VI)-reducing mechanisms operating out-
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side and inside cells, this detoxifying process is likely to deter
mine thresholds in the pulmonary carcinogenicity of chromium,
and it is noteworthy that the cell reaction to cigarette smoke
leads to a stimulation of such protection device.

In any case, also cigarette smoke provided only a limited
justification to the observed amplitude of the interindividual
variability in the pulmonary metabolism of mutagens. In fact,
the bulk of the phenomenon was not explained by the analyzed
factors and may be thus attributable to other, hardly predictable
exogenous sources or, more probably, to host factors, such as
genetic traits, which are suspected to play an important role in
determining the susceptibility to pulmonary carcinogens in
humans (11, 28, 29). We hope that the continuation of this
study (involving the examination of additional lung specimens),
together with the biochemical results obtained at IARC on the
same materials, and with the analysis of additional anamnestic
data of patients, may provide in the near future some further
element in order to elucidate this complex problem.
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