Vol. 9, 367–372, April 2000

Cancer Epidemiology, Biomarkers & Prevention

Applicability of Induced Sputum for Molecular Dosimetry of Exposure
to Inhalatory Carcinogens: 32P-Postlabeling of Lipophilic
DNA Adducts in Smokers and Nonsmokers

Ahmad Besarati Nia, Lou M. Maas,
Simone G. J. Van Breda, Daniëlle M. J. Curfs,
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Abstract
The lung is a major target organ for smoking-associated
cancer. We examined the applicability of induced sputum
for molecular dosimetry of exposure to tobacco smokerelated carcinogens. Sputum induction was performed by
inhalation of 4.5% saline delivered from an ultrasonic
nebulizer for a period of up to 21 min in a group of
smoking (n ⴝ 20) and nonsmoking (n ⴝ 24) healthy
individuals. Samples were analyzed for total and
differential cell counts and cell viability. Subsequently,
DNA contents of the samples were isolated, and
measurement of lipophilic DNA adducts was done by the
32
P-postlabeling assay using nuclease P1 (NP1) and
butanol enrichment methods. All subjects tolerated the
induction procedure without experiencing any
troublesome symptoms, and 90% of smokers (18 of 20)
and 88% of nonsmokers (21 of 24) succeeded in
producing sufficient amounts of sputum. Total cell counts
and percentages of viable cells in smokers were higher
than those in nonsmokers (6.7 ⴞ 6.0 versus 4.7 ⴞ 6.0 ⴛ
106, P ⴝ 0.40 and 80 ⴞ 15 versus 63 ⴞ 17, P ⴝ 0.01,
respectively). In cell differentials, smokers had lower
percentages of bronchoalveolar macrophages and higher
percentages of neutrophils (69 ⴞ 24 versus 92 ⴞ 5, P ⴝ
0.002 and 26 ⴞ 26 versus 4 ⴞ 4, P ⴝ 0.008, respectively).
Using the NP1 digestion method, all smokers and only
one nonsmoker showed a diagonal radioactive zone in
their adduct maps; adduct levels in smokers were higher
than those in nonsmokers (3.1 ⴞ 1.4 versus 0.6 ⴞ 0.8/108
nucleotides; P ⴝ 0.0007), and also, adduct levels were
significantly related to smoking indices. Applying the
butanol extraction method, however, only half of the
smokers and three nonsmokers showed the diagonal
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radioactive zone in their adduct maps; adduct levels in
smokers were higher than those in nonsmokers (4.6 ⴞ 3.7
versus 1.0 ⴞ 1.9/108 nucleotides; P ⴝ 0.02), and the levels
of adducts were significantly related to the smoking
indices. There was a correlation between the levels of
adducts determined by the two enrichment methods (r ⴝ
0.7; P ⴝ 0.02). Paired comparison showed no differences
between the levels of adducts measured by the two
methods (P ⴝ 0.55). We conclude that induced sputum
can serve for molecular dosimetry of inhalatory exposure
to carcinogens and that the NP1 version of the 32Ppostlabeling assay is a choice of preference for studying
smoking-induced DNA adducts in the lower respiratory
tract.
Introduction
Lung cancer is a leading cause of cancer-related death worldwide, and it is taking a toll of ⬎3 million lives annually (1, 2).
Epidemiological data have implied that tobacco smoking is a
major risk factor for lung cancer (3–5); 80 – 85% of lung cancer
cases are attributed to tobacco smoking (3– 6) and 10 –15% of
lifetime smokers develop lung cancer (4, 6, 7). Because survival after diagnosis of lung cancer is quite poor and early
detection is generally scarce (7), interventions can only be
aimed at prevention, e.g., by removing the risk factors and/or by
identifying the individuals at high risk.
Two main classes of carcinogens present in tobacco smoke
are polycyclic aromatic hydrocarbons and aromatic amines (3,
8, 9). The chemical carcinogenicity of these compounds is
mainly ascribed to the capability of their reactive metabolites to
covalently bind to cellular DNA and form DNA adducts (8, 10).
Because formation of DNA adducts appears to be a crucial step
in initiating the process of carcinogenesis, examination of DNA
for the presence of adducts could serve as a valuable means for
assessing exposure to carcinogens as well as risk for cancer
(11). To date, the 32P-postlabeling assay is the most widely
used method for studying DNA adducts (12). Significant advantages of this assay for adduct analysis are its high sensitivity
(1 adduct/109–1010 unmodified nucleotides), its requirement
for only low amounts of DNA (1–5 g), and its ability to detect
DNA adducts formed by complex mixtures (13).
Thus far, measurement of DNA adducts to study smokinginduced lung cancer has often been performed in surrogate
tissues, such as WBCs, and occasionally in biopsy or autopsy
samples from the lung (14 –25). However, uncertainty about the
validity of WBCs as the surrogate for the lung consequent to the
inconsistency in their DNA adduct analyses (26 –30) and infeasibility of sampling lung tissue on a routine basis (7) have
surfaced the need to explore other alternative tissues.
Macroscopic and/or microscopic examination of spontaneous sputum to investigate airway inflammation have been
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Table 1

Characteristics of study population and summary of DNA adducts
analysis

No.
Sex (male/female)
Agea
Cigarettes/daya
Tar/day (mg)a
Smoking yra
Pack-yra
Sputum induction (success/failure)
Lipophilic DNA adducts in sputum
(NP1 digestion method)a,b
Lipophilic DNA adducts in sputum
(butanol extraction method)a,b

Smokers

Nonsmokers

20
7/13
39 ⫾ 11
17 ⫾ 8
345 ⫾ 196
20 ⫾ 10
18 ⫾ 14
18/2
3.1 ⫾ 1.4c

24
6/18
34 ⫾ 8
0
0
0
0
21/3
0.6 ⫾ 0.8

4.6 ⫾ 3.7d

1.0 ⫾ 1.9

Results expressed as mean ⫾ SD.
Adducts/108 nucleotides as determined by 32P-postlabeling.
Statistically significant compared to nonsmokers; P ⫽ 0.0007.
d
Statistically significant compared to nonsmokers; P ⫽ 0.02.
a
b
c

common practice since the last half of the 19th century (31).
However, recent innovations in sputum induction technique
have made it possible to also obtain sputum from patients who
are unable to produce it spontaneously. This, in turn, has
enabled clinicians to deploy sputum induction as a noninvasive
method of sampling cellular and biochemical constituents of the
lower respiratory tract to study a variety of airway complications (32–35). Yet, applicability of sputum for molecular dosimetry studies of inhalatory carcinogens has not been tested.
In the present study, we examined whether sputum can be
used for molecular dosimetry of exposure to carcinogens present in tobacco smoke. For this purpose, we measured the levels
of lipophilic DNA adducts in induced sputum cells of smokers
and nonsmokers by means of the 32P-postlabeling assay using
NP12 digestion and butanol extraction as enrichment methods.
Materials and Methods
Study Population. Volunteers were recruited by advertisements in local newspapers. Upon enrollment, every individual
filled out a self-administered questionnaire and signed an informed consent. The volunteers were scrutinized thoroughly
based on the information elicited from the questionnaires with
regard to their age, sex, smoking behavior, alcohol consumption, medical history of disease, dietary/medicinal/occupational
exposure to known carcinogens, and familial history of cancer.
Accordingly, two groups of healthy individuals consisting of 20
smokers (age, 39 ⫾ 11; smoking status, 17 ⫾ 8 cigarettes/day)
and 24 lifelong nonsmokers (age, 34 ⫾ 8) with no occupational
exposure to tobacco-related carcinogens were selected. Before
sampling, all participants were interviewed in detail and briefed
for sputum induction procedure. Table 1 summarizes the characteristics of the study population. The study was approved by
the Medical Ethical Commission of Maastricht University.
Sputum Induction. Subjects were pretreated with 200 g of
salbutamol administered via an inhalatory chamber (medication
was given prophylactically to reverse bronchoconstriction if
any). Sputum induction was performed by inhalation of ultrasonically nebulized 4.5% saline delivered from an Ultra-Neb
2000 (De Vilbiss, Somerset, PA). Total inhalation time was 21

2
The abbreviations used are: NP1, nuclease P1; BAL, bronchoalveolar lavage;
BAM, bronchoalveolar macrophage; DRZ, diagonal radioactive zone; PEI, polyethyleneimine; BPDE, benzo(a)pyrene diol-epoxide.

min with three 5-min intervals at the end of each 7-min period.
During the intervals, subjects rinsed their mouths, gargled their
throats, and then coughed up all produced expectorate into a
50-ml Greiner tube (Greiner Labortechnik, Frickenhausen, Germany) placed on ice. Additionally, they were advised to cough
up the available expectorate at any moment regardless of the
time of the induction. Induction was terminated as soon as
sufficient amount of sputum (at least 5 ml) was obtained.
Sputum Processing. Processing of induced sputum was done
within 2.5 h of sampling. The volume of the sample was
measured, and four volumes of 0.1% Sputolysine (CalbiochemNovabiochem Corp., La Jolla, CA) were added to produce
mucolysis and rid sputum of its gelatinous form. The solution
was gently aspirated with a 5-ml pipette for several times and
placed in a shaking water bath for 15 min at 37°C. Intermittently, the sample was vortexed two to four times for 15 s each.
To quench the activity of the Sputolysine, a further four volumes of PBS (pH 7.4) were added to the sample, and shaking
continued for another 5 min. The resulting homogenate was
centrifuged at 725 ⫻ g for 10 min at 4°C. Supernatant was
discarded, the pellet was resuspended in 2 ml of PBS from
which 100 l were used for cytological examination, and the
remaining was repelleted to be preserved at ⫺80°C until DNA
isolation. Determinations of cell viability according to trypan
blue exclusion technique and total cell counts were carried out
using 10 l of the cell suspension in a standardized hemocytometer. From the remaining cell suspension, an aliquot of 30 ⫻
103 cells (diluted in PBS to a final volume of 300 l) was
cytocentrifuged (Shandon Cytospin 3, Cheshire, United Kingdom) at 1500 rpm for 5 min onto Polysine microslides (E.
Merck Nederland B.V., Amsterdam, the Netherlands). The
slide was stained with May-Grünwald Giemsa, and cell differential was done through counting 500 nonsquamous cells.
DNA Isolation. Cell pellet was thawed and subsequently lysed
with 400 l of SET/SDS [100 mM NaCl, 20 mM EDTA, 50 mM
Tris, 0.5% SDS (pH 8.0)] at 37°C, overnight. The resulting
suspension was treated with 50 l of RNase mixture (0.1 mg/ml
RNase A and 1000 units/ml RNase T1) for 3 h at 37°C,
followed by treatment with 75 l Proteinase K (10 mg/ml) for
2 h at 37°C. DNA was isolated by repetitive extraction with
phenol/chloroform/isoamyl alcohol (25:24:1) and chloroform/
isoamyl alcohol (24:1) and then precipitated with two volumes
of 100% cold ethanol and 1/30 volumes 3 M sodium acetate (pH
5.3). Precipitated DNA was rinsed with 70% ethanol and dissolved in 2 mM Tris (pH 7.4). Purity and concentration of the
DNA were determined spectrophotometrically by absorbance at
230, 260, and 280 nm and ultimately, the concentration was
adjusted to 2 mg/ml.
32
P-Postlabeling Assay. The 32P-postlabeling assay was performed as described earlier (36). Briefly, 5 g of DNA were
digested into deoxyribonucleoside 3⬘-monophosphates using
micrococcal endonuclease (0.25 units/l) and spleen phosphodiesterase (2 g/l). Half of the digest was treated with NP1
(2.5 g/l) or alternatively, extracted with 1-butanol according
to the method of Gupta (37). Subsequently, the modified nucleotides were labeled with [␥-32P]-ATP in the presence of
T4-polynucleotide kinase. Radiolabeled adducted nucleotide
biphosphates were separated by two-dimensional chromatography on PEI-cellulose sheets (Machery Nagel, Düren, Germany) using the following solvent systems: D1, 1 M NaH2PO4
(pH 6.5); D2, 8.5 M Urea, 5.3 M lithiumformate (pH 3.5); D3,
1.2 M lithiumchloride, 0.5 M Tris, 8.5 Urea (pH 8.0); and D4,
1.7 M NaH2PO4 (pH 6.0). To ensure the efficiency of NP1
treatment and ATP excess, an aliquot of the digest was one-
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Table 2

Cellular characteristics and DNA yield of induced sputum

Total cell count (⫻ 106)
Viability (%)
Squamous cells (%)
Nonsquamous cells (%)
BAMs (%)
Neutrophils (%)
Bronchoepithelial cells (%)
Lymphocytes (%)
Methachromatic cells (%)
DNA yield (g)
a
b
c

Smokers
(mean ⫾ SD)

Nonsmokers
(mean ⫾ SD)

6.7 ⫾ 6.0
80 ⫾ 15a
17 ⫾ 13
83 ⫾ 13
69 ⫾ 24b
26 ⫾ 26c
5⫾5
0.3 ⫾ 0.5
0.2 ⫾ 0.6
56 ⫾ 55

4.7 ⫾ 6.0
63 ⫾ 17
16 ⫾ 12
84 ⫾ 12
92 ⫾ 5
4⫾4
3⫾4
0.3 ⫾ 0.5
0.2 ⫾ 0.6
30 ⫾ 35

Statistically significant compared to nonsmokers; P ⫽ 0.01.
Statistically significant compared to nonsmokers; P ⫽ 0.002.
Statistically significant compared to nonsmokers; P ⫽ 0.008.

dimensionally chromatographed on PEI-cellulose sheet
(Merck, Darmstadt, Germany) using a solvent system of 0.12 M
NaH2PO4 (pH 6.8). For quantification purposes, two standards
of [3H]BPDE-modified DNA with known modification levels
of 1 adduct/107 and 108 unmodified nucleotides were run in
parallel in all experiments. Quantification was performed using
phosphor imaging technology (Molecular Dynamics, Sunnyvale, CA), which renders a detection limit of 1 adduct/109
nucleotides. Quantitatively, half of the detection limit for the
DRZ (0.25 adducts/108 nucleotides) was considered as the
determined level of adducts for samples that showed neither a
DRZ nor an adduct spot in their adduct maps. To assess the
efficiency of labeling in NP1 digestion and butanol extraction
methods, standards of [3H]BPDE-modified DNA with known
modification levels were enriched by the respective methods
and simultaneously assayed (n ⫽ 4). Adduct recoveries in the
NP1 digestion and butanol extraction methods were 69 ⫾ 2.6%
and 39 ⫾ 4.6%, respectively. Nucleotide quantifications were
done by labeling the remaining half of the digested DNA with
[␥-32P]-ATP in the presence of T4-polynucleotide kinase and
by subsequent separation of the nucleotides with one-dimensional chromatography on a PEI-cellulose sheet using the solvent system of 0.12 M NaH2PO4 (pH 6.8). Samples with evident
protein and/or RNA contaminations were excluded from the
analysis.
Statistical Analysis. Results were expressed as mean ⫾ SD. In
all cases, comparisons were made using the unpaired Student’s
t test unless otherwise indicated. Simple linear regression analysis was performed to study the relationships between different
variables. Statistical significance was considered at P ⬍ 0.05.
Results
Success Rate for Sputum Induction. Sputum induction was
well-tolerated by all subjects, and no troublesome symptoms
occurred throughout the procedure. Eighteen of 20 smokers
(90%) and 21 of 24 nonsmokers (88%) could produce sufficient
amount of sputum (Table 1).
Cytological Examinations and DNA Yield. Cellular characteristics of the induced sputum of smokers and nonsmokers are
presented in Table 2. Total cell counts and percentages of
viabilities in smokers were higher than those in nonsmokers
(P ⫽ 0.40 and P ⫽ 0.01, respectively). Fig. 1 illustrates the
representative cell differentials of an induced sputum sample
from a smoker. Smokers had lower percentages of BAMs (P ⫽
0.002) and higher percentages of neutrophils (P ⫽ 0.008) as
compared to nonsmokers. Percentages of neutrophils were re-

lated to smoking indices as follows: number of cigarettes
smoked per day (r ⫽ 0.4; P ⫽ 0.04), amount of tar consumed
per day (tar content of the cigarette ⫻ number of cigarettes
smoked per day: r ⫽ 0.5, P ⫽ 0.02), and pack-years (number
of cigarettes smoked per day/20 ⫻ smoking years: r ⫽ 0.4, P ⫽
0.03). DNA yields were related to total cell counts (r ⫽ 0.7;
P ⫽ 0.0001), and smokers had higher DNA yields (adjusted for
total cell counts) compared to nonsmokers (56 ⫾ 55 versus
30 ⫾ 35 g; P ⫽ 0.14). Samples with high percentages of
squamous cells (⬎40%) and low total cell counts (⬍1 ⫻ 106)
were excluded from the 32P-postlabeling analysis due to the
facts that the presence of squamous cells in induced sputum is
indicative of salivary contamination (38, 39) and that the DNA
yield of 1 ⫻ 106 cells (⬃5 g) is just sufficient for one
32
P-postlabeling assay.
32
P-Postlabeling of Lipophilic DNA Adducts. Fig. 2, A and
B depicts the representative chromatograms of 32P-postlabeled
DNA adducts from a smoker and a nonsmoker, respectively, by
the NP1 digestion method. In this version of the 32P-postlabeling assay, all smokers and only one nonsmoker showed a DRZ
in their adduct maps. Adduct levels in smokers were higher
than those in nonsmokers (P ⫽ 0.0007; Table 1). Levels of
adducts in smokers and nonsmokers ranged from 1.8 to 5.6 and
from 0.3 to 1.9 /108 nucleotides, respectively. Distribution of
the levels of adducts in smokers and nonsmokers are shown in
Fig. 3. Adduct levels were related to the number of cigarettes
smoked per day (r ⫽ 0.6; P ⫽ 0.007), the amount of tar
consumed per day (r ⫽ 0.7; P ⫽ 0.006), and the pack-years
(r ⫽ 0.6; P ⫽ 0.01).
By butanol extraction method of the 32P-postlabeling assay, however, only half of the smokers and three nonsmokers
showed the DRZ in their adduct maps (Fig. 2, D and E). Adduct
levels in smokers were higher than those in nonsmokers (P ⫽
0.02; Table 1). Levels of adducts in smokers and nonsmokers
varied in the range of 0.3–10.0 and 0.3– 4.1/108 nucleotides,
respectively. Adduct levels were also related to the smoking
indices as follows: number of cigarettes smoked per day (r ⫽
0.6; P ⫽ 0.01), amount of tar consumed per day (r ⫽ 0.5; P ⫽
0.06), and pack-years (r ⫽ 0.6; P ⫽ 0.01). There was a
correlation between the levels of adducts measured by the
butanol extraction method and those quantified by the NP1
digestion method (r ⫽ 0.7; P ⫽ 0.02). Paired comparison
showed no differences between the levels of adducts determined by the two methods (paired Student’s t test; P ⫽ 0.55).
Discussion
The high success rate for sputum induction shown in the present
study is in favor of the feasibility and reproducibility of this
technique for effectively sampling of healthy individuals. This
is of importance because the applicability of the technique has
mainly been demonstrated in patients with respiratory disorders
who are likely to produce sputum even spontaneously (34).
Apart from a few clinical studies (39 – 46) in which sputum
induction has been performed in a small number of nondiseased
control subjects, our study is the first one that shows the
plausibility of this technique in a relatively large number of
healthy individuals.
The results of cytological examinations are in good agreement with the findings of other clinical studies (39, 40, 44);
however, our cell differential data are partially different from
those of one recent study (46). Similar to that study, we observed interrelated percentages of BAMs and neutrophils in
both smokers and nonsmokers. In contrast, we found higher
percentages of neutrophils and lower percentages of BAMs in

Downloaded from cebp.aacrjournals.org on June 22, 2021. © 2000 American Association for Cancer Research.

369

370

Induced Sputum for Dosimetry of Exposure to Carcinogens

Fig. 1. Representative cell composition of induced sputum sample from a
smoker [for visualization, three sections of the slide are assembled together by Image Processing and Analysis System (Quantimet 500, Leica,
Cambridge, United Kingdom)]. A,
BAM; B, neutrophil; C, bronchoepithelial cell; D, ciliated cell; E, lymphocyte; F, squamous cell. May Grünwald-Giemsa staining. Magnification,
⫻400. Bar, 30 m.

Fig. 2. Representative chromatograms of
the 32P-postlabeled DNA adducts in induced
sputum of a smoker and a nonsmoker by the
NP1 digestion method (A and B, respectively) and by the butanol extraction method
(D and E, respectively; the radioactivity in
the upper left-hand corner was also observed
at the same location in standard DNA and
therefore considered as background). C and
F, BPDE-DNA adduct standards (1 adduct/
107 nucleotides by NP1 and butanol enrichment methods, respectively).

smokers compared to nonsmokers (46). This discrepancy could
be due to the different group sizes because the study population
in that report is quite small (46). Moreover, smokers are more
likely to have higher percentages of neutrophils as compared to
nonsmokers because inhaled materials of smoking may induce
inflammation in the airway where neutrophils are functioning
as the first line of the inflammatory cells (47). Interestingly, the
significant dose-response relationship found between percentages of neutrophils and the smoking indices supports this idea.
Applying the NP1 and the butanol enrichment methods of
the 32P-postlabeling, we found significant differences between

DNA adducts of smokers and nonsmokers; the differences were
much more distinguishable when the former method was applied. Using the NP1 digestion method, we observed the DRZ
as the indicator of exposure to complex mixtures, e.g., tobacco
smoke (48, 49) in the adduct maps of all smokers and only one
nonsmoker. However, this difference was less striking when the
butanol extraction method was applied. This might be explained by the fact that the butanol extraction method enriches
a wide range of adducts, some of which are nonspecific for
tobacco smoke (50, 51). Lower recovery of BPDE-DNA adducts by this method, which was shown in our study, can also
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by means of the 32P-postlabeling assay employing reference
adducts and using nonurea solvent systems (54). By accomplishing these tasks, we hope to introduce induced sputum as a
noninvasive derivative from the airway to be used in future
human biomonitoring and cancer chemoprevention studies.
In summary, we conclude that induced sputum can be used
for molecular dosimetry of inhalatory exposure to carcinogens
and that the NP1 version of the 32P-postlabeling assay is a
preferable choice for the study of smoking-related DNA adducts in the lower respiratory tract.
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Fig. 3. Levels of lipophilic DNA adducts in induced sputum of smokers and
nonsmokers as determined by NP1 digestion and butanol extraction versions of
the 32P-postlabeling assay. Lower and upper edges of the boxes, the 25th and the
75th percentiles, respectively. 䡩 and OO within the boxes, the means and the
medians, respectively. Lower and upper bars, the 10th and the 90th percentiles,
respectively. 䡩, individual values ⬍10th or ⬎90th percentiles.
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