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Comparison of DNA Adducts from
Exposure to Complex Mixtures in
Various Human Tissues and
Experimental Systems

by Joellen Lewtas,' Judy Mumford,' Richard B.
Everson,' Barbara Hulka,2 Tim Wilcosky,2 Walter
Kozumbo,2 Claudia Thompson,3 Michael George,4
Lubomir Dobias,5 Radim Sram,6 Xueming Li,7 and
Jane Gallagher'

DNA adducts derived from complex mixtures of polycyclic aromatic compounds emitted from tobacco smoke are
compared to industrial pollution sources (e.g., coke ovens and aluminum smelters), smoky coal burning, and urban air
pollution. Exposures tocoke oven emissionsand smoky coal, both potent rodent skin tumor initiators and lung carcinogens
in humans, result in high levels ofDNA adducts compared to tobacco smoke in the in Wtm calfthymus DNA model system,
in cultured lymphocytes, and in the mouse skin assay. Using tobacco smoke as a model in human studies, we have com-
pared relativeDNA adduct levels detected inbloodlymphocytes, placental tissue, bronchoalveolar lung lavage cells, sperm,
and autopsy tissues ofsmokers and nonsmokes Adduct levels in DNA isolted from smokers were highest in human heart
and lung tissue with smaller but detectable differences in placental tissue and lung lavage cells. Comparison ofthe DNA
adduct levelsresultngfrom human exposuretodifferentcompke mixturesswsthatemis fhomcokeovens, aluminum
smelters, and smoky coal result in higher DNA adduct levels than tobacco smoke exposure. These studies suggest that
humans exposed to complex combustion mixtures will have higherDNA adduct levels in target cells (e.g., lung) as com-
pared to nontarget cells (e.g., lymphocytes) and that the adduct levels will be dependent on the genotoxic and DNA adduct-
forming potency of the mixture.

Introduction
Biomarkers ofhuman exposure to complex mixtures have on-

ly recently been developed. In the past, analyses oftracer com-
pounds (e.g., benzo[a]pyrene and nicotine) have typically been
used as surrogates for the entire mixture. Thedevelopment of 32P-
postlabeling methods (1,2) for detectingDNA adducts covalently
bound toDNA has had a dramatic impact in facilitating themeas-
urement ofexposure to complex mixtures at theDNA level (3).
This methodallows hundreds ofbulky aromaticDNA adducts to
be detected simultaneously at extremely low detection limits with-
out structural knowledge ofthe specific adducts being detected.
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This paper presents both human and experimental studies of
DNA adducts formed after in vitro and in vivo exposures to
specific complex emission sources using 32P-postlabeling
methods. The human studies rely primarily on tobacco smoke
exposure. We have compared the level ofDNA adducts in white
blood cells (WBC), lymphocytes, placental tissue, lavaged lung
cells, sperm, and autopsy tissues of smokers and nonsmokers.
Tobacco smoke is contrasted to other environmental and occupa-
tional exposures in human and experimental systems.

Materials and Methods
Experimental Exposures to Complex Mixtures
The collection, sample handling, and chemical characteriza-

tion ofthe complex mixtures used in this study are described in
detail elsewhereand are summarized here (see specific citations
below). In general, the respirable combustion particle emissions
were collected after dilution onto filters, with the exception of
several condensates, whichare specifiedbelow. Theorganics ad-
sorbed onto particle emissions were extracted using dichloro-
methane (DCM) and stored at -80° either in solvent or dried
under nitrogen.
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The tobacco smoke samples used in these studies are main-
stream and sidestream cigarette smoke condensate collected by
standard procedures using Kentucky 2R1 Reference Cigarettes
(4-6). The coke oven emissions were collected from the sepa-
rator between the gas collector main and primary coolers within
the coke oven battery at a coke oven in Gadsden, Alabama (4-6).
The diesel vehicle emissions were collected by dilution tunnel
sampling of a Volkswagen Rabbit vehicle operated on a chassis
dynamometer using simulated driving patterns (4-6). The
smoky coal emissions were collected by high-volume particle
samplers operated indoors in Xuan Wei, China, during indoor
cooking using smoky coal in homes without chimneys (7).
Aluminum smelter emissions were collected using a dilution and
bag house sampling device connected to the roof vents ofan ac-
tive aluminum smelter using the Soderberg process in Tacoma,
Washington. The roof vent was located in the roofofthe building
housing the smelter pots.

Air particles were collected in the winter of 1986-1987 using
high-volume air samplers with 2.5-,um impactors and Teflon-
impregnated glass fiber filters. The samplers were located in
Boise, Idaho, at a residential site where the primary emissions
were woodsmoke and at a highway intersection where vehicles
(gasoline cars and diesel trucks) as well as some woodsmoke
were the primary emission sources. The sample used here was
a composite sample containing both woodsmoke and mobile
source emissions (8).

In Vitro Calf Thymus DNA Model System
The in vitro assay is described in detail by Gallagher et al. (9).

In this assay, calfthymus DNA (1 mg/mL) was incubated for 1.5
hr at 37 °C with the complex mixtures in the presence of rat liver
S9 (0.5 mg/mL), pH 7.5, in a final incubation volume of 2 mL.

Cultured Human Lymphocyte Assay
Whole blood was collected in heparinized sterile tubes from

six individuals, and lymphocytes were isolated on Ficoll Paque
(Pharmacia Chemical Co., Piscataway, NJ) (10). The isolated
lymphocytes were cultured as previously described (11). The
complex mixtures (1 pg/mL) and benzo[a]pyrene (BaP) (1 pM)
were added to the culture medium for 18 hr at 37°C in sup-
plemented media devoid of mitogen.

Mouse Skin Assay
The mouse skin exposure andDNA adduct analysis were con-

ducted as previously described (12) for the coke oven, diesel, and
smoky coal emissions, with the exception of the studies of
aluminum smelter and urban air samples. These studies were
conducted in Sencar mice in conjunction with tumor initiation
assays. The data reported here are for a single 5-mg dose. Com-
plete dose-response studies are in progress.

Human Lymphocytes
The human lymphocytes used in this study were collected as

described above and isolated as previously described (10) except
using Histopaque 1077 from Sigma Diagnostics (St. Louis, MO).
Blood was collected from healthy males 34-57 years old,

smokers and nonsmokers, who lived in the town and surrounding
countryside of Ostrava, Czechoslovakia. This population also in-
cluded a group of coke oven workers.

Human Sperm
Semen specimens were provided by healthy white males 18-35

years old in Chapel Hill, North Carolina. The exposure groups
included 12 heavy smokers (20 or more cigarettes per day for at
least 1 year), and 12 nonsmokers (less than 100 cigarettes in their
lifetime) (13). Human sperm cells were washed in phosphate buf-
fered saline at 4°C and stored in 150 mM NaCl, 10mM Tris, 1
mM EDTA, pH 7.4 at -70°C.

Human Placental Tlssue
The human placenta samples were collected from healthy

pregnant volunteers on delivery at the obstetrical service of the
University ofNorth Carolina Hospital. Women in the exposure
groups were classified based on their smoking history. Placen-
tas were frozen at -80°C shortly after delivery (14). Placentas
from normal term pregnancies were also collected from women
living in China who were heavily exposed to either smoky coal
in open fires used for heating and cooking or from women who
used natural gas (7).

Human Lung Lavage Cells
Human lung cells, consisting primarily of macrophages, were

collected by bronchoalveolar lavage (BAL) from healthy smokers
and nonsmokers. The detailed procedures are essentially as
described by Koren et al. (15). In brief, the volunteers for this
study included only healthy males between 18 and 35 years of
age. A total of 300 mL of normal saline was instilled in five in-
stillations. The recovered cells were > 85% viable as measured
by trypan blue dye exclusion. The BAL samples were placed on
ice and then immediately centrifuged at 1100 rpm for 10 min at
49C and frozen at -70°C. In a separate study, using similar pro-
cedures, BAL cells were from cancer patients in Xuan Wei,
China, exposed to smoky coal (16). The controls were from Kun-
ming, China, where either electricity or natural gas is used in the
home for cooking rather than smoky coal (17).

Human Autopsy Tissues
Human lung, heart, and other tissues were collected at the

University of North Carolina Memorial Hospital. The tissues
were from three exposure groups: smokers, former smokers, and
nonsmokers. The tissues were stored frozen at -80°C.

DNA Isolation
DNA from the calf thymus system and rodent tissues was

isolated as described by Gupta (18). DNA from human lym-
phocytes treated in vitro was isolated as described by Maniatis
et al. (19). In studies where the DNA was limited, as in the case
ofthe human studies oflymphocytes and BAL cells, we modified
the procedure ofGupta et al. (18) by reducing the total volumes
of the lysing and organic extracts and treated sequentially with
a mixture ofRNAse (A and T,) and proteinase K. In these cases,
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the number of extractions were limited to one chloroform/
isoamyl alcohol (Sevag)/phenol (1:1) and one Sevag only. Sperm
and autopsy tissue DNA was isolated using the Applied
Biosystems (Foster City, CA) Model 340A Nucleic Acid Extrac-
tor using the manufacturers reagents. ,-Mercaptoethanol was
added to the sperm cell lysate to increase the yield of DNA.

32P-Postlabeling Analysis
32P-Postlabeling analysis was conducted using previously

reported modifications (20) of the methods of Gupta [(21)
referred to in this study as the butanol extraction procedure] and
Reddy and Randerath [(22); referred to as the nuclease P1 pro-
cedure]. For samples in which both the butanol extraction and
nuclease P1 version ofthe 32P-postlabeling methods were used,
the digest was divided into two aliquots. DNA adducts were en-
riched from one aliquot by the butanol extraction version ofthe
32P-postlabeling assay and the other by the nuclease P1 treatment.
With either version 5.0 or 10 yg ofDNA was incubated with ap-
proximately 50 jiCi [y-_32P]ATP (Amersham, Arlington Heights,
IL; 3000 Ci/mmole) and 3.5 units T4 polynucleotidekinase for ap-
proximately 30 min. DNA was spotted onto polyethyleneimine
(PEI) TLC plates. The adducts were resolved using previously
described solvent systems (20). In two ofthe studies oftobacco
smoke, human sperm and lymphocytes, we report the use ofthe
magnet contact transfer method. In these cases, after postlabel-
ing, the DNAdigests were transferred to fresh PEI plates using the
magnet contact transfer method as described by Lu et al. (23).
To measure the total number ofnucleotides, an aliquot (0.5 itg

of mononucleotides) was diluted approximately 200-fold and 2.5
,aL labeled with an equivalent amount ofradiolabeled mix. A fur-
ther 80-fold dilution was made and 5 izL spotted on a PEI-
cellulose plate previously pretreated with 100 mM ammonium
formate, pH 3.5, and developed in one dimension with 4.5M am-
monium formate, pH 3.5.

Intensifying-screen-enhanced autoradiography at -80°C was
used to detect the presence of radiolabeled adducts on the TLC
plates. The DNA adducts that migrated along a diagonal radioac-
tive zone (DRZ) were carefully scraped with the aid of a tem-
plate, which outlined the boundary of radioactivity. Ethanol (5.0
mL of95 %) was added to each vial and Cerenkov counted (24)
using a scintillation counter. Relative adduct levels were deter-
mined from the counts per minute detected for the excised areas
divided by the counts per minute determined for the total
nucleotides after correcting for dilution factors, background
radioactivity, and micrograms ofDNA spotted.

Results and Discussion
DNA adducts have been detected and quantitated using 32p-

postlabeling methods after in vitro and in vivo exposures to
specific complex emission sources in human and experimental
studies. The human studies comparing target and nontarget cells
and tissues used tobacco smoke exposure to compare the level of
DNA adducts in blood lymphocytes, placental tissue, lavaged
lung cells, sperm, and autopsy tissues of smokers and non-
smokers. Tobacco smoke is contrasted to other environmental
and occupational exposures in humans and experimental
systems. The Results and Discussion section is organized to ad-
dress the following questions: a) Using experimental models,

can we predict the nature ofDNA adducts that may be formed in
humans from various complex mixtures? b) Which human cells
and tissues may provide the most useful information in human
biomarker studies ofDNA adducts resulting from exposure to
complex environmental mixtures?

In Vitro DNA Model System
The calf thymus DNA experimental system is the most sen-

sitive assay for detecting and characterizing chromatographic
properties of complex mixture-derived DNA adducts formed
under specific activation protocols. The activation systems dis-
cussed here include xanthine oxidase, which reduces nitroarene
(e.g., nitro-polyaromatic hydrocarbon) and related compounds
to DNA adducts that are nuclease P1 sensitive [e.g., N-
(deoxyguanosin-8-yl)-1-aminopyrene], and the Aroclor-induced
mammalian microsomal system (S9) used in the Salmonella
mutagenicity assay (9). Comparison of a series ofthe complex
mixtures listed above confirms that with calfthymus DNA in the
presence ofan S9 activation system, most ofthese mixtures form
DNA adducts that migrate along a DRZ as illustrated in Figures
1 and 2. DNA adduct profiles for various mixtures are distinct-
ly different and depend on the activation system used. For exam-
ple, greater than 60% ofthe diesel-derived adducts formed after
xanthine oxidase treatment are not detectable after nuclease P1
treatment (20) compared to DNA adducts derived from S9-
mediated microsomal activation (9).
The relative potency ofthese different mixtures as measured

by the total adduct level in the DRZ per milligram organic mat-
ter per milliliter in calfthymus DNA after S9 microsomal activa-
tion is shown in Table 1. Cigarette smoke is the weakest mixture
with respect to DNA adduct formation and coke oven emissions
the most potent, with a more than 20-fold difference between
these two mixtures in DNA adduct-forming efficiency.

Cultured Human Lymphocyte Assay
DNA adducts have been detected in human lymphocytes

treated in vitro with smoky coal, diesel, and coke oven extracts
(25). To date, we have not detected DNA adducts in human lym-
phocytes treated in vitro with mainstream (MS-CSC) or side-
stream (SS-CSC) cigarette smoke condensate as shown in Figure
1, even though these constituents are activated to DNA reactive
intermediates via rat liver S9-mediated metabolism in our in vitro
calf thymus experimental system as seen in Figure 1.
The individual variation between human blood donors results

in substantial differences in theDNA adduct levels between in-
dividuals for the various complex mixture-derived DNA ad-
ducts. We have not, therefore, included the lymphocyte results
in Table 1. Nevertheless, the relative adduct levels observed in
several individuals for the diesel-derived DNA adducts are
higher than those for the coke oven or smoky coal. This is in con-
trast to the calf thymus DNA and mouse skin assay systems
shown in Table 1, where coke oven emissions are clearly more
potent than diesel emissions. The differences we have observed
in the nature and level ofDNA adducts between the in vitro DNA
and lymphocyte systems suggest that major differences exist in
the metabolic activation capabilities oflymphocytes compared
to the Aroclor-induced rat liver S9. There are, however, obvious-
ly other differences in these two in vitro assays. These differences
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Heart Lung Placenta BAL Lymphocyte
Lung Cells

Human

Lymphocyte Lymphocyte Calf Thymus Calf Thymus

In Vitro
FIGURE 1. Autoradiograms ofDNA adducts detected in human tissues/cells (a-e) isolated from smokers: (a) heart, (b) lung, (c) placenta, (d) bronchoalveolar

cells (BAL), and (e) blood lymphocytes. DNA adduct patterns were similar for heart, lung, and placental DNA; however, one additional DNA adduct (c, circled)
was identified in placental tissue. (f-i) DNA adducts resulting from in vitro exposures. Human lymphocytes weretreated with mainstream (MS-CSC) and sidestream
(SS-CSC) smoke (fg, respectively). Calf thymus DNA adducts resulting from rat liver S9-mediated metabolism of MS-CSC (h) and SS-CSC (i).

Calf Thymus Lymphocyte Rodent Human Human
(in vitro) Lung WBC BAL

Lung Cells

FIGURE 2. Autoradiograms ofDNA adducts after in vitro (a,b) and in vio rodent (c) and human (d,e) exposures to smoky coal. (a) Calf thymus DNA adducts
resulting from S9-mediated metabolism of smoky coal extract; (b) human lymphocyte DNA after in vitro treatment with 1 pg/mL smoky coal; (c) rodent lung
DNA aftertopical application ofsmoky coal organic extracts; (d) human white blood cell DNA fim an individual exposed to smoky coal; (e) humanbronchoalveolar
cell DNA isolated from individuals exposed to smoky coal.

are related to the nature ofthe chemical exposure toDNA (e.g.,
direct contact with calfthymus DNA versus uptake and transport
into lymphocyte chromosomal DNA).

Mouse Skin Tumor Initiation Assay
The mouse skin tumor initiation model has been widely used

to evaluate the tumor initiating activity of polycyclic aromatic
compounds (PAC) and complex mixtures containing PAC (26).
The relative tumor-initiating potency of emissions from coke
ovens, roofing (coal) tar, and cigarette smoke has been shown to
highly correlate with the human lung cancer potency of these
same three mixtures (Table 1)(5). Therefore, we have compared
tumorigenicity in the mouse skin model with DNA adduct

formation with similar exposures (12).
DNA adducts were detected in the skin and lung DNA 24 hr

after skin application of organic extracts ofcoke oven, aluminum
smelter, diesel, smoky coal, and urban air particles (Fig. 3).
Similiar studies have been conducted by other investigators us-
ing MS-CSC (27), coal tar, and related mixtures (28,29).
Although relative adduct levels were generally higher in the skin,
the autoradiograms ofDNA adducts from the lung more clear-
ly show the presence of dicrete DNA adducts (Fig. 3). Char-
acteristic differences in DNA adduct chromatographic patterns
for each of these mixtures are shown in Figure 3. One major
DNA adduct detected in lung DNA for all complex mixtures
migrated with a major BaP-derived DNA adduct detected in skin
DNA after topical application with BaP. Based on the relative

92



DNA ADDUCSFROM COMPLEX MIXTURE EXPOSURES

Table 1. Potency of complex mixtures in forming DNA adducts in
experimental systems compared to tumor and cancer potency.

DNA adducts in
DNA adducts mouse skin/ Tumor Human lung

Complex mixture in vitroa mouse lungb potencyC cancer risk
Cigarette smoke 104 0.5/0.7 0.002 0.02 x 10-4d
Coke oven 2378 7.2/5.2 2.1 9.3 x 10-4d
Smoky coal 772 3.8/1.6 2.7
Diesel 465 0.6/0.4 0.24 0.7 x 10-4O
Aluminum smelter 3.7/3.6 0.76
Urban air 1.6/1.1 0.21

aRelative adduct levels x l0'/mg mixture/mL for the in vitro calf thymus
DNA system with S9 activation and nuclease P1 version ofthe postlabeling assay.

bSkin/lung relative adduct levels x 10' mg mixture applied to the skin at the
20-mg dose, except for the cigarette smoke, which is from Randerath et al. (27)
at the 0. 18 mg dose; aluminum smelter and urban air at 5-mg dose. The relative
potency of the coke oven, smoky coal, and diesel is an underestimate due to the
relatively high dose used.
CPapillomas/mouse/milligram in Sencar mice (5).
dLifetime excess lung cancer risk/microgram organic matter/cubic meter

estimated from human epidemiological data (5).
eEstimated from a lifetime rodent inhalation study (26).

concentration of BaP in these mixtures, however, it is unlikely
that this adduct is derived from BaP alone (12). This is especially
true for the diesel emissions, which contain a higher proportion
of mutagenic, polar, nitrated PAC (30). The DNA adducts as
detected in mouse lung are chromatographically similar to calf

thymus DNA adducts for diesel-derived DNA adducts (9) and
smoky coal-derived DNAadducts, as shown in Figures 2a and 3d.
We have consistently found that theDNA adduct-forming ef-

ficiency for these mixtures in mouse skin is higher at lower doses
(12). To estimate the relative potency ofDNA adduct formation
ofthese mixtures, the initial linear slope of the dose response for
DNA adduct formation should be measured. Unfortunately, in-
itial linear slopes are not yet available for all the mixtures
described here; however, the available data for skin and lung
DNA adduct-forming potency (efficieny) are shown in Table 1
with dosimetry limitations stated in footnote to Table 1. In spite
of these limitations, the relative ranking of the mixtures with
respect to DNA adduct formation in vitro and in the mouse skin
is similar to each other and to the relative ranking oftumor poten-
cy and human cancer risk estimates. Tobacco smoke is the
weakest complex mixture we have have evaluated with respect to
formation ofDNA adducts in vitro, and based on studies oftobac-
co smoke by Randerath et al. (28), tobacco smoke ranks as the
weakest mixture with respect to DNA adduct formation in mouse
skin and lung after skin application, as shown in Table 1.

Human Cells and TIssues
Humans exposed to tobacco smoke provide the best opportuni-

ty to compare DNA adduct formation in various cells and tissues,

b

Coke Oven

Smoky Coal

Aluminum
Smelter

Urban Air BaP

FIGURE 3. Autoradiograms ofDNA adducts detected in rodent lung DNA after topical application of (a) coke oven, (b) aluminum smelter, (c) diesel, (d) smoky
coal, and (e) urban air particle extract. In all cases, one major DNA adduct (arrowhead) was detected for all complex mixture-modified DNA that co-migrated
with a BaP-DNA adduct detected in skin DNA after topical application with BaP (f).

Diesel
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including both target (e.g., lung) and nontarget tissue (e.g., lym-
phocytes). Comparison of the relative adduct levels detected in
nonsmokers versus smokers for a series of different human
studies are shown in Table 2. Significant differences in DNA ad-
duct levels between smokers and nonsmokers have not con-
sistently been observed in studies of white blood cells or blood
lymphocytes(11,31-34). In those postlabeling studies reporting
a difference in DNA adduct levels, the investigators isolated
lymphocytes (35,36) and the effect of smoking was not greater
than 2.5-fold. In the relatively small study we report here, we
were able to detect a 2-fold difference in lymphocyte DNA ad-
duct levels between smokers and nonsmokers when the adducted
nucleotides were contact transferred via a magnet to fresh PEI
plates, as shown in Table 2. Whether minimizing background
problems (commonly associated with long-term film exposures)
will assist in providing clearer differences with respect to DNA
adduct levels in smokers and nonsmokers needs to be in-
vestigated further using a larger database. Savela and Hemminki
(35) suggest that isolation of the lymphocytes from the WBC
population may also be required to detect smoking-related
adducts.
DNA from sperm cells did not show a difference in DNA ad-

duct levels between smokers and nonsmokers using the magnet
contact transfer method. Placental tissue used in these studies
consistently showed a 2-fold difference between smokers and
nonsmokers on repeated analysis. The lung lavage cells (deter-
mined to be primarily alveolar macrophages) could not be
repeatedly analyzed due to the limited quantities of cells and
DNA isolated from these procedures; however, a 1.6-fold dif-
ference was observed between the smokers and nonsmokers
(Table 2).
The largest difference in DNA adduct levels between smokers

and nonsmokers was observed in lung and heart autopsy tissue.
The highest adduct levels and greatest difference between
smokers and nonsmokers were seen in the heart (5-fold),
followed by the lung, where a 3-fold difference was observed.
Former smokers also showed elevated DNA adduct levels in the
heart (3-fold) and lung (2-fold) (data not shown). Figure 4 il-
lustrates the DNA adduct patterns detected in heart, lung, and
liver DNA isolated from smokers. The DNA adduct patterns in
heart were similar to lung. A secondary DRZ more polar than
the primary DRZ was detected in heart and lung DNA in the

Table 2. Comparison of DNA adduct detected in human cells
and tissues exposed to tobacco smoke.'

Ratio
Human Nonsmokers Smokers smokers/
cell tissue RAL mean (range) [n] RAL mean (range) [n] nonsmokers
Lymphocytesb 0.28(0.20-0.59) [11] 0.56 (0.13-1.32) [11] 2.0
Sperm' 0.60(0.25-2.25) [12] 0.45 (0.25-1.09) [12] 0.8
Placenta 2.34(1.99-2.74) [5] 4.42 (2.89-7.41) [5] 1.9
Lung lavage 0.97 (0.38-1.64) [11] 1.53 (0.80-2.63) [5] 1.6
Lung 3.15 (1.49-4.80) [2] 9.42 (8.34-11.1) [4] 3.0
Heart 3.01 (2.70-3.40)[2] 15.5 (10.1-21.5)[4] 5.1
RAL, relative adduct levels.
'DNA adduct levels reported in RAL x 108 with the mean and range shown.

The number of individuals in each study is shown in brackets. The data presented
here are derived using the P1 nuclease version of the 32P-postlabeling assay.

bData shown are from postlabeling studies using the magnet contact transfer
method (23). Without contact transfer, the mean and range for the nonsmokers
and smokers were 0.67 (0.33-1.34) and 0.68 (0.21-1.44), respectively.

cData shown are from the magnet contact transfer method. No difference was
detected in the absence of contact transfer.

nuclease P1-treated samples (Fig. 4). This secondary zone was
not apparent in the butanol-treated heart and lung DNA samples
and may be indicative of the poor recovery of polar adducts in
the butanol extraction procedure.
One major DNA adduct in both smoker and nonsmoker heart,

lung, and liver DNA was detected only using the butanol extrac-
tion method as shown in Figure 4, suggesting that this adduct is
nucleaseP1 sensitive. Because many nitroarenes and N-sub-
stituted arylamine DNA adducts are dephosphorylated by nu-
cleaseP1 (20,37), these apparently ubiquitous adducts may be
derived from nitroarenes or arlyamines either present in the en-
vironment (e.g., ambient air) or diet, or they may represent an
endogenously formed adduct. Whether the nuclease P1-
sensitive adducts that we detect in heart, lung, and liver are pre-
sent in other human tissues is currently under investigation.
A comparison of the DNA adducts in humans exposed to

tobacco smoke compared to controls is shown in Figure 5. A
1.45-to 2.4-fold increase in adducts related to the tobacco smoke
exposure was observed for the three studies in which DNA was
analyzed from blood lymphocytes. The largest increase in DNA
adducts resulting from tobacco smoke exposure was observed
in heart DNA.
Based on the evidence from experimental in vitro and in vivo

assays, we can hypothesize that human exposure to emissions
from coke ovens, aluminum smelters, and smoky coal would
result in formation of DNA adducts. Previous studies in which
WBC DNA isolated from humans exposed to coke oven emis-
sions (34) and lymphocyte DNA isolated from aluminum
smelter workers (36) do show a significant increase (2.4- to
3-fold) above the controls, as shown in Figure 5. The relative-
ly higher DNA adduct-forming efficiency of coke oven and
aluminum smelter emissions compared to tobacco smoke shown
in Table1 and Figure 3 may account for the presence of substan-
tially higher levels of DNA adducts in the blood cell DNA of
exposed individuals.
We have used smoky coal emissions as a model for humans

exposed to high concentrations of PACs in the air. Figure 2 il-
lustrates the DNA adduct profiles detected in the in vitro ex-
perimental systems and in vivo rodent compared to the human
samples. We did not detect DNA adducts in WBC or in the
placental tissue DNA of nonsmoking women highly exposed to
smoky coal in their homes. We did, however, detect a substan-
tial (nearly 5-fold) increase in total adducts detected in the BAL
lung cells. This increase is higher than that observed in BAL
lung cells from tobacco smokers. This is significant when you
consider that the dose of particulate organic matter (e.g., tar) to
heavy tobacco smokers is substantially greater than the dose of
organic mass received in most occupational or environmental
exposures.
The lack of detectable adducts in the WBC of exposed in-

dividuals (Fig. 2b) does not appear to be due to the inability of
lymphocytes to metabolize the PAC in smoky coal based on the
adducts detected in vtiro with cultured lymphocytes (Fig. 2a).
It is possible, however, that isolation of lymphocytes from the
mixture WBC population would increase our ability to detect
DNA adducts as reported by Savela and Hemminki (35) for
tobacco-smoke-related adducts.
We postulate that a relatively greater effect on DNA adduct

formation by smoky coal and the other emissions with high con-
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Nuclease P1

Butanol

Heart Lung Liver

FIGURE 4. DNA adducts detected in human (a,d) heart, (b,e) lung, and (c, liver. DNA was isolated from a cigarette smoker and analyzed by "P-postlabeling
analysis. The areas enclosed by dashes represent the diagonal radiation zone detected in smokers' heart and liver only by the nuclease P1 method. The circled
areas indicate where nuclease P1-sensitive DNA adducts are detected only in the butanol method.

BAL Placental Lung Heart
Lung Tissue

Cells I

Tobacco

WBCd Lymphocytes' Place BALTissue Lung
lCells,

Coke Aluminum Smoky
Oven Smelter Coal

FIGURE 5. Effect of complex mixture exposure on the DNA adduct level of the exposed group divided by the control group. DNA was analyzed by the nuclease
P1 version of the postlabeling assay. Three separate studies are reported for lymphocytes of smokers compared to nonsmokers; Savela and Hemminki (35),a
Schoket et al. (36)," and the study reported here.c The data shown for coke oven white blood cell DNA are from Hemminki et al. (34)', and aluminum smelter
lymphocyte DNA data are from Schoket et al. (36).'

centrations of PACs is due to the higher genotoxic potency of
these emissions. Furthermore, the data presented in Figure 5

suggest that much higher levels ofDNA adducts will be detected
in target tissue (e.g., lung and heart) as compared to nontarget
cells or tissue.
The three studies ofDNA adducts inhumans exposed to emis-

sions from coke ovens, aluminum smelters, and smoky coal all
demonstrate that the individual variation inDNA adduct levels

in the exposed groups is much higher (e.g., ranging from 20- to
200-fold) than in the control groups (5- to 10-fold), as shown in
Figure. 6. In each case, there are highly exposed individuals in
which elevatedDNAadduct levels are not detected and other in-
dividuals that have 1-2 orders ofmagnitude higherDNA adduct
levels inbothlungandblood cells comparedto controls. These dif-
ferences could bedue to heterogeneity ofexposure or differences
in susceptibility factors (e.g., metabolism and DNA repair).
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FIGURE 6. The range of interindividual variation for the human studies shown in Figure 5. The range was determined by dividing the maximum relative adduct level
by the minimum relative adduct level value for the group.

Summary
In vitro and in vivo experimental models are useful for charac-

terizing both the nature and level ofDNA adducts resulting from
complex mixture exposures. In particular, we have evidence that
tobacco smoke exposures result in lower levels of detectable
DNA adducts than other occupational and environmental PAC-
containing mixtures. Furthermore, these studies suggest that
although there are some similarities in theDNA adduct profiles
between different PAC mixtures, there also appear to be dif-
ferences in chromatographic properties, whichmay allow separa-
tion ofDNA adducts from different sources ofexposure.
Comparison ofDNA adducts detected in cells and tissues of

individuals exposed to tobacco smoke and coal-related emissions
suggest that studies oftarget cells (e.g., lung and heart cells) will
increase the sensitivity ofthese methods while providing DNA
adduct dosimetry on target cell population. Individual variation
in DNA adduct levels in both blood cells and lung cells of in-
dividuals exposed to high levels ofthese complex mixtures is an
important factor in these human studies that needs to be better
understood with respect to predicting risk.

This manuscript was presented at the Conference on Biomonitoring and
Susceptibility Markers in Human Cancer: Applications in Molecular Epidem-
iology and Risk Assessment that was held in Kailua-Kona, Hawaii, 26 October-I
November 1991.
We thank Tim Shank, James Scott, Elaine Charlet, JeffInmon, and Mike Kohan

for technical assistance. We also thank Marilyn Vine and SRA, Inc. for providing
access to specimens and data from studies of humans. The research described
in this paper has been reviewed by the Health Effects Research Laboratory, U.S.
Environmental Protection Agency and approved for publication. Approval does
not signify that the contents necessarily reflect the views and policies ofthe Agen-
cy, nor does mention oftrade names or commercial products constitute endorse-
ment or recommendation for use.

REFERENCES

1. Randerath, K., Reddy, M. V., and Gupta, R. C. 32P-postlabeling test forDNA

damage. Proc. Natl. Acad. Sci. U.S.A. 78: 6126-6129 (1981).
2. Gupta, R. C., Reddy, M. V., and Randerath, K. "P-postlabeling analysis of

nonradioactive aromatic carcinogen DNA adducts. Carcinogenesis 3:
1081-1092 (1982).

3. Vainio, H., Sorsa, M., and McMichael, A. J., Eds. Complex Mixtures and
Cancer Risk. IARC Scientific Publication No. 104. International Agency for
Research on Cancer, Lyon, 1990.

4. Lewtas, J., Bradow, R. L., Jungers, R. H., Harris, B. D., Zwvidinger, R. B.,
Cushing, K. M., Gill, B. E., and Albert, R. E. Mutagenic and carcinogenic
potency of extracts of diesel and related environmental emissions: study
design, sample generation, collection, and preparation. Environ. Int. 5:
383-387 (1981).

5. Albert, R. E., Lewtas, J., Nesnow, S., Thorslund, T. W., and Anderson, E.
Comparative potency method for cancer risk assessment: application to diesel
particulate emissions. Risk Anal. 3: 101-117 (1983).

6. Williams, R., Sparacino, C., Petersen, B., Bumgarner, J., Jungers, R. H.,
and Lewtas, J. Comparative characterization oforganic emissions from diesel
particles, coke oven mains, roofing tar vapors and cigarette smoke conden-
sate. Int. J. Environ. Anal. Chem. 26: 27-49 (1986).

7. Mumford, J. L., He, X. Z., Chapman, R. S., Cao, S. R., Harris, D. B., Li,
X. M., Jiang, W. Z., Xu, C. W., Chuang, J. C., Wilson, W. E., and Cooke,
M. Lung cancer and indoor air pollution in Xuan Wei, China. Science 235:
217-220 (1987).

8. Lewtas, J., Zweidinger, R. B., and Cupitt, L. Mutagenicity, tumorigenici-
ty and estimation ofcancer risk from ambient aerosol and source emissions
from woodsmoke and motor vehicles. J. Air Waste Manage. Assoc. 91-131.6:
1-12 (1991).

9. Gallagher, J. E., Kohan, M. J. George, M. H., and Lewtas, J. Improvement
in the diagnostic potential of 3 P-postlabeling analysis demonstrated by the
selective formation and comparative analysis ofnitrated-PAH-derived adducts
arising from diesel particle extracts. Carcinogenesis 12: 1685-1691 (1991).

10. Gurtoo, H. L., Bejba, N., and Minowada, J. Properties, inducibility, and an
improved method of analysis of aryl hydrocarbon hydroxylase in cultured
human lymphocytes. Cancer Res. 35: 1235-1243 (1975).

11. Jahnke, G. D., Thompson, C. L., Walker, M. P., Gallagher, J. E., Lucier,
G. W., and DiAugustine, R. P. Multiple DNA adducts in lymphocytes of
smokers and nonsmokers determined by "P-postlabeling analysis. Car-
cinogenesis 11: 205-211 (1990).

12. Gallagher, J. E., Jackson, M. A., George, M. H., and Lewtas, J. Dose-related
differences in DNA adduct levels in rodent tissues following skin applica-
tion of complex mixtures from air pollution sources. Carcinogenesis 11:
63-68 (1990).



DNA ADDUCTS FROM COMPLEXMIXTUREEXPOSURES 97

13. Vine, M. F., Hulka, B. S., Everson, R. B., Margolin, B. H., Hu, E., and
McCann, M. Cotinine concentrations in blood (serum), urine and semen of
smokers and nonsmokers. In: Proceedingsofthe International Society ofEn-
vironmental Epidemiology, Berkeley, CA, August 1990.

14. Everson, R. B., Randerath, E., Santella, R. M., Avitts, T. A., Weinstein,
I. B., and Randerath, K. Quantitative associations betweenDNA damage in
human placental and maternal smoking and birth weight. J. Natl. Cancer Inst.
80: 567-576 (1988).

15. Koren, H. S., Devlin, R. B., Graham, D. E., Mann, R., McGee, M. P.,
Horstman, D. H., Kozumbo, W. J., Becker, S., House, D. E., McDonnell,
W. F., and Bromberg, P. A. Ozone-induced inflammation in the lower air-
ways of human subjects. Am. Rev. Respir. Dis. 139: 407-415 (1989).

16. Robertson, I. G. C., Santella, R. M., Li, X. M., Gallagher, J. E., Chapman,
R. S., Lewtas, J., and Mumford, J. L. DNA adducts in placentas of in-
dividuals exposed to high levels ofcoal combustion products. In: Pblynuclear
Aromatic Hydrocarbons: Measurements, Means and Metabolism (M.
Cooke, K. Loening, and K. Merritt, Eds.), Battelle Press, Columbus, OH,
1991, pp. 753-765.

17. Mumford, J. L., Lee, X., Lewtas, J., Young, T. L., and Santella, R. M. DNA
adducts as biomarkers for assessing exposure to polycyclic aromatic hydrocar-
bons in tissues from Xuan Wei Women with high exposure to coal combus-
tion emissions and high lung cancer mortality. Environ. Health Perspect. 99:
83-87 (1993).

18. Gupta, R. C. Nonrandom binding of the carcinogen N-hydroxy-2-acetyl-
aminofluorene to repetitive sequences in rat liver DNA in vivo. Proc. Natl.
Acad. Sci. U.S.A. 81: 6943-6947 (1984).

19. Maniatis, T., Fritsch, E. F, and Sambrook, J. Molecular Cloning. A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, NY, 1982.

20. Gallagher, J. E., Jackson, M. A., George, M. H., Lewtas, J., and Robertson,
I. C. G. Differences in detection ofDNA adducts in the 32P-postlabeling assay
after either 1-butanol or nuclease P1 treatment. Cancer Lett. 45: 7-12 (1989).

21. Gupta, R. C. Enhanced sensitivity of the 32P-postlabeling assay for aromatic
carcinogen DNA adducts. Cancer Res. 45: 5656-5662 (1985).

22. Reddy, M. V. and Randerath, K. Nuclease PI-mediated enhancement of sen-
sitivity of 32P-postlabeling test for structurally diverse DNA adducts. Car-
cinogenesis 7: 1543-1551 (1985).

23. Lu, L.-J. W., Disher, R. M., Reddy, M. V., and Randerath, K. 32p_
Postlabeling assay of transplacental DNA damage induced by the en-
vironmental carcinogens safrole, 4-aminobiphenyl, and benzo(a)pyrene.
Cancer Res. 46: 3046-3054 (1986).

24. Ross, H. H., and Rasmussen, G. T. Modern techniques and applications
in Cerenkov counting. In: Liquid Scintillation Counting-Recent Develop-
ments (P. E. Stanley and R A. Scoggins, Eds.), Academic Press, New York,
1974, pp. 363-382.

25. Thompson, C. L., Lucier, G. W., George, M. H., Lewtas, J., and Gallagher,
J. DNA adductformation inhuman lymphocytes following in vitro exposure
complex mixturesof airpollutants. Proc. Am. Assoc. CancerRes. 32:A534
(1991).

26. Nesnow, S., and Lewtas, J. Interspecies sensitivity to chemical carcinogens:
relationships between mouse skin tumors and human lung cancer. Environ.
Carcinog. Ecotoxicol. Rev. C9(2): 229-259 (1991).

27. Randerath, E., Mittal, D., and Randerath K. Tissue distribution ofcovalent
DNA damage in mice treated dermally with cigarette tar: preference for lung
and heart DNA. Carcinogenesis 9: 75-80 (1988).

28. Schoket, B., Hewer, A., Grover, P. L., and Phillips, D. H. Covalent binding
ofcomponents ofcoal tar, creosote and bitumen to the DNA ofthe skin and
lungs of mice following topical application. Carcinogenesis 9: 1253-1258
(1988).

29. Schoket, B., Hewer, A., Grover, P. L., and Phillips, D. H. 32P-Pbstlabelling
analysis ofDNA adducts in the skin of mice treated with petrol and diesel
engine lubricating oils and exhaust condensates. Carcinogenesis 10:
1485-1490 (1989).

30. Lewtas, J., and Nishioka, M. G. Nitroarenes: their detection, mutagenici-
ty and occurrence in the environment. In: Nitroarenes: Occurrence, Me-
tabolism and Biological Impact (P. Howard, Ed.), Plenum Press, New York,
1991, pp. 61-72.

31. Phillips, D. H., Hemminki, K., Alhonen, A., Hewer, A., and Grover, P. L.
Monitoring occupational exposure to carcinogens: detection by 32p_
postlabeling ofaromatic DNA adducts in white blood cells from iron foun-
dry workers. Mutat. Res. 204: 531-541 (1988).

32. Perera, F. P., Hemminki, K., Young, T. L., Brenner, D., Kelly, G., and
Santella, R. M. Detection ofpolycyclic aromatic hydrocarbon DNA adducts
in white blood cells of foundry workers. Cancer Res. 48: 2288-2291 (1988).

33. Phillips, D. H., Schoket, B., Hewer, A., Bailey, E., Kostic, S., and Vincze,
I. Influence ofcigarette smoking on the levels ofDNA adducts ofhuman bron-
chial epithelium and white blood cells. Int. J. Cancer 46: 569-575 (1990).

34. Hemminki, K. E., Grzybowska, E., Chorazy, M., Twardowska-Saucha, K.,
Srocynski, J. W., Putman, K. L., Randerath, K., Phillips, D. H., Hewer, A.,
Santella, R. M., Young, T. L., and Perera, F. P. DNA adducts in humans en-
vironmentally exposed to aromatic compounds in an industrial area ofPoland.
Carcinogenesis 11: 1229-1231 (1990).

35. Savela, K., and Hemminiki, K. DNA adducts in lymphocytes and granu-
locytes ofsmokers and nonsmokers detected by the 32P-postlabeling assay.
Carcinogenesis 12: 503-508 (1991).

36. Schoket, B., Phillips, D. H., Hewer, A., and Vincze, I. 32P-Postlabelling
detection ofaromatic DNA adducts in peripheral blood lymphocytes from
aluminum production plant workers. Mutat. Res. 260: 89-98 (1991).

37. Gupta, R. C., and Early, K. 32P-Pbstlabeling assay: comparative recoveries
of structurally diverse DNA adducts in the various enhancement procedures.
Carcinogenesis 9: 1687-1693 (1988).


