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Emissions from diesel engines are a complex miXture of gaseous vapors and soot particles. The soot particles are a public 
health conce;rn becaus~ they are of a ,'respirable size and have hundreds of organic chemicalcompd~nds adsorbed onto 
the!r'surfaces. MaI}y of these co:rilpound~ can damage the cellular genetic material (DNA) and are kn.own o~ suspected 
carcinogens. Studies have demonstrated 'that inhalation of high ,concentrations ~f diesel exhaust,induces lung tumors 

, in laboratory rats, and scientists have proposed different mechanisms to explain the rat lwig's response. One hypothes~s 
is that the organic compounds on tbeparticle surfaces inte1,'act with· lung tissue DNA to form DNA ,a:ddl,lcts, (becallse 
DNAadducts cause,mWations,their f0rIIlation iscl,'itical in initiating cancer). Another hypothesis is that prolonged 
exposure to ,high concentrations ,of diesel exhlilust particles impairs normal IJmg-clearance mecJ;lari.jsms;resulting in 
inflammation,'cell proliferation, and ultimately cancer .. A third hypothesis is.that the initiating action of the organic 

',compoundsandthe prom6ting action~fparticle-induced inflammation and cell proliferation combm,ed are responsible 
for the t~origenic response. - ,',', -. , " ' . ", ' , ' 

Regulatory agencies often estimate the human health rfsk:Qf exposure to environmental pollutants byextrap61ating from 
effects 'produced in laboratory animals. Therefore, it fs important to understand which component Or components of 

, diesel exhaust (the soot particles', the adsorbed organic compounds, or both) cause cancer inrats and The mechanism 
, by which the ~ffect is produced. The Health Effe~ts Institute sponsored Dr, Randerath and coworkers to help resolve 
these que~tions. - , ' , , ' , , ' ,- ,',_ 

~Dr. Randerath's studywas part of a large cancer bioassay c~nduct~d by Dr. Joe Maudefly and colleagues of the ~alatio;n 
Toxicology Research Institute (ITRI). The investigators exposed F344/N rats by inhalatiOIi. to clean (filtered} air or to one 
oftwo concentrations of either d'ieselexhaust or.carbon black (2.5 or 6.5 mg-ofparticles/m3 oftest atmosphere), CarbQn 
black particles -were used ,b,ecause they are physically similar to diesel exha,ustparticles but have heg~igible amounts of 
organiG compounds adsorbed onto therrsurfaces; therefore the effects of carbon black particles ar~ assumed to be slliiilEli' 
to the effects of 4iesel. exhaust parti~leswith0ut the adsorbed organic compounds; (The results of the animal ~xposUies, 
. tumor bioassayS, .arid :qlel;lsurements of noricanc~r endpointS that were condllcted at ITRI can qe fOlllldin Part I of.this' 
Report.) Both Dr. Randerath anpDr. Maudedy measlired DNA ad ducts in lung tisstie saIIlples from rats exposed at ri:'RI 

, fOf differeRtperiods of time to the test atmospheres. pr. Randerath and colleagues also extracteq the org8n1c comI>,ounds .. 
fromt4e d~esel exhaust particles, ,applied the diesel exhaust extract to the skinofCD-1I;Ilice, and looked for DNA adducts 
in the skin, lung, andhearttiss.ues of the~e mice. ' " , , 

In fui~ studynd IlNl\ adducts specific toei-fuer diesel exhaust or' c~bbn black we~e' induced in the rat, hll~gS. However, 
after-thre~ montlispf exposure,theto~allevelofDNA adduqts and the levels of some individual adducts were higher' 
ip. the animals exposed to diesel exhaust than in the control animals. Because the DNA- aqduct levelsjn the lung tissue: 
mcreased with ~ge in animals'in all exposure groups-those exposed to clean air as Well asoin those exposed to, diesel 
exharist,alJ.dcarbon black-Dr. Rariderath concluded that endoge'nousprecursors rather than inhalation 'ofexogenous 
chemiGals gave rise to the obserVed adducts.In contrast, multiple DNA addlicts thought to be specific to diesel exhaust, 
formed in the skin and lungs of mice. ~e~ted topically with diesel exhaust extract. These results imply that although the 
organic compounds in diesel exhaust are capable of dlilllaging cellular DNA, such damage did not occur under Ute,' 
,coI1:ditions o~ the inhalation bioassay, an'd are consist~nt with Dr. Mauderly's ob.servations tha.t inhaled diesel exhaust 
a;nd :carbon black particles were of comparaqle carcinogenicity in rats. However, this interpretation relates to t)J.e 
experimental c6nditiortsusedby the investigators-F344 rats exposed chronically to concentratipns of diesel exhaust 
partidesin .excessof 2 mg/m3• It, mayor may not apply to other species or to exposure situations. in . which the 

, concentrations ofdieselex,haust particles are much lower. ,,' ' 

This Statement, prepared by the Health Effeots Institute and .approved by its Board of Direotor~, is a SUnlmary of a researoh project sponsored by HEI from 1987-19~4. 
This study was oonduoted by Dr. Kurt Randerath and colleagues of the Division ofToxioology, Department ofPharmaoology, Baylor Collegl! of Medicine, Texas Medical 
Center, Houston, TX 77030. The oomplete report, Pulmonary Toxicity ofInhaled Diesel Exhaust and Carbon Blaokin Chronioally Exposed 'Rats; Part II: DNA Damage, 
Research Report Number 68, oan be'obtained from the Health Effeots Institute, 141 Portland Street, Suite 7300, Cambridge, MA 02139. (617-621-0266). The Research 

, Re~ort oontains the detailed Investigators' Report and a Cotnmentary on the study prepared by the Institute's'Health ReviewCommittee. RANDERATH 68 Part II 
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Synopsis of Research Report Number 68 Part II 

An Investigation of DNA Damage in the Lungs of 
Rats Exposed to Diesel Exhaust 

BACKGROUND 

Emissions from diesel engines are a complex mixture of gaseous vapors and soot particles. The soot particles are a 
public health concern because they are of a respirable size and have hundreds of organic chemical compounds 
adsorbed onto their surfaces. Many of these compounds can damage the cellular genetic material (DNA) and are 
known or suspected carcinogens. Studies have demonstrated that inhalation of high concentrations of diesel exhaust 
induces lung tumors in laboratory rats, and scientists have proposed different mechanisms to explain the rat lung's 
response. One hypothesis is that the organic compounds on the particle surfaces interact with lung tissue DNA to 
form DNA ad ducts (because DNA adducts cause mutations, their formation is critical in initiating cancer). Another 
hypothesis is that prolonged exposure to high concentrations of diesel exhaust particles impairs normallung-clear
ance mechanisms, resulting in inflammation, cell proliferation, and ultimately cancer. A third hypothesis is that the 
initiating action of the organic compounds and the promoting action of particle-induced inflammation and cell 
proliferation combined are responsible for the tumorigenic response. 

Regulatory agencies often estimate the human health risk of exposure to environmental pollutants by extrapolating 
from effects produced in laboratory animals. Therefore, it is important to understand which component or 
components of diesel exhaust (the soot particles, the adsorbed organic compounds, or both) cause cancer in rats and 
the mechanism by which the effect is produced. The Health Effects Institute sponsored Dr. Randerath and coworkers 
to help resolve these questions. 

APPROACH 

Dr. Randerath's study was part of a large cancer bioassay conducted by Dr. Joe Mauderly and colleagues of the 
Inhalation Toxicology Research Institute (ITRI). The investigators exposed F344/N rats by inhalation to clean 
(filtered) air or to one of two concentrations of either diesel exhaust or carbon black (2.5 or 6.5 mg of particles/m3 of 
test atmosphere). Carbon black particles were used because they are physically similar to diesel exhaust particles 
but have negligible amounts of organic compounds adsorbed onto their surfaces; therefore the effects of carbon black 
particles are assumed to be similar to the effects of diesel exhaust particles without the adsorbed organic compounds. 
(The results of the animal exposures, tumor bioassays, and measurements of noncancer endpoints that were 
conducted at ITRI can be found in Part I ofthis Report.) Both Dr. Randerath and Dr. Mauderly measured DNA adducts 
in lung tissue samples from rats exposed at ITRI for different periods of time to the test atmospheres. Dr. Randerath 
and colleagues also extracted the organic compounds from the diesel exhaust particles, applied the diesel exhaust 
extract to the skin ofCD-l mice, and looked for DNA ad ducts in the skin, lung, and heart tissues of these mice. 

RESULTS AND IMPLICATIONS 

In this study no DNA ad ducts specific to either diesel exhaust or carbon black were induced in the rat lungs. However, 
after three months of exposure, the total level of DNA adducts and the levels of some individual adducts were higher 
in the animals exposed to diesel exhaust than in the control animals. Because the DNA adduct levels in the lung 
tissue increased with age in animals in all exposure groups-those exposed to clean air as well as in those exposed 
to diesel exhaust and carbon black-Dr. Randerath concluded that endogenous precursors rather than inhalation of 
exogenous chemicals gave rise to the observed adducts. In contrast, multiple DNA ad ducts thought to be specific to 
diesel exhaust formed in the skin and lungs of mice treated topically with diesel exhaust extract. These results imply 
that although the organic compounds in diesel exhaust are capable of damaging cellular DNA, such damage did not 
occur under the conditions of the inhalation bioassay, and are consistent with Dr. Mauderly's observations that 
inhaled diesel exhaust and carbon black particles were of comparable carcinogenicity in rats. However, this 
interpretation relates to the experimental conditions used bi the investigators-F344 rats exposed chronically to 
concentrations of diesel exhaust particles in excess of 2 mg/m . It mayor may not apply to other species or to exposure 
situations in which the concentrations of diesel exhaust particles are much lower. 

This Statement, prepared by the Health Effects Institute and approved by its Board of Directors, is a summary of a research project sponsored 
by HEI from 1987 to 1994. This study was conducted by Dr. Kurt Randerath and colleagues of the Department of Pharmacology, Baylor College 
of Medicine, Texas Medical Center, Houston, TX in collaboration with Dr. Joe Mauderly and coworkers at the Inhalation Toxicology Research 
Institute in Albuquerque, NM. The following Report contains both the detailed Investigators' Report and a Commentary on the study prepared 
by the Institute's Health Review Committee. 
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Pulmonary Toxicity of Inhaled Diesel Exhaust and Carbon Black 
in Chronically Exposed Rats 
Part II: DNA Damage 

Kurt RanderathLKim L. Putman, Joe L. Mauderly, Paige L. Williams, 
and Erika Randerath 

ABSTRACT 

The focus of this study was to detect by nuclease P1-en
hanced 32P-postlabeling the presence of lung DNA adducts 
elicited by chronic exposure of rats to high or low concen
trations of either diesel exhaust or carbon black, to establish 
an exposure time-dependent response for adduct forma
tion, and, if possible, to relate adduct levels to tumor 
induction. Adduc,t formation following topical application 
of diesel exhaust extract to mouse skin was also investi
gated. 

Rat inhalation exposures, lung DNA isolations, and the 
preparation of diesel exhaust extract (DEE) * were per
formed at Inhalation Toxicology Research Institute (ITRI) 
and are described in detail in the final report of Dr. Joe L. 
Mauderly and associates (1994). Coded DNA samples were 
received from ITRI and analyzed by the 32P-postlabeling 
assay after 3, 6, 12, 18, and 23 months of exposure. For an 
interlaboratory comparison, the 3-month samples were also 
analyzed by Dr. Mauderly's laboratory. In addition, male 
CD-l mice were topically treated with DEE, and DNA was 
isolated from skin, lung, and heart tissue for comparison 
with lung DNA from diesel exhaust-exposed rats. 

The results showed that chronic inhalation of diesel 
exhaust did not induce distinct classic exogenous DNA 
adducts in rat lungs at any time point investigated. How
ever, subtle quantitative alterations of levels of indigenous 
compounds (I-compounds), which are DNA modifications 
of endogenous origin, resulted from diesel exhaust and 
carbon black exposure. Statistical evaluation of log-trans-

* A list of abbreviations appears at the end of the Investigators' Report. 

This Investigators' Report is one part of Health Effects Institute Research 
Report Number 68, Part II, which also includes a Commentary by the Health 
Review Committee, and an HEI Statement about the research project. Corre
spondence concerning the Investigators' Report may be addressed to Dr. Kurt 
Randerath, Division of Toxicology, Department of Pharmacology, Baylor 
College of Medicine, Texas Medical Center, Houston, TX 77030. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Agreement 
816285 to the Health Effects Institute, it has not been subjected to the 
Agency's peer and administrative review and therefore may not necessarily 
reflect the views of the Agency, and no official endorsement should be 
inferred. The contents of this document also have not been reviewed by 
private party institutions including those that support the Health Effects 
Institute; therefore, it may not reflect the views or policies of these parties, 
and no endorsement by them should be inferred. 
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formed lung DNA adduct levels for combined male and 
female rats show,ed that, according to Tukey's multiple 
comparison test, the group exposed to high diesel exhaust 
concentrations had a significantly higher total DNA adduct 
level at three months than the control and low carbon black 
groups, but no corresponding significant differences were 
found for the other time points. The largest number of 
significant differences for individual adduct spots were 
observed at the three-month time point, when, for example, 
the levels of 2 out of 13 adduct spots were higher in the high 
diesel exhaust group than in any of the other groups, and 
the level of a third adduct spot was elevated in the high 
diesel exhaust exposure group when compared with the 
control group. A significant enhancement of the level of one 
of the adducts in the high diesel exhaust group, as com
pared with the other groups, was still observed at six 
months, while there were no or only a few significant 
differences for individual adduct spots at the later time 
points. One adduct spot exhibited reverse properties in that 
its level was significantly lower for the high diesel exhaust 
group than for the control group at 23 months. 

Other significant exposure-related differences were re
vealed when log-transformed DNA adduct levels were av
eraged across all time points. Thus, the levels of several 
individual adducts were highest in the high diesel exhaust 
and low diesel exhaust groups, lowest in the control group, 
and intermediate in the high carbon black and low carbon 
black groups. The total DNA adduct level was elevated only 
in the high diesel exhaust group when compared with the 
control group. In addition, most individual adducts in
creased, and one adduct decreased, in a manner dependent 
on diesel exhaust dose. Essentially no significant exposure
related differences were observed between male and female 
animals. 

Analysis of the three-month samples at ITRI for the 
interlaboratory comparison confirmed the lack of qualita
tive differences between any of the exposure groups and the 
control group, demonstrating that no distinct exposure-re
lated exogenous DNA adducts were formed. The laboratory 
at ITRI also detected a number ofl-compounds in lung DNA 
of carbon black- and diesel exhaust-exposed animals and 
of control animals. As in the present study, the total DNA 
adduct level was significantly higher in the high diesel 

1 



exhaust group than in the control and low carbon black 
groups, with differences in total DNA adduct levels 
amounting to 2-fold in the study ofMauderly and associates 
(1994) and 1.5-fold in this study. 

In contrast to the rat inhalation experiment, treating 
mouse skin with an organic extract of diesel exhaust pro
duced separate and distinct adduct patterns in lung and 
skin DNA, while no adducts were observed in heart DNA. 
In skin DNA, multiple adducts, whose levels peaked one 
day after treatment and then declined rapidly, were ob
served, while lung DNA exhibited a single major adduct 
and several areas of lower-level adducts, which persisted 
with little change over a period of 10 to 11 weeks. Both 
single-dose and multiple-dose treatments produced the 
same adduct patterns in each tissue, but adduct levels were 
approximately 1.5 times higher in skin DNA, and 3 times 
higher in lu~g DNA for the multiple-dose group one day 
after treatment. 

The results of this study indicated that the soot-associ
ated organic compounds did not elicit lung DNA adduct 
formation, as detectable by the nuclease PI-enhanced 32p_ 
postlabeling assay, in rats exposed chronically by inhala
tion to diesel exhaust. This finding was in accord with the 
result of Mauderly and associates' investigation showing 
that carbon black and diesel exhaust induced the same 
incidence and type of tumors in rat lung, and hence the 
diesel soot-associated organic compounds could not have 
been involved to any significant extent in diesel exhaust
associated pulmonary carcinogenesis. 

It is possible that the particles did not release chemicals 
in the lung tissue in amounts sufficient to cause detectable 
adduct formation. The pulmonary carcinogenicity in the 
rats did not appear to occur by a mechanism based on direct 
covalent binding of chemicals associated with diesel ex
haust soot or their metabolites to lung DNA. However, 
exposure-related modulations of normal lung DNA modifi
cation patterns, as observed in the present study, may have 
contributed to the carcinogenicity of both diesel exhaust 
and carbon black. It is also important to keep in mind that 
certain types of DNA alterations (such as methylations and 
hydroxylations), which may have occurred as a conse
quence of exposure, would not have been detected by the 
analytical procedures used in this study. In particular, 
bulky oxidative DNA lesions might be expected to form as 
a result of oxidative stress, which is presumably caused by 
the inflammatory process associated with pulmonary par
ticle accumulation. The formation of such adducts appears 
likely in view of recent results from our laboratory showing 
that pro oxidant carcinogens induce bulky oxidative DNA 
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lesions in target organ DNA. The detection of these DNA 
lesions would also require chromatographic conditions dif
ferent from those used in the present study. 

INTRODUCTION 

CARCINOGENICITY OF DIESEL EXHAUST AND 
ITS CONSTITUENTS 

The potential health effects of diesel exhaust have been 
investigated intensively in recent years. In rats, diesel ex
haust was found to be a pulmonary carcinogen when in
haled chronically at high concentrations (Brightwell et al. 
1986; Ishinishi et al. 1986; Stober 1986; Mauderly et al. 
1987, 1994). The carcinogenicity of the inhaled diesel ex
haust was shown to be dose- and time-dependent 
(Mauderly et al. 1987, 1994). After reviewing the bioassay 
and epidemiological data available in 1988, the Interna
tional Agency for Research on Cancer (1989) classified 
diesel exhaust as "probably carcinogenic" to humans. This 
classification was based on sufficient evidence for the car
cinogenicity of diesel exhaust in whole animals, but only 
limited evidence for its carcinogenicity in humans. The 
background of concerns about the potential pulmonary 
carcinogenicity in humans has been examined in detail 
(Mauderly 1992). Approximately 30 epidemiological stud
ies taken together suggest that heavy occupational expo
sures to diesel exhaust, such as those in the mining and 
transportation industries, are probably associated with in
creased lung cancer risk (Mauderly 1992). 

Diesel exhaust is a complex mixture of gases, vapors, and 
soot particles, onto which more than 450 organic com
pounds are adsorbed (Opresko et al. 1984). Organic extracts 
of diesel exhaust soot are mutagenic in the Ames Salmo
nella assay (Huisingh et al. 1978) and carcinogenic to ro
dents when applied directly to the skin (Kotin et al. 1955; 
Nesnow et al. 1982) or implanted in the lung (Grimmer et 
al. 1987). Diesel exhaust extract contains numerous polynu
clear aromatic hydrocarbons (PAHs) and nitro-PAHs, as 
shown by a recent representative gas chromatography
mass spectrometry analysis of the components of a 
methylene chloride DEE, containing organic material that 
corresponded to about 34 % of the diesel exhaust particles 
(Gallagher et al. 1994). 

A large body of data on the mutagenic properties ofPAHs 
is available (International Agency for Research on Cancer 
1983; Dipple et al. 1984; National Cancer Institute 1985; 
Harvey 1991). Generally, the most carcinogenic PAHs pos
sess a system of four or more rings, while unsubstituted 
polyarenes with two-. and three-ring systems are inactive. 
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Among the PAHs present in DEE (e.g., Gallagher et al. 1994), 
benzo[a]pyrene (BaP), dibenz [a,h] anthracene , benzo[j]
fluoranthene, benzo [b]fl uoranthene, benzo [k] fluoranthene, 
benzo[g,h,i]perylene, and indeno[1,2,3-cd]pyrene are com
plete carcinogens and benz[a]anthracene, chrysene, 
benzo[e]pyrene, and dibenz[a,c]anthracene are tumor in
itiators (Harvey 1991) as determined by the mouse skin 
bioassay (Slaga ~984). Benzo[a]pyrene, a typical repre
sentative of many PAHs that are activated metabolically to 
DNA -reactive diol epoxides (reviewed in Dipple et al. 1984; 
Harvey 1991), was shown to be carcinogenic in rodents 
upon inhalation (Laskin et al. 1975) or instillation (Saffiotti 
et al. 1964; Henry and Kaufman 1973). 

Various nitro-PAHs present in DEE (e.g., Gallagher et al. 
1994) are mutagenic in bacterial and mammalian systems 
and carcinogenic in laboratory animals (e.g., Beland et al. 
1985; Rosenkran~ and Mermelstein 1985; Tokiwa and Oh
nishi 1986). Although 1-nitropyrene is the predominant 
nitro-PAH in DEE, the dinitropyrenes, which are pr~sent in 
substantially smaller quantities, are much more potent mu
tagens and carcinogens (e.g., Beland 1989, 1991). Specifi
cally, 1-nitropyrene induces tumors at the injection site and 
in the mammary glands of rats and in the liver of newborn 
mice, while the dinitropyrenes exhibit the same organ 
specificity, but considerably greater tumorigenicity (see 
references in Beland 1991). Another minor component of 
DEE, 6-nitropyrene, is a potent lung carcinogen in mice and 
colon carcinogen in rats (see references in Delclos et al. 
1993). Generally, nitro-PAHs exhibit a wide spectrum of 
tumorigenic potency and can be more, less, or equally 
active when compared with their parent hydrocarbons 
(Wislocki et al. 1986). 

ROLE AND DETECTION OF DNA ADDUCTS IN 
EXPOSURES TO DIESEL EXHAUST AND ITS 
CARCINOGENIC CONSTITUENTS 

There is ample evidence that several chemicals associ
ated with diesel exhaust are potent carcinogens in labora
tory animals; however, the precise molecular mechanisms 
underlying the induction by diesel exhaust of pulmonary 
carcinogenesis in rats have not yet been elucidated. In view 
of the carcinogenicity of the aromatic compounds associ
ated with diesel exhaust, one major hypothesis is that these 
carcinogens are desorbed from the diesel exhaust particles 
in the lung, where they or their metabolites interact with 
DNA to form DNA adducts (reviewed in McClellan 1987; 
see also Bond et al. 1988). DNA adducts of carcinogens and 
their metabolites are generally regarded as key elements in 
the initiation of carcinogenesis (Miller and Miller 1981; 
Pitot 1986; Hemminki 1993) because such DNA damage, 
unless repaired before DNA replication, may give rise to 

point mutations, frame-shift mutations, DNA deletions, and 
other forms of genetic alteration that are known to be 
critically involved in tumorigenesis (Bal.'bacid 1987; Holl
stein et al. 1991). Known consequences ofthese molecular 
events are the activation of various oncogenes and the 
deletion or suppression of antioncogenes (tumor suppres
sor genes) (Bishop 1987; Weinberg 1991). DNA adducts of 
chemical carcinogens are generally recognized as impor
tant biomarkers of early genetic events occurring during 
exposure to chemical carcinogens (Wogan and Gorelick 
1985; Lutz 1990; KRanderath andE Randerath 1991,1994). 

The research described in this report has addressed the 
above hypothesis that diesel exhaust-associated mutagenic 
and carcinogenic chemicals are involved in diesel exhaust
induced pulmonary carcinogenesis in rats by determining 
DNA adduct formation in rat lungs upon chronic diesel 
exhaust inhalation. The detection of low levels of aromatic 
DNA adducts was made possible by the 32P-postlabeling 
assay developed in our laboratory (K Randerath et al. 1981; 
reviewed in K Randerath et al. 1992), which is curreritly the 
most sensitive and most widely used analytical method for 
detecting and measuring DNA adducts formed upon expo
sure to chemical carcinogens and their complex environ
mental mixtures (International Agency for Research on 
Cancer 1993). The design of our long-term diesel exhaust 
study in 1988 selected the nuclease Pl version of 32p_post_ 
labeling (Reddy and K Randerath 1986), which is several 
orders of magnitude more sensitive than the original stand
ard procedure, allowing the detection of one bulky/aro
matic adduct (an adduct that is bulky, or aromatic, or both) 
in 1010 DNA nucleotides. At this time, the nuclease Pl 
procedure had already been successfully used in our labo
ratory for the analysis of bulky/aromatic carcinogen-DNA 
adducts induced by cigarette smoke condensate (CSC) in 
mice and by cigarette smoke in humans (E Randerath et al. 
1988, 1989). Furthermore, increases in DNA adducts in 
peripheral lung tissue of rats exposed to diesel exhaust have 
been detected by the nuclease Pl procedure (Bond. et al. 
1988). 

The 32P-postlabeling assay has been used to analyze DNA 
adducts induced in laboratory animals by individual P AHs, 
by individual nitro-PAHs present in diesel exhaust, by DEE, 
and by unfractionated diesel exhaust. The relevant findings 
are summarized below. 

Individual Polynuclear Aromatic Hydrocarbons 

DNA adducts induced by BaP in rat liver were first 
analyzed by 32P-postlabeling in our laboratory (Gupta et al. 
1982), and the persistence of such adducts over a long 
period in mouse skin as .assayed by 32P-postlabeling was 
demonstrated shortly thereafter (E Randerath et al. 1983). 
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In early 32P-postlabeling experiments, major PAHs present 
in diesel exhaust, including BaP, benzo[e]pyrene, chry
sene, benz [a] anthracene, dibenz[a,h]anthracene, dibenz
[a,c] anthracene, and benzo[g,h,i]perylene, were found by 
32P-postlabeling to give rise to DNA adducts in mouse skin, 
and the profiles and levels of these adducts were deter
mined (Reddy et al. 1984). On the other hand, pyrene, 
anthracene, and perylene were not genotoxic in mouse skin. 
The tissue distribution ofBaP-DNA adducts in mice (Schur
dak and K Randerath 1989; Reddy and K Randerath 1990) 
showed, per 107 DNA nucleotides, 2 adducts in lung and 1 

to 5 adducts in other tissues at a single dose of 80 J.lmol/kg 
of body weight given orally. In an investigation of the 
formation and persistence of BaP-DNA adducts in rat lung, 
liver, and peripheral blood lymphocytes by nuclease Pi-en
hanced 32P-postlabeling (Ross et al. 1990), lung DNA was 
found to contain a maximal level of about 5 ad ducts in 107 

DNA nucleotides five days after intraperitoneal injection of 
1 mmol BaP/kg of body weight. Of the total BaP-induced 
DNA modifications, the deoxyguanosine adducts derived 
from benzo[a]pyrene diol epoxide I (BPDE!) represented 
about 60% of the total BaP-induced DNA modifications, 
while another major BaP-derived adduct was unique to 
lung. The half-life ofthese lung adducts was about 22 days, 
and measurable adduct levels remained at 56 days. Simi
larly, benzo[b]fluoranthene induced persistent DNA ad
ducts in rat lung, liver, and peripheral blood lymphocytes 
(Nesnow et al. 1993). It also produced adducts in mouse 
skin (Weyand et al. 1993b), as did benzo[j]fluoranthene 
(Weyand et al. 1993a). Other PAHs present in diesel exhaust 
that gave rise to DNA adducts in rat lung are benz [a] anthra
cene and dibenz[a,h]anthracene, which were instilled in
tratracheally (Whong et al. 1994). 

Individual Nitro-Polynuclear Aromatic Hydrocarbons 

Among the many nitro-P AHs present in diesel exhaust (e.g., 
Gallagher et al. 1994), mainly l-nitropyrene and 1,6-dinitropy
rene have been studied for inducing DNA adduct formation 
in vivo (Beland 1989). Treatment of rats with l-nitropyrene 
containing up to 0.15% dinitropyrenes resulted in the forma
tion of N-( deoxyguanosin-8-yl)-1-aminopyrene and N-( deoxy
guanosin-8-yl)-1-amino-3-nitropyrene, -6-nitropyrene, or 
-8-nitropyrene in DNA at the site of injection and of the former 
adduct and an unidentified derivative in mammary gland 
DNA (Smith et al. 1990; Beland 1991), as assayed by the 
n-butanol extraction version of the 32P-postlabeling assay 
(Gupta 1985). The formation of aminopyrene adducts indi
cates that nitroreduction is involved in the metabolic acti
vation of l-nitropyrene and the dinitropyrenes. In the liver 
ofCD-l mice and the lung of A/] mice, the same l-nitropy-
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rene preparation produced only adducts derived from the 
dinitropyrene contaminants, showing that dinitropyrenes 
are activated very efficiently to electrophilic metabolites, 
to an extent far better than l-nitropyrene (Smith et al. 1990), 
1,6-dinitropyrene being a particularly potent mutagen and 
carcinogen. The N-(deoxyguanosin-8-yl)-1-aminopyrene 
adduct was also detected by others in the mammary tissue 
and liver of rats treated orally with l-nitropyrene in addi
tion to several adducts that appeared to be derived from 
ring-oxidized metabolites of l-nitropyrene (Roy et al. 1989; 
EI-Bayoumy et al. 1994). 32p-Postlabeling analysis of DNA 
isolated from liver, mammary gland, bladder, and nucle
ated blood cells indicated the formation of N-(deoxy
guanosin-8-yl)-1-amino-6-nitropyrene adduct in rats 
treated intraperitoneally with 1,6-dinitropyrene, and the 
adduct level was highest in urinary bladder (Djuric et al. 
1993). The same adduct was also induced in lung and 
spleen lymphocyte DNA when 1,6-dinitropyrene was ad
ministered directly to the lung of rats (Smith et al. 1993). 
This adduct was further observed in rat liver, mammary 
gland, and peripheral blood lymphocytes upon oral ad
ministration (El-Bayoumy et al. 1994). Comparatively high 
levels of 1,6-dinitropyrene-induced DNA adducts were 
found in rat urinary bladder (3 adducts in 107 DNA nucleo
tides at a dose of 5.0 mg/kg of body weight given intraperi
toneally), whereas adduct levels in white blood cells, liver, 
lung, and small intestinal mucosa were 5- to 10-fold lower 
(T Wolff et al. 1993). 

Diesel Exhaust Extract 

The detection of several bulky/aromatic DNA adducts in 
mouse skin treated with DEE by the standard version of the 
32p-postlabeling assay was first reported by our laboratory 
(ERanderath etal.1985). Five bulky/aromatic DNA adducts 
were detected by the nuclease Pi procedure in mouse skin 
treated with a single 50-mg dose of DEE, which gave a total 
adduct level of 75 amollJ.lg of DNA, or 2.3 adducts in lOB 

DNA nucleotides (Schoket et al. 1989). Similar qualitative 
and quantitative results were obtained with the n-butanol 
extraction procedure. Multiple bulky/aromatic adducts 
forming a diagonal radioactive zone, as first described for 
CSC-induced DNA adducts in mouse skin (E Randerath et 
al. 1986), were also observed by others in skin DNA of mice 
treated topically with DEE (Gallagher et al. 1990). These 
adducts form in a dose-dependent manner, reaching a total 
level of12.9 in lOB DNA nucleotides at a single 20-mg dose. 
Adducts induced by DEE were also observed to form in a 
dose-dependent manner in mouse lung and liver upon 
dermal exposure. 
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Unfractionated Diesel Exhaust 

Individual PAHs and nitro-PAHs present in diesel ex
haust give rise to appreciable levels of well-characterized 
exogenous DNA aduucts in rat lung, as outlined above; 
however, this has not been found for chronic exposures of 
rats to unfractionated diesel exhaust. Rather, bulky endo
genous DNA adducts present in control animals exposed to 
clean air appear to be enhanced by diesel exhaust exposure. 
Such adducts are also detected by 32p-postlabeling (K Ran
derath et al. 1986). As these DNA adducts occur in unex
posed laboratory animals, they are indigenous compounds 
presumably derived from endogenous electrophiles and 
have, therefore, been termed I-compounds (K Randerath et 
al. 1986). An important property of most I-compounds is 
the age-dependent increase of their levels in tissue DNA (K 
Randerath et al. 1986, 1990a, 1992). Higher adduct intensi
ties in lung DNA' of rats exposed to diesel exhaust for 31 
months when compared with control rats exposed to fil
tered air were first reported by Wong and associates (1986). 
Rat lung DNA exposed to diesel exhaust for three months 
contained approximately 14 modifications in 109 DNA 
nucleotides and had an adduct level approximately twice 
that of the control animals, as assayed by nuclease Pi-en
hanced 32P-postlabeling (Bond et al. 1990a,c). A time 
course of up to three months showed an initial decrease of 
lung adducts in diesel exhaust-exposed animals at four 
weeks, followed by a steady increase, while adduct levels 
in control animals did not change during this time. Notably, 
levels of diesel exhaust-enhanced lung DNA adducts did 
not depend on the diesel exhaust dose, which ranged from 
0.35 to 10 mg/m3, and declined to those of control animals 
four weeks after cessation of exposure (Bond et al. 1990c). 
Qualitatively, adduct profiles obtained by polyethylene
imine (PEI)-cellulose thin-layer chromatography (TLC) for 
control and diesel exhaust-exposed animals closely resem
bled each other. The BaP-derived BPDEI-DNA adduct mi
grated in the region of one of the endogenous DNA 
modifications (Bond et al. 1990c), but this spot was not 
further analyzed, so it is not clear whether it actually 
contained a BaP-DNA adduct as well as an endogenous 
DNA modification. 

A study of the DNA adduct distribution in the respiratory 
tract of rats exposed to diesel exhaust for three months at a 
soot concentration of 10 mg/m3 (Bond et al. 1988, 1989) 
showed the highest adduct levels in peripheral lung tissue, 
i.e., approximately 20 DNA adducts in 109 DNA nucleo
tides, as assayed by the nuclease Pi procedure, while other 
regions of the major conducting airways had fewer than 3 
adducts. The corresponding levels in control rats ranged 
from 9 adducts in peripheral tissue to one adduct in other 
airway regions. Thus, the highest adduct levels were found 

in the target region of lung for diesel exhaust-induced 
tumor formation. Although 32P-postlabeled adduct profiles 
differed between various regions of the respiratory tract, 
there were again no clear qualitative differences between 
corresponding tissues from control and exposed animals 
(Bond et al. 1988). 

In another study (Gallagher et al. 1994), two major ad
ducts were analyzed by the n-butanol extraction version of 
the 32P-postlabeling assay in peripheral lung DNA of rats 
exposed for 2,6, and 24 months to diesel exhaust at a soot 
particle concentration of 7.5 mg/m3. One of the adducts 
increased significantly over time in the control rats, but its 
level did not change in the diesel exhaust-exposed animals, 
suggesting that this was not an exogenous adduct but rather 
an I-compound. It was proposed that the other adduct 
resulted from nitro-PAH exposure, as it was nuclease Pi
sensitive and was not detected in rats exposed to carbon 
black or titanium dioxide. However, an adduct with the 
same mobility was present in the 2- and 24-month sham 
exposures, and no attempt was made to characterize chro
matographically the diesel exhaust-enhanced adduct by 
comparison with authentic nitro-PAH-derived markers. 
Furthermore, no P AH-derived DNA adducts were detected 
in the lungs of diesel exhaust-exposed animals. 

PULMONARY CARCINOGENESIS ASSOCIATED WITH 
PARTICLE ACCUMULATION IN THE LUNG 

In view of the lack of solid evidence for the induction of 
exogenous DNA adducts by diesel exhaust in rat lung, other 
mechanisms may be critical in tumor formation associated 
with chronic diesel exhaust inhalation. In contrast to the 
idea of direct genotoxic mechanisms playing a critical role, 
another hypothesis postulates that an epigenetic mecha
nism, resulting from the accumulation of carbonaceous 
particles in the lung, is involved in the pulmonary carcino
genesis induced by diesel exhaust (VostaI1986). This hy
pothesis is supported by the finding that chronic inhalation 
of poorly soluble, respirable particles of different origins 
and compositions without a bioavailable organic chemical 
fraction produces lung cancer in rats, provided exposures 
are of sufficient concentration and duration to lead to a 
"lung clearance overload" (Morrow 1992). This process 
involves a progressive accumulation of particles in the lung 
and accompanying chronic inflammation, epithelial hyper
plasia and metaplasia, and focal fibrosis (RK Wolff et al. 
1987). Mauderly and coworkers (1994) have shown that 
diesel exhaust and carbon black cause nearly identical 
effects in terms of progressive accumulation of particles in 
lung, persistent inflammation, epithelial proliferation, fi
brosis, and tumor formati.on. The two materials were found 
to be equally carcinogenic, and the incidence of primary 
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neoplasms was dose-dependent for both. Tumors induced 
by the two materials were of the same type and displayed 
similar growth characteristics when transplanted. These 
findings suggest that the organic compounds associated 
with diesel exhaust (but not carbon black) may not be 
primarily responsible for the pulmonary carcinogenicity of 
diesel exhaust and that other mechanisms, such as chronic 
inflammation, most likely contribute to the neoplastic out
come. Chronic inflammation is well known to exert cocar
cinogenic effects, presumably mediated by reactive oxygen 
species (Weitzman and Gordon 1990; Frenkel 1992). 

Regarding the induction of DNA adducts by inhaled 
particles, carbon black, similar to diesel exhaust, also en
hanced bNA adduct levels in rat lung (Bond et al. 1990a) 
and rat type II alveolar cells (Bond et al. 1990b) upon 
chronic exposure for three months. Carbon black particles 
are used for comparisons with diesel exhaust soot because 
they are morphologically similar to diesel exhaust soot 
particles, but are virtually devoid of adsorbed organic com
pounds. Exposure of rats for three months to carbon black 
particles at 10 mg/m3 enhanced the total adduct level in the 
lung 1.5-fold relative to that in control animals, while the 
corresponding factor for diesel exhaust was 2.2 (Bond et al. 
1990a). Alveolar type II cells from peripheral lung tissue of 
rats exposed to carbon black or diesel exhaust particles at 
6.2 mg/m3 exhibited an approximately 4-fold increase in 
total adducts compared with sham-exposed rats (Bond et 
al. 1990b). Most ofthese adducts showed the same chroma
tographic mobilities for carbon black, diesel exhaust, and 
clean air exposures and thus appeared to be I'-compounds. 
Although overall increases of I-compound levels were ob
served for carbon black (or diesel exhaust) exposures, one 
putative I-compound in peripheral lung DNA from rats 
exposed to carbon black for two years was reported to 
exhibit a reduced level when compared with age-matched 
rats subjected to sham exposure (Gallagher et al. 1994). 

MODULATION OF I-COMPOUNDS BY CARCINOGENS 
AND TUMOR PROMOTERS 

Changes in I-compound levels induced by carcinogenic 
exposures are not surprising in view of a wealth of informa
tion gathered in our laboratory on the effects of diverse 
carcinogens on the profiles and levels of I-compounds (K 
Randerath et al. 1988b, 1990a,b, 1992, 1993b, 1995; Li et al. 
1989, 1990a; Nath et al. 1991; E Randerath et al. 1991b, 
1995a,b). For example, exposure of female rats to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), a potent liver car
cinogen and hepatic tumor promoter, caused significant 
reductions in the levels of many hepatic I-compounds in 
the liver of female (but not male) rats, and was inactive in 
rat kidney (K Randerath et al. 1988b, 1990b). This target 
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organ-specific effect extended, also, to a number of TCDD 
congeners and polychlorodibenzofurans (E Randerath et al. 
1993), i.e., compounds closely related to the dibenzo-p-diox
ins. A prime example of a so-called nongenotoxic carcinogen, 
TCDD is nonmutagenic in appropriate mutagenicity tests 
(such as the Ames Salmonella assay) and does not lead to 
detectable DNA adduct formation in cells or tissues in vivo. 
Work in oUr laboratory has established that both nongeno
toxic and genotoxic carcinogens modulate levels and pro
files of hepatic I-compounds in vivo (K Randerath et al. 
1988b, 1990b, 1992, 1993b, 1995; Moorthy et al. 1993, 1994; 
E Randerath et al. 1995b). Most of the studies on I-com
pound modulations by carcinogens and tumor promoters 
were conducted in liver, but prooxidant renal carcinogens 
alter also I-compound levels in kidney (Chang et al. 1993; 
E Randerath et al. 1995a). 

Taken together, our extensive studies on I-compounds 
indicate that these DNA modifications are biomarkers of 
aging, nutritional status, tumor promotion, and carcino
genesis (K Randerath et al. 1993b). For these reasons and 
because of previous findings showing lung DNA I-com
pound changes in three-month exposures to diesel exhaust 
and carbon black, as outlined above, a time course of 
I-compound modulation by chronic diesel exhaust and 
carbon black exposures is important for the elucidation of 
mechanisms underlying the carcinogenic effects. 

The present study explored the nature of possible lung 
DNA alterations elicited by chronic inhalation exposure of 
rats to diesel exhaust or carbon black. Specifically, both 
exogenous DNA adduct formation and I-compound levels 
were measured by the nuclease Pi-enhanced 32P-postla
beling assay (Reddy and K Randerath 1986) in order to 
detect exposure-related changes of DNA modification pat
terns. 

SPECIFIC AIMS 

This study was initiated in response to the Health Effects 
Institute's Request for Applications Number 86-2, "Health 
Effects of Diesel Emissions," October 1986. As detailed in 
the final report by Dr. Mauderly and associates (1994), 
animal exposures and bioassays, as well as measurements 
of particle clearance and other phenomena caused by expo
sure to diesel exhaust and carbon black, were conducted 
under the direction of Dr. Mauderly at ITRI. The main goals 
of our work were to determine the possible genotoxicity of 
diesel exhaust inhalation to rat lung by measuring classic 
DNA adduct formation and possible diesel exhaust-in
duced alterations of the levels of I-compounds, and to 
conduct parallel experiments with carbon black to compare 
the effects of both types of particles on DNA. Alterations of 
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DNA adduct profiles induced by diesel exhaust and carbon 
black were to be assessed by comparison with profiles 
obtained for animals exposed to clean air. The initial plan 
involved only the investigation of exogenous DNA adducts, 
but the early experiments indicated that a number ofI-com
pounds were present in all three types of exposures, and 
thus the measurement of I-compound levels was included 
in the project. 

Male and female F344/N rats were to be exposed in five 
groups for up to 24 months to clean air, high and low 
concentrations of carbon black, and high and low concen
trations of diesel exhaust, beginning at 7 to 9 weeks of age. 
Lung DNA was to be isolated at ITRI after various lengths 
of exposure and shipped frozen and in coded form to our 
laboratory for 32P-postlabeling analysis of DNA alterations. 
After the results were reported to ITRI, the individual 
samples from the' five groups were to be decoded. These 
experiments were designed to address questions relating to 
the potential genotoxicity of diesel exhaust and carbon 
black outlined in the Introduction. The potential role of 
particulate matter in eliciting DNA damage was to be elu
cidated, and on the basis of other chronic exposures to 
genotoxic carcinogens, we expected to observe a buildup of 
exogenous DNA adducts during chronic exposure to diesel 
exhaust. Furthermore, alterations in I-compound levels 
were expected in view of the roles of such endogenous DNA 
modifications as biomarkers of tumor promotion, as out
lined in the Introduction. If possible, the relation of DNA 
adducts to different lung tumor types would be assessed. 

In further experiments, effects of topical application to 
mouse skin of an organic extract of diesel exhaust soot on 
mouse tissue DNA were to be studied. In view of similar 
studies previously conducted in our laboratory with CSC 
("tar"), these experiments were expected to shed light on 
possible mechanistic relations between effects of exposure 
to these two complex mixtures, which contain similar poly
cyclic carcinogens. Moreover, because of the previously 
demonstrated identity of the DNA adduct profiles induced 
by cigarette smoke in mouse and human tissues, this part 
of the study was intended to reveal possible molecular links 
between DNA lesions in the animal models studied in this 
project and diesel exhaust-related carcinogenesis in hu
mans. 

The adduct patterns obtained with DEE in mouse skin 
and lung DNA were also expected to provide some infor
mation on types of classic DNA adducts potentially in
duced by unfractionated diesel exhaust in rat lung DNA, as 
qualitatively, aromatic adduct patterns closely resemble 
one another across species and tissues (Li et al. 1990b). 

According to the HEI-approved Quality Assurance Plan, 
the nuclease Pi-enhanced version of the 32P-postlabeling 
assay was to be used for DNA adduct analysis. When this 
project was designed, it was not yet commonly known that 
the C8 adducts of deoxyguanosine formed by N-hy
droxyarylamines, i.e., the activated metabolites of nitro
PAHs (Beland and Kadlubar 1990), are poorly recovered by 
the nuClease Pi version of the 32P-postlabeling assay, but 
are recovered in sufficient amounts by the n-butanol ver
sion (Smith et al. 1990; Gallagher et al. 1991, 1993; Delclos 
et al. 1993). Unfortunately, it was not possible to adopt the 
n-butanol extraction procedure, as work on the early time 
points was already in progress and a different procedure 
would no longer have produced comparable results for the 
later time points. On the other hand, in view of the exten
sive amount of information on I -com pounds obtained in our 
laboratory by the nuclease Pi procedure and the presence 
of a number ofI-compounds in the samples, it was desirable 
to use this enhancement version of the assay. Moreover, N2 

adducts of deoxyguanosine derived from nitro-PAHs, such 
as 6-nitrochrysene, via N-hydroxylamines, and electro
philic ring oxidation products of nitro-PAHs can be ana
lyzed by the nuclease Pi procedure (for references, see 
Delclos et al. 1993). 

METHODS 

RAT INHALATION STUDY 

Details of the exposures of the rats and other aspects of 
the bioassay were given in the final report of Mauderly and 
associates (1994). Briefly, male and female F344/N rats 
were exposed at ITRI by inhalation for 3, 6, 12, 18, and 23 
months to diluted whole diesel exhaust, carbon black 
aerosolized in air, or filtered air (sham exposure), beginning 
at about 8 weeks of age. The rats were exposed 16 hours per 
day, five days per week, to diesel exhaust and carbon black 
at two identical target particle concentrations, a low con
centration of 2.5 mg/m 3 (low diesel exhaust and l~w carbon 
black) and a high concentration of 6.5 mg/m3 (high diesel 
exhaust and high carbon black). Lung DNA taken from rats 
at various time points of the inhalation study was isolated 
at ITRI by a combination of solvent extractions and enzyme 
(protease and ribonuclease) treatments according to a 
standard protocol (Gupta 1984). DNA samples were coded 
and sent to our laboratory for analysis by the nuclease 
Pi-enhanced version of the 32P-postlabeling assay (Reddy 
and K Randerath 1986), as outlined in Figure 1. Because the 
first two DNA shipments for the three- and six-month time 
points contained an inhibitor to the assay, making analysis 
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of these samples impossible, safeguards that were not de
tailed in the standard operating protocols and involved the 
two modifications described below were developed to de
tect potential problems. 

By conducting a number of trouble-shooting experiments 
and reexamining all procedural details involved in the 
preparation of the three- and six-month DNA samples, we 
eventually identified the inhibitor as phosphate, which had 
been added during the initial tissue homogenization step 
and apparently was not completely removed during the 
isolation procedure, so that it contaminated the final DNA 
preparations. Phosphate severely interferes with 32P-postla
beling assays by inhibiting the digestion of DNA to adducted 
and normal nucleotides as well as the polynucleotide kinase
mediated 32P-postlabeling reaction, resulting in incomplete 
recoveries of labeled adducts and, depending on the 
amount of phosphate contamination, a high radioactive 
background 'on adduct maps. These phenomena, particu
larly the high background obtained with the six-month 
samples, suggested that an inhibitor of the 32P-postlabeling 
assay was present in the DNA samples. Because it was not 
experimentally feasible to eliminate all problems associ-

Carclnogen-adducted DNA (1 O~g) 
( ..... pNpNpX pNpN .... ] 

1. Initial digestion I. MN (50 mUlJ.1l) 
, +SPD (0.4 ~/J.1I) 

XP+Np 

2. Enrichment ~ Nu PI (0.6 Jl!lIllIl 

XP+N+Pj 

3. labeling 1 [y- 32 P] ATP ("'4000 CVmmol, 1 0 ~CV~) 
, + PNK (0.5 UlJ.1I) 

*pXp 

4. Final digestion ~ APY (2.0 mU/llIl 

*pXp (+ ADP + ·Pi ) 

5. Separation ~ PEI-cellulose TLC 

*pXp maps 

Figure 1. The nuclease Pl/bisphosphate version of the 32P-postlabeling 
assay. Nuclease PI treatment of the DNA digest serves to enrich DNA adducts 
(Xp) by converting normal nucleotides (Np) to deoxyribonucleosides (N), 
which are not substrates for the polynucleotide kinase-mediated 32P_postla_ 
beling reaction. The final products of the assay are 32P-postlabeled adducted 
deoxyribonucleoside 3',5'-bisphosphates (*pXp). MN = micrococcal nucle
ase; SPD = spleen phosphodiesterase; Nu Pl = nuclease Pt; ATP = adenosine 
triphosphate; ADP = adenosine diphosphate; Pi = inorganic ~hosphate; PNK 
= polynucleotide kinase; APY = apyrase. Asterisks indicate 2P-postlabel. 
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ated with the inhibitor, DNA was reisolated in Dr. 
Mauderly's laboratory at ITRI from all three- and six-month 
lung samples by the original operating protocol, which does 
not involve the use of phosphate buffer, and reassayed by 
us. Thus, DNA preparations from all time points were 
isolated by the same procedure. Only data obtained for 
these new DNA preparations are reported here. 

The first modification of the standard operating protocol 
mentioned above involved the addition of an internal 
standard DNA, containing a known adduct level, to the test 
DNA. By comparing the test samples' adduct recovery with 
the expected adduct level of the standard, it was possible 
to detect incomplete recoveries. Dibenz[a,j]acridine (DBA) 
adducts were chosen for this purpose because they chroma
tographed. away from the area occupied by the 32P-postla
beled spots seen in the rat and mouse tissue samples, and 
they were reproducibly recovered. Also, the major DBA 
adduct was found to be a highly sensitive indicator for the 
presence ofinhibitors ofthe 32P-postlabeling assay, and for 
inappropriate DNA digestion and labeling conditions in 
general. In brief, 0.25 ~g of DBA-DNA was added to 12 ~g 
of test DNA, which had been sheared by drawing the solu
tion ~ix times through a 271fz-gauge needle. The DNAs were 
digested to 3'-mononucleotides by incubation in a calcium 
chloride and sodium succinate buffer at pH 6.0 with spleen 
phosphodiesterase at 0.4 ~g/~L and micrococcal nuclease 
at 0.04 U/~L. 

A second modification of the standard operating protocol 
was made at this point; an aliquot of 2 ~L was removed from 
the digest for normal nucleotide labeling prior to adduct 
enrichment with Penicillium citrinum nuclease Pl. The 
benefits from this step were three-fold. First, we could 
ensure that the initial micrococcal nuclease and spleen 
phosphodiesterase digestion was complete. Second, we 
could determine that the DNA was pure, free of RNA 
contamination. Third, we could count the labeled normal 
nucleotides and adjust for any discrepancies in the DNA 
concentration. To accomplish this, the 2-~L aliquot (ap
proximately 2.0 ~g DNA) was diluted 1,000-fold with water, 
and a 6-~L aliquot was postlabeled in a volume of 9 ~L with 
excess (3.4 to 5.0 ~M) [y-32P]adenosine triphosphate (ATP) 
at 37°C for 45 minutes. At the end of the reaction, 1 ~L of 
potato apyrase diluted in water (20 mU/~L) was added, and 
incubation was continued for 30 minutes to remove excess 
A TP. A portion of the labeled normal DNA nucleoside 
3',5'-bisphosphates (dpNp) was chromatographed on a PEI
cellulose thin layer in 0.28 M ammonium sulfate/50 mM 
sodium phosphate, pH 6.0, to resolve the individual dpNp 
(Figure 2). This allowed us to determine visually that hy
drolysis was complet.e, and in addition, any ribonucleotide 
contamination would have been detected as extra spots. 
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Another portion was chromatographed in 0.25 M lithium 
chloride; the dpNp, which remain at the origin in this 
solvent, were located by autoradiography, excised, 
counted, and used to correct for varying DNA concentra
tions in the relative adduct labeling (RAL) calculation as 
described below. 

The remaining 10 Ilg of digest was enriched by incuba
tion at pH 5.0_with Penicillium citrinum nuclease Pi at 0.6 
Ilg/IlL for 3'-dephosphorylation of the normal nucleotides. 
The remaining modified nucleotides were then 32P-postla
beled with excess (1.3 to 2.0 IlM) carrier-free [y_32p]ATP, 
specific activity 3,500 to 5,000 Ci/mmol, and the labeled 
reaction products were mapped by multidirectional PEI
cellulose TLC (E Randerath et al. 1988; K Randerath et al. 
1988a,b). An initial (Dl) development in 1.0 M sodium 
phosphate, pH 6.6, removed background radioactivity. Ad
ducts were contact-transferred to a fresh TLC sheet and 
mapped two-dimensionally in 4.2 M lithium formate, 7.5 
M urea, pH 3.5, to 14 cm above the point of application (D3), 
followed by 0.72 M sodium phosphate, 0.45 M tris(hy
droxmethy l)aminomethane-hydrochloride (Tris-HCl), 7.65 
M urea, pH 8.2 (D4), to 10 cm above the point of application. 

Figure 2. Autoradiographic profiles from one-dimensional PEl-cellulose 
TLC of normal deoxyribonucleoside 3',5'-bisphosphates obtained by 32p_ 
postlabeling analysis of dialyzed portions (D lanes) and nondialyzed por
tions (ND lanes) of DNA containing an inhibitor to the assay. For 
chromatographic conditions, see text. Pi = inorganic phosphate; dpTp, dpCp, 
dpAp, and dpGp = 3',5'-bisphosphates of deoxythymidine, deoxycytidine, 
deoxyadenosine, and deoxyguanosine, respectively; OR = origin. 

The dried TLC sheets were finally autoradiographed using 
high-speed x-ray film at -80DC and intensifying screens, 
and the spots were quantified by scintillation counting 
(Gupta et al. 1982; Reddy and K Randerath 1986). Relative 
adduct labeling values were calculated according to: 

RAL = cpm in modified nucleotides 
cpm in normal nucleotides x dilution factor 

Dilution factor = __ ~pm_ol_D_N_A_-_P_s~po_t_te_d_t_o_r _ad_d_u_c_t _an_al-,y,--s_is __ 
pmol DNA -P spotted for normal nucleotide analysis 

where DNA-P equals the amount of DNA expressed as DNA 
monomer units. 

STATISTICAL EVALUATION OF RAT LUNG DATA 

An exploratory analysis of the RAL x 109 data for each 
spot across time points and exposures revealed distribu
tions that were highly skewed, but there were no or only 
small alterations of RAL values due to exposure duration 
and type. Therefore, the original RAL x 109 valueS were 
transformed into logarithms to produce the more symmetric 
distributions needed for statistical data evaluation. When 
the level of an adduct was below the limit of detection, it 
was set to the minimum RAL value before taking the loga
rithm. 

For analysis by Tukey's multiple comparison test, the 
log-transformed RAL x 109 values for male and female 
animals combined (Tables 1 through 5) were compared 
among the five exposure groups, including clean air (con
trol), low carbon black, low diesel exhaust, high carbon 
black, and high diesel exhaust, based on a linear regression 
model (General Linear Model Procedure; SAS Institute 
1987). A separate model was fit to the data for each duration 
of exposure: i.e., 3, 6, 12, 18, and 23 months (Tables 1 

through 5). At each time point, the regression model was 
first applied to the data for each individual spot and then 
to the log-transformed total DNA adduct levels, which were 
derived from the sums of the RAL x 109 values for all 13 
adduct spots. The correlation between duplicate RAL meas
urements was determined because the linear regression 
model used accounts for this. The log-transformed DNA 
adduct levels were then compared pairwise among the five 
exposure groups by Tukey's multiple comparison test. This 
was done for all individual spots and total spots (Tables 1 
through 5). To determine additional statistically significant 
differences between exposure groups, log-transformed total 
and individual DNA adduct levels were averaged for all 
time points and then evaluated for significant differences 
using the same methods as above. Log-transformed RAL 
data for male and female animals were compared similarly 
by Tukey's multiple comparison test. 
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Table 1. Effect of Carbon Black or Diesel Exhaust Inhalation for Three Months on Lung DNA Adduct Levels (Male and 
Female F344/N Rats Combined)a 

Spot 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Mean 

Controlb 
Low Low High High 

Carbon Blackc Diesel ExhaustC Carbon Blackd Diesel ExhaustC 

Natural 
Scale 

Log Natural 
Scale Scale 

Log Natural 
Scale Scale 

Log Natural 
Scale Scale 

Log 
Scale 

Natural 
Scale 

Log 
Scale 

2.062 0.285 2.584 0.302 2.255 0.279 2.440 0.372 2.358 0.351 

SE 0.270 0.049 0.381' 0.087 0.144 0.070 0.212 0.039 0.207 0.043 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

1.405 

0.109 

6.328 

0.528 

1.350 

0.084 

6.915 

0.131 

0.040 

0.780 

0.047 

0.123 

0.025 

0.819 

1.509 

0.141 

5.975 

0.466 

1.403 

0.156 

7.071 

0.157 

0.042 

0.763 

0.031 

0.122 

0.043 

0.838 

0.575 0.047 0.506 0.030 

1.173 0.057 1.048 -0.002 

O.OaO 0.034 0.101 0.041 

0.990 -0.024 1.093 0.006 

0.094 0.042 0.137 0.049 

1.095 

0.083 

1.552 

0.120 

0.026 

0.034 

0.179 

0.031 

1.159 

0.118 

1.998 

0.305 

0.042 

0.041 

0.259 

0.054 

1.906 

0.155 

6.169 

0.420 

1.373 

0.099 

7.225 

0.264 

0.037 

0.778 

0.031 

0.124 

0.034 

0.846 

0.519 0.031 

1.197 0.057 

0.116 0.040 

1.071 0.016 

0.080 0.033 

1.243 

0.107 

3.119 

0.868 

0.079 

0.035 

0.356 

0.098 

1.765 

0.087 

7.840 

0.415 

1.619 

0.136 

8.751 

0.632 

1.218 

0.093 

1.243 

0.098 

1.281 

0.060 

2.254 

0.270 

0.242 

0.022 

0.889 

0.024 

0.196 

0.035 

0.797 

0.139 

0.076 

0.030 

0.084 

0.031 

0.103 

0.020 

0.326 

0.051 

4.954 

0.782 

9.113 

1.018 

2.078 

0.257 

9.338 

0.945 

1.523 

0.156 

1.825 

0.311 

1.358 

0.101 

2.247 

0.283 

0.634 

0.070 

0.927 

0.052 

0.282 

0.053 

0.946 

0.043 

0.160 

0.042 

0.206 

0.063 

0.120 

0.032 

0.311 

0.058 

Pairwise 
Comparisonse 

NS 

HDEvs (LDE, 

HCB, LCB, CTL) 

NS 

NS 

NS 

HDE vs LCB 

HDE vs CTL 

NS 

NS 

10 

Mean 

SE 

Mean 

SE 

Mean 0.950 -0.030 1.018 -0.004 1.143 0.043 1.222 0.042 1.628 

0.057 0.027 0.078 0.030 0.100 0.033 0.071 0.029 0.145 

0.192 HDE vs (LDE, HCB, 

SE 

12 Mean 

SE 
13 

14 

1.070 0.012 1.045 -0.001 

0.086 0.041 0.093 0.041 

1.773 

0.180 

1.546 

0.147 

0.223 

0.050 

0.168 

1.662 

0.156 

1.518 

0.199 

0.042 

0.149 

0.999 -0.013 

0.071 0.013 

2.015 

0.453 

1.473 

0.212 

0.083 

0.137 

1.150 0.046 

0.089 0.039 

1.803 0.252 

0.080 0.020 

2.203 0.292 

0.040 

1.535 0.166 

0.136 0.040 

1.928 

0.126 

1.533 

0.273 

0.033 

0.169 

0.036 

LCB, CTL) 

NS 

NS 

NS 

Total 

Mean 

SE 

Mean 

SE 

Mean 28.280 

0.044 0.179 0.050 0.175 

1.439 28.868 1.444 31.002 

0.050 0.169 

1.479 33.634 

0.036 0.126 

1.520 41.417 1.598 HDE vs (LCB, CTL) 

SE 1.885 0.032 2.484 0.035 2.209 0.031 1.862 0.025 3.679 0.040 

a Rats were exposed to filtered air, carbon black, or diesel exhaust and their lung DNA was analyzed by 32P-postlabeling as described in the text. DNA adduct 
levels, expressed as RAL x 109 values (natural scale), were determined for the spots shown in Figure 3 and represent the means for male and female animals 
combined and duplicate DNA analyses. See Table 6 for the number of male and female animals used. Chromatographic maps on which abnormally high 
radioactive background obscured adduct spots were excluded. 

b Measurements per spot = 11, or 143 total. 

C Measurements per spot = 12, or 156 total. 

d Measurements per spot = 10, or 130 total. 

e Statistical comparisons were based on the log-transformed DNA adduct levels (log scale) using Tukey's multiple comparison test (p = 0.05); see text. An 
exposure group outside parentheses is compared with each individual exposure group within parentheses. NS = no significant differences were found. 
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Table 2. Effect of Carbon Black or Diesel Exhaust Inhalation for Six Months on Lung DNA Adduct Levels (Male and 
Female F344/N Rats Combined)a 

Spot 

2 

3 

4 

5 

6 

7 

8 

9 

10 

12 

13 

14 

Total 

Mean 

Controlb 

Natural 

Scale 

3.173 

Log 

Scale 

0.467 

Low Low High High 
Carbon Blackc Diesel ExhaustC Carbon Blackc Diesel ExhaustC 

Natural 

Scale 

3.894 

Log 

Scale 

0.580 

Natural 

Scale 

4.524 

Log 

Scale 

0.608 

Natural 

Scale 

2.415 

Log 

Scale 

0.380 

Natural 

Scale 

3.280 

Log 

Scale 

0.498 

SE 0.416 0~054 0.261 0.029 0.639 0.061 0.090 0.017 0.279 0.038 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

2.694 0.391 2.320 0.357 2.971 0.459 2.185 0.332 4.653 0.646 

0.391 0.057 

11.237 1.004 

1.851 0.060 

0.134 0.027 0.225 

9.248 0.942 12.511 

0.864 0.045 1.202 

2.510 0.371 2.270 0.341 3.120 

0.299 0.049 0.172 0.036 0.292 

0.032 

1.075 

0.042 

0.473 

0.041 

0.122 0.024 0.431 

8.552 0.923 11.865 

0.535 0.027 0.888 

2.250' 0.340 2.838 

0.159 0.031 0.312 

14.192 1.124 12.169 1.062 15.883 1.178 23.014 1.062 15.745 

1.655 0.048 1.166 0.044 1.585 0.042 0.989 0.039 1.333 

1.402 

0.130 

1.655 

0.128 

0.041 

0.183 

1.371 

0.085 

1.536 

0.128 

0.026 

0.177 

1.736 

0.110 

1.869 

0.230 

0.026 

0.250 

1.301 

0.105 

1.501 

0.096 

0.040 

0.160 

1.658 

0.091 

1.734 

0.043 

1.060 

0.034 

0.425 

0.046 

1.179 

0.039 

0.211 

0.028 

0.230 

SE 0.207 0.057 0.092 0.027 0.200 0.039 0.118 0.036 0.104 0.027 

Mean 

SE 

Mean 

2.026 0.271 

0.271 0.056 

3.265 0.480 

1.718 0.230 2.232 

0.081 0.020 0.179 

3.260 0.485 4.460 

0.333 

0.035 

0.635 

1.882 0.264 2.051 

0.123 0.029 0.125 

3.762 0.553 4.523 

0.303 

0.026 

0.635 

SE 0.398 0.055 0.313 0.051 0.348 0.033 0.377 0.041 0.385 0.042 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

1.851 0.231 1.609 0.193 1.928 

0.239 0.056 0.121 0.033 0.125 

1.629 0.188 1.756 -0.223 

0.150 0.049 0.155 0.043 

2.493 

0.251 

0.275 1.938 0.267 2.298 0.346 

0.028 0.195 0.039 0.169 0.035 

0.370 1.855 0.243 2.250 0.341 

0.047 0.199 0.044 0.154 0.030 

2.556 0.387 2.458 0.375 2.324 0.355 2.558 0.390 2.408 0.366 

0.246 

2.091 

0.207 

50.281 

0.044 

0.297 

0.046 

0.179 

2.266 

0.279 

1.672 45.876 

0.037 0.177 

0.320 2.408 

0.053 0.308 

1.649 58.458 

0.029 0.232 

0.348 2.273 

0.050 0.426 

1.752 44.486 

0.036 0.197 

0.290 2.285 

0.068 0.261 

1.638 57.588 

0.035 

0.330 

0.049 

1.750 

SE 6.056 0.050 3.104 0.034 4.606 0.034 2.997 0.029 3.658 0.030 

Pairwise 

Comparisonsd 

HCBvs LDE 

HDEvs [CTL, 

LCB, HeB) 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

a Rats were exposed to filtered air, carbun black, or diesel exhaust and their lung DNA was analyzed by 32P-postlabeling as described in the text. DNA adduct 
levels, expressed as RAL x 109 values [natural scale), were determined for the spots shown in Figure 3 and represent the means for male and female animals 
combined and duplicate DNA analyses. For the number of male and female animals used, see Table 6. Chromatographic maps on which abnormally high 
radioactive background obscured adduct spots were excluded. 

b Measurements per spot:::: 11, or 143 total. 

C Measurements per spot:::: 12, or 156 total. 

d Statistical comparisons were based on the log-transformed DNA adduct levels (log scale) using Tukey's multiple comparison test (p :::: 0.05); see text. An 
exposure group outside parentheses is compared with each individual exposure group within parentheses. NS ::::'no significant differences were found. 
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Table 3. Effect of Carbon Black or Diesel Exhaust Inhalation for 12 Months on Lung DNA Adduct Levels (Male and 
Female F344/N Rats Combined)a,b 

Spot 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

12 

13 

14 

Total 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE' 

Mean 

Control 

Natural 

Scale 

2.984 

0.181 

1.635 

0.124 

5.472 

0.420 

1.949 

0.145 

8.142 

Log 
Scale 

0.465 

0.030 

0.200 

0.033 

0.723 

0.035 

0.277 

0.032 

0.905 

Low 
Carbon Black 

Natural 
Scale 

2.850 

0.141 

1.669 

0.114 

5.281 

0.409 

1.874 

0.091 

8.400 

Log 
Scale 

0.448 

0.023 

0.209 

0.033 

0.709 

0.033 

0.267 

0.021 

0.912 

Low 
Diesel Exhaust 

High 
Carbon Black 

Natural 
Scale 

2.631 

0.187 

1.587 

0.081 

5.041 

0.279 

1.743 

0.098 

7.551 

Log 
Scale 

Natural 
Scale 

0.408 2.463 

0.032 0.255 

0.194 1.417 

0.022 0.116 

0.696 4.742 

0.023 0.470 

0.234 1.801 

0.024 0.119 

0.872 7.320 

Log 
Scale 

0.362 

0.050 

0.136 

0.035 

0.655 

0.040 

0.246 

0.026 

0.861 

High 
Diesel Exhaust 

Natural 
Scale 

2.803 

0.201 

2.313 

0.193 

5.752 

0.487 

1.956 

0.152 

9.565 

Log 
Scale 

0.436 

0.031 

0.345 

0.040 

0.741 

0.040 

0.277 

0.034 

0.972 

SE 0.419 0.022 0.601 0.031 0.382 0.021 0.255 0.016 0.581 0.026 

Mean 1.747 0.234 1.840 0.257 1.762 0.234 1.644 0.209 2.153 0.319 

SE 0.102 0.026 0.100 0.024 0.121 0.031 0.089 0.025 0.185 0.033 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

1.701 

0.094 

1.966 

0.129 

10.573 

0.986 

0.223 

0.025 

0.283 

0.028 

2.202 0.322 

0.207 0.040 

2.254 0.340 

0.165 0.033 

1.572 0.178 1.780 

0.141 0.038 0.139 

2.056 0.303 2.023 

0.131 0.028 0.163 

1.004 24.677 

0.040 3.640 

1.345 16.397 1.158 17.372 

0.059 2.475 0.068 0.841 

0.236 

0.033 

0.292 

0.033 

1.816 

0.138 

2.287 

0.136 

1.234 20.476 

0.021 1.672 

0.247 

0.030 

0.351 

0.025 

1.294 

0.037 

4.725 0.647 3.708 0.529 4.808 0.642 3.343 0.493 3.660 0.549 

SE 0.457 0.049 0.529 0.053 0.571 0.059 0.385 0.049 0.289 0.033 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

1.610 0.181 

0.185 0.043 

3.143 

0.238 

1.770 

0.199 

0.481 

0.038 

0.218 

0.049 

1.911 -0.267 1.512 0.171 

0.152 0.033 0.092 0.027 

2.280 

0.163 

1.603 

0.106 

0.344 

0.034 

0.193 

1.898 

0.155 

1.714 

1.498 

0.162 

47.416 1.670 60.548 

0.031 0.195 

1.766 50.272 

0.261 2.031 

0.038 0.172 

0.208 1.264 

0.044 0.097 

1.689 48.680 

0.147 

0.041 

1.543 

0.169 

0.292 1.702 

0.035 0.074 

0.090 1.549 

0.030 0.152 

1.683 57.573 

0.164 

0.042 

0.226 

0.020 

0.171 

0.038 

1.753 

SE 2.279 0.023 4.982 0.035 3.704 0.032 2.056 0.019 3.139 0.024 

Pairwise 

Comparisonsc 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

a Rats were exposed to filtered air, carbon black, or diesel exhaust and their lung DNA was analyzed by 32P-postlabeling as described in the text. DNA adduct 
levels, expressed as RAL X 109 values (natural scale), were determined for the spots shown in Figure 3 and represent the means for male and female animals 
combined and duplicate DNA analyses. For the number of male and female animals used, see Table 6. Chromatographic maps on which abnormally high 

, radioactive background obscured adduct spots were excluded. 

b Measurements per spot = 12, or 156 total, for each exposure group. 

e Statistical comparisons were based on the log-transformed DNA adduct levels (log scale); see text. NS = no signiticant differences were found. 
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Table 4. Effect of Carbon Black or Diesel Exhaust Inhalation for 18 Months on Lung DNA Adduct Levels (Male and 
Female F344/N Rats Combined)a 

Spot 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

12 

13 

14 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Total Mean 

SE 

Controlb 
Low 

Carbon B lackc 

Natural 
Scale 

Log Natural 

Scale Scale 

2.892 0.453 

0.182 0.028 

3.163 0.479 

0.406 0.041 

16.908 1.222 

0.946 0.025 

2.020 0.300 

. 0.101 0.022 

19.241 1.273 

1.318 0.033 

3.690 0.561 

0.191 0.024 

1.969 0.274 

0.192 0.046 

3.375 0.477 

0.574 0.069 

4.255 0.597 

0.555 0.055 

2.068 0.287 

0.244 0.053 

2.150 0.321 

0.171 0.034 

3.940 0.578 

0.372 0.041 

1.436 0.144 

3.882 

0.510 

4.339 

0.807 

29.393 

6.192 

3.455 

0.690 

33.130 

8.120 

5.295 

0.508 

2.929 

0.569 

4.205 

0.741 

6.920 

1.428 

2.771 

0.598 

3.144 

0.479 

3.867 

0.461 

1.728 

0.119 0.036 0.205 

67.107 1.818 105.057 

4.605 0.030 20.590 

Log 
Scale 

0.561 

0.046 

0.589 

0.059 

1.397 

0.073 

0.469 

0.074 

1.434 

0.079 

0.708 

0.035 

0.412 

0.064 

0.572 

0.064 

0.770 

0.075 

0.374 

0.072 

-0.456 

0.057 

0.559 

0.049 

0.211 

0.047 

1.965 

0.064 

Low High High 
Diesel Exhaustb Carbon Blackb Diesel Exhaustd 

Natural 

Scale 

Log Natural 

Scale Scale 

Log 

Scale 

4.453 0.623 

0.527 0.049 

6.090 0.731 

0.915 0.076 

32.408 1.465 

4.460 0.070 

4.627 0.621 

0.635 0.068 

35.184 1.506 

4.692 0.064 

7.132 0.838 

0.667 0.037 

2.781 0.429 

0.236 0.039 

4.290 0.620 

0.342 0.036 

5.519 0.727 

0.455 0.039 

2.711 0.424 

0.168 0.031 

2.935 0.437 

0.429 0.051 

3.329 0.503 

0.339 0.043 

1.849 0.252 

0.177 0.037 

3.939 0.579 

0.356 0.039 

4.406 0.625 

0.428 0.044 

27.751 1.420 

3.167 0.047 

3.571 0.530 

0.422 0.045 

36.439 1.545 

3.572 0.039 

5.667 0.739 

0.461 0.038 

3.412 0.508 

0.412 0.048 

4.666 0.640 

0.620 0.051 

5.823 0.750 

0.534 0.037 

2.730 0.410 

0.330 0.0.49 

3.162 0.470 

0.476 0.049 

3.938 0.573 

0.453 0.045 

2.069 0.299 

0.198 0.039 

113.308 2.032 107.573 2.019 

11.739 0.048 8.962 0.035 

Natural 

Scale 

Log 

Scale 

Pairwise 

Corn parisonse 

3.739 0.538 NS 

0.526 0.049 

4.442 0.574 NS 

0.953 0.069 

27.908 1.386 NS 

4.779 0.066 

3.534 0.495 NS 

0.600 0.061 

32.935 1.466 NS 

4.920 0.064 

4.032 0.581 LDE vs (HDE, CTL) 

0.467 0.042 

2.493 0.339 NS 

0.454 0.062 

3.412 0.505 NS 

0.391 0.046 

5.108 0.671 NS 

0.678 0.053 

2.175 0.289 NS 

0.365 0.057 

2.752 0.412 NS 

0.316 0.045 

2.692 0.395 NS 

0.382 0.048 

1.791 0.224 NS 

0.221 0.046 

97.012 1.944 

14.176 0.056 

NS 

a Rats were exposed to filtered air, carbon black, or diesel exhaust and their lung DNA was analyzed by 32P-postlabeling as described in the text. DNA adduct 
levels, expressed as RAL x 109 values (natural scale), were determined for the spots shown in Figure 3 and represent the means for male and female animals 
combined and duplicato DNA analyses. For the number of male and female animals used, see Table 6. Chromatographic maps on which abnormally high 
radioactive background obscured adduct spots were excluded. 

b Measurements per spot = 10, or 130 total. 

C Measurements per spot = 11, or 143 total. 

d Measurements per spot = 12, or 156 total. 

e Statistical comparisons were based on the log-transformed DNA adduct levels (log scale) using Tukey's multiple comparison test (p = 0.05); see text. An 
exposure group outside parentheses is compared with each individual exposure group within parentheses. NS = no significant differences were found. 
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Table 5. Effect of Carbon Black or Diesel Exhaust Inhalation for 23 Months on Lung DNA Adduct Levels (Male and 
Female F344/N Rats Combined)a 

Controlb High Carbon Blackb High Diesel ExhaustC 

Natural Log Natural Log Natural Log Pairwise 

Spot Scale Scale Scale Scale Scale Scale Comparisonsd 

1 Mean 3.428 0.514 2.642 0.395 3.622 0.540 HDEvsHCB 

SE 0.261 0.034 0.252 0.037 0.267 0.028 

2 Mean 2.631 0.400 2.387 0.366 2.923 0.450 NS 

SE 0.209 0.032 0.139 0.026 0.191 0.0296 

3 Mean 13.068 1.097 12.806 1.092 15.403 1.172 NS 

SE 0.951 0.033 0.884 0.029 0.985 0.026 
4 Mean 1.932 0.270 2.155 0.314 2.468 0.379 NS 

SE 0.129 0.030 0.170 0.032 0.142 0.024 

5 Mean 14.938 1.152 15.495 1.163 17.219 1.218 NS 

SE 1.174 0.035 1.459 0.038 1.231 0.028 

6 Mean 1.719 0.221 2.116 0.297 2.282 0.333 NS 

SE 0.105 0.029 0.197 0.039 0.187 0.034 

7 Mean 1.530 0.165 2.091 0.288 2.384 0.358 HDEvsCTL 

SE 0.110 0.033 0.217 0.041 0.159 0.030 

8 Mean 1.665 0.196 2.174 0.307 2.040 0.290 NS 

SE 0.145 0.037 0.215 0.040 0.138 0.030 
9 Mean 5.224 0.697 13.695 1.002 15.350 0.998 NS 

SE 0.406 0.034 2.536 0.090 3.096 0.094 
10 Mean 1.718 0.208 2.394 0.326 2.486 0.360 NS 

SE 0.153 0.038 0.333 0.051 0.229 0.042 

12 Mean 1.344 0.086 1.839 0.206 1.525 0.150 NS 

SE 0.138 0.051 0.257 0.055 0.135 0.040 
13 Mean 4.558 0.596 2.648 0.394 2.230 0.340 (HCB, HDE) vs CTL 

SE 0.587 0.060 0.240 0.040 0.097 0.019 
14 Mean 1.290 0.090 1.148 0.016 1.269 0.087 NS 

SE 0.100 0.034 0.118 0.052 0.077 0.028 

Total Mean 55.044 1.725 63.591 1.782 71.198 1.836 NS 

SE 3.603 0.030 5.255 0.034 4.522 0.028 

a Rats were exposed to filtered air, carbon black, or diesel exhaust and their lung DNA was analyzed by 32P-postlabeling as described in the text. DNA adduct 
levels, expressed as RAL x 109 values (natural scale), were determined for the spots shown in Figure 3 and represent the means for male and female animals 
combined and duplicate DNA analyses. For the number of male and female animals used, see Table 6. Chromatographic maps on which abnormally high 
radioactive background obscured adduct spots were excluded. 

b Measurements per spot = 17, or 221 total. 

C Measurements per spot = 20, or 260 total. 

d Statistical comparisons were based on the log-transformed DNA adduct levels (log scale) using Tukey's multiple comparison test (p = 0.05); see text. An 
exposure group outside parentheses is compared with each individual exposure group within parentheses. NS = no significant differences were found. 
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MOUSE-P AINTING EXPERIMENT 

An extract (DEE) was prepared at lTRl from diesel ex
haust soot on a filter according to a standard operating 
protocol. Diesel soot was collected on large filters drawn 
from the dilution funnel. The filters were stored at -20CC 
until extraction. Extraction was carried out twice for one 
hour each time in methylene chloride with sonication. The 
extract was filtered and evaporated under vacuum below 
50CC. Extract from a 20- x 20-cm filter was concentrated to 
a final volume of 2 to 3 mL. To ensure complete removal of 
methylene chloride, the extract was weighed before and 
after further removal of residual solvent on a nitrogen 
evaporator. The residue was stored at -80cC. The percent
age of extractable material was calculated according to 
(gram of extract/gram of diesel soot) x 100. The weighted 
mean ofthis material amounted to approximately 8.2% and 
varied little during the diesel exhaust inhalation studies at 
lTRl (Mauderly et al. 1994). 

Five grams ofthe crude DEE was shipped on dry ice from 
lTRl to our laboratory and stored at -80cC. According to our 
standard operating protocol, this material was to be taken 
up in acetone at a concentration of 20 mg/mL, and mice 
were to be treated dermally with a single dose of 2 mg (100 
ilL) or with five doses of 2 mg each of acetone solution. 
However, two studies published at that time reported the 
use of substantially higher doses of DEE for investigating 
the formation of DNA adducts in mouse skin: i.e., a cumu
lative dose ranging from 20 mg (four treatments with 5 mg 
each) to 120 mg (four treatments with 30 mg each) (Gal
lagher et al. 1990), and a single dose of 50 mg (Schoket et 
al. 1989). A dose of 50 mg per mouse was found to induce 
about 14 adducts in 108 DNA nucleotides (Gallagher et al. 
1990) or 2.5 adducts in 108 DNA nucleotides (Schoket et al. 
1989). Even these DNA modification levels were not par
ticularly high when compared with CSC-induced DNA 
adduct levels (E Randerath et al. 1988). For these reasons 
and in view of the planned adduct persistence studies, the 
DEE dose was increased to 20 mg per application. Other
wise, treatment and sacrifice schedules remained the same 
as described in the standard operating protocol. 

The crude DEE received from lTRl was taken up in 25 mL 
of acetone, giving a concentration of 20 mg/l00 ilL. Topical 
treatment of4-week-old (19- to 21-g) male CD-l mice (Char
les River Laboratories, Wilmington, MA) involved either a 
single dose of 20 mg/mouse, or five such doses on five 
consecutive days, while control animals received acetone 
only. Two control and three or four DEE-treated animals 
were sacrificed at five time points following treatment: that 
is, at one day, three days, 2 weeks, 6 weeks, and 11 weeks 
for the single-dose group, and at one day, three days, 2 
weeks, 6 weeks, and 10 weeks for the multiple-dose group. 

DNA was isolated from skin, lung, and heart tissue, accord
ing to the procedure described, and assayed by the nuclease 
P1-enhanced version of the 32P-postlabeling assay, as out
lined in Figure 1. The labeled reaction products were puri
fied by multidirectional PEl-cellulose TLC as described 
above. The initial development was in 2.3 M sodium phos
phate, pH 5.75. Adducts were mapped two-dimensionally 
after contact transfer, with the addition of a 6-cm wick for 
D4 development in order to optimize purification of the 
adducts. The dried TLC sheets were autoradiographed us
ing high-speed x-ray film at -80cC and intensifying screens. 

RESULTS 

RAT LUNG DNA ANALYSIS 

A typical autoradiogram indicating the areas cut from the 
chromatograms is shown in Figure 3. Profiles were qualita-

Figure 3. A typical adduct pattern obtained from 3zP_postlabeled rat lung 
DNA. This DNA sample was from a female control rat at 12 months. DNA 
was assayed by the nuclease Pl/bisphosphate version of the 32P-postlabeling 
assay, and labeled digest was chromatographed as described in the text. First 
dimension, from bottom to top: second dimension, from left to right. Autora
diography using Kodak XAR-5 x-ray film and an intensifying screen was 
performed at -80aC for 16 hours . .The numbers indicate the adduct spots that 
were quantified. 
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tively identical for all time points and exposure groups, 
including controls. No extra spots related to exposure and 
no gender-specific qualitative differences were apparent on 
any of the maps. Thus, the observed spots presumably 
represented I-compounds, which form during normal nu
trient metabolism (Li and K Randerath 1990,1992; Li et al. 
1992a,b; K Randerath et al. 1990a, 1992) and can be modu
lated by carcinogen exposures (see Introduction). DNA 
adduct levels, expressed as RAL x 109 values ± SE, for 
individual and total bulky DNA adducts are shown in 
Tables 1 through 5 in the columns marked "Natural Scale." 
The spot numbers correspond to those shown in Figure 3. 
The exposure groups were control (CTL; clean air), low 
carbon black (2.5 mg/m3

), low diesel exhaust (2.5 mg/m3
), 

high carbon black (6.38 mg/m3
), and high diesel exhaust 

(6.62 mg/m3
). All types of exposures were studied for 3, 6, 

12, and 18 months (Tables 1 through 4), while 23-month 
time points. were determined only for the control, high 
carbon black, and high diesel exhaust groups (Table 5). Data 
for the 3-, 6-, 12-, and 18-month time points are means of 
duplicate DNA analyses for three male and three female 
animals, except where specified otherwise (see footnotes of 
Tables 1 through 4 for the total number of DNA analyses 
and column "n" of Table 6 for the number of analyses in 
male and female animals). Relative adduct labeling values 
at 23 months were also derived from duplicate DNA analy
ses, which were carried out for four male and five female 
control animals, for two male and seven female animals 
exposed to high carbon black, and for two male and eight 
female animals exposed to high diesel exhaust, except 
where specified otherwise (see Tables 5 and 6). 

As is evident from the RAL data (Tables 1 through 5), 
there were no substantial changes of DNA modification 
levels in all exposure groups and for all time points. Total 
adduct levels tended to increase with age up to 12 months 
in all exposure groups (Figure 4), thus exhibiting a property 
typical of I-compounds (K Randerath et al. 1986, 1990a). 
Overall, the kinetics of total adduct accumulation (Figure 
4) was similar to that for I-compounds in other rodent 
tissues from animals fed ad libitum (E Randerath et al. 
1991a; K Randerath et al. 1993a); that is, there was a steady 
increase in the DNA modification levels up to an age of 6 
to 10 months, as seen for all exposures (Figure 4), and the 
RAL values leveled off at later ages, as observed for the 
control and high diesel exhaust exposure groups from 12 to 
24 months. Statistical analysis described below confirmed 
these trends. 

Figures 5 and 6 illustrate the effects of carbon black and 
diesel exhaust exposures on the levels of selected individ
ual adducts and of total adducts at the five time points. 
Although the adduct levels overall were similar across 
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exposure groups and time points, some trends were appar
ent. Adduct spots 2 and 12 at 3 and 6 months, spots 7 at 3 
and 23 months, spot 9 at 12 and 23 months, as well as the 
total spots at 3 and 23 months appeared to be increased in 
the high diesel exhaust group as compared with the control 
group. Adduct spot 2 at 18 months and spot 9 at 12 and 23 
months appeared to be enhanced also for high carbon black 
exposure. An opposite trend was noticed for spot 13, in that 
RAL values appeared to be reduced for high diesel exhaust 
exposure at 12, 18, and 23 months and for high carbon black 
exposure at 12 and 23 months. Statistical analysis based on 
logarithmic transformation of RAL values and Tukey's 
multiple comparison test, as described below, showed the 
following tentative differences in adduct levels between the 
high diesel exhaust group and the control group to be 
significant for spot 2 at 3 and 6 months, spot 7 at 3 and 23 
months, and for the total spots at 23 months. Furthermore, 
the lower levels observed for spot 13 from the high diesel 
exhaust and high carbon black groups as compared with the 
control group were significant at 23 months. 

High diesel exhaust exposure appeared to affect the age 
dependence of the levels of different adducts in different 
ways when compared with the control group (see Figure 7). 

Spot 2 tended to decline, spot 9 tended to increase, and spot 
13 appeared to remain constant. On the other hand, all 
corresponding control values appeared to increase slightly 
with age. Figure 7 (bottom panel) also illustrates the lower 
levels of spot 13 mentioned above for animals exposed to 
high diesel exhaust as compared with control animals. 

STATISTICAL EVALUATION OF RAT LUNG DATA 

Logarithmic Transformation of Relative Adduct 
Labeling Data 

An exploratory analysis of the RAL x 109 data (Tables 1 
through 5, columns marked "Natural Scale") for each spot 
across exposures and time points revealed distributions 
that were highly skewed to the right (see Figures 8A and 
9A). This was because the majority of values were very 
small and a small minority were rather large. Logarithmic 
(base 10) transformation of the original RAL x 109 values 
(Tables 1 through 5, columns marked "Log Scale") resulted 
in symmetric distributions, which more closely approxi
mate a normal distribution (see Figures 8B and 9B), a 
prerequisite for the statistical tests to be performed. This 
transformation prevented the few large values from domi
nating the results of the analysis and helped to make the 
variability of the measurements more similar from one 
exposure group to the next. 
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Table 6. Effect of Carbon Black or Diesel Exhaust Inhalation on Total Lung DNA Adduct Levels of Male and Female 

F344/N Rats
a 

Males Females 

Natural Scale Log Scale Natural Scale Log Scale 

Exposure 
Duration Exposure 
(months) Groupb n Mean SE Mean SE n Mean SE Mean SE 

3 C 5 27.172 2.060 1.429 0.035 6 29.072 3.143 1.448 0.055 
LCB 6 28.483 4.375 1.433 0.058 6 29.262 2.821 1.455 0.045 
LDE 6 29.605 2.523 1.463 0.40 6 32.398 3.785 1.495 0.051 

BCB 4 33.740 1.753 1.526 0.022 6 33.563 3.028 1.516 0.042 

BDE 6 37.045 5.257 1.547 0.062 6 45.778 4.927 1.648 0.046 

6 C 5 66.170 8.397 1.807 0.053 6 37.040 3.217 1.560 0.039c 

LCB 6 43.153 5.943 1.616 0.064 6 48.238 2.198 1.681 0.022 

LDE 6 61.088 7.000 1.771 0.052 16 55.827 6.447 1.734 0.047 

BCB 6 48.583 5.175 1.674 0.051 6 40.288 2.386 1.602 0.024 

HDE 6 57.925 7.178 1.744 0.059 6 57.250 2.706 1.755 0.021 

12 C 6 44.453 3.991 1.638 0.042 6 50.378 1.849 1.701 0.016 

LCB 6 66.523 9.553 1.797 0.069 6 54.572 1.917 1.736 0.015 
LDE 6 45.207 4.901 1.647 0.037 6 55.337 4.777 1.730 0.048 

BCB 6 49.510 3.091 1.691 0.025 6 47.850 2.962 1.675 0.030 
BDE 6 60.667 2.330 1.781 0.017 6 54.480 5.840 1.725 0.044 

18 C 4 57.618 7.183 1.751 0.051 6 73.433 4.793 1.862 0.026 

LCB 6 79.132 2.235 1.897 0.012 5 136.168 43.367 2.047 0.139 
LDE 4 129.190 5.311 2.110 0.018 6 102.720 18.603 1.979 0.073 
BCB 6 92.247 6.771 1.959 0.031 4 130.563 13.932 2.108 0.047 
BDE 6 73.608 8.588 1.853 0.049 6 120.415 24.319 2.036 0.088 

23 C 7 51.871 72.05 1.690 0.060 10 57.265 3.985 1.749 0.029 
BCB 3 58.963 6.535 1.834 0.046 14 62.439 6.230 1.770 0.040 
HDE 4 61.118 7.853 1.777 0.051 16 73.718 5.213 1.851 0.032 

a Rats were exposed to filtered air, carbon black, or diesel exhaust, and their lung DNA was analyzed by 32P-postlabeling as described in the text. DNA adduct 
levels for the spots shown in Figure 3, expressed as RAL x 109 values, were summed (natural scale) and then log-transformed (log scale). The values represent 
the means for the number of analyses shown in column n. DNA preparations were assayed in duplicate. Chromatographic maps on which abnormally high 
radioactive background obscured adduct spots were excluded. 

b C = Control. 

C The p value for comparing males and females based on log-transformed total DNA adduct levels is significant (p < 0.05). 
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Figure 4. Effects of duration of inhalation exposure to clean air (control), carbon black, and diesel exhaust on total lung DNA adduct levels, expressed as 
RAL x 109 values. Data points denote the means of adduct levels determined by duplicate DNA analyses for 3 male and 3 female rats, except where specified 
otherwise (see Tables 1 through 4, footnotes, and Table 6). Error bars represent the SEs. Most error bars are not evident because they coincide with the data 
point symbols. 
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Multiple Comparisons 

Multiple comparisons were carried out on the basis of a 
linear regression model, which incorporates the structure 
of the data by specifying a random effect accounting for the 
correlation between duplicate RAL measurements for each 
spot. The correlation between duplicate RAL measure
ments for each spot across exposures and time points is 
illustrated in Figure 10. The overall Pearson correlation 
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Figure 5. Effects of duration of inhalation exposure to clean air (control), 
carbon black, and diesel exhaust on the levels of representative adducts 
(spots 2, 7, and 9), expressed as RAL x 109 values combined for male and 
female rat DNA. For the number of DNA analyses and rats, see text and Tables 
1 through 6. Error bars represent SEs. 

coefficient (R) between the first and second log-transformed 
RAL values for each spot was 0.91, indicating a strong 
degree of correlation. 

The log-transformed DNA adduct levels (Tables 1 

through 5) were compared pairwise among the five expo
sure groups by Tukey's multiple comparison test. This test 
was used to control the Type I error rate for the 10 t tests 
performed, which compared exposure effects for each indi-
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Figure 6. Effects of duration of inhalation exposure to clean air (control), 
carbon black, and diesel exhaust on the levels of representative adducts 
(spots 12 and 13) and of total adducts, expressed as RAL x 109 values 
combined for male and female rat DNA. For the number of DNA analyses 
and rats, see text and Tables 1 through 6. Error bars represent SEs. 
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vidual spot or total spots and month of exposure. Although 
Tukey's Studentized Range Test was used to maintain a 
significance level of p = 0.05 for these 10 tests, the combi
nation of 13 spots and 5 durations of exposure still yields 
65 such collections of pairwise tests, of which 3 to 4 would 
be expected to show at least one significant difference by 
chance alone. This qualification should be kept in mind in 
the interpretation of observed statistically significant dif
ferences. 
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Figure 7. Effects of duration of inhalation exposure to clean air (0) and high 
diesel exhaust (e) on the levels of selected individual DNA adducts (spots 
2, 9, and 13), expressed as RAL x 109 values combined for male and female 
rat DNA. For the number of DNA analyses and rats, see text and Tables 1 
through 6. Error bars represent SEs. Some eITor bars are not evident because 
they coincide with the data point symbols. 
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The results of Tukey's multiple comparison test are 
shown in the last column of Tables 1 through 5. Based on 
the log-transformed total DNA adduct levels given in the 
second row from the bottom of Tables 1 through 5 and 
plotted in Figure 11, a significant difference among expo
sure groups was exhibited only at the three-month time 
point (Table 1). At this time, the group exposed to high 
diesel exhaust had a significantly higher log-transformed 
total adduct level than both the control group and the 
groups exposed to low carbon black. No other pairwise 
comparisons for the log-transformed total DNA adduct lev
els among the five exposure groups were significant at any 
other time point. Based on the log-transformed DNA adduct 
levels for individual spots, the largest number of significant 
differences were observed at the three-month time point; 
the group exposed to high diesel exhaust had higher adduct 
levels than any of the remaining exposure groups for both 
spots 2 and 10, had higher levels than the group exposed to 
low carbon black for spot 6, and had higher levels than the 
control group for spot 71 At the six-month time point, spot 
2 was still elevated in the group exposed to high diesel 
exhaust when compared with the control group or either 
one of the groups exposed to carbon black. In addition, spot 
1 had a significantly higher adduct level for the group 
exposed to low diesel exhaust than for the group exposed 
to high carbon black. There were no significant differences 
between exposure groups at the 12-month time point, and 
few significant differences at the 18- or 23-month time 
points. Notably, spot 13 had a significantly lower level in 
the group exposed to high diesel exhaust at 23 months when 
compared with the control group, whereas all other signifi
cant changes induced by high diesel exhaust exposure were 
increases over values for control animals. 

The analysis of the effects of gender on DNA adduct 
levels is summarized in Table 6. For each duration of 
exposure and exposure group, the mean and SE ofthe total 
DNA adduct level have been listed on both the natural and 
log-transformed scale. With the exception of a significant 
difference between males and females in the control group 
at the six-month time point, there were no significant dif
ferences between male and female animals according to 
Tukey's multiple comparison test. 

Aging Effects 

Figure 12 displays the same data as those in Figure 11 in 
a different format: here log-transformed total DNA adduct 
levels have been plotted against time points separately for 
each exposure group. Figure 12 shows that the DNA adduct 
levels reflect an aging effect in that they increase as the 
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duration of exposure progresses from 3 to 18 months. There 
is a slight decline in DNA adduct levels at the 23-month 
time point for the control, high carbon black, and high 
diesel exhaust exposure groups. The other two exposure 
groups were not assessed at 23 months. 
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Figure 8. Distribution of DNA adduct levels (expressed as RAL x 109 values) for spots 1, 2, 4, 6,7,8,10,12,13, and 14 from all time points and exposure 
groups (see text), including male and female rats, on (A) natural and (B) logarithmic scales. All X-axes and Y-aXes are the same as shown in the lower-left 
graph of each panel. 
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individual DNA adduct levels were averaged for all time 
points. Figure 13 shows the results for total DNA adduct 
levels. Specifically, the RAL x 109 values for all 13 spots in 
each exposure group were summed, and this total was 
log-transformed. The log-transformed total DNA adduct 
levels, as shown in Figure 11 for each exposure group, were 
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then averaged over exposure durations. According to the 
above linear regression model, there was no significant 
overall difference in the log-transformed total DNA adduct 
levels. However, pairwise comparisons showed the log
transformed total DNA adduct level for the group exposed 
to high diesel exhaust to be significantly higher than for the 
control group. 
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Figure 9. Distribution of DNA adduct levels (expressed as RAL x 109 values) for spots 3, 5, and 9 from all time points and exposure groups, including male 
and female rats, on (A) natural and (B) logarithmic scales. All X-axes and Y-axes are the same as shown in ~e bottom graph of each panel. 
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Although the log-transformed total DNA adduct levels 
averaged over all time points (Figure 13) showed only one 
significant difference, log-transformed values averaged 
across all time points for individual spots 2, 4, 6, and 8 

demonstrated significantly different levels of adducts 
among exposure types, and spot 5 exhibited a marginally 
significant exposure-related effect (see Figure 14). The pat
tern of differences in adduct levels was fairly consistent for 
spots 2, 4, 6, and 8: the highest levels of adducts were 
displayed by the groups exposed to high diesel exhaust and 
low diesel exhaust, and the lowest levels were demon
strated by the control group, while the groups exposed to 
low carbon black and high carbon black showed intermedi
ate levels. The pattern of adduct levels for spot 5 was 
slightly different; the adduct levels for the group exposed 
to high carbon black fell between those of the groups ex
posed to low diesel exhaust and high diesel exhaust. 

Figure 15 displays the effect of exposure to low diesel 
exhaust and high diesel exhaust on the log-transformed 
DNA adduct levels averaged across time points for each of 
the 13 individual spots. For the majority of the spots, there 
was a significant overall difference between exposure 
groups (for spots 2 through 6 and 8) or a marginally signifi
cant exposure effect (for spots 1, 10, and 13). Most spots 
(spots 2 through 7, 9, 10, and 12) followed the general 
pattern of an increasing trend as exposure to diesel exhaust 
increased; that is, they showed a positive dose response. 
Spots 1 and 8 exhibited a slight decrease from low to high 
diesel exhaust exposure, but still showed levels that were 
appreciably higher than those of the control group. The 
patterns ofthe log-transformed adduct levels averaged over 
all time points for spots 13 and 14 were quite different from 
those for the other spots. Spot 13 exhibited a pattern oppo
site to the general trend: DNA adduct levels decreased as 
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Figure 10. Correlations between duplicate RAL determinations for each spot 
across time points and exposure groups, for male and female rats. For the 
number of animals, see text. Measure 1 and measure 2 refer to the first and 
second RAL x 109 value determined for each spot, respectively, R is the 
Pearson correlation coefficient for log (Measure 1) and 10g(Measure 2). 

exposure to diesel exhaust increased. For spot 14, the 
highest levels were displayed by the low diesel exhaust 
exposure group, while the adduct levels for the control and 
high diesel exhaust groups were similar. 

MOUSE-PAINTING EXPERIMENT 

The autoradiograms in the top row of Figure 16 are from 
an assay of skin DNA from mice treated topically with DEE. 
A complex pattern of 32P-postlabeled extra spots (adducts) 
was apparent in the treated samples. The eight areas indi
cated were cut from the chromatograms, and their radioac
tivity was measured. Figure 17 and Table 7 show RAL 
values for skin DNA, revealing the following information. 
First, adduct levels peaked one day after treatment and 
decreased rapidly thereafter. Second, the total RAL value 
at one day after five doses of DEE was approximately 1.5 

times the level found at the same time point after a single 
dose. Third, the total RAL value after five doses decreased 
much more rapidly than its single-dose counterpart, result
ing in a value lower than the single-dose level at the three
day time point. Fourth, by 2 weeks after treatment, adduct 
levels for both doses had drastically declined, approaching 
control levels, and remained as such through the time 
points at 6, 10, or 11 weeks. Individual spots exhibited 
trends parallel to those portrayed by the totals. 

Autoradiograms resulting from assays of lung DNA from 
DEE-treated mice are shown in the bottom row of Figure 16. 

Rather than a complex pattern of multiple adducts such as 
that found in skin DNA, a single major adduct (spot 1) and 
a few areas depicting lower levels of adduction were ob
served. The graphs in Figure 18 reflect the behavior of these 
lung adducts over time. (Note that spot 4 represented an 
extended area containing a multitude of partially resolved 
weak adducts.) Unlike skin adducts, lung adducts did not 
peak at one day; rather, all the adducts persisted with little 
change over the entire observation period (Table 8, Figure 
18). No data are given in Table 7 for the ll-week time point 
ofthe single-dose group, as I-compound accumulation with 
age interfered with quantitative assays of the low adduct 
levels in these samples. No adducts were detected in heart 
DNA at any time point after single or multiple dosing. 

Labeling and chromatography of a mixture of DEE-ad
ducted lung and skin DNAs revealed an overlapping of the 
major lung adduct spot 1 with a spot seen in the upper 
portion of skin adduct spot 6 (Figure 16). In an effort to 
substantiate this finding, these adducts were eluted from 
PEl-cellulose using isopropanol, 6 N ammonium hydroxide 
(1:1), and the eluates were dried, dissolved in distilled 
water, and rechromatographed in two additional solvent 
systems: solvent 1 was 0.5 M boric acid, 0.5 M Tris-HCl, 10 

mM ethylenediaminetelraacetic acid (EDTA), 1.3 M so-
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dium chloride, 8.0 M urea, pH 8.0; and solvent 2 was 3 N 
ammonium hydroxide, n-propanol, 0.083 M ammonium 
chloride (5:2:3, v/v). The adducts from the two extracts 
tended to coincide in solvent 1, but the lung adduct spot 
was sharp and well defined, whereas the skin adduct spot 
became diffuse. Solvent 2 caused the skin adduct to streak 
and migrate much farther than the lung adduct. These 
observations showed that the chromatographically similar 
skin and lung adducts on the two-dimensional TLC maps 
were not identical. It was also noted that the chroma
tographic behavior of the prominent lung adduct appeared 
similar to that of the major adduct resulting from exposure 
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to BaP, i.e., the covalent addition product of BPDEI at N2 of 
guanine. Labeling and chromatography of mixtures con
taining lung DNA adduct spot 1 or skin adduct spot 6 with 
BaP-adducted skin DNA in the aforementioned solvents 
clearly resolved the BaP adduct away from both the lung 
and skin DEE adducts. 

The location of the major mouse lung adduct spot 1 on 
PEl-cellulose maps was similar to that ofthe rat lung adduct 
spot 2. Labeling and chromatography of a mixture of lung 
DNA from rats exposed to high diesel exhaust for three 
months and lung DNA of mice painted with DEE revealed 
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Figure 11. Effect of exposure type on log-transformed total DNA adduct levels for each time point. RAL x 109 values were summed over all 13 spots, and the 
sum was log-transformed. At each time point, means of the log-transformed sums obtained from duplicate DNA analyses for 3 male and 3 female rats except 
where specified otherwise (see Tables 1 through 6) were then calculated for the five exposure groups. These values are shown in Tables 1 through 5 (rows 
marked "Total" and columns marked "Log Scale") and are represented by the graphs error bars = ± 1 SD. 
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that rat lung spot 2, although detectable at low levels in 
clean air control samples, cochromatographed with the 
major mouse lung DEE adduct spot 1 in several solvent 
systems. These included 2.3 M sodium phosphate, pH 5.75; 

the two-dimensional system of 4.24 M lithium formate, 7.5 

M urea, pH 3.35 (first dimension), followed by 0.72 M 
sodium phosphate, 0.45 M Tris, 7.65 M urea, pH 8.0 (second 
dimension); and after contact transfer of the two-dimen
sionally purified spot, in 0.5 M boric acid, 0.5 M Tris, 10 

mM EDTA, 1.3 M sodium chloride, and 8 M urea, pH 8.0; 

0.7 M sodium phosphate, 7 M urea, pH 6.4; and 3 N 
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ammonium hydroxide, n-propanol, 0.083 M ammonium 
chloride (5:2:3). Taken together the results indicate that rat 
lung adduct spot 2 in diesel exhaust-exposed animals 
consisted of both a diesel exhaust-induced exogenous DNA 
adduct and an I-compound. The exogenous DNA adduct 
was, however, not the major BaP-derived BPDEI-DNA ad
duct, although it migrated in a similar location on PEl-cel
lulose maps. Indications for the presence of an I-compound 
in this location were the occurrence of a corresponding spot 
on chromatograms from control rats and the absence of such 
a spot on maps from control mice. 
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Figure 12. Effect of exposure duration (time point) on log-transformed total DNA adduct levels for each exposure group. The data are the same as those in 
Figure 11, but in a different format: mean log-transformed values of DNA adduct levels are shown across all time.points, with a separate plot for each exposure 
group. 
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Figure 13. Effect of exposure type on log-transformed total DNA adduct 
levels, averaged across all time points. The log-transformed total DNA 
adduct levels shown in Figure 11 were averaged across all time points, and 
the means obtained ± 1 SD were plotted against the exposure groups. The 
subscript TP in the Y-axis title indicates that the values shown are means of 
the log-transformed data for all time points. 
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Figure 14. Effect of exposure type on log-transformed DNA adduct levels for 
spots 2, 4, 5, 6, and 8, averaged across all time points. The means were 
determined across all time points as in Figure 13, except that this was done 
for individual rather than total DNA adduct levels. The spot number is shown 
to the left and right of each line. Each line indicates only that the same spot 
is compared in different exposure groups and is not meant to imply coher
ence between different exposure types. The subscript TP in the Y-axis title 
indicates that the values shown are means of the log-transformed data for all 
time points. 
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DISCUSSION AND CONCLUSIONS 

BASIC DIFFERENCES BETWEEN DNA ADDUCTS 
ELICITED BY DIESEL EXHAUST INHALATION AND 
THOSE ELICITED BY DERMAL APPLICATION OF 
DIESEL EXHAUST EXTRACT 

Our investigation of DNA adduct formation in lungs of 
rats chronically inhaling diesel exhaust, carbon black, or 
clean air and in skin and lung tissue of mice given short
term dermal treatments with DEE or vehicle demonstrated 
basic differences between rat and mouse DNA adduct pro
files. In contrast to the rapid formation of exogenous DNA 
adducts elicited by DEE in substantial amounts in mouse 
skin and lung, the rat inhalation study did not detect 
distinct diesel exhaust-induced exogenous DNA ad
ducts, but rather found relatively small quantitative ex
posure-related changes in a number of I-compounds, 
which were also present in controls. Since the nuclease PI 
version of the 32P-postlabeling assay was capable of detect
ing many DEE-induced DNA adducts in a reproducible 
manner in the mouse model, it would have readily uncov
ered such exogenous DNA adducts in rat lung if they had 
been present in sizable quantities. However, only one major 
mouse lung DEE-DNA adduct was found to coincide with 
a rat lung DNA adduct spot, which in part also contained 
an I-compound. Although this spot had a migration rate 
similar to that of the BPDEI-DNA adduct, it was found not 
to be identical. 
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Figure 15. Dose response to low diesel exhaust and high diesel exhaust of 
log-transformed DNA adduct levels for all individual spots averaged across 
all time points. The subscript TP in the Y-axis title indicates that the values 
shown are means of the log-transformed data for all time points. 
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There are several potential explanations for the contrast
ing results obtained by analysis of DNA from mice treated 
topically with DEE and from rats exposed to chronic diesel 
exhaust inhalation. Because the skin-painting experiment 
was performed in mice and the inhalation experiment in 
rats, the possibility exists that this drastic difference in 
results was due to species variation of metabolic activation 
or DNA repair, but this seems unlikely. The most plausible 
explanation lies in the fact that the DEE applied to mouse 
skin had its origin in an organic (methylene chloride) ex
tract of diesel soot containing a multitude of dissolved 
aromatic carcinogens, while exposure of rats involved die
sel exhaust particles containing bound carcinogens, which 
may not have been readily released following inhalation in 
amounts sufficient to lead to detectable adduct formation. 
Other, less likely explanations are variations in response to 
the route of administration, dose over time, and acute 
exposure versus chronic exposure. The possibility that 
exogenous DNA adducts formed but were diluted by novel 
DNA synthesis due to cell proliferation will be discussed 
below. 

SKIN 

LUNG 

COMPARISON OF DIESEL EXHAUST AND DIESEL 
EXHAUST EXTRACT DATA WITH THOSE OBTAINED 
FOR CIGARETTE SMOKE 

A comparison of the diesel exhaust data documented in 
this report with previously published work on cigarette 
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Figure 17. The effect oftime on total adduct levels induced in mouse skin 
DNA by diesel exhaust extract. Mice were treated with diesel exhaust extract, 
and their skin DNA was analyzed as described for Figure 16. Total adduct 
levels, expressed as RAL x 109 values, represent the sums of the levels of 
individual adducts shown in Figure 16 and are the means for three individual 
animals ± 1 SD; 0 = 20 mg of diesel exhaust extract per mouse; ~ = five 20-mg 
doses of diesel exhaust extract per mouse. 

Figure 16. Autoradiographic profiles of skin and lung DNA adducts induced by dermal treatment of mice with diesel exhaust extract. Male CD-l mice were 
treated with acetone or 20 mg of diesel exhaust extract in acetone each day for five consecutive dals, then killed at I, 3, or 14 days. Each chromatogram is 
derived from 10 Ilg of skin or lung DNA, analyzed by the nuclease Pt-enhanced version of the 3 P-postlabeling assay. 32P-postlabeled DNA digests were 
chromatographed as described in the text. First dimension, from bottom to top. Second dimension, from left to right. Autoradiography employing Kodak. XAR-5 
x-ray film and intensifying screens was performed at -BO°C for 16 hours. Numbers indicate the adduct spots that were quantified. 
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smoke-associated DNA adducts in model systems and hu
mans (E Randerath et al. 1986, 1988, 1989, 1992; E Ran
derath and K Randerath 1993) revealed fundamental 
differences. First, cigarette smoke inhalation produced 
similar or identical adduct profiles in different tissues; this 
was not the case for DEE. Second, adduct profiles in hu
mans after chronic inhalation of cigarette smoke and in 
mice painted with CSC were similar; if the diesel exhaust 
data can be extrapolated from rats to humans, lung DNA 
from humans exposed to diesel exhaust would not show 
adduct patterns resembling those seen in mouse skin. 
Third, adducts associated with cigarette smoke were pre
sent at very high levels in lung and heart DNA of both mice 

Diesel-Exhaust and Carbon Black: DNA Damage 

and humans, while dermal application of DEE to mice 
resulted in substantial adduction oflung DNA but undetect
able adduct levels in heart DNA. The mechanistic basis of 
these observations is not clear at present; however, the 
results imply entirely different mechanisms of adduct for
mation for diesel exhaust and cigarette smoke. Cigarette 
smoke-associated formation of bulky DNA adducts pre
sumably involves reactions of free radicals known to be 
present in cigarette smoke, in addition to metabolic activa
tion (Pryor 1987; E Randerath et al. 1992; E Randerath and 
K Randerath 1993); it is conceivable that such reactions 
play no role, or are less important, in diesel exhaust-related 
chemical DNA alterations. 

Table 7. Levels of DNA Adducts in Skin DNA of Male CD-l Mice Treated Dermally with Diesel Exhaust Extracta 

Time After Treatment 

Spot 1 Day 3 Days 2 Weeks 6 Weeks 10 or 11 Weeksb 

Single Dosec 

1 25.7 ± 11.3 8.89 ± 3.9 4.16 ± 0.5 3.97 ± 1.7 4.29 re 0.6 
2 11.5± 1.2 4.65 ± 1.6 2.17 ± 1.6 3.24 ± 1.9 3.02 ± 0.2 
3 6.80± 0.3 3.13 ± 0.4 1.35 ± 0.7 1.62 ± 1.0 1.46 ± 0.1 
4 10.2 ± 1.3 4.46 ± 0.4 2.16 ± 0.6 1.72 ± 0.6 1.92 ± 0.4 

5 25.4 ± 3.6 12.9 ± 2.2 2.63 ± 0.2 2.60 ± 0.5 2.33 ± 0.2 
6 12.2 ± 5.6 7.85 ± 1.4 1.42 ± 0.6 1.65 ± 0.3 1.53 ± 0.3 
7 17.9± 4.2 11.3 ± 1.3 3.08 ± 0.6 1.98 ± 0.6 1,86 ± 0.2 
8 11.2± 5.4 9.46 ± 5.1 5.22 ± 2.1 3.72 ± 1.3 4.03 ± 0.4 

Total 120.9 ± 12.4 62.8 ± 8.2 27.0 ± 7.7 20.5 ± 6.1 20.5 ± 0.6 

Five Dosesd 

1 21.4 ± 15.2 3.96 ± 0.7 9.13 ± 8.5 3.31 ± 2.1 4.33 ± 2.3 
2 12.1 ± 2.4 3.34 ± 0.3 2.04 ± 0.4 2.62 ± 1.9 2.54 ± 2.2 
3 6.38 ± 0.9 2.07 ± 0.6 1.05 ± 0.4 1.37 ± 0.8 1.97 ± 1.2 
4 25.7 ± 2.0 3.89 ± 0.4 1.81 ± 0.2 1.83 ± 1.0 2.60 ± 1.8 

5 46.0 ± 5.9 7.21 ± 1.5 3.41 ± 0.7 2.32 ± 1.3 3.24 ± 0.9 
6 20.6 ± 5.5 4.55 ± 1.7 2.12 ± 0.4 1.60 ± 0.7 2.03 ± 0.3 
7 25.9 ± 3.5 5.16 ± 1.3 3.86 ± 1.1 1.49 ± 0.8 2.38 ± 0.8 
8 30.2 ± 9.7 5.61 ± 1.6 4.61 ± 0.9 3.37 ± 2.0 3.90 ± 1.5 

Total 188.4 ± 2.2 35.7 ± 0.4 23.2 ± 1.7 17.9 ± 8.1 24.0 ±8.9 

a Mice were treated with 1 dose or 5 doses of DEE prepared in Dr. Mauderly's laboratory, as described in the text, and killed after treatment at the times 
indicated. DNA adduct levels, assayed by 32p-postlabeling, represent means of 3 to 4 animals for the skin DNA adduct spots shown in Figure 16 and have 
been expressed as RAL x 109 values ± SD. 

b Eleven weeks for animals given in a single dose; 10 weeks for animals given five doses. 

C A single dose of 20 mg DEE per mouse. 

d Five doses of 20 mg DEE per mouse, one dose on each of five consecutive days. 
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COMPARISON OF RESULTS FOR DIESEL EXHAUST 
EXTRACT APPLICATION IN MICE WITH PREVIOUSLY 
REPORTED DATA 

Our results in mice exposed dermally to DEE are in 
agreement with previously reported data. As outlined in the 
Introduction, DEE was also found by others to induce 
multiple classic bulky/aromatic DNA adducts in a dose-de
pendent manner in skin of mice treated dermally with it 
(Schoket et al. 1989; Gallagher et al.1990), and adducts 
were observed in the lungs_ of these mice as well. Likewise, 
quantitative data were consistent. Schoket and associates 
reported a level of 2.3 total DEE-induced adducts in 108 
DNA nucleotides after short-term dermal treatment with 50 
mg of DEE, and Gallagher and coworkers reported 12.9 
adducts with a 20-mg dose. We found an almost identical 
value of 12.2 total adducts in 108 DNA nucleotides for a 
20-mg dose. No~ably, the study reporting the lower adduct 
level evaluated fewer adduct spots. For comparison, a cu
mulative dose of 180 ~g of CSC given dermally to mice in 
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Figure 18. Levels of individual and total adducts induced in mouse lung DNA 
(A) after a single 20-mg dose, and (B) after five 20-mg doses of diesel exhaust 
extract administered dermally. DNA was assayed as described for Figure 16. 
Individual and total adduct levels. expressed as RAL x 109 values. were derived 
from the spots shown in Figure 16 and are the means from three individual 
animals ± 1 SD. 0 = spot 1;. = spot 2; ~ = spot 3; A = spot 4; and 0 = total. 

six divided doses produced a level of 11.5 total bulky/aro
matic adducts in 108 DNA nucleotides in mouse skin (E 
Randerath et al. 1988), whereas a cumulative dose of 100 
mg of DEE administered as five divided doses gave a corre
sponding value of 18.8, showing that DEE is substantially 
less active than esc in producing PAR-DNA adducts in 
mouse skin. 

COMPARISON OF RESULTS FOR DIESEL EXHAUST 
INHALATION IN RATS WITH PREVIOUSLY 
REPORTED DATA 

Although we observed essentially the same adduct spots 
in exposed and control animals and adduct levels were 
similar, rigorous statistical analysis revealed a number of 
significant differences, which may be summarized as fol
lows. Multiple comparisons with male and female rats 
combined showed differences in lung DNA adduct levels 
between exposure groups to be statistically significant 
mainly at the three-month time point, when several indi
vidual and total DNA adduct spots in the group exposed to 
high diesel exhaust exhibited higher adduct levels as com
pared with controls and, in part, with other exposure 
groups. At 23 months, one adduct spot had a significantly 
lower level in the high diesel exhaust and high carbon black 
groups than in the control group. Total DNA adducts dis
played age-related increases (Le., a property characteristic 
ofI-compounds) in controls, as well as in the other exposure 
groups. Combination of DNA adduct levels for all time 
points revealed other significant exposure-related effects. 
Levels of several individual adducts were highest in the 
high diesel exhaust and low diesel exhaust groups, lowest 
in the control group, and intermediate in the high carbon 
black and low carbon black groups, while the total DNA 
adduct level was elevated only in the high diesel exhaust 
group when compared with the control group. In addition, 
most individual adducts increased and one adduct de
creased in a manner dependent on the level of diesel ex
haust exposure. 

The presence of multi pIe endogenous adducts in rat lung 
DNA and their enhancement by diesel exhaust inhalation 
for three months were also reported by others employing 
the nuclease P1 version of the 32P-postlabeling assay (Wong 
et al. 1986; Bond et al. 1988, 1989, 1990a,c). These authors, 
likewise, did not detect distinct exogenous DNA adducts 
related to diesel exhaust exposure, but had some indica
tions that a BPDEI-DNA adduct was present, which over
lapped one of the I-compounds, although this was not 
proven conclusively. In this connection it is noteworthy 
that in our study the diesel exhaust-associated adduct (spot 
2) that was identical with the major mouse lung adduct, and 
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also overlapped a rat I-compound, had chromatographic 
properties similar to those of the BPDEI-DNA adduct, but 
was not identical with it. 

Another recent report (Gallagher et al. 1994) investigated 
the effect of chronic inhalation of diesel exhaust and carbon 
black on peripheral lung DNA for 2,6, and 24 months by 
the n-butanol extraction procedure (Gupta 1985). Two ma
jor adducts were analyzed separately, and the total level of 
additional minor spots located in a diagonal radioactive 
zone was determined. One of the two major adducts pre
sumably was an I-compound, as its level in controls in
creased with age, and, in view of its lower level in diesel 
exhaust-exposed animals, may have been the same I-com
pound that we have found to exhibit diesel exhaust expo
sure-related reduced levels when compared with control. 
The other major adduct was proposed to have been derived 
from a nitro-PAH, which would not have been detected by 
the nuclease ~1 procedure, but, again, this was not proven 
conclusively (see Introduction). The level of the combined 
minor adducts in the diagonal radioactive zone did not 
exhibit changes related to diesel exhaust exposure. Thus, 
no diesel exhaust-induced PAH-DNA adducts were de
tected in this study either. The results of this investigation 

Diesel Exhaust and Carbon Black: DNA Damage 

further indicate that the use of the n-butanol extraction 
rather than the nuclease Pl procedure for adduct enrich
ment in the present project would not have uncovered 
significant levels ofnitro-PAH-derived, nuclease Pl-sensi
tive C8-deoxyguanosine-DNA adducts, as conditions of 
diesel exhaust exposure were comparable. On the other 
hand, certain nitro-PAH-DNA adducts would have been 
also detected by the nuclease Pl procedure, such as 5-(de
oxyguanosin-N2 -yl)-6-aminochrysene and N-( deoxyinosin-
8-yl)-6-aminochrysene identified in CHO-Kl cells exposed 
to 6-nitrochrysene (Delclos et al. 1993) as well as adducts 
derived from ring-oxidized metabolites of 1-nitropyrene 
(Roy et al. 1989; El-Bayoumy et al. 1994). 

Taken together results of our study and other studies 
show clearly that chronic diesel exhaust inhalation for 
three months induced little, if any, exogenous adduct for
mation in rat lung DNA. Furthermore, as demonstrated by 
us and by the long-term study of Gallagher and associates 
(1994), which employed the n-butanol extraction proce
dure, continued exposure up to 23 months did not cause 
any accumulation of exogenous DNA adducts. 

The lack or very low levels of exogenous ad ducts in lung 
DNA of rats chronically exposed to diesel exhaust are not 

Table 8. Levels of DNA Adducts in Lung DNA of Male CD-l Mice Treated Dermally with Diesel Exhaust Extrace 

Time After Treatment 

Spot 1 Day 3 Days 2 Weeks 6 Weeks 10 Weeks 

Single Doseb 

1 1.42 ± 0.3 1.46 ± 0.1 2.57 ± 0.8 1.72 ± 0.2 
2 0.94 ± 0.2 1.51 ± 0.2 1,56 ± 0.2 1.38 ± 0.3 
3d 0.62 ± 0.4 0.99 ± 0.3 1.24 ± 0.5 1.27 ± 0.2 
4e 5.95 ± 1.6 8.34 ± 1.8 8.13 ± 1.1 7.50 ± 0.8 
Total 8.94 ± 2.1 12.29 ± 2.2 13.50 ± 1.3 11.87 ± 1.1 

Five Dosesc 

1 11.9 ± 2.4 13.92 ± 4.4 13.86 ± 2.4 11.54 ± 2.1 16.86 ± 1.6 
2 2.87 ± .03 2.90 ± 0.9 2.67 ± .05 1.88 ± .02 1.89 ± 0.7 
3d 

1.00 ± 0.1 0.98 ± 0.3 1.06 ± .04 1.91 ± .02 1.27 ± 0.2 
4e 11.7 :h0.8 12.75 ± 0.8 9.06 ± 1.2 10.74 ± 1.9 9.86 ± 3.4 
Total 27.46 ± 3.3 30.54 ± 4.7 26.64 ± 1.1 26.06 ± 0.2 29.88 ± 5.0 

a Mice were treated with 1 dose or 5 doses of DEE prepared in Dr. Mauderly's laboratory, as described in the text, and killed after treatment at the times 
indicated. DNA adduct levels, assayed by 32p-postlabeling, represent means of 3 to 4 animals for the lung DNA adduct spots shown in Figure 16 and hav.e 
been expressed as RAL x 109 values ± SD. ' 

b A single dose of 20 mg DEE per mouse. The ll-week time point shown in Table 7 was not analyzed because of technical problems (see text). 

C Five doses of 20 mg DEE per mouse, each dose on one of five consecutive days. 

d Spot 3 migrated in an area of heavy radioactive background and was, therefore, purified by rechromatography in the solvent of the first dimension. 

e Spot 4 comprised a multitude of incompletely resolved spots. 
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an artifact of the 32P-postlabeling assay, as recoveries of 
PAH-DNA adducts generally are high and reproducible. For 
example, very good agreement between nuclease Pl-medi
ated 32P-postlabeling and dosimetry by high-performance 
liquid chromatography combined with fluorometry ofBaP
DNA adducts in white blood cell DNA of lung cancer 
patients was recently reported by others, while the enzyme
linked immunosorbent assay (ELISA) was found to grossly 
overestimate the levels (Rojas et al. 1994). Also, the fact that 
the major BaP-DNA adduct induced in lung DNA by dermal 
treatment of mice with a wood-preserving waste extract 
could be readily quantified by nuclease Pl-enhanced 32p_ 
postlabeling and amounted to 25 ± 3 modifications in 108 

DNA nucleotides in mouse skin (E Randerath et al. 1996) 
shows that there are no inherent difficulties in the assay to 
quantify PAH-DNA adducts induced in lung by complex 
mixtures. Likewi~e, a multitude of PAH-DNA adducts in
duced in mouse lungs by dermally applied CSC (E Ran
derath et al.'1988) and inhuman lungs by cigarette smoking 
have been analyzed by 32P-postlabeling (E Randerath et al. 
1989; E Randerath and K Randerath 1993). 

On the basis of a study by RK. Wolff and colleagues 
(1989), the level of the major BaP adduct would be expected 
to be very low-,if indeed it was induced at all by diesel 
exhaust inhalation in rat lung. These authors showed that 
rats inhaling aerosols of BaP or BaP adsorbed to carbon 
black for three months had pulmonary levels of 1.0 ± 0.2 
and 1.6 ± 0.1 BPDEI adducts in 109 DNA nucleotides, 
respectively, while in controls exposed to clean air the 
value was 0,.2 ± 0.2. Assuming concentrations of 6.4 parts 
per million (ppm) BaP in methylene chloride extracted 
organic matter and 33.9% extracted organic matter in diesel 
exhaust (Gallagher et al. 1994), it can be estimated that in 
the present study, which employed diesel exhaust at a 
concentration of 6.5 mg/m3 for 16 hours/day, five days/ 
week, for 12 weeks, the total cumulative BaP dose was 
about 7,000 times lower than that calculated for the BaP 
and BaP with carbon black experiment (RK. Wolff et al. 
1989), which used 2 mg BaP/m3 for 4 hours/day, one 
day/week, for 12 weeks. In reality this difference may have 
been even greater, as the extracted organic matter in a 
methylene chloride extract of diesel exhaust prepared in 
Dr. Mauderly's laboratory at ITRI constituted 8.2% of the 
diesel exhaust. As the detection limit of the nuclease Pl 
procedure is one DNA modification in 1010 nucleotides, a 
BPDEI adduct, if it were present at all, would not have been 
detectable. 

The levels and numbers of endogenous adducts found in 
the present study are comparable to the data reported by 
others. In the interlaboratory comparison (see Appendix A), 
levels of total ad ducts at three months were 83 and 38 in 

199 DNA nucleotides for high diesel exhaust exposure and 
control exposure to clean air, respectively. Corresponding 
values in an earlier study (Bond et al. 1990a,c) for a similar 
exposure were 14 and 7, and in the present inVestigation 
were 41 and 28. Overall, these values fall into similar 
ranges. The differences between corresponding measure
ments presumably resulted from hidden differences in 
chromatographic conditions, causing differences in adduct 
profiles, and the selection of adduct spots for quantitative 
evaluation. In all three studies differences in adduct levels 
between diesel exhaust-exposed and control rats were 
comparatively small. The interlaboratory comparison fur
ther showed that the enhancement of the total endogenous 
adduct level for diesel exhaust inhalation at three months 
was significant in both Dr. Mauderly's study and our study 
when compared with values for the control and low carbon 
black groups by the same multiple comparison test. 

EFFECTS OF DURATION OF DIESEL EXHAUST 
EXPOSURE ON RAT LUNG DNA ADDUCTS 

The question arises whether levels of exogenous DNA 
adducts might have been higher at exposure times shorter 
than three months. This question could not be addressed in 
the present study because the original proposal involved 
the investigation of chronic effects of diesel exhaust and 
carbon black beyond exposure durations of three months. 
However, some information regarding this point is avail
able from the literature. RK. Wolff and associates (1989) 
showed in the above-mentioned inhalation study of BaP 
and BaP with carbon black that levels of the BPDEI-DNA 
adduct were 0.9±0.1 and 0.7 ± O.l,respectively, in 109 DNA 
nucleotides at one month, as compared with the corre
sponding values of 1.0 ± 0.2 and 1.6 ± 0.1 at three months. 
Thus, BPDEI-DNA adduct levels at one month were not 
higher than at three months. Similarly, use of the n-butanol 
extraction procedure rather than the nuclease Pl version of 
the assay did not detect higher levels of exogenous DNA 
modifications at two months than at six months (Gallagher 
et al. 1994). 

Diesel exhaust exposures shorter than three months did, 
however, have some effect on I-com pound levels in rat lung, 
as the level of total endogenous DNA modifications in lung 
of rats exposed to diesel exhaust at 7 mg/m 3 dropped from 
120% of the control value at 0.5 months to 40% of the 
control value at one month and then rose steadily to 120% 
and 160% of the control value at two and three months, 
respectively (Bond et al. 1990a,c). This reduction of endo
genous adduct levels at one month may have been due to 
cell proliferation and de novo DNA synthesis, DNA repair, 
and reduced I-compound ~ormation. Because cell prolifera
tion as a consequence of increased particle burdens and 
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associated inflammatory processes (Morrow 1986, 1992) 
would be expected to be more pronounced at exposure 
durations longer than three months (RK Wolff et al. 1989), 
the primary cause of the early reduction of I-compound 
levels at one month may not have been cell proliferation. 
Rather, DNA repair or reduced I-compound synthesis or 
both appear to have been more involved in this reduction. 
Decreased I-compound levels have been observed in short
term exposures to carcinogenic PARs (Moorthy et al. 1993, 
1994), polychlorinated aromatics (K Randerath et al. 
1990b), and metal prooxidants (E Randerath et al. 1995a). 
In these studies, experimental evidence has suggested that 
reduction ofI-compound levels is primarily a consequence 
of decreased I-compound formation rather than of in
creased cell proliferation, and both the synthesis of pre-I
compounds and the inactivation of reactive precursors by 
conjugation pathways could playa role in the reduction of 
I-compound levels (Li et al. 1992). In view of the finding 
that endogenous DNA adduct levels in lung DNA of diesel 
exhaust-exposed animals did not increase substantially 
from 3 to 23 months, nearly steady state levels of I-com
pounds had probably been reached at three months, as also 
suggested by Bond and associates (1990c). Because cell 
proliferation presumably plays a more important role at 
later time points, the attainment of steady state levels at 
about three months suggests that the actual formation of 
I-compounds at the later time points may be greater than at 
three months. Generally, if the rate of DNA replication 
exceeds that of DNA repair, mutations may result from 
unrepaired adducts. Whether I-compounds would give rise 
to mutations presumably depends on their nature. 

The question may also be asked whether increased late 
cell proliferation might have diluted the exogenous DNA 
adducts and thus could potentially have given rise to mu
tations. Although this may be possible, it appears unlikely 
that substantial levels of exogenous adducts were formed 
and diluted by novel DNA synthesis in view of the negli
gible levels or absence of exogenous adducts already at 
early time points (Bond et al. 1990a,b; Gallagher et al. 1994), 
when there was presumably less cell proliferation. 

TYPES OF I-COMPOUNDS 

To better understand the potential roles of the diesel 
exhaust-induced changes of I-compound levels observed 
in this study, it appears appropriate to discuss briefly the 
status of our knowledge ofI-compounds. We have recently 
defined two classes of these endogenous DNA modifica
tions, namely, type I and type II I-compounds (K Randerath 
et al. 1993d, 1995; E Randerath et al. 1995a,b). Type I 
I-compounds form as a consequence of normal metabolism 
and display positive linear correlations with median life 
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span when measured at intermediate age, while type II 
I-compounds represent bulky DNA lesions, which result 
from oxidative stress (K Randerath et al. 1991,1995; Chang 
et al. 1993; E Randerath et al. 1995a,b) and, similar to type 
I I-compounds, increase with age (K Randerath, C Gaeeni, 
G-D Zhou, and E Randerath, unpublished observations). 

The positive linear correlations of the levels of type I 
I-compounds with median life span suggest that these DNA 
modifications play some functional roles rather than repre
sent premutagenic lesions (K Randerath et al. 1993d). Such 
roles are further supported by the finding that the levels of 
certain I-compounds display circadian variations (Nath et 
al. 1992), which implies precise regulation of I-compound 
levels in association with time-dependent gene expression. 
Their origins appear to be in DNA-reactive intermediates of 
nutrient metabolism, with their profiles being determined 
by genetic and environmental factors. I-compounds have 
been detected in all rodent tissues studied, including liver, 
kidney, lung, skin, heart, colon, brain, spleen, mammary 
gland, uterus, ovary, and white blood cells, as well as in 
human brain (K Randerath et al. 1986, 1990a, 1992, 
1993b,c). The numbers and levels of these DNA modifica
tions are highest in metabolically active organs, such as 
liver and kidney, where their total amounts are substantial 
from a biological point of view (about one modification in 
107 DNA nucleotides), resembling those of persistent car
cinogen-DNA adducts in rodent target organs during car
cinogenesis (Li et al. 1990b; K Randerath et al. 1990a, 1992). 

The levels of most type I I-compounds are substantially 
reduced by carcinogens and tumor promoters, depending 
on dose and type of agent (for more details, see the Intro
duction). In view of the irreversible reduction of hepatic 
I-compound levels by certain carcinogens and tumor pro
moters (Li et al. 1990a) and the almost complete loss of 
these DNA modifications in hepatomas of various origins 
and growth rates (Li et al. 1990a; K Randerath et al. 1990c; 
E Randerath et al. 1991b), it has been proposed that a 
decrease in I-compound formation may playa regulatory 
role during liver tumor promotion, that these endogenously 
formed DNA modifications are present at an optimal level 
for normal growth, and that a perturbation of this level may -
enhance the carcinogenic process (K Randerath et al. 
1990a). While most studies on the effects of carcinogens and 
tumor promoters on I-compounds were conducted in rat 
liver and kidney, effects of the liver and lung tumor pro
moter Aroclor 1254 were also investigated in rat lung DNA 
(Nath et al. 1991). A few weeks after treatment several 
prominent lung I-compound spots were lowered by 50% to 
100%. The overall results of this study suggested a correla
tion between organ-specific promotion of carcinogenesis by 
Aroclor 1254 and the reduction of DNA I-compound levels, 
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as effects of this agent decreased in the order liver> lung> 
kidney and Aroclor 1254 has been reported to be a tumor 
promoter in liver and lung, but not kidney. 

Recently, structural information was gained on type II 
I-compounds, as described below. However, little is known 
about the structures oftype I I-compounds. The wide range 
of polarities and the complexity of the chromatographic 
profiles suggest that type I I-compound modifications rep
resent diverse molecular structures and, hence, may be 
formed from different precursors. Exploration ofthe origins 
of type I I-compounds is a difficult and expensive task 
because the available methodology for structural charac
terization is insufficiently sensitive. For the isolation of 
about 100 ng of an individual I -com pound present at a level 
of 1 in 108 DNA nucleotides, 10 g of DNA or about 10 kg of 
tissue would be needed. Therefore, our current knowledge 
about the origins Qftype I I-compounds comes largely from 
indirect experimental evidence. For example, the majority 
of I-compounds do not represent advanced glycosylation 
end products (K Randerath and E Randerath, unpublished 
experiments), Le., derivatives resulting from the nonenzy
matic reaction of glucose with DNA, which have been 
postulated to increase with age (Cerami 1985). It is also 
unlikely that I-compounds contain protein or common car
bohydrate moieties, because chromatographic properties of 
I-compounds are changed neither by the presence or ab
sence of proteinase K during DNA isolation, nor by treating 
I-compounds with various lectins (E Randerath and K Ran
derath, unpublished experiments). However, at least some 
type I I-compounds may be derived from lipid metabolism, 
as certain specific I-compounds in rat liver are induced by 
oat lipids (Li et al. 1992a,b). This interpretation is substan
tiated by the modulation of I-compound levels by dietary 
fats (Li andKRanderath 1992; KRanderath, S Vulimiri, and 
E Randerath, unpublished observations). 

Type II I-compounds have been classified as DNA lesions 
that result especially from oxidative stress in vivo and, in 
part, can be generated in vitro. Oxidation of DNA in vitro 
by the Fenton reaction (Le., in the presence of ferrous 
sulfate and hydrogen peroxide) results in the formation of 
a number of bulky, nuclease Pi-resistant oxidation prod
ucts (K Randerath et al. 1991), which, at least in part, 
represent intrastrand cross-links according to a partial 
structural characterization (K Randerath et al. 1996). Sev
eral of these products were identical with I-compounds in 
rodent liver, kidney, and lung DNA (Chang et al. 1993; E 
Randerath et al. 1995a; K Randerath et al. 1995). Some of 
these I-compounds were enhanced several-fold in kidney 
by the renal prooxidant carcinogens nickel(II) acetate 
(Chang et al. 1993) and ferric nitrilotriacetate (Fe-NTA) (E 
Randerath et al. 1995a; K Randerath et al. 1995), and this 

effect was shown to be target organ-specific. Two other 
I-compounds also enhanced by Fe-NTA were distinct from 
products of the Fenton reaction and appeared to have been 
formed by DNA-protein cross-linking or the binding oflipid 
peroxidation products to DNA. The effects of Fe-NTA on 
type II I-compounds were dependent on dose and animal 
age. Older animals were more susceptible to oxidative DNA 
damage. A high dose of Fe-NTA, which enhanced all type 
II I-compound levels in adult animals, led to an increase of 
one of the I-compound fractions and a decrease of another 
in weanlings. One possible explanation of this decrease is 
an excess induction of antioxidant defenses in the younger 
animals. Interestingly, Fe-NTA-induced oxidative stress, 
in addition to enhancing renal levels of type II I-compounds 
in adult animals, at the same time reduced the levels of 
several polar type I kidney I-compounds analogously to the 
effects of hepatic carcinogens and tumor promoters on liver 
DNA. 

ROLE OF I-COMPOUND CHANGES IN LUNG DNA 'OF 
RATS EXPOSED TO DIESEL EXHAUST 

The small changes of pulmonary I-compounds induced 
by diesel exhaust have to be viewed against the background 
of information on type I and type II I-compounds. Type II 
I-compounds are relevant in view ofthe potential induction 
of oxidative stress in chronic pulmonary exposures to par
ticles, as outlined in the Introduction. It should be noted, 
however, that the chromatographic conditions used in this 
study would not have detected the same type II I-com
pounds described above, as they require different TLC 
mapping conditions. Since overall there exists a multitude 
of endogenous DNA modifications, part of which are tissue
specific, it is possible that certain lung adducts assayed 
here, whose levels increased with increasing diesel exhaust 
exposure (Figure 17), nevertheless represented some kind 
of oxidative damage not detected in other tissues. If this 
were the case, these modifications would have to be viewed 
as potential premutagenic lesions. 

On the other hand, if the lung adducts assayed in this 
project represented type I I-compounds, why their levels, 
with the exception of one modification, increased with 
increasing exposure duration needs to be explained, in 
view of the usual reduction of type I I-compound levels by 
carcinogens and tumor promoters. Because not only car
cinogens and tumor promoters but also other factors such 
as dose oftest compound, duration of exposure, animal age, 
diet, and hormonal status modulate I-compound levels, it 
is not clear which of these factors might have caused the 
I-compound increases. It appears possible that compensa
tory changes in metabolisI.ll involved in I-compound pre
cursor formation or removal induced by particle inhalation 
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were responsible for the small increases in I-compound 
levels. Notably, in the above-mentioned Aroclor 1254 study 
(Nath et al. 1991), the levels of three polar I-compounds 
exhibited an increasing trend with exposure duration. 
However, the subtle changes in I-compound levels ob
served in the present study are overall much smaller than 
those of type I I-compound changes induced by hepatic or 
renal carcinogens and tumor promoters. 

RELATIONS BETWEEN CHANGES IN RAT LUNG 
ADDUCTS AND PULMONARY CARCINOGENESIS BY 
DIESEL EXHAUST AND CARBON BLACK 

Finally, the question of how the subtle changes in adduct 
levels observed in the present study relate to the carcino
genic outcome of long-term inhalation exposures to diesel 
exhaust and carbon black (Mauderly et al. 1994) needs to 
be address~d. Mauderly and associates (1994) clearly dem
onstrated that the carcinogenic responses to diesel exhaust 
and carbon black exposure are very similar. The two types 
of exposure caused dose-related increases of similar mag
nitudes in the incidences and prevalences of the same types 
of malignant and benign neoplasms. Moreover, neoplasms 
of a given type produced by diesel exhaust and carbon black 
exposure had similar growth rates when transplanted. Only 
very small differences were observed for diesel exhaust and 
carbon black, in as much as crude incidences, lifetime inci
dences, and multiplicity of neoplasms tended to be slightly 
higher among rats exposed to diesel exhaust than among 
rats exposed to carbon black. Because of the similarity of 
the carcinogenic outcomes for diesel exhaust and carbon 
black, one of the major conclusions of that report was that 
the organic fraction of diesel exhaust soot did not play an 
important role in the carcinogenesis observed in the inves
tigation. If the organic fraction had been critical, substantial 
differences in the carcinogenicity of the two particle types 
should have been observed. The results reported here, 
showing very little, if any, exogenous DNA adduct forma
tion in rat lung exposed to chronic diesel exhaust inhala
tion, and those of others outlined above fully support this 
interpretation. It appears also unlikely that substantial lev
els of exogenous adducts could have been diluted by cell 
proliferation, thereby giving rise to mutations as discussed 
above. Furthermore, if appreciable amounts of nitro-PAHs 
would have been released from inhaled diesel exhaust 
particles and thus have become bioavailable, bladder tu
mors might have been expected to form, in view of the high 
adduct levels induced in bladder by 1,6-dinitropyrene, 
which suggested that bladder would be a potential target 
tissue for nitro-PAH carcinogenicity (T Wolff et al. 1993). 
However, the extensive carcinogenicity study by Mauderly 
and coworkers (1994) did not detect bladder tumors. 
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As diesel exhaust and carbon black elicited similar car
cinogenic responses, it has been proposed (Mauderly et al. 
1994) that chronic particle exposure is causally related to 
the neoplastic outcome, consistent with the prevalent view 
that a range of respirable particles having different physical 
and chemical characteristics, but generally low cytotoxic
ity, may cause lung neoplasms by similar mechanisms in 
rats exposed to high concentrations. As outlined in the 
Introduction, such mechanisms appear to involve the pro
gressive accumulation of particles in the lungs accompa
nied by chronic inflammatory, proliferative, and fibrotic 
responses. Potential mechanisms by which a variety of 
dusts might induce similar types of neoplasms in rats have 
been reviewed recently (Lechner and Mauderly 1994; see 
also Mauderly et al. 1994). Several major pathways appear 
to be involved in the particle-mediated carcinogenic proc
ess. 

First, the release of cytokines and growth factors from 
activated macro phages , which are universally present in rat 
lung during heavy, repeated exposure to dusts, enhances 
cell division, which in turn increases mutagenesis and 
carcinogenesis (Ames and Gold 1990; Driscoll et al. 1990; 
Morrow 1992). Second, reactive oxygen species released by 
phagocytes, such as alveolar macrophages and neutro
philes, are known to be genotoxic and to cause other forms 
of cell injury via lipid peroxidation (Frenkel 1992). The 
formation of DNA oxidation products and of other oxidative 
stress-induced lesions, such as strand breaks, DNA-protein 
cross-links, and lipid peroxidation products, may lead to 
mutations and DNA sequence changes affecting the activi
ties of proto oncogenes and tumor suppressor genes (Cerutti 
and Trump 1991). Third, reactive oxygen species may also 
act as transduction signals mediating the activation of the 
proto oncogenes c-fos, c-jun, and c-myc, which could alter 
gene expression, growth, and differentiation (Cerutti and 
Trump 1991; Maki et al. 1992; Daniel 1993). 

The particle-induced small changes in levels of endo
genous DNA adducts observed by us and others may relate 
to pulmonary carcinogenesis in two ways: they could, at 
least in part, be causally involved in the carcinogenic proc
ess, or they could reflect changes in gene expression and 
metabolism associated with the inflammatory process, but 
play no critical role in tumor formation. Their potential role 
will depend on their nature, as discussed above. Type II 
I-compounds, which represent DNA lesions, might be ex
pected to give rise to mutations and hence be involved in 
tumor initiation, although this would not be the case for 
type I I-compounds. Changes in the levels of the latter may 
not only reflect altered gene expression, but also potentially 
contribute to it if these modifications play some regulatory 
role, as indirect experimental evidence has indicated (K 
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Randerath et al. 1992, 1993a,b,c; E Randerath et al. 1995b). 
As it is not evident which type lung I-compounds represent, 
it is not possible at this stage to define clearly the roles of 
these endogenous modifications in particle-associated pul
monary carcinogenesis. That diesel exhaust is slightly more 
active in inducing changes in pulmonary I-compound lev
els than carbon black may indicate the presence of type II 
I-compounds giving rise to tumor-initiating mutations. 

Future studies will have to explore whether chronic 
exposures to diesel exhaust and carbon black induce certain 
type II I-compounds, which have been determined in our 
laboratory to represent bulky, nuclease P1-resistant DNA 
lesions resulting from oxidative stress and have been shown 
to be associated with reactive oxygen species-induced car
cinogenesis in an organ-specific manner. As these products 
differ in their chromatographic properties from the endo
genous adducts d~scribed here, it would also be desirable 
to determine the type of I-compounds to which the endo
genous adducts described in this report belong. Further
more, the possible role of gender-related effects will have 
to be clarified. Mauderly and associates (1994) found a 
greater prevalence of lung neoplasms among females than 
among males exposed to both materials, but could not show 
that this difference was significant because of a smaller 
number of males at the later time points; however, we did 
not find significant differences in endogenous DNA adduct 
levels between males and females for any exposure group. 
If the reported gender-related differences in diesel exhaust
and carbon black-induced pulmonary carcinogenesis 
prove to be true, more work will be needed to explain the 
mechanisms underlying this difference. Finally, it will be 
of interest to determine the potential role of oxidative 
stress-mediated alterations in gene expression and differ
entiation in particle-associated pulmonary carcinogenesis. 
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APPENDIX A. INTERLABORATORY 
COMPARISON OF DR. RANDERATH'S AND 
DR. MAUDERLY'S RESULTS FOR THE DIESEL 
EXHAUST AND CARBON BLACK INHALATION 
STUDY WITH RATS EXPOSED FOR 
THREE MONTHS 

SPECIFIC AIMS 

Lung DNA prepared in Dr. Mauderly's laboratory from 
rats that inhaled filtered air, low carbon black, high carbon 
black, low diesel exhaust, or high diesel exhaust for three 
months was to be analyzed by the nuclease Pi-enhanced 
version of 32P-postlabeling assay for DNA adducts in the 
laboratories of both investigators to determine whether 
results would be comparable. 

METHODS 

Animals 

The effects of exposure on whole lung DNA adduct levels 
were evaluated by analyzing lung tissue from three male 
and three female rats in each treatment group after exposure 
for three months. The rats were anesthetized by halothane 
and killed by exsanguination, and the right intermediate 
lobes were frozen in liquid nitrogen and stored at -70°C 
until the DNA was isolated. The experimental conditions 
for the inhalation experiment have been described in detail 
by Mauderly and associates (1994) and are outlined in the 
Methods section in the main body of this report. 

DNA Isolation 

This section describes the DNA isolation procedure as it 
was used in Dr. Mauderly's laboratory after initial problems 
caused by the use of phosphate-containing buffer (see Meth
ods section in the main body of this report) had been solved. 
DNA was isolated by a modification by Gupta (1984) of the 
Marmur procedure (Marmur 1961). In brief, lung tissue was 
homogenized in ice-cold 1 % sodium dodecyl sulfate, 1 mM 
EDT A, pH 7.4. Tissue homogenates were incubated with 
proteinase K (0.5 mg/mL) for 30 minutes at 37°C and ex
tracted with an equal volume of phenol followed by extrac-
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tion with an equal volume of chloroform, isoamyl alcohol 
(24:1, v/v). The DNA was precipitated from the aqueous 
phase with ethanol and purified from RNA with RNase A 
(0.15 mg/mL) and RNase Tl (75 U/mL) at 37°C for 30 
minutes, followed by extraction with chloroform, isoamyl 
alcohol (24:1) and ethanol precipitation. The precipitated 
DNA was washed with 70% ethanol-water and semidried 
before being redissolved in 0.01 x SSC (150 mM sodium 
chloride, 15 mM sodium citrate). DNA was quantified by 
absorbance at 260 nm. 

32P-Postlabeling Assay 

This section describes how rat lung DNA samples were 
analyzed in Dr. Mauderly's laboratory. The nuclease Pi 
procedure developed by Reddy and K. Randerath (1986) 
was used to assay DNA adducts. In brief, to separate DNA 
adducts chromatographically, the 32P-postlabeled DNA di
gests were applied to a PEl-cellulose thin layer. The sheets 
were developed according to published methods (E Ran
derath et al. 1988; K Randerath et al. 1988a,b), using the 
following solvent conditions: Dl, 1 M sodium phosphate 
buffer, pH 6.8; D3, 4.2 M lithium formate, 7.5 M urea, pH 
3.5; D4, 0.72 M sodium phosphate, 0.45 M Tris-HCl, 7.65 M 
urea, pH 8.2. The original D4 and D5 chromatography 
systems were replaced with the above D4 system. The same 
solvent systems were used in Dr. Randerath's laboratory. 
Areas of radioactivity on the chromatograms were located 
by screen-enhanced autoradiography on x-ray film for 24 
hours at -80°C. Count rates (cpm) for adducts were deter
mined by liquid scintillation spectrometry of excised spots. 
Count rates from adjacent blank areas were subtracted from 
sample count rates. DNA adduct levels were calculated 
according to Reddy and K Randerath (1986) as follows: 

RAL 
cprn in adduct nucleatides 

dNp [prnal] x specific activity ATP [cprn Iprnal] 

where dNp amounted to 2.66 x 104 pmol (corresponding to 
8.2 Ilg DNA) and the specific activity of ATP ranged from 
2.7 x 106 to 6.0 X 106 cpm/pmol. 

RESULTS 

The chromatographic patterns of radiolabeled adducts 
were similar for treated and control rats and among all 
treated groups. The representative chromatogram shown in 
Figure A.l is marked to indicate the locations of the 16 areas 
ofradioactivity that were quantified. The means and stand

ard errors of RAL x 109 values are listed for the individual 
spots and the total spots in Table A.l ("Natural Scale" 
columns). Differences among the treatment groups were 
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tested statistically using Tukey's multiple comparison test 
for pairwise comparisons of log-transformed DNA adduct 
levels. 

As shown in Table A.l, total adduct levels in 109 DNA 
nucleotides ranged from 38 modifications for the control 
and high carbon black groups to 83 modifications for the 
high diesel exhaust group. The high diesel exhaust group 
had a significantly higher total adduct level than the control 
and both carbon black groups, but its level was not signifi
cantly higher than that of the low diesel exhaust group. The 
data suggested a dose-response relation for diesel exhaust, 
but not for carbon black exposure. The values of the high 
diesel exhaust group for spots 3, 5, 6, 7, 8, 9, 11, and 13 were 
significantly higher than those of either the control or high 
carbon black groups, or both. The finding that the total 
adduct level of the high carbon black group was identical 
to that of the control group, and lower than that of the low 
carbon black group is unexplained. Analyses included sam
ples from multiple groups each day, so the high carbon 
black values were not derived on days different from the 
other groups. Audits of records do not indicate mislabeling 
or switching of samples. 

DISCUSSION AND CONCLUSIONS 

A comparison of representative chromatograms of 32p_ 
postlabeled digests from control rats subjected to sham 
exposures obtained by both Dr. Randerath's group (Figure 
3) and Dr. Mauderly's group (Figure A.l) shows that in each 
case controls exhibited a number of adduct spots with 
similar autoradiographic intensities overall. The presence 
of such bulky, nuclease Pi-resistant DNA modifications in 
control DNA suggested that these were I-compounds. Fur
thermore, both investigators found the same DNA modifi
cations also in lung DNA from carbon black- and diesel 
exhaust-exposed rats and did not observe the induction of 
additional, classic exogenous adducts. Although both in
vestigators used essentially the same labeling and chroma
tographic conditions, the adduct profiles were not 
identical. However, certain common features of both pro
files can be discerned: the heaviest spots are clustered in 
the upper right portion of the chromatogram; fewer and less 
intense spots are located in the central part of the map; the 
upper-left and lower-right areas are free of adduct spots; 
and some heavier spots are seen in the origin area. It is clear 
that on the chromatogram from Dr. Mauderly's laboratory 
adduct spots migrated faster in the first dimension (D3, 
from bottom to top) than on the chromatographic map from 
Dr. Randerath's laboratory. Thus, spots in the former chro-
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matogram are more condensed in the upper-right corner 
and several spots moved clearly out ofthe origin area, while 
the latter chromatogram shows the spots on the right side 
to be more spread out and spots in the origin area not to be 
well resolved. These differences were presumably largely 
due to variations in chromatography. The two most likely 
explanations are differences in batches of PEl-cellulose 
sheets and in chromatographic solvents, particularly the D3 
solvent. Sheet variations are most likely caused by different 
batches of cellulose, as properties of cellulose from the 
same commercial source are known to vary to some extent. 
This could have some effect on the capacity of the sheets to 
retain DNA adducts to the same degree. Regarding the D3 
solvent, electrolyte solutions containing high concentra
tions of urea were found in Dr. Randerath's laboratory not 

to be completely stable upon storage. Thus, freshly pre
pared D3 solvent tends to push adducts more toward the 
front than solvent that has been stored for longer than one 
to two weeks. Because of the differences in adduct profiles, 
it has not been possible to identify matching adduct spots. 
Thus, adduct spots with the same numbers are not identical 
for the two investigators' maps, and levels of individual 
ad ducts could not be compared with each other. 

Log-transformed DNA adduct levels from the two labo
ratories, when plotted against exposure groups, showed 
similar trends except for the high carbon black exposure 
(Figure A-2). The comparatively low value for this exposure 
obtained by Dr. Mauderly's laboratory remains unex
plained (see Results section above). The somewhat higher 
values for total adduct levels measured by Dr. Mauderly 

Figure A.1. A typical adduct pattern obtained in Dr. Mauderly's laboratory from 32P-postlabeled rat lung DNA. This sample was from a control rat after three 
months of sham exposure. DNA was assayed by the nuclease Pl version of the 32p-postlabeling assay. First dimension, from bottom to top; second dimension, 
from left to right. Autoradiography employing Kodak XAR-5 x-ray film and an intensifying screen was performed at --:80°C for 24 hours. The numbers indicate 
the adduct spots that were quantified. 
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Table A.l. Effect of Carbon Black or Diesel Exhaust Inhalation for Three Months on Lung DNA Adduct Levels in F344lN 
Rats (Male and Female Combined), as Determined in Dr. Mauderly's Laboratorya 

Spot 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

Controlb 

Natural 

Scale 

2.087 

0.189 

3.280 

0.367 

1.451 

0.153 

2.399 

0.253 

2.241 

0.187 

2.533 

0.420 

Log 

Scale 

0.301 

0.038 

0.491 

0.042 

0.117 

0.071 

0.358 

0.040 

0.333 

0.038 

0.347 

0.065 

Low Low High High 
Carbon Blackb Diesel ExhaustC Carbon Blackc Diesel Exhaustb 

Natural 

Scale 

2.695 

0.383 

3.628 

0.481 

1.827 

0.275 

2.666 

0.356 

2.334 

0.317 

2.809 

0.615 

Log Natural 

Scale Scale 

0.391 

0.053 

0.514 

0.062 

0.213 

0.061 

0.381 

0.061 

0.321 

0.063 

0.356 

0.082 

1.941 

0.136 

2.531 

0.336 

1.813 

0.240 

2.278 

0.198 

2.410 

0.270 

3.190 

0.407 

Log Natural 

Scale Scale 

0.276 

0.036 

0.371 

0.055 

0.218 

0.065 

0.342 

0.040 

0.356 

0.051 

0.472 

0.056 

2.225 

0.375 

2.953 

0.385 

1.224 

0.231 

2.281 

0.299 

2.131 

0.363 

1.920 

0.518 

Log 

Scale 

0.276 

0.089 

0.438 

0.056 

0.015 

0.091 

0.320 

0.063 

0.273 

0.073 

0.170 

0.101 

Natural 

Scale 

2.434 

0.311 

3.348 

0.321 

2.170 

0.183 

5.137 

1.585 

3.679 

0.436 

3.879 

0.459 

Log 

Scale 

0.347 

0.056 

0.503 

0.041 

0.322 

0.033 

0.595 

0.081 

0.535 

0.049 

0.557 

0.051 

Pairwise 

Comparisonsd 

NS 

NS 

HDEvsHCB 

NS 

HDEvsHCB 

HDEvsHCB 

2.107 0.300 4.716 0.577 4.953 0.670 2.795 0.383 7.072 0.809 HDE vs (CTL, HCB) 

0.189 

2.863 

0.046 

0.378 

0.971 

7.061 

0.087 

0.769 

0.528 0.051 

6.066 0.463 

0.502 

3.834 

0.078 

0.408 

0.835 

7.478 

0.060 

0.830 HDEvsCTL 

SE 0.433 0.092 1.393 0.076 0.617 0.044 1.282 0.123 0.987 0.060 

Mean 

SE 

Mean 

3.753 

0.561 

3.081 

0.522 

0.064 

0.463 

5.243 

0.902 

2.728 

0.652 

0.073 

0.393 

5.223 

0.296 

3.790 

0.711 

0.027 

0.466 

3.935 

0.857 

3.176 

0.523 12.478 

0.078 3.286 

0.398 4.520 

0.955 HDE vs (CTL, HCB) 

0.103 

0.617 NS 

SE 0.316 0.045 0.315 0.063 1.049 0.097 0.825 0.096 0.507 0.060 

Mean 

SE 

Mean 

SE 

Mean 

SE 

Mean 

2.546 0.370 2.708 0.376 4.027 0.586 2.287 0.252 8.294 0.822 HDE VB (CfL, LCB, HCB) 

0.290 

3.186 

0.425 

0.055 

0.455 

0.064 

0.485 0.063 

2.947 0.333 

0.615 0.114 

0.438 

3.223 

0.543 

0.041 

0.454 

0.073 

0.376 0.130 

2.812 0.321 

0.708 0.115 

1.706 

5.444 

0.746 

0.086 

0.694 

0.057 

NS 

2.224 0.318 2.403 0.325 3.605 0.524 2.151 0.261 7.912 0.756 HDE vs (CTL, HCB) 

0.229 0.050 0.328 0.072 0.481 0.056 0.450 0.080 1.810 0.109 

1.696 0.208 1.847 0.090 3.282 0.496 1.520 0.158 3.009 0.424 NS 

SE 0.165 0.040 0.323 0.174 0.323 0.045 0.163 0.050 0.532 0.071 

a Rats were exposed to filtered air. carbon black, or diesel exhaust and their lung DNA was analyzed by 32P-postlabeling as described in the text. DNA adduct 
levels, expressed as RAL x 109 values (natural scale), were determined for the spots shown in Figure A.l and represent the means for male and female animals 
combined and duplicate DNA analyses. DNA preparations were the same as for Table 3. Chromatographic maps on which abnormally high radioactive 
background obscured adduct spots were excluded. 

b Measurements per spot = 12, or 192 total. 

C Measurements per spot = 10, or 160 total. 

d Statistical comparisons were based on the log-transformed DNA adduct levels (log scale) using Tukey's multiple comparison test (p = 0.05); see text. An 
exposure group outside parentheses is compared with each individual exposure group within parentheses. NS = no significant differences were found. 

(Continues next page) 
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Table A.i. Effect of Carbon Black or Diesel Exhaust Inhalation for Three Months on Lung DNA Adduct Levels in F344/N 
Rats (Male and Female Combined), as Determined in Dr. Mauderly's Laboratorya (Continued) 

Low Low High High 
Controlb Carbon Blackb Diesel ExhaustC Carbon Blackc Diesel Exhaustb 

Natural Log Natural Log Natural Log Natural Log Natural Log Pairwise 

Spot Scale Scale Scale Scale Scale Scale Scale Scale Scale Scale Com parisonsd 

15 Mean 1.548 0.155 1.718 0.214 2.618 0.371 1.475 0.142 3.876 0.396 NS 

SE 0.195 0.052 0.370 0.089 0.463 0.064 0.169 0.051 1.250 0.119 

16 Mean 0.963 -0.050 1.439 -0.048 1.898 0.212 1.252 0.022 2.074 0.192 NS 

SE 0.110 0.053 0.390 0.133 0.342 0.083 0.201 0.100 0.450 0.096 

Total Mean 37.958 1.572 48.722 1.645 52.858 1.716 37.971 1.533 82.648 1.899 HDE vs (CTL, LCB, 

SE 2.087 0.024 6.588 0.058 3.165 0.025 6.342 0.065 7.376 0.038 HCB) 

a Rats were exposed to filtered air, carbon black, or diesel exhaust and their lung DNA was analyzed by 32p-postlabeling as described in the text. DNA adduct 
levels, expressed as RAL x 109 values (natural scale), were determined for the spots shown in Figure A.l and represent the means for male and female animals 
combined and duplicate DNA analyses. DNA preparations were the same as for Table 3. Chromatographic maps on which abnormally high radioactive 
background obscured adduct spots were excluded. 

b Measurements per spot = 12, or 192 total. 
C Measurements per spot = 10, or 160 total. 
d Statistical comparisons were based on the log-transformed DNA adduct levels (log scale) using Tukey's multiple comparison test (p = 0.05); see text. An 

exposure group outside parentheses is compared with each individual exposure group within parentheses. NS = no significant differences were found. 

(Figure A.2) are presumably due to the evaluation of three 

additional adduct spots. Total DNA adduct levels for diesel 
exhaust-exposed and sham-exposed rats obtained by both 

investigators are comparatively similar: i.e., approximately 
83 and 38 modifications, respectively, in 109 DNA nucleo

tides for Dr. Mauderly's experiment (Table A.l), and corre-
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Figure A.2. The effect of exposure type on log-transformed total DNA adduct 
levels at the three-month time point. Data obtained by Dr. Randerath (--) 
and Dr. Mauderly ( - - - ) for the same DNA preparations are compared. For 
the calculation ofthe log-transformed total DNA adduct levels, see Figure 11. 
For each exposure group, the mean of the log-transformed total DNA adduct 
level ± 1 SD is shown. The lines indicate only the data points for each 
investigator and are not meant to imply coherence between exposure groups. 

sponding values of approximately 41 and 28 modifications 

for Dr. Randerath's experiment (Table 1). It is noteworthy 
that in an earlier study from Dr. Mauderly's laboratory 

(Bond et al. 1 990a,c) under similar experimental conditions 

approximately 14 and 7 DNA modifications were foundfor 

diesel exhaust-exposed and sham-exposed rats, respec

tively, in 109 DNA nucleotides, again indicating that vari
ations in the evaluation of spots affect absolute values of 
total adduct levels. However, in all three studies the differ

ences between diesel exhaust and control exposure adduct 
levels were similar, amounting to a factor of 1.5 to 2. 

Statistical evaluation of total adduct levels by Tukey's 

multiple comparison test showed that this difference was 
significant in both Dr. Mauderly's and Dr. Randerath's 

study. In addition, the values obtained for high diesel 
exhaust exposure in both laboratories were significantly 

different from those for low carbon black exposure. 

In conclusion, although certain qualitative and quantita
tive differences were observed in the interlaboratory com
parison, which appeared to be due to some technical 

aspects of the chromatographic procedures, major results 

were the same: namely, lung DNA from carbon black- and 
diesel exhaust-exposed rats displayed a number of adducts 

that were also found in controls and hence were I-com
pounds; no exogenous DNA adducts giving rise to addi-
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tional 32P-postlabeled spots on adduct maps were detected 
in lung DNA of diesel exhaust-exposed rats; high diesel 
exhaust exposure for three months significantly enhanced 
the total level ofI-compounds 1.5- to 2-fold when compared 
with sham exposure. Values for high diesel exhaust expo
sure were also slightly, but significantly elevated over those 
for low carbon black exposure. 
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ABBREVIATIONS 

ADP 
ATP 
BaP 

BPDEI 
cpm 
CSC 
CTL 
DBA 

DEE 

dpNp 
EDTA 

adenosine diphosphate 
adenosine triphosphate 
benzo[a]pyrene 
benzo[a]pyrene diol epoxide I 
counts per minute 
cigarette smoke condensate 
control 
dibenz[a,j] acridine 

diesel exhaust extract 

deoxyribon ucleoside 3',5' -bisphosphate 
eth y lenediaminetetraacetic acid 

ELISA 
Fe-NTA 

HCB 
HDE 

I-compound 

ITRI 
LCB 
LDE 
PAH 

PEl 

Pi 
ppm 
RAL 

TCDD 
TLC 

Tris-HCI 

enzyme-linked immunosorbent assay 
ferric nitrilotriacetate 
high carbon black (in tables and figures) 
high diesel exhaust (in tables and figures) 
indigenous compound (designating a DNA 
modification of endogenous origin) 
Inhalation Toxicology Research Institute 
low carbon black (in tables and figures) 
low diesel exhaust (in tables and figures) 

polynuclear aromatic hydrocarbon 
pol yethy leneimine 
inorganic phosphate 
parts per million 
relative adduct labeling (a measure for DNA 
adduct level) 

2,3,7,8-tetrachlorodibenzo-p-dioxin 
thin-layer chromatography 

tris(hydroxymethyl)aminomethane
hydrochloride 
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INTRODUCTION 

Diesel engines generally provide better fuel economy and 
lower exhaust emissions of some pollutants (carbon mon
oxide and hydrocarbons) than do equally performing gaso
line engines. However, they also emit much higher levels 
of particles and oxides of nitrogen. The particles in diesel 
engine emissions consist principally of a combustion-gen
erated carbonaceous core onto which various amounts of 
organic chemicals are adsorbed. Some of these chemical 
compounds are carcinogens and mutagens (International 
Agency for Research on Cancer 1989; Shirname-More 
1995). These particles are of concern because they are of a 
respirable size and deposit in the human lung (International 
Agency for Research on Cancer 1989; Mauderly 1992; Die
sel Working Group 1995). Since 1983, The Health Effects 
Institute has funded multidisciplinary research on the po
tential health effects of diesel exhaust and its various com
ponents with the objective of providing regulators with 
information needed for sound risk assessment. 

By the late 1980s, several investigators had demonstrated 
that diesel exhaust, inhaled chronically at high concen
trations, was a pulmonary carcinogen in laboratory rats 
(Heinrich et al. 1986; Ishinishi et al. 1986; Iwai et al. 
1986; Mauderly et al. 1987; Brightwell et al. 1989). The 
carcinogenicity of inhaled diesel exhaust was shown to 
be dependent on both the concentration and duration of 
exposure (Mauderly 1992). One hypothesis for the tu
morigenic response is that the organic chemicals bound to 
diesel exhaust particles interact with lung DNA to initiate 
carcinogenesis. In support of this hypothesis is the obser
vation that organic solvent extracts of diesel exhaust parti
cles are genotoxic in several short-term and long-term 
bioassays (Huisingh et al. 1978; International Agency for 
Research on Cancer 1989; Shirname-More 1995), and the 
polynuclear aromatic hydrocarbons (PAHs)* in diesel ex
haust are known to be carcinogenic in animals (Interna
tional Agency for Research on Cancer 1983). Another 
hypothesis (Vostal 1986) is that the lung tumors in rats 
exposed to high concentrations of diesel exhaust are caused 
by overloading of the normal lung-clearance processes, 
accumulation of soot particles in the lung, and subsequent 
nongenotoxic mechanisms of tumor development (that is, 
there is no direct interaction with the genome). In support 
of this view is the observation that lung cancer can be 
induced in rodents that inhale high concentrations of par-

* A list of abbreviations appears at the end of the Investigators' Report for 
your reference. 
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ticles that are virtually devoid of organic compounds, such 
as, shale dusts and titanium dioxide (Morrow 1992; Pott 
and Roller 1994). A third hypothesis is that the lung tumors 
induced by diesel exhaust arise from the combination of an 
initiating event involving the organic compounds adsorbed 
onto the diesel exhaust particles and the promoting effect 
of the inflammatory and proliferative processes arising 
from high concentrations of particles deposited and re
tained in the lungs. 

In issuing RFA 86-2, the HEI Research Committee soli
cited proposals for research to determine which of the 
above mechanisms applied to the carcinogenicity of diesel 
exhaust in the rat model. Dr. Kurt Randerath and coworkers 
(Baylor College of Medicine, Houston, TX) submitted a 
proposal entitled "Diesel Exhaust and DNA Damage" to 
determine whether inhalation of diesel exhaust or carbon 
black particles (a surrogate for diesel exhaust particles 
without the adsorbed organic compounds) induces· DNA 
adducts. The proposed study was part of a large project 
comparing the carcinogenicity of diesel exhaust with that 
of carbon black (Mauderly et al. 1994; Nikula et al. 1995). 
Dr. Randerath also proposed to examine whether diesel 
exhaust extracts applied directly to the skin of mice induce 
DNA adducts. 

Dr. Randerath's proposal, which was reviewed internally 
and externally, was approved by HEI, and work began in 
1987. Total HEI expenditures were $427,949.00. The Inves
tigators' Report was received at HEI for review in July 1993, 
and the revised report, which was submitted in December 
1994, was accepted for publication by the Health Review 
Committee in January 1995. During the review of Dr. Ran
derath's report, the Review Committee and Dr,. Randerath 
had the opportunity to exchange comments and to clarify 
issues in the Investigators' Report and in the draft Review 
Committee's Commentary. This Health Review Commit
tee's Commentary is intended to place the Investigators' 
Report in perspective as an aid to the sponsors of the HEI 
and to the public. 

REGULATORY BACKGROUND 

The U.S. Environmental Protection Agency (EPA), be
cause of concerns regarding the potential adverse health 
consequences of inhaling diesel exhaust, sets emission 
standards for diesel engines and vehicles under Section 202 
ofthe Clean Air Act, as amended in 1990. Section 202(a)(1) 
of the Act directs the Administrator of the EPA to prescribe 
"(and from time to time revise) ... standards applicable to 
the emissions of any air pollutant from any class or classes 
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of new motor vehicles or new motor vehicle engines, which 
in his/her judgement cause, or contribute to air pollution 
which may reasonably be anticipated to endanger public 
health or welfare." Section 202(a)(3)(i) of the Act, as 
amended by Section 201 ofthe 1990 Amendments, specifi
cally directs the Administrator to set standards for the 
emissions of hydrocarbons, carbon monoxide, oxides of 
nitrogen, and particulate matter from classes ... of heavy
duty vehicles or engines .... " 

Under the authority given the EPA by Section 202(a)(1) 
and 202(a)(3)(A)(i), it has taken a variety of regulatory 
actions With respect to diesel engines and vehicles. For 
instance, it has set standards for the level of hydrocarbons 
in emissions of heavy-duty and light-duty trucks. The EPA 
emissions standards initially applied to all engines and 
vehicles produced in a given model year. Engines and 
vehicles of the same class produced in succeeding years 
must comply with the existing standards unless the EPA 
establishes a new set of standards. The 1990 Amendment 
of the Clean Air Act also includes several provisions that 
pertain to diesel engines in heavy-duty applications, diesel 
motor vehicles including light-duty trucks and buses, and 
diesel fuel quality. 

At the time RF A 86-2 was issued, exposure to high 
concentrations of diesel exhaust had been shown to cause 
lung tumors in rats; however, it was not known which 
constituents of diesel exhaust (inorganic particles, the or
ganic compounds adsorbed onto the particles, or both) were 
responsible for the tumorigenic effect. Analysts assessing 
the potential health risk for human populations exposed to 
diesel exhaust often rely on data extrapolated from animal 
studies to develop quantitative risk estimates. To obtain 
appropriate data for sound assessments, a better under
standing than currently exists of the key causative agents 
within diesel exhaust and knowledge of the mechanism by 
which diesel exhaust induces carcinogenesis in rats are 
necessary. Dr. Randerath and coworkers were funded to 
determine whether exposure to diesel exhaust or carbon 
black induces DNA damage and whether the damage is 
linked to lung tumors in rats. Such research is essential to 
the informed regulatory decision-making required by the 
Clean Air Act. 

SCIENTIFIC BACKGROUND 

Organic extracts of diesel exhaust particles are mu
tagenic and clastogenic in a number of in vitro assay sys
tems (Huisingh et al. 1978; International Agency for 
Research on Cancer 1989; Shirname-More 1995). Therefore, 
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these extracts and their adsorbed constituents, particularly 
the PAHs, have been the subject of intense investigation 
during the last two decades. When applied topically (Kotin 
et al. 1955; Nesnow et al. 1982), or when implanted in the 
lungs (Grimmer et al. 1987), organic extracts of diesel ex
haust particles were carcinogenic in rodents. Many of the 
adsorbed PAHs, particularly benzo[a]pyrene, and their ni
tro derivatives (nitro-PAHs), which are formed in diesel 
exhaust by the reaction of P AHs with nitrogen oxides, have 
been shown to be carcinogenic and mutagenic both in vitro 
and in vivo (International Agency for Research on Cancer 
1983, 1989). Lifetime exposures to high concentrations of 
diesel exhaust produced lung tumors in rats (Heinrich et al. 
1986; Ishinishi et al. 1986; Iwai et al. 1986; Mauderly et al. 
1987; Brightwell et al. 1989). Also, epidemiologic studies 
suggest a weak association between exposure to diesel 
exhaust and lung cancer in occupationally exposed workers 
(International Agency for Research on Cancer 1989; Cohen 
and Higgins 1995). On the basis of limited evidence for the 
carcinogenicity of diesel exhaust in humans and sufficient 
evidence for its carcinogenicity in animals, the Interna
tional Agency for Research on Cancer (1989) has classified 
diesel exhaust as a probable human carcinogen. 

One mechanism by which diesel exhaust could conceiv
ably induce cancer is that when the organic chemical com
pounds bound to the carbonaceous core of diesel exhaust 
particles are desorbed they form DNA adducts, thereby 
inducing mutations in critical genes and initiating the proc
ess of carcinogenesis. This theory is compatible with obser
vations that the majority of chemical carcinogens are either 
electrophilic or become so following metabolic activation. 
Such chemicals can attack nucleophilic centers of nucleic 
acids and proteins, resulting in the formation of covalent 
adducts (Miller and Miller 1981; Hemminki 1993). The 
formation of DNA adducts is generally regarded to be a 
critical molecular event in the initiation of chemical car
cinogenesis. Unless the adducted nucleotides are repaired 
before DNA replication, the nucleotide sequence may be 
changed, leading to possible mutations, oncogene activa
tion, and altered expression of regulatory and tumor sup
pressor genes (Weinberg 1991). 

The importance attributed to DNA adducts in carcino
genesis has fostered intense interest in developing sensitive 
techniques to measure DNA adducts, as a means of studying 
the mechanism of carcinogenesis and developing biomark
ers of exposure to environmental carcinogens (Wogan and 
Gorelick 1985). These techniques include immunoassays 
(Harris et al. 1985; Shamsuddin et al. 1985; Everson et al. 
1986; Perera et al. ·1988), synchronous fluorescence spec-
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trophotometry (Vahakangas et al. 1985; Weston et al. 1989), 
mass spectrometry (Weston et al. 1989), and the procedure 
used in this study, 32P-postlabeling (Everson et al. 1986; 
Randerath et al. 1986; Hemminki et al. 1990; Reddy et al. 
1991; Randerath and Randerath 1993). 

Dr. Randerath and coworkers pioneered the development 
of the 32P-postlabeling assay to measure normal bases and 
the modified base 5-methylcytosine in DNA (Reddy et al. 
1981). They then applied this method to DNA bases modi
fied covalently with mutagens and carcinogens of low mo
lecular weight (Rand erath et al. 1981) and high molecular 
weight (Gupta et al. 1982; Reddy et al. 1984). The 32p_post_ 
labeling assay is a very sensitive method for analyzing DNA 
adducts that are bulky or aromatic or both (designated 
bulky/aromatic in the Investigators' Report) and does not 
require knowledge of the structural identity of the adduct. 
In contrast to othe·r methods, it is generally applicable to 
the measurement of DNA adducts formed by nonradioac
tive and even unidentified mutagens in laboratory animals 
and humans (Randerath and Randerath 1994). 

The standard 32p-postlabeling procedure involves enzy

matic hydrolysis of DNA to 3'-mononucleotides, subsequent 
conversion of the hydrolysis products to 5,-32P-postlabeled 3', 

5'-bisphosphate derivatives with excess [y-32P]adenosine 
triphosphate as the [32p]phosphate donor, catalyzed by T4 
polynucleotide kinase. The labeled nucleotides are sepa
rated by polyethyleneimine-cellulose anion-exchange thin
layer chromatography. Autoradiography permits localization 
of the normal and adducted nucleotides, and subsequent 
scintillation spectrometry allows quantification of specific 
adducts or total adducts. During chromatography, normal 
nucleotides are separated from adducted nucleotides by the 
use of different solvents. Adducts are further resolved by 
two-dimensional chromatography. In the modified version 
of the procedure, normal nucleotides are removed, either 
physically by the butanol extraction procedure or enzy
matically by the nuclease Pl procedure, before 32P-postla
beling, resulting in greater sensitivity for detection of 
adducts: the standard procedure can detect one adduct per 
106 to 107 nucleotides, whereas th( enhanced versions can 
detect approximately one adduct per 109 to 1010 nucleo
tides. 

Adducts on the chromatographic plates are detected as 
spots by using screen-enhanced autoradiography. The areas 
where these adduct spots appear are excised and quantified 
by Cerenkov counting. An adduct level is usually expressed 
as a relative adduct labeling (RAL) value, which is the ratio 
of radioactivity (counts per minute) of adducted nucleo
tides to the radioactivity of total nucleotides (adducted plus 

normal nucleotides). A value of n for RAL x 107 means that 
n = the number of adducts per 107 DNA nucleotides, assum
ing that the adduct recovery is identical to that of normal 
n ucleoti des. 

The structure and identity of specific carcinogen-DNA 
adducts can be determined by cochromatography of the 
putative carcinogen-DNA adducts with synthetic mononu
cleotide adduct standards. Direct reaction of DNA, de
oxynucleotides, or homodeoxypolymers with, for example, 
PAH metabolites (epoxides or diol epoxides) provides in
formation about both the DNA base and the P AH (parent) 
moiety present in the PAH-DNA adduct (Ross and Nesnow 
1993). 

By 1986, when RFA 86-2 was issued, there was evidence 
that many of the P AHs in diesel exhaust are capable of forming 
DNA adducts in vivo and in vitro (Gupta et al. 1982; Randerath 
et al. 1983). Dr. Randerath's laboratory had shown that the 
major PAHs in diesel exhaust, including benzo[a]pyrene, 
benzo[e]pyrene, chrysene, benz[a]anthracene, dibenz[a,h]
anthracene, dibenz[a,c]anthracene, and benzo[g,h,i]pery
lene, gave rise to DNA adducts when applied topically to 
mouse skin; however, other PAHs such as pyrene, anthra
cene, and perylene did not form such adducts under iden
tical conditions (Reddy et al. 1984). Furthermore, an 
organic extract of diesel exhaust resulted in the formation 
of several bulky/aromatic DNA adducts when applied to 
mouse skin; these adducts were not present in the DNA 
sam pIes from control animals (Randerath et al. 1985). Wong 
and coworkers (1986) exposed F344/N rats by inhalation to 
whole diesel exhaust (7.1 mg diesel particles/m 3 of test 
atmosphere) for 31 months and reported that no new DNA 
adducts (that is, adducts not present in control animals) 
were found in animals exposed to diesel exhaust. The mean 
total levels of endogenous adducts, however, were higher 
in the diesel exhaust-treated animals· than in the control 
animals (although there was a wide spread in the data and 
only a small number of animals were studied). 

RATIONALE FOR THE STUDY 

The HEI Research Committee determined that research 
was needed to clarify the role of the constituents of diesel 
engine emissions in inducing rat lung tumors and to de
velop techniques to measure biomarkers of exposure. HEI 
sponsored studies by Dr. Joe L. Mauderly and coworkers of 
the Inhalation Toxicology Research Institute (ITRI, Albu
querque, NM) to compare the carcinogenicity of diesel 
exhaust with that of carbon black. Carbon black particles 
are physically similar to the carbonaceous cores of diesel 
exhaust particles, but they have only negligible amounts of 
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organic compounds adsorbed onto their surfaces. HEI also 
funded two groups of investigators to evaluate the geno
toxic potential of these two agents. Dr. Randerath and 
coworkers, whose study is the subject of this report, meas
ured DNA adducts in samples from the lungs of rats chroni
cally exposed to either carbon black or diesel exhaust. Dr. 
Randerath also evaluated whether organic extracts of the 
diesel exhaust particles used in the inhalation study by Dr. 
Mauderly induced DNA adducts when applied topically to 
the skin of CD-l mice. 

Dr. Mauderly also provided DNA samples to a third 
investigator, Dr. Alan Jeffrey (Columbia University, New 
York, NY), who was to measure DNA and hemoglobin 
adducts in tissues from rats used in the inhalation bioassay 
and to identify the major genotoxic components in extracts 
of diesel exhaust particles. A related study was funded in 
1993 when the HEI Research Committee sponsored Dr. 
Steven Belinsky to measure gene mutations in lung tumor 
tissues. The HEI Research Committee thought these studies 
would form a comprehensive program that would shed 
light on the mechanism by which diesel exhaust induces 
carcinogenesis in the rat model. 

Dr. Mauderly's carcinogenicity studies were published 
in Part I of this Research Report (Mauderly et al. 1994). 
Dr. Randerath's report forms Part II. Dr. Belinsky's report 
is Part III. Dr. jeffrey's study was not completed; his unpub
lished draft report is available upon request from HEI. 

TECHNICAL EVALUATION 

STUDY DESIGN 

The inhalation component of the animal bioassay, 
histopathologic evaluation, and evaluation of selected 
noncancer endpoints were conducted under the direc
tion of Dr. Mauderly. Lung DNA samples were isolated 
at ITRI after various exposure times, and frozen samples 
were shipped to Dr. Randerath's laboratory for analysis of 
DNA adducts. For comparison, DNA samples from the 
three-month exposure groups were also analyzed for the 
presence of DNA adducts, using the nuclease Pl-enhanced 
version of the 32P-postlabeling method, in Dr. Mauderly's 
laboratory at ITRI. 

Dr. Randerath and coworkers conducted a well-designed 
and thorough study that achieved its overall goals. They 
measured DNA adducts formed in the lungs ofrats exposed 
for different periods of time to clean (filtered) air or to a high 
or low concentration of diesel exhaust or carbon black 
particles. 
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STUDY OBJECTIVES 

The principal objective of Dr. Randerath's study was to 
determine whether prolonged exposure of rats to either 
carbon black or diesel exhaust induces the formation of 
DNA adducts in rat lungs. 

The specific aims were as follows: 

1. To measure carcinogen-DNA adduct formation in male 
and female F344/N rats exposed for 3, 6, 12, 18, and 24 
months to clean air, to carbon black particles (2.5 or 6.5 
mg/m3 oftest atmosphere) or to diesel exhaust particles (2.5 
or 6.5 mg/m3 oftest atmosphere). Although the initial plan 
involved only the investigation of DNA adducts resulting 
from exogenous carcinogens, the early experiments indi
cated the presence of a number of endogenous DNA modi
fications in all three types of exposure. Thus Dr. Randerath 
also measured these indigenous compounds (I-com
pounds), which are DNA modifications of endogenous ori
gin. 

2. To shed light on the possible mechanistic relations 
between exposure to diesel exhaust and exposure to an
other complex mixture, cigarette smoke condensate, which 
contains polynuclear aromatic carcinogens similar to those 
found in diesel exhaust. In order to study this, Dr. Ran
derath and coworkers examined DNA adducts in mouse 
skin, lung, and heart tissue following topical application of 
organic extracts of diesel exhaust particles and compared 
these results with their previously published results ob
tained in a similar experiment using cigarette smoke con
densate. 

3. To determine the comparability of DNA adduct data 
obtained in different laboratories, for which an interlabora
tory comparison of Dr. Randerath's, Dr. Jeffrey's, and Dr. 
Mauderly's DNA adduct results was conducted. 

ASSESSMENT OF METHODS 

Dr. Randerath and coworkers are acknowledged experts in 
the development and application of the 32P-postlabeling tech
nique for DNA adduct analysis. The methods used in this 
study were carefully conceived and validated. The authors 
also conducted an unusually thorough and sophisticated sta
tistical analysis of the DNA adduct data, which should lay the 
foundation for future studies on the evaluation of DNA ad
ducts using the 32P-postlabeling technique. 

The main objectives of the statistical analysis were to 
compare the levels of DNA adducts across the five exposure 
groups, to assess the effect of duration of exposure on DNA 
adduct levels, and to determine whether levels of certain 
individual adducts or subsets of adducts varied among 
exposure groups or: with duration of exposure. 
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Separate statistical analyses were conducted to address 
each of these questions of interest, but they all had some 
features in common. Because exploratory analyses sug
gested that a logarithmic transformation might be appropri
ate, the investigators carried out analyses of variance on 
both the natural and logarithmic scale. They compared the 
mean DNA adduct levels across the exposure groups, first 
for each spot and at each time of measurement, and then 
summed across all spots at each time of measurement. For 
each analysis, the paired comparisons were adjusted for 
multiple comparisons (using Tukey's multiple comparison 
test). Because many analyses of variance were performed, 
in 5 % of such analyses, at least one significant difference 
would be expected to occur by chance alone. Thus an 
occasional significant difference must be interpreted cau
tiously. 

An area of minor concern is that Dr. Randerath and 
coworkers sometimes reported DNA adduct levels as X 
adducts/10n nucleotides, and at other times, as relative 
adduct labeling (RAL) values, which represent the ratio of 
radioactivity (counts per minute) of adducted nucleotides 
to that of total (adducted plus normal) nucleotides. In the 
nuclease Pi enhancement procedure, the radioactivity of 
total nucleotides is calculated from the amount of DNA and 
the specific activity of [y-32P]adenosine triphosphate. If 
adducts are labeled and recovered quantitatively, the RAL 
x 10n value equals the number of adducts per 10n nucleo
tides. However, the accuracy of this value depends on 
whether the adducted nucleotides have been labeled with 
the same efficiency as the normal nucleotides. Quantitative 
measurements also depend on the success with which 
adducts are recovered and resolved. Recovery of certain 
adducts is structure-dependent; for example, recovery of 
nitro-PAHs is better in the butanol extraction version ofthe 
32P-postlabeling procedure than in the nuclease Pi en
hancement procedure (Randerath and Randerath 1994). 
Optimal resolution depends on the choice of chroma
tographic conditions. Because of the above-mentioned fac
tors, the results are more appropriately expressed as RAL 
values and not as X adducts/10n nucleotides. 

RESULTS 

Lung DNA Adducts in the Rat Inhalation Experiments 

Dr. Randerath and coworkers observed essentially the 
same pattern of DNA ad ducts in the lungs of animals 
exposed to diesel exhaust, carbon black, or clean air. Using 
this assay, no DNA adducts specific to diesel exhaust or 
carbon black were found. There were, however, a number 
of subtle but significant differences in either total DNA 
adduct levels or individual adduct levels among exposure 

groups at some time points. After three months of exposure, 
total DNA adduct levels as well as levels of several individ
ual DNA adducts were higher for the animals exposed to 
diesel exhaust particles at 6.5 mg/m3 of test atmosphere 
than for the control rats or the animals exposed to carbon 
black particles. After 23 months of exposure, one DNA 
adduct was present at significantly lower levels in the lungs 
of rats exposed to diesel exhaust or carbon black particles 
at 6.5 mg/m3 than in the lungs of control rats. In general, 
the total DNA adduct level increased with age, in all of the 
groups, even the control animals, a pattern associated with 
endogenous DNA modifications-that is, the so-called 1-
compounds (Randerath et al. 1993). However, the biological 
significance ofthe very small number of statistically signifi
cant differences among the levels of DNA adducts found is 
not clear. 

When the levels of individual DNA adducts were com
bined over all time points, some exposure-related effects 
were revealed. For example, the levels of several individual 
adducts were highest in animals exposed to diesel exhaust 
particles, lowest in the control animals, and intermediate 
in the animals exposed to carbon black particles. In addi
tion, although levels of most individual adducts increased 
over time in animals exposed to diesel exhaust, the level of 
one adduct decreased in a concentration-dependent man
ner. Lastly, in animals exposed to diesel exhaust particles 
at 6.5 mg/m3, total adduct levels were higher than those in 
control animals. It should be noted that the total level of 
DNA adducts induced by inhaled diesel exhaust was lower 
than the levels of DNA adducts induced in another study 
by some of the individual carcinogens present in diesel 
exhaust (Beland et al. 1994). 

Dr. Randerath suggested that the lack of new' expo sure
related DNA adducts in the animals exposed to diesel 
exhaust or carbon black, combined with small exposure-re
lated increases in total DNA adduct levels, is consistent 
with the hypothesis that exposure to diesel exhaust and to 
carbon black induced the formation of endogenous DNA 
modifications, or as he calls them, I-compounds (Randerath 
et al. 1993), rather than chemical-specific adducts. The 
results of other investigators provide some support for this 
hypothesis. When rats were exposed to diesel exhaust at 7.1 
mg/m 3 for 31 weeks (Wong et al. 1986) or to diesel exhaust 
at 10 mg/m3 for 12 weeks (Bond et al. 1988, 1990a), no 
exposure-related adducts were found in the DNA extracted 
from their lung tissue (Wong et al. 1986) or from peripheral 
lung cells (Bond et al. 1988, 1990a). However, both studies 
revealed a small, but statistically significant increase in 
total DNA adduct levels. I~ studies of rats exposed to high 
concentrations of diesel exhaust or carbon black particles 
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(Bond et al. 1990b; Wolff et al. 1990), Bond and coworkers 
(1990b) reported a small increase in the total DNA adduct 
levels in animals exposed to diesel exhaust. In all these 
studies (Wong et al. 1986; Bond et al. 1988, 1990a,b; Wolff 
et al. 1990), including the present one, the DNA adducts 
were analyzed by the nuclease Pi version ofthe 32P-postla
beling assay. 

In contrast to the studies discussed above, Gallagher and 
coworkers (1994) reported elevated levels of two adducts 
in lung DNA from Wistar rats exposed to diesel exhaust that 
were not present in animals exposed to carbon black or 
titanium dioxide as measured using the butanol extraction 
version of the 32P-postlabeling assay. The authors suggested 
that one of the two ad ducts was an endogenous DNA 
modification or I-compound because the adduct levels also 
increased with age in control animals. They postulated that 
the second DNA adduct was a nitro-P AH-DNA adduct, 
because it was detected only in the DNA analyzed by the 
butanol extraction procedure and not in that analyzed by 
the nuclease Pi version of the 32P-postlabeling assay. They 
argued that the latter procedure would not detect nitro
P AH-DNA adducts. However, this mayor may not be true 
because other laboratories have detected some nitro-PAH
DNA adducts using the nuclease Pi- version ofthe 32p_post_ 
labeling assay (Roy et al. 1989; Delcos et al. 1993; 
El-Bayoumy et al. 1994). The characterization ofthis adduct 
as a PAH-derived adduct requires further confirmation 
because the same or a related adduct was also observed in 
the control rats, and it was not fully characterized by 
comparison with authentic nitro-PAH-derived DNA ad
ducts. Unlike the present study, or the reports of others 
(Wong et al. 1986; Bond et al. 1988, 1990a,b; Wolff et al. 
1990), Gallagher and coworkers (1994) did not find an . 
increase in total DNA adduct levels as a result of exposure 
to diesel exhaust. 

DNA Adducts in the Mouse Skin Painting Experiments 

Dr. Randerath and coworkers also investigated the time 
course of adduct formation in skin, lung, and heart tissue 
of CD-1 mice following cutaneous application of an organic 
extract of the same diesel exhaust particles as were used in 
the rat inhalation experiments. In the skin-painting experi
ments, Dr. Randerath and coworkers did not include con
trol animals whose skin was painted with the vehicle, and 
they reported DNA adduct levels relative to day 1 of expo
sure rather than to adduct levels in control animals. In the 
skin, total adduct levels peaked one day after application 
of the extract and rapidly declined after three days. In the 
lungs, one major DNA adduct and several minor adducts 
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were seen, and their levels remained constant for six weeks. 
Similar adduct patterns were obtained regardless of 
whether the extracts were applied as a single dose or in 
multiple applications. These results are consistent with 
other reports of multiple exogenous bulky/aromatic DNA 
adducts in the skin of mice treated dermally with extracts 
of diesel exhaust (Schoket et al. 1989; Gallagher et al. 1990). 
Schoket and coworkers (1989) also reported dose-depend
ent formation of DNA adducts in the lungs of mice treated 
dermally with diesel exhaust extract. Furthermore, the pat
tern of adducts observed in the skin by Randerath and 
coworkers in this study differs from that observed in their 
earlier study with cigarette smoke condensate (Randerath 
et al. 1992). This suggests that different types of chemicals 
are present in these two complex mixtures or that constitu
ents of diesel exhaust and cigarette smoke differ in their 
mechanism of adduct formation. 

Comparison of the adduct profiles between the mouse 
skin-painting experiments and the rat inhalation experi
ments revealed that one adduct from the lungs of rats that 
had inhaled diesel exhaust cochromatographed with one 
adduct from the lung tissue of mice whose skin had been 
painted with diesel exhaust extract. Total adduct levels in 
the rat inhalation experiments were approximately 2- to 
3-fold lower than the total adduct levels in the skin-paint
ing studies. This difference may reflect the fact that the 
mice in the skin-painting experiments were exposed to a 
multitude of DNA-reactive chemicals at high concentra
tions, while the rats in the inhalation experiments were 
exposed to particle-bound chemicals that may not have 
been bioavailable. 

Interlaboratory Comparison 

Drs. Mauderly and Randerath used similar procedures to 
analyze DNA adducts in lung tissue from rats exposed to 
five different test atmospheres for three months. The find
ings from the two groups were essentially the same al
though some qualitative and quantitative differences were 
observed. In both studies, animals exposed to diesel ex
haust or carbon black for three months displayed the same 
DNA adduct pattern as the control animals displayed; that 
is, the adducts were not induced specifically by the test 
particles. However, there was a 1.5- to 2-fold greater total 
DNA adduct level in rats exposed for three months to diesel 
exhaust particles at 6.5 mg/m3 than in control rats. These 
results are consistent with those of Bond and coworkers 
(1990a,b), who observed a 2-fold increase in total DNA 
adduct levels in peripheral lung tissue of rats exposed to 
diesel exhaust when compared with control rats. The abso-
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lute values for the total DNA adduct levels differed consid
erably among the three studies (Bond et al. 1990a,b; 
Mauderly et al. 1994; this study). Such differences may be 
due to differences among the different laboratories in con
ditions for DNA digestion, labeling, and chromatography 
(Phillips and Castegnaro 1993). 

INTERPRETATION 

Overall the results from this and most other studies 
(Wong et al. 1986; Bond et al. 1988, 1990a,b; Wolff et al. 
1990) have shown that chronic exposure of rats by inhala
tion to diesel exhaust does not induce diesel exhaust-spe
cific DNA adducts in the lung. However, the results also 
show that there is a diesel exhaust-related increase in total 
DNA adduct levels at some time point during the exposure. 
Dr. Randerath suggests that this effect may be due to an 
increase in endogenous DNA modifications or I-com
pounds, which may be biomarkers of aging, nutritional 
status, tumor promotion, and carcinogenesis (Randerath et 
al. 1993). However, none of the I-compounds has been 
characterized, and the mechanism by which they are pro
duced remains essentially undetermined. 

It is possible that diesel exhaust exerts its carcinogenic 
effects through a mechanism that does not involve direct 
genotoxicity (that is, formation of DNA adducts) but in
volves proliferative responses such as chronic inflamma
tion and hyperplasia arising from high concentrations of 
particles deposited and retained in the lungs ofthe exposed 
rats (Nauss et al. 1995). Phagocytes (macrophages and neu
trophils) released during inflammatory reactions produce 
reactive oxygen species that can damage DNA. Reactive 
oxygen species cause DNA strand breaks, DNA-protein 
cross-links, and lipid p eroxi dation, and can induce pro
tooncogenes and tumor suppressor genes (Cerutti and 
Trump 1991). Sagai and coworkers (1993) have shown that 
diesel exhaust particles produce both superoxide anion and 
hydroxyl radicals in vitro in the absence of biological acti
vation. Particles (with or without adsoroed PAHs) may thus 
induce oxidative DNA damage via oxygen free radicals. 
These types of oxidative lesions would not have been 
detected in the current study because chromatographic 
conditions different from those used by Dr. Randerath and 
coworkers would be required (Marnett and Burcham 1993). 
Alternatively, activated phagocytes may release cytokines 
or growth factors that are known to increase cell division. 
Increased cell division has been implicated in cancer cau
sation (Ames and Gold 1990; Preston-Martin et al. 1990). 
Thus, in addition to oxidative DNA damage, increased cell 

proliferation may be an important mechanism by which 
diesel exhaust and other insoluble particles induce pulmo
nary carcinogenesis in the rat. 

REMAINING UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE RESEARCH 

The results o(this study, together with the findings of 
other investigators, suggest that exposure of rats to high 
concentrations of diesel exhaust particles does not induce 
diesel exhaust-specific DNA adducts in the lungs. Future 
studies should examine animals exposed chronically to 
diesel exhaust or other insoluble particles for DNA altera
tions due to oxidative damage and for formation of mu
tagenic lesions due to increased cell proliferation. 

SUMMARY AND CONCLUSIONS 

This study was part of a large bioassay to evaluate the 
comparative carcinogenicity of diesel exhaust and carbon 
black in F344/N rats. The focus of Dr. Randeraths's work 
was to examine DNA adducts in rat lungs following chronic 
exposure to two concentrations of either diesel exhaust or 
carbon black particles. 

Under the conditions of Dr. Randerath's assay, chronic 
exposure of rats by inhalation to diesel exhaust or carbon 
black particles did not result in the formation of exposure
specific DNA adducts as measured by the nuclease Pi 
version of the 32p-postlabeling assay. However, some expo
sure-related modulations in the levels of DNA adducts were 
found. In general, most effects were observed at three 
months in the animals exposed to the higher concentration 
of diesel exhaust (6.5 mg/m3) as compared with control 
animals. Also, total DNA adduct levels increased with age 
in all groups, even the control animals. Randerath and 
coworkers suggest this effect is consistent with the forma
tion of endogenous DNA modifications or I-compounds. 
However, because none of the I-compounds has been char
acterized, the hypothesis will require further study. 

In the mouse skin-painting studies, diesel exhaust ex
tracts produced multiple DNA adducts in the skin and lung, 
but not the heart tissue. These adduct profiles were differ
ent from those observed by the investigators in an earlier 
study of cigarette smoke condensate, suggesting the pres
ence of different chemicals in the two complex mixtures 
and different mechanisms of adduct formation for constitu
ents of diesel exhaust and cigarette smoke. 
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The results of this study imply that the tumors that 
formed in the lungs of rats exposed to high concentrations 
of diesel exhaust or carbon black particles (Mauderly et al. 
1994) did not derive from direct covalent binding of organic 
compounds associated with diesel exhaust particles or their 
metabolites to lung DNA. They are consistent with the 
conclusion that the organic compounds associated with 
diesel exhaust particles are not responsible for the carcino
genicity of diesel exhaust in this species because of the 
nearly identical carcinogenic and noncarcinogenic re
sponses of rats exposed chronically to high particle concen
trations of diesel exhaust and those exposed to carbon 
black. However, this interpretation relates to the experi
mental conditions used by the investigators-F344 rats 
exposed chronically to concentrations of diesel exhaust 
particles in excess of 2 mg/m3. It mayor may not apply to 
other species or to exposure situations in which the con
centrations of diesel exhaust particles are much lower. 
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