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These data Indicate Lhat in this instance 1-NP and the DNPs 
did not contribute significantly to the induction of skin 
tumors in mice. 

Of the compounds detected. BoP was the major contributor 
to the tumorigenic potency in the Nissan extract (Table C.3). 
Benzo[b]fluoranthene (BbF) and benzo[;lfluoranthene (BjF) 
were also significant contributors. ln the case of the Volk
!Magen extract. the relatively low concentration of BoP 
relative tootherPAHs skewed the contributions ofBbF, BjF, 
and fluoranthene so that they were at least as significant as 
BaP in terms of tumorigenicity. ft is important to note that 
DBAs and DBPs wore not analyzed in these extracts. 

Savard and coworkers (1992) have performed a detailed 
chemical analysis of a National Institute of Standards and 
Technology (NIST) standard reference material particulate 
matter (SRM 1650) from a heavy-duty diesel engine (May 
et al. 1992). Estimates of the relative tumorigenic contribu
tions of PAHs and nitro-PAHs are presented in Table C.4. 
BenzoUlfluoranthene made a significant contribution to the 
preweanling mouse assay, but had only a slight offect in the 
Jung implantation assay. 

ABBREVIATIONS 

BoA benz[a)antbracene 
BoP benzo[o]pyrene 
BbF benzo[b)fluoranthene 
B]F benzofJ1fluoranthene 

BkF 

CPP 
DBA 

DBocA 

DB ahA 
DBojA 

DBP 

DBahP 

DBruP 

DEN 
DNP 

1,6-DNP 

1,8-DNP 

DPN 

FezOa 
IcdP 

6-NC 

NIST 

NTP 

PAC 
PAH 

SRM 

TiOz 

TPA 
1-NP 

benzo[klfl uoranthene 
cyclopenta[c,d)pyrene 
dibenzanthracene 
dibenz[ a ,c]anthracene 
dibenz[o,h]anthracene 
dibenz[ o,Jlanthracene 
dibenzopyrene 
dibenzo[a,hlpyrene 
dibenzo[a,i]pyrene 
diethylnitrosamine 
diniLTopyrene 
1 ,6-di nitropyrene 

1.8-dinitropyrcne 
dipentylnitrosamine 
ferric oxide 

indeno[c,d]pyrene 
6-nitrochrysene 
National Institute of Standards and 
Technology 
National Toxicology Program 
polynuclear aromatic compound 
polycyclic aromatic hydrocarbon 
Standard Reference Material 
titanium dioxide 
tetTadecanoyl phorbol acetate 
1-nHropyrene 

Table C.4 . Relative Contributions to Tumorigenicity of Polycyclic Aromatic Hydrocarbons and Nitro-Polycyclic 
Aromatic Hydrocarbons in Heavy-Duty Diesel Engine Emissions8 

Concentration 
Relative to 

Compound (~g/g) Benzo[a]pyrene 

Fluomntheoe (51) 42.50 
BaA (6.5) 5.42 
Gbrysono (22) 18.33 
BbF (12.0)~ 10.00 
BjF (10.0)b 8.33 
BkF (2.1) 1.75 
BaP (1.2) 1 .00 
lcdP (2.1) 1..75 
DBa/P (3.3lb 2.75 
DBai!A (0.7) 0,58 
1-NP (19) 15.83 

Tolol - BaP 

• Particle exrmct from SRM 1650 (5.7-L Cutorpillor engine) (Mayer a!. 1992). 
~Onto nre from Savard et ol. (1992). 
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Comparative Potency Relative to Benzofalpyrene 

Preweanling 
Mouse (BLU:Ha) 

Assay 

0.85 
0.76 
0 
2.10 
3.67 
0.05 

1.00 
0 

1.00 
6.40 
0 

16.83 

Lung 
Implantation 

Assay 

1.10 
0.25 
0.05 

1.00 
0 .14 

0 

1 .54 

Skin
Painting 

Assay 

0.05 
1.28 
3.50 
0.67 
0.04 

1.00 
0 .02 
5.78 
1.11 
0 

12.45 
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INTRODUCTION 

Diesel exhaust is a complex mixture of gases. vapors, and 
particulate matter that results from the incomplete combus
tion of diesel fuel and lubricants (lnternational Agency for 
Research on Cancer 1989). In regard to health effects, the 
key component of concern for inhaled diesel exhaust is 
particulate matter. which diesel engines emit in much 
greater quantities than contemporary gasoline engines of 
comparable size (Lnternational Agency for Research on Can
cer 1989). Diesel exhaust particulate matter, which consists 
of chain aggregates and clusters of carbonaceous particles 
with a high surface area, includes mutagenic and carcino
genic organic compounds, inorganic salts, and metals 
adsorbed on its surface. When the exhaust stream leaves 
the high-temperature environment of the exhaust pipe and 
is diluted with cooler air, polycyclic aromatic hydrocar
bons (PAHs)* with four or five rings condense onto the 
surface of exhaust particles. Particles in diluted diesel 
exhaust are of a respirable size, and particles inhaled by 
humans are expected to deposit in the lung airways (Xu and 
Yu 1987; Scheepers and Bos 1902a,b). These particles 
carrying the condensed polycyclic aromatic compounds 
have been the subject of intense investigation during U1e 
last two decades because it has been suggested, on the basis 
of their genotoxic properties, that the organic compounds 
play a role in tumor induction. 

Assays for genotoxicity provide not only information 
regarding suspected carcinogens but also insights into the 
mechanisms of carcinogenicity, reproductive toxicity, and 
other genetically influenced processes caused by chemicals 
that react with the DNA. According to the electrophilic 
chemical carcinogenesis theory, reactive chemicals and their 
"activated" metabolites form products with DNA called ad
ducts, and these products, if not repaired by an error-free 
mechanism, can cause mutations or chromosomal altera
tions during cell replication. Such effects are thought to be 
responsible in part for the carcinogenicity of DNA-reactive 
agents (Weinberg 1991). The organic chemicals bound to 
the carbon core of diesel exhaust particles have been hy
pothesized to induce mutations in critical genes, thus initi
ating the process of carcinogenesis. Because a large number 
of rodent carcinogens are mutagenic in in vitro bioassays 
(Piegorsh and Hoel1988; Rosenkranz and Ennever 1990), 
efforts to understand the mechanism of tumor development 
have concentrated on isolating and characterizing the prin
cipal particle-associated mutagens. 

Tbe amount and types of chemicals present in diesel 
exhaust are a function of many factors , including engine 

• A list of abbreviations appears n\ the and of t11ts papor. 

design and maintenance, engine fuel and lubricating oil com
position, and engine operating condjtions (International 
Agency for Research on Cancer 1989). Mutagenicity as
says have been used to determine the influence of these 
factors on the formation of mutagens in diesel exhaust 
(reviewed by International Agency for Research on Cancer 
1989) and the extent of reduction in mutagenic emissions 
as a result of control technology (discussed in the back
ground paper by Sawyer and Johnson, this report). 

This background paper describes the genotoxicity of 
diesel exhaust in in vitro and in vivo bioassays and charac
terizes the mutagenic chemicals present in the exhaust. 

GENOTOXICITY OF DIESEL EMISSIONS IN 
VARIOUS BIOASSA YS 

A detailed review of data on the genotoxicity of diesel 
exhaust from various bioassays conducted prior to 1988 
was prepared by the International Agency for Research on 
Cancer (1989). Extracts of diesel exhaust particles in or
ganic solvents, gas-phase components, or particles them
selves have been shown to be genotoxic in a variety of 
short-term bioassays as summarized in Table 1. Because the 
Salmonella typhimurium mutation assay has been used 
most widely to study the mutagenicity of diesel exhaust 
and, when combined with analytical methods, to identify 
key mutagenic compounds, the general principle of this 
assay is discussed briefly. A detailed description of tbis 
assay and the other assays discussed below is available 
elsewhere (International Agency for Research on Cancer 
1980). 

BACI'ERIAL MUTATION ASSAYS 

The first mutagenicity tests of diesel exhaust particle 
extracts were carried out by Huisingb and associates (1978) 
using the S. typhimurium mutagenicity assay (McCann et 
al. 1975). This assay measures the ability of substances to 
induce mutations in the bacterium S. typbimurium as 8 

result of DNA alterations associated with substances in the 
emissions. Thus 8 positive response in the Salmonella 
mutagenicity assay indicates that the material tested is 
mutagenic and has the potential for causing cancers. 

Many chemicals are mutagenic inS. typhimurium only 
when a preparation of rat liver postmitochondrial homo
genate called S9 is added to the bacterial incubation mix
ture. This is because the S9 fraction contains enzymes that 
metabolize the chemicals into reactive substances (electro
philes) that have the capacity to modify DNA. Compounds 
that require S9 for manifestation of lheir mutagenic activity 
are termed indirect-acting mutagens and include most PAHs 
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Table 1. Summary of Results of Selected Short-Term in Vitro and in Vivo Bioassays Used to Evaluate the Genotoxicity 
of Diesel Exhaust and Diesel Exhaust Constituentsa 

Assay 

Bacterial Mutation 
Salmonella ~phimurium 

(His, Trp) 

Escherichia coli 
WP2; K12 (Trp)b 

Mammalian Mutation 
Mouse BALB/c3T3 

fibroblasts (ATPase)b 
Mouse l~homa L5178Y 

cells (TK) 

Chinese ramster ovary cells 
(HPRT) 

Chinese ramster ovary cells 
(HPRT) 

Whole 
Diesel 

Exhaust 

Chinese ramster V79 cells 
(HPRT) 

Human lymphoblasts (TK)b 

Chromosome Aberrations in Vitro 
Chinese hamster V79 cells 

Chinese hamster ovary cells 

Human lymphoblasts 
Chromosome Aberrations in Vivo 
Mice bone marrow 

Human lymphocytes 

Heritable Mutations 
Drosophila, sex-linkAd reces
sive 

Mice, dominant lethal test 
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Particulate 
Particulate Matter Filtered 

Matter Extracts Exhaust 

+ 

+ 

+ 

+ 

± 

+ 

± 

+ 

± 

+ 

± 

+ 

+ 

(Table continues next page.) 

References 

Stump et al. 1982; Green et al. 1983; 
Rannug el al. 1983; Matsushita el al. 
1986; Bagley et al. 1987, 1993; Ong 
eta!. 1985 
Huisingh et al. 1978; Clark and Vigil 
1980; Lewtas 1983; Keane et al . 
1991; Crebelli et al. 1991; Mauderly 
etal.1994 
Brooks et al. 1980; King et al. 1981; 
Siak et al. 1981; Belisario et al. 1984; 
Wallace et al. 1987; Willems et al. 
1989; Keane et al. 1991; Gu et al. 
1992; Schenker et al. 1992 

Lewtas 1983; Lewtas and Williams 
1986; Crebelli et al. 1991 

Curren et al. 1981; Lewtas 1983 

Rudd 1980; Mitchell et al. 1981; 
Lewtas 1983 
Brooks et al. 1.980; Casto et al. 1980; 
Li and Royer 1982 
Cbescheir et al. 1981 

Rudd 1980; Morimoto et al. 1986 

Liber et al. 1981; Barfknecht et al. 
1982 

Casto et al. 1981; Hasegawa et al. 
1988 
Lewtas and Williams 1986 
Lewtas and Williams 1986 

Pepelko and Peirano 1983 

Nordenson et al. 1981; Fredga et al 
1982 

Schuler and Niemeier 1981 

Pepelko and Peirano 1983 
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Table 1. Summary of Results of Selected Short-Term in Vitro and in Vivo Bioassays Used to Evaluate the Genotoxicity 
of Diesel Exhaust and Diesel Exhaust Constituents• (continued) 

Assay 

Whole 
Diesel 

Exhaust 
Particulate 

Matter 

Particulate 
Matter 

Extracts 
Filtered 
Exhaust References 

Other DNA and Chromosome Damage Tests 
Saccharomyces cerevisiae, 
mitotic recombination 

Unscheduled DNA 
synthesis, rat tracheal cells 

Cell Transformation Assays 
Mouse BALB/c3T3 cells 

Syrian hamster embryo cells 
+ SA7 virus 

Sister Chromatid Exchanges in Vitro 
Chinese hamster ovary cells 
Human peripheral cells ± 
Human lymphocytes 

+ 

Chinese hamster V79 cells + 

Sister Chromatid Exchanges in Vivo 
B6C3F1 mice. bone marrow 
Rat bone marrow or white 
blood cells 

Syrian hamster lung cells 
Syrian hamster fetal liver cells 

Micronucleus Assay in Bone Marrow 
Mice, rats 

Mice, Chinese hamster eryth
rocytes 

Chinese hamster V79 cells 
and ovary cells 

± 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 
+ 

+ 

+ 

+ 

+ 

Lewtas 1983 

Kawabata et al. 1986 

Curren et al. 1981; Hasegawa et al. 
1988 
Casto et al. 1981 

Hasegawa et al. 1988 

Tucker et aL 1986 

Morimoto et al. 1986 
Keane et al. 1991 

Pereira 1982 

Morimoto et al. 1986; Mauderly et al. 
1994 
Guerrero et al. 1981 
Pereira 1982 

Morimoto et al. 1986; Lewis et al. 
1986; Ong et al. 1985: Mauderly et 
al. 1994 
Pereira 1982 

Gu et al. 1992 

• Table docs not includo results or bioassays condudod on extracts that were fractionated. += poslUvo result; -= negative results: i =mixed results: blank,. no dntn avnllablo. 

b Mutations are assossod at the gone locus indicated within parentheses: His : blsUdine Independence os mulatlon Indicator: Trp " tryptophan independence as mutation indicator: TJ(: lhymidirw kinase: HPRT : hypoxanthino phosphnribosyl transferoso: ATPase =adenosine tripbospbatase. 

(International Agency for Research on Cancer 1983). In 
contrast, some chemicals do not require external metabolic 
activation by S9 to manifest their mutagenicity; these are 
termed direct-acting mutagens. Examples of this class of 
compounds found in diesel exhaust extracts are the nitro
PARs. These chemicals are metabolized to mutagenic sub
stances by enzymes called nitroreductases that are present 
in the bacteria (Mermelstein et al. 1981). 

The Salmonella mutagenicity assay is conducted using 
different strains of bacteria (e.g., TA 98, TA 100), allowing 

different types of mutations to be distinguished from one 
another. This information, together with the differential 
response (e.g., with or without metabolic activation), pro
vides some understanding of the general classes of chemi
cals causing the mutagenic response. Other Salmonella 
tester strains such as T A 98NR and T A 98DNPs (Rosenkranz 
et al. 1982; McCoy et al. 1983) have been developed to 
differentiate among the responses ofnitro-PAHs. TA 98NR 
and T A 98DNP6 are deficient in nitroreductases and o
transacetylases, respectively. These enzymes are required 
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to convert nitro-PAHs into DNA-reactive metabolites capa
ble of causing mutations. Characteristically, the nitro-P AHs 
yield reduced mutagenic responses in T A 98NR and T A 
98DNPs when compared with the parent strain 'fA 98, 
which contains all the enzymes required for activation. 

As indicated in Table 1, most bacterial mutation assays 
of diesel exhaust constituents have been conducted with 
organic solvent extracts of diesel exhaust particles. The 
solvent-extractable organic material is generally direct-act
ing, which indicates that the mutagenicity is primarily due 
to nit.ro-PAHs (Rosenkranz et al. 1983). Diesel exhaust 
extracts have also been demonstrated to be mutagenic in 
other bacteria, such as Escherichia coli WP2 (Lewtas and 
Williams 1986), WP2uvra (Crebelli et al. 1991), and E. coli 
K12 (Lewtas 1983). Except for E. coli K12. mutagenic activ
ity was observed without exogenous metabolic activation. 
The vapor phase of diesel exhaust showed a mutagenic 
response in the bacterial assay in the presence of exogenous 
metabolic activation (Stump et al. 1982; Rannug et al.1983; 
Matsushita et aJ. 1986; Bagley et al. 1987, 1993). One diesel 
exhaust particulate matter sample collected by electrostatic 
precipitation from a diesel automobile and added directly 
to the assay system without prior extraction in organic 
solvents exhibited mutagenicity in Salmonella strains in 
the presence and absence of exogenous metabolic activa
tion (Belisario at al. 1984). 

Many investigators have used bacterial bioassays to evalu
ate the bioavailability of mutagenic material under nonnal 
physiological conditions. Early studies indicated that eluting 
mutagens from diesel exhaust is difficult. When incubated 
with saline, serum, lung surfactant, or lung lavage fluids, 
diesel exhaust particles released little or no mutagenic 
activity (Brooks et al. 1980; King et al. 1981; Siak et al. 
1981). Wallace and colleagues (1987), however, found that 
mutagens could be eluted from diesel exhaust ""\lith di
palmitoyllecithin, a lung surfactant. Keane and coworkers 
(1991) reported that diesel exhaust particles dispersed in 
an aqueous mixture containing dipalmitoyl phosphatidyl 
choline, a major component of pulmonary surfactant; a sam
ple ex'tracted &om the same source with dichloromethane 
exhibited similar mutagenic responses in the Salmonella 
mutagenicity and the sister chromatid exchange (SCE) as
says. After the samples were separated into supernatant and 
sediment fractions, the activity of both the diesel exhaust 
samples was shown to reside exclusively in the sedimented 
fraction for the surfactant-dispersed sample and in the 
supernatant fraction for the solvent-extracted sample. The 
investigators concluded that genotoxic activity associated 
with diesel exhaust particles inhaled into the lungs may be 
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made bioavailable by virtue of the solubilization and dis
persion properties of pulmonary surfactant components. A 
similar conclusion was made by Gu and coworkers (1992). 
However, the relevance of the bioavailability of genotoxic 
compounds in these in vitro systems to that in human lungs 
remains to be investigated. 

Other investigators have studied the mutagenicity of 
urine samples of animals or humans exposed to diesel 
exhaust. The urine of Swiss Webster mice exposed to whole 
diesel exhaust (6 to 7 mg/m3

, five days/week for seven 
weeks; Pereira 1982) or F344 rats exposed to diesel exhaust 
particles (1.9 mg/m3 for 3 to 24 months; Ong et aJ. 1985) 
was not mutagenic to S. typhimurium. Belisario and co
workers (1984, 1985), however, found that urine from Spra
gue-Dawley rats administered diesel exhaust particles by 
gastric intubation or by intraperitoneal or subcutaneous 
administration was mutagenic in the Salmonella mu
tagenicity assay. Willems and associates (1989) studied 
office workers exposed to diesel exhaust and a group of car 
mechanics presumed to be exposed to high concentrations 
of diesel exhaust in their workplace and found no enhanced 
incidence or degree of either fecal or urinary mutagenicity, 
nor did the research reveal any relation between mutagenjc
ity and a number of dietary variables that were studied. In 
this study, however. the investigators characterized diesel 
exhaust exposure based only on the observation that the 
mutagenic response to extracts of airborne particles col
lected from the garage area was stronger than the response 
to particle extracts collected outside the garage. No attempt 
was made to measure the actual exposure concentrations. 
After making adjustments for smoking, Schenker and col
leagues (1992) found no significant evidence of an associa
tion between exposure to diesel exhaust and postshift uri
nary mutagenicity in a group of railroad workers. 

MAMMALIAN MUTATION ASSAYS 

As shown in Table 1. organic extracts of diesel exhaust 
particles are mutagenic in several mammalian systems (Chi
nese hamster ovary [CHO) cells, V79 Chinese hamster lung 
coils, mouse BALB/C 3T3 cells, and human lymphoblasts). 
Mutagenic effects in human lymphoblasts were observed 
only in the presence of exogenous metabolic activation 
(Liber et al. 1981; Barfknecht et al. 1982). Positive responses 
in other mammalian cell lines were also observed either in 
the presence or in the absence of metabolic activation. One 
study (Chescheir et al. 1981) showed that diesel exhaust 
particles caused mutations in CHO cells at the hypoxan
thine phosphoribosyl transferase (HPRT) locus and that 
extraction with organic solvents was not necessary. 
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SISTER CHROMA TID EXCHANGE 

Several in vitro studies conducted with extracts from 

diesel exhaust particles in cultured CHO cells and human 

lymphocytes have shown an increase in SCE (Table 1). 

Extracts of particulate matter from light-duty engines in· 

duced much higher SCE levels than extracts from heavy· 

duty engines in both CHO cells (Hasegawa et al. 1988) and 

cultured human lymphocytes (Morimoto et al. 1986). As 

noted above, Keane and coworkers (1991) reported that 

ctiesel exhaust p81'ticles disperse in aqueous mixtures of 

dipalmitoyl phosphatidyl choline and found that a sample 

extracted from the same source wilh dichloromethane and 
transferred into dimethylsulfoxide produced SCE in V79 

cells. In a study by Tucker and associates (1986), cultured 

human lymphocytes from four healthy nonsmokers were 

exposed to diesel exhaust and SCE frequencies were meas

ured. Cells from two of the four samples showed a statisti
cally significant increase in SCE frequency. 

A number of in vivo tests for SCE have been conducted 

following inllalation of diesel exhaust by test animals. No 

significant increase in the frequency of SCE was observed 

after exposure ofBC6F1 mouse bone marrow cells to diesel 

exhaust particles (12 mg/m3 for 1 montb) (Pereira 1982). of 

rats to diesel exhaust particles (4.0 mg/m3 for 30 months) 

(Morimoto et al. 1986), or of F344/N rat white blood cells 

to ctiesel exhaust particles (2.5 and 6.5 mg/m3 for 3 months) 

(Mauderly et al. 1994). Significant increases in SCE levels 

were observed, however. in the lung cells of Syrian ham

sters exposed to diesel exhaust particle concentrations of 

12 mg/m
3 for 3.5 and 8.5 months, but not at concentrations 

of 6 to 7mg/m3 for 3 months (Pereira 1982). Similarly. SCE 

frequency increased significantly in mouse bone marrow 

and lung cells after intratracheal administration of diesel 

exhaust particles or particulate extracts (Pereira 1982). No 

changes in SCE levels were observed in the fetal Uver of 

pregnant Syrian hamsters expose:! to either ctiesel exhaust 

particles (12 mg/m3
) or to diesel particulate extracts at a lethal 

dose for 50% of the population (i.e., LDso) of 300 mg/kg of 

body weight (Pereira 1982). Administration of diesel ex

tract, however, resulted in a dose-dependent increase in 

SCE levels in fetal liver (Pereira 1982). Guerrero and asso

ciates [1981) observed a dose-dependent increase in SCE 

levels after they instilled diesel exhaust particles intratra
cheally in Syrian hamsters. 

MICRONUCLEUS TEST 

As shown in Table 1, micronuclei formation was not 
induced when ICR mice inhaled diesel exhaust at doses of 

0.4 and 2.0 mg/m3 for 4 to 18 months (Morimoto et al. 1986) 

or at 2 mg/m3 for 6 months (Ong et al. 1985; Lewis et al. 

1986). Negative responses were also reported in studies 

with mice and Chinese hamsters exposed by inhalation to 

diesel exhaust particles at 6 or 12 mg/m3 for one month 

(Pereira 1982) and 2.5 and 6.5 mg/m3 for three months 

(Mauderly et al. 1994). Pereira (l 982), however, observed a 

significant increase in micronuclei at the 6.0 mg/m3 dose 

after six months. fntraperitoneal injection of diesel exhaust 

particles or particulate matter extracts yielded a negative 
response in both mice and hamsters (Pereira 1982), whereas 

diesel exhaust particles or their extracts reportedly in· 
creased the levels of micronuclei in cultured V79 and CHO 
cells (Gu et al. 1992). 

CHROMOSOME ABERRATIONS 

As shown in Table 1, organic solvent extracts of diesel 

exhaust particles from a light-duty engine induced chromo

some aberrations in V79 Chinese hamster cells (Hasegawa 

et al. 1988), CHO cells, and human lymphoblasts (Lewtas 

and Williams 1986). Extracts of particles from a heavy-duty 

diesel engine (Hasegawa et al. 1988) and a light-duty diesel 

engine (Casto et al. 1981), however, did not induce chromo

somal aberrations in V79 cells and Syrian hamster cells, 
respectively. 

No increase in the frequency of chromosome aberrations 

was noted either in a group of Sweetish miners (Nordenson 

et al. 1981) or in a group of diesel truck drivers (Fredga et 

al. 1982) presumably exposed to diesel exhaust (Table 1). 

In these studies, measurements of carbon monoxide and 

nitrogen dioxide were used as measurements of diesel 
exhaust. 

HERITABLE MtiT ATIONS 

Exposure to diesel exhaust did not induce heritable mu· 

lations in Drosophila using a sex-Hnked recessive lethal 

assay (Schuler and Niemeier 1981).ln addition, induction 

of dominant lethal mutations was not evident in mice 

exposed by inhalation to 2 mg/m3 of diesel exhaust for six 

months (Pepelko and Peirano 1983) (see Table 1). 

OTHER DNA OR CHROMOSOME DAMAGE ASSAYS 

Kawabata and coworkers (1986) found that suspensions 

of diesel exhaust particles added to cultured rat tracheal 

ring cells induced unscheduled DNA synthesis. In another 

study, mitotic recombinations were observed in yeast (Sac~ 

charomyces cerevisiae) cells treated with diesel exhaust 

extracts (Lewtas and Williams 1986; Table 1). 
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CELL TRANSFORMATION ASSAYS 

In a study conducted by Curren and associates (1981). 
particulate extracts from a light-duty diesel engine trans
formed mouse BALB/C 3T3 cells (i.e., there was a loss of 
contact inhibition resulting in an ability to grow in soft agar 
or altered morphology); the activity was observed only in 
the presence of exogenous metabolic activation. Casto and 
colleagues (1981} found that extracts of diesel exhaust parti
cles from three of four diesel engines enhanced transforma
tion of Syrian hamster embryo cells in the presence of 
simian adenovirus (SA7). Hasegawa and coworkers (1988) 
showed that particle extracts from light-duty diesel engine 
exhaust were more potent inducers of cell transformation in 
mouse BALB/C 3T3 cells than extracts of exhaust particles 
from a heavy-duty diesel engine (Table 1). 

DNA ADDUCI'S 

The reaction between genotoxic chemicals and DNA to 
form covalently bonded reaction products (i.e., DNA ad
ducts) is thought to be a key step in the initiation of cancer 
(Hemminki 1993). Measuring DNA adducts in target tissues or 
in surrogate tissues has been used to detect and monitor hwnan 
exposures to genotaxic chemicals (International Agency for 
Research on Cancer 1988; dell'Omo and Lauwerys 1993), 
including some studies of the nitro-PARs present in diesel 
exhaust (Smith et al. 1993). Several studies of DNA adducts 
have been conducted in animals exposed to diesel exhaust 
either by inhalation or by skin painting with extracts of 
diesel exhaust particulate matter. These studies have been 
conducted to determine whether exposure to diesel exhaust 
or its constituents induces formation of DNA adducts in 
lung and other tissues, and whether any evidence suggests 
that ad ducts can be related to tumorigenesis. The results of 
these studies are summarized in Tables 2 and 3. 

The 32P-postlabeling assay (Reddy and Randerath 1986) 
is the most widely used method for measuring DNA ad
ducts. In this procedure, DNA is hydrolyzed to 3'-nucleo
tides by treatment with enzymes. Adducted nucleotides are 
selectively enriched over normal nucleotides either by bu
tanol extraction or by treatment with nuclease P1: butanol 
extraction selects adducted nucleotides with the aid of a 
phase-transfer agent, tert-butyl ammonium chloride (Gupta 
et al. 1985); nuclease Pl allows enrichment of adducted 
nucleotides by preferentially dephosphorylating normal nu
cleotides. Adduoted nucleotldes are then 32P-postlabeled with 
[y-32p] A TP and polynucleotide kinase. The resulting his phos
phate derivatives are separated by polyethyleneimine-cellu
lose thin-layer chromatography (Reddy and Randerath 1986). 

The following questions can be addressed with these 
DNA adduct studies. as highlighted in the discussion be
low: 
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• Is there an increase in total DNA adducts in treated 
versus untreated animals? 

• How does the adduct level change with the time course 
of exposure to diesel exhaust? 

• Are specific adducts that are absent in untreated ani
mals induced by exposure to diesel exhaust? 

• How does the route of administration affect the levels 
ofadducts? 

• Because rat cancer bioassays indicate that the particu
late matter in diesel exhaust is responsible for the 
induction of hmg tumors, does exposure to carbon 
black, which is devoid of soluble PARs, also result in 
the formation of DNA adducts in experimental ani
mals? 

• What evidence is there to suggest that DNA adducts 
induced by diesel exhaust are actually involved in 
tumorigenesis? 

Total Adducts 

As shown in Table 2, results of the inhalation experi
ments do not show unequivocally that exposure to diesel 
exhaust is associated with the induction of DNA adducts in 
exposed animals. Early studies (Wong et al. 1986; Bond et 
al. 1988, 1990a) report small but significant increases in 
total DNA adduct levels as a result of exposure to diesel 
exhaust. For instance, analysis of lung tissue isolated from 
rats exposed by inhalation to diesel exhaust particle con
centrations of 10 mg/m3 for 12 weeks yielded a relative 
adduct labeling (RAL) of 5.0 adducts/109 nucleotides in 
control animals versus a RAL of 14.0 adducts/109 nucleo
tides in treated animals (Bond et al. 1990a). In studies 
conducted with diesel exhaust and an insoluble particle 
(i.e., carbon black}, the findings were mixed: Bond and 
coworkers (1990b) reported a significant increase in total 
DNA adduct levels with both types of particles; however, 
Wolff and coworkers (1990) reported a significant increase 
only with diesel exhaust particles. In two recent studies 
(Mauderly eta!. 1994; Rand erath et al. 1995) of rats exposed 
to a diesel exhaust or carbon black particle concentration 
of 6.5 mg/m3, only rats exposed to diesel exhaust showed a 
significant increase in total adduct levels over controls at 
three months. 

It should be noted, however, that the increases in the 
adduct levels induced by diesel exhaust in the above ex
periments are very small compared with those induced by 
carcinogens present in diesel exhaust (Smith et al. 1993). 
Moreover, Gallagher and coworkers (1994) reported no 
changes in total levels of DNA adducts induced by diesel 
exhaust, carbon black, or titanium dioxide (TiOz) particles 
at multiple time points when compared with control ani
mals. 
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No firm conclusions can be drawn from these studies. 
The differences in the results may be related in part to 
different time points and the different tissues or cells (e.g .• 
whole lung. type 11 cells, peripheral lung cells) selected for 
DNA adduct analysis, or the contrasting results may be 
attributable to subtle variations in the chromatographic 
procedures involved in DNA adduct analysis (futernalional 
Agency for Research on Cancer 1993). 

Time Course 

Bond and coworkers (1990a) conducted time-course meas
urements of DNA adducts in peripheral lung cells of rats and 
reported that adduct formation was independent of the ex
haust concentration and that steady-state levels of DNA 
ad ducts were reached after prolonged exposure. Randerath 
and colleagues (1995) observed that diesel exhaust expo
sure at a concentration of 6.5 mg/m3 increased the total 

Table 2. Summary of DNA Adduct Studies: Inhalation of Diesel Exhaust and Other Particulate Matter 

Substance Exposure Time Rat 
Reference (concentration) (b/d x d/wk x mo) Tissue 

'wong et al. Diesel exhaust 5 X 5 X 7.5 Lung 
1986 (7.1 mg/m3) 

Bond et al. Diesel exhaust 7x5x3 Peripheral 
1988 {10 mg/m3) lung cells 

Bond et al. Diesel exhaust 16 X 5 X 3 Peripheral 
1990a (0.35-10 mg/m3

) lung cells 
Bond et al. Diesel exhaust 16 X 5 X 3 Alveolar 

1990b (6.3 mg/m3
) type IT cells 

Carbon black 
{6.3 mg/m3

) 

Wolffet Diesel exhaust 7X5X3 Lung 
al. 1990 (10 mg/m3

) 

Carbon black 
(10 mg/m3

) 

Mauderly Diesel exhaust 16 X 5 X 3 Lung 
et al. 1994 {6.5 mg/m3

) 

Carbon black 
(6.5 mg/m3) 

Gallagher Diesel exhaustd 16 X 5 X 24d Peripheral 
et al. 1994 (7.5 mg/m3) lung cells 

Carbon black 
(11.3 mg/m3

) 

Ti02 
(10.4 mg/m3) 

Raoderath Diesel exhaustS 16 X 5 X 24g Lung 
et al. 1995 (6.5 mg/m3) 

Carbon black& 
(6.5 mg/m3) 

Control 

1.0 

5.0 ± 2.0 

7.0 ± 3.0 

5.0 ±2.0 

7.0 ± 3.0 

38 ± 2.0 

10.0 ± 2.0° 
28.0± 3.1r 

28 ± 2.0h 
55 ±4.01 

Relative Adduct Labeling8 

(adducts/109 nucleotides) 

Diesel Carbon 
Exhaust Black 

21.0b ND 

15.0 ± 2.0b ND 

14.0 ± 1.0b,c ND 

23.0 ± s.ob 25.0 ± 2.0b 

17.0 ± 2.0b 11.0 ±2.0 

83 ± 7.0b 38 ±6.0 

16.0 ± 6.06 13.0 ± 0.48 

30.0 ± 1.or 24.0 ± 2.of 

42 ±4.0b,h 34 ± 2.0h 
71 ± 5.0i 64 ± s.o1 

Ti02 

ND 

ND 

ND 

ND 

ND 

ND 

13.0 ± 0.99 

27.0 ±4.{)r 

ND 
ND 

• Relatlvo adduct lnholing wns calculated by dividing lbe counts pur minute (cpm) dotacted in the adductod nucluulldes by the cpm associated with a 
spectrophotomatricaliy determined amount of lnbolod 2'·deoxyndonosine 3'·phosphate standard. Tbo vnluos wore then converted into RAL a !tor correcting 
for tho dllullon factor and volume $potted. RAL. vnlues are expressed os means :t SE. NO = not done. 

b Statistically significant (p <: 0.05) compared with control values using Student 's /-test, oxccpt in lbe studies by Rnnderath and coworlr.crs (19951 and Mauderly 
and associntos (1994), in which statistical significance was determined using Tukey's multiple comparison method. 

c DNA adduct levels were similar nt all concentmtlons. 

d Adduct levels were also determined after 2 and 6 months. 

• Nuclease 1'1 version of nP·postlabeling. 

r Butanol oxtroction version of 32P-postlabeliog. 
1 Adduct lovols were determined at 3. 6, 12. 18. and 23 months. 
b Adduct levels at 3 months. 

i Adduct lovols at24 months. 
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level of DNA adclucts over control rats onJy at 3 months of 
exposure; however, they observed no correspondingly sig
nificant differences at later time points (6, 12, 18, and 23 
months). The investigators observed many subtle quantita
tive changes (increases and reduction), however, in the 
levels of a specific class of adducts termed indigenous 
compounds (£-compounds) (Randerath et al. 1995). Such 
adducts are detected in unexposed animals and are as
sumed to arise indigenously in the absence of exposure to 
exogenous carcinogens; presumably they are formed when 
as-yet-unidentified endogenous electrophiles react with 
DNA (Randerath et aJ. 1986). The levels and profiles ofthese 
!-compounds are influenced by the test animal's age, hor
monal status, diet (Randerath et al. 1990), and exposure to 
carcinogens (Randerath et al. 1992b,c). In rats exposed to 
diesel exhaust at 6.5 mg/m3, Randerath and colleagues 
(1995) found that most individual adducts (!-compounds) 
increased only al the 3-month time point and one adduct 
decreased at 23 months when compared with controls. 

In tbe same study, Randerdth and coworkers (1995) also 
investigated the time course of adduct formation in mouse 
skin painted with extracts of the same diesel exhaust par
ticulate matter used in the animal bioassay (Table 3).ln the 
skin, total adduct levels peaked at day one and rapidly 
declined after three days. In the lung, one major adduct and 
several minor adducts were observed and their levels re
mained steady for six weeks. The pattern of adducts was 
similar regardless of whether ex-tracts were administered in 
a single or in multiple applications; however, the pattern 
was different from that observed when the skin of mice was 
painted with cigarette smoke condensates (Randerath et al. 
1992a). This variance suggests the presence of different 
types of chemicals in these two complex mixtures. 

Specific Diesel Exhaust Adducts 

In most studies, investigators have been unable to iden
tify specific adducts induced by diesel exhaust (Wong et al. 
1986; Bond et al. 1988, 1990a,b; Wolffet al. 1990; Maudorly 
et al. 1994; Randerath et al. 1995). Only GalJagher and 
colleagues (1994) reported identifying a DNA adduct spe
cific to diesel exhaust, which they attributed to a nitro-PAH 
because it was detected only in the nucleotides analyzed by 
butanol extraction and not by the Pl nuclease version of the 
32P-postlabeling assay, a procedure claimed by the investi
gators to underrepresent nitro-PAHs. This may not be gen
erally true, however, because certain nitro-PAH- DNA 
adducts have been detected by the nuclease Pl procedure 
(Roy eta!. 1989; Delcos et al. 1993; El-Bayoumy et al. 1994). 
Further, the investigators reported that the chromatographic 
properties of this adduct were similar to those of nitroben
zo[a]pyrene and nitrochrysene. The same or a related adduct, 
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however, was also detected in the Filtered air controls at the 
two-month time point, and no attempt was made to chro
matographically characterize the adduct induced by diesel 
exhaust by comparison with authentic nitro-PAR-derived 
markers. Additionally, Gallagher and coworkers (1994) did 
not detect any PAH-derived DNA adducts in the lungs of 
rats exposed to diesel exhaust. 

In another study (Gallagher et al. 1990), mouse skin was 
painted with particulate extracts from either coke oven 
smoke, coal soot, or diesel exhaust. The observed DNA 
adduct patterns differed according to sample type; how
ever, one adduct that was common to alJ the three samples 
comigrated with the major benzo[a]pyrene (BaP) DNA ad
duct. The investigators concluded that, on the basis of the 
relative concentration of BoP in each of the mixtures (0.5 g 
for diesel exhaust, 19.7 g for coal soot, and 35 g for coke 
oven smoke), it was unlikely that this adduct, which repre
sented approximately 12% to 34% of the total number of 
adducts for the coke oven smoke and coal soot samples and 
49% to 67% for the diesel exhaust sample, was derived 
from BoP alone. The highest total number of adducts re
sulted from painting mouse skin with coke oven smoke 
extract followed by coal soot and diesel exhaust (Table 3). 

Route of Administration 

Compared with inhalation studies, higher levels of DNA 
adducts were reported in skin-painting experiments using 
organic solvent extracts of diesel exhaust particles (Table 
3; Gallagher et al. 1990 and Randerath et al. 1995). This 
difference may reflect species variability, given that all 
skin-painting experiments were performed in mice; more 
likely. however, the difference is attributable to the method 
of extract application. In the skin-painting experiments, test 
animals were exposed to a multitude of DNA-reactive chemi
cals extracted in organic solvent, whereas in the i nhalation 
experiments the rats were exposed to bound chemicals, 
which may not have been readily bioavailable. Other factors 
that may have played a role include route of administration, 
dose over time, and chronic versus acute exposures. 

Carbon Black 

Two recent studies (Heinrich 1994; Mauderly et al. 1994) 
reported similar rates of carcinogenicity in rats exposed to 
whole diesel exhaust, to particles devoid of the adsorbed 
polycyclic organic material (i.e., carbon black), or to TiOz 
particles (discussed in detail in the background paper by 
Busby and New berne, this report). In some studies designed 
to investigate genotoxicity after exposure to such particles, 
total DNA adduct levels in rats exposed to carbon black 
alone were generally at an intermediate value between the 
levels in controls and levels in those treated with complete 
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diesel exhaust (Wolff et al. 1990). Bond and coworkers 
(1990b) showed that exposure to both types of particles 
induced significantly bjgher DNA adduct levels than in 
control animals. At three months, animals treated with 
carbon black bad developed lower DNA adduct levels than 
animals treated with diesel exhaust (Mauderly et al. 1994; 
Randerath et al. 1995). Gallagher and coworkers (1994). 
however, reported that inhalation of poorly soluble, non fi
brous particles such as carbon black and TiOz had no effect 
on DNA adduct levels in Wistar rats after two years. Both 
Gallagher and coworkers (1994) and Mauderly and cowork
ers (1994) conducted DNA adduct studies on the tissues of 
animals with very high particle lung burdens, inflamma
tion, extensive epithelial cell proliferation, and fibrosis. ln 
their study, Wolff and colleagues (1990) also reported a 
mild inflammatory response, changes in broncboalveolar lav
age parameters, and the presence of particle-laden macro
phages. Reactive oxygen species released by phagocytes 
(macropbages and neutrophils) are known to be genotoxic 
and cause other forms of cell injury via lipid peroxidation 
(Frenkel 1992). Oxygen-free-radical-mediated induction of 
DNA strand breaks, DNA-protein crosslinks, and lipid peroxi
dation can induce the growth and dilierentiation of protoonco
genes and tumor suppressor genes (Cerutti and Trump 
1991 ). It is possible that a high lung burden of particles 

(with or without adsorbed P AHs) induced the DNA adducts 
via the release of oxygen free radicals by macrophages; 
however, these types of oxidative DNA lesions may not 
have been observed because their detection would require 
chromatographic conditions different from those employed 
in the above studies (Marnett and Burcham 1993). 

Tumors 

Bond and colleagues (1988) investigated the possible 
relationsbi p between DNA adducts and tumor formation by 
determining whether type n cells, the cells thought to be at 
risk from diesel exhaust exposure, are particularly suscep· 
tible to DNA adduct formation as a consequence of expo
sure to diesel exhaust. Indeed, elevated levels of DNA 
adducts were found in tissue taken from the same (periph
eral) region of the lung where tumors had developed in rats 
exposed to high concentrations of diesel exhaust (Mauderly 
et al. 1987), suggesting a link between DNA adducts and 
subsequent tumor formation, 

Other investigators have offered suggestions on the possible 
role of !-compounds in inducing carcinogenicity (Randerath 
et al. 1993; Gallagher et al. 1994). Randerath and coworkers 
(1995) concluded (1) that because both c~bon black and 
diesel exhaust particles induced DNA adducts, the forma-

Table 3. Summary of DNA Adduct Studies: Skin Painting with Extracts of Diesel Exhaust and Other Particulate Matter 

Relative Adduct Labeling6 

(adducts/109 nucleotides) 

Source of 
Particulate Dose per Control Diesel Coal Coke Oven 

Reference Matter Extract Mouse Tissue Group Exhaust Soot Smoke 

Gallagher Diesel exhaust, 20 mg Skin 50± 5.0 129 ± 22b 750 ± 160b 1,4-45 ± 580b 
et al. 1990 coal soot, Lung 29 ± 1.0 83 ± 17b 320 ±sob 1,040 ± 240b 

coke oven 
smoke 

Randeratb Diesel exhaust 20 mgxl Skin NO 121 ± 12c; 63 ± 8.0d NO ND 
et al. 1995 Lung 9.0 ± 2.0c; 12 ± 2.0d 

20 mgx 5 Skin 188 ± 2.2e; 36 ± 0.41 
Lung 27 ± 3.08

: 30 ± s.or 

• Relative adduct labeling was calaulatod by dividing tho cpm detected in tho odductod nunloolldos by tho cpm associatod wiU1 a spectrophotomotrlcally 
determined amount of labeled 2'-dooxyudanoslne 31-pbosphate standa(d. The values were thon converted into RAL after correcting for the dilution fuctor 
and volume spotted. RAL values art1 expressed as means± SO. NO = not done. 

J b Slalistically signlflcan( compared with control values using Studonfs r-tcsL 
•I cOne dose; adduct levels after one day, 

j dOne dose, adduct levels after three days. 
, • Five doses; adduct levels after one day. 

:; 1 Five doses, adduct levels after threu days. 
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tion of adducts was not related to the organic content of the 
particles, and (2) that the observed changes in the levels of 
!-compounds may have been responsible for the observed 
carcinogenicity of diesel exhaust and carbon black (Mauderly 
eta!. 1994). Gallagher and colleagues (1994) detected one type 
of adduct (1-compound) that increased significantly over 
time in the control group exposed to filtered air, but de
creased markedly at the two-year time point in animals 
treated with diesel exhaust. carbon black, and Ti02. This 
finding suggests that the adduct was endogenous rather 
than exogenous. The investigators suggested that either the 
reduction in the levels of !-compounds may reflect adduct 
dilution as a result of de novo cell synthesis induced by the 
high particle lung burden, or these exposures affected the 
endogenous synthesis or degradation of DNA-reactive pre
cursors. Indeed, as discussed earlier, Randerath and co
workers (1995) observed an increase in the levels of certain 
(-compounds and a decrease in the level of one !-compound 
as a result of diesel exhaust exposure. 

Investigators have reported decreased levels of !-com
pounds in the liver, kidney, and lung tissue of strains of 
mice that have a high susceptibility to tumors in these 
organs (Randerath et al. 1986; Li and Randerath 1990) and 
decreased levels in response to cytochrome P450 inducers 
(Moorthy et al. 1994). Randerath and coworkers (1993) sug
gest that thase DNA modifications may represent biomru·kers 
of aging, nutritional status, tumor promotion, and carcino
genesis. Because the mechanism or mechanisms of these effects 
remain essentially undetermined, it is unclear whether modu
lation of 1-compound levels may be an important factor in 
the tumorigenic response produced by both diesel exhaust and 
poorly soluble particles. 

MUTAGENIC COMPOUNDS IN 
DIESEL EMISSIONS 

Because diesel exhaust is a complex mixture containing 
thousands of chemicals, identifying the most biologically 
active compounds presents an enormous, if not impossible, 
task. In the mid·1970s Huisingh and associates (1978) used 
short-term bioassays in conjunction with analytical chem
istry measurements to identify mutagens from such complex 
mixtures and coined the term bioassay-directed chemical 
analysis. In most cases. the toxicologically relevant PAHs 
in diesel particulate matter are determined by extracting the 
diesel particulate fraction with organic solvents and testing 
the fractions for mutagenicity, and then performing frac
tionation by high-performance liquid chromatography or 
gas chromatography coupled with mass spectrometry and 
bioassays. Numerous detection schemes have been report
ed in the literature (Levsen et al. 1987). 
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Many of the chemicals detected in diesel exhaust have 
demonstrated mutagenic properties in a variety of short
term tests (International Agency for Research on Cancer 
1983, 1989), as discussed below. Table 4 (adapted from 
Scheepers and Bos 1992b) lists chemicals identified in 
diesel exhaust that have been classified as carcinogens in 
animals by the international Agency for Research on Cancer 
(1983, 1989); Table 4 also provides the results of mutagenic
ity studies of these chemicals using bacterial or mammalian 
mutation assays as reported by the International Agency for 
Research on Cancer (1983, 1987, 1989]. 

PARTICLE-ASSOCIATED ORGANIC COMPOUNDS 

PolycycUc Aromatic Hydrocarbons 

A number of indirect-acting P AHs (Table 4}, most nota
bly BaP, a mutagen and carcinogen (international Agency 
for Research on Cancer 1987}, have been identified in diesel 
exhaust. To date. the clearest demonstration that extracts of 
diesel exhaust particles contain indirect-acting mutagens 
has come from experiments with S. typhimurium strains 
(TA 98NR, TA 98DNPs) that are resistant to mutation by 
nitro-PAHs (Pederson and Siak 1981). With these strains 
the direct-acting mutagenicity of the extracts was attenu
ated sufficiently that activation by mixing with S9 could be 
detected. Ball and colleagues (1990) separated diesel parti
cle extracts into eight fractions using high-performance 
liquid chromatography and subjected each to the Salmo
nella mutagenicity assay. For the fraction containing the 
classic PAHs (e.g., fractions containing BaP), the S9-activated 
mutagenic activity was essentially undetectable, even though 
the fraction constituted 5o/o of the extract mass. A fraction that 
eluted between the classic PAH fraction and the nilro-PAH
containing fraction was weakly active without the S9 mix, 
but was 20 times more active with 89. This indirect activity, 
although easily detectable in the chromatographic fraction, 
was too weak to be detected in unfractionated extracts because 
it was obscured by the direct-acting activity of the other 
components. Chemicals that corresponded to prominent 
peaks in the gas chromatograms (i.e., those in the fraction 
that showed strong mutagenicity in the presence of S9) were 
tentatively identified to be monometbyl- and dimethylni
troanthrecenes or phenanthrenes on the basis of their mass 
spectra. Although the mutagenicity of these chemicals has not 
been detetmined, similar chemicals, such as 2- and 9-nitroan
thracene, are weakly mutagenic with S9 activation (Fu et 
al. 1985). 

Using the 32P-postlabeling assay, DNA adducts have been 
demonstrated for BoP, benzo[e)pyrene, cbrysene, benz[a)an
thracene, ctibenz[a,h]anthracene, dibenz[a,c]anthracene, and 
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benzo[g,h.i]perylene, but not for pyrene, anthracene, and 
perylene (Reddy and Randerath 1964). In an investigation 
on the formation and persistence of BoP-DNA adducts in 
rat lung, liver, and peripheral blood lymphocytes using the 
nuclease Pl version of the 32

P-postlabeling assay, lung DNA 
was found to contain maximal levels of BoP-induced DNA 
adducts after intraperitoneal injecUon (Ross et al. 1990). 
Benzo[b)fluoranthene was also found to induce persistent 

DNA adducts in rat lung. liver, and peripheral blood lym
phocytes (Nesnow et al. 1993). Benzofb]fluoranthene and 

benzo[J1fluoranthene produced adducts in mouse skin (Wey
and et al. 1993a,b). Other PARs present in diesel exhaust that 

were found to induce DNA adducts in rat lungs after 
being instilled intratracheally are benz[o)anthracene and 
dibenzfa,h]anthracene (Whong et al. 1994). 

Table 4. Mutagenic Chemicals in Diesel Exhaust That H ave Been Evaluated for Carcinogenicity by lhe lnternaUonal 
Agency for Research on Cancera 

Mutagenicity 

Evidence for 
s. typh- Mam· Carcinogenicity 

Compound imurium mali an in Animals 

Olefin.~b 

1.3-Butadiono + + Sufficient 
Ethylono" + lnadequato 
Propylene• + + lnadcquato 

Aromaticb 

Benzene + Sufficient 

Aldehydes 

Acelaldehyde + 1- Sufficient 
Acroluin + NAd Inadequate 
Formaldehyde 1- + Sufficient 

PAHs" 
Anthanthreno +P' NA Limited 
Anthracene No evidence 
Benz(o)antlnucene +P +P Sufficient 
Benzo[b]Ouoranthene +P NA Sufficient 
BenzolJ10uorantheno +P NA Sufficient 
Benzolk)Duoranthene +P NA Sufficient 
Benzolg,IJ.I(fluoraothene +P NA lnadequnte 
Benzo(a)fl liOrone NA !nadequote 
Benzo[b)fluorone NA lnadoquuto 
Benzo(g,h,ilporylone +P Inadequate 
Benzolo)pyrene +P 1-P Sufficient 
Benzo(e(pyrone +P lnodcquato 

• Data oro from Scheepers aod Bos (1992b) unless otherwise noted. 
~Data are from lntemaUonul Agency for Research on Cancer (1987). 
c Alkylotlng Intermediates ethylene oxide and propyleno oxide are mutagenic. 
dNA =Data no! avaUablo. 
0 Data arc f'rom lntematlonol Agency for Research on Cancer (1983). 
1 P = ln the presence of metabolic ocUvation. 

'Data are from International Agency for Research on Cancer (1989). 

Mutagenicity 

Evidence for 

Compound 
S. typh-
imurium 

Mam- Carcinogenicity 
mali an in Animals 

Chrysone +P Umitod 
Coronono +P NA Inadequate 
Cyclopontalc,d)pyrene +P +P Llmltcd 
Dlbenz(o.hlnnthraceno +P + Sufficient 
Fluoranthene +P +P No evidence 
Fluorene NA lnadoquntn 
lndeno(1,2.3-c.d)pyreoo +P + Sufficient 
Perylenc +P Inadequate 
Phenonlhrene 1- Inadequate 
Pyrone +P NA No evidence 
Triphenylune +P NA Inadequate 

Methyl-PAlls 

J·Mothylr.hrysene + + Limited 
1-Mothylphenanthreno + + lnodoqunte 

Nitro-PAll# 

3.7-Dinitrofluoranthono + + Limlted 
3,9-DinltroDuoranthene + + Limited 
1,3-Dinltropyrene + + Limited 
1.6·Dlnllropyrene + + SuJficient 
1.8-Dinllropyrooe + + Sufficient 
7-Nitrobonz(alanthracene NA Limited 
6-Nilrobenzo(a)pyrene +P +1-P Limited 
2-Nitrofluorene + + Sufficient 
1-Nilropyrene + + SufFicient 
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Alkylated Polycyclic Aromatic Hydrocarbons 

Some alkylated PAHs may be as strong as or even more 
mutagenic and carcinogenic than the parent PAHs (Glatt et 
al1990). Barfknecht and coworkers (1982) found that diesel 
particle extracts demonstrated mutagenic activity when 
tested with human lymphoblasts; however, this activity 
was detected only in the presence of S9. Of the 11 PARs 
identified in the extract, 4 PAHs (fluorantbene, 1-methyl
phenanthrene, 9-methylpbenanthrene, and BaP) accounted 
for approximately 45% of the total extract activity. These 
results suggest a possible contribution of aJkylated PAHs to 
the mutagenicity of diesel exhaust extracts. Dimethyl
fluorene and trimethylfluorene have been shown to be 
mutagenic after metabolic activation (LaVoie et al. 1985). 
Yu and Hites (1981) suggested that methylphenanthrenes and 
methylfluorenes may be more important mutagens than BaP in 
diesel exhaust 

Methyl groups substituted in the nonbenzo-ring bay re
gion of some PAHs showed enhanced mutagenicity in the 
human hepatoma cell mediated assay (Diamond et al. 1984). 
1-Methylpyrene and 1 ,6-dimethylpyrene, which are also pre
sent in diesel exhaust, induced unscheduled DNA synthesis 
in rat hepatocytes, and 1-methylpyrene was carcinogenic 
in the newborn mouse assay (Rice et al. 1987). 

Nitro- Polycyclic Aromatic Hydrocarbons 

The direct-acting mutagenicity of diesel particulate ex
tracts has been attributed to nitro-PAHs. which have been 
identified as major mutagens in extracts of diesel particu
late matter. Attempts to quantify the contribution of the 
different chemicals identified in diesel parliculute extracts 
to the mutagenic activity of the crude extract have met with 
mixed success. This is partially because different investi
gators have used different samples of diesel exhaust and 
also different experimental methods. The fraction of di
rect-acting mutagenicity attributed to 1 ,3-, 1 ,6-, and 1,8-
dinitropyrenes ranged f:rom approximately 20% to 40% 
(Nakagawa et al . 1983; Manabe et al. 1985). The contribu
tion of activity attributed to 1-nitropyrene bas been esti
mated at approximately 4o/o to 12% (Rosenkranz eta!. 1982; 
Nakagawa et al. 1983; Saleem et al. 1984; Manabe et al. 
1985). The general importance of nitro-PAHs to the direct
acting mutagenicity of particle extracts is also indicated by 
data from Salmonella mutagenicity assays using nitrore
ductase and o-transacetylase-deficiont strains TA 98NR and 
TA 98DNPs. For various extracts, the activities observed 
with strain T A 98NR were 50% to 70% of those observed 
with T A 98, and those observed with TA 98DNPs were 30% 
to 50% (Brooks et al. 1980; Pederson and Siak 1981; Saleem 
et al. 1984; Manabe et al. 1985), suggesting that nitro-PAHs 
accounted for a majority of the mutagenicity. Direct-acting 
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mutagens identified in diesel particle extracts also include 
hydroxynitropyrenes and acetoxynitropyrenes (Pederson 
and Siak 1981; Saleem etal. 1982, 1984; Manabe eta I. 1985; 
Raat 1988); however, the carcinogenicity of these com
pounds bas not been confirmed. 

Of the nitro-PAHs that have been classified as carcino
gens. 10 have been reported to be constituents of diesel 
exhaust (Paputa-Peck et al. 1983: Tok.iwa et al. 1986; Mac
Crehan eta!. 1988 ). The nitro-PAHs classified as carcinogens 
based on animal studies include 2-nitrofluorene, 1-nitropy
rene, 4-nitropyrene, 1,6-dinitropyrene, and 1,8-dinitropyrene 
(Table 4). Hecht and El-Bayoumy (1991) have suggested 
that the nitro-P AHs can be more potent tumorigens than P AHs 
(e.g., BaP) and that several nitro-PAHs (6-nitrochrysene and 
1,6-ctinitropyrene) are potent rodent respiratory carcino
gens. Among the nitro-PAl-ls present in diesel exhaust 
(Table 4), mainly 1-nitropyrene and 1.6-dinitropyrene in· 
duce DNA adducts in vivo in rat mammary glands after 
intraperitoneal injection (Beland 1989, 1991; Smith et al. 
1990); also, 1-nitropyrene has beon found to induce DNA 
adducts in the mAmmary and li ver tissue of rats treated 
orally (Roy et al. 1989; El-Bayoumy et al. 1994), A major 
1,6-dinitropyrene-DNA adduct was detected in the lung 
and spleen lymphocytes of rats after intratracheal instilla
tion (Smith et al. 1993; Beland et al. 1994). The same 
adduct was found in rat mammary glands and nucleated 
blood cells (Djuric et al. 1993), and it was also observed in 
rat liver, mammary glands, and peripheral lymphocytes 
after oral administration (El-Bayoumy et al. 1994). 

Although nitrated-PAHs have been shown to account for 
a major portion of the mutagenic activity associated with 
diesel emissions (Schuetzle et al. 1981), it is not known 
whether or to what extent nitrated-PAHs present in diesel 
emissions contributed to the observed carcinogenicity in 
rats (see Part n of this background paper, by Rosenkranz). 
It should be noted that the contribution ofnitro-PAHs to the 
diesel exhaust particles on a weight basis is much lower 
than that of the parent PAHs (Raat 1988). Moreover, lung 
implantation studies of fractions of diesel exhaust extracts 
containing nitro-PAHs revealed only relatively low tumor 
incidence (Grimmer et al. 1987). Recently, 1,6-dinitropyrene, 
a potent carcinogen present in diesel exhaust, has been 
shown to be a strong in vivo mutagen when instilled intra
tracheally in rats (Smith et al. 1993; Beland et al. 1994) 
under conditions shown to result in 1 ,6-dinitropyrene-io
duced lung tumors (Iwagawa et al. 1989). Beland and 
coworkers (1994). however, calculated that under condi
tions of diesel inhalation bioassays (Mauderly et aL 1987, 
1994), the level of 1,6-dinitropyrene was insufficient to 
account for the observed carcinogenicity, at least in the rat 
lung. 
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ln a recent study by Lee and coworkers (1994), BaP was 

found to inhibit the bacterial mutagenicity and DNA ad

duct-forming ability of1-nitropyrene by altering its nitrore

ductive metabolism. These ftndings suggest that factors 

such as chemical interactions and modification of metabo

lism between and among the constituents present in complex 

mixtures influence the contribution of genotoxic chemkals to 

the observed carcinogenicity of such mixtures. 

Oxygenated Polycyclic Aromatic Hydrocarbons 

A majority of the mutagenic activity of diesel engine 

exhaust extracts is attributable to a fraction that is com

posed of oxygenated PAR species (Schuetzle et al. 1981; 

Schuetzle 1983; Ciccioli et al. 1986; Williams et al. 1986). 

These derivatives include hydroxy, dihydroxy, aldehyde, 

anhydride, quinone, and ketone groups. Some of these 

compounds are unstable during isolation (Schuetzle et al. 

1981). Ball and Young (1992) found that a fraction of diesel 

particle extracts showed direct-acting mutagenicity in the 

Salmonella tester strain TA 102. This strain is sensitive to 

oxidative mutagens (Levin et al. 1982) (i.e., classes of com

pounds that can participate in redox reactions, such as 

quinones, or generate free radicals, such as hydroperox

ides). The investigators also found that the mutagenicity of 

several selected nitro-PAHs was significantly reduced in 

T A 102 compared with T A 98 and that only 1% of the total 

TA 102 mutagenicity could be accounted for by these se

lected nitro-PAHs. The investigators suggested that activ

ity induced by TA 102 could be attributable to quinones 

(e.g., pyrene quinone), which have been identified in diesel 

particle extracts (Scbuetzle et al. 1985). The significance 

of quinones with respect to the toxicity of diesel exhaust is 

still unclear; however, it should be noted that the reduced 

response observed in the study by Ball and Young (1992) 

may have been due to such factors as the detoxification of 

mutagens or nonspecific binding of compounds by lipopro

teins, or to the detoxification of some compounds and 

activation of others, or simply to a different target DNA 

sequence (McCoy et al. 1985). 

Heterocyclic Polycyclic Aromatic Hydrocarbons 

Many sulfur analogues ofP AHs, such as thiaarenes, have 

been identified in diesel exhaust (Schuetzle et al. 1981, 

1985; Ciccioli et al. 1986; Davies et al. 1988; Jacob 1990; 

Scheepers and Bos 1992b). No attempts have been made to 

calculate the contribution of thiaarenes to the total mu

tagenicity of diesel exhaust. Although the carcinogenic 

effects of thiaarenes have not been studied extensively, 

several four- and five-ring compounds have been reported 

to possess carcinogenic potential (reviewed by Jacob 1990). 

Other heterocyclic PARs, such as nitroquinolines, have 

been identified in diesel exhaust extracts by Schuetz]e and 
colleagues (1985). 

VAPOR-PHASE COMPOUNDS 

Although many studies foc using on diesel particles have 

been conducted , little information is available on the va

por-phase emissions of djesel exhaust. Chemicals present 

in the vapor phase of diesel exhaust consist of unburned or 

partially oxidized hydrocarbons that have a low molecular 

weight and remain in the vapor phase even after mixing 

with cool ambient air. These volatile compounds cannot 

adsorb or condense onto the particles and are not collected 

by conventional sampling procedures. 

The vapor-phase exhaust, which has been described in 

great detail elsewhere (International Agency for Research 

on Cancer 1989), contains a variety of carcinogenic and 

mutagenic compounds (Schuetzle 1983; Doria at al. 1987; 

Coutant et al. 1988; International Agency for Research on 

Cancer 1989). Gaseous emissions from diesel exhaust col

lected by condensation after dilution and filtration of par

ticles were found to be mutagenic to S. typhimurium in both 

tbe presence and absence of an S9 mixture (in Table 1 see 

Rannug et al. 1983 and Matsushita et al. 1986), indicating 

that the mutagenicity is direct-acting. These studies differ 

in the quantitative estimates ofthe contribution that gase

ous emissions make to the total mutagenicity of diesel 

exhaust: direct testing of gaseous emissions suggests that 

the gas phase contributes at least 30 times more to the total 

mutagenicity than the particulate phase (Matsushita et al. 

1986): testing of the condensation extract indicated that the 

gaseous emissions contribute less than the particulate phase 

to total mutagenicity (Rannug et al. 1983). Stump and 

coworkers (1982) found that the vapor-phase mutagenicity 

was approximately 10% of total mutagenicity in particle 

extracts using Ught-duty diesel engine exhaust. Bagley and 

coworkers (1987, 1993) found that the vapor phase contrib

uted up to 25% of the direct-acting mutagenicity (per cubic 

meter of raw exhaust) associated with heavy-duty diesel 

engine exhaust. Both Stump and associates (1982) and 

Bagley and coworkers (1987, 1993) assayed extracts of semi

volatile organic compounds collected on an XAD resin, and the 

samples exhibited primarily direct-acting mutagenicity. 

A considerable amount of ethylene has been found in the 

gas phase. This compound may contribute to the genotoxic 

properties of the gas phase, given that it is metabolized to 

alkylating intermediates of ethylene oxide in mammalian 

cells (Tornquist et al. 1986). Other mutagenic and carcino

genic compounds present jn the vapor phase include ben-

235 



zene, 1,3-butadiene, acetaldehyde, acrolein, formaldehyde. 
and a variety of PARs and their derivatives (International 
Agency for Research on Cancer 1989}. 

SUMMARY 

Diesel exhaust particles or their extracts have been stud
ied in a variety of genotoxicity bioassays. Indeed. the ex
tracts have been more widely tested than whole diesel 
exhaust in bacterial and mammalian mutation assays. In 
general. results in these bioassays have been positive. Un
like the bacterial assays, the mammalian assays have been 
active only in the presence of metabolic activation, suggest
ing that the bacterial assays detect the direct-acting mu
tagens (e.g., PAH derivatives. nitro-PAHs). whereas the 
mammalian assays are sensitive to the parent PAHs. Ex
haust particles or their extracts also induce chromosome 
aberrations, SCE, micronuclei formation, and cell transfor
mation in mammalian and human cells in culture. In 
general, whole diesel exhaust yielded negative results in in 
vivo tests for SCE. and results in the micronucleus test were 
mixed. Results in some of the studies on DNA adducts 
showed that exposure of rats by inhalation to diesel exhaust 
induced a small but significant increase in total DNA ad
duct levels when compared with controls. Randerath and 
coworkers (1995} reported an increase in total adduct levels 
in diesel exhaust-exposed animals at three months but not 
at later time points. Gallagher and coworkers (1994), how
ever, did not observe any change in total DNA adduct levels 
over controls exposed to filtered air in studies with rats that 
inhaled poorly soluble non fibrous particles such as carbon 
black and Ti02. In general, none of the inhalation studies 
reported the presence of diesel exhaust-specific DNA ad
ducts. Painting the skin of animals with extracts of diesel 
particles. however, induced high levels of DNA adducts. 

Results of mutation bioassays performed in conjunction 
with chemical analysis showed that nitro-PAHs are the 
principal mutagenic species in diesel exhaust, accounting 
for approximately 50% of the mutagenicity of diesel ex
haust extracts. Other PAH derivatives with strong mu
tagenic potencies include methyl P AHs and oxygenated P AHs; 
however, the contribution of these organic compounds to the 
carcinogenicity of diesel exhaust is not known. The gas phase 
contains a number of potent mutagens and cru·cinogens that 
may contribute to the overall mutagenicity and CE!fcino
genicity of diesel exhaust. 

It is clear from the results of mutagenicity and genotoxic
ity bioassays that diesel exhaust particles and the adsorbed 
organic compounds are genotoxic. Many of the organic 
compounds (PAHs and their derivatives) are known to 

236 

Mutagenicity and Other Genetic Effects 

induce DNA adducts in animals in vivo. Because most of 
the studies failed to detect diesel exhaust-specific DNA 
adducts when rats inhaled a high concentration of particles 
(with or without adsorbed organic compounds), the inves
tigators (Gallagher et al. 1994; Mauderly et al. 1994; Ran
derath et al. 1995} concluded that the particle-associated 
organic compounds do not elicit DNA adduct formation, as 
detected by the nuclease P1 or butanol extraction version 
of the 32P-postlabeling assay. It is conceivable, however, 
that oxidative DNA adducts were formed as a result of the 
inflammatory process associated with high particle accu
mulation in the lung, but that these types of oxidative 
lesions were not detected by the analytical methods used 
in lbe studies. The role of genotoxic chemicals in diesel 
exhaust-induced carcinogenesis is not clear. Several an
alyses (Rosenkranz 1993; Beland at al. 1994; Heinrich 1994; 
Mauderly 1994) suggest that the carcinogenic effect elicited by 
diesel exhaust in rats may not be primarily due to mutagenic
ity or genotoxicity of the organic chemicals adsorbed onto the 
diesel particles. 
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Diesel engine emissions cont'ain extremely potent mu
tagonic species (e.g., dinitropyrene, benzo[a]pyrene), some 
of which also exhibit a broad spectrum of carcinogenic 
activities in rodents (Rosenkranz and Mermelstein 1985; 
Tokiwa and Ohnishi 1986; International Agency for Re
search on Cancer 1987, 1989). Because the mutagenic and 
other polycyclic organic species in diesel emissions are 
primarily absorbed onto or incorporated into particulate 
matter, the extent of their bioavailability, and therefore 
their role in carcinogenesis, is a matter of considerable 
uncertainty. 

After a number of studies reported that exposure of rats 
to diesel engine emissions for two years resulted in the 
development of lung tumors (reviewed by Mauderly 1992}, 
attention focused on the mechanistic nature of this carcino
genic process. Given that certain chemicals present in die
sel engine emissions are known to be potent mutagens. the 
possibility existed that the induced tumors were a conse
quence of "genotoxic" carcinogenic events. This issue is 
relevant to human health risk assessment because mutagenic 
(genotoxic) carcinogens are thought to pose a greater health 
hazard than nongenotoxic ones (Williams 1987; Ashby and 
Morrod 1991). As a group, genotoxic carcinogens are known 
to cause cancer in numerous species (Ashby and Tennant 
1988; Gold et al. 1989), and are more potent rodent carcino
gens (Rosenkranz and Ennever 1990; Parodi et al. 1991), 
Moreover, the majority of recognized human carcinogens are 
mutagens (Ennever et al. 1987; Shelby 1988; Bartsch and 
MalaveiUe 1989). In addition, 32P-postlabeling experiments 
using DNA derived from animals exposed to diesel exhaust 
(Wong et al. 1986; Schoket et al. 1989; Bond et al. 1990; 
Carmichael et al. 1990; Gallagher et al. 1994) indicate that 
not only are the chemicals in diesel engine emissions 
bioavailable to some extent, but they can be metabolically 
activated to DNA-reactive species. 

The problem with the genotoxic hypothesis concerns the 
amount of dinitropyrenes, benzo[a]pyrene, or total mu
tagenic substances present in diesel engine emissions as 
well as the emissions exposure required to induce lung 
cancers in rats (even assuming that all the mutagenic sub
stances are deposited at the ultimate sensitive target tissue 
area and that a:ll of the material is bioavailable-which it is 
not). Studies that involved calculating the amount of dini
tropyrene or the total amount of mutagenic material depos
ited in the lungs found the level insufficient to account for 
the carcinogenicity of diesel engine emissions (Rosenkranz 
1993; Beland 1995; see also Heinrich et al. 1992). (t should 
be noted that these analyses did not take into consideration 
the differences in mode of administration (i.e., a single dose 
of pure chemicals versus a two-year exposure to diesel 
emissions). 

The results of recent bioassays have shifted attention 
from genotoxic to nongenotoxic mechanisms of carcino
genesis. Studies have indicated that lung tumors resulting 
from exposure to diesel engine emissions occurred only 
when exposures were sufficiently high to cause reduced 
pulmonary clearance ("lung overload") accompanied by in
flammatory and fibrotic responses (Mauderly 1992; Snipes et 
al. 1992; Heinrich et al. 1994; Mauderly et al. 1994). This 
raises the distinct possibility that the lung cancers induced 
in rats by exposme to diesel engine emissions were not the 
result of a mutagenic process (i.e., not the result of a gena
toxic, DNA-adduct-forming carcinogenesis in the classic 
sense). This development suggests the need to examine 
alternative mechanisms involved in the induction of tu
mors by exposure to these chemical species. 

The recently developed model of cell proliferation (mi
togenesis) offers a possible acceptable alternative as part of 
a multistage model for studying carcinogenesis (Ames and 
Gold 1990; Butterworth 1990; Cohen and Ellwein 1990, 
1991; Preston-Martinet al. 1990; Butterworth et al. 1992: 
International Agency for Research on Cancer 1992). Taking 
this model as representing the basic mechanism that deter
mines later biochemical or cellular events, the inflamma
tory process that results from lung overburden can be 
envisioned as causing cell proliferation. It has already been 
demonstrated that the process of cell proliferation may 
generate frequent mutations. Indications are that either 
spontaneous mutations occur dming the process of cell 
replication or mutations are induced by the oxidative proc
esses that accompany the inflammatory response to lung 
overload (Ames and Gold 1991; Arroyo et al. 1992: 
Shigenaga and Ames 1993). Conceivably, some of the mu
tations resulting from these induced cellular responses 
could lead to the activation of oncogenes or the inactivation 
of suppressor genes. rn this regard, further consideration 
needs to be given to the fact that diesel engine emissions 
contain bioavailable mutagens (see Gallagher et al. 1994), even 
though they cannot account quantitatively for the carcino
genicity of the diesel extract in rats. 

Chemicals present in diesel engine emissions are potent 
mutagens (Rosenkranz and Mermelstein 1985; Tokiwa and 
Ohnishi 1986} that are capable of inducing oncogenes or 
inactivating suppressor genes (Tahira et al. 1986; Ochiai et 
al. 1985; Harris 1991). 1,6-Dinitropyrene, one of the most 
potent mutagens present in diesel emissions, has recently 
been shown to be an effective rat mutagen following intra
tracheal instillation (Smith et al. 1993; Beland 1995) under 
conditions demonstrated to result in 1 ,6-dinitropyrene-in
duced lung tumors (Iwagawa et al. 1989). Indeed, it was 
shown that such mutations were induced at levels below 
what is needed to induce cancer (Beland 1995). Moreover, 
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under the conditions of the diesel inhalation cancer bioas
say, it was also calculated that there was sufficient 1,6-dini
tropyrene deposited, if bioavailable, to cause somatic 
mutations, even though there was insufficient 1,6-dini
tropyrene to accoWlt for the observed carcinogenicity (Be
land 1995). Thus, although lung tumor induction in rats is not 
a mutagenic process, it may be one involving cell proliferation 
or an inflammatory response. Moreover, the possibility ex
ists that mutagenic events caused by components in diesel 
engine emissions affect the progression of cancer in its later 
phases. These events could include oncogenic activation 
and suppressor inactivation, which can be amplified by cell 
proliferative processes (Anderson et al. 1992; Conolly 
1992). The possible involvement of such augmented mu
tagenic events is of concern given our knowledge that in 
humans tumors that contain activated oncogenes or inacti
vated suppressor genes are generally more invasive or are 
associated with a poorer prognosis than histologically simi
lar tumors lacking such activated oncogenes or inactivated 
suppressor genes. 

Thus several analyses suggest that lung cancers induced 
in rats by exposure to emissions from diesel engines are not 
primarily the result of a mutagenic effect of the organic soluble 
chemicals absorbed onto the diesel particles (Rosenkranz 
1993; Gallagher et al. 1994; Beland 1995). This thinking is 
consistent with the observation that carbon black particles, 
which contain greatly reduced levels of adsorbed organic 
mutagens, induce tumors that appear to be similar to, and 
develop at approximately the same levels of lung burden as 
those induced by diesel engine emissions (Heinrich 1994; 
Mauderly et al. 1994). Additionally, the latency (approxi
mately two years) of the tumors induced by diesel engine 
emissions is comparable to that associated with carbon 
black but not to that associated with pure chemicals present 
in diesel emissions, such as benzo[ajpyrene and 1,6-dini
tropyrene (approximately 0.8 year) (Iwagawa et al. 1989; see 
also Tokiwa et al. 1984; Takayama et al. 1985; Maeda et al. 
1986; lmaida et al. 1991). 

The results of recent rut bioassays (Heinrich 1994; Mauderly 
et al. 1994) raise a vexing question: lf the dinitropyrenes 
present in the emissions of diesel engines are capable of 
causing somatic mutations (Smith et al. 1993: Beland 1995) 
that could initiate a carcinogenic event, why are the tumors 
induced in the treated animals characteristic not of dinitropy
rene-induced tumors, but rather of tumors induced by particu
Late matter? This question raises the intriguing possibility that 
the conditions of the diesel emissions cancer bioassay may 
have precluded the ability of dinitropyrenes to induce 
cancers. It is known that the mutagenicity (and presumably 
the carcinogenicity} of dinitropyrenes requires their reduc
tion to the corresponding arylhydroxylamines, followed by 
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0-esterlfication and the formation of reactive arylnitrenium 
species, which react at the C-8 position of the deoxyguano
sine in the DNA (Smith et al. 1993; Beland 1995). Indeed. 
in a recent study (Beland 1995) of rats intratracbeally in
stilled with 1,6-dinitropyrene, the C-8-DNA adduct was the 
only one found at the site of deposition as well as in distal 
tissues. This finding indicates that such bioactivation of 
DNA-adducting metabolites occurs under conditions rele
vant to exposure to diesel engine emissions when overload
ing is not expected to be a factor. Moreover, speculation that 
1,6-dinitropyrene deposited in the lungs is more bioavail
able than previously assumed is based on studies showing 
that radioactive 1,6-dinitropyrene migrates from the site of 
intratracheal deposition (Smith et al. 1993; Beland 1995). 
This finding was unexpected, given the relative insolubility 
of 1,6-dinitropyrene, and suggests that the pulmonary mi
lieu may facilitate the diffusion of 1,6-dinitropyrene, pos
sibly as a result of surfactant action. 

Why then did the animals exposed to diesel emissions 
not develop ttWlors characteristic of 1,6-dinitropyrene ex
posure? Possibly the conditions of exposure to high concen
trations of diesel exhaust precluded the biotransformation 
of 1.6-dinitropyrene to DNA-reactive species. 

It is known that gases present in diesel engine emission 
cause "oxidative stress" (Kleinman et al. 1993), which may 
result in a decreased ability to reduce the nitro moiety. 
Moreover, oxidative stress is accompanied by a decreased 
level of ascorbic acid (Blaurock et al. 1992}, which is needed 
to prevent the oxidation of the arylhydroxylamine to the 
corresponding nitrosoarene, a form that is incapable of 
reacting with DNA (Boldt el aL 1991). 

In the later phase of exposure to diesel engine emissions, 
the inflammatory response attributable to the accumulation 
of particles may have the same net effect as an oxidative 
stress (Blaurock et al. 1992; Kleinman et al. 1993: Sagai et al. 
1993) and prevent the activation of dinitropyrenes. Whereas 
this explanation is speculative, a number of simple experi
ments could be conducted to determine whether oxidative 
stress in rats interferes with the metabolism of dinitropy
renes to DNA-reactive species (see below). 

The possibility that the conditions of the rat bioassay 
precluded expression of the caxcinogenic potential of dini
tropyrenes is, of course, directly relevant to assessing the 
risk to humans of exposure to diesel engine emissions when 
oxidative stress is not a factor. Even when occupationally 
exposed, humans are rarely exposed to toxic levels of gase
ous emissions, and inflammatory (fibrotic) reactions due to 
lung ''overload" have not been reported. 

Epidemiological analysis of populations occupationally 
exposed to diesel engine emissions suggests a small, incre-
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mental risk of associated lung cancer (International Agency 
for Research on Cancer 1989; Mauderly 1992; see also 
Cohen and Higgins, this report). This increased risk, how
ever, is not expected to be associated with compromised 
lung functions resulting from the reduced clearance rates 
characteristic of rats chronically exposed to elevated levels 
of diesel emissions throughout their lifetime. Further, the 
levels of gaseous components of diesel engine emissions are 
not expected to be sufficient to induce oxidative stress in 
humans. Thus the possibility exists that human exposure 
to diesel engine emissions in occupational settings may 
involve a risk that is not accounted for by the rat model. In 
addition, although considerable data are available on the 
carcinogenic consequence in rats of chronic exposure to 
elevated levels of particulate matter, no evidence indicates 
that the rat is a good model for studying this type of lung 
carcinogenesis in other species, including humans. 

In summary, nitrated polycyclic aromatic hydrocarbons. 
formed from reaction of the unsubstituted hydrocarbons 
with nitrogen oxides during diesel fuel combustion. are 
known to be metabolically activated mutagens. Metabolic 
transformation of nitrated polycylic aromatic hydrocarbons 
to mutagenic metabolites occurs through nitroreduction to 
reactive N-hydroxyarylamines, as well as through further 
metabolism to their reactive 0-acetylated derivatives, which 
react with C-8 of deoxyguanosine (Beland 1995). 

Diesel exhaust particles have been shown to produce 
both superoxide anions and hydroxyl radicals in vitro in 
the absence of biological activating systems (Sagai et al. 
1993). After these particles are washed withmethanol, they 
no longer have the ability to produce reactive oxygen spe
cies, indicating that in their native state they contain or
ganic-soluble components that are active oxidants. These 
agents may be important in regard to the acute toxicity of 
diesel particulate matter, given that particles in their native 
state cause considerably more mortality in mice after being 
instilled intratracheally than do methanol-washed parti
cles. 

Hence, although they are carriers of the potent mutagenic 
dinitropyrenes. diesel particles are composed also of chemi
cals that could induce oxidative stress in cells. Differences in 
the development times and types of carcinomas induced by 
1,6-dinitropyrene alone and diesel particles containing 1,6-
dinitropyrene suggest that the nitroaromatics may not be the 
causative agents for lung cancer development in rats. Possibly 
the active oxidants in the particles cause oxidative stress in 
the affected cells, conceivably contributing to carcinogenesis. 
If a cell is experiencing oxidative stress, the N-hydroxyaryl
amines will rapidly oxidize to their arylnitroso derivatives, 
which react with electrophiles on proteins (especially protein 
thiols) but not DNA. Indeed, if a cell is experiencing high 

levels of oxidative stress, little or no cellular thiols or 
reductants will be available for reaction with the arylni
troso compound, and little or no protein or DNA damage by 
1,6-dinitropyrene will result. 

With respect to the pivotal role assigned to ascorbate in 
maintaining the DNA-reactivity of dinitropyrene metabo
lites, it should be noted that intracellular concentrations of 
ascorbate (usually within the submillimolarrange) are about 
one order of magnitude lower than those of glutathione 
(with the notable exception ofneutrophils in which ascor
bate may be as high as 1.0 to 1.5 mM) (Wolf 1993). Thus 
ascorbate is in great excess when compared with the ex
pected level of 1,6-dinitropyrene in tissues. 

Oxidative stress produced by oxygen radicals or organic 
(e.g., phenoxy!) radicals is known to result in a depletion 
of intracellular reductants. Ascorbate is the primary reduc
tant of these radicals. Once ascorbate is depleted, low 
molecular weight thiols and protein sulfhydryls become 
involved in the reduction of radicals (Buettner and 
Jurkiewicz 1993; Kagan eta!. 1994). Thus, under conditions 
of oxidative stress, dramatically reduced levels of ascorbate 
may be insufficient to counteract the autooxidation of N-hy
droxy-1-amino-6-nitropyrene to a non-DNA-reactive prod
uct. 

Finally, it should be noted that damage to DNA may 
occur by an alternative mechanism; namely, depletion of 
cellular reductants, generation of reactive oxygen species, 
and formation of promutagenic lesions on DNA by the 
reactive oxygen species or their more long-lived products 
(Seto et al. 1994). 

Future research on carcinogenicity associated with expo
sure to diesel exhaust should address the following ques
tions: 

1. What is the role of oxidative-stress-induced depletion 
of endogenous reductants (e.g., ascorbate) in modulat
ing the mutagenic efficiency of 1,6-dinitropyrene in 
cells? 

2. What are the roles of diesel particles and oxidants in 
oxidative-stress-induced promutagenic lesions? 

3. What are the interactions at the cellular and molecular 
levels between oxidative-stress-induced DNA damage 
and 1 ,6-dinitropyrene-DNA adducts that could ex
plain the in vivo tumorigenesis in rats chronically 
exposed to high concentrations of diesel exhaust? 

The level of oxidative stress that a cell, organ, or animal 
is experiencing can be quantified by measurement ofreduc
tants (i.e., antioxidants) present in the system. All three 
questions may be answered with carefully designed short
term in vivo experiments, as well as in vitro experiments 
with lung cells in culture, in which the molecular products 
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of 1,6-dinitropyrene (e.g., DNA adducts, thiol adducts, me· 
tabolites) and oxidative stress (e.g., DNA oxidation products 
and adducts, levels of active antioxidants) are measured while 
the levels of cellular reductants, 1 ,6-dinitropyrene, and diesel 
particulate matter are controlled. 
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A.J. Cohen and M.W.P. Higgins 

INTRODUCTION 

This background paper assesses the epidemiologic evi
dence concerning the health effects of exposure to whole 
diesel exhaust. Because whole diesel exhaust contains 
carcinogens (see background papers by Busby and New
berne, Rosenkranz, Shirname-More, and Sawyer and John
son, this report), epidemiologists have focused their attention 
on cancer in exposed populations, especially cancers of the 
lung and bladder. A smaller body of epidemiologic research 
addresses effects onlw1g function and respiratory symptoms. 
In virtually all studies, only occupational exposure is con
sidered. 

This paper is divided into five main sections. Epidemio
logic data are reviewed in three sections covering lung 
cancer, other cancers, and nonmalignant respiratory dis
ease. A summary at the end of the paper presents conclu
sions. References are listed in the final section of the 
chapter, followed by a list of abbreviations. 

In compiling this paper, we reviewed all published epi
demiologic studies on the health effects of exposure to diesel 
exhaust available through June 1993. We identified these 
studies by searching MEDLINE (the National Library of 
Medicine's online bibliographic data base) and by review
ing the reference sections of published research and earlier 
reviews. The major results for all studies are presented in 
at least tabular form, and a number of the most recent cohort 
or case-control studies of occupations that involve expo
sure to diesel exhaust are discussed in detail. 

LUNG CANCER 

Epidemiologists began to study the relation between lung 
cancer and occupational exposure to diesel exhaust in the 
1950s (Table 1), when the U.S. railroad and trucking indus
tries and public mass transit widely converted to diesel
powered engines. Several reviews discuss these studies, 
including Steenland (1986), who covers studies published 
through 1985: the International Agency for Research on 
Cancer (1989). which covers most studies published 
through 1988; and Mauderly (1992), who covers studies 
published through 1990. All reviewers note the modest 
relative increases in lung cancer incidence or mortality 
observed in association with exposure to diesel exhaust, but 
acknowledge a paucity of data on exposure and potential 
confounding due to cigarette smoking that, as described 
below, make some results difficult to interpret. 

EXPOSURE 

No s.tudy bas ascertained levels of exposure to diesel 
exhaust for the actual study subjects, not an uncommon 

situation for many epidemiologic studies of putative occu
pational carcinogens. In most cases, historical estimates of 
exposure levels in specific job categories, which can be 
used by epidemiologists to estimate past exposures, are not 
available, and no standard method to measure exposure is 
yet available (see Watts paper, this report). This state of 
affairs makes it difficult to use the results of epidemiologic 
studies for quantitative risk assessment, but does not at all 
preclude their usefulness for more qualitative inference. 

Most investigators have classified exposure based on 
subject-reported work histories or on company or other 
records. Typically, those jobs and occupations considered 
by the investigator to entail exposure to diesel exhaust are 
classified as exposed. Whereas this approach is probably 
sensitive to diesel exhaust exposure (i.e., it tends to identify 
most truly exposed subjects), it is not specific (i.e., it tends 
to classify some truly unexposed subjects as exposed). This 
misclassification of exposure may produce biased results 
in an individual study and may suggest that results from 
different studies are not in agreement (Rothman 1986). 
Such misclassification can spuriously elevate or diminish 
estimates of effects, depending on how misclassification 
differs between subjects with and without disease. In most 
cases, when the extent of misclassification of exposure is 
the same for those with and without disease (i.e., nondif
ferential misclassification), estimates of effect are attenu
ated. When the risk of disease increases directly and 
monotonicaUy with exposure (sometimes referred to as a 
"dose response"), nondifferential misclassification of expo
sure can obscure this pattern (Dosemeci et al. 1990; Birkett 
1992). 

Epidemiologists have studied populations of workers in 
industries or occupations where diesel-powered vehicles 
are frequently used. or have studied general populations 
and attempted to identify individuals within them with 
occupational exposure to diesel exhaust. These design 
options have different implications with respect to the 
assessment of exposure to diesel exhaust. The quality of 
information on exposure to diesel exhaust is generally 
superior in studies of worker populations because, to char
acterize exposure, they can often draw upon work histories 
and sometimes estimates of exposure associated with vari
ous jobs. In addition. the prevalence of exposure, particu
larly intense or prolonged exposure, is greater. General 
population studies, however, often include large numbers 
of people and provide detailed information on dgarette 
smoking from direct interviews. To improve the specificity 
of exposure characterization and to increase the statistical 
power of general population studies, investigators often 
aggregate various occupations when calculating estimates 
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Table 1. Epidemiologic Studies of Lung Cancer and Diesel Exhaust 

Cases or Exposure Smoking Relative Risk Reference Population Study Type Deaths Assessment Controlled (95% CI) 

Raffle 1957 London (Englnnd) 
transport workers 

Cohort mortality 30 Job records No 1.42 (0.96, 2.02) 

l<aplen 1959 Railroad workers Cohort mortality 154 Total Job records No 0.80 [0.68, 0.94) Total cohort 
49 Most expose..! 0.88 (0.65 , 1.16) Most 

exposed 
Waxweller et al. Potash minors Cohort mortality 31 Diesel use in mines No None reported 1973 

Menok nnd Hen- Los Angolus county (U.S.) Cohort mortality 109 Death certificates: No 1.65 (1.36, 1.99) Truckers derson 1976 hospital records 
Docoufle Cl al. Hospital-based Case-centro I 66 Occupation by Yes 0.92 (NA)1 Trud. bus, taxi 1977 mortallty questionnaire drivers 

0. 97 (N.A) Railroad workers 
Williamsotal. U.S. Third Nntional Case-control 22 Occupatlon by Yes 1.52 (NA) Truckers 1977 Cancer Stlrvoy incidence interviews 
Leupker and 

Smith 1978 
U.S. Teamsters Union Cohort mortality 34 Union records No 1.21 (0.84, 1.69j 

Ahlburg Ul al. 1981 Swedish truckers Cohort mortality 1,143 Job records No 1 .3 (1.1, 1.6) Truclcors 
Waller 1981 London (Englnnd) Cohort mortality 667 Total Job records No 0.79 (0,73, 0.85) Total transport workers 177 Engineers cohort 

0.90 (0.77, 1.04) Bus gnmge 
engineers 

Howe ot al. 1983 Canadian rallrood Cob ort mortality 933 Total Job held at No 1.06 (0.99, 1.13) Total workers 279 Probably retirement 1.35 (NA) Probably exposed 
ox posed 

Milne ot a!. 1983 Alameda CollDty, CA Case-control NA Oocupnlion from No 1.6 (NA) Tn1c_kers (U.S.) mortallty daath certificates 
Rushton ot al. London (Englnnd) bus Cohort mortality 102 Total Job records No 1.01 (0.62. 1 .22) Total 1983 garnge workers 48 General hand 1.33(0.98, 1.76) 

General hand 
Coggon ot nl. 1984 English Cos~rcontrol 598 Total exposed Death corrlficates No 1.3 (NA) Total 

mortality 172 High exposure 1.1 High exposure 
Hall and Wynder U.S. hospital-based Case-control 45 Exposed Usual C>CGu paUon Yes 1.4 (0.8, 2.4) 1984 incidence by interviews 
Schenker ot al. U.S. rallroad workers Cohort mortality 2,51!1Total Job records No 1.4 (0.5, 2.4) 1984 

BulatU et al. Hollan hospital-based Case-control 20 Ever employed Occupation by Yes 1.8 (1 .0, 3.4) 1985 ln.cidence OS taxi driver interviews 

Datnber and Swedlsb Case-control 33 Professional Occupational Yes 1.1 ro.e. 2.2) Larson 1985, mortality drivers 20+ yr history by mailed 1987 questionnaire 
Wong ot al. 1985 U.S. heavy-equipment Cohort mortality 309 Total Job IItle from union No 0.98 (0.88. 1.10) operators 163 20+ yr in recordK 1,07 (0.92, 1.25) 20+ Years 

union 
Gustafsson et a1 Swedish dockworkers Cohort 70 Deaths Job records No 1.32 (1.05, 1.66) DoathJ 1986 incidence and 86Cases 1.68 (1.38, 2.07) Cases 

mortality 
Edling ot nl. 1987 Swedish bus company 

employees 
Cohort mortality 6 TotaJ 

5 Bus drivers 
Job records No 0.67 (0.27, 1.39) Total cohort 

1 Bus garage 
worker 

o Clerks 
(unexposed) 

Garshick et al. U.S. railroad workers Case-control 335 Cases S 64 yr job records 110d Yes 1.41 (1.06. 1.88) 1987 mortality 460 Cases ~5 yr particla Javel $64 yrl20+ yr 
meastlrements 0.91 (NA) 

~65 yr/20+ yr 

(Table continues next page.) 
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Table 1. Epidemiologic Studies of Lung Cancer and Diesel Exhaust (continued) 

Cases or Exposure Smoking Relative Risk 
Reference Population Study Type Deaths Assessment ControUed (95% CJ) 

Lerchen ot a!. New Mexico (U,S.) Caso-cootrol S Mechanics Occupation by Yes 0.6 (0.2. 2.0) Mechlll\!CS 1987 incidence 7 Total exposed ioterviows 0.6 (0.2, 1.6) Total oxposod 
Benhomou et al. French Cnse·c:ontrol 65 Mechanics Occupation by Yes 1.06 (0.73. 1.54) Mechanics 1986 lncldcnce 157 Transport queslionnalN! 1.35 (1.05. 1.75) Opcrotors 

equipment 1.42 (1.07. 1.89) Drivers 
operators 

128 Professional 
drivers 

Boffetta et al, 1968 American Cancer Society Cohort mortality 174 Exposed Occupotlonal Yes 1.18 (0.97, 1.44) Exposed 
cohort-U.S. males 14 Railroad exposure by 1.59 (0.94, 2.60) Rallrond 

workers questionnaire workers 
48 Truckers 1.24 (0.93, 1 .66) Truckers 

Carsl1ick et al. U.S. railroad workers Cohort mortality 1,694 Total Job records und No 1.45 (1.11, 1.69) 1988 particlu luvol (40·44 yr in 1959) 
measuromonls 0.99 (0.74, 1.33) 

(6D-64 yr in 1959) 
1.72 (1.27' 2.33) 

(15+ yr exposure) 
Siemlotycki et al. Montreal (Canadn) Coso-control 81 Squamous cell Occuputlonal Yes 1.2 (0.9, 1.6) 19811 hospital-based inc! donee exposure by 

intervlows and 
job/exposure 
matrix 

Bender ct al 1989 Minnesota (U.S.) Cohort mortaHty 54 Employmunt in No 0.69 \0.52, 0.901 
highway maintenance highway 
workers maintenance 

depnrtmont 
Hayes ct al. 19119 U.S. hospital-besnd Cnso-control 112 Truckers Occupation by Yes 1.5 (1.1. 2.0) Truckers 

incidence 10+ yr interviews 2.1 (0.9, 5.2) Mechanics 
18 Mechanics 

10+ yr 
Boffottn ot nl. 1990 U.S, hospital-based Cnso·control 477 Self·reportod Occupation by Yes 1.21 (0.73, 2.02) Exposed 

incidence exposure intorvlows 2.39 (0.87. 6.57)31+ yr 
12 Self·reported 

31+ yr 
Gustnvsson et al. Swedish bus sar11ge Cohurt and nestod 17 Deaths Semiquantitntive No Cohort: SMR = 1.22 1990 wo•·kers t:aso-control 20 Cases scale from job (0,71, 1.96) 

Incidence IU\d records and Caso-conttol: 2.43 
mortality studies industrial 

hygiene data 
(1 32, 4.47} Highest 
cumulative exposure 

Steenland et a!. U.S. Cantral States Case-control 730 Truckers Union records. Yes 1.27 (0.83, 1.93) Long·haul 1990 Teamsters Union mortality SO Mechanics next·of-kln 1.31 (0.81, 2.11) Short-haul 
interviews, and 1.69 (ll.92, 3.09) Mooblll\lcs 
part iclo level 
measurements 

Ahlmonct al. Finnl~h sulfide oro Cohort mortality 10 Occupational No VIS (0.74. 2.58) 1991 miners hlstorlos 
Bums and Swan- Detroit metropolitan Casa-conlrol 118 Mechanics Occupational Yes J.72 (1.15, 2.59) Mechnnics son 1991 (U.S.) incldonoe 35 Railroad history from 1.31 (0.70, 2.66) Railroad 

workers interviews with workers 
166 Drivers of 

heavy-duty 
trucks 

subject or proxy 2.31 (1.56, 3.42) Drivers 

Emmolln et al. Swedish dockworkers Coso·control so Semiquantltnllve Yes (1.0) Low oxsosure1
' 1993 incidence scales from work 2.7 (0.6, 11.3 Medium 

histories and exposure 
records of fuel 6.8 (1.3, 34.9) High exposure 
and equipment 
use 

• NA = not available. 
, b Relative risk eslimatos 11nd 90% Cis oro taken from Table 3 (exposure metric based on mrposed lime) In reference. 

l 
~ 

255 . 
~ 



of effects. This can obscure risk elevations if occupations 
with minimal exposure are combined with high-exposure 
occupations. Most general population studies also provide 
estimates of the relative risks for specific occupations, 
however, which can be compared to the estimates from 
studies of occupational cohorts. In this review, we empha
size studies of worker populations and give particular em
phasis to several recent studies that attempted to improve 
exposure estimates by using work histories, personal inter
views, and information on historical and contemporary 
working conditions (including, in some cases. levels of 
constituents of diesel exhaust). We then review general 
population studies and discuss their findings in the light of 
the studies of worker populations. 

CIGARETTE SMOKING 

Cigarette smoking plays a role in the occurrence of most 
lung cancer in the United States and other western coun
tries, and its effect is clearly independent of other environ
mental exposures and occupational factors. Studies of the 
effect of diesel exhaust exposure on lung cancer occurrence 
must account for the strong independent effect of cigarette 
smoking, because the effect of diesel exhaust on lung cancer 
may be either exaggerated or understated if exposed and 
unexposed populations have different smoking habits. 
This mixing of the effects of two or more independent 
causes of disease. known as confounding, can bo controlled 
analytically if data are available on the smoking habits of 
study subjects (Rothman 1986). In epidemiologic studies of 
occupational carcinogens, such data frequently are not avail
able. and several of the studies discussed below did not 
ascertain the smoking habits of their participants. None
theless. such studies may still provide useful information 
if the magnitude of confounding by cigarette smoking can 
be estimated. 

We have used methods described by Axelson (1978) to 
quantify the likely effect of uncontrolled confounding by 
cigarette smoking. Briefly, these methods call for using 
ancillary data to provide estimates of the prevalence of 
smoking in the study population and the expected relative 
risk of lung cancer due to smoking in the absence of diesel 
exhaust exposure. These data are then used to compute an 
estimated relative risk due to confounding that can be 
compared to the observed relative risk. lf the observed 
relative risk exceeds the estimated relative risk due to 
confounding, U1e evidence suggests that confounding by 
cigarette smoking cannot account for the observed increase 
in risk. 

It is also clear that cigarette smoking can act synergisti
cally with other factors, such as asbestos (Hughes and Weill 
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1994), to increase the incidence of lung cancer to a greater 
extent than would be expected by simply adding the effects 
of each. Such interactions between smoking and other 
causes of lung cancer are potentially important because so 
many people have been or currently are smokers. Such 
interactions are difficult to study epidemiologically. bow
ever, because they require estimates of the risk of lung 
cancer among unexposed subjects who are also nonsmok
ers, and there are often few people who have never smoked 
in the groups most often exposed to diesel J!!xhaust. 

COHORT AND CASE-CONTROL STUDIES OF 
OCCUPATIONAL GROUPS 

Epidemiologists have used several approaches to study 
lung cancer in diesel exhaust-exposed populations. They 
have conducted studies of entire working populations, or 
cohort studies, in which the rates of lung cancer mortality 
or morbidity are compared between exposed and unex
posed subjects. Often the unexposed subjects are the gen
eral population of the country or another political division, 
but in some cases comparisons of risk a1·e made between 
exposed and unexposed (or less exposed) members of the 
cohort. Such internal comparisons are often preferred be
cause they aJ·e less subject to distortion due to differences 
in health status between employed and general popula
tions, known as the healthy worker effect. The result of 
either comparison is usually expressed as a rate ratio or 
relative risk, and the statistical precision of the relative risk 
is expressed as a confidence interval. 

The case-control approach provides investigators with 
an efficient way to estimate the relative risk of lung cancer 
in relation to diesel exhaust exposure without having to 
collect information on entire populations. ln the case-con
trol study, cases of lung cancer that occurred in the study 
population are ascertained and classified according to die
sel exhaust exposure: then a sample of the study population 
(the control subjects) is selected and classified as to expo
sure. An estimate of the relative risk then can be calculated 
from these data. More detailed discussions of these study 
designs can be found in texts by Rothman (1986) and 
Checkoway and colleagues (1989). 

Railroad Retirement Board Studies 

Garshick and colleagues studied lung cancer mortality 
among U.S. railroad workers registered with the Railroad 
Retirement Board (RRB)* in both cohort (Garshick et al. 
1988) and case-control (Garshick et al. 1987) studies. 

In conjunction with these investigations, Woskie and 
colleagues (1988a,b) conducted an industrial hygiene sur-

* A List of abbreviations appears nt tho ond of this background paper. 
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vey under current conditions to characterize the exposure 
of railroad workers to diesel exhaust in four small northern 
U.S. l'ailroad operations. Industrial hygienists first identi
fied 39 job titles (from among the more than 150 Interstate 
Commerce Commission (ICC) railroad job titles) that com
prised large numbers of workers and that were thought to 
involve either minimal or substantial exposure to diesel 
exhaust. The investigators then measured contemporary 
levels of respirable particles [RP) and adjusted them for 
cigarette smoke (adjusted respirable particles [ARP). a Slll'

rogate measurement for the particle phase of diesel exhaust) 
for each job title; they then grouped the 39 job titles into 
five career exposure categories based on similarities in 
work environment and patterns of career advancement 
(Woskie 1988a,b) (Table 2). The absolute ARP levels, al
though adjusted for cigarette smoke particles, also reflect 
the presence of non-diesel exhaust particles (Woskie 
1986a.b; see Watts background paper, this report). Nonethe
less, they probably provide an accurate relative ranking of 
diesel exhaust exposure (Woskie 1966a,b). 

ln both the cohort and the case-control studies, Garshick 
and colleagues divided workers into two exposure groups; 
an exposed group consisting of shop workers. engineers, 
firemen, brakemen, conductors, and hostlers, and an unex
posed group consisting of clerical workers and signalmen. 
The Woskie and colleagues studies generally corroborate 
this dichotomous ranking, but also suggest that members of 
each group did not all experience the same exposure (Table 
2) (Woskie et al. 1966a,b; Watts paper, this report). For 
example, the jobs classified by Garshick and colleagues as 
exposed show twofold differences in mean levels of ARP, 
and signalmen have higher levels of particle exposure than 
clerks, though boU1 were classified by Garshick and col
leagues as unexposed. Nevertheless, any measurement er
ror or misclassification, if nond.ifferenlial between lung 
cancer decedents and control subjects, would result only in 
an under- estimate of a truly elev':lted relative risk. 

Table 2. Diesel Exhaust Exposure Classification for the 
Railroad Retirement Board Cohort8 

Career Exposure 
Group 

Clerks 
Signal maintainers 
Engineers/firemen 
Brakemen/conduc· 

tors 
Shopworkers 

Average Adjusted 
Respirable Particles Classification in 

Level (~-tg/m3 Epidemiologic 
and 95% CI) Studies 

33 (31, 35) 
58 (50, 64) 
71 (65, 77) 
89 (83, 95) 

141 (125, 157) 

Unexposed 
Unexposed 

Exposed 
Exposed 

Exposed 

• Data are from Wosklo el ol. {1986b), Tobie n. 

Railroad Retirement Board Cohort Study: Garshick 
and Colleagues (1988). The introduction of diesel engines 
in the U.S. railroad industry began on a nationwide basis in 
approximately 1949. Garsbick and colleagues ascertained 
the mortality through 1980 of 55,407 white male railroad 
workers who were 40 to 64 years of age in 1959 (Table 3) 
when nationwide conversion to diesel railway engines was 
virtually complete. Subjects were required to have begun 
work between 10 and 20 years earlier (i.e., between 1939 
and 1949) and to have been employed in 1959 in one of the 
39 jobs surveyed in the industrial hygiene study (Woskie 
1988a,b). Workers who retired close to or before 1959 had 
less-extended exposure to diesel exhaust than the younger 
workers. Railroad Retirement Board records listed each 
subject's job title, or titles, for each year since 1959. To 
reduce the potential for confounding due to asbestos expo
sure, Garshick and colleagues excluded from the cohort all 
workers whose jobs involved known exposure to asbestos 
(chiefly in the repair of railroad cars and the overhaul of 
steam-engine boilers). 

Mortality was ascertained from the RRB through Decem
ber 31, 1980; of 19,396 deaths, 1,694 death certificates 
indicated lung cancer (International Classification of Dis
eases [TCD] 8th Revision code 162 (World Health Organiza
tion 1965]) as a primary or contributing cause of death. 

The investigators measured the effect of diesel exhaust 
exposure accordi_ng to either the job held in 1959 or cumn· 
lative years in an.exposed job (Table 4). Workers generally 
held one job for an entire career. The relative risks for lung 
cancer and diesel exhaust exposure based on the job held 
in 1959 are inversely related to age io 1959; workers who 
were 40 to 44 in 1959 and who held exposed jobs in 1959 
(and hence had both the longest potential exposure to diesel 
exhaust and, potentially, the longest induction limes be
tween exposure and death) experienced a 46% increase 
(relative risk [RR] = 1.46, 95o/o confidence interval [CJ) 1.12, 
1.90) in lung cancer mortality relative to members of their 
birth cohort who held unexposed jobs in 1959. Excess lung 
cancer mortality declined with increasing age: workers who 
were 55 to 59 in 1959 experienced an 16% increase (RR = 
1.18, 95% Cl 0.93, 1.49); those 60 to 64 years old experi
enced no increase (RR = 0.99, 95o/o CI 0.74, 1.33). 

Relative risks appeared lo increase with years of expo
sure (Table 4). Workers with greater than 15 years of 
employment in an exposed job experienced a 72% increase 
in lung cancer mortality (RR = 1.72, 95% CI 1.27, 2.33). 
When job categories with poten tial asbestos exposure were 
excluded (i.e., shopworkers and hostlers), the relative risk 
for cumulative exposure of more than 15 years rose from 
1.72 to 1.82 (95% C11.30, 2.55), perhaps because asbestos 
exposure might be expected to be inversely correlated with 
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Table 3. Characteristics of the Railroad Retirement Board Cohorr 

Characteristic 4G-44 

Cohort members 20,081 
Retirement year (median) 1977 
Percent exposed in 1959 75.3 
Percentage of years exposed (1959-1980): 

20+ 30.8 
10-19 31.6 
1-9 13.6 
0 23.9 

Percent potentially exposed to asbestos 19.7 

• Data are frorn GW'Ilhiok et al. (1988), Tablus 3 and 4. 

diesel exposure, having occurred primarily as a conse
quence of steam-engine boiler repair work in earlier years. 
The results of analyses of cumulative exposw·e, however, 
appear to be sensitive to modeling asswnptions.1 

Cigarette smoking information was not available for co
hort members.2 It is possible that the inverse relation 
between risk and birth cohort reflects not the effect of diesel 
exhaust exposure, but rather the effect of increasing con
sumption of cigarettes by younger birth cohorts. 3 Cigarette 
smoking alone, however, is unlikely to explain the excess 
lung cancer mortality in the youngest, and most exposed, 
birth cohorts (see endnote 4). 

Railroad Retirement Board Case-Control Study: Gar
shick and Colleagues (1.987). Garshick and colleagues con-

Age in 1959 

45-49 50-54 55-59 6()-64 

13,946 9,848 7,237 4,295 
1974 1971 1967 1963 
77.5 73.6 72.4 69.2 

6.0 0.2 0.0 0.0 
55 .3 51.7 26.7 4.2 
17.0 22.3 46.3 65.3 
21.7 25.7 26.9 30.5 
21.9 26.4 28.1 28.5 

dueled a case-control study of RRB registrants who died 
between March 1, 1981, and February 28, 1982. These 
deaths occurred among 650,000 active and retired male 
railroad workers, born in or after 1900, with at least 10 years 
of railroad employment. Cases consisted of all deaths for 
which primary lung cancer (ICD 8 code 162) was indicated 
on the death certificate. Each case was matched to two 
control subjects in age within 2.5 years and date of death 
within 31 days. Persons who died from cancer, suicide, 
accidents, or unknown causes were excluded as control 
subjects, although deaths from nonmalignant respiratory 
disease were included (15o/o of the control subjects among 
older workers and 7% of control subjects among younger 
workers). If diesel exhaust exposure causes death from 
nonmalignant respiratory disease (see below), then includ-

Table 4. Lung Cancer Relative Risks and 95o/o Confidence Intervals for the Railroad Retirement Board Cobort8 

Relative Riskb 

Exposure in 1959 

Exposure 

Exposure with asbestos 
exposure excluded 

4G-44 

1.46 
(1.12, 1.90) 

0 

(1.0) 

(1.0) 

• Data are from Garshick et al. (1988), Figure 1 and Table 6. 
b Exposure clo.ssil'ied dichotomously, thalls, exposed or unexposed. 
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Age in 1959 

45-49 50-54 55-59 60-64 

1.33 1.12 1.18 0.99 
(1.03, 1.73) (0.88, 1.42) (0.93, 1.49) (0.74, 1.33) 

Cumulative Years of Exposure 

1-4 5-9 10-14 15+ 

1.20 1.24 1.32 1.72 
(1.01, 1.44) (1.06, 1.44) (1.13, 1.56) (1.27. 2.33) 

1.34 1.33 1.33 1.82 
(1.08, 1.65) (1 , 12, 1.58) (1.10, 1.60) (1.30, 2.55) 
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ing these deaths among control subjects would result in an 
underestimation of the relative risk. However, this effect is 
most likely negligible in the study by Garshick and col· 
leagues (1987).4 

Garshick and colleagues assessed diesel exhaust expo· 
sure using (1) job histories beginning in 1959 for subjects 
who retired after 1959, and (2) the last job worked before 
retirement for workers who retired between 1955 and 1959. 
Each job was classified as exposed or unexposed. and 
cumulative exposure to diesel exhaust was summarized for 
each worker as diesel-years of exposure. Unlike the cohort 
study, the case-control study included workers who had 
worked in jobs other than any of the 39 jobs characterized 
for contemporary diesel exhaust levels in the industrial 
hygiene survey by Woskie and colleagues (1988a,b). This 
introduces a possible source of exposure rnisclassification. 5 

Next of kin (mostly spouses) prov1ded information on 
cigarette smoking history. Information on whether the sub
ject bad ever smoked was obtained for 86% of cases and 
82% of control subjects. Information on age when smoking 
began and pack-years of smoking history was obtained for 
70% to 80% of study subjects. Asbestos exposure was as
sessed from the work history for those who retired after 1959 
and from U1e last job held for those wbo retired between 1955 
and 1959. 

The investigators conducted separate analyses for work
ers who died at 64 years of age or younger and those at or 
older than 65 years of age, primarily because heavy cumu
lative exposure was concentrated among the younger work
ers (Table 3). In addition, the investigators suspected that 
information on the cause of death was less accurate for 
older workers. Among younger workers, 20 years of diesel 
exhaust exposure was associated with a 39% increase (RR 
= 1.39, 95o/o CI 1.05, 1.83) in lung cancer mortality before 
adjusting for asbestos exposure and cigarette smoking (Ta
ble 5). Adjusting for these factors hardly changed the 
estimated effect of 20 years of exposure (RR = 1.41. 95% CI 
1.06. 1.88) (Table 5)6. A stratified analysis found a relative 
risk of 1.02 (95% CJ 0.72. 1.45) among those with 5 to 19 
years of exposure, and a relative risk of 1.64 (95% CJ 1.18, 
2.29) among those with 20 or more diesel-years of expo· 
sure.7 No excess mortality from lung cancer in association 
with diesel exhaust exposure was observed among the older 
workers. 

It is difficult to draw firm conclusions about the magni· 
tude of the relative increase in lung cancer among the 
railroad workers exposed to diesel exhaust in the RRB 
studies because of two potential sources of error in expo
sure characterization. First, as noted by Garshick and col
leagues (1988), the data were not analyzed according to the 
time elapsed since exposure began or since a particular 

amount of exposure was sustained (usually referred to as 
latency or induction time). Because decades may be re
quired for the effect of exposure to manifest in disease or 
death, the largest effects might be expected to occur in the 
longest induction time categories. In addition, other as
pects of the timing and duration of exposure may play a role 
in pathogenesis. Second, the use of a dichotomous expo
sure classification ignores apparent differences in average 
ARP levels among groups of railroad workers who were 
considered to be uniformly exposed (see Table 2). If his
torical exposure levels were directly associated with risk, 
and if misclassification of exposure does not depend on 
disease status, then analyses that consider risks by exposure 
level might well reveal larger relative risks in association 
with exposure level when exposure levels are combined. 
The study of Schenker and colleagues (1984) may provide 
insight on this issue. 

Pilot Study: Schenker and Col/eagues (1984). A cohort 
study of 2,519 railroad workers, conducted as a pilot inves
tigation for the RRB studies, indicates the possible effect of 
further refining the exposure measurements. The study 
included workers with the same jobs as those in the full 
RRB cohort. Schenker and colleagues divided the career 
groups. however, into categories of unexposed, and low. 
high, and undefined exposure, which generally correspond 
to the rank ordering of ARP levels measured by the indus
trial hygienists. In analyses that used the job held in 1959 
to characterize the participant' s entire career, Schenker and 
colleagues observed lung cancer mortality relative risks of 
1.5 (95% Cl 0.96, 2.35) and 2.77 (95% CI 0.91, 8.42) for low 
and high exposure, respectively. The ratio of incidence 
rates (standardized to the age and calendar period distribu
tion of the cohort) for exposed (high plus low exposure) 
versus unexposed was 1.42 (95% Cl 0.45, 2.39), which is 
consistent with the results of the full studies. 

Although this pilot study suggests that further refine
ment of exposure measurement might be informative, Gar
shick has noted (Garshick 1991, personal communication) 
that the highly exposed shopworker group may have been 
substantially misclassified because not all shops repaired 
diesel engines. 

Reanalysis of Railroad Retirement Board Cohort 
Study: Crump and Colleagues (1991l. Crump and col
leagues reanalyzed the data from the 1988 cohort study by 
Garshick and associates with the dual objectives of repli· 
cating the original results and conducting new analyses 
using more detailed information on exposure, including 
quantitative estimates of diesel exhaust exposure derived 
from the industrial hygiene measurements by Woskie and 
colleagues (1988a,b). 
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