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Summary of Studies of Diesel Exhaust

INTRODUCTION

Because numerous comprehensive reviews of the health
effects of exposure to diesel exhaust (DE) have been pub-
lished, the panel elected not to review the literature on
diesel particulate matter (DPM) or diesel organic gases
again in this special report. Instead, the following ex-
panded summary of DE research has been provided.

DE is a complex mixture consisting of particulate-phase
particulate matter (PM) and thousands of gaseous organic
and inorganic components. DPM and diesel organic gases
are designated as MSATs by the EPA. DPM is an agglomer-
ation of nonvolatile elemental carbon particles with
adsorbed semivolatile polycyclic organic matter (POM),
metals, and sulfate ions. The size distribution of DPM is
generally bimodal, with an accumulation mode, which
accounts for most of the PM mass, and a nuclei mode,
which accounts for most of the PM number (EPA 2002a;
Kittelson et al. 2002; Sakurai et al. 2003). The PM in accu-
mulation mode consists largely of soot (solid carbonaceous
material and ash) and adsorbed organic and sulfur com-
pounds and ranges from 30 to 1000 nm. PM in the nuclei
mode consists of particles composed largely of the volatile
organic and sulfur compounds and small amounts of solid,
metallic compounds that are generally smaller than 30 nm
(EPA 2002a; Kittelson et al. 2002). However, the boundary
between the two modes can vary (Kittelson et al. 2002;
Sakurai et al. 2003).

Several other MSATs are found in DE, including acetal-
dehyde, acrolein, benzene, formaldehyde, POM, and chro-
mium compounds (EPA 2002a). DE contributes to ambient
concentrations of PM, nitrogen oxides (NO,, a component
of smog), and ozone (also a component of smog—formed as
a result of atmospheric reactions of semivolatile and vola-
tile organic hydrocarbons and NO,). Because other com-
bustion products (such as smoke from burning wood and
coal and industrial processes) also contribute to the con-
centrations of these pollutants to varying degrees in var-
ious places, it is difficult to assess exposure to DE in the

A glossary of terms appears on page 17; a list of abbreviations and other
terms appears at the end of this report.
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general population. Allowable ambient concentrations of
PM, nitrogen dioxide (NO,), which is the most abundant
species of NO,, and ozone are set by U.S. National
Ambient Air Quality Standards (U.S. Congress, House of
Representatives 1977).

As part of an effort to reduce ambient PM and NO,, the
emission rates of these pollutants from diesel engines, as
well as the emission rates of hydrocarbons and carbon
monoxide, have been regulated since 1977. Regulatory
efforts have historically been aimed at the heavy-duty
diesel engines used in on-road trucks and buses. Begin-
ning in 1996, efforts were broadened to include non-road
equipment (EPA 1998b; EPA 2004b) and, beginning in
2000, railroad locomotives (EPA 1998c). In addition, effec-
tive as of 2004, PM and NO, standards required both light-
duty vehicles and diesel-fueled vehicles to meet the same
emission standards as gasoline-fueled vehicles (EPA 2000a).
Substantial additional reductions in PM and NO, emis-
sions are mandated for heavy-duty 2007-to-2010 on-road
vehicles (EPA 2001a). These reductions require more
advanced emission controls, such as catalyzed PM filters,
exhaust-gas recirculation, and NO, adsorbers, or selective
catalytic reduction. Both the size and composition of the
PM emitted by 2007-compliant engines are expected to be
substantially different from those of earlier engines. The
accumulation mode (particle mass) would be very low.
Engine exhaust would consist largely of volatile or semi-
volatile nuclei-mode particles (Vaaraslahti et al. 2004).
Certain particle filters might increase the NO,:NO ratio in
exhaust (Carslaw and Beevers 2004; Kittelson et al. 2006).
PM emissions from 2010-compliant engines will be similar
to those from 2007-compliant engines, but NO, emissions
will be substantially lower. However, the advanced NO,-
control technologies that will be used (such as the NO
adsorbers and selective catalytic reduction) might generate
new, potentially toxic chemical species.

The studies summarized here pertain mainly to the
health effects of exposure to emissions from older or recent
diesel engines. Although the expectation is that new diesel
engines will contribute much less pollution to ambient air,
it is still important to evaluate the exhaust from these
engines, in particular to ensure that possible new emission
species will not cause new adverse effects on human health.
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KEY LITERATURE REVIEWS

This expanded summary of the literature on exposure
and health effects of DE is based on a review of original
studies as well as reviews of the literature conducted by HEI
(HEI Diesel Working Group 1995, HEI Diesel Epidemiology
Expert Panel 1999), the California EPA (1998), and the EPA
(2002a).

EXPOSURE SUMMARY

Because of the prevalence of diesel-fueled engines, DE and
its by-products are present in most ambient environments.
Urban and industrial areas—especially near roadways, truck
and bus depots, and construction sites—typically have
higher concentrations of DE pollutants (California EPA
2003). Current estimated ambient concentrations of DPM
range from 3 to 10 pg/m?; typical occupational concentra-
tions range from 10 to 100 pg/m?; the highest concentra-
tions range from 100 to 1000 pg/m? and are found in
poorly ventilated underground mines (EPA 2002a). Over
the years, improvements in diesel fuel, such as decreases
in sulfur content, and in diesel engines have reduced
emissions of DE and many of its components (Gertler et
al. 2002). Thanks to new regulations, this trend is ex-
pected to continue. Diesel engines designed to meet the
2007 emission standards will emit only very small quanti-
ties of PM and elemental carbon. Over a period of many
years, these engines will gradually replace older engines.
Retrofitting of the oldest diesel vehicles with PM filters
will also contribute to emission reduction (LeTavec et al.
2002; Lanni 2003).

HEALTH EFFECTS AND REGULATORY
SUMMARY

GENOTOXICITY

Since the late 1970s, extensive testing of the genotox-
icity of DPM (and fractions of DPM) has been conducted
using both in vitro assays (of bacterial and mammalian
cells) and in vivo assays. The premise for conducting these
studies was that the carcinogenic responses seen in earlier
animal studies might have been caused by various organic
compounds adsorbed to the particles (particularly polycy-
clic aromatic hydrocarbons [PAHs] and their nitrogen
derivatives), many of which are mutagenic in in vitro
assays (EPA 2002a). Most of the in vitro tests involved
resuspended DPM or DPM extracts rather than whole DE.
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The in vitro and in vivo assays used to evaluate the geno-
toxicity of DPM and particle extracts have been reviewed by
Shirnamé-Moré (1995), the EPA (2002a), and the California
EPA (1998). They found evidence of the following:

e  Mutagenicity in bacterial assays (Salmonella typh-
imurium) and in mammalian cell cultures in the pres-
ence or absence of exogenous metabolic activation.

e Chromosomal damage in mammalian cell culture
assays, exchanges
(exchange of DNA between two chromatids of a chro-
mosome), chromatid gaps and breaks, and formation of
micronuclei (acentric chromosome fragments found in
the cytoplasm). These changes have also been detected
in bone-marrow cells of mice exposed to whole DE.

measured as sister-chromatid

e Unscheduled DNA synthesis (a measure of the rate of
DNA repair) measured either in cultured cells or in
lung tissue of rodents exposed to whole DE.

e Small increases in DNA adducts in the lung tissue of
rodents exposed to whole DE in some of the earlier
diesel-inhalation studies but not in subsequent ones.
Increases in DNA adducts were observed in workers
exposed to DE (Hou et al. 1995; Hemminki et al. 1994).
However, HEI's Diesel Working Group concluded that
the adducts were not specific for diesel exposures
(HEI 1995)

Regulatory Summary

The EPA (2002a) has reviewed the existing genotoxicity
evidence in its Health Assessment Document for Diesel
Engine Exhaust and concluded that “studies with Salmo-
nella have unequivocally demonstrated mutagenic activity
in both particulate and gaseous fractions of DE” and that
“the induction of gene mutations and structural chromo-
somal aberrations have been reported in several mamma-
lian cell lines after exposure to extracts of DPM.” The EPA
recognized, however, that “no single assay should be
expected to either qualitatively or quantitatively predict
rodent carcinogenicity.”

The California EPA Health Risk Assessment for Diesel
Exhaust (1998) also concluded that “diesel exhaust parti-
cles or their extracts are mutagenic in bacteria and several
mammalian cell systems” and “induce chromosomal aber-
rations, aneuploidy and sister-chromatid exchange in
rodent and human cells in culture.”

These assays measure processes that might be relevant
to some aspects of carcinogenesis, and agencies that assess
risk have generally viewed them as useful for hazard iden-
tification.



Summary of Studies of Diesel Exhaust

CARCINOGENICITY

Animal Studies

The potential carcinogenic effects of DE from pre-1990
engines have been extensively investigated in long-term
bioassays in rodents. The rat studies were conducted prin-
cipally using exhaust from light-duty engines and showed
an increase in lung tumors only at high exposure concen-
trations (several mg/m3 DPM) (Heinrich et al. 1986, 1995;
Ishinishi et al. 1986; Iwai et al. 1986, 1997; Mauderly et al.
1987, 1994; Brightwell et al. 1989). Only the rat study by
Ishinishi and colleagues (1986) used exhaust from a heavy-
duty engine (as well as a light-duty engine). All these
engines had much higher emissions of DPM and gases than
current and future diesel engines.

Two of the rat studies compared the carcinogenicity of
whole DE with that of carbon-black particles (which lack
gases and have much lower quantities of adsorbed organic
compounds). The studies showed that exposure to high con-
centrations of either PM in whole DE or carbon black parti-
cles can cause lung tumors (Mauderly et al. 1994; Heinrich et
al. 1995). These results have been widely interpreted as sug-
gesting that the mechanisms of carcinogenesis in rats are
likely to be related to exposures to high doses of the parti-
cles themselves and to possible lung overload rather than
to the gases or adsorbed organic compounds (McClellan
1996; Kittelson et al. 2002; Bunn et al. 2004; Hesterberg et
al. 2006).

By contrast, the studies in mice have yielded less con-
sistent results. Some showed an increase in the incidence
of lung neoplasms relative to the control animals (Pepelko
and Peirano 1983; Heinrich et al. 1986; Takemoto et al.
1986), while some did not (Heinrich et al. 1995; Mauderly
et al. 1996). In the study by Pepelko and Peirano (1983),
Sencar mice were exposed from conception; in the study
by Takemoto and colleagues (1986), ICR and C57BL mice
were exposed as newborns; in the study by Heinrich and
colleagues (1986) in NMRI mice, the spontaneous lung
tumor rate of the control groups was unusually low com-
pared with historical controls at the same institute (Hein-
rich et al. 1995). The negative studies were conducted in
NMRI and C57BL mice (Heinrich et al. 1995) and in CD-1
mice (Mauderly et al. 1996). The EPA (2002a) concluded
that although “earlier studies provided some evidence for
tumorigenic response in diesel-exposed mice, no increases
were reported in the two most recent studies (Heinrich et al.
1995; Mauderly et al. 1996) which utilized large group sizes
and were well designed and conducted. Overall the results
in mice must therefore be considered as unequivocal.”

The two studies conducted in hamsters (Heinrich et al.
1986; Brightwell et al. 1989), using concentrations of DPM
ranging from 4 to 6.6 mg/m? and numbers of animals sim-
ilar to those in the rat studies, did not show any increases
in benign or malignant lung tumors.

Several studies evaluated the carcinogenicity of filtered
DE (i.e., with the same concentrations of gaseous compo-
nents but without the particulate phase) in rats. All of the
studies reported no increase in lung tumors in the animals
exposed to filtered exhaust relative to the control animals,
and all reported increases in the rats exposed to whole DE
(Heinrich et al. 1986; Iwai et al. 1986, 1997; Brightwell et
al. 1989). In their first study Iwai and colleagues (1986)
found an increase in splenic malignant lymphomas in ani-
mals exposed to either filtered or unfiltered DE. The EPA
assessment (2002a) noted that “this is the only report to date
of tumor induction at an extrarespiratory site by inhaled DE
in animals.”

Only two studies evaluated the carcinogenicity of fil-
tered exhaust in mice (Heinrich et al. 1986, 1995). In the
1986 study, which showed an increased incidence of lung
tumors (from 13% to 32%) in the animals exposed to
whole DE, a similar increase was also noted with filtered
DE. However, the incidence of multifocal bronchoalveolar
hyperplasia, interstitial fibrosis, and alveolar lipoprotei-
nosis was greater in animals exposed to whole DE than in
animals exposed to filtered DE. Studies conducted by the
same group in the 1990s in two species did not find any
significant tumor incidence after exposure to whole DE or
filtered DE relative to animals exposed to clear air.

The EPA (2002a) concluded that “little direct evidence
exists for carcinogenicity of the vapor phase of DE in labo-
ratory animals at the concentrations tested.”

Epidemiology

Among the more significant epidemiologic studies, only
two have reported quantitative exposure data and been
used for risk assessment: a series of U.S.-railroad-worker
studies (Garshick et al. 1987, 1988, 2004, 2006; Woskie et
al. 1988a,b; Larkin et al. 2000; Laden et al. 2006) and a
U.S.-teamster study (Steenland et al. 1990, 1992; Zaebst et
al. 1991). Although exposure data were collected from cur-
rent workers, the studies were not designed to include the
development of comprehensive exposure models nor to
extrapolate from historical exposures.

The U.S. railroad industry converted from coal- to
diesel-powered locomotives after World War II and during
the 1950s. By 1959, 95% of the locomotives in service
were diesel-powered. Garshick and colleagues (1987) con-
ducted a case—control study of lung cancer deaths (with
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data collected for 12 months in 1981 and 1982) in railroad
workers who had had at least 10 years of service and were
eligible for retirement benefits. There was a significant
odds ratio (OR) of 1.41 (CI, 1.06—1.88) for lung-cancer
death, controlling for smoking (including next-of-kin
smoking history) and for asbestos exposure, among men
64 years of age or younger with 20 years of service in jobs
associated with DE exposure starting in 1959. Garshick
and colleagues (1988) also conducted a retrospective
cohort study of workers aged 40 to 64 who were employed
in 1959 in one of 39 jobs surveyed in an industrial-hygiene
study (Woskie et al. 1988a,b). The cohort was followed up
through 1980, and exposure was assessed as the cumula-
tive years in jobs associated with DE exposure (assuming,
again, that exposure started in 1959). The highest relative
risk (RR) was observed for those workers who were 40 to
44 years of age in 1959, the group with the longest possible
duration of exposure (RR =1.45; CI, 1.11-1.89). The same
investigators performed additional analyses controlling for
smoking, using indirect methods, of the follow-up data
through 1976 (Larkin et al. 2000). The smoking-adjusted
RR for lung cancer was 1.44 (CI, 1.01-2.05) compared with
1.58 (CI, 1.14-2.20) unadjusted.

In 1999, HEI critically evaluated the results of the
studies of the railroad-worker cohort and determined if the
data from them were adequate for quantitative risk assess-
ment (HEI Diesel Epidemiology Expert Panel 1999). Both
the HEI expert panel (1999) and an EPA consultant (Crump
1999) obtained the raw data and independently replotted
the RR of lung cancer and different estimates of cumulative
actual months exposure. Crump (1999) found a decreasing
RR of lung cancer with cumulative exposure; the HEI panel
(1999) found a similar decreasing RR with duration of
employment for the main job categories (train workers, shop
workers, and clerks) yet found that train workers had a
higher risk than shop workers or clerks. The HEI panel
concluded that “the railroad cohort study...has very lim-
ited utility for quantitative risk assessment of lifetime
cancer risk from exposure to ambient levels of diesel
exhaust” (HEI Diesel Epidemiology Expert Panel 1999).

The cohort was further evaluated by including deaths
from 1981 to 1996 (Watanabe and Ohsawa 2002). Workers
operating trains (engineers and conductors) who were
between 40 and 44 years of age in 1959 had an RR of lung-
cancer mortality of 1.49 (CI, 1.30-1.70). This elevated
lung-cancer risk persisted after adjustment for smoking, as
derived from the 1987 case—control study (Garshick et al.
2006). The risk of lung cancer, however, did not increase
with increasing years of work in these jobs, confirming the
findings of the earlier Crump (1999) and HEI (HEI Diesel
Epidemiology Expert Panel 1999) analyses. Garshick and
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colleagues argued that the lack of dose-response was
caused by a healthy-worker survivor effect and might also
arise from exposure to coal-combustion products before
1959 and improvements in diesel-engine efficiency with
reduced emissions over time. However, in a later analysis
in which the years of exposure were weighted using esti-
mates of the rate at which each railroad converted from
coal to diesel (Laden et al. 2006), there was an increasing
risk with increasing years of work in diesel-exposed jobs
for workers who started work in 1945 or later as diesel
locomotives were introduced.

The strengths of the railroad-worker studies were the
very large cohort, extensive follow-up, and timing in rela-
tion to the conversion from coal to diesel; the strengths of
the case—control study were ascertainment of smoking,
asbestos exposure, and other potential confounders.

The National Institute of Occupational Safety and
Health conducted a large case—control study of lung cancer
in retired trucking-company teamsters whose deaths
occurred between 1982 and 1983 (Steenland et al. 1990,
1992, 1998). An industrial-hygiene survey of PM and ele-
mental carbon exposures in the trucking industry accompa-
nied the epidemiologic study, thereby validating exposure
assignments (Zaebst et al. 1991). The OR for lung cancer,
controlling for smoking, was 1.69 (CI, 0.92-3.09) for
mechanics, who had the highest exposure to elemental
carbon. The ORs for short-haul (city) and long-haul
(highway) drivers were 1.31 (CI, 0.81-2.11) and 1.27 (CI,
0.83-1.93), respectively (Steenland et al. 1990). The authors
observed positive trends in lung-cancer risk with duration
of employment for long-haul drivers after 1959, when long-
haul trucks had generally converted to diesel. However,
lung cancer risk was similarly elevated in short-haul
drivers, whose trucks were still primarily gasoline-pow-
ered and who drove in urban settings, suggesting a contri-
bution of traffic emissions not limited to diesel. In its 1999
review, HEI noted that “the investigators’ analyses of the
teamster data reported an exposure—response relationship
that may be useful for quantitative risk assessment” (HEI
Diesel Epidemiology Expert Panel 1999), but that further
exploration of uncertainties and assumptions was needed.

Critiques of the studies of Garshick and colleagues and
Steenland and colleagues for use in quantitative risk
assessment cited the lack of concurrent exposure data, lack
of dose-response relationship, possible misclassification
of smoking habits and DE exposure, and, for the teamster
study, a possibly insufficient latency period (because of
uncertainties about the conversion to diesel in the trucking
industry) (Hesterberg et al. 2006).

The increase in lung-cancer mortality observed in rail-
road workers and teamsters is consistent with findings in a
large number of studies of a weak association between
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work in a job associated with diesel exposure and death
from lung cancer (Cohen and Higgins 1995).

Regulatory Summary

Because of the potential health effects of exposure to DE,
the EPA (1999a) has included both DPM and diesel organic
gases in its list of MSATs whose emissions might be further
regulated. It has also completed its Health Assessment
Document for Diesel Engine Exhaust (EPA 2002a) to “pro-
vide information about the potential for diesel engine
exhaust to pose environmental health hazards.” Other
agencies, such as the National Institute for Occupational
Safety and Health (1988), the International Agency for
Research on Cancer (1989), the World Health Organization
(1996), and the National Toxicology Program (2005), have
reviewed the literature on the health effects of DE expo-
sure and evaluated the human carcinogenic potential of
DE. Based on the epidemiologic data and supporting evi-
dence from animal and in vitro studies of DE, all of these
agencies have classified DE as a probable human carcin-
ogen. Based on a review of the health risk of exposure to
DE conducted by the California EPA (1998), the California
Air Resources Board (ARB) has designated DPM as a toxic
air contaminant for which additional control measures
might be needed (ARB 1999). A summary of these evalua-
tions is shown in Table 10.

The EPA emphasized that “while EPA believes that the
assessment conclusions apply to the general use of diesel
engines today, as cleaner diesel engines replace a substan-
tial number of existing engines, the general applicability
of the conclusions in this health assessment document
will need to be reevaluated” (Foreword by Paul Gilman,
EPA 2002a).

CHRONIC NONCANCER HEALTH EFFECTS

Regulatory Summary

In addition to evaluating the potential cancer hazard
associated with DE, the EPA conducted an assessment of
potential chronic noncancer health effects to derive an inha-
lation reference concentration (RfC), an estimate of a daily
inhalation exposure of the human population (including
sensitive subgroups) that is “likely to be without an appre-
ciable risk of deleterious effects during a lifetime” (EPA
2003c). For this assessment, the EPA used the information
gathered in its 2002 DE health assessment. The evidence in
support of the RfC was derived mainly from high-exposure
long-term animal inhalation studies showing “consistent
findings of inflammatory, histopathological (including
fibrosis), and functional changes in the pulmonary and tra-
cheobronchial regions of laboratory animals, including the

rat, mouse, hamster, guinea pig, monkey, and cat,” with
some corroborative evidence from occupational studies
suggesting the occurrence of mostly transient respiratory
symptoms and impairment of lung function. Based on
these studies, the EPA concluded that “chronic respiratory
effects are the principal noncancer hazard to humans from
long-term environmental exposure to DE.” The RfC of
5 ng/m? for chronic noncancer respiratory effects of expo-
sure to DPM was calculated from dose-response data on
inflammatory and histopathological changes in the lung
from chronic-inhalation studies in rats. The EPA com-
mented that “other effects—such as neurological, growth
and survival, lowered resistance to respiratory infections,
liver effects—are observed in animal studies at higher
concentrations than those producing the respiratory
effects.” The California EPA’s Health Risk Assessment of
Diesel Exhaust reached similar conclusions (California
EPA 1998).

SHORT-TERM NONCANCER HEALTH EFFECTS

Inflammation and Allergic Responses

Asthma and allergies have emerged as important public
health issues, and many investigations are underway to
examine the broad variety of factors that might cause or
exacerbate them. In this context, epidemiologic studies in
adults and children have raised concerns that exposure to
traffic-related air pollution (though not specifically DE)
might be associated with the exacerbation of asthma and
allergy symptoms (Duhme et al. 1996; English et al. 1999;
Brauer et al. 2002; Janssen et al. 2003; Nicolai et al. 2003;
Ryan et al. 2005). Because of these concerns, a number of
studies have been conducted in which healthy and asth-
matic participants have been exposed to DE or DPM to
evaluate effects on allergic responses and the respiratory
system. These studies showed that DE can cause some
short-term effects on the airways under some experimental
conditions. The results are summarized here.

Controlled exposures of healthy human participants to
relatively high concentrations of fresh DE (300 pg/m? for
1 hour) from a 1990 diesel engine revealed modest changes
in some inflammatory markers in lung sputum, lung biop-
sies, and blood but no changes in lung function (Salvi et al.
1999, 2000; Nordenhall et al. 2000). Similar studies in par-
ticipants with mild asthma showed increases in airway
reactivity, lung resistance, and markers of mild inflamma-
tion in sputum (no measures were taken in tissue biopsies
or blood) (Nordenhall et al. 2001). In subsequent studies
by the same research group involving exposure of healthy
and asthmatic participants to DE containing 100 pg/m?
DPM for 2 hours, both healthy and asthmatic participants
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Table 10. Summary of Diesel Hazard Assessments?

Agency and Year

Findings

National Institute of Animal evidence “confirmatory” for carcinogenesis

Occupational Safety Human evidence “limited”
and Health 1988
No quantitative risk assessment

DE classified as “potential occupational carcinogen”

International Agency “Sufficient evidence” for carcinogenicity in experimental animals

for Research on
Cancer 1989

World Health
Organization 1996

Rat data support carcinogenicity

Epidemiology data provide “limited evidence” for carcinogenicity
DE considered a “probable” human carcinogen. No quantitative risk assessment

Human epidemiology data suggest “probably carcinogenic”

Epidemiology studies considered “inadequate for a quantitative estimate of human risk”
Rat data used for quantitative risk assessment

Causal association of DE and lung cancer in epidemiology studies is a “reasonable and likely

California Rat data “have demonstrated” carcinogenicity of DPM
Environmental
Protection Agency  explanation”
1998

Human epidemiology data used for quantitative risk assessment because of uncertainties in
extrapolation from animals to humans

DPM designated a “toxic air contaminant” (by California Air Resources Board)

National Toxicology
Program 2005
studies
No quantitative risk assessment

Environmental
Protection Agency
2002a

No quantitative risk assessment

epidemiologic studies
Evidence considered:

DPM listed as “reasonably anticipated to be a human carcinogen” based on findings of elevated
lung cancer in occupational groups exposed to DE and supporting animal and mechanistic

Diesel emissions considered “likely to be carcinogenic to humans”

Perspective of the range of possible lung-cancer risk was developed on the basis of occupational

e Strong but less-than-sufficient epidemiologic evidence

* Rat lung tumor response (occurring only at high doses that cause inhibition of particle clearance,
resulting in lung particle overload) not considered relevant to effects in humans exposed to low

ambient concentrations

¢ Results in mice considered equivocal; hamster results considered negative

e Evidence of carcinogenicity of DPM in rats and mice when exposed by non-inhalation routes

¢ Extensive supportive data include mutagenic or chromosomal effects of DE and its organic

constituents

& Abbreviations: DE = diesel exhaust; DPM = diesel-exhaust particles.

showed a small increase in airway resistance, but most
changes in inflammatory parameters in bronchial alveolar
lavage (BAL) or lung tissue were observed only in healthy
participants (Holgate et al. 2003). Participants with asthma,
however, had higher baseline inflammation than healthy
participants (Holgate et al. 2003). A separate study at the
same DE concentration reported an increase in subjective
symptoms and mild bronchoconstriction in healthy exer-
cising participants but no changes in airway inflammation
(Mudway et al. 2004). Overall, these studies suggested that
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the responses of healthy and asthmatic participants to DE
are variable and that the baseline level of inflammation
might influence the outcome.

The question of whether DE increases the specific
allergic response to an allergen, which involves different
inflammatory mediators from those involved in a nonspe-
cific inflammatory response, has been addressed experi-
mentally using an allergen challenge combined with
exposure to DPM. Healthy and asthmatic volunteers were
exposed to 300 pg of resuspended DPM (collected from
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emissions generated by a 1980 diesel car engine and
archived) via nasal spray (a physiologically nonrelevant
method of exposure). Both groups of volunteers had
enhanced production of total immunoglobulin E (IgE) in
the nose (Diaz-Sanchez et al. 1994) and increased produc-
tion of cytokines characteristic of both the Ty1 and T2
subsets of CD4+ T lymphocytes in the nasal mucosa (Diaz-
Sanchez et al. 1996). These two subtypes of cells play dis-
tinct roles in the immune response. Tyl cytokines are
involved in cell-mediated immunity; T2 cytokines trigger
IgE production by B lymphocytes and recruitment of eosi-
nophils, which are indicators of allergic asthma. Intranasal
challenge with DPM and ragweed allergen in human par-
ticipants who were allergic to ragweed markedly enhanced
the production of ragweed-specific IgE, but not total IgE,
compared with a challenge with ragweed allergen alone,
and resulted in decreased production of Ty1 cytokines and
increased production of T2 and other cytokines (such as
interleukin-6 (IL-6) (Diaz-Sanchez et al. 1997). However,
these studies focused only on the nasal response and
involved a bolus exposure to resuspended DPM, which
might have different physicochemical properties from
fresh aerosolized DPM.

Studies of allergic response in mice and rats (generally
sensitized and challenged with ovalbumin as the allergen)
have used different protocols for administering the allergen,
different timing of the diesel exposure relative to the admin-
istration of the allergen, and different route of exposure.
Because of these, the results obtained are not entirely consis-
tent. Several studies have found evidence of adjuvant effects
of DPM or DE on the production of allergen-specific IgE anti-
bodies and inflammation (Takafuji et al. 1987; Fujimaki et al.
1997; Takano et al. 1997; Steerenberg et al. 2003; Dong et
al. 2005). Steerenberg and colleagues (2003) found that the
effect of DPM on ovalbumin-specific IgE production was
dependent on the timing of the exposure relative to the
timing of the ovalbumin administration. Some studies
reported an effect of DPM on allergen-induced airway
responsiveness (Hao et al. 2003; Dong et al. 2005; Matsumoto
et al. 2006). In the Hao and colleagues study, which also
measured ovalbumin-specific IgE production, there was
no adjuvant effect of DPM.

Taken together, human and animal studies suggest that,
under certain experimental conditions, DPM (from older
engines) might induce markers of nonspecific inflamma-
tion in healthy and asthmatic participants, might cause
changes in respiratory function, and might act as an adju-
vant to increase the specific immune response to an
allergen. Findings of adjuvant effects in humans, however,
need to be validated in studies with more relevant exposure

conditions. Also, there is some evidence in animals that
other particles, such as Kanto loam dust, fly ash, carbon
black, and alum (Maejima et al. 1997) or residual-oil fly
ash (Lambert et al. 1999), can induce similar responses,
raising the question of whether this is a DE-specific
response or one induced by exposure to particles in gen-
eral. However, conclusions about the studies in animals
are difficult to generalize to humans because different
effects can be observed when different animal species or
study protocols are used.

Regulatory Summary

The EPA (2002a) concluded that “as with humans, there
are animal data suggesting that DEP [DPM] is a possible
factor in the increasing incidence of allergic hypersensi-
tivity.” The EPA concluded that “additional research is
needed to further characterize the immunological effects
of DE and to determine whether or not the immunological
effects constitute a low-exposure hazard.” In its determi-
nation of the inhalation RfC, the EPA (2003c) commented
that the human and animal data for the immunological
effects of DPM exposure (i.e., exacerbation of allergenicity,
and asthma symptoms) are currently inadequate for dose—
response evaluation and these data did not support further
adjustment of the RfC. The California EPA Health Risk
Assessment (1998) also concluded that the available infor-
mation could not be used to develop quantitative estimates
for determining the RfC but noted that “the potential rele-
vance of these immunological endpoints to public health
is very high, due to reports of large numbers of individuals
with respiratory allergies and asthma in urban areas.”

EFFECTS ON RESPIRATORY INFECTIONS

Animal Studies

A few studies have been conducted in mice and rats to
evaluate the effects of inhaled DE on host defense against
bacterial or viral agents. In these studies, mice or rats were
exposed by inhalation to DE with high concentrations of
DPM (generally greater than 2 mg/m?; one study used
20 mg/m®) or to clean air for 5 days or longer and then
infected with a respiratory bacterium (Listeria) or virus
(influenza) (Hahon et al. 1985; Castranova et al. 2001; Yin
et al. 2004). The studies found increased lung injury,
inflammatory response, and bacterial or viral loads in the
animals exposed to DE compared with the animals ex-
posed to clean air. Harrod and colleagues (2003) exposed
mice to a high (1 mg/m3) or low (0.03 mg/ms) concentra-
tion of DPM, followed by infection with respiratory syncy-
tial virus. They found a dose-related increase in the
expression of viral mRNA, inflammatory mediators, and
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interferon levels (a response that was the opposite of that
reported in the Yin et al. [2004] study using exposures of
20 mg/m® DPM). Other changes included a dose-related
increase in mucus-cell metaplasia and lung inflammation.
A more recent study demonstrated that the use of low-
sulfur fuel and a catalyzed trap completely, or almost com-
pletely, eliminated lung inflammation, oxidative stress,
and the responses to viral infection induced after exposure
to whole DE, compared with values observed in this and
previous studies at the same exhaust dilution (McDonald
et al. 2004). Overall, these studies suggested that DE might
lower resistance to respiratory infections under certain
conditions; these results have yet to be replicated.

Regulatory Summary

Based on two early studies in which mice were exposed
to 2 to 8 mg/m® DPM (Campbell et al. 1981; Hahon et al.
1985), the EPA concluded that “exposure to DPM can
reduce an animal’s resistance to respiratory infection” but
noted that these effects were observed only at very high con-
centrations (EPA 2002a). The California EPA Health Risk
Assessment (1998) also stated that “inhalation or direct
application of diesel into the respiratory tract of ani-
mals...increased susceptibility of exposed animals to lung
infections.” Because these effects were observed at exposure
concentrations higher than those associated with other
effects (such as lung inflammation and histopathological
changes), the reduced response to respiratory infections was
not used by the EPA in its determination of the RfC for DE.

EFFECTS ON REPRODUCTIVE FUNCTION AND FETAL
DEVELOPMENT

Animal Studies

Although there is no evidence that maternal exposure to
DE is associated with fetal malformation (EPA 2002a;
Tsukue et al. 2002), some studies using a variety of expo-
sure protocols and animal models and examining different
endpoints suggested that exposure of pregnant rodents
might cause subtle changes in both the mothers and their
offspring. Maternal changes included alterations of hor-
monal balance after exposure during pregnancy to DE with
5.6 mg/m3 DPM (Watanabe and Kurita 2001) and, after
giving birth, a lower rate of nest construction after expo-
sure during pregnancy to a DPM concentration of 3 mg/m?®
(though not at lower concentrations) (Tsukue et al. 2002).
The effects reported in offspring exposed in utero included
delayed or disturbed differentiation of the testis, ovary,
and thymus (Watanabe and Kurita 2001) and delayed
gonadal maturation and lower weight gain in the group
exposed in utero to 3 mg/m3 (Tsukue et al. 2002).
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Some studies appear to suggest effects on the male
reproductive system. Changes in endocrine function,
decreased sperm production, and changes in hyalu-
ronidase activity in growing male rats exposed from birth
to 3 months of age to DE at a concentration of 5.6 mg/m?
were also reported (Watanabe and Oonuki 1999). However,
a study in which male rats were exposed to DE at concen-
trations of 0.3, 1.0, or 3.0 mg/m? for 8 months beginning at
6 weeks of age did not show changes in sperm counts
(Tsukue et al. 2001, 2002). Possible reasons for the differ-
ence between the findings of this study and the one by
Watanabe and Oonuki (1999) were the higher DPM con-
centrations and the younger age of the animals in the latter
study. In both studies, the authors observed increased
levels of serum testosterone. Mice seemed to be more sen-
sitive than rats, based on a study by Yoshida and col-
leagues (1999), who reported a dose-dependent decrease
in daily sperm production in mice exposed to DE at DPM
concentrations of 0.3, 1.0, or 3.0 mg/m?. No effects on the
weight of the testis, epididymis, or adrenal glands were
observed. Ultrastructural changes in Leydig cells (which
are involved in spermatogenesis) were observed even at
the lowest DPM concentration.

A recent study evaluated the effect of in utero exposure to
whole DE on sperm counts and Sertoli cells in the adults
rats. Pregnant mice were exposed to DE at 0.17 or 1.7 mg/m?
DPM concentrations or filtered DE with similar levels of NO,
(Watanabe 2005). The author reported that there were fewer
Sertoli cells and sperm cells in the rats exposed in utero to
both high and low concentrations of whole DE or filtered DE.
Daily sperm production was also decreased, but no dose—
response relationship was observed for any of these effects.

Regulatory Summary

The EPA (2002a) concluded that “DE is not likely to
pose reproductive or developmental hazard to humans.”
The agency (2002a) also noted that “no teratogenic, embry-
otoxic, fetotoxic, or female reproductive effects were
observed in mice, rats, or rabbits at exposure levels up to
12 mg/m® DPM.” Although “effects on sperm morphology
and number were reported in hamsters and mice exposed
to high levels of DPM...no adverse effects were observed in
sperm obtained from monkeys exposed at 12 mg/m? for
7 hours/day, 5 days/week for 104 weeks” (EPA 2002a). The
California EPA Health Risk Assessment (1998) concluded
that “the available literature does not provide sufficient
information to determine whether or not diesel exhaust
exposure induces reproductive, developmental, or terato-
genic effects in humans.” Because a number of studies
have been published since the EPA and ARB assessments,
this evaluation might need to be updated.
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EFFECTS ON THE CARDIOVASCULAR SYSTEM

Animal and Human Studies

DPM contributes to the mixture of PM in ambient air,
especially in urban environments, and it is likely that it
contributes to some of the health effects associated with
ambient PM. Epidemiologic studies in many places have
shown that there is an association between short-term
increases in PM concentrations and mortality and mor-
bidity (and that people with cardiovascular or pulmonary
disease seem to be most susceptible; see Pope and Dockery
2006 for a recent review).

Recent findings suggest some plausible mechanisms for
how exposure to low concentrations of ambient or labora-
tory-generated PM might initiate a sequence of events that
affect the cardiovascular or pulmonary systems: (1) induc-
tion of oxidative stress and inflammatory responses in the
airways (such as increases in neutrophil number and
levels of cytokines and chemokines); (2) induction of sys-
temic inflammatory and other vascular responses (e.g.,
changes in blood pressure; levels of fibrinogen, C-reactive
protein, and endothelins; plasma viscosity; and platelet
numbers—several of which are associated with the risk of
cardiovascular disease); and (3) dysfunction of the auto-
nomic nervous system, leading to cardiac electrophysio-
logic changes and possibly to cardiac events, such as
myocardial infarction or arrhythmias (Brook et al. 2004).
Some of these effects have been observed, although not
consistently, in experimental studies using a variety of
animal models and types of PM (including concentrated
ambient PM; laboratory-generated PM, such as metal-
oxide PM; and source-specific PM, such as diesel, coal fly
ash, and residual-oil fly ash).

Because DPM has some characteristics that have been
hypothesized to be potentially associated with cardiovas-
cular changes, including small particles with high surface
area and adsorbed metals and organic components, some
studies have been conducted recently to begin to evaluate
the effects of DPM on the cardiovascular system. DE also
contains a number of oxidant gases that are irritants and
can cause oxidative stress.

One study in animals has shown that exposure of healthy
F344 rats to DE for 6 months at 1 mg/m® PM (6 hours/day,
7 days/week) caused a small decrease in blood coagulation
factor VII in both males (12%) and females (27%) (Reed et
al. 2004). Spontaneously hypertensive rats exposed to the
same concentration of DPM for 1 week had elevated heart
rates throughout the exposure and significantly prolonged
PQ intervals in their electrocardiograms, which might
indicate a risk of arrhythmia (Campen et al. 2003). More

recently, the same group of investigators reported that both
the gaseous components of DE (i.e., filtered exhaust) and
whole exhaust (with 3 mg/m3 DPM) induced a decrease in
heart rate and electrocardiogram changes consistent with
myocardial ischemia in a mouse strain that spontaneously
develops atherosclerosis (Campen et al. 2005). Whole DE
induced airway inflammation, and filtered exhaust did not,
suggesting different roles for the particulate and gaseous
exhaust components. Recently, Mills and colleagues (2005)
reported that exposure of human volunteers to DE (with
300 pg/m® DPM for 1 hour) impaired the regulation of vas-
cular tone and fibrinolysis. These changes might be
involved in the pathway to thrombosis and myocardial inf-
arction. The studies appeared to suggest effects of DE on the
cardiovascular system that are consistent with those attrib-
uted to PM as a whole.

Regulatory Summary

Because of a lack of data at the time, neither the EPA nor
the California EPA considered these outcomes in their
assessments.

SUMMARY

The results of studies investigating exposure to DE from
older and more current engines indicate effects on the res-
piratory, reproductive, and cardiovascular systems.
Extrapolation of these findings to people exposed to much
lower concentrations of DE components than those used in
experimental studies or in epidemiologic studies of occu-
pationally exposed workers can be challenging.

Despite these challenges, many agencies have deter-
mined that DE is of sufficient concern to merit action to
reduce emissions. New diesel engines with control sys-
tems meeting 2007 emission standards for heavy-duty on-
highway vehicles are now on the market. Emissions from
four such engines will be characterized in detail in the
Advanced Collaborative Emissions Study (ACES), which
is a joint effort of the Coordinating Research Council and
HEI; chronic and acute health endpoints will be assessed
for one of the engines. Although durable older engines
with higher emissions will continue to be used, these new
engines, and those designed to meet the more stringent
2010 standards, will gradually become more common,
with substantial replacement expected by 2030.
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