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Preface

An agreement has been signed by the Nordic Expert Group for Criteria
Documentation of Health Risks from Chemicals (NEG) and the Dutch Expert
Committee on Occupational Safety (DECOS) of the Health Council of the
Netherlands. The members of both committees are listed in Appendix 2. The
purpose of the agreement is to write joint scientific criteria documents, which
could be used by the national regulatory authorities in the Nordic countries and
the Netherlands for establishing occupational exposure limits.

This document on Diesel engine exhaust was written by Drs Piia Taxell and
Tiina Santonen at the Finnish Institute of Occupational Health and has been
reviewed by NEG as well as by DECOS. Whereas the document was adopted by
consensus procedures, thereby granting the quality and conclusions, the authors
are responsible for the factual content of the document. The joint document is
published separately by the two committees.

The NEG version presented herein has been adapted to the requirements of
NEG and the format of Arbete och Hélsa. The editorial work and technical editing
have been carried out by the NEG secretariat. All documents produced by NEG
can be downloaded from www.nordicexpertgroup.org.

The NEG secretariat is financially supported by the Swedish Work Environment
Authority and the Norwegian Ministry of Labour and Social Affairs.

RA Woutersen G Johanson
Chairman Chairman
DECOS NEG
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1. Introduction

Diesel engines are widely used for transport and power supply. Occupational
exposure to diesel exhaust occurs e.g. in mining, construction work, professional
driving, agriculture, forestry, waste management, environmental remediation and
other activities where diesel-powered vehicles and tools are applied. In a study
carried out in 15 European union (EU) countries in 1990-1993, diesel exhaust was
found to be the fourth most common carcinogenic agent in workplaces, with three
million regularly exposed workers (187).

In 2012, the International Agency for Research on Cancer (IARC) classified
diesel engine exhaust as carcinogenic to humans (Group 1) based on the evidence
of a causal association between diesel engine exhaust exposure and increased risk
of lung cancer in humans, and an association with cancer of the urinary bladder
(167).

In addition to carcinogenicity, exposure to diesel exhaust is associated with
inflammatory Iung effects and cardiovascular effects. A role of diesel exhaust in
the exacerbation of asthma and allergic diseases has also been suggested.

In the past two decades, tightened emission regulations in the EU and other
parts of the world have caused a significant evolution of diesel technologies,
resulting in changes in the emissions and composition of the exhaust. These
changes are also expected to affect the health effects of diesel exhaust.

This document concerns exhaust produced by diesel engines which are fuelled
with standard commercial types of petroleum-based diesel fuels. Exhausts from
alternative fuels, such as biodiesel, are not included in the evaluation. Because
of the extensive literature on the health effects of diesel exhaust, this document
focuses mainly on studies related to inhalation exposure.

The present document is a co-production between the Nordic Expert Group for
Criteria Documentation of Health Risks from Chemicals (NEG) and the Dutch
Expert Committee on Occupational Safety (DECOS). The joint document is
published separately, and according to different formats, by NEG and DECOS.

As a basis for this document, we have used published reviews produced by the
United States Environmental Protection Agency (US EPA) in 2002 (423), the
World Health Organization/International Programme on Chemical Safety (WHO
/IPCS) in 1996 (448), the Deutsche Forschungsgemeinschaft (DFG) in 2008 (82)
and IARC in 1989 and 2013 (166, 167).

Of the constituents of diesel exhaust, carbon monoxide has been discussed in
detail in a recent evaluation by NEG (395). The health effects of nitrogen dioxide
have recently been reviewed by the DFG (83) and the EU Scientific Committee on
Occupational Exposure Limits (SCOEL) (373).



2. Substance identification

2.1 Composition and characteristics

Diesel engine exhaust is a complex mixture of substances in gaseous and particu-
late phases produced during the combustion of diesel fuels. Diesel engines may
be fuelled by petroleum-based diesel fuels, vegetable oil- or animal fat-based bio-
diesels, coal-, natural gas- or biomass-based synthetic fuels, natural gas or alcohols
(96). The focus of the present document is on exhaust produced by diesel engines
fuelled with petroleum-based diesel fuels (further referred to as diesel fuel). Petro-
leum-based diesel fuels belong to the middle distillates of crude oil (448).

The emission rate and exact composition of diesel exhaust depend, among
others, on the type, age, operational condition and maintenance of the engine,
on the composition and physical properties of the fuel, and on the exhaust after-
treatment techniques applied (245, 248, 423). The present chapter gives a general
review of the composition and characteristics of diesel exhaust. The influence of
state-of-the-art exhaust after-treatment technologies on the exhaust composition is
discussed further in Section 2.2.

The main components of the gas phase of diesel exhaust are nitrogen, carbon
dioxide (COz), oxygen, water vapour, nitrogen oxides (NOx) and carbon mon-
oxide (CO) (423). These gases cover in fact over 99% of the mass of the whole
diesel exhaust. In addition, small amounts of sulphur dioxide (SO2) and various
organic compounds, such as low-molecular-weight carbonyls, carboxylic acids,
alkanes, alkenes and aromatics may be emitted in the gas phase (244).

Diesel exhaust particles (DEP) contain elemental carbon (EC), organic com-
pounds, sulphates, nitrates and trace amounts of metals and other elements (423).
Figure 1 presents a typical size distribution of DEP in untreated diesel exhaust
(195). The size distribution has a bimodal character which corresponds to the
formation mechanisms of the particles. In the field of vehicle exhaust studies, it is
customary to refer to the two modes as the accumulation and nuclei (or nucleation)
modes. The accumulation mode (aerodynamic particle diameter 0.03—0.5 pm) con-
tains agglomerates of carbonaceous particles formed in the engine cylinders (196).
The particles are composed of EC, metal oxides and adsorbed organic compounds.
Particles in the nuclei mode (0.003—0.03 um) are formed through nucleation and
condensation of sulphur dioxide (sulphuric acid) and hydrocarbons, either through
homogeneous nucleation or nucleation on solid core particles (146, 359). The core
particles detected in the nuclei mode are suggested to be composed of (oxidised)
metals and/or pyrolysed hydrocarbons (359). In addition to the nuclei and accu-
mulation modes, DEP in untreated diesel exhaust may contain larger (> 1 pm)
particles formed through deposition and subsequent release of carbonaceous
particles from the walls of the engine or the exhaust system.

The accumulation mode contains most of the DEP mass. Nuclei mode particles
account for more than 90% of the particle number concentration, but less than
20% of the particulate mass of untreated diesel exhaust (195).
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Figure 1. Typical mass and number size distributions of particles in untreated diesel
exhaust. The mass or number concentration (C) of particles in any size range is
proportional to the area under the corresponding curve in that range. Modified from
Kittelson (195).

The organic material associated with DEP is a complex mixture of linear,
branched and cyclic hydrocarbons originating mainly from unburned fuel and
engine lubrication oil, with small quantities of partial combustion and pyrolysis
products (195, 423). Polycyclic aromatic hydrocarbons (PAHs) and their oxygen
and nitrogen derivatives may comprise up to 1% of the particulate mass of
untreated diesel exhaust (423).

2.2 Influence of emission regulations

Exhaust emission standards for diesel engines have significantly tightened in the
EU in the past two decades (96). Figure 2 presents the EU emission standards for
heavy-duty diesel vehicle engines from 1992 to 2013 (engine power > 85 kW).
For example, the emission of DEP from these engines was regulated to 0.36
g/kWh in 1992 and to 0.01 g/kWh in 2013, meaning a 36-fold reduction of the
allowed emissions over 20 years.

Similarly, for non-road engines (e.g. industrial, construction and agricultural
equipment), the emission limits of DEP declined from 0.54-0.85 g/kWh in 1999
to 0.025 g/kWh in 2011-2014 for all engines with a power of at least 37 kW (96).
However, for non-road engines with a net power below 37 kW, a higher particle
emission, 0.6 g/kWh, is allowed, and for the smallest engines (< 19 kW) the
emissions are not regulated at all.

A limit for the number of solid particles in diesel vehicle engine exhaust was
also included in the recent emission regulation (Euro 5/6): the emission of solid
particles (above the size of 23 nm) was regulated to 6.0-8.0 x 10'! particles/kWh
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Figure 2. Development of emission standards for heavy-duty diesel engines in the EU.
Euro [-VI refers to the European emission standards for heavy-duty diesel engines.
Redrawn from data presented by ECOpoint (96). CO: carbon monoxide, DEP: diesel
exhaust particles, HC: total hydrocarbons, NOx: nitrogen oxides.

for heavy-duty engines and to 6.0 x 10'! particles/km for light-duty engines (96,
422). All standards apply to new vehicles/engines only.

The tightened emission regulations in the EU and other parts of the world have
fostered a significant evolution of diesel engine and exhaust after-treatment tech-
nologies. The key developments include electronic high-pressure fuel injection
systems, cooled exhaust gas recirculation and crankcase filtration in 1990-2000,
and diesel oxidation catalysts and (wall-flow) diesel particulate filters in the late
2000s (243). The introduction of wall-flow diesel particulate filters and catalysts
was enabled by the reduction of the sulphur content of diesel fuels. In the EU,
“sulphur-free” diesel fuel (< 10 mg S/kg) became mandatory for highway vehicles



in 2009 and for non-road vehicles in 2011, with certain exemptions (96). A
sulphur content up to 1 000 mg/kg is allowed for marine fuels.

Exhaust composition of state-of-the-art diesel engines with multi-component
emissions reduction systems differs from that of older diesel engines (156, 243).
Especially, DEP emissions are reduced by more than 90% by mass. Considering
the DEP number concentration, diesel oxidation catalyst + diesel particulate filter
systems have been shown to efficiently remove non-volatile particles present in
the nuclei mode (146, 185). Instead, the number concentration of semi-volatile
nuclei mode particles may in some cases even increase due to storage and release
of sulphur compounds of the catalyst, and removal of larger particles on which the
semi-volatiles could condensate (185).

Application of exhaust after-treatment systems (diesel oxidation catalyst +
diesel particulate filter) changes also the composition of the particles. The pro-
portion of EC in the particles is reduced and that of sulphates increased, reflecting
the reduction of carbonaceous particles from the exhaust (Figure 3). Depending
on the type and operational condition of the engine, EC comprises 30-90% of the
particulate mass of pre-2000 diesel engine exhaust, with a typical proportion of
75 +£10% for heavy-duty diesel engines (423). By contrast, the average EC per-
centage of the particle mass emitted by four heavy-duty diesel engines fulfilling
the current emission standards was only 13% (191).

For the gas phase of the exhaust, the emissions of organic compounds, such as
PAHs, aromatics and aldehydes, are significantly reduced with state-of-the-art
diesel engines (225). Also, the proportion of nitrogen dioxide (NOz) and nitrogen
monoxide (NO) in the exhaust differs; although the total emission of NOx has
decreased, NO2 may account for up to 50% of the NOx in the exhaust of a state-
of-the-art diesel engine, in comparison with older engines which produce exhaust
in which NOs typically accounts for 10% of the NOx (246).

Metals, elements Other Metals, elements
2% 3% 4%

Sulphates,
nitrates
1%

Elemental
carbon
13%

Organic carbon
19%

Sulphates
53%

Organic carbon
30%

Elemental carbon
75%

a) b)
Figure 3. Typical composition of diesel exhaust particles (DEP) emitted by a) 1990-2000
diesel engine and b) post-2006 diesel engine. Redrawn from US EPA (423) and Khalek et
al. (191).



Table 1. Average emissions from US 2004 compliant (corresponding to EU 1998-2000)
and US 2007 compliant (corresponding to EU 2013) heavy-duty diesel engines (191).

Compound US 2004 (EU 1998-2000)  US 2007 (EU 2013)  Reduction of
compliant engines compliant engines emissions
(average = SD, mg/h) (average = SD, mg/h) (%)
Elemental carbon 3445+1110 23+4.7 99
Organic carbon 118071 53+47 96
Inorganic ions 320 £ 156 92+38 71
Metals and elements 400 £ 141 6.7+£3.0 98
PAHs 325+ 106 70 +24 79
Nitro-PAHs 03+0.0 0.1£0.0 81
Single-ring aromatics 405 £ 149 72 £33 82
Alkanes 1030 + 240 155+78 85
Hopanes/steranes 82+6.9 0.1£0.1 99
(polycyclic hydrocarbons)
Alcohols and organic acids 555+ 134 107 £25 81
Carbonyls 12 500 +3 536 255+95 98
Dibenzodioxins and furans nd 6.2 x10°+£52x10% nd

EU: European Union, nd: no data, PAH: polycyclic aromatic hydrocarbon, SD: standard deviation,
US: United States.

Table 1 gives an example of the emissions from heavy-duty diesel engines from
the early 2000s in comparison with state-of-the-art diesel engines.

2.3 Standard reference materials

The US National Institute of Standards and Technology (NIST) provides two
standard reference materials (SRMs) for DEP (290-292). One of the materials
(SRM 1650; 1650a; 1650b) originates from several heavy-duty diesel engines and
was produced in the mid-1980s. The other material (SRM 2975) was collected
from an industrial diesel powered forklift. Although these materials are primarily
intended for evaluation of analytical methods for the determination of selected
PAHs and their nitrogen derivatives in diesel particulate matter and similar
matrices, the materials have also been applied in toxicological studies focusing
on the health effects of DEP.

2.4 Ambient air pollution versus diesel engine exhaust

Ambient air pollution is a complex and variable mixture of primary pollutants
emitted in the atmosphere, e.g. primary particles, SO2, NOx and CO, and secon-
dary pollutants formed within the atmosphere, e.g. secondary particles and ozone
(451). Sources of atmospheric air pollution include traffic, power stations and
other combustion plants, industrial plants, domestic heating and cooking,
deliberate and unintended biomass burning, agriculture and natural sources

(e.g. vegetation, soil and sea).



Based on a meta-analysis of 108 studies and air quality reports, the main
sources of particulate emissions in Europe comprise atmospheric formation of
secondary inorganic aerosols of ammonia (NH3), SO, and NOx; traffic-related
primary particles (i.e. particles emitted from vehicle engines and formed through
the wear of brake linings, clutch and tyres, together with road dust); soil/mineral
dust; biomass burning; industrial point sources; and sea/road salt (30). The median
contribution of traffic-related primary particles in the particulate air pollution
(particulate matter with a maximal aerodynamic diameter of < 2.5 um, PMa3s) is
in the order of 20-30% at urban sites, and that of secondary inorganic aerosols in
the order of 40%. The main sources of the gaseous precursors of the secondary
inorganic aerosol include catalysed gasoline engines and farming activities for
NH3, vehicle exhausts and energy production for NOx, and combustion of sulphur
containing fuels (e.g. coal) for SOz (30). Traffic and other combustion sources
comprise the main sources of CO in ambient air (450).

Although diesel exhaust contributes to ambient air pollution in particular at
traffic-intensive urban sites, data on the health effects related to ambient air
pollution cannot be directly applied for the health risk assessment of diesel exhaust
due to the significant contribution of other emissions, both traffic-related and
other, to the ambient air pollution. Studies related to ambient air pollution are,
therefore, only shortly cited in the relevant sections of the present document.

3. Occurrence, production and use

As already indicated, only diesel exhaust produced by diesel engines which are
fuelled with mineral oil (petroleum) based diesel fuels is within the scope of this
review. Diesel engines are widely used for transport and power supply, and are
dominating power-sources for heavy-duty vehicles. The main advantages of diesel
engines include high efficiency, robustness and durability. In particular, the high
energy efficiency makes the diesel engine an attractive alternative for many
applications. In comparison with gasoline engine exhaust, diesel engine exhaust
contains considerably less CO which makes it possible to run diesel engines in
enclosed worksites where gasoline engines cannot be used.

The general population is mainly exposed to diesel exhaust by road traffic, but
the working population may be additionally exposed to exhaust emitted by:
o on-road vehicles (e.g. passenger cars, buses, trucks, vans)
« off-road vehicles (e.g. forklift trucks, tractors, harvesting machines, excavators,

military vehicles)
o sea-going and inland water vessels
o locomotives
 stationary equipment (compressors, pumps, building equipment, electricity

generators, cranes and other machinery used in the industry and agriculture).

Exposed worker groups include mine and construction workers, warehouse
workers, mechanics, emergency workers, professional drivers, and shipping and



railroad workers. Exposure to diesel exhaust may also occur in agriculture,
forestry, waste management, environmental remediation, and other industries
where diesel-powered vehicles and tools are applied.

The demand for diesel fuels has increased in Europe during the past decades.
The annual consumption of diesel fuels in North West Europe increased from
approximately 90 million tonnes in 2000 to 110 million in 2010 (463). In Norway,
Sweden, Denmark and Finland, the total reported annual use of diesel fuels
increased from 9.4 million tonnes in 2003 to 15 million in 2010 (386).

4. Measurements and analysis of workplace exposure

Because of the complex composition of diesel exhaust, varying exposure indicators
have been applied for the measurements of diesel exposure at workplaces (39,
336).

Particulate phase

For the particulate fraction of diesel exhaust, gravimetric methods, such as de-
termination of respirable particle mass of a size-selectively collected filter-sample
(EN 481:1993), have been applied. Also other particle size fractions, e.g. “fine”
(PM25) or “submicron” (PMi < 1.0 um) particles, have been measured. The
challenge with the gravimetric methods is, however, that they do not allow the
separation of DEP from other particles in the workplace air (39). In addition, their
sensitivity to small particle masses is insufficient.

EC is considered to be a more specific and sensitive marker of DEP (39). EC
constitutes a large portion of the particulate mass, especially in the exhaust pro-
duced by older diesel engines where particle mass is of significance, and it can
be quantified at low levels. In most workplaces, diesel engines are the only
significant sources of EC. EC is determined by thermal-optical analysis of filter-
collected DEP. The US National Institute for Occupational Safety and Health
(NIOSH method 5040) reports a limit of detection (LOD) of ~2 ug EC/m? for
a 960-litre air sample collected on a 37-mm filter with a 1.5 cm? punch from the
filter. A lower LOD can be achieved by a larger sampling volume and/or a 25-mm
filter, e.g. a 1 920-litre sample on a 25-mm filter gives a LOD of 0.4 ug EC/m?
(285). Mechanically generated particles containing EC, such as coal dust, can be
efficiently separated from DEP by size-selective sampling. For the new techno-
logy diesel engine exhaust with significantly reduced particle mass and EC
concentration, EC may not be an equally useful marker.

In addition to EC, specific organic constituents of DEP, such as PAHs may be
determined from the filter-collected DEP sample, e.g. by gas chromatography-
mass spectrometry (308).

Recently, methodologies for determination of size-resolved DEP mass and
number concentration with real-time aerosol monitors have been developed
(223, 236). Experience on the applicability of these methodologies for workplace
measurements is, however, limited.



Gas phase

For the gas phase of diesel exhaust, NOx and CO are commonly applied exposure
indicators (336). For NOx, the highest sensitivity is reached with chemilumine-
scence analysers with a LOD of 0.002 ppm for both NO2 and NO (78). The
techniques used for determination of CO are often based on the principle of
electrochemical detection or non-dispersive infrared detection (395).

5. Occupational exposure data

Tables 25 list personal measurement data for occupational exposure to diesel
exhaust (measured as EC, CO, NO or NOy). As described below, the highest
exposure levels have been found in underground mines and tunnel construction
sites, i.e. enclosed underground work sites where heavy diesel equipment is used.
Intermediate levels were reported e.g. for warehouse, dock and terminal workers
and vehicle mechanics, and the lowest levels for outdoor workers and drivers of
diesel vehicles.

In a large survey conducted at seven non-metal mining facilities in the US in
1998-2001, the average exposure of underground workers to EC (respirable
particles) ranged from 31-58 to 313-488 pg EC/m? across the facilities and of
surface workers from 2 to 6 ug EC/m>. The average levels of NOx were 0.2-1.5
ppm NO and 0.1-0.6 ppm NO> for underground work, and 0.02—0.1 ppm NO and
0.01-0.06 ppm NO> on the surface (70). In another large survey carried out in the
US, average levels of EC in personal samples were 41-405 pg EC/m? for under-
ground and 1-39 ug EC/m? for above-ground miners (72). In other studies, average
exposure levels of 27-637 pug EC/m?, 2-9 ppm CO, 0.7-15 ppm NO and 0.2-5.5
ppm NO; have been reported for underground miners (Table 2).

In three studies conducted in Sweden and Norway in 19962004, average
exposures of tunnel construction workers were in the range 132-314 pg EC/m®
(inhalable particles), 5-9 ppm CO, 2.6 ppm NO and 0.2-0.9 ppm NO2 (17, 213,
420). A recent study from Norway conducted in 2010-2011 indicated a decrease
in exposure to diesel exhaust at tunnel construction sites; the average exposure
was 56 ug EC/m? (inhalable particles) and 0.09 ppm NO (19). For above-ground
construction sites, average levels of 4-13 pg EC/m?, 1 ppm CO, 0.2 ppm NO and
0.02-0.3 ppm NO; have been reported (Table 3).

For warehouse, dock and terminal workers average exposure levels of 4-122 ng
EC/m?, 2-5 ppm CO, 0.1 ppm NO and 0.1 ppm NO> were reported. For on-road
vehicle mechanics, reported exposure levels were 4-39 ug EC/m? and 0.05-0.2
ppm NO» (Table 3). In two fire stations in the US, mean area concentrations of
6.1 and 16 ug EC/m? (inhalable) were detected. The levels were reduced to 1.5 pg
EC/m? after installation of diesel particulate filters on the vehicles (354).

A large study concerning exposure of truck drivers to DEP was carried out in
the US in 2001-2005 (81). The mean concentration in the cabins of the trucks was
1.1-1.6 ug EC/m3. As expected, the concentration of EC in the cabin correlated



with the age of the truck engine. In earlier studies, mean EC concentrations of
5-22 ug EC/m? were reported. In two studies from the 1980s and early 2000s,
truck drivers’ exposure to NO and NO> was in the order of 0.3 ppm NO and
0.04 ppm NO», respectively. Corresponding exposure levels have been reported
also for other professional drivers (Table 4).

In the railroad industry, average exposure levels of 4-39 ug EC/m?, < 1-5 ppm
CO, 0.2-1.1 ppm NO and 0.03-0.3 ppm NO have been reported (Table 5).

As examples of European urban air concentrations, average values in the range
of ~1.6-4.5 ug EC/m? measured in the early 2000s were reported from the UK,
the Netherlands and Austria (180, 190, 345). Slightly higher values of 7.6-11.8 pg
EC/m® were measured in 1999-2000 in Italy (12). Data from 2010 analysed by the
European Environment Agency showed annual NO; averages of 0.05 ppm (9698
ug/m®) in London and Paris and 0.02 ppm (44—47 pg/m®) in Stockholm and Ziirich
at the monitoring stations recording the highest averages (101).
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6. Toxicokinetics

6.1 Diesel exhaust particles

Upon inhalation of diesel exhaust, DEP deposition will occur throughout the
respiratory tract, with a majority of the particles reaching the alveolar region
(306, 423). In 9 healthy volunteers, the measured total deposited mass and number
fraction of DEP [generated during both idling (60 pg DEP/m?) and transient
driving (300 pg DEP/m?)] in the respiratory tract was ~ 30% and ~ 50-65%,
respectively, at rest, with a high intra-individual variation. The mean total de-
posited respiratory dose was calculated to be 0.14 pg per ug DEP/m*/hour (351).

Applying measurement data on DEP number-size distributions and the
International Commission on Radiological Protection (ICRP) 66 lung deposition
model, Oravisjdrvi et al. estimated that ~ 60% of the deposited DEP particles are
retained in the alveolar region. Heavy exercise was estimated to increase the total
deposition by 4-5-fold, and the alveolar deposition by 5—-6-fold (306).

From the tracheobronchial region, DEP is cleared by mucociliary clearance and
removed into the gastrointestinal system within 24 hours (448). The main clea-
rance mechanism for particles in the alveolar region is phagocytosis by alveolar
macrophages, and subsequent movement within alveolar and bronchial lumen into
the conducting airways followed by mucociliary clearance. There are also data
suggesting that DEP, similarly to other types of fine particles, may, in particular
at high exposure levels, translocate through the alveolar epithelium into the inter-
stitium, lymph nodes and possibly end up into the systemic circulation (423).

The clearance rate is substantially lower from the alveolar region than from
the tracheobronchial region; the alveolar retention half-time was 60—100 days in
rats with a lung burden of < 1 mg DEP/lung (448). At higher lung burdens, the
retention half-time increases linearly due to an overwhelming of the alveolar
macrophage mediated clearance (“lung overload”). In humans, the alveolar
clearance rate is even lower than in rats; retention half-times of several hundred
days have been reported for insoluble particles (423).

The metabolism of PAHs and other DEP-adsorbed organics in the lungs may
lead to the formation of reactive metabolites (448). The clearance rate of particle-
associated PAHs from the lungs is lower than the clearance of the substances
inhaled as such.

6.2 Gas phase constituents of diesel exhaust

The main components of the gas phase of diesel exhaust are nitrogen, carbon di-
oxide (CO»), oxygen, water vapour, nitrogen oxides (NOx) and carbon monoxide
(CO) (423). Of these, NOx and CO are considered in the following sections.

Nitrogen dioxide

In humans, 80-90% of inhaled NO3 is taken up via the respiratory tract during
normal breathing, and over 90% at maximum breathing (449).
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Dosimetric model calculations show that NO» is absorbed mainly in the lower
respiratory tract. Uptake of NO2 by the upper respiratory tract further decreases
with increasing ventilation rates, causing a greater proportion to be delivered to
the lower respiratory tract. The site of maximal tissue dose ranges from the upper
respiratory bronchioles in humans to the alveolar ducts in rats (424).

NO: uptake in the respiratory tract is suggested to be rate-limited by chemical
reactions of NO2 with the components of the epithelial lining fluid. It is assumed
that NO- is absorbed by the lung epithelium into the systemic circulation mainly
in the form of nitrites and/or nitrates produced in these reactions. In the body,
nitrite is converted to nitrate, which is released from the body in urine (424).

Nitrogen monoxide

Inhaled NO is absorbed through the epithelium of the respiratory tract into the
circulation. Respiratory absorption of 64-93% of inhaled NO has been reported
in humans (449).

In the blood, NO readily reacts with haemoglobin, producing nitrosylhaemo-
globin, which in the presence of oxygen leads to the formation of methaemoglobin.
Further metabolism of nitrosylhaemoglobin results in the formation of nitrate
which is released from the body in urine. Endogenous NO has an important
function in mediating vasodilation, host defence reactions and neurotransmission
(429).

Carbon monoxide

Inhaled CO is readily taken up by the lower respiratory tract. CO diffuses from the
alveolar gas phase into the bloodstream where it binds to haemoglobin, producing
carboxyhaemoglobin (COHb). CO may also bind to haem-containing proteins in
other tissues. The absorbed CO is eliminated from the body mainly by exhalation
(395).

7. Biological monitoring

PAHs and their oxygen and nitrogen derivatives comprise up to 1% of the
particulate mass of untreated diesel exhaust (423). Therefore, markers of poorly
evaporating, particulate PAHs have been used for biomonitoring of diesel exhaust
exposure. The most commonly used marker is 1-hydroxypyrene in urine indicating
exposure to pyrene, which usually correlates well with the amount of common
carcinogenic PAHs (like benzo[a]pyrene) in PAH mixtures (50, 181).

Schoket et al. saw slightly elevated 1-hydroxypyrene levels among 48 garage
workers occupationally exposed to diesel exhaust (371). Similarly, slightly
elevated levels of urinary hydroxy-metabolites of naphthalene, phenanthrene
and pyrene were seen in a Finnish study among diesel exhaust exposed garage
workers when compared to a non-exposed control group (205). According to the
Finnish Institute of Occupational Health (FIOH) biomonitoring statistics from the
years 2005-2007, 1-hydroxypyrene levels in diesel/gasoline exhaust exposed
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workers remained low; the mean being 1.3 nmol/l, with a maximum of 8.6 nmol/l
and a 90" percentile of 3.1 nmol/I (n=29). The Finnish reference value for the
occupationally non-exposed population is 3.0 nmol/l (104). Especially, when
taking into account the decreased particulate and PAH levels with new technology
diesel engines, biomarkers of PAHs are not considered very sensitive markers of
exposure to diesel exhaust.

DNA adducts measured by 2P post-labelling have been detected in the lungs of
animals exposed to diesel exhaust via inhalation. Gallagher et al. exposed rats to
diesel exhaust at 7 500 pg DEP/m® for 2, 6 and 24 months and detected a modest
increase in nitro-PAH derived adducts, whereas PAH-derived adducts were not
increased (109). Increases in total DNA adduct levels in the lungs after inhalation
exposure of diesel exhaust have been seen also by other researchers (5, 49, 93,
174). These exposures represent exhausts of pre-2000 diesel engines.

In humans, increased incidences of DNA adducts in peripheral blood lympho-
cytes have been seen. Hemminki et al., Hou ef al. and Nielsen ef al. noticed an
increased adduct frequency in lymphocytes among diesel exposed bus and truck
terminal workers (152), bus maintenance workers (160) and garage workers (270),
respectively. Increased DNA adduct levels have also been reported among bus
drivers and traffic police exposed to ambient air pollution partly derived from
diesel exhaust (271, 314, 410).

Only in a few studies have PAH-derived haemoglobin adducts been measured
among diesel exhaust exposed workers. In the study by Nielsen ef al., 1-hydroxy-
pyrene levels correlated with hydroxyethylvaline haemoglobin adducts but not
with DNA adducts (270). Zwirner-Baier and Neumann developed a method to
measure five nitroarene haemoglobin adducts (1-nitropyrene, 2-nitrofluorene,
3-nitrofluoranthene, 9-nitrophenanthrene and 6-nitrochrysene) and measured the
levels of these adducts in the blood of 29 bus garage workers, 20 urban hospital
workers and 14 rural council workers. The bus garage workers did not differ
from the other groups with respect to their adduct levels. A significant difference
between people from urban and rural areas was found when all five adducts were
added together (476).

Both DNA and haemoglobin adduct analyses are labour-intensive and expensive,
and are therefore rarely used for routine biomonitoring of exposure. In addition,
like in the case of measurement of PAH metabolites in urine, the decreased
particulate and PAH levels with new technology diesel engines have decreased
the usefulness of adducts in the assessment of exposure to diesel exhaust.

There are some molecular epidemiological studies available on the ability of
diesel exhaust to cause micronuclei, chromosomal aberrations, sister chromatid
exchanges (SCEs) and DNA damage in peripheral blood lymphocytes of exposed
workers. These studies are summarised in Section 10.4. Most of the studies
showing increased incidences of genotoxic effects in humans represent, however
mixed exposure to gasoline or diesel exhaust present in urban air. Since these
markers of genotoxicity are non-specific, they are applicable only for scientifically
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controlled studies in which exposed group of workers is compared to an
unexposed but otherwise matched control group.

Occupational exposure to CO can be biomonitored by measuring COHb levels
in blood (395). Although diesel exhaust contains CO, the measured air CO levels
are usually low, even in mining and tunnel construction work. Thus, COHb is not
a good biomarker for exposure to diesel exhaust.

Overall, these biomonitoring methods are mainly useful for research purposes
and there is no suitable method for routine biomonitoring of workers occupationally
exposed to diesel exhaust.

8. Mechanisms of toxicity

8.1 Pulmonary effects

A major mechanism postulated for the respiratory effects of DEP is induction
of reactive oxygen species (ROS), mainly superoxide (O2") and hydroxyl (OH")
radicals, and a subsequent inflammatory response in the lungs.

DEP contain constituents such as PAHs, quinones and transition metals which
may be capable of producing ROS through redox chemistry both outside and
inside the lung cells (218). ROS may also be produced by alveolar macrophages
during particle phagocytosis (233).

Low levels of oxidative stress lead to activation of antioxidant and detoxifi-
cation enzymes, e.g. haem oxygenase 1 (HO-1) and glutathione-S-transferases
(GSTs), which protect the cells from the oxidative damage (218). At higher
levels, the protective response may fail to provide adequate protection, leading
to inflammatory and cytotoxic effects.

The inflammatory effects of DEP are mediated by redox-sensitive mitogen-
activated protein (MAP) kinase and nuclear factor kappa B (NF-xB) cascades
which are responsible for the production of inflammatory cytokines, chemokines
and adhesion molecules (218). Cytokines and chemokines, including tumour
necrosis factor alpha (TNF-a) and interleukins (ILs), together with the adhesion
molecules are involved in the recruitment and activation of inflammatory cells
in the lungs (92). Activated leukocytes produce large quantities of ROS causing
further oxidative damage to the surrounding cells (7). The inflammatory cascade
also includes activation of phospholipase A2, leading to an increase in local vaso-
dilation and vasopermeability to enhance the accumulation of inflammatory cells.
Besides the inflammatory effects, oxidative stress inside a cell may also lead to
cytotoxicity through mitochondrial release of pro-apoptotic factors (218).

Of the gas phase constituents of diesel exhaust, NO; is a strong oxidant that
reacts with antioxidants and lipids and proteins on cell membranes in the lower
respiratory tract, causing the formation of further reactive products, e.g. peroxides
(449). As discussed above, the oxidative stress may cause an inflammatory
response in the lungs and increase the lung epithelial permeability. NO2 has also
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been found to reduce the airway ciliary activity, impairing mucociliary clearance
(424). NO may increase local vasodilation in the lungs (429).

Mechanisms related to (pulmonary) genotoxicity and lung cancer are discussed
in the following section.

8.2 Genotoxicity and cancer

The mechanisms of diesel exhaust caused lung cancer are likely to be multi-
factorial. In animal studies, cancer has been shown to be related primarily to DEP
(Section 9.4.5). Although the gaseous phase of the exhaust is known to contain
small amounts of carcinogenic substances and has caused positive responses in
bacterial mutagenicity tests (Section 9.3), filtered (particle-free) diesel exhaust has
not caused cancer in the animal studies.

Diesel exhaust related genotoxicity may be caused by genotoxic compounds
directly reacting with DNA or by generation of ROS with subsequent oxidative
DNA damage. DEP contain several genotoxic compounds, including PAHs and
their oxygen and nitrogen derivatives. These (or their reactive metabolites) can
bind directly to DNA resulting in DNA damage. DEP/DEP extracts have caused
positive responses both in vitro and in vivo genotoxicity assays (Section 9.3)
including DNA adduct formation (5, 49, 80, 93, 94, 174, 204, 332, 368). Some
studies have also shown elevated levels of urinary 1-hydroxypyrene and DNA
adduct in lymphocytes of humans exposed to diesel exhaust, suggesting that the
genotoxic and carcinogenic components of DEP are bioavailable also in vivo
(Chapter 7). However, in a 2-year nose-only inhalation study in rats by Stinn et
al., diesel exhaust caused a dose-related and persistent inflammatory response and
an increase in the tumour incidence, but no increase in the levels of DNA adducts
(394).

Diesel exhaust related genotoxicity and cancer may also be caused by reactive
oxygen/nitrogen species (ROS/RNS) in the lung tissue. ROS/RNS are generated
by inflammatory cells during particle-elicited inflammation but PAH-derived
redox-cycling semiquinones may also contribute to the generation of ROS (370).
Oxidative DNA damage has been reported in animals after intratracheal and
inhalation exposure to diesel exhaust and DEP (93, 168, 169, 174, 267, 363).

Tokiwa et al. studied the formation of 8-hydroxydeoxyguanosine (8-OHdG) in
mice after intratracheal injections of DEP. 8-OHdG formation in the lungs was
elevated when purified carbonaceous particles were administered, but not when
polyaromatic compounds were applied. These results suggest that carbonaceous
particles, but not organic components of DEP, promote the formation of 8-OHdG
(408). The authors proposed that the DEP related oxidative damage is caused by
indirect secondary mechanisms involving the generation of hydroxyl radicals
during phagocytosis of DEP by alveolar macrophages and neutrophils (407, 408).

Current evidence supports the role of lung overloading in oxidative DNA
damage and cancers seen in rat bioassays after high-level exposure to diesel
exhaust. Particle overload is caused by the deposition of high levels of particles
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in the lungs resulting in an impairment of alveolar macrophage-mediated lung
clearance (155, 299). This results in accumulation of excessive particulate lung
burdens, influx of leukocytes, chronic pulmonary inflammation and generation of
ROS. Generation of ROS results in DNA damage and eventually in cancer. The
rat has been shown to be an especially sensitive species to this cascade of events.
Because of this fact, rat studies using high exposure levels may not be suitable to
elucidate the mechanisms of human carcinogenicity of diesel exhaust.

In humans, Perezt et al. and Pettit et al. demonstrated changes in gene expression
connected to oxidative stress after controlled human exposure situations (326,
329). In addition, recruitment of inflammatory cells and inflammatory reactions
resulting in increased airway neutrophil and lymphocyte levels and increased IL-8
levels in bronchoalveolar lavage (BAL) fluid have been seen in controlled human
exposure studies at occupationally relevant exposure levels (365, 391). It can be
hypothesised that in addition to the genotoxicity caused by mutagens bound to
DEP or present in the gas phase, induction of chronic inflammation and ROS by
diesel exhaust contributes to genotoxicity, cell proliferation and eventually to
carcinogenesis in humans.

IARC recently concluded that there is strong mechanistic evidence that diesel
engine exhaust can induce lung cancer in humans through genotoxic mechanisms
including DNA damage, gene and chromosomal mutations, changes in relevant
gene expression, production of ROS and inflammatory responses. In addition, the
co-carcinogenic, cell proliferative and/or tumour-promoting mechanisms probably
contribute to the lung carcinogenesis induced by diesel engine exhaust (167).

8.3 Cardiovascular effects

Several pathways have been suggested for the mechanisms of cardiovascular
effects of fine particulate matter, including DEP (53, 254, 361). Firstly,
inflammatory mediators, e.g. cytokines, acute phase proteins or activated in-
flammatory cells, released from the lungs may end up in the systemic circulation.
The inflammatory mediators may affect the vascular system directly or e.g. by
increasing the liver production of coagulation factors (53) or by affecting lipo-
protein function (361). Recent data emphasise the role of particle-induced
pulmonary acute phase response as an initiator of the process. Evidence from
epidemiological, animal and in vitro studies indicates that the pulmonary acute
phase response is related to the risk of cardiovascular diseases (361).

As an alternative pathway, particulates may disturb the autonomic nervous
system balance or heart rhythm by interacting with lung receptors or nerves (53).
Also, fine particles or particle constituents have been suggested to potentially
translocate from the lungs into the systemic circulation, and to act directly on the
vascular system. At a molecular level, a central role of ROS and oxidative stress is
suggested at multiple stages, e.g. in promoting systemic inflammation, stimulating
vasoconstriction and promoting atherosclerotic plaque instability (254).

Of the gas phase constituents, CO is well known for its ability to bind to haemo-
globin and other haem-containing proteins, which at sufficiently high exposure

27



levels may lead to hypoxia, cardiac dysfunction and myocardial ischaemia (395).
NO is a pulmonary vasodilator (434). NO that enters the systemic circulation is
bound to haemoglobin, leading to the formation of methaemoglobin. Although
methaemoglobin formation may lead to tissue hypoxia at high exposure levels

(> 100 ppm NO) (434), this is not expected at the diesel exhaust related workplace
levels of NO (< 15 ppm NO).

8.4 Immunological effects

Several mechanistic pathways have been suggested for an association of DEP and
development or exacerbation of asthma or allergic diseases. In addition to the
oxidative stress and inflammatory pathways discussed in Section 8.1 which may
contribute to the pulmonary inflammation associated with allergic asthma, there
are studies indicating that in conjunction with allergens, DEP may stimulate the T-
helper cell type 2 (Th2) immune response and enhance the production of allergen-
specific immunoglobulin (Ig)E and IgG (309). Oxidative stress is indicated to play
a role both in the inflammatory and in the adjuvant effects of DEP (218, 347).

Of the gas phase constituents, NO; is suggested to exacerbate asthma through
its inflammatory effects on the lung and effects on the lung permeability (424).

9. Effects in animals and in vitro studies

9.1 Irritation and sensitisation

The gas phase of diesel exhaust contains several irritating constituents such as
NO; and aldehydes. No animal studies on the irritative or sensitising effects of
diesel exhaust were, however, identified. Studies on immunological effects are
reviewed in Section 9.2.5.

9.2 Effects of single, short-term and subchronic exposure

This chapter includes studies with exposure periods up to 13 weeks (90 days).
Longer-term studies are presented in Section 9.4.

9.2.1 Acute toxicity

Pattle et al. exposed groups of mice, guinea pigs and rabbits by inhalation to
undiluted diesel exhaust for 5 hours under different engine operating conditions,
all leading to very high exposure levels. Mortality was followed up to 7 days.
Exposure to NO; and CO was postulated to be the main cause of death (Table 6)
(312). For comparison, the lethal concentration for 50% of the exposed animals
at single administration (LCso) is 88 ppm for pure NO; and 1 800 ppm for CO

(4 hours inhalation, rats) (288).
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Table 6. Effects of 5 hours of inhalation exposure of mice (40/dose), guinea pigs (10/dose)
and rabbits (4/dose) to diesel exhaust under different engine operating conditions (312).

DEP CO NO; Alde- Mortality Histopathology Irritative  Postulated
(ng/m®)* (ppm) (ppm) hydes (%) © and COHb% ¢ potential ©  main
ppm) ° cause of
death
74000 560 23 16 0 (mouse) Mild tracheal and Highly -
0 (guinea pig) lung damage, “low” irritating
0 (rabbit) COHb
53000 380 43 6.4 48 (mouse) No tracheal damage,  Mildly NO,
90 (guinea pig) moderate lung irritating
0 (rabbit) damage, “low” COHb
122000 418 51 6.0 3 (mouse) No tracheal damage,  Irritating NO,
60 (guinea pig) severe lung damage,
0 (rabbit) “low” COHb
1070 000 1700 12 154 100 (mouse) Mild to severe tracheal Highly CO,
100 (guinea pig) damage, mild lung irritating ~ “irritants”
100 (rabbit) damage, COHb 50—
60%

? Determined as total particulate mass.

® Total aldehyde concentration determined by a titrimetric method.

¢ Total mortality up to 7 days.

4 Applicable to all three species.

¢ Subjectively assessed by an observer applying his eye to a port in the chamber wall.

CO: carbon monoxide, COHb: carboxyhaemoglobin, DEP: diesel exhaust particles, NO»: nitrogen
dioxide.

9.2.2 Pulmonary effects
Table 7 lists studies on pulmonary effects of single, short-term and subchronic
inhalation exposure to diesel exhaust in animals at non-lethal concentrations.

In the “Advanced Collaborative Emissions Study” (ACES), rats were exposed
for 13 weeks (16 hours/day, 5 days/week) to diesel exhaust from a heavy-duty
diesel engine with an exhaust after-treatment system fulfilling the US 2007
emission standards. At 13 ug DEP/m® (3.6 ppm NO>), an increase in inflammatory
markers in BAL, mild epithelial hyperplasia in terminal bronchioles, alveolar
ducts and alveoli, accumulation of alveolar macrophages and occasional mild
fibrotic lesions in alveolar ducts were observed. A slight reduction of pulmonary
function was also indicated. No pulmonary effects were seen at levels <4 pg
DEP/m? (< 1.0 ppm NO»). In mice, a corresponding exposure resulted only in an
increase in the number of neutrophils in BAL (246).

Particle-laden alveolar macrophages and alveolar type II cell hyperplasia were
observed in rats after exposure to diesel exhaust at 101 or 952 ug DEP/m* (0.05
or 0.31 ppm NOy) for 7 days (6 hours/day). No pulmonary effects were observed
at 59 pg DEP/m? (0.02 ppm NOz). When the same exposure protocol was carried
out applying an exhaust after-treatment system (urea selective catalytic reduction),
septal cell hyperplasia was observed at the highest exposure level only (36 pg
DEP/m?, 0.78 ppm NO,) (413).

Mice exposed to diesel exhaust from an engine without exhaust after-treatment
at 234 pg DEP/m® (~0.04 ppm NO,) for 7 days (6 hours/day) showed increased
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levels of lung inflammatory markers (e.g. IL-6 and TNF-a) and a decreased
clearance of respiratory syncytial virus. No significant effects on inflammatory
markers or viral clearance were observed after a corresponding exposure applying
catalysed particle trap and low sulphur diesel fuel (7 ug DEP/m?, ~0.04 ppm
NO>) (248).

Campen et al. detected increased numbers of polymorphonuclear leukocytes
(PMNs) in BAL of mice exposed to diesel exhaust at 3 634 ug DEP/m? for 3 days
(6 hours/day). No effect on PMN count was observed for a corresponding filtered
exhaust or for total exhaust at 512 pg DEP/m* (59).

McDonald et al. studied the impact of different engine loads on the composition
of diesel exhaust and effects on lung inflammation and viral clearance in mice.

At the same particle mass concentration (~ 250 ug DEP/m?), high engine load
(100% of the engine capacity) resulted in a significantly higher proportion of EC
(> 80% vs <20%) and a lower proportion of organic carbon (< 20% vs > 80%) in
the particles than did partial engine load (55% of the capacity). For the gas phase,
partial engine load resulted in higher concentrations of non-methane hydrocarbons
(1.5 vs 0.2 mg/m?) and CO (5.5 vs 2.0 ppm CO). Mice exposed to high load diesel
engine exhaust for 7 days (6 hours/day) showed increased levels of HO-1 and the
cytokines TNF-a and interferon gamma (IFN-y) in lung homogenate. In addition,
decreased clearance of respiratory syncytial virus with increased inflammatory
changes in the lungs was observed at high load. These effects were significantly
less evident at partial load (245).

Sunil ef al. (398) compared pulmonary effects of short-term diesel exhaust
exposure in young (2 months) and old (18 months) mice. Animals were exposed
to diesel exhaust at 300 or 1 000 pg DEP/m? for 3 hours or 3 days (3 hours/day).
Dose-related histopathological changes, including thickening of alveolar septa,
were observed in the lungs of older mice. In contrast, increased total cell and
protein count and decreased antioxidant expression in BAL, without histopatho-
logical changes, were observed in younger mice. The results indicate increasing
sensitivity to pulmonary effects of diesel exhaust with age (398).
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9.2.3 Haematological and cardiovascular effects

Identified studies on haematological and cardiovascular effects of single, short-
term or subchronic inhalation exposure to diesel exhaust are summarised in
Table 8.

In the ACES programme, no significant changes in haematology, serum che-
mistry, clotting indicators or plasma markers of vascular or systemic inflammation,
immune function or general toxicity were observed in rats and mice exposed for
13 weeks (16 hours/day, 5 days/week) to diesel exhaust from a heavy duty engine
fulfilling the US 2007 emission standards (highest concentration: 9-13 pg DEP/m?,
3.6-4.3 ppm NO, 7.1-11 ppm CO) (74, 246).

Transient changes in heart rate and heart rate variability have been reported
in healthy animals after 1-4 hours exposure to whole diesel exhaust at ~500 pg
DEP/m?> (4, 52, 208). Kooter et al. reported a transient increase in platelets in
blood and thrombogenicity in lung homogenate and plasma in healthy rats after
2 hours exposure to diesel exhaust at 1 900 pg DEP/m? (0.94 ppm NO2, 14 ppm
CO) (201).

Alterations in cardiovascular function have been observed in spontaneously
hypertensive, heart failure prone rats and atherosclerotic mice during and after
short-term exposure to total and particle-free diesel exhausts (59, 61, 62, 208).
Carll et al. exposed hypertensive rats to whole (472 ug DEP/m?, 0.3 ppm NO,
9.5 ppm CO) and filtered (3 pg DEP/m?, 0.4 ppm NO2, 9.7 ppm CO) diesel
exhaust for 4 hours. More pronounced changes in electrocardiography and heart
rate variability during the exposure and increase in post-exposure arrhythmias
were observed with the filtered exhaust, indicating either an inhibiting effect or
a competing impact of the particles (62).

Bai et al. and Campen et al. reported changes in atherosclerotic plaque
composition characteristic of unstable plaques in atherosclerotic mice exposed
to diesel exhaust at > 200 ug DEP/m? for 7 weeks (16, 60). In addition to these
inhalation studies, Miller et al. reported more frequent, larger and more severe
atherosclerotic plaques in atherosclerotic mice exposed by oropharyngeal
aspiration to 35 pg of DEP (SRM 2975) twice a week for 4 weeks. The changes
were concomitant with pulmonary inflammation and increased antioxidant gene
expression in the liver (an indication of oxidative stress) (253).

Mice exposed by inhalation to high levels of DEP (20 000 pg DEP/m?, 4 days,
1.5 hours/day) responded with increased pulmonary serum amyloid A expression,
which indicates pulmonary acute phase response and is related to an increased risk
of cardiovascular diseases (362).

McDonald et al. studied the effects of engine load on the cardiovascular effects
of diesel exhaust. Atherosclerotic mice were exposed to diesel exhaust at high and
partial engine load (~3 500 pg DEP/m?®) for 3 days (6 hours/day). A significant
reduction of heart rate was seen at both loads, instantly at partial load and after
4 hours of exposure at high load. At partial load, characterised by a higher
concentration of CO and non-methane hydrocarbons in the gas phase, T-wave
alterations were also observed (245).
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9.2.4 Neurological effects

Table 9 lists all studies on neurological effects of diesel exhaust exposure on
animals. Long-term studies (> 13 weeks) presented in the table are discussed
separately in Section 9.4.3.

In male rats, increased levels of pro-inflammatory cytokines and/or markers of
oxidative stress have been identified in different regions of the brain after 2 hours
of exposure to diesel exhaust at 1 900 ug DEP/m? (428) and 4 weeks of exposure
at> 174 pg DEP/m? (119, 211).

Female mice exposed to nanoparticle-rich diesel exhaust at 122 pg DEP/m? for
13 weeks (5 hours/day, 5 days/week) were reported to have a reduced learning
performance in the Morris water maze test. A non-significant reduction of per-
formance was observed at 35 pg DEP/m>. Mice exposed to particle-free exhaust
showed practically no difference compared to a control group (459). No effect on
learning performance was observed in male mice exposed for 4 weeks (5 hours/
day, 5 days/week) to 149 ug DEP/m?® (458). Decreased locomotive activity in the
open field test was reported in female mice exposed 4 days (1.5 hours/day) to
resuspended diesel particulates at 72 000 pg DEP/m? (162).

9.2.5 Immunological effects

Studies on immunological effects of inhalation exposure to diesel exhaust are
summarised in Table 10 (including the only long-term study available, which is
described in Section 9.4.4).

Female mice exposed to 169 pg DEP/m® (0.5 ppm NO) or a corresponding
particle-free exhaust for 8 weeks (5 hours/day, 5 days/week), showed an increase
in ovalbumin-induced eosinophilic lung inflammation and an increase in Th2-
related cytokines and chemokines in lung homogenate. No impact on the ov-
albumin-induced response was observed at 36 ug DEP/m? (0.2 ppm NO>) (405).

In a study of Stevens et al., female mice exposed to diesel exhaust at 560 or
2100 pg DEP/m? for 5 days (4 hours/day) showed a dose-related increase in the
lung inflammatory response to ovalbumin (392). No effect on ovalbumin-induced
lung inflammation was observed in female mice exposed to 103 ug DEP/m? for
12 weeks (7 hours/day, 5 days/week). A transient increase in ovalbumin-induced
airway responsiveness to methacholine at 2—4 weeks post-exposure was, however,
reported (237).

In guinea pigs, enhanced responses to ovalbumin and histamine have been
observed after 3 hours and 8 weeks of inhalation exposure to diesel exhaust at
high levels (> 3 000 ug DEP/m?) (144, 198). An increase in ovalbumin-induced
IgE and IgG levels in serum was also reported for rats exposed 5 days (4 hours/
day) to resuspended diesel particulates at 21 00023 000 ug DEP/m?® (90, 91).
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