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Inhalation studies of diesel exhaust and coal
dust in rats
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GREEN FHY, BOYD RL, DANNER-RABOVSKY J, FISHER MJ, MOORMAN WJ, ONG
T-M, TUCKER J, VALLYATHAN V, WHONG W-Z, ZOLDAK J, LEWIS T. Inhalation
studies of diesel exhaust and coal dust in rats. Scand j work environ health 9 (1983)
181—188. The preliminary 12-month data of an ongoing two-year chronic inhalation
study into the effects of diesel exhaust and coal dust on rats are reported. The study
design consists of four exposure regimens: coal dust, diesel exhaust, coal dust plus diesel
exhaust, and filtered air (control). Total respirable particulate is being maintained at
2 mg/m3 in all exposure groups. Animals are being serially sacrificed and subjected
to immunologic, biochemical, physiological, microbiological, and pathological evaluations.
Extracts of diesel emissions showed marked mutagenic activities in the Ames Salmonella
his reversion assay. Mutagenic compounds were not however found in the urine of the
exposed animals, nor were sister chromatid exchanges detected in peripheral lympho-
cytes. No changes were observed in cytochrome P450 enzyme activity in lung micro-
somes of exposed rats. Physiological tests showed no evidence of pulmonary function
impairment in any group. Light microscopic examination of the lungs showed dust
deposition with the formation of macules in all exposed groups. The preliminary
results revealed few pathological effects of significance and no evidence of synergism
between diesel exhaust and coal dust.
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xenobiotic metabolism.

The use of disel powered units in
underground coal mines has been very
limited in the United States. As of June
1976 there were approximately 180 diesel-
powered units in 25 coal mines in this
country. Diesel-powered equipment has
however been used more extensively in
European underground coal mines and in
metal and nonmetal mines in the United
States. Diesel equipment in underground
mines offers several theoretical advan-
tages over conventional electrical powered
equipment, notably greater economy and
safety, and for these reasons there is a
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trend toward an increasing use of diesels
in coal mines.

Although there is substantial know-
ledge concerning the toxic effects of coal
mine dust and the constituent pollutants
in diesel exhaust, very little is known
about the effects of diesel emissions in the
underground mining environment or of
the possible interactions between mine
dusts and these emissions. Because some
of the theoretical end points of these
interactions are potentially important, for
example, emphysema and lung cancer, the
National Institute for Occupational Safety
and Health (NIOSH) has inititated a series
of epidemiologic and laboratory-based
studies into the problem.

Cross-sectional epidemiologic studies
comparing ventilatory functions and the
radiographic category of pneumoconiosis
between miners in dieselized and non-
dieselized coal mines indicate few differ-
ences between the groups (1, 19), although
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in one of these studies a possible effect of
diesel emissions on small airway function
was observed (19). Clearly information
concerning possible carcinogenic effects of
these combined exposures cannot be
generated by cross-sectional studies.

Prospective longitudinal studies have
been initiated; however it will be many
years before answers to these questions
can be generated by this approach.

More immediate information on the pos-
sible adverse health effects can be pro-
vided by in vivo and in vitro laboratory
studies. Only one investigation to date has
been published concerning the combined
effects of diesel emissions and coal dust in
animals (12). With dose levels higher than
in the present study, lesions of pneumo-
coniosis developed in all the exposed
animals. There was no evidence of a
synergistic effect between the diesel
emissions and coal dust. Also no excess of
neoplasms was observed in either the
diesel-exposed or diesel-plus-coal-dust-ex-
posed animals, despite the presence of
carcinogenic hydrocarbons in the diesel
emissions.

The experimental studies described were
initiated in 1980. The present report is a
preliminary analysis of the first 12
months of exposure.

Methods and results

Inhalation exposure facilities at the En-
vironmental Protection Agency’s labora-
tory at Center Hill, Cincinnati, were
acquired for this study. The study design
consisted of four exposure regimens: coal
dust, diesel exhaust, coal dust plus diesel
exhaust, and filtered air (control). Two
animal species, Specific Pathogen Free
(SPF) Fischer 344 weanling rats and
Cynomolgus monkeys (Macaca fasicularis),
were used. The experimental protocol for
the monkeys will not be discussed further
in the present report. The rats were im-
munized against Sendai virus, ‘and sero-
logical testing was conducted against
Mycoplasma pulmonis at various time
points. After a two-week quarantine
period the rats were placed in the cham-
bers for the duration of the experiment.
They received food and water ad libitum.
They were maintained at a temperature of
21—22°C and a relative humidity of 50—
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55 %s. Exposures were for 7 h/d, 5 d/week
for up to two years. During the exposure
period the chambers were darkened in
order to simulate the rodents’ active
nocturnal period.

The rats were housed in duplicate sets
of four exposure chambers with 144
animals per chamber. One set of exposure
chambers containing equal numbers of
male and female rats was left intact until
termination of the exposure period at two
years, at which point the animals were
sacrificed. The protocol for this group
conformed to the bioassay guidelines of
the National Cancer Institute. Animals
from the other set containing all males
were serially sacrificed at 3, 6, 12, and 24
months and subjected to microbiological,
immunologic, biochemical, physiological,
and pathological evaluations.

Exposure chambers of the design of
Hinners et al (10) were used. The chambers
featured tangential inlet air assemblies to
provide adequate aerosol distribution.
Airflow was maintained at 25 cubic feet
per minute (0.0118 m3/s) and chamber
loading was minimal as reflected in the
ammonia levels at less than 1—2 ppm.
The overall design of the inhalation
facility has been published elsewhere (9).

The diesel emissions were generated by
a four-cylinder, four-cycle Caterpillar
diesel engine identical to those used in
some underground coal mines in the
United States. The engine consumed
number 2 diesel fuel containing less than
0.59%0 sulfur and was equipped with a
water exhaust scrubber. To provide a
representative diesel exhaust exposure, the
engine was operated in a repetitive eight-
mode simulated duty cycle which varied
engine load and speed. Approximately
55 % of the cycle was in the idle mode.

The coal sample was obtained from the
Pittsbrugh seam, 600 feet (183 m) below
the surface, at Blacksville Number 1
Mine, West Virginia. This seam was
chosen because it is the largest Eastern
bituminous coal seam high enough to be
exploited by diesel equipment. Large
freshly cut fragments of coal were selected
from the face, micronized to approximately
40 %0 by weight respirable fraction (dia-
meter <<7 um), and sealed under nitrogen
until generated into the exposure
chambers by a Wright dust feeder.



The fotal particulate levels were as
follows: 5 mg/m3 in coal exposures, 3
mg/m3 in diesel-exhaust-plus-coal expo-
sures, and 2 mg/m3 in diesel exhaust expo-
sures. Respirable particulate was main-
tained at 2 mg/m?3 in all exposure groups.
This level was chosen as it represents the
current federal permissible limit of respir-
able particulate in underground coal
mines. Thus animals exposed to coal dust
received 2 mg of coal dust/m3, animals
exposed to diesel exhaust received 2
mg of diesel particulate/m3, and those
exposed to combined coal dust and
diesel exhaust received 1 mg of coal
dust/m3 plus 1 mg of diesel particulate/ms3.
The level of diesel particulate in the
latter exposure group was halved by
splitting the diesel exhaust into two
equal streams and passing one through a
bag house filter system to remove par-
ticulate. This system left the gases intact;
thus animals in the diesel exhaust alone
or diesel exhaust plus coal dust groups
received the same concentrations of gases.

Respirable concentrations of particulate
were gravimetrically monitored daily and
maintained within narrow limits (table 1).
Table 1 also shows the average concentra-
tions of the gases carbon dioxide, carbon
monoxide, nitrogen monoxide, nitrogen
dioxide, sulfur dioxide, and ammonia for
the first 12 months of exposure. It can be
seen that all the concentrations were well
within permissible exposure limits for
airborne contaminants in the mines.

The following biological parameters
were measured: body and organ weights,
biochemical and hematological profiles, B
and T cell immune function, mutagenesis
assays of exposure particulates and urine,
lymphocyte sister chromatid exchanges,
cytochrome P450 enzyme activity in liver
and lungs, alveolar macrophage function,

pulmonary function, and histopathology.
No significant differences between the
four groups were detected for total body
weight or for the weights of the lungs,
heart, liver, spleen, kidneys and testes at
12 months. Hematologic profiles at 12
months showed no significant differences
in hematocrit, white cell counts, or differ-
entials. No differences were noted in
serological assays of total proteins, albu-
min, glucose, calcium, phosphorus, cho-
lesterol, uric acid, creatinine, bilirubin, or
the enzymes alkaline phosphatase, lactic
acid dehydrogenase and aspartate amino-
transferase.

Mutagenesis assays

Dichloromethane  extracts of  diesel
particulate or coal mine dust were tested
for mutagenicity in the Ames Salmonella
his reversion assay (2) with and without
S-9 activation (table 2). The dichloro-
methane extract from coal dust was not
mutagenic. However, dichloromethane
extract from diesel emission was muta-
genic in both the TA98 and TA100 strains
of Salmonella typhimurium with and with-
out S-9 activation. A concentration of
2.63 mg/plate caused an approximate ten-
fold increase in the number of revertants
per plate over the background control (TA
98 with S-9 activation). There was no
evidence of synergism between diesel
exhaust and coal dust.

Urine from male animals exposed for
three and six months was collected over
a 5-d period immediately after the expo-
sures, concentrated with an XAD-2
column, and analyzed for the presence of
mutagenic compounds (21). None of the
urine samples from animals exposed to
coal dust, diesel emission, or coal dust plus
diesel emission showed any mutagenic

Table 1. Chamber data — 12-month summary for rats.

Carbon- Carbon Nitrogen Nitrogen Sulfur Ammonia Respirable
Exposure dioxide monoxide monoxide dioxide dioxide (ppm) particulate

(%/o) (ppm) (ppm) (ppm) (ppm) (mg/m?)

Diesel exhaust 0.21 127 9.7 1.6 0.83 1.13 2.01
Diesel exhaust
and coal dust 0.20 1.1 8.4 1.3 0.56 0.54 2.08
Coal dust 0.09 24 0.08 0.04 — 0.83 1.97
Filtered air 0.08 23 0.07 0.04 0.01 0.63 —
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Table 2. Mutagenicity of particulates from diesel emission and/or coal dust in Salmonella typhi-

murium.a (DMSO = dimethy! sulfoxide)

Histidine independent revertant

. Amount of
E’;\;}tlclulate particulate TA98 (revertants/plate) TA100 (revertants/plate)
sample ,w
(mg/plate)
—S89 +S9 —S59 +89
Negative control (DMSO) — 37 42 100 112
Positive control (2AA) b — — 2,114 — 2,450
Clean air 0.0225 39 40 86 138
Coal dust 5.66 46 66 98 145
Diesel emission 2.63 284 445 738 676
Coal dust and diesel emission 4.56 182 299 455 446

a Sample was extracted with dichloromethane for 16 h with shaking. The extract was concentrated

and dissolved in DMSO.
b 25 ug 2-aminoanthracene/plate.

activity. Lymphocyte sister chromatid
exchanges were assessed in groups of 10
animals exposed to either air or combined
diesel exhaust and coal dust for three
months by a modification of the technique
of Perry & Wolff (17). The mean fre-
quencies of the sister chromatid exchanges
for the control and treated animals were
0.22 and 0.23 per chromosome, respectively.
The differences were not statistically
significant.

Xenobiotic metabolism

A very important enzyme system respon-
sible for the metabolism of xenobioties is
the inducible cytochrome P450 system (6,
16). The complex is also responsible for
the biological activities of many occu-
pational/environmental pollutants which
require prior metabolism before be-
coming active (6, 8). This enzyme complex
is known to be operative in rat lung and
can be induced by foreign substances (18).
To investigate the effect of coal dust
and/or diesel exhaust on the cytochrome
P450 system, enzyme activities associated
with the complex were measured in the
microsomal fraction of lungs and liver
from rats exposed for three months (5, 7,
15). No changes in the level of NADPH-
cytochrome c¢ reductase, benzo(a)pyrene
hydroxylase, or 7-ethoxycoumarin deeth-
ylase activities were observed in the liver
or lung microsomes of these animals.
Additional experiments are in progress to

4 NADPH = reduced nicotinamide adenine

dinucleotide phosphate.
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analyze the activities in animals exposed
for longer periods of time.

Pylmonary function and morphometry

Pulmonary function was measured by the
method of Boyd et al (3) in groups of 10
rats exposed for 12 months. The following
variables were defined: body weight,
functional residual capacity, inspiratory
and total airway resistance, inspiratory
and total airway specific conductance,
phase difference between airflow rate and
mean alveolar pressure, frequency of
breathing, tidal volume, and minute
ventilation. The data for each variable
were compared between the treatment
groups by an analysis of variance and
a 2X2 factorial analysis of wvariance.
A probability level of a 0.05 was set for
significance. No significant differences
were detected between the treatment
groups for any of the variables measured.

After pulmonary function testing, the
lungs were excised and fixed with Kar-
novky’s fixative by intratracheal perfusion
at a pressure of 20 cm H,O for 24 h and
then stored in Karnovsky's fixative. The
extrapulmonary tissue was removed from
each respiratory system, and the specific
volume was measured by water displace-
ment. The lungs were sectioned into six
pieces: upper left, middle left, lower left,
upper right, middle right, and lower right.
Each piece was trimmed to 5 X 5 X 10
mm, dehydrated, and embedded in glyco-
methacrylate. Sections were cut at 2 mm
and stained with toluidine blue; morpho-
metric analysis of the tissue sections was



performed with a semiautomated point
counting system modified after the method
of Weibel (20). The following parameters
were assessed: surface density of alveolar
septa, volume density of air spaces distal
to the terminal bronchioles, and volume
density of the tissue. The first two would
quantitatively reflect changes in air space
volume or surface area as is seen for
example in emphysema; the latter would
reflect changes in tissue volume such as
would be seen in fibrotic lung disease. No
significant differences were noted between
the groups.

Histological assessment of the inflated
fixed lungs from groups of at least 10
animals were performed at 3, 6 and 12
months. An examination of control lungs
at all three time periods showed no
evidence of fibrotic or neoplastic disease.
In some control animals there was a mild
perivascular mantle of lymphocytes; how-
ever, there was no evidence of any overt
inflammatory process. In particular no
lesions involving the respiratory bron-
chioles were seen.

Sections from animals exposed to coal
dust, diesel exhaust, or to combined diesel
exhaust and coal dust showed similar
pathological changes. These changes con-
sisted of collections of macrophages con-
taining black pigmented particles scattered
throughout the lungs. The majority were
seen within alveoli; lesser numbers were
present in the connective tissues of the
bronchopulmonary rays and within the
bronchial lymphoid tissues. Collections of
pigmented macrophages were also seen in
alveoli adjacent to some respiratory bron-
chioles. The lining epithelia of these
alveoli showed mild cuboidal metaplasia.
At three months there was no evidence of
fibrosis, emphysema, or goblet cell
metaplasia of the bronchiolar epithelium.

At 6 and 12 months the collections of
pigmented macrophages in the alveoli
adjacent to the respiratory bronchioles
were larger and resembled coal macules
(fig 1—3). There was no evidence of focal
emphysema. Some of the macrophages
appeared to be incorporated within the
walls of the respiratory bronchioles, and
there were increased numbers of fibro-
blasts in relation to these lesions. How-
ever special stains failed to demonstrate
increased collagen production. The patho-

logical changes were of equal severity in
all three exposed groups.

Discussion

These comments will be brief as the results
presented are preliminary, and much of
the data has yet to be analyzed. Thus
significant changes may be observed at
later time periods. The demonstration of
mutagenic compounds in extracts of the
diesel exhaust was not surprising in view
of several published reports documenting
mutagenic and carcinogenic compounds in
diesel exhaust (11, 14). Mutagenic com-
pounds or metabolites were not found
however in the urine of exposed animals,
nor were sister chromatid exchanges de-
tected in peripheral lymphocytes. These
findings indicate that the mutagenic com-
pounds present in diesel exhaust are
either present in very low concentrations
or are not biologically available, possibly
as a result of binding to carbon parti-
cles {4).

Although diesel exhaust appears to
contain compounds requiring metabolism
for mutagenic activity, we observed no
change in cytochrome P450 activity in the
lung microsomes of rats exposed for three
months. The lack of change may be due
to (i) an insensitivity of the enzyme com-
plex to the conditions of the exposure,
(ii) a temporal effect which is not evident
at three months, or (iii) a sample size too
small to detect small changes in enzyme
levels.

Histopathological assessment showed
that dust was being deposited in the
alveoli where it appeared to accumulate
within alveolar macrophages. No evidence
of macrophage cytotoxicity was observed,
though a definitive statement on this will
have to await results of ongoing electron
microscopic and macrophage function
studies. Accumulations of pigmented
macrophages within alveoli adjacent to
respiratory bronchioles were observed in
all groups as early as three months after
initial exposure. These accumulations
increased up to 12 months, at which time
they were being incorporated into the
walls of the respiratory bronchioles. In
many respects the lesions resembled the
coal macules seen in simple coal worker’s
pneumoconiosis; however there was no
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Fig. 1. Section from the lung of a rat exposed
to diesel exhaust for six months. Collections of
black pigmented macrophages are seen within
alveoli adjacent to respiratory bronchioles.
(Hematoxylin and Eosin, 32 X)
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Fig 2. Section from the lung of a rat exposed
to coal dust for six months. Macrophages con-
taining dust are seen filling alveoli and in the
wall of a respiratory bronchiole (Hematoxylin and
Eosin, 50 X)

Fig 3. Section from the lung of a rat exposed to
combined diesel exhaust and coal dust for six
months. Pigmented macrophages are seen
within alveoli and in the wall of a respiratory
bronchiole. There is cubodial metaplasia for the
alveolar epithelium adjacent to the dust. (He-
matoxylin and Eosin, 50 X)



evidence for the development of the
focal emphysema often associated with the
macule (13). This finding may reflect the
low dose levels used in this study as
Karagianes et al (12) have reported that
rats exposed to concentrations of diesel
exhaust or coal dust particulate ranging
from 6—15 mg/m3 developed fibrotic
macular lesions with focal emphysema.

The relatively trivial lesions noted
histologically in the lungs at 12 months
did not appear to produce any physiologi-
cal impairment. Tests reflecting changes
in elastic lung properties and central and
peripheral airways resistance showed no
differences between control and exposed
animals at 12 months. Morphometric
analysis of carefully controlled tissue
sections from the same animals also failed
to demonstrate any subtle changes in
alveolar size or in the volume of interstitial
tissue. These tests will be repeated at 24
months.

In conclusion very few pathological
changes of significance have been demon-
strated in animals exposed fo low con-
centrations of coal dust, diesel exhaust, or
combinations of the two for up to 12
months. Ongoing studies on macrophage
function, immune function, and tumor
prevalence have yet to be analyzed, and
studies on infectivity and clearance are in
progress. The results of these studies may
materially alter the conclusions to date.
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