
Processes. Conference was held in

The Toxicitv at Panicles tram Combustion Processes

CONP-9110308—1

DE92 004255

Rogene F. Henderson. PhD and Joe L. Mauderiy, DVM

Inhalation Taxicology Research Institute

Lovelace Biamedical and Environmental Research Institute

Albuquerque. New Mexico, U. S. A.

Send correspondence and reprint requests to:

Dr. Rogene F. Henderson

Inhalation Toxicology Research Institute

P. O. Box 5390. Albuquerque, NM S71S5

This research was supported by the U. S. Department of Energy, Office of Health and

Environmental Research, through Contract DE-76EVQ1013 and by the Health Effects

Institute under Funds-fn-Agreement DE-FI04-91 AL 75007.

Runnins Head: Toxicirv of Combustion Particles



ABSTRACT

The pulmonary toxicity of inhaled panicles will depend on cheir size, solubility and

inherent tcvcciry. Many combustion-derived particles, such as soot and fly ash, are of a

respirable size and. being pooriy soluble, are retained for prolonged periods in the lung.

The acute toxiciry of fly ash from coal combustion was compared to that of a known toxic

panicle, alpha-quartz, by exposures ^ rats to 35 mg/m-5 of each type of panicle for

"* hr day, 5 days.uk for 4 wk. The acute pulmonary toxicity was measured by analysis of

bronchoalveaiar lavage fluid. All particles caused an influx of neutrophils. but the quartz

also caused greater than 4-fald increases in bronchoalvealar lavage fluid indicators of

toxicity. such as total protein and the activities of the enzymes, lactate dehydrogenase and

beta-glucuronidase. One year after the exposures, fibrosis with granulomas was observed

in the quartz-exposed rats, while little or no fibrosis developed in the fly-ash-exposed rats.

The toxicity of soot from diesel exhaust was determined by chronic (?0 mo) exposures of

rats, 7 hr/day. 5 days/wk to exhaust containing 0.35, 3.5 or 7.0 mg/m3 soot The two

higher exposures caused persistent pulmonary inflammation, fibrosis and neoplasms.

Rats exposed to the lowest concentration demonstrated no toxic responses and there was

no life shortening caused by any exposure. Ongoing comparative studies indicate that

pure carbon black particles cause responses similar to those caused by diesel exhaust.

indicating that much of the toxicity induced by the diesel soot results from the presence

of the large iung burdens of carbonaceous particles.

Key Words: fly ash. soot, bronchoalvealar lavage fluid, lung neoplasms, pulmonary

fibrosis, occupational diseases



Panicles emitted by combustion processes are the products oi incomplete

combustion isoot, condensed tars and oils) or the oxidized forms of minerals (fly ash),

This review w\\\ address the toxicity of oxidized minerals and soot produced by

combustion processes.

The pulmonary toxieity ot" any airborne paniculate matter will depend on the size

of the panicle (Is the panicle small enough to be inhaled and deposit in the lung?); the

solubility of the panicle in the milieu of the lung (Once deposited in the lung, will it be

retained for a iong time due to its insolubility?); and the inherent toxicity of the particle

due to us physical chemical nature (If deposited in the iung and retained there, will the

panicle exhibit toxicity toward the lung cells?).

Solubility and Size of the Particles

Oxidized minerals from the combustion of coal are emitted from the stacks of

combustors in the form of fly ash. In general, the higher the temperature of the

combustion process, the less soluble the fly ash emitted (1). Conventional pulverized

coal combustors (PCCs) operate at temperatures of -125Q°C and produce fly ash in the

farm of poorly soluble fused glass spheres (2). Fluidized coal combustors (FBC) use a

low-temperature process that can be fueled by a wide variety of lower grade coals and. as

a result, emit lower levels of NO2 and SO2 than conventional coal combustion processes

(3). But even the relatively !ow temperature of an FBC (-85Q°C) produces fly ash that

is insoluble enough to persist in the lung (4). Inefficient combustion processes, such as



that trt a vitesel engirt produce soot that is composed of carbonaceous panicles which

are insoluble in the lung (5\

Fly ash emitted from either PCCs or FBCs contains respirable-sized panicles that

have been reported to have mass median aerodynamic diameters on the order of

2-4 microns (2,4.6). Soot particles occur in chain aggregates with primary panicies

having volume median diameters of 0.01 to 0.02 microns and aggregates with volume

median diameters of 0.1 to 0.2 microns (5). This size panicle is also respirable. and bath

the soot and the fly ash panicles will have a significant (up to 30?c) pulmonary

deposition fraction (7).

Toxicay of Panicles

In I no Acute Toxiciry Test. One way to assess the acute toxicity of particles in

the lung is to instill or deposit the particles by inhalation into the lungs of animals and

test for an inflammatory response by analysis of bronchoalveolar lavage fluid (BALF)

from the exposed animals (8). Different amounts of particles are instilled or inhaled into

the lungs of the animals, and the bronchoalveolar region of the respiratory tract is

lavaged with saline at some time, usually 24 hr to a week, after dosing. The recovered

fluid is a diluted sample of the epithelial lining fluid. The BALF is analyzed for total and

differential cell counts to determine if there has been an influx of neutrophils, an

indication of an inflammatory response. The cell-free supernatant of the BALF is

analyzed for indicators of cytotoxicity, including lactatc dehydrogenasc (LDH), a

cytoplasmic enzyme that is extracellular only if a ceil has been damaged, and soluble

protein, which is elevated in BALF if there has been sufficient damage to the



alveolar capillary burner to aiiuw transudation of serum proteins. The activities oi

i\sosorna! enzymes, such as beta-glucuronidase. are measured in the BALF supernatant

as sensitive indicators of activated or lysed macrophages.

Acute Tovicity of Fiv .Ash. In a study to determine if the fly ash from an FBC was

of comparable toxicity to that of PCC fly ash. F344 rats were exposed 7 hr/day, 5 daywk

for 4 wk to 35 mg.m-' of PCC or FBC fly ash or to alpha-quartz (9). The fly ash was

collected from cleanup devices located just before the stack (a baghouse for FBC ash

and an electrostatic precipitator for the PCC as!.). The alpha-quartz was a positive

control, because this panicle is known to be highly toxic to lung cells and to be

t'ibrogenic. The exposures achieved lung burdens of 3-4 mg particles/lung.

The response of the lung to the two types of fly ash was easily distinguished from

that to the alpha-quartz. There was a greater than 4-fold increase in BALF protein and

in LDH and b-glucuronidase activities in response to the alpha-quartz, while the response

to the two types of fly ash were minimal, with a slightly higher increase in

b-glucuronidase activity in response to the PCC ash than to the FBC ash (Fig. 1).

Chronic Toxicitv of the Retained Fly Ash. Some of the animals exposed in the

above study were held for 1 yr after the 4-wk exposure to determine if either type of fly-

ash would cause pulmonary fibrosis. Only the quartz caused a severe fibrotic response

with the formation of granulomas typical of silicosis. The PCC ash caused a mild fibrotic

response, and the lungs of the rats exposed to FBC ash were indistinguishable from those

of control animals. Thus, the FBC ash was no more toxic than the PCC ash and was

even slightly less toxic The best early predictors of the later developing fibrosis were



3ALF elevations of greater than 4 fold in soluble protein, LDH and b-glucuronidase

activities.

The recent work ai Piguet et a!. {10) indicates that tumor necrosis factor (TNF) is

essential for development of fibrosis in quartz-exposed mice. In the lungs of the treated

mice, there was an increase in mRNA for TNF. but no increase in mRNA for other

cytofcines such as IL-I or TGF-beta. .Antibodies to TNF prevented the quartz-induced

increased collagen depositions in the lungs of the mice and recombinant TNF restored

the fibrotie process. Elevated levels of TNF have been reported to be released from

macrophages recovered in BALF from workers with coal miners' pneumoconiosis and

tram rats expcsed to. alpha-quartz (11.12). Pulmonary macrophages obtained from rats

exposed to a non-fibrogenic dose of TiO; did not secrete elevated amounts of TNF.

Therefore, it appears that the ability of particles to induced elevated secretion of TNF by

pulmonary macrophages should be explored as a potential predictor of the fibrogenicity

of a particle.

Chronic Toxicity of Soot The physical/chemical properties of pure carbonaceous

panicles do not suggest a high inherent toxicity. However, some soot particles, such as

those emitted from a diesei engine, are generated in an atmosphere of incompletely

burned fuel and have high levels of adsorbed organic matter of varying toxicities (13,14).

The toxicity of the soot in diesei exhaust was observed in F344 rats exposed to

diesei exhaust containing 0, 0.35, 3.5 or 7.0 mg/m3 of diesei soot along with the

accompanying gases (13). Studies conducted in other laboratories indicated that the

major toxic responses were elicited by the soot, not the gases (14). Animals were

exposed 7 hr/day, 5 days/wk for up to 30 mo. The rats were evaluated every 6 mo for



the Jung burden or soot, the ability to clear subsequently inhaled radtclabeled panicles,

the changes ia BALF indicative oc' toxiaty. and changes in immune responses and in

respiratory function, and histopathology.

The soot was analyzed chemically and found to contain 12TJ- extractable organic

matier that contained mutagenic polycyclic aromatic hydrocarbons and nitroaromacic

compounds (15-17). Average lung burdens of 0.6, 12 and 20 ing soot/lung were achieved

for the low, medium and high exposure groups, respectively, by 24 mo (18).

The results indicated that rats exposed to the two higher concentrations of diesel

exhaust accumulated enough panicles in the lung after 1 yr to overwhelm normal

clearance mechanisms and cause accelerated accumulation of soot during the rest of the

study. The BALF from animals exposed to the two higher levels also had progressive

increases in BALF indicators of toxicity and inflammation with time of exposure (Fig. 2)

(19). Pulmonary lymph nodes of the exposed rats increased in total number of cells and

in antibody-forming cells in the rats exposed to the two higher levels of exhaust

Respiratory function changes were consistent with development of focal fibrosis.

Histopathology confirmed the development of fibrosis. Pulmonary tumors begin to

appear toward the end of the exposures, with 80% appearing between 24 and 30 mo of

exposure. Most of the tumors observed in medium-level-exposed rat lungs were

adenomas, but an increased incidence of adenocarcinomas, squamous cell carcinomas

and squamous cysts was observed in the high-level-exposed rat lungs (Table 1). There

was no statistically significant increase in lung tumors in the rats exposed to the low level

of diesei exhaust In fact, none of the toxic changes described above were observed at a



significant level in rats exposed to tlri !wwer concentration ai exhaust, nor was there anv

life shortening in rats exposed at any concentration of diesel exhaust.

Comparison ot Diesel Evhaust Soot with Carbon Black. Because of the high level

of soot in the lungs of the rats with the tumors, the question arose as to how much ai the

risk tor development of lung tumors was due to the presence of SL, large an amount of

pantcks in the lung and how much was due to the mutagenic organic matter associated

with the soot particles. To answer this question, an initial study was done to determine it

the acute response of the lung to diesel soot differs from that to inhaled pure carbon

Mack. F344 rats were exposed to either pure carbon black (only 0.04^- of mass

extraotable in organic solvents) or diesel exhaust for 7 hr/day, 5 days/wlc for 12 wk at

concentrations of either 3.5 or 10 mg/rn3 of soot (20). Observations included the lung

burdens of soot, indicators of toxicity and inflammation in BALF and histopathotogy.

None of the parameters studied showed any difference between the responses of the rat

lungs to the diesel soot and to the carbon black.

The long-term responses of the rat lung to the two types of particles are being

studied in ongoing investigations. F344 rats were exposed 15 hr/day, 5 days/wk for 24 wk

to either carbon black or diesel exhaust at soot levels of 15 or 7.0 mg/m3. The lungs'

response to the particles is being measured in terms of the number and type of tumors

induced. Current data indicate the number of lung tumors will be similar for the two

types of particles.

In summary, combustion processes produce small, respirable particles, many of

which are poorly soluble in the lung. Such particles, if inhaled, will be retained in the

lung for a long time. Lung burdens of soot less than 1 ing in the rat lung do not appear
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to elicit adverse etfects. Chronic exposure to high concentrations of soot can lead to

impaired clearance, enhanced accumulation of soot, pulmonary fibrosis and cancer.
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Table 1

Lung Tumors in Rats Exposed to Diesel Exhaust
(Percent with Tumors)

Exposure
Group

High

Medium

Low

Control

Soot
Concentration

(mg;m3)

7.0

3.5

0.35

0

Adenomas

0.5

13 '

0

0

Adenocarcinotnas
+ Squamous

Cell Carcinomas

7.7*

0.5

1.4

0.9

Squamous
Cysts Only

5.0*

0.9

0

0

Ail
Tumors

13.1"

3.8'

1.4

0.9

'Difference from control significant at P < 0.05.
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Figure Legends

Figure 1. Response of rat lungs to inhaled FBC fly ash. PCC fly ash and alpha-

quartz as measured in bronchoalveolar lavage fluid at the end of an exposure to

35 rng/nr* of each particle, ? hr/day, -I days/wk for 4 wk. The response was measured ar

the end of the exposure. FBC = tluidized bed combuston PCC = pulverized coal

combustor.

Figure 2. Response of rat lungs ta chronic exposure to diluted diesel exhaust

containing 0 (control), 0.35 (low). 3.5 (medium) or 7.0 (high) mg/nv5 soot as measured in

bronchoalveolar lavage fluid. Exposures were 7 hr/day, 5 days/wk for the time indicated

on the x-axis. Values are X ± SE, n = 16.
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