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Abstract 
The relative activation of eicosanold production wluch results from the exposure of 

the alveolar macrophage (AM) to mineral dusts IS thought to be a key factor in the 
pathophyslology of occupational lung disease. We compared in vitro basal and silica- 
stimulated production of prostaglandln E2 (PGE2) and thromboxane A2 (TXA2) by AM 
from normal humans and non-human primates (Macaca nemistrma). In addition, we 
mstdled mineral dusts directly into one lung of the non-human primate and evaluated AM 
eicosanold production at two week intervals following dust instillation. Unstimulated AM 
from humans produce more PGE2 and TXA2 than do AM from M. nemistrina. However, 
in vitro exposure of AM from both species to silica dust produced a qualitatively similar 
increase in TXA2 production accompanied by no change In PGE2 production. Sequential 
analysis of AM eicosanoid production following a single bolus exposure to bituminous or 
anthracite coal dusts, titanium dioxide (TICk2) dust or crystalline silica showed marked 
vanablhty among individual non-human primates in qualitative and quantitative aspects of 
dust-induced Clcosanold production. However, the rank order of potency of the different 
dusts (silica > anthracite > bituminous) correlated with epidcmiological evidence relating 
the type of dust mined to the incidence of pneumoconlosls. These studies suggest that the 
non-human primate may serve as a model for the study of both the role of elcosanoids in 
the etiology of dust-induced occupational lung disease and the biochemical basis for 
individual vanabllity in the response of lung cells to mineral dust exposure. 

Introduct ion 
Occupational inhalation of mineral dust can lead to chronic debilitating lung disease 

(1,2). One of the key components of the disease process is thought to be the interaction of 
mineral dust with the alveolar macrophage (AM) and the subsequent release by the AM of 
inflammatory and flbrotic substances (3,4). Chronic inhalation of mineral dust, depending 
on the type and amount of dust, may then produce a situation in which ongoing 
inflammation, accompanied by the destruction of functional lung tissue by products of 
activated AM and polymorphonuclcar ncutrophds, stimulates the production of 
nonfunctional matrix by lung fibroblasts. 

The AM produces several oxygenated derivatives of arachldonic acid (AA) which 
may play important roles in dust-induced lung pathophyslology (5,6). In previous studies 
in the rat, we found that prostaglandln E2 (PGE2), thromboxane A2 (TXA2) and 
leukotrlene B4 (LTB4) were the major AA metabolites produced by AM (7). PGE2 is 
associated with pro-Inflammatory activity (8) as well as anti-fibrotic activity since it down- 
regulates interleukln -1 (IL-1) and tumor necrosis factor (TNF) release by AM (9-11). 
TXA2 is known to stimulate platelet activity, cause bronchial and vascular smooth muscle 
contraction (12) and to possess chemotactic activity (13). LTB4 IS chemotactic for 
ncutrophils and monocytes (14) and has been suggested as an additional regulatory factor 
in the release of TNF by AM exposed to silica dust (15). 

AM elcosanold production has been shown to be influenced by exposure to mineral 
dust in vitro and in vivo using both bovine and rat AM (7,16). However, the effect of 
mineral dusts on AM eicosanold in the non-human primate has not been assessed despite 
the phylogemc proximity of this species to man and the ability to follow the progress of 
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dust-reduced pathophysiology through longitudinal analysis of cellular and radiographic 
parameters. Therefore, we characterized and compared basal and silica-stimulated 
elcosanoid producUon by AM from normal humans and non-human primates. In addition, 
we evaluated the production of PGE2 and TXA2 by AM from non-human primates at 
several Ume points following a single bolus installation of dust mto the right lung. The 
results of these stu&es suggest that mineral dusts vary in their potential for activating AM 
elcosanoid production and that individual non-human primates vary in the reactivity of their 
AM to the instillation of mineral dust. 

M e t h o d s  
Bronchoalveolar lavage (BAL) and dust instillation -- Human AM were harvested 

from non-smoking, adult male volunteers by previously described methods (17,18). 
Briefly, the pharynx of subjects was lightly anesthetized with hdocaine and oxygen was 
administered by nasal prongs. Three separate aliquots of 50 ml sterile isotonic saline were 
passed through a flexible fiberoptlc bronchoscope wedged into a subsegmental bronchus of 
the right middle lobe. Each aliquot was then withdrawn by gentle syringe suction. This 
procedure was repeated In the lingula of the left lung. 

Twelve adult female pigtailed macaques (Macaca nemestnna) were used m these 
studies. Animals were housed in individual cages and routinely screened for 
bronchopulmonary infection. BAL was performed using a pe&atrlc bronchoscope as 
previously described (19). In brief, 12 hour-fasted animals were anesthetized with 
ketamine (10-25 mg/kg, I.M.) and subjected to chest radiography, physical examination 
and CBC analysis. The tip of the bronchoscope was wedged into the left caudal bronchus 
for the lavage of lung cells. The bronchoscope was cleaned and the procedure was 
repeated in the right lung for either the instillation of dust or lavage of lung cells. 

Characterized coal and quartz dusts used for in vivo exposure studies were 
provided by Dr. Richard Hogg, The Genenc Technology For Resplrable Dust. Crystalline 
silica (Min-U-Sil) was provided by Dr. Peter BolsaltiS, Massachusetts lnsutute of 
Technology. TIO2 was purchased from Sigma Chem. Co. All dusts were either provided 
or fractlonated to the same size range (2-7 ,urn diameter). Mineral dusts (500 mg) were 
suspended in 50 ml of sterile saline and instilled into the nght lung of non-human primates. 

At two week intervals following dust installation, BAL was performed in order to 
harvest dust-exposed AM. Fifty ml of sterile phosphate-buffered saline (PBS) was 
instilled into the left lung and withdrawn with gentle suction. This procedure was repeated 
twice. The dust-exposed portion of the right lung was then lavaged m a similar manner. 
The BAL was performed at least twice on each animal pnor to dust instillation in order to 
assess pre-lnstillation AM elcosanoid production. 

BAL cell culture -- Pooled lavage fluid from each lung was filtered through stenle 
Nitex filters (60 lam pore size) and centrifuged (225 x g, l0 min) to sediment lung cells. 
Cells were washed once with PBS and recentrifuged. Lung cells were enumerated with a 
hemacytometer and diluted to a concentration of 5 x l0 s cells/ml in tissue culture medium 
(M199, pH 7.35) containing 3 mg/ml albumin and 100 ~g/ml L-glutamme, 100 U/ml 
penicillin and 100 pg/ml streptomycin. Cells were incubated for 1 hr (37°C in a humidified 
atmosphere of 5% CO2 in air) to allow AM to attach. Non-adherent cells were removed 
and AM were Incubated for 24 hr to allow them to retum to a metabolic steady state. AM 
were then incubated for a final 24 hr in fresh M199 in order to evaluate either basal and 
silica-stimulated (100 ittg/ml) eicosanoid production or the effect of in vivo mineral dust 
exposure on AM elcosanold production. Culture medium was removed and subjected to 
lipid extraction m 2 x 2 vols ethyl acetate/cyclohexane ( l : l ) .  Pooled extracts from each 
well were dned under N2, reconstituted m 1 ml ethanol and stored at -20°C until eicosanold 
analyses were performed. 
Eicosanold radioimmunoassay (RIA) -- Appropriate volumes of extract were dried under 
N2, reconstituted in BGG buffer and analyzed in duplicate for elcosanoid levels using 
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anUbodles obtained from Advanced Magnetics, Inc. (Cambridge, MA). Anttbodles were 
spectftc for the relevant eicosano~ds and dtd not slgmflcantly cross-react with other 
elcosanoids (w~th the exception of PGE2 antibody which cross-reacted 42% wxth PGEI, a 
minor AM elcosanold). 

Statistical analysls -- Absolute values for AM elcosanold production are expressed 
as mean (+SEM) values. Relative elcosanold production by dust exposed AM is expressed 
as a percentage of values obtained from either unexposed AM from the same individual (in 
vitro exposure studies) or AM from the unexposed lung of the same indwldual (in vivo 
exposure studies). Compansons of mean elcosanold production were conducted using 
ANOVA m con lunctlon with Dunnett's procedure. 

R e s u l t s  
Comparison of elcosanotd production by alveolar macrophages from non-human 

primates and humans -- We evaluated both basal and sUmulated e=cosanold production by 
AM from humans and non-human primates m order to determine specles-specffrc 
characteristics. In non-human primates we found no difference m basal elcosano~d 
production between AM harvested from the left and nght lung. In addition, eJcosanoid 
production by AM harvested from individual ammals was slmdar from one lavage to 
another (data not shown). Basal productxon of both PGE2 and TXA2 (measured as TXB2, 
the stable metabolite of TXA2) was higher m the human than m the non-human primate 
(Figure 1). [These values are presented as pg/ml of culture medmm since there was no 
difference in cellular protein content (80-100 ~tg) in cultures from these species.] Human 
AM produced 7425 (+1635) pg/ml PGE2 and 12454 (+2030) pg/ml TXA2 while non- 
human primate AM produced 2110 (_+.368) pg/ml PGE2 and 422 (+92) pg/ml TXA2. 
Thus, human AM produced more TXA2 than PGE2 whde non-human primate AM 
produced more PGE2 than TXA2. The relative variabdlty m elcosanold production among 
human mdl~ iduals (PGE2 range 1610-13,320 pg/ml, coefficient of variation = 0.76; TXA2 
range 2370-22,370 pg/ml, coefficient of vanauon = 0.56) was slmtlar to that among 
mdwldual non-human primates (PGE2 range 1047-4292 pg/ml, coefficient of vanatlon = 
0.58; TXA 2 range 108-995 pg/ml, coefficient of vanauon = 0.72). 

. . - - . .  

E 

v 

o 

30000- 

20000- 

10000- 

0 

0 

A 

8 
o 
o A 

Human Non-human primate 
(n=l 2) (n=l 1 ) 

Figure 1. Basal eicosanoid production by AM from humans attd non-human primates. 
Data points represent values for eicosanoid levels (circles are values for PGE2, triangles are 
values for TXB2) in culture medium as determined by specific radioimmunoassay. 
Horizontal bars represent mean values for each eicoaanoicL 
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In vitro exposure of non-human primate AM to silica dust resulted in a significant 
increase in TXA2 production from 556 (+151) pg/ml to 769 (+206) pg/ml (p=0.039, 
Figure 2). PGE2 production by non-human primate AM was "also increased by exposure to 
silica from 1257 (+176) pg/ml to 1418 (±108) pg/ml, however this increase was not 
statistically significant. Exposure of human AM to silica dust resulted in a modest increase 
in PGE2 production from 5354 (±1706) pg/ml to 6519 (±2188) pg/ml and a substantml 
mcrease in TXA2 production 7899 (±1918) pg/ml to 15786 (±6107) pg/ml. However, 
neither increase in silica-stimulated elcosanoid production by human AM was statistically 
significant. 
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Figure 2. The effect of  in vitro exposure to silica dust (100 #g/500,O00 AM) on the 
production o f  eicosanoids by AM from human and non-human primates. Data are 
expressed as % of  control (no dust exposure) values. Absolute mean values ( ±SEM) are 
reported in the text. 

The effect of mineral dust installation on elcosanold production by AM from non- 
human pnmates -- Sequential analysis of AM eicosanold production by AM harvested fr, . ,  
non-human primates at 2 wk intervals following instillation of various mmer,J du' :.7 
suggested that considerable individual variation exists m both quantitative and qualitative 
aspects of the reaction to these stimuli (Figures 3-6). For example, instillation of 
bituminous coal into the nght lung resulted in an Increase in PGE2 and TXA2 production 
by AM harvested 2 weeks after dust installation in only 1 of 3 animals (Figure 3). 
tqowever, AM from another animal in this group did not react to the dust until 6 weeks 
after instillation. Likewise, whde 1 of 3 animals instilled with anthracite coal dust 
demonstrated a marked blphaslc response in AM eicosanold production over the duration of 
the study, another animal showed only a modest reaction (Figure 4). These qualitative and 
quantitative differences are apparent in each group regardless of the type of dust instilled 
However, quahtltatlve differences in the reaction to different dusts were observed when 
trends in elcosanoid production among the groups were compared (Figure 7). As 
expected, the greatest increase in AM etcosanold production resulted from exposure to 
silica dust while, at most time points following instillation, bituminous coal dust produced 
only a small increase in AM elcosanold production. In general, TIO2 and anthracite coal 
dust produced an increase in elcosanoid production which was intermediate between silica 
and bituminous coal. There were no statistically significant differences m mean % control 
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values among groups, probably due to individual variabihty and the limited number of 
ammals in each group. No increase in the production of elcosanotds by AM from the left 
lung was observed in any dust-exposed ammal. 
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Figure 3. The effect of in vivo exposure to bituminous coal dust on the production of 
eicosanoids by AM from non-human primates. Different symbols represent values 
obtained using AM from different individual non-human primates. Values represent % 
change from those seen in AM from the unexposed lung of each itulividuaL 
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Figure 4. The effect of in vivo exposure to anthracite coal du~t on the production of 
eicosanoids by AM from non-human primates. Different symbols represent values 
obtained using AM from different individual non-human primates. Values represent % 
change from those seen in AM from the unexposed lung of each individual. 
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Figure 5. The effect of in vivo exposure to titanium dioxide du.~t on the production of 
eicosanoids by AM from non-human primates. Different symbols represent values 
obtained using AM from different individual non-human primates. Values repre.sent 
change from those ~een in AM from the unexposed lung of each individual. 



214 Prostaglandins 

c-" 

0 

0 
(.~ 

c- 

O 

c- 

O 

2000 

1000 

0 

2000 

1000 

0 

P 

I I I I I 

2 4 6 8 10 
wks following instillation 

TXB 

i I I i I 

2 4 6 8 10 
wks following instillation 

Figure 6. The effect of in vivo exposure to crystalline silica dust on the production of 
eicosanoids by AM front non-human primates. Different symbols represent values 
obtained using AM from different individual non-human primates. Values represent % 
change from those seen in AM from the unexposed lung of each individual 
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Figure 7. The effect of  various mineral dusts on the production of eicosanoids by AM 
ft'ottl notl-humatt primates. Values at the indicated time points after dust instillation are 
mean~ of values from 3 animals in each group. 
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D i s c u s s i o n  
The role of macrophage eicosano~d production m a variety of inflammatory and 

l~brotm &sease processes has been extensively evaluated. It has been suggested that the 
pnmary role of mcosanolds is expressed through regulator3; funcuons including the 
mediauon of vascular dynamics, immune cell recrmtment, lysosomal enzyme release and 
cytokine production (reviewed mref. 20). Indeed, intetwenuon whmh targets exaggerated 
mcosanoxd production (eg. aspirin) has been shown to effecuvely ameliorate the 
inflammatory process. Much of the hterature related to the role of elcosanolds in 
inflammation has been developed using in vitro and animal models. These studms have 
been of great value in the development of therapeutm approaches m the human. However, 
the need for continued evaluation of these models, based on apparent specms differences 
which may diminish their relevance to human pathophyslology and biochemistry, is well 
recogmzed. Thus, our experiments were designed to charactenze AM mcosanold release as 
a result of mineral dust exposure m order to provide a basis for the possible use of the non- 
human primate model m the evaluauon of this aspect of lung pathophysmlogy. In 
particular, these studms focused on PGE2 as a modulator of lung fibrosis through ~ts 
regulator 3' role on macrophage cytoklne release (11), and on TXA2 productton smce httle is 
known about the effect of mineral dust on the productmn of th~s major macrophage 
mcosanold and since TXA2 has been shown to be chemotactlc for monocytes, the 
progemtor cell of the macrophage (13). 

Mineral dust has been shown to acuvate AM emosanold production both in vitro 
and m inhalation and mstdlatmn models of dust toximty (7,21-23). The mechamsm of 
acuvation probably revolves radical-mediated lipid peroxidatlon (23-25). Sihca dust has 
been particularly well studied due to its potent bloloDcal acuv W and presumed key role m 
the occupational lung pathophysmlogy of coal and rock miners (1). Englen et al. (6) 
evaluated eicosanold release by bovme AM exposed to 0.5-5 mg crystalhne silica and 
found that the productmn of cyclooxygenase metabohtes (PGE2, TXA2, PGF2c0 
predominated at lower doses of sihca whale hpoxygenase products (LTB4, LTC4) became 
the predominant arachidomc acid metabohtes at higher doses. However, Brown et al. (26) 
found no PGE 2 produced by human AM exposed to 1 mg/ml sihca and Blssonnette ct al. 
(27) found no increase m PGE2 productmn by rat AM exposed to 100 ~g/ml sd~ca 
Finally, our own studies w'lth rat AM showed" that both amorphous fumed silica and 
cr3,stalline stlica can sumulate AM elcosanold release with the former being considerably 
more potent than the latter (23). These disparate findings may be explained by the type and 
dose of sihca utihzed, the vanable protocols employed (eg. exposure to silica tmmedmtely 
after harvest or following 24 hr of premcubat~on), the relative contribution of different 
subsets of AM harvested from different specms (4) or the strain and age of the animals 
from which AM are harn'ested. Thus, it is apparent that the results of in vitro and animal 
model studms of mineral dust bmactivity must be interpreted carefully regarding thmr 
application to human mineral dust-induced lung disease. Studms of the effects of coal dust 
are much less prolific and are likely to ymld even more confhctmg results due to both the 
chemical complexity of the mineral itself and the enormous varmbdtty m mineral 
composition of coal from different sources. 

Vanabihty m the morphology and reacuv~ty of AM among specms and stratus 
within specms has also been reported (28,29). Moreover, the response to sdma dust is 
apparently qmte variable among stratus and among mdwiduals of the same strata. Calhs et 
al. (30) evaluated mflammatton and fibrosis m s~x stratus of m~ce exposed to sdica dust by 
mtratracheal instillation and found that parameters of sdlca b~oactlvity can vary two-fold 
depending on the strain. In addxtmn, Hannothmux et al. (31) determined that lung 
enzymatxc activity among individuals w~thtn the strata Macacus cynomolgus can var3, as 
much as ten-fold when these animals inhale aerosollzed silica dust. Thus, it is not 
surprising that cultured AM from both humans and monkeys showed marked mdp,'ldual 
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vanabdity in the present study. However, despite significant differences m absolute values 
for PGE2 and TXA2 production between the two species, the relative vanabdity within 
each species was not markedly different. Thus, intraspecies heterogeneity in basal 
eicosanoid production is similar between the human and Macaca nemestnna. It is important 
to note that variabihty in structural and functional aspects of the lung is widely thought to 
explain both inter- and intraspecles vanabihty in the relative pathophystology which may 
result from exposure of the lung to certain mineral dusts (32-34). Our studies suggest that 
the relative productlon of PGE2 and TXA2 by AM from human and non-human primates is 
different. That is, while the human produces more TXA2 than PGE2, a phenomenon also 
noted m the studzes of Baiter et al. (5), the non-human primate produces more PGE2 than 
TXA2 (simdar to the rat, ref 7). The relevance of this difference to lung physiology or 
pathophysiology Is currently unclear. 

While absolute and relative aspects of basal eicosanold production by AM from 
human and Macaca nemestrma showed some differences in our studies, the relative 
response of AM from both species to in vitro silica exposure was similar. TXA2 
production by AM from both species was elevated by exposure to crystalline silica whde 
the production of PGE2 was unchanged. The finding that human AM do not respond to 
silica with elevated PGE2 production has been documented m other studies (26) and is the 
basis for the suggestion that the fibrotlc response to silica may be due m part to the mabd~ty 
of the sihca-exposed AM to down-regulate lnterleukm-1 release by increasing PGE2 
production. In contrast, PGE2 production ~s elevated by in vitro exposure of rat AM to 
sdtca dust (23) and rats exposed to silica dust by inhalation do not dex elop a sdicotic lesion 
which resembles that seen m the human (35). Thus, our data suggest that the eicosanold 
response of the non-human primate AM to in vitro silica exposure is relatively s~mllar to 
that which occurs in the human. 

AM from Macaca nemestrma exhibtt individual variability in response to installed 
mineral dust on both a temporal and relative basis. Within each experimental group, we 
found individuals who showed marked ele~ ations in elcosanoid production by AM from 
the exposed lung whde AM from other individuals were apparently unresponsive. In 
addmon, whde AM from some ammals showed a peak of elcosanold reactiv,ty two weeks 
after dust instillation (the first lax age conducted after dust administration), AM from other 
individuals manifested increases in etcosanold release at later time points. In general, there 
was a good correlation between the patterns of production of the individual eicosanolds. 
This heterogeneity in AM elcosanoid response to mineral dust is similar to the vanablhty 
seen in enzymatic activity by Hannothlaux et al. (3 I). Of interest was the observation m 
our studies (data not shown) that macrophage reflux, as measured by total AM recox er 3' in 
each lavage, correlated well with the eicosanold response. This observation may be due 
partly to the chemotactlc activity of TXA2 (13) and another eicosanotd not measured in our 
studies, leukotnene I34. 

Examination of mean eicosanold production among the expenmental groups (Figure 
7) was conducted m these studies only to begin to assess the characteristics of the model in 
relation to the known relative pathogemc~ty of different mineral dusts. Wtule these 
comparisons showed no statistically significant differences among the groups, due to the 
apparent mdlvldual x anablhty in response and the limited number of animals which were 
allocated to each experimental group, they did reveal a pattern which is similar to 
epidemiologtcal associations between the type of dust mined and the incidence of 
pneumoconlosis. For example, McChntock et al. (36), and Jacobsen and Maclaren (37), in 
extensive studies of miners from British collieries, found that the SdlCa content of coal 
correlated posmvely with the degree of progression of simple pneumoconlosis. Moreover, 
the rapidity with which simple pneumocomosis progressed was proportional to the risk for 
the development of progressive massive fibrosis. Likewise, it has been demonstrated that, 
generally, the incidence of CWP is h:gher in anthracite coal mines than in bituminous mines 
(1). However, neither the role of silica nor the influence of coal rank as predominant in the 
pathophystology of dust-reduced lung d~sease is umversally accepted, primarily due to the 
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complexity of individuals, dusts and mining environments which, m all likelihood, 
combine to determine the relative seventy of lung malfunction and disease (38). 
Nonetheless, the data presented here support the concept that the type of dust to which the 
AM rs exposed max; be an important factor m eicosanold-medmted lung inflammation. In 
addition, the vanabd~ty among individual non-human pnmates supports the suggesuon that 
host factors may be relevant to expressxon of the disease process resulting from mhalauon 
of specific dust types. Thus, exposure of non-human primates to anthracite dust resulted m 
greater increase in eicosanoid producuon at most time points than did exposure to 
bitummous coal. In addition, sdlca acUvated AM eicosanold production to a greater degree 
than either bituminous or anthractte coal dust Whale a statrstlcal evaluation of the 
significance of differences among dusts was not possible in our studies, these results tend 
to support the suggestton of others than the relative ability of mineral dusts to acttvate AM 
elcosano~d production may be a key factor in the extent to which lung pathophysiology is 
produced. 

Of additional interest in our studies was the finding that TiO2 was not inert with 
regard to the activation of AM eicosano~d release. TIO2 is thought to be innocuous and has 
been used m in vitro and ammal models as an inactive, negattve control dust. However, 
our results, as well as those of Dnscoll et al. (22), suggest that TlO2 may be biologically 
active under certain condluons. In parucular, when dust load ts h~gh or when the AM is 
"primed" by prior exposure to dust or other stimulants, TIO2 may be capable of acUvatmg 
AM. Th~s acuvat~on may result m elcosanoid and cytokme release at a level comparable to 
that of other dusts. 

The studies presented here are part of an ongoing evaluation of a variety of aspects 
of lung pathophysiology m the non-human primate model of mineral dust exposure. These 
studies wall allow the sequentml analys~s of the effects of mineral dust on the production of 
mediators of inflammation and fibrosis and may provide addluonal valuable mformatlon 
related to the etiology of mineral dust-reduced lung disease, the role of individual variability 
m the development of dust-reduced lung pathophysiology, and the efficacy of potenttal 
intervention modahtles designed to reduce the mctdence and severity of pneumocomoses. 
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