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While aluminum (AI) is one of the most abundant elements encountered in the 
environment, and some daily exposure is unavoidable, inhalation of Al by the 
general population is generally considered to be negligible (i.e., 0.14 mg aluminum 
dustld [Jones and Bennett, 1986]). Conversely, smelters, miners, and other workers 
involved in various metal industries are often acutely exposed, accidentally or inten
tionally, to much higher levels of ambient AI. For example, one study has indicated 
that aluminum welders were often exposed to localized atmospheres containing 2.4 
mg AlIm3, resulting in time-weighted-average intakes of >23 mg Al/8 hr shift 
(Sjogren et aI., 1985). In addition, because of its demonstrable role as a prophylactic 
agent against silicotic lung diseases (Denny et aI., 1939; Le Bouffant et aI., 1977; 
Begin et aI., 1986, 1987; Brown et aI., 1989), many miners were intentionally 
exposed to airborne mixtures of finely-ground aluminum powder containing ",15% 
elemental Al and 85% aluminum oxide (alumina; A1203) prior to their entering the 
mineshafts (reviewed in Rifat et aI., 1990). Although there is no information 
describing acute or chronic effects upon human pulmonary health from environ
mental exposure to airborne AI, there are numerous reports which have described 
increases in pneumonia, bronchitis, asthma, hard metal pneumoconiosis, lung 
cancers, and/or pulmonary fibrosis in occupationally-exposed subjects (Gibbs, 1985; 
Abramson et aI., 1989; Chan-Yeung et aI., 1989; Larsson et aI., 1989; Schwarz et 
aI., 1994; Soyseth et aI., 1995; Kilburn, 1998; Sorgdrager et aI., 1998). 

AI-Containing compounds, the majority of which are the various forms of 
alumina (i.e., activated, metal-grade, calcined), are widely employed in the chemical, 
abrasive, ceramic, and refractory industries apart from their use in the primary 
aluminum production. In the latter, Al is first refined from bauxite ("Bayer process") 
to isolate alumina and then recovered by electrolytic reduction ("Hall-Heroult 

M. D. Cohen et al. (eds.), Pulmonary Immunotoxicology
© Kluwer Academic Publishers 2000



268 Pulmonary Immunotoxicology 

process") of an Al203/cryolite (3NaFAIF3)-containing melt held in a large 
reduction pot. During "dry-scrubbing" to minimize fluoride release, virginal 
(primary) Al203 is used to adsorb any fluoride emitted and the now-modified 
(recovery/secondary) alumina is, in turn, added to the reduction pot. However, this 
remedial process increases the generation of AI-containing dusts within the potroom 
environment. Not surprisingly, a concurrent increase in the incidence of respiratory 
symptoms has been noted among those workers in potrooms where dry scrubbing 
was employed (Gylseth and Jahr, 1975; Edouard and Lie, 1981). While this clearly 
suggests that Al203 and AIF3 are two major airborne compounds to which workers 
might potentially be at risk for exposure, other AI-containing agents may also be 
present at significant levels that could pose a health risk. These include aluminum: 
isopropylate; sulfate; hydroxide; chloride; nitrate; and, phosphide, as well as triethyl 
aluminum and Al metal itself (NIOSH, 1984). 

Measurable levels of Al have been found in the majority of urban atmo
spheres, with levels in many major metropolitan areas ranging from 0.4 - 10.0 mg 
AI/m3 (ATSDR, 1992). In rural areas and those without contributing point sources, 
average atmospheric Al levels are substantially lower but highly variable. For 
example, levels in central Canada have been shown to range from 0.27 - 0.39 mg 
AI/m3, those in rural Hawaii ranged from 0.005 - 0.032 mg AlIm3. Although no 
international guidelines are in place for permissible levels of workplace airborne Al 
levels, national regulations do exist but vary depending upon the Al compound or 
generation source involved. For example, the current accepted levels (8 hr time
weighted-average [TW AD recommended by OSHA for Al metal dust, A1203, 
welding fume AI, and soluble Al salts are 15, 10, 5, and 2 mg AlIm3, respectively 
(OSHA, 1989). 

As evidenced by these varying OSHA standards, it is compound solubility 
which ultimately is critical to the extent of pulmonary (immuno)toxicities which 
might evolve following inhalation of AI-containing compounds. However, while 
many studies have described the post-inhalation distribution/excretion of Al203 
(Rollin et aI., 1991), Al flakes (Ljunggren et aI., 1991), AI-welding fumes (Sjogren 
et aI., 1985, 1988), or aluminum chlorhydrate (Stone et aI., 1979), to date, none 
have formally compared or characterized the respective half-lives and/or clearance 
patterns of those Al compounds encountered in occupational settings. In addition, 
several studies have concluded that pulmonary burdens of Al normally tend to 
increase with host longevity irrespective of the source of the Al (reviewed in Ganrot, 
1986; DeVoto and Yokel, 1994). 

Among the studies which have directly examined the effects of inhaled Al 
compounds upon the development of pulmonary fibrosis and/or asthma ("potroom 
asthma"), only a few have assessed the histological changes/inflammatory responses 
that evolved following intrapulmonary deposition of these agents. For example, an 
examination of the lungs of rats instilled once with either 1 or 5 mg A1203/kg BW 
evidenced dose-dependent increased inflammatory responses (as characterized by an 
increased neutrophil (PMN) influx and total numbers of cells recovered by lavage) 
and a minimal amount of interstitial inflammation/type II cell hyperplasia over a 2 
mo post-exposure period (Lindenschmidt et aI., 1990). Unlike what was observed 
following instillation with a fibrogenic dust containing silica (i.e., the inflam
matory response increasing as a function of time post-instillation), the effects from 
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AI203 were maximal within the first 7 - 14 d post-exposure and slowly decreased 
toward normal thereafter. A comparison of the inflammatory effects of virginal 
Al203 against those of potroom dust (a mixture of aluminas and AIF3), indicated 
that while a single instillation of virginal Al203 had the capacity to induce 
pulmonary inflammation and an associated influx of PMN into the lungs, the effects 
from a similar exposure to potroom dust were often greater (albeit not always dose
dependent) (White et aI., 1987). In this study, potroom dust-induced increases in the 
numbers of PMN in the lungs were often accompanied by concurrent decreases in 
the amounts of recoverable alveolar macrophages. This is important to note in that 
in a later study which examined the effects of primary/virginal Al203 vs those of 
secondary/recovery A1203, single instillation of an ""8-fold higher amount (i.e., 40 
mg/rat) of virginal Al203 failed to give rise to any change in total cell numbers 
and/or PMN recovered at 1 mo post-instillation (Tornling et aI., 1993). Conversely, 
instillation of an equivalent amount of fluoride-adhered secondary Al203 caused (in 
this same timeframe) a near doubling in the levels of total cells and of alveolar 
macrophages, as well as a 10-fold increase in the numbers of PMN, recovered from 
the lungs of treated hosts. That apparently incongruous results arose among these 
studies is not surprising given that generation-related variations in the purity/co
contaminant composition of various "alumina" samples are sufficient to induce 
disparate immunotoxicologic effects in the lungs of treated hosts (Ess et aI., 1993). 
As such, attempting to draw any broad conclusions about pulmonary (immuno)
toxicologic effects from host exposure to "potroom dust" should be done with great 
caution as relative dust composition (i.e., amounts of primary and secondary Al203 
among any/all AI-containing agents present) can clearly affect the observable out
comes of assays which measure inflammation and associated responses. 

A few studies have examined the effects from host inhalation/exposure to Al 
compounds upon bronchoalveolar fluid (BAL) composition (i.e., to be used as 
indirect indicator of cell/tissue damage). The studies by Lindenschmidt et ai. (1990) 
demonstrated that a single instillation of AI203 induced short-lived significant 
increases in the amounts of lactate dehydrogenase (LDH; an index of lung cell 
membrane damage), total protein (TP; an index of potential fibrotic activity/vascular 
damage), and of ~-glucuronidase and N-acetylglucosaminidase (BG and NAG; 
markers of macrophagelPMN membrane damage) in rat BAL. In determining which 
particular protein(s) in the BAL might comprise this increase in total protein 
content, Tornling et ai. (1993) concluded that Al203 instillation induced time
dependent increases in the levels of BAL fibronectin, while levels of albumin and 
hyaluronan remained unaffected. 

There have also been a few studies have examined the effects from host 
inhalation/exposure to AI compounds upon the ability of the lungs of these exposed 
hosts to resist/clear viable bacterial challenges. In mice which had been exposed for 
a single 3 hr period to atmospheres containing 0.3 - 0.5 mg AlIm3 (as aluminum 
sulfate [AI2(S04b)) or 0.2 - 0.5 mg AlIm3 (as aluminum ammonium sulfate 
[AI2(S04)3(N~hS04)) and then immediately (within 1 hr of Al exposure) infected 
by a 10 - 15 min exposure to atmospheres containing viable Streptococcus zooepi
demicus, those hosts exposed to either metal compound displayed increased (albeit 
not significant) mortality rates compared to air-exposed infected control mice 
(Drummond et ai. 1986). Unfortunately, these results both contradict and support 
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those in earlier studies that examined whether host inhalation of/instillation with 
AI-containing compounds could modulate host pulmonary responses to infection. In 
one study, while one 3 hr exposure to increasing amounts of AI2(S04)3 resulted in 
a significant increase in host mortality due to subsequently-inhaled S. pyogenes, 
inhalation of equivalent (or greater) amounts of AI2(S04h(NH4hS04 never signif
icantly modified host survival against the pathogen (Ehrlich, 1980). Conversely, if 
the compounds were first instilled and the hosts subsequently infected with S. 
pyogenes, mice that received AI2(S04h(NH4hS04 displayed significantly greater 
mortality rates than did those that received an approximately equivalent amount of 
A12(S04h (Hatch et aI., 1981). Of even greater interest in this latter study is that 
when mice were permitted to inhale either compound rather than have either 
deposited in their lungs by instillation, no significant differences in host mortality 
(between the two agents or as compared with sham/air-exposed infected controls) 
were documented. 

Very little is known about the effects of Al upon lung immune cell-related 
functionalities. While one study has demonstrated that aluminum potroom workers 
display abnormal systemic levels of T-helper (T4)- and T-suppressor (T8)-lympho
cyte levels (as well as abnormal T41T8 ratios) as compared to control populations, a 
subtyping of lung lymphocyte populations was not performed (Davis et aI., 1990). 
In a study which did examine lung lymphocyte levels in potroom workers who had 
been exposed to AI-bearing dusts for up to 12 yr, total lymphocyte levels were not 
significantly different from those in lavages obtained from control workers; again, 
unfortunately, population subtyping was not performed and so it remains unclear as 
to whether variations in the relative percentages of T4 and T8 lymphocytes were 
present in the lungs of the potroom workers (Eklund et aI., 1989). Analyses of other 
immune cells recovered during lavaging also indicated that both the relative percent
ages in the total populations and the viabilities of both alveolar macrophages and 
PMN in the lungs of AI-exposed workers were unaffected by the chronic exposures. 
Though it appeared that the ability of potroom worker macrophages to bind/ingest 
yeast particles was significantly reduced compared to that by cells obtained from 
control employees, it was subsequently shown that neither surface opsonin (i.e., 
OKMI C3bi) receptor expression nor phagocytic activity itself were modified. A 
similar lack of effect upon alveolar macrophage viability or phagocytic activity was 
demonstrated in vitro in hamster cells incubated with Al203 particles (Warshawsky 
et aI., 1994). Using rabbit alveolar macrophages co-cultured with A1203, it has also 
been shown that oxidative metabolism (as measured using nitroblue tetrazolium 
[NBT] reduction in resting and stimulated cells) was only nominally affected (Gusev 
et aI., 1993). 

In in vitro studies which examined the effects from a soluble Al compound 
(Le., aluminum chloride, AICI3) upon rat alveolar macrophage viability, membrane 
integrity, oxygen consumption, and reactive oxygen intermediate formation, 
although the exposure did not induce any alteration in cell membrane integrity or 
viability it did cause significant reductions in 02 consumption by either resting or 
zymosan-stimulated cells, and subsequently, reductions in superoxide anion genera
tion by the latter (Castranova et aI., 1980). That soluble AICl3 did not display an 
increased cytotoxic effect upon macrophages as compared to insoluble Al203 agents 
is somewhat contrary to previously-documented solubility-dependent differences in 
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effects observed with several other trace elements (reviewed in Cohen et aI., 1997, 
1998). One likely explanation for this similarity in effects engendered by these 
soluble and insoluble Al agens has been provided by a study which demonstrated 
that upon AICI3 deposition in the lungs, there is a rapid sequestration of free Al 
ions by resident macrophages and type I pneumocytes such that little Al is able to 
cross the alveolar-capillary barrier (Berry et aI., 1988). Once entrapped within cellu
lar lysosomes, complexation with free phosphate ions (generated by the activity of 
organelle acid phosphatase(s)) then results in the formation of insoluble aluminum 
(ortho)phosphate (AIP04). As a result of this process, Al (irrespective of its parent 
form as an insoluble or soluble compound) remains trapped within the macrophages 
and pneumocytes and is only slowly cleared from the lungs during alveolar clear
ance. In light of this somewhat unusual mechanism, it is then not so surprising that 
the relative toxicities of Al203 and AICI3 upon the alveolar macrophages from 
varying host species did not differ all that much. 

COPPER 

Unlike some of the metals discussed in this chapter, studies of copper (Cu) 
immunotoxicity are complicated by the fact that, much in the manner of zinc, Cu is 
essential to maintenance of immunocompetency. Deficiencies of Cu due to heredi
tary factors as occur in Menke's (trichopoliodystrophy) and Wilson's disease or poor 
nutrition give rise to compromised host resistance (Beach et aI., 1982; Lukasewycz 
and Prohaska, 1990) as well as developmental emphysema due to a decrease in the 
activity of Cu-dependent lung lysyl oxidase (Harris et aI., 1974; O'Dell, 1981). 

The paucity of epidemiological studies reporting ill effects from exposure to 
inorganic Cu compounds might suggest that Cu is not particularly hazardous. How
ever, Cu present in several environmental media is unwittingly inhaled by animals 
and humans and instances of Cu intoxication that give rise to alterations in lung 
immune cells and their function do occur. The highest air levels of Cu are generally 
encountered in the vicinity of metallurgical processing plants, iron and steel mills, 
and around coal-burning power plants. In these workplace atmospheres, Cu is most 
commonly found as cuprous oxide (Cu(lhO) and cupric hydroxide (Cu(I1)(OHh) 
(Peoples et aI., 1988); in the presence of atmospheric moisture, the CU20 is readily 
converted to cupric oxide (Cu(I1)O). As a result of industrial processes, industrial 
smokes contain particulate Cu at levels often ranging from 50 - 900 flg Cu/m3; 
conversely, airborne Cu concentrations in rural/suburban areas average only "'0.01 -
0.26 flg Cu/m3 (Purves, 1977; Tsuchiyama et aI., 1997). Apart from incidences of 
occupational exposure, daily Cu intake averages "'0.02 mg (EPA, 1980). 

The major immunologically-based conditions reported to arise from inhalation 
of inorganic Cu compounds are metal-fume fever (with specific reference to Cu, 
termed 'copper fever') (McCord, 1960; Cohen, 1974; Piscator, 1976; Nemery, 1990) 
and pneumofibrosis (vineyard sprayers' lung) (Pimentel and Marques, 1969; Villar, 
1974). A few epidemiological studies have indicated that workers in copper smelters 
have an increased incidence of lung cancers (Kuratsune et aI., 1974, Tokudome and 
Kuratsune, 1976; Ostiguy et aI., 1995; Sorahan et aI., 1995); although Cu binds 
with and affects the structure and integrity of DNA and RNA (Sagripanti et al. 
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1991), a definitive linkage to cancer causation is still not at hand. Interestingly, 
precisely because Cu ions can enhance DNA damage in several biological systems, 
it has been combined with select antitumor agents (i.e., bleomycin, streptonigrin, 
and camptothecin, or irradiation) in efforts to reduce tumor size in vivo. (Raisfeld et 
aI., 1982; Sugiura et aI., 1984, 1985). 

Deficiencies of Cu can give rise to alterations of immune cell numbers and 
functions. These changes include: a reduction in T-lymphocyte (primarily the 
CD4+,CD8--helper-T [THl cell) numbers; inhibition of B- and T-lymphocyte 
responsiveness to mitogens; decreased antibody formation; decreased phagocytic cell 
microbicidal activity; increased acute and delayed inflammatory responses; and, 
enhanced host susceptibility to infections (Newbeme et aI., 1968; Prohaska and 
Lukasewycz, 1981; Jones and Suttle, 1983; Lukasewycz and Prohaska, 1983; Vyas 
and Chandra, 1983; Jones, 1984; Flynn, 1985; Lukasewycz et aI., 1985). Although 
the above ex vivo studies, for the most part, utilized systemic immune cells, it is 
likely that lung immune cells also displayed the same alterations as a result of the 
Cu deficiency. 

While much attention has focused upon the essential role of Cu in proper 
immune function, immunomodulation arising from Cu toxicosis has also been 
examined. In studies examining the clearance of soluble cupric sulfate (CUS04) and 
insoluble CuO from the lungs of rats, it was shown that the clearance half-time of 
CuO was more than 5 times that of the soluble sulfate (37 h vs 7.5 h post-instil
lation) (Hirano et aI., 1990, 1993). Although in each case metallothionein forma
tion was induced, it was determined that this Cu-binding protein contributed little to 
the localized accumulation of Cu originating from either compound. Similarly, both 
CUS04 and CuO induced strong pulmonary inflammatory responses (assessed using 
cytological, biochemical, and elemental indices) that became predominant within 12 
hr of instillation and remained significantly elevated for 3 d thereafter. As each agent 
induced similar effects in situ, even though their clearance times strikingly differed, 
it was concluded that CuO particles undergo rapid dissolution following their deposi
tion in the deep lung. 

The proinflammatory effects of Cu may help to explain, at least in part, the 
observed increase in pulmonary fibrosis following host exposure to copper sulfide 
(CuS)-bearing dusts or CUS04-containing Bordeaux mixtures used to treat crops 
(Lutsenko et aI., 1997; Eckert and Jerochin, 1982). Somewhat similar effects have 
also been observed in the lungs of hosts exposed to more novel compounds like 
copper gallium diselenide and copper indium diselenide, agents routinely used in the 
photovoltaic and semiconductor industries (Morgan et aI., 1995, 1997). Both of 
these agents gave rise to strong proinflammatory responses, type II cell hyperplasia, 
and increases in biochemical indices of fibrosis following instillation. However, 
unlike with CuS or CUS04, histological changes indicative of increased pulmonary 
interstitial fibrosis were not observed. 

Apart from inflammation, other effects of Cu upon pulmonary immunocompe
tence have also been documented. In mice that underwent single or mUltiple 3 hr 
exposures to CUS04 aerosols (over a broad range of concentrations), resistance to 
challenge with viable S. zooepidemicus was drastically reduced (Ehrlich et aI., 1978; 
Ehrlich, 1980; Drummond et aI., 1986). In Cu-exposed mice, mortality rates were 
increased from 54 - 100% (compared to that in air-exposed controls) and changes in 
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mean survival time were decreased from 4 - 11 d (over a 14 d post-infection period). 
In mice repeatedly exposed to CUS04 prior to infection, these endpoints were still 
significantly altered, but not to the same extent as that in mice that simultaneously 
inhaled Cu and bacteria. Similar effects were also observed in mice instilled with 
CUS04 and then challenged with S. pyogenes (Group C) (Hatch et aI., 1981) and 
these Investigators determined that the bactericidal activity of alveolar macrophages 
was impacted upon by the Cu ion with in situ killing of bacteria being dose-depen
dently decreased. This latter effect was in keeping with previous observations that 
inhaled CUS04 reduced lung macrophage phagocytic/endocytic activity in situ in the 
absence of a concurrent change in total cell numbers (Skornik and Brain, 1983). 

Other studies provide further evidence that alveolar macrophages are a target for 
the immunotoxic effects of inhaled Cu. Following a single instillation of CuO, rat 
alveolar macrophages were shown to undergo hypertrophy and to develop increased 
levels of polymorphic nuclei with margination of the chromatin, crystalloid-like 
inclusions, concentric and parallel lamellar structures, lattice formations, and 
degenerative membranous structures (Murthy et aI., 1982). A different study 
indicated that exposure of macrophages to Cu resulted in decreased lysosomal 
permeability, reduced levels of lysosomal enzymes (without changes in enzyme 
activities), increased secretion of lysosomal enzymes from vesicles, and increased 
lysosome labilization (Ludwig and Chvapil, 1981). Alveolar macrophages recovered 
from rabbits exposed to 0.6 mg/m3 cupric chloride (CuCI2) every weekday for 1 mo 
were shown to contain increases in the amounts of lamellated inclusions in the cyto
plasm, lysozyme content, and surface blebs (Johansson et aI., 1983; Lundborg and 
Camner, 1984; Camner et aI., 1985; Johansson and Camner, 1986). However, 
unlike the alveolar macrophages of the earlier-described mice exposed to CUS04, 
cells from rabbits did not display changes in phagocytic activity, oxidative metabo
lism, or bactericidal function; it should be noted that these results may differ not 
because of the host species or the Cu compounds employed but, rather, because 
these functionality studies were all performed ex vivo as opposed to in situ. To 
further confound the issue of the pulmonary immunotoxicity of Cu, the rabbits that 
inhaled the CuCl2 also failed to evidence any lung inflammation. 

It is likely that Cu toxicoses arising from non-inhalation uptake of Cu also 
affect the function of lung immune cells. For example, dietary Cu oversupplementa
tion increases the severity of infections in animals (Wilhemsen, 1979; Hill, 1980), 
reduces cell-mediated responses to PHA and lysozyme (Kornegay et aI., 1989), and 
significantly increases autoantibody levels in sera (Pocino et aI., 1990, 1991). These 
studies also indicated specific differences in immunotoxic mechanisms of Cu ions in 
that splenic T-Iymphocyte responses to ConA were inhibited after acute and sub
chronic host exposure to Cu, while B-Iymphocyte responses to LPS were enhanced 
by acute, but not subchronic, exposures. Similar time-dependent effects were also 
seen in studies monitoring the onset and strength/duration of delayed-type hypersen
sitivity reactions. Although it is still not clear whether the same effects occur with 
lung lymphocytes following inhalation of Cu, these studies provide a basis for 
predicting what types of non-macrophage-related immunomodulation may occur. 

Many of the in vitro studies performed to try to delineate the mechanisms by 
which Cu induces systemic immunomodulation have utilized Cu ions in complexes 
with serum proteins. This is a logical premise since ",,90% of all extrapulmonary Cu 
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is bound to ceruloplasmin (CP), associated with Cu-dependent enzymes (i.e., ferrox
idases, cytochrome oxidase, superoxide dis mutase, and amine oxidase), or complexed 
with free amino acids (i.e., histidine). Unlike systemic leukocytes, however, pul
monary immune cells are more likely to encounter "free" non-complexed Cu (either 
as solubilized ions or particulates). Nevertheless, these in vitro studies do provide 
information useful for determining how inhaled Cu induces pulmonary immuno
modulation. 

In several in vitro studies, it has been demonstrated that Cu, both as "free" 
(loosely-associated) ions and in CP-bound forms, inhibited T-lymphocyte function 
moreso than that of B-lymphocytes or monocytes. These depressions in lymphocyte 
activities (such as mitogen-induced T-lymphocyte responsiveness, and TH-directed B
lymphocyte stimulation/antibody synthesis) were apparently related to a Cu-depen
dent enhanced formation of hydrogen peroxide. An increase in peroxide formation, 
coupled with a deficiency of peroxide-metabolizing enzymes in T-lymphocytes, 
caused extensive oxidative damage to these cells that could then lead to reduced 
functional capacities during cell-mediated or humoral immune responses (Lipsky and 
Ziff, 1980; Lipsky, 1981, 1984; Anderson and Tomasi, 1984). However, because B
lymphocytes do contain the necessary enzymes which could minimize the impact 
from any Cu-initiated excess of extracellular peroxide, alternative mechanisms were 
needed to explain the reduced mitogenic responses of these cells in response to Cu. 
lt was determined that Cu complexes directly oxidized essential surface thiol groups 
on lymphocytes, and that B-lymphocytes were far more sensitive than T-lympho
cytes to this effect (Duncan and Lawrence, 1988). lt remains to be determined, 
however, which immune cell type is the primary target of the Cu-induced alterations 
in antibody responses. 

In vitro studies have also been performed to determine the mechanisms by 
which Cu-induced modulation of macrophage functions might arise. Some of these 
studies have shown that Cu treatments can influence directional migration by macro
phages (as well as by PMN), and alter macrophage prostaglandin (i.e. PGE2) and 
thromboxane (TBX2) production (Lewis, 1982; Elliott et a!., 1987). It has also been 
demonstrated that Cu could affect the ability of macrophages to act as antigen
presenting cells (Smith and Lawrence, 1988); however, it is still not clear as to 
which phase of the antigen presentation process (e.g., antigen capture, processing, 
or presentation in the context of major histocompatibility complex proteins) was 
primarily altered by Cu treatment. 

MANGANESE 

Although manganese (Mn) is widely distributed in nature, it normally occurs 
only in trace amounts in most biologic materials/tissues. It is known that Mn is an 
essential trace element for all living organisms; in general, it is believed that Mn 
most often acts as a dissociable co-factor for several enzymes, including one of great 
importance in the lungs, superoxide dismutase. Similarly, the there are numerous 
reports in the literature which have described the toxicologic effects from acute or 
chronic exposures to Mn-containing compounds in the environment and/or the 
workplace. With respect to toxicities which evolve in the lungs, the two most 
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common clinical presentations have been manganic pneumonitis and croupous 
pneumonia (Flinn et aI., 1940; Davies, 1946; NAS, 1973; Smyth et aI., 1973; 
Saric et aI., 1977; Bencko and Crikt, 1984; Saric, 1992). 

Mn-Containing compounds are widely employed in alloy steel manufacture for 
deoxidation and to promote hardenability, in the electric industry production of dry 
cells, as oxidants in the chemical industry, in the manufacture of fertilizers, as 
catalysts, wood-impregnating agents, and additives in paints/varnishes, and for the 
production of glass and glazes (Stokinger, 1981). Of increasing interest to both 
regulators and toxicologists over the past nearly two decades have been the agents 
methylcyclopentadienyl manganese tricarbonyl (MMT) and its demethylated counter
part cyclopentadienyl manganese tricarbonyl (CMT), antiknock additives and com
bustion improvers for a variety of fuels. Apart from the introduction of Mn into the 
environment by the combustion of MMT-/CMT-containing fossil fuels, the major 
industrial sources which result in substantial release of Mn directly into the 
environment include several types of mining industries and alloy/steel production 
facilities (reviewed in Cooper, 1984). 

Manganese has been found at measurable levels in the majority of suspended 
particulate matter (including respirable coal fly ash) in urban environements. On 
average, while air levels of Mn in many major metropolitan areas containing steel 
or alloy plants have been found to range from 0.5 - 3.3 !Jg Mn/m3 (with levels of 
up to 10 !Jg Mn/m3 sometimes being attained), the majority (>80% of all sites 
assessed) have levels < 0.1 !Jg Mn/m3 (EPA, 1975; Ondov et aI., 1982). In those 
areas without any contributing point sources, average air levels range from 0.03 -
0.07 !Jg Mn/m3. Although guidelines for workplace airborne Mn levels vary 
between that recommended by WHO (i.e., 300 !Jg Mn/m3 [TW AD and by OSHA 
(i.e., 5000 !Jg Mn/m3 [ceiling value]), occupational levels often are on the order of 
1 - ~100 !Jg Mn/m3 and have even been shown to reach I g Mn/m3 in one ferro
manganese production plant (reviewed in Cooper, 1984). 

As with the other metals discussed throughout this Chapter, the effect of 
compound solubility upon clearance of inhaled Mn-containing particles is critical to 
the extent of pulmonary immunomodulation which might occur. In studies to 
compare the clearance of soluble manganous chloride (MnCI2) and insoluble manga
nomanganic (manganese) oxide (Mn304) from the lungs of rats, it was shown that 
the rate of clearance of the soluble form of Mn was four times that of the insoluble 
agent over the first seven days post-exposure (Drown et aI., 1986). Regardless of 
solubility, both agents were cleared in a biphasic manner and the post-translocation 
disposition of the Mn to distal body organs was similar for both classes of 
compounds. Similar initially-rapid clearance rates have also been observed in the 
lungs of mice exposed to Mn304 (Adkins et aI., 1980), and of guinea pigs 
(Bergstrom, 1977) or mice (Maigetter et aI., 1976) that had inhaled fairly high (Le., 
22 - 69 mg Mn/m3) levels of insoluble manganese dioxide (Mn02). Inter-experi
mental variations in the lengths of exposures and Mn concentrations employed have 
made direct comparisons (with regards to the biologic half-times in the lungs) 
between Mn compounds difficult to achieve. However, among those studies which 
have examined only the clearance of Mn02, half-life values for these particles have 
been reported to range from <1 d in the mouse, to ",2 d in the guinea pig, to 38 din 
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dogs, to 65 d in humans (Morrow et aI., 1964, 1967; Maigetter et aI., 1976; 
Bergstrom, 1977). 

While several studies have directly examined the effects of inhaled Mn com
pounds upon pulmonary immune parameters, the majority have focused upon 
assessing the histological changes and/or inflammatory responses following intra
pulmonary deposition of Mn-containing agents. For example, histologic examina
tion of the lungs of monkeys that had inhaled either 0.7 or 3.0 mg Mn/m3 (as 
Mn02) every day over the course of 10 mo evidenced hyperplasia of interstitial 
lymphoidal tissues, over-deposistion of dusts in the pulmonary interstitium, bron
chiolar retention of exudate, pulmonary emphysema, and atelectasis (Suzuki et aI., 
1978). Similarly, rats exposed to 0.3 mg Mn02/m3 for 6 mo displayed perivascular 
and peribronchial sclerosis of their lung tissues (reviewed in Ulrich et aI., 1979). 
Using mice as the exposure model, it was demonstrated that the inflammatory 
effects of Mn02 in this species (and likely, as well, in all other mammalian hosts) 
were a function of both the total surface area and the gravimetric amount of the 
Mn02 particles in the inhaled atmosphere (Lis on et aI., 1997). 

Studies which have utilized soluble MnCl2 or volatile MMT help to demon
strate the role of solubility upon intrapulmonary effects that arise from exposure to 
Mn-containing compounds. In a study using rabbits, inhalation of 1 - 4 mg Mn/m3 
(as MnCI2) 5 d/wk for 4 - 6 wk failed to induce any gross histopathologic changes 
in the lungs and did not induce any inflammatory response as had been observed 
with the insoluble Mn agents (Camner et aI., 1985). In studies which examined the 
effects from exposure to MMT (an agent selectively toxic to the lungs regardless of 
the route of administration [Hinderer, 1979]), a single intraperitoneal (IP) treatment 
of rats, mice, or hamsters with MMT (at their respective ""LC50S) resulted in 
substantial interstitial pneumonitis characterized by interstitial thickening, PMN 
infiltration, and increased numbers of intraalveolar macrophages in the mice and rats 
(Hakkinen and Haschek, 1982). Similar acute pneumotoxic effects have also been 
observed in rats when MMT or CMT was administered subcutaneously (Hakkinen 
and Haschek, 1982; Blanchard et aI., 1996). In all three species, Clara cell necrosis 
was evident within one day of IP exposure to MMT. In the mouse and hamster, the 
loss of Clara cells was nearly total in the terminal bronchioles and the murine 
basement membranes became greatly denuded and partially covered with flattened 
abnormal-looking ciliated epithelium; Clara cell changes in the rats were the least 
severe and usually consisted of some flattening and cytoplasmic vacuolation. Except 
for the parenchymal damage in the treated rats, each of the above-noted pathologies 
was resolved by the end of a 3-wk post-MMT exposure period; as with MMT, CMT 
exposure resulted primarily in localized damage to alveolar regions of the lung and 
only minor bronchiolar damage. While the strong but variable potential for damage 
to lung cells should engender concern, it must be noted that atmospheric 
MMT/CMT have very short half-lifes due to photochemical decomposition (Ter 
Haar et aI., 1975) and that it is their combustion byproducts (primarily Mn304 as 
well as Mn02 and manganosite (MnO) [Ter Haar et aI., 1975; Loranger and Zayed, 
1997]) which potentially present major risks to pulmonary (immuno)compentence. 

Other studies have examined the effects from host inhalation/exposure to Mn 
compounds upon the ability of the lungs to resist and clear viable bacterial/viral 
challenges. In guinea pigs which had been exposed to atmospheres containing 22 
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mg Mn02/m3 for 24 hr and then immediately infected by a 10 min exposure to 
atmospheres containing viable Enterobacter cloacae, those hosts exposed to the 
metal displayed significantly lower burdens of the microorganism within the than 
did their air-exposed counterparts. However, after two hours and continuing over the 
next 22 hr, burdens of E. cloacae remained significantly greater in the lungs of the 
Mn-treated guinea pigs (Bergstrom, 1977). In mice which had been allowed to inhale 
one of several concentrations of Mn304 for 2 hr prior to a 20 min exposure to a S. 
pyogenes-containing atmosphere, the rates of host mortality were found to increase 
in direct relation to the amounts of Mn deposited in their lungs (Adkins et aI., 
1980c). Within the lungs of Mn-exposed mice, there was both a delayed clearance 
and subsequent continuous enhanced growth of the organism over a 4 d period post
infection; budens of S. pyogenes in the lungs of air-exposed infected hosts peaked 
within 2 d of infection and decreased thereafter. Similarly, in mice exposed for 3 hr 
to Mn02-containing atmospheres and then challenged 1 - 5 hr post-exposure with 
airborne Klebsiella pneumoniae, host mortality was increased (and mean survival 
time decreased) in infected hosts compared to that in air-exposed counterparts 
(Maigetter et aI., 1976). In this study, it is interesting to note that while increasing 
the numbers of daily exposures to Mn02 prior to infection did not significantly 
enhance the observed effects upon host resistance to the K. pneumoniae, increasing 
the period between Mn02 exposure and the initiation of the infection did. When 
hosts already bearing a lung infection (i.e., mice infected with influenza A/PR/8/34 
virus) for 24 or 48 hr prior to exposure to a Mn02-bearing atmosphere, it was found 
that a single 3 hr exposure after either lag period was sufficient to significantly 
reduce host survival against the virus and that the effect of Mn02 upon this 
parameter was greater in those animals that already bore greater viral titres. Oddly, if 
already-infected hosts underwent further daily exposures to Mn02, host mortality 
levels actually decreased to levels almost equivalent to those observed with air
exposed control mice. 

At the level of lung immune cell-related functionality, the effects of Mn upon 
alveolar macrophages have been the best studied. In rabbits exposed 6 hr/d for 4 - 6 
mo to 1 - 4 mg Mn (as MnCI2)/m3, although alveolar macrophage numbers and 
viabilities remained unaffected (Camner et aI., 1985) they did display Mn concentra
tion-related increases in their diameters. Oxidative metabolism (measured using NBT 
reduction in resting and stimulated cells) and phagocytic activity of these cells were 
similarly unimpaired by the MnCl2 treatments. In mice acutely exposed (2 hr; 532 
or 897 /lg Mn/m3) to Mn304, alveolar macrophage numbers, viabilities, and 
phagocytic activities were again unaffected; however, the study did indicate that 
levels of both ATP and the activity of cellular acid phosphatase were significantly 
increased as a result of the single exposure (Adkins et ai., 1980b). These in vivo 
exposure results contrast with those obtained in in vitro studies wherein treatment of 
cultured rabbit alveolar macrophages with MnCl2 resulted in a decrease in cell 
viability and number, an increased incidence of cell lysis (Waters et ai., 1975), and 
significant reductions in phagocytic activities (Graham et ai., 1975). 

Far less is known about the effects from insoluble Mn agents upon alveolar 
macrophages or other immune system cells of the lungs. Lundborg et ai. (1984) 
demonstrated that freshly-harvested rabbit alveolar macrophages were readily able to 
phagocytize Mn02 particles (0.1 - 0.5 /lm diameter) and that the ingested particles 
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were subsequently dissolved in a pH-dependent process within macrophage phago
somes. These studies also demonstrated that these processes were time-dependent 
(maximal dissolution occurring within the first 72 hr of exposure) and that the over
all percentages of Mn dissolved was both highly dependent upon the amount of 
Mn02 added to each culture and saturable. Interestingly, when rabbit alveolar macro
phages were cultured for 48 - 72 hr prior to the exposure to Mn02 particles, the 
capacity to dissolve Mn02 particles was almost completely ablated. In a separate 
study, it has also been demonstrated that incubation of freshly-harvested guinea pig 
alveolar macrophages with Mn02 resulted in an increased formation/release into the 
surrounding microenvironment of an active short-lived chemotactic/neutrophil
recruiting factor within a few hours of initiation of particle uptake (Snella, 1985). 
The results of this specific study are important in that they provide a partial 
mechanistic basis for the repeatedly-observed time-limited increased influx of 
inflammatory cells into the lungs following inhalation of this insoluble agent 
(Bergstrom, 1977; Lison et aI., 1997). 

SELENIUM 

As with Cu, the essentiality of selenium (Se) in immunocompetency is well 
known. However, there is limited information regarding effects from Se toxicosis 
upon the immune system in general, and even less so regarding that in the lungs. 
While several reports in the literature describe occurrences of occupational or 
personal overexposure to Se-containing compounds, the results presented are mostly 
clinical in nature (Buchan, 1947; Clinton, 1947; Glover, 1970; Schecter et aI., 
1980; Nantel et aI., 1985; Koppel et aI., 1986; Holness et aI., 1989). 

Se-Containing compounds have been widely employed in the production of 
glass and glazes, the manufacturing of photoelectric cells, in xerographic equipment, 
for production of paints, insecticides, and medicated shampoos, and as an alloying 
agent in stainless steel and copper-based alloys. The major industrial sources which 
emit Se directly into the environment include the mining, milling, smelting and 
refining of several types of metals (i.e., copper, zinc, lead, uranium) and the burning 
of fossil fuels. Within the facilities themselves, ambient levels on the order of 
several mg Se/m3 have been commonly measured (WHO, 1987), and, as would be 
expected, high (i.e., Ilg Se/m3) atmospheric levels of Se are encountered in the 
vicinity of these industries. Coal burning serves as the primary source for atmo
spheric Se in rural and less-industrialized regions, with levels of 0.1 - 10 ng Se/m3 
routinely being encountered (Hashimoto and Winchester, 1967; Zoller and Reamer, 
1970; WHO, 1987). Within the coal, the Se is most often found in complexes of 
selenide which are converted to selenium dioxide (Se02) during combustion. The 
Se02 itself can then react with water vapor in the air to form selenious acid 
(H2Se03) or it can undergo reduction by other ambient pollutants (such as sulfur 
dioxide) and revert to elemental selenium metal (SeQ) (Andren et aI., 1975). 

The impact of compound solubility upon clearance of the particle(s) is critical 
to the ultimate extent of pulmonary immunomodulation which can occur; unfortu
nately, information regarding solubility and clearance of Se compounds is very 
limited. In studies examining the clearance of soluble H2Se03 and insoluble SeQ 
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from the lungs of beagles, it was shown that the clearance of the acid into the blood 
was slightly faster than that of the metal particle (29 d vs 33 d post-inhalation, 
respectively) (Weissman et ai., 1983); once translocated out of the lungs, the dispo
sition of each compound was similar. In similar studies employing rats, these same 
trends in solubility-related differences in translocation from the lungs (and post
translocation disposition) were observed (Medinsky et ai., 1981a and c). Interest
ingly, while this study concludes that clearance of each compound from the alveolar 
regions of the lung (albeit at differing rates) was equivalent, differences in absorption 
of elemental and acid Se compounds from the upper respiratory tract/nasal regions 
would eventually give rise to significantly different circulating levels of Se. In a 
study utilizing rats intratracheally-instilled with sodium selenite (Na2Se03) or 
selenate (Na2Se04), clearance of each of these relatively soluble agents was found to 
be equivalent and intermediate between that of the H2Se03 and Sea, suggesting that 
valence had no impact upon this parameter (Rhoads and Sanders, 1985); post
translocation distribution of the Se derived from each compound was comparable to 
that of the highly soluble acid. 

Few studies have directly examined the effects of inhaled Se compounds upon 
immunologic parameters in the lungs. Copper gallium diselenide or copper indium 
diselenide, agents routinely used in the photovoltaic and semiconductor industries, 
gave rise to strong pro inflammatory responses, type II cell hyperplasia, and 
increases in biochemical indices of fibrosis (however, without concurrent histologic 
changes indicative of increased pulmonary interstitial fibrosis) in the lungs of rats 
following instillation (Morgan et ai., 1995, 1997). In guinea pigs intratracheally
instilled with Na2Se03, the formation of the arachidonic acid metabolites throm
boxane (TXB2) and leukotriene C4 (LTC4) were decreased, while that of PGE2 was 
increased (Bell et ai., 1997a). The Investigators reported in a separate study that 
small but significant increases in the levels of lactate dehydrogenase, ~-glucuron
idase, alkaline phosphatase, and total protein were evident in the lavage fluid 
obtained from Se-instilled guinea pigs (Bell et ai., 1997b). 

Although not as yet documented under in vivo conditions, one possible 
mechanism by which Se compounds might impart some of their effects in the 
immune cells of the lung is through their reaction with cellular thiol residues. This 
in turn would give rise to bridged R-S-Se-S-R' complexes which could subsequently 
undergo decomposition to yield R-S-S-R' and elemental Se (Medinsky et ai., 
1981 b). This two-step process of complexation/decomposition likely explains why 
in in vitro studies, H2Se03 is more cytotoxic than Sea toward macrophages and 
why red particles become increasingly evident within macrophage vacuoles after 
exposure to H2Se03 but not in cells exposed to Sea. 

Other studies have examined the effect of host Se status upon lung immune 
cell-related functionality. In Se-deficient rabbits provided a diet supplemented with 
Na2Se03, the survival rate of phagocytizing activated alveolar macrophages and 
their associated glutathione peroxidase activity levels were significantly increased 
compared to cells obtained from Se-deficient controls (Oh et ai., 1982); however, 
glutathione reductase and superoxide dismutase activity, as well as macrophage 
reduced glutathione levels, were unaffected by resupplementation. Host Se-deficiency 
has also been shown to result in altered formation of arachidonate acid metabolites 
(primarily leukotriene B4) by alveolar macrophages (Gairola and Tai, 1985). These 
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alterations which occur in situ during changes in Se status have since been shown to 
modify the pulmonary immunotoxicities of other toxicants, including cigarette 
smoke (Gairola and Tai, 1986), ozone (Elsayed et aI., 1983; Eskew et aI., 1986), 
and the clearancelretention (and as a likely consequence, the immunotoxicity) of 
mercury (Khayat and Dencker, 1983, 1984; Danielsson et aI., 1990). 

VANADIUM 

Vanadium (V) is one of the more ubiquitous trace metals found in the 
environment (Nriagu and Pacyna, 1988; reviewed in Cohen, 1998). Because clays 
and shales can contain >300 ppm V, coals upwards of 1 % V (by weight), and petro
leum oils 100 - 1400 ppm V depending on the site of recovery, the combustion of 
fossil fuels is the most readily identifiable source for delivery of V-bearing particles 
into the atmosphere. Ambient air concentrations of V have been shown to vary from 
0.02% by weight in soil-derived aerosols, to 0.02 - 0.20% in automobile-derived 
fumes, to 0.54 - 0.82% in oil combustion-generated aerosols, depending upon the 
region under study (Thurston and Spengler, 1985; Watson et aI., 1994). Typical V 
concentrations in rural areas range from 250 pg - 75 ng V 1m3 while those in urban 
settings are usually higher (i.e., 60 - 300 ng V/m3) (WHO, 1988); on average, 
ambient V concentrations in cities are often several Ilg V 1m3. Seasonal variations, 
wherein winter urban air V levels are 6-fold greater than summer levels, arise from 
the increased combustion of V -bearing oils, shales, and coals for heat and electricity 
generation. At these levels (",,50 ng V/m3), and based on experimental inhalation 
studies, it is estimated that"" 1 Ilg Venters the average adult human lung each day 
(Byrne and Kosta, 1978). 

In the workplace, the use of fossil fuels for energy and of V-bearing ores for 
steel production and chemical processes enhance the risk for occupational exposure 
to V-bearing gases and particles (ATSDR, 1991). Examples of jobs with a high risk 
of exposure to V include: mining and milling of V-bearing ores, oil-fired boiler 
cleaning, and the production of V metal, oxides, and catalysts, with ambient levels 
of V in these settings sometimes exceeding 30 mg V/m3 (a value which approxi
mates the established value for immediate danger to life or health (IDLH) of 70 mg 
V 1m3 ) (NIOSH, 1985). 

The most common form of pentavalent V which is found in air is vanadium 
pentoxide (V205), although ferrovanadium, vanadium carbide (VC), and various 
forms of vanadates (V03- and V043-) can also be readily encountered. Colloidal 
V 205 can liberate vanadate through the loss of water molecules; the resulting 
monomeric vanadate ions can be further converted into higher polymeric forms 
much in the manner that chromate ions are linked during olation. These conver
sions, and therefore the distribution of V species, in solution are both pH- and V
concentration-dependent events. As a rule, as the number of vanadate units in the 
polymer increases, overall toxicity declines; however, even large polymers, such as 
decavanadate can give rise to toxicities. 

Once inhaled, V is rapidly transported into the systemic circulation. The initial 
clearance of V, as either insoluble V 205 or soluble vanadateslvanadyl (V02+) ions, 
is fairly rapid, with ",,40% cleared within 1 hr (Conklin et aI., 1982; Sharma et aI., 
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1987). However, after 24 hr, the two forms diverge in their ability to be cleared, 
with V20S persisting in the lungs (Edel and Sabbioni, 1988). As such, absorption 
of V compounds (50 - 85% of an inhaled dose) vary as a function of solubility; total 
clearance of V is never achieved and commonly 1 - 3% of the original dose can 
persist for extended periods of time (i.e., months --> years; Oberg et aI., 1978; 
Rhoads and Sanders, 1985; Paschoa et aI., 1987). Though inhalation is the primary 
means of delivery of V into the lungs, exposure to V by other routes can also give 
rise to increased lung V burdens and subsequent toxic manifestations (Hopkins and 
Tilton, 1966; Kacew et aI., 1982). 

Pentavalent vanadates and oxides have long been known to alter pulmonary 
immunity in exposed hosts (reviewed in Zelikoff and Cohen, 1995; Cohen, 1998). 
Workers exposed to airborne V display an increased occurrence of prolonged 
coughing spells, tuberculosis, and general irritation of the respiratory tract; post
mortem examinations of these individuals indicated extensive lung damage with the 
primary cause of death being bacterial infection-induced respiratory failure. Epidemi
ological studies have demonstrated that both acute exposure to high concentrations 
and/or chronic exposure to moderate levels of V -bearing dusts/fumes by workers 
resulted in a higher incidence of a wide variety of pulmonary diseases, including: 
asthma, rhinitis, pharyngitis, (,Boilermakers') bronchitis, and pneumonia (Lees, 
1980; Musk and Tees, 1982, Levy et aI., 1984, reviewed in Cohen, 1998), as well 
as increased localized fibrotic foci (Kivuoloto, 1980) and lung cancers (arising from 
non-V sources; Stocks, 1960; Hickey et aI., 1967). More detailed cytological studies 
with cells from exposed populations showed V-induced disturbances in polymorpho
nuclear cell numbers/cellularity and in plasma cell numbers/immunoglobulin 
production (Kivuoloto et aI., 1979, 1980, 1981). This risk to worker health led to 
an establishment of acceptable limits (0.14 - 50 Ilg V /m3 per 8 - 24 hr period) for 
workplace V-bearing dusts and fumes (NIOSH, 1985; ACGIH, 1986). 

Changes in pulmonary immune function induced by V are reproducible in a 
variety of animal models. Subchronic and acute exposures of various rodent hosts to 
pentavalent V agents have been shown to induce: decreased alveolar macrophage 
phagocytosis and lysosomal enzyme activity/release (Waters et aI., 1974; Fisher et 
aI., 1978; Labedzka et aI., 1989; Cohen et aI., 1997); alterations in lung immune 
cell population numbers and profiles (Knecht et aI., 1985, 1992; Cohen et aI., 
1996b); modified mast cell histamine release (AI-Laith et aI., 1989); reduced 
cytokine (e.g., interferon [IFN]-y, interleukin [IL]-6, tumor necrosis factor [TNF]
a) and bactericidalltumoricidal factor production in situ and ex vivo (Cohen et aI., 
1996b, 1997); disturbed macrophage Class II antigen expression/induction by IFNy 
and calcium (Ca2+) ion balance (Cohen et aI., 1996b); and, increased in situ (but not 
in vitro) expression/production of macrophage inflammatory protein-2 (MIP-2) and 
KC CXC chemokine mRNA by alveolar macrophages and, subsequently, by PMN 
recruited to the lungs during the inflammatory response (Pierce et aI., 1996). This 
latter study also demonstrated a similar effect when tetravalent vanadyl sulfate 
(VOS04) was employed, suggesting that some aspects of the pulmonary immuno
toxicity of V may not necessarily be dependent upon valence. 

A few studies, including several recently-reported, have implicated the presence 
of V as a significant factor in the pUlmonary immunomodulation induced following 
inhalation of urban particulate matter (PM) or residual oil fly ash (ROFA) (Schiff 
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and Graham, 1984; Pritchard et aI., 1996; Dreher et aI., 1997; Gavett et aI., 1997). 
Many effects, including: intense inflammation, pulmonary eosinophilia, and 
neutrophilic alveolitis; changes in lung compliance/resistance to acetylcholine; and 
modified host resistance to pulmonary infection correlated with the levels of V in 
the particles and were reproduced by exposures of parallel sets of animals to soluble 
or insoluble V at amounts equivalent to that of the V in the PMIROFA. An in vitro 
study has subsequently also shown that the V in ROFA likely acts to undermine 
pulmonary immunocompetency, in part, by inducing dysregulation of cytokine pro
duction (Schiff and Graham, 1984; Carter et aI., 1997). 

Studies of the immunomodulatory effects of V using non-inhalation or instil
lation exposure regimens have provided information critical for determining the 
mechanisms which underlie increased host susceptibility to lung infections follow
ing inhalation of V. A decreased resistance to/increased mortality from a Listeria 
monocytogenes infection in mice that underwent acute/subchronic IP exposures to 
ammonium metavanadate (NH4 V03) suggested that cell-mediated immunity might 
primarily be affected (Cohen et aI., 1989). The peritoneal macrophages recovered 
from these mice displayed decreased capacities to phagocytize opsonized Listeria and 
to kill even those few organisms ingested; these defects were attributed to V-induced 
disturbances in macrophage superoxide anion formation, glutathione redox cycle 
activity, and hexose-monophosphate shunt activation (Cohen and Wei, 1988). While 
effects upon pathways critical to maintaining cell energy levels alone might underlie 
changes in macrophage function/host resistance, other studies indicated that decreased 
macrophage phagocytic activity and intracellular killing might also be related to 
decreases in lysosomal enzyme release and activity and/or in surface complementlFc-
receptor expressionlbinding activity (Cohen et aI., 1986; Vaddi and Wei, 1991a and 
b). In vitro studies using V-treated murine macrophage cultures have also indicated 
that production/release of several monokines critical to the antilisteric response was 
diminished in conjunction with an increase in the spontaneous formation/release of 
potentially immunoinhibitory PGE2 (Cohen et aI., 1993). 

More recently, research has shown that a critical aspect of the immune 
response that is very sensitive to V, and may even contribute to the above-described 
defects in macrophage functionality, is the capacity of V-exposed cells to bind 
with/respond to IFNy (Cohen et aI., 1996a and b, 1997). Results of in vitro 
exposures of macrophage cell lines with V indicated that surface levels and binding 
affinities of two classes of surface IFNyR were greatly modified by V treatments. 
Subsequently, IFNy-inducible responses (i.e., enhanced: Ca2+ influx, Class II 
antigen expression, and zymosan-inducible reactive oxygen intermediate formation) 
in all V-treated cells were diminished; similar decrements in macrophage 
responsiveness to IFNy were observed with alveolar macrophages recovered from 
rats subchronically-exposed to NH4 V03-bearing atmospheres. Effects upon surface 
receptor is apparently a common feature of the overall toxicology of V; 
lymphocytes (and other non-immune cell types) treated in vitro with vanadate also 
have a demonstrated altered affinity for hormones (i.e., epidermal growth factor and 
insulin) or cytokines (Kadota et aI., 1987; Torossian et aI., 1988; Evans et aI., 
1994). 

Although the underlying causation for these effects upon IFNyR are not 
known, it has been suggested that V might directly modify proteins which consti-
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tute this and other cytokine/opsonin receptors on macrophages (Cohen et aI.. 
1996a). Modified receptor responses might also be related to V-induced changes in 
cellular protein kinase and/or phosphatase activities (Swarup et aI.. 1982; Nechayet 
aI.. 1986; Klarlund et aI., 1988; Grinstein et aI., 1990; Trudel et aI., 1991). By this, 
a V-induced prolonged phosphorylation of receptor proteins as well as cytokine
induced secondary messenger proteins might induce false states of cell activation 
(Pumiglia et aI., 1992; Imbert et aI., 1994) which could modulate cytokine receptor 
expression. In addition, prolonged phosphorylation of cellular proteins could also 
lead to bypass of normal signal transduction pathways and subsequent activation of 
cytokine DNA response elements (Igarishi et aI., 1993) which, in turn, can lead to 
downregulation of cytokine receptor expression/functionality. This is best exempli
fied in a study in which the activation of protein kinases A and C, an event which 
can result in a downregulated IFNyR expression, was noted both in peritoneal 
macrophages harvested from V-treated mice and in naive cells exposed in vitro 
(Vaddi and Wei, 1996). 

Lastly, it is possible that the effects from V upon receptor expression and/or 
functionality might be a result of induced effects upon the various processes 
involved in cytokine-receptor complex handling. Agents (such as V) that are able to 
disrupt: endocytic delivery of surface receptor-ligand complexes to lysosomes; subse
quent complex dissociation; and receptor recycling/de novo receptor synthesis, can 
diminish the magnitude of cytokine-induced responses by macrophages. In macro
phages and other cell types, V has been shown to: disrupt the structural integrity of 
microtubule/microfilaments (Wang and Choppin, 1981; Bennett el at., 1993); 
induce alterations in local pH due to V polyanion formation (Rehder, 1995); modify 
lysosomal enzyme release and activity (Vaddi and Wei, 1991b); alter secretory 
vesicle fusion to lysosomes (Goren et aI., 1984), and disrupt cell protein 
metabolism at the levels of both synthesis and catabolism (Montero et aI., 1981; 
Seglen and Gordon, 1981). 

ZINC 

Although the pulmonary immunotoxic effects of zinc oxide (ZnO) have been 
extensively studied due to its long-recognized role in the occupational flu-like illness 
'metal fume fever' (Lehman et aI., 1910; Drinker et aI., 1927), far less has been 
determined about the imrnunotoxic properties of the wide variety of other zinc (Zn)
containing compounds commonly encountered in industrial and environmental 
settings. With regard to the latter agents, the majority of information that is 
available has been derived from clinical/autopsy reports which described occurrences 
of occupational or personal overexposure to Zn-containing compounds (Evans, 
1945; Matarese and Matthews, 1986; Hjortso et aI., 1988; van Netten et aI.. 1990; 
Homma et aI., 1992). 

Zinc metal alone is commonly used as a protective coating for other metals, in 
alloys (Le., bronze and brass), and in chemical reduction processes. The various salts 
of Zn are commonly utilized in photographic paper preparation, wood preservatives, 
fertilizers, pesticides, textiles, ceramics, and in the vulcanization of rubber. Some 
Zn salts also have practical applications in medicine, in some cases being used as 
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solubilizing agents for the preparation of pharmaceuticals or used directly for 
remediation of zinc deficiency. As occurs with several of the other metals discussed 
in this Chapter, the major industrial processes which result in the greatest emission 
of Zn directly into the environment include the production of iron or steel as well as 
operations involved in the smeltinglrefining of Zn (as well as of copper and lead) 
(ATSDR, 1994). In regions surrounding smelting operations, mean annual high 
concentrations approaching 5 Ilg Zn/m3 (with 24 hr values ranging from 0.27 -
15.7 Ilg Zn/m3) have routinely been encountered (Ragaini et aI., 1977; EPA, 1980); 
other studies have reported even higher levels (Patterson et aI., 1977). Galvanized 
welding represents an additional process in which significant amounts of Zn are 
released into the atmosphere at a more localized level (Mali and Carter, 1987; Weir 
et aI., 1989; Mali et aI., 1993; Contreras and Chan-Yeung, 1997); however, unlike 
in steelliron production or major smelting operations, this release is most 
problematic for the exposed worker rather than for non-workers or the surrounding 
environment. Lastly, although the burning of fossil fuels (primarily coals) also 
results in substantial release of Zn into the atmosphere, in these cases, the Zn is 
just one of many potential toxicants associated with the ash matrix. 

Apart from those areas near highly-industrialized regions, ambient concentra
tions of Zn are overall relatively low and constant. Average values in the United 
States are < I Ilg/m3 (EPA, 1980), with the majority of the Zn being derived from 
automobile exhaust, soil erosion, and local commercial/industriallconstruction 
activities. As expected, levels of Zn are often greater in urban than in rural areas. 
For example, average atmospheric Zn concentrations for New York City, San 
FranCisco, and northern New Jersey have been measured at 0.29 - 0.38, 0.02 - 0.50, 
and 0.07 - 0.59 Ilg Zn/m3, respectively (Lioy et aI., 1978; John et aI., 1973; 
Daisey, 1987). Conversely, rural ambient Zn concentrations have been estimated to 
range from 0.01 - 0.06 Ilg Zn/m3. Unlike what has been observed with several other 
toxicologically-active inhalable metals (i.e., V) associated with coal fly ash and/or 
particulate matter, additional burning of coal required for heating during the winter 
apparently does not correlate with an increase in the concentration of atmospheric Zn 
relative to those levels in the summer (Barrie and Hoff, 1985; Daisey, 1987). 

No international guidelines are in place for permissible levels of workplace 
airborne Zn levels. National regulations do exist but vary depending upon the Zn 
compound solubility or generation source involved. For example, the current 
permissible exposure level (PEL; 8 hr time-weighted-average) recommended by 
OSHA and the ACGIH for Zn as soluble zinc chloridelhexite (ZnCI2) is 1 mg 
Zn/m3 while that for insoluble ZnO is 5 - 10 mg Zn/m3 (depending upon if it is 
encountered as total dust or just the respirable fraction). Conversely, the PEL for 
poorly-soluble carcinogen zinc chromate (ZnCr04) is 0.1 mg Zn/m3 (ATSDR, 
1994). Several individual states have established tougher atmospheric Zn standards 
(i.e., 8 hr PEL of < I - 20 Ilg Zn (as ZnC12)/m3 and < I - 100 Ilg Zn (as 
ZnO)lm3); interestingly, even individual areas within a given state have acceptable 
ambient Zn standards which differ by more than WOO-fold. 

As with other metals, the role of solubility upon clearance of Zn-containing 
particle(s) is critical to their immunomodulatory potential in the lungs. Unfortu
nately, information regarding both solubility and clearance of Zn compounds is 
limited primarily to that for ZnO (Le., Dinslage-Schlunz and Rosmanith, 1976). 
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Overall, few studies (apart from those dealing with metal fume fever) have directly 
examined the effects of inhaled Zn compounds upon immunologic parameters in the 
lungs. Exposure of humans and animal models to ZnOlhexachloroethane mixtures 
used for preparation of screening smokes has been shown to generally induce strong 
proinflammatory responses, type II cell hyperplasia, and increases in fibrosis 
(primarily interstitial) (Marrs et ai., 1983; Karlsson et ai., 1986; Hjortso et ai., 
1988; Brown et ai., 1990). Instillation with the ZnCl2 combustion product of the 
ZnOlhexachloroethane mixture induced similar effects in the lungs; however, the 
effect from ZnCl2 differed from that to the parent mixture in that an increased 
amount of lymphocytic infiltration into areas of alveolar damage and in the numbers 
of foamy macrophage-containing aggregates in the alveolar lumena were also 
apparent. Except for the presence of foamy macrophages, the immunohistological 
changes in the lungs observed after host exposure to ZnCl2 are very similar to those 
observed in the lungs of rats instilled with zinc hydroxide (Zn(OHh; a colloidal 
form of zinc under neutral conditions) (Ishiyama et ai., 1997). In this latter study, 
instillation of rats with zinc sulfate (ZnS04) solution did not induce any changes in 
the immunologic profile of the lungs. 

There have been a few studies have examined the effects from host inhala
tion/exposure to Zn compounds upon the ability of the lungs of exposed hosts to 
resist/clear viable bacterial challenges. In one study, one 3 hr exposure of mice to 
increasing amounts of ZnS04 resulted in significant increases in host mortality due 
to subsequently-inhaled S. pyogenes as compared to that in air-exposed control mice 
or mice exposed to equivalent or greater amounts of zinc ammonium sulfate 
(Zn2(NH4h(S04h) (Ehrlich, 1980). Unlike what had been observed with similar 
sulfates/ammonium sulfates of AI, if the Zn compounds were first instilled and the 
hosts then infected with the S. pyogenes, the mice that received Zn2(NH4h(S04h 
did not now display the greater mortality rates (Hatch et aI., 1981). Once again, no 
significant differences in host mortality (between the two agents or as compared 
with sham/air-exposed infected controls) were evinced when mice in this latter study 
were permitted to inhale either compound rather than have them instilled. 

The effects of Zn agents upon alveolar macrophages among all the lung 
immune cell types have been the most studied. For example, macrophages recovered 
from the lungs of rats instilled with a single 5 mg dose of ZnO displayed distinct 
changes in both size and ultrastructure (Migally et ai., 1982). Within 7 d of 
exposure, both alveolar and interstitial macrophages were found to possess electron
dense structures containing Zn; the Authors indicated that these results were 
indicative of a likely transfer of the Zn particles from one macrophage type to the 
other. At the functional level, a single 4 hr exposure of hamsters to increasing 
amounts of either ZnS04 or Zn2(NH4h(S04h resulted in significant decreases in 
the phagocytic activity of macrophages recovered in the period between 1 - 48 post
exposure (Skornik and Brain, 1983). When effects upon phagocytic activity are 
analyzed in the context of exposure concentrations, the results in this study parallel 
those observed in the mouse antibacterial resistance studies of Ehrlich (1980) in that 
the effect from ZnS04 was far greater than that induced by Zn2(NH4h(S04h- A 
similar, but apparently species-dependent, effect upon phagocytic activity has been 
observed in alveolar macrophages recovered 24 hr after guinea pigs were exposed (for 
3 hr) to 5 mg ZnO/m3 (Gordon et aI., 1992); no effects were demonstrable in cells 
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recovered from rabbits exposed to the ZnO atmosphere. This latter study showed that 
while phagocytic activity was impaired by ZnO exposure, the effect was at the level 
of phagocytic capacity rather than upon phagocytic index. Inhibition of macrophage 
phagocytic activity has also been demonstrated ex vivo using ZnO (Fisher et aI., 
1986); however, while Zn was observed to be a much weaker inhibitor of phago
cytic function than several of the other metals discussed in this chapter (i.e., V and 
Mn), it was more directly cytotoxic than Mn and had less effect upon cell adherence 
than did V. Lastly, in a study analyzing macrophages recovered from the lungs of 
hosts instilled with Zn(OHh, it was found that the cells displayed significant 
increases in levels of proliferating cell nuclear antigen (lshiyama et aI., 1997). In 
addition, when lung slices from naive rats were incubated with Zn(OHh, oxidative 
metabolism (as measured using NBT reduction) in each was significantly stimulated. 
Conversely, treatment of the hosts or naive rat lung slices with ZnS04 failed to 
induce any effects upon either the nuclear antigen level or reactive oxygen species 
formation endpoints. 

As noted earlier in this section, the majority of the information known about 
the pulmonary immunotoxicologic effects of Zn have been obtained from studies of 
ZnO and its relation with the development of metal fume fever. In one study which 
examined the effects from I, 2, or 3 d (3 hr/d) exposures of guinea pigs to atmo
spheres containing 2.3, 5.9, or 12.1 mg ZnO/m3, there were consistent dose- and 
number of exposure-dependent increases in the levels of total protein (indicative of 
in situ fibrotic activity/vascular damage) and the activities of angiotensin-converting 
enzyme, lactate dehydrogenase (LDH; indicating local cell membrane damage), ~ 
glucuronidase (BG; marker ofmacrophage/PMN membrane damage), and of alkaline 
phosphatase (Conner et aI., 1988); the activity of acid phosphatase in these BAL 
samples were only significantly affected by the 2 and 3 d exposures to 12.1 mg 
ZnO/m3. Due to the design of this study by Conner et aI., it was not clear whether 
the appearance of effects upon these endpoints in guinea pigs sacrificed after their 
second exposure to ZnO was an acute-onset response or some latent effect from the 
first exposure. The studies by Gordon et aI. (1992) clarified that it was the latter by 
showing that both guinea pigs and rats that underwent a single 3 hr exposure to 
atmospheres containing 2.5 or 5 mg ZnO/m3, did not evince changes in several of 
these parameters (i.e., total protein, LDH and BG activities) until anytime from 4 -
24 hr after the exposure. Interestingly, this same study also indicated that inter
species variations in response to ZnO could occur in that rabbits exposed once for 2 
hr to the 5 mg ZnO/m3 atmosphere only evinced a change in BG activity and that 
the effect was actually a decrement rather than increase in same. 

Because metal fume fever is a febrile inhalational syndrome, it is plausible to 
expect that levels of pyrogenic cytokines in the lungs would be increased following 
inhalation of ZnO particles. Studies of human volunteers exposed to either 
galvanized steel welding fumes for 15 - 30 min (Blanc et aI., 1993) have indicated 
that significant amounts of several cytokines which are either pyrogenic (IL-l and 
TNFa), chemotactic (IL-8), or anti-inflammatory (i.e., IL-6) are released in time
associated manner over the post-exposure period. In was observed in this study that 
there was a very rapid (within 3 hr) increase in IL-I, TNFa, and IL-8 levels in the 
BAL of exposed hosts. With increasing time (i.e., from 8 - 22 hr) post-exposure, 
the levels of these biomediators decreased while those of IL-6 increased; analysis of 
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other anti-inflammatory cytokines such as IL-4 or IL-lO were either inconclusive or 
not performed. In studies in which human volunteers were exposed to fumace
generated ZnO particles for 2 hr (2.5 or 5.0 mg ZnO/m3), levels of IL-6 in the BAL 
were again shown to undergo continual increases in the period 3 - 6 hr post-exposure 
(Fine et aI., 1997). Similarly, studies in which volunteers were exposed for 10, 15, 
or 30 min to 33 mg Zn/m3 atmospheres (to yield ::.540 mg Zn (as ZnO)'min/m3 
cumulative doses) again displayed significant elevations in IL-8 and TNFa levels in 
their BAL even 24 hr after termination of the individual exposures (Kuschner et aI., 
1995). In a follow-up study by these Investigators (Kuschner et aI., 1997), analysis 
of BAL from volunteers 3 hr after ::.770 mg Zn (as ZnO)'min/m3 cumulative dose 
exposures showed that levels of these cytokines were again elevated. However, while 
the levels of IL-1, IL-8, and TN Fa did undergo a decrease over the 3 - 24 hr post
exposure period similar to that observed in the above-described study of humans 
exposed to galvanized steel welding fumes, the levels of IL-6 did not significantly 
increase. 
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