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As a result of repeated exposures to inhaled toxicants such as
zinc oxide (ZnO), numerous individuals acquire tolerance to the
exposures and display reduced symptoms. To ascertain whether
tolerance is developed in an animal model, NIH-Swiss mice were
exposed to 1.0 mg/m* ZnO for 1, 3, or 5 days (1X, 3X, or 5X), and
polymorphonuclear leukocyte (PMN) and protein levels in bron-
choalveolar lavage (BAL) were measured. Mice acquired tolerance
to neutrophil infiltration into the lungs, as total PMNs returned
near baseline in 5X-exposed animals as compared to that of the 1X
exposure group (1X = 2.7 = 0.4 x 10%, 5X = 0.2 = 0.1 x 10%,
mean *= SE, p < 0.05). Development of tolerance to changes in
lavageable protein, however, was not observed (1X = 313 = 29
pg/ml, 5X = 684 = 71 pg/ml, p < 0.05). Tolerance to PMN influx
did not persist following re-exposure to ZnO after 5 days of rest. In
contrast to ZnO exposure, following single and repeated exposure
to aerosolized endotoxin there was development of tolerance to
protein in BAL (1X = 174 = 71 pg/ml, 5X = 166 = 14 pg/ml, p >
0.05), but not to PMN influx (1X = 5.5 + 1.7 x 10*,13.9 * 1.7 X
10%, p < 0.05). Induction of lung metallothionein (MT) was also
observed in mice exposed once or repeatedly exposed to ZnO,
suggesting that MT may play a role in its molecular mechanism.

Key Words: zinc oxide; tolerance; metallothionein; metal fume
fever; endotoxin; adaptation.

The implications of tolerance to health risks in humans are
numerous, having both advantages and disadvantages with
respect to the development of detrimental health effects. In the
present study, ZnO is used as the model agent to begin inves-
tigating the pathogenesis and underlying mechanisms of pul-
monary tolerance. Exposure to ZnO has been shown to produce
a number of adverse health effects in humans, including metal
fume fever (MFF), an illness characterized mainly by pulmo-
nary inflammation, chills, fever, malaise, and myalgia (Blahc

al., 1991; Fineet al., 1997; Sturgist al., 1927).

Drinker and associates (1927) were the first to document the
development of pulmonary tolerance to repeated ZnO expo-
sures. In a recent investigation of MFF in zinc foundry work-
ers, acquisition of tolerance from repeated ZnO exposure could
potentially explain the absence of MFF cases observed in the
study (Martinet al, 1999). Similar to the systemic effects of
ZnO, repeated exposure to airborne endotoxin/cotton dust pro-
duces a clinical response known as “Monday morning fever,”
a condition where workers develop tolerance to acute symp-
toms during the course of a work week, but have a worsening
of symptoms after a weekend hiatus with no significant expo-
sure (Rose and Blanc, 1998; Rylander, 1990). Unlike ZnO,
however, tolerance to endotoxin/cotton dust inhalation may
manifest later as lasting respiratory problems such as byssino-

Workers are exposed daily to a variety of inhaled toxisis (Christianiet al., 1999).

agents in many different occupational settings. Individuals canLittle is actually known about the molecular mechanism of
be exposed to zinc oxide (ZnO) fumes that are generated fr@slerance to inhaled toxicants. One possible means by which
welding processes (Dryson and Rogers, 1991), or bacteti@lerance to ZnO exposure may occur entails the induction of
endotoxin (lipopolysaccharide) associated with cotton dust apfétallothionein (MT) genes by zinc. Metallothioneins are low-
contaminated humidifiers (Donham, 1986; Flaheety al, molecular-weight proteins that bind strongly to metals (Klaas-
1984). Inhalation exposure to these agents has been showsdf and Lehman-McKeeman, 1989; Palmiter, 1998). Induction
induce diverse pulmonary effects in laboratory animals arfl MT genes from zinc exposure is a common cellular response
human subjects, including inflammatory cellular influx of polym most animal and human tissues (Sadhu and Gedamu, 1988).
morphonuclear leukocytes (PMNs) and dyspnea (Goed@h, |t has been hypothesized that the induction of MT may serve as
1991, 1992; Kuschneet al, 1997). As a result of frequent andan adaptive mechanism that diminishes the extent of metal-
repeated exposures to such inhaled toxicants, individuals mayyced toxicological injury (Klaassen and Liu, 1998). It is
develop tolerance to the exposures and exhibit reduced syrBBtieved that MT protein protects cells from metal toxicity via
toms. Tolerance can be defined as the ability to resist thgquestration mechanisms and scavenging of free radical spe-
adverse actions of a toxicant following repeated exposurggag (Sato and Bremner, 1993; Thornalley and Vasak, 1985). In
“To whom correspondence should be addressed. Fax: (845) 351-549b€Vious work, we demonstrated an approximate 8-fold eleva-
E-mail: gordont@env.med.nyu.edu. tion over control in MT gene expression in the lungs of rats
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exposed to 2.5 mg/ﬁqzno for 3 h, as well as a 3.5-fold in a series of cooling, humidifying, and diluting zones before entering the
elevation after exposure to 1.0 mg"/rﬂnO (Cosmaet al. exposure chamber. These primary particles aggregate in chains to form sec-

. . opdary particles (McCarthet al, 1982). Measurements performed with a
1992)' CytOKInes and qucocorthOlds have also been Showndﬁgerential mobility analyzer (Model 3021, TSI, St. Paul, MN) demonstrated

induce synthesis of metallothionein proteins (lual, 1991; iyt these secondary particles have a mass median aerodynamic diameter
Schroeder and Cousins, 1990). MT may therefore be resp@amAD) of 0.3 um and geometric standard deviatian) of 1.5. The ZnO
sible, in part, for maintaining physiologic levels of essentidiime was diluted with metered room air filtered through an activated charcoal
metals such as zinc and may have a role in eliminating exc‘g%gr and a HEPA filter and humidified to 30-50% relative humidity. During

. . . exposures, samples of the chamber atmosphere were collected approximately
sive amounts of metals introduced by such means as mhalate?lg]ry 30 min from the manifold of the exposure system with polytetrafluoro-

of metal fumes. Thus, MT may play a role in the deveIOpme@ﬁ"lylene filters (Type TX40HI20-WW, Pallflex Products Corp., Putnam, CT).

of tolerance to inhaled toxic metals. Each filter was weighed on a microbalance (Model C-30, Cahn Instruments,
A human model of tolerance is rather impractical and h&rritos, CA) and ZnO concentration was determined gravimetrically. Based

limited utility in answering questions about potential mech&" each filter weight, the furnace system was immediately adjusted to yield the

. . sired output of ZnO. The control (sham) exposures consisted of furnace gas
nisms. Therefore, the purposes of this study were twofold: @?m'poseg D o70n fitored o air(an o 32,/0 );’igot’] ! umace g

to generate an animal model to study the development Ofqr endotoxin exposures, mice were placed in stainless steel cages inside a
pulmonary tolerance following successive exposures to Zn@gs n? plexiglass chamber. Endotoxin and saline (control) aerosols were
and (2) to address the hypothesis that induction of MT #nerated with a Babington-type nebulizer (Solosphere, Airlife, Inc., Modesto,
associated with the development of pulmonary tolerance. pﬁﬁ) driven by HEPA-filtered air at 9 psi. The output of the nebulizer was

. . jluted with HEPA-filtered air at 15 I/min prior to entering the exposure
monary responses in outbred mice exposed once or repeatgglfaﬁber. A solution of endotoxin (3.5g9/ml of lipopolysaccharide; E. coli

to ZnO fun_]e were examined by measuring PMN.and prOteHiZTBS, Difco Laboratories, Detroit, Ml) was made up with pyrogen-free,
concentrations in BAL, pulmonary pathology, and induction afotonic saline (0.9% sodium chloride, Baxter Healthcare Corp., Deerfield, IL)
MT gene expression. The de\/elopment of pulmonary toleranigenediately prior to exposure. The concentration of endotoxin used in these

was also assessed after single and repeated exposures of BfRasures was chosen from previous animal studies in this laboratory (Gordon

tnal., 1991; Huret al.,, 1999). The nebulizer reservoir was emptied and refilled

to aerosolized endotoxin to determine whether the vaUISItI§t 1-h intervals during exposures to minimize concentrating effects of the

of pulmonary tolerance was agent-specific. nebulizer. Exposure concentrations were determined by sampling the chamber
atmosphere in the breathing zone of the animals twice during each exposure,
MATERIALS AND METHODS and analyzing endotoxin concentrations with a Limulus amebocyte lysate

assay (QC1000, Whittaker Bioproducts, Walkersville, MD) using a spectro-
dphotometric microplate method (Gordon, 1992). The MMAD of saline and

from Harlan Sprague-Dawley, Inc. (Indianapolis, IN). All mice were accligndotoxin particles produced by the nebulizer under the specified exposure

mated for at least 1 wk before exposure and housed in a positive pressiffaditions was 1.um with o of 2.2 as determined with a Mercer impactor

environment with a 12-h light/dark cycle starting at 648. All mice were (Intox Products, Albuquerque, NM).

provided with water and standard laboratory rodent chow (Purina, Indianap-Bronchoalveolar lavage (BAL) At 24 h postexposure to ZnO, endotoxin,

olis, IN) ad libitum, except during exposure. air, or saline, mice were killed by intraperitoneal injections of ketamine HCI
Experimental design. To evaluate pulmonary tolerance, mice were ex(100 mg/kg; Vetalar, Fort Dodge Laboratories, Fort Dodge, IA) and sodium

posed to ZnO fumes on one day (1X= 7), on 3 successive days (3%,= Ppentobarbital (175 mg/kg; Sleepaway, Fort Dodge Laboratories), and the

5), or on 5 successive days (5%,= 5) for 3 h/day. Mice 1 = 5) were also Posterior abdominal aorta was severed. The lungs of each mouse were lavaged

exposed to air for control purposes. All 3X exposures were done concurrerljimes with 1.2 ml of Dulbecco’s phosphate-buffered saline withodt @a

with 5X exposures, and all 1X exposures were done on the same day asMg™ (pPH 7.2-7.4, 37°C; GibcoBRL, Life Technologies, Grand Island, NY).

final 5X exposure. Additionally, mice were exposed to aerosolized endotoyecovered BAL fluid was immediately placed on ice (4°C). Aliquots (00

1X (n = 4) or 5X (n = 4) or saline (controln = 6) for 3 h/day. Acquisition Of lavage fluid were cytocentrifuged (Cytospin, Shandon Southern Products

of pulmonary tolerance was assessed by measuring mean total PMN h##l, UK), and the cells were stained with Hemacolor (EM Science, Gibbs-

protein concentrations in BAL fluid as well as |ung patho|ogy 24 h postexpépwn, NJ) for differential cell analysis. Differential cell counts were perfOrmed

sure (1X versus 3X and/or 5X exposures). Induction of MT was evaluatedt identifying at least 200 cells according to standard cytological procedures

0 h postexposure in mice exposed to ZnO fumes 1X, 3X, or 5X ormair (  (Saltiniet al, 1984). Total cell counts were determined with a hemacytometer.

4/exposure group). To determine whether pulmonary tolerance to inhaled ZRtae lavage fluid was then centrifuged (5§ min, 4°C) and the supernatant

is persistent, mice were exposed for 3 h/day on 5 consecutive days, allowed/@s decanted. The total protein concentration in the supernatant was measured

rest for 5 days, and then re-exposed to ZnO (ZnO/rest/Zzn@, 5) or air  Using an assay kit that follows the method of Bradford (1976) and is accurate
(ZnOlrest/airn = 5). from 10 to 2,000ug/ml (bovine serum albumin standard, 550 nm; Pierce,

Atmosphere generation and characterizationMice were exposed to 1.0 _Rogkford, IL). Total _proteln concentrgtlon in BAL fluid was used as an
mg/n? ZnO in stainless steel cages placed inside a 0.D@lexiglass chamber. Indicator of changes in lung permeability and injury.
The exposure level of ZnO used in this study was one-fifth of the currentTissue preparation and lung pathology To obtain lung tissue for RNA
threshold limit value (TLV) for an 8-h workday and 40-h workweek (ACGIH isolation, the chest cavity was opened and the lungs were excised, flash-frozen
1991). ZnO fume was generated in a modified furnace system based om bquid nitrogen, and stored at —70°C until RNA extractions were performed.
previous design (McCarthgt al., 1982). Briefly, 1.7 g of granular zinc metal To obtain tissue for pathological analysis, a cannula (0.6 mm internal diameter)
(30 mesh; Fisher Scientific, Fair Lawn, NJ) were placed in a ceramic crucibias inserted into the trachea and the lungs were instilled in situ with 2%
and heated to approximately 550°C in a furnace. Zinc vapor was carrighlitaraldehyde, removed, and immersed in fixative. Fixed tissues were
downstream through the furnace by inert, high purity argon gas to react wittmmed, dehydrated through a series of ethanol solutions, and processed into
oxygen yielding a supersaturated atmosphere of ZnO vapor. This vapor cparaffin blocks (Hypercenter XP, Shandon Scientific). Paraffin-embedded tis-
densed to yield ultrafine particles of ZnO, which were mixed with filtered asues were sectioned (gm) and stained with hematoxylin and eosin.

Animals. Male NIH-Swiss mice (7 to 9 wk, 29-36 g) were purchase
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RNA isolation and analysis Total cellular RNA was isolated from lung
tissue with TRIzol (Life Technologies). RNA quantity and purity was deter- = | # N
mined by A260/A280 spectrophotometric absorbances. In addition, integrity of.
RNA was confirmed by ethidium bromide staining of ribosomal RNA follow- *,
ing gel electrophoresis. Standard slot-blot RNA analyses were carried out by
direct application of 1Qug glyoxalated RNA samples onto nylon membrane i
filters (Nytran, Schleicher & Schuell, Keene, NH) in a vacuum manifold -
(Schleicher & Schuell). Membrane-bound RNA was hybridized to nick-trans-¥
lated, **P-labeled cDNA probes in the presence of dextran sulfate by az
modification of the procedure of Wakl al. (1979). The MT-1 plasmid was
provided by Dr. H. Herschman (UCLA), and tigzactin was commercially i
purchased (ATCC, Bethesda, MD). Following hybridization, filters were
washed to a final stringency of 04 standard saline citrate 0.1% sodium
dodecyl sulfate at 65°C for 30 min. Specifically hybridized mRNA was
visualized by film autoradiography at —70°C using Kodak XAR-5 film plus
Cronex intensifying screens (DuPont, Wilmington, DE). Autoradiogram signal
strengths of hybridized mRNA were quantitated by the measurement of optical b
densities. MT-1 gene expression results were normaliz@estctin expression,
serving as an internal control to ensure that artifacts such as unequal loading
of RNA onto filters were not responsible for any observed differences in the
strengths of autoradiographic signals. Due to possible variability in baseline
values of gene expression over time and between batches of animals, control
mice were also exposed to air (sham) and analyzed.
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Data analysis. To evaluate ZnO- and endotoxin-induced changes in PMNs
and protein in BAL fluid at various time points, all values are presented as the
meanz= SE, and differences between means were assessed using a one-factor
analysis of variance (ANOVA) followed by a Student-Newman-Keuls (SNK) .
multiple-comparison test of significance. MT-1 mRNA levels normalized to T T A T I LR
B-actin are presented as the meaiSE, and statistical analysis was performed laporas -
with a one-factor ANOVA and SNK test of significance. Statistical signifi-
cance for all comparisons was accepteg at 0.05. FIG. 1. Total number of polymorphonuclear leukocytes (PMNs) (A),
percent PMNs (B), and total protein (C) in BAL fluid of NIH-Swiss mice 24 h
postexposure to 1.0 mghZnO 1X (0 = 7), 3X (n = 5), or 5X(n = 5) or air
(control, n = 5) ) for 3 h. Values are means SE; * denotes significant
difference from air-exposed controlg;< 0.05. + denotes significant differ-
ence from 1X exposure group;< 0.05.

PMN and protein concentrations in ZnO- and endotoxin-

exposed mice. Compared to air-exposed control animals,

both 1X and 3X ZnO-exposed mice had significant increases inPulmonary histopathology from repeated ZnO exposures.
the percentage of PMNs recovered in BAL fluid. The 1XVhen compared to those of air-exposed controls (Fig. 3A),
ZnO-exposed mice also had significantly greater total PMNiNg sections of 1X-exposed mice had no discernible patho-
(Figs. 1A and 1B). Compared to the 1X exposure group, boggical differences (Fig. 3B). When qualitatively compared to
3X and 5X ZnO-exposed mice had significantly lower total an@oth air and 1X exposure groups, however, lung sections of 5X
percent PMNs in BAL fluid (Figs. 1A and B). In contrast to th&xposed animals appeared to have alveolar septal wall thick-
repeated ZnO exposure-related decrease in PMNSs, 1X, 3X, &fng, cellular congestion and infiltrates in the air spaces,
5X ZnO-exposed mice had significantly greater levels of pr@reater perivascular distention, and focal loss of epithelial
tein in BAL fluid compared to air-exposed controls, and the 3)itegrity (Fig. 3C). These observations are consistent with the
and 5X ZnO exposure groups had significantly greater protedfPrementioned BAL protein changes following 1X and 5X
levels compared to 1X-exposed mice (Fig. 1C). ZnO exposures.

Unlike ZnO-exposed animals, mice exposed to endotoxinPersistence of pulmonary tolerance to ZnOlhe results of
exhibited little evidence of pulmonary tolerance. Followingnvestigating the persistence of tolerance are presented in Fig-
repeated endotoxin exposure, there was a significant increase 4. Percent and total PMNs as well as total protein in BAL
in total and percent PMNSs in the BAL fluid from 5X-exposedluid of the ZnO/rest/ZnO exposure group did not differ from
mice as compared to that of 1X-exposed mice. Total adK-exposed animals, suggesting that pulmonary tolerance to
percent PMNs were also significantly increased over salinerO did not persist following a 5-day rest period. ZnO/rest/
exposed controls in both the 1X and 5X exposure groups (FigsO-exposed animals had significantly greater levels of all
2A and 2B). In contrast to ZnO exposure, total protein comellular and biochemical parameters as compared to that of the
centrations were not significantly affected by single or repeatedntrol ZnO/rest/air exposure group. ZnO/rest/air-exposed
endotoxin exposures when compared to saline-exposed coriee had significantly lower percentages and total PMNs in
trols (Fig. 2C). BAL fluid (but not total protein) compared to 1X-exposed

Leda  HAL I"™zzar a1rl
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FIG. 2. Total number of polymorphonuclear leukocytes (PMNs) (A),
percent PMNs (B), and total protein (C) in BAL fluid of NIH-Swiss mice 24 h
postexposure to aerosolized endotoxin (generated from a@rhl solution)
1X (n = 4) or 5X (h = 4) or saline (controln = 6) for 3 h. Values are means
SE; * denotes significant difference from saline-exposed confeis0.05; +
denotes significant difference from 1X exposure grqup; 0.05.

animals (Fig. 4), but did not significantly differ from the air”hﬂf ‘,ﬂ"‘ T s
(control) exposure group in any BAL fluid measurement. ﬂﬁ. . ;
Lung metallothionein mRNA inductionExposure to 1.0 .’
mg/n? ZnO induced a sustained and significant increase i.§
lung MT-1 gene expression over the 5-day exposure period. A%
8-fold elevation over control in MT-1 mRNA was observed#si
after the 1X exposure, and approximate 6-fold elevations wel i
seen following the 3X and 5X exposures (Fig. 5). The relative: ';F
levels of MT-1 mRNA were not significantly different among '
the 1X, 3X, and 5X ZnO exposure groups. e

DISCUSSION

In previous human and animal studies, the magnitude EE#s
lung inflammation (as measured by PMNs in BAL) and in£#
creased lung permeability and injury (as measured by total
protein in BAL) have been used as indices to assess th&IG. 3. Lung histology of NIH-Swiss mice 24 h postexposure to
development of pulmonary tolerance following repeated expb® Mg/m ZnO 1X or 5X or air (control) for 3 h. Tissues were fixed

sure to a variety of inhaled toxicants. For example. the dev |_th 2% glutaraldehyde, embedded in paraffin, stained with hema-
Yy . ple, ?xylin and eosin, and viewed by light microscopy. Original magnifi-

opmept of pullmonar)_/ tqlgrance frlom 'endOtOXin EXPOSUre dgtion x200. (A) air-exposed control. (B) 1X ZnO-exposed. (C) 5X
associated with a significantly diminished PMN responsen0-exposed.
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only one time. Similar to the aforementioned investigations
with ozone, our data suggest that the development of tolerance
to ZnO-induced PMN infiltration into the lungs may not nec-
essarily be beneficial because lung injury continued to progress
over the 5-day exposure period.

In contrast to mice exposed repeatedly to ZnO, mice ex-
posed to aerosolized endotoxin for 5 successive days did not
become tolerant to the influx of neutrophils. These 5X-exposed
mice exhibited a 2.5-fold increase in total PMNs as compared
to those exposed only one time, as well as a 70-fold increase
over control values. Total protein levels in BAL fluid of
endotoxin-exposed mice were not significantly increased fol-
lowing 1X or 5X exposures. Our single exposure data are
consistent with previous findings of no changes in BAL protein
despite PMN influx following a single exposure to intratrache-
ally instilled or aerosolized endotoxin (Hudsen al., 1977;
Wiener-Kronishet al., 1991). This lack of change in protein
appears to be dose-dependent; some investigators, including
ourselves (Gordon, 1992), have reported exposure to high
endotoxin concentrations caused increased BAL protein in rats
and guinea pigs (L&t al., 1995; O’Learyet al., 1996). Despite
lack of evidence of tolerance to neutrophil influx from repeated
endotoxin exposure in the present study, there is evidence that
endotoxin produces tolerance in other test systems (Ekdr,
2000; Schwartzet al., 1994; Shimadeet al, 2000). Thus,

FIG. 4. Total number of polymorphonuclear leukocytes (PMNSs) (A),dlfferences in BAL data from single and repeated endotoxin
percent PMNs (B), and total protein (C) in BAL fluid of NIH-Swiss mice 24 lexposures could be explained by the dose and route of expo-
postexposure to 1.0 mghZnO 1X (0 = 7), Zn/rest/Zn § = 5), or Zn/rest/air sure of endotoxin used in these studies. When taken together,
(n = 5) or air(n = 5) for 3 h. Zn/rest/Zn and Zn/rest/air animals were exposegr findings on the development of pulmonary tolerance in

to ZnO for 5 days, allowed to rest for 5 days, then rechallenged with ZnO S
air, respectively, for 3 h. * Denotes significant difference from air—expose?1
controls;p < 0.05; + denotes significant difference from 1X exposure groupt,

ice following repeated ZnO and endotoxin exposure suggest
e following:

p < 0.05; # denotes significant difference from Zn/rest/air exposure gpodp;
0.05.

while lung permeability remains unaltered (Schweaetzal.,
1994; Shimadaet al, 2000). In the development of ozone
tolerance, however, protein levels in BAL remain elevatedz .
after repeated exposures while PMN values decreased, SLPé-
gesting that lung injury continues to progress despite attenuaz

4 . X o £
tion of inflammatory cellular influx (Christiaret al, 1998; /=

Devlin et al, 1997; Joreset al, 2000; Teppeket al., 1989). >
In the present study, we have demonstrated that after re-
peated exposure of outbred mice to ZnO, total and percent
PMNs in BAL were significantly decreased after 3 exposures,
and continued decreasing to near baseline following 5 expo-
sures. Thus, these mice developed tolerance to the invasion of i
neutrophils into the lungs after consecutive ZnO exposures.
Total protein levels in BAL fluid, however, continued to in-
crease significantly over successive exposures. This suggests
that, despite the tolerance to neutrophil influx, mice did no
become tolerant to ZnO-induced changes in lung permeabilgt

Air

LATLY B fnlk-il L3N

L wpoame

tFIG. 5. MT-1 gene expression in lungs of NIH-Swiss mi® h postex-
osure to 1.0 mg/MzZnO 1X, 3X, or 5X or air (control) for 3h. Values were
é(termined relative t@-actin mRNA and are presented as meanSE ( =

and injury. This was also verified in the greater lung pathology mice/exposure group); * denotes significant difference from air-exposed

of mice exposed repeatedly to ZnO compared to those exposedrols,p < 0.05.
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e PMN influx and changes in epithelial permeability (agxposure is mediated by an increase in neutrophil chemoattrac-
measured by protein in BAL) may not be mutually dependetints and PMNs in the lung following ZnO exposure (Blatc
events, which is in agreement with previous reports using othar, 1993; Kuschneet al, 1997). Although it is not known
inhaled agents (Kleeberger and Hudak, 1992; Laugktial, whether the development of tolerance to ZnO is paralleled by
1986; Rajet al, 1985; Reinharet al,, 1998). a reduction in the pulmonary inflammatory response in hu-

e The development of pulmonary tolerance to ZnO anghans, the significant decrease in lavageable PMNs that we
endotoxin may occur through different molecular mechanismspserved following repeated exposure of mice to ZnO provides

] ) insight into the potential role of an attenuated inflammatory

We also determined that pulmonary tolerance to inhalgdsponse in the development of tolerance to the recurring
ZnO does not persist after a 5-day rest period. Total aQgmoms of MFF. With regard to tolerance to lung injury as
percent PMN.S and_ total protein in ZnO-exposed mice, ggsoaqqeg by protein in BAL, changes in lavageable protein after
challenged with a single exposure to ZnO after 5 days of reéfhgle ZnO exposures at concentrations above the TLV have
were not sign.ificantly.differgnt from 1X-exposed mice.'This i%é)t been previously demonstrated in humans, and detrimental
consistent with previous findings from human studies ar) ulmonary effects from ZnO inhalation are currently believed

workplace observations of “Monday morning fever” (DrinkerD

et al, 1927; Turner and Thomspon, 1926). Because toleraritgebe self-limiting and without sequelae. Although the BAL

does not appear to be persistent, individuals who work StatH_otein data in our model sugggst otherwise, lavageable protein
gered shifts, return from extended vacation, or experience hi%?é;mt been measured following repeated human exposures to
absenteeism may be at greater risk of developing adve to assess cumulative lung injury. Furthermore, our data
pulmonary or systemic effects from ZnO exposure. are consistent with a previous flr!dlng in guinea plgs,_whlch
Exposure to 1.0 mg/MmZnO induced a sustained andVere shown to be nontolerant to increased BAL protein after
significant increase in MT-1 mRNA over control valuegnultiple ZnO exposures (Connet al., 1988). We believe that
fo||owing 1X, 3X, and 5X exposures. Tolerance to PMNhe Iong-term and additive pulmonary effects of repeated ZnO
influx into the lungs was acquired following 3X and 5Xxexposures have not been thoroughly studied, as ZnO-contain-
exposures. While previous investigations have shown thag welding fumes have not only been linked to transient cases
MT expression is altered by inflammatory cytokines such & MFF, but have also been associated with more progressive
TNF-a (Sato and Sasaki, 1992), IL-1 (Karit al., 1985; adverse pulmonary effects (Ameilét al., 1992; Bradshavet
Kikuchi et al, 1993), and IL-6 (Schroeder and Cousinsal., 1998). Finally, although we have proposed MT as a can-
1990), the role of MT in regulating the inflammatory redidate gene in the development of pulmonary tolerance to
sponse during the 5-day ZnO exposure period in the pres@miO-induced PMN influx, it should be noted that other
study is unclear. Despite the fact that increased MT-1 epolecular mechanisms may likewise be important. The de-
pression was sustained, mice did not develop tolerancedi@ased expression of proinflammatory cytokines (Flethe.,
lung injury as measured by lung pathology and total BAkgg9), as well as the induction of anti-inflammatory cytokines
protein, as these indices of injury continued to increaggickinney et al, 1998) and antioxidants (Fokt al, 1999;
during the 5-day exposure period. In many cases, the indygjesteret al, 2000) have been associated with the develop-

tion of MT protepts tissues against toxicant—jnduced INjuRY\ent of tolerance to other toxicants, and may also play a role
(Klaassen and Liu, 1998; Waalke; and C_Boe_rmg, 1990)'_Othhe mediation of tolerance to ZnO-induced PMN influx in
data suggest, however, that MT-1 induction is not assouatgl(iir model

with protection from increased lung epithelial perrr!eablllty. Ln summary, little is known about the pathogenesis of tol-
after repeated ZnO exposure. These data are consistent wit . . . A

. .erance to inhaled toxicants, and the literature is limited regard-
independent reports of elevated lung MT gene expres&l%n the genes that control this response. In this study, we have
following hyperoxic exposure in C57BL/6J inbred mice 9 9 P ' Y,

(Piedboeufet al, 1994), a mouse strain that is highlydemonstrated that pulmonary tolerance to PMN influx, but not
susceptible to hyperoxia-induced increases in lung pern%AL protein and qug pathology, is acquired in an outbred
ability (Hudaket al, 1993). Although MT has been shownmouse model following repeated exposure to ZnO. Once de-
to be induced by single endotoxin exposures in both rats a¥gfoPed, tolerance does not persist following 5 days of rest
mice (Deet al., 1990; Liuet al., 1991; Minet al., 1991), the Prior to another exposure to ZnO. MT-1 mRNA is significantly
induction of MT-1, following repeated endotoxin exposuréicreased following 1, 3, and 5 days of ZnO exposure, but the

in the present study, was not evaluated, and further inveégle of MT in the development of tolerance to ZnO exposure is
tigation is needed to elucidate its role in endotoxin tolekncertain, as the induction of MT-1 did not confer tolerance to

ance. cumulative lung injury from repeated ZnO exposures. Future

The limitations of our animal model of tolerance to ZnGstudies will seek to identify and characterize additional genes
should be kept in view. Previous investigators have hypothésat may control the development of tolerance to inhaled par-
sized that the pathogenesis of MFF in humans from Zniizles and gases.
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