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Indium phosphide (IP), widely used in the microelectronics
industry, was tested for potential carcinogenicity. Sixty male and
60 female Fischer 344 rats were exposed by aerosol for 6 h/day, 5
days/week, for 21 weeks (0.1 or 0.3 mg/m?; stop exposure groups)
or 105 weeks (0 or 0.03 mg/m® groups) with interim groups (10
animals/group/sex) evaluated at 3 months. After 3-month expo-
sure, severe pulmonary inflammation with numerous infiltrating
macrophages and alveolar proteinosis appeared. After 2 years,
dose-dependent high incidences of alveolar/bronchiolar adenomas
and carcinomas occurred in both sexes; four cases of squamous cell
carcinomas appeared in males (0.3 mg/m’), and a variety of non-
neoplastic lung lesions, including simple and atypical hyperplasia,
chronic active inflammation, and squamous cyst, occurred in both
sexes. To investigate whether inflammation-related oxidative
stress functioned in the pathogenesis of IP-related pulmonary
lesions, we stained lungs of control and high-dose animals immu-
nohistochemically for four markers indicative of oxidative stress:
inducible nitric oxide synthase (i-NOS), cyclooxygenase-2 (COX-
2), glutathione-S-transferase Pi (GST-Pi), and 8-hydroxydeoxy-
guanosine (8-OHdG). Paraffin-embedded samples from the
3-month and 2-year control and treated females were used. i-NOS
and COX-2 were highly expressed in inflammatory foci after 3
months; at 2 years, all four markers were expressed in non-
neoplastic and neoplastic lesions. Most i-NOS staining, mainly in
macrophages, occurred in chronic inflammatory and atypical hy-
perplastic lesions. GST-Pi and 8-OHdG expression occurred in
cells of carcinoma epithelium, atypical hyperplasia, and squamous
cysts. These findings suggest that IP inhalation causes pulmonary
inflammation associated with oxidative stress, resulting in pro-
gression to atypical hyperplasia and neoplasia.
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used extensively in the microelectronics industry to manufac-

ture semiconductors, injection lasers, solar cells, photodiodes,
and light-emitting diodes and have been proposed as replace-
ments for silicon in computer microchips (Blaz&gal., 1994).

Because of its recent widespread usage, IP was selected for
chronic toxicity investigations by the National Toxicology
Program (NTP). Three-month exposure of rats by inhalation of
IP at doses of 0, 1, 3, 10, 30, or 100 md/mesulted in a
spectrum of inflammatory and proliferative lesions in the lungs
of all exposed groups. These changes consisted of alveolar
proteinosis, chronic inflammation, interstitial fibrosis, and al-
veolar epithelial hyperplasia (NTP, 2000).

Inhalation exposure to 0.03 mgfrfor 2 years, or 0.1 or 0.3
mg/m’ for 21 weeks (exposure stopped at 21 weeks) was
associated with increased incidences of alveolar and bronchio-
lar adenomas and bronchiolar carcinomas in rats of both sexes.
Squamous cell carcinoma of the lung occurred in four male rats
exposed to 0.3 mg/MNTP, 2000). A spectrum of inflamma
tory and proliferative lesions of the lung was observed in all
exposed groups of both sexes. This paper deals with IP-related
lung pathology; additional information can be found in the
NTP technical report (NTP, 2000).

Exposure by inhalation to particles like asbestos (Muhle and
Pott, 2000) or crystalline silica (Dingt al., 2000) is known to
be associated with the development of lung tumors in rats
(Nehls et al., 1997). Inflammation, in conjunction with the
production of reactive oxygen species (ROS) and enhanced
epithelial cell proliferation, has been proposed as the mecha-
nism of this particle-induced tumor formation (Mossman,
2000). Interactions of xenobiotics with several enzyme systems
have resulted in the formation of free-radical intermediates,
which are further able to activate molecular oxygen to super-

~ Indium phosphide (IP), a dark gray powder or brittle metagyiges (Mason, 1982). Reactive oxygen is recognized as an
lic solid, belongs to the main group Il of nonessential heavyhortant factor in gene expression by serving as a second
metals and has been used in industry since the 1940s. Indiyfisssenger in signal transduction pathways. This function in
containing compounds, e.g., indium arsenide and IP, are ngyj, signaling has been well established fos04 and O-, as
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teins have been reported to be redox-sensitive (Allen and
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Tresini, 2000; Lander, 1997)_ Many of these Cell-signalingotocols of the NTP Sentinel Animal Program. Animals were housed indi-
pathways are known to be involved in cell proliferation, difyidually; feed (except during exposure) and water were availathlébitum

.. . . . . he rats were exposed to aerosols of IP at levels of 0, 0.03, 0.1, or 0.3’mg/m
ferentiation, and apoptosis. The imbalance of these blologl%:}TG hiday, 5 days/week, for 21 weeks (0.1 or 0.3 niggmoups) or 105 weeks

end points is an importan_t St_ep in the development of cancgy or 0.03 mg/rit groups), with interim groups (10/group/sex) evaluated at 3
The current concept of oxidative stress emphasizes the balamégths. Animals in the 0.1 and 0.3 mglgroups were maintained on filtered

between oxidants and antioxidants; an imbalance of too feyfrom exposure termination at week 21 until the end of the studies. Exposure
oxidants and too many antioxidants is considered oxidatitRe!P was stopped in these dosed groups because of a 1.6- to 2.1-fold increase

. . . . - . n lung weights and the severity of the lung lesions after 3-month exposure
stress. Chronic, prolonged inflammation is associated with thﬁupgz\gog veny ung fest xposu

release of highly reactive oxygen and nitrogen species fro . . ) _
infl t 9 %I Th Y9 ti | Qll . Ft) t Wi r‘rf:’athology. Complete necropsies and microscopic examinations were per-
Inlammatory cells. ese reactive molecules nterac W'mrmed on 0 and 0.3 mg/hinterim study rats at 3 months, and all remaining

DNA in proliferating epithelium to produce permanentats atthe end of the study. Heart, right kidney, liver, lung (left and right lobe),
genomic alteration (De Marzet al., 1999). High NG levels in  right testis, and thymus were examined and weighed from 0.03 and 0.1°mg/m
inflammation are cytotoxic to viruses and bacteria, but are algtgrim study rats at 3 months. At necropsy, all organs and tissues were

able to damage cellular organelles and cause further Chroﬁfammed _for grossly visible lesions, ar_1d all major tlssues_ were fixed and
r]gserved in 10% neutral buffered formalin, processed and trimmed, embedded

. . . . p
inflammation (Nathan and Xie, 1994)' Excessive amounts R paraffin, sectioned to a thickness of 46, and stained with hematoxylin

NO* have been found to be cytotoxic in several cell linegng eosin (H&E) for microscopic examination. A quantitative assessment for
(Messmetret al,, 1994), but also protective against apoptosis inng pathology was performed to evaluate the severity of the different findings
others (Kimet al, 1997). Another function of NOis scay (Cherniacket al, 1991).

enging superoxide radicals produced by inflammation, therebymmunohistochemical investigation. For the immunohistochemical eval-
inhibiting lipid peroxidation (Rubbet al., 2000). uations, paraffin-embedded samples were taken from the lungs of female rats

The Iung is more susceptible to oxidative injury than an ly, as the pulmonary damage_ appeared virtually the same in both sexes. To
vestigate the most severe lesions, only lungs of the high-dose animals were

other organ _in the' body .because O.f constant exposure tq air thighed immunohistochemically. Samples from each of the following groups
might contain toxic particles or oxidant gases such as nitrog@ére used:

oxide or ozone (Nehlst al, 1997). Lungs have a high rate of
blood perfusion which makes them more Iikely to be exposeo’ Three-month interim sampling: lungs from seven rats from each of the

. . . . cantrol and high-dose (0.3 mgfingroups.
to xenobiotics (Vallyathan and Shi, 1997). Chemwal'mduceg. Two-year terminal sampling: lungs from 10 rats of the control group and

carcinogenesis by inhalation was recently reviewed by EMg animals of the high-dose (0.3 mg)mgroup. These 18 animals were
mendoerfferet al. (2000), who examined confounding factorselected to have a minimum of seven animals per specific lesion (inflammation,

including the extent of the inflammatory response on lurfyperplasia, adenoma, carcinoma, atypical hyperplasia, squamous cyst) to
neoplastic development. have a sufficient number of samples for statistical evaluation.

TO gddress our prgposal that IP causes Iur?g tumors V'%munohistochemistry was performed using the avidin-biotin-peroxidase
oxidative stress from inflammatory cells, we stained lungs @fethod. Sections were stained with one of the following antibodies: i-NOS

control and high-dose animals immunohistochemically to Ig¥ransduction Laboratories, Lexington, KY), COX-2 (Caymen Chemical, Ann

calize four different markers considered to be indicative dfbor. Mi), GST-Pi (BioGenex, San Ramon, CA), or 8-OHdG (Japan Institute

oxidative stress: inducible nitric oxide (i-NOS), cyclooxygen!®" the control of Aging, Haruoka, Fukuroi City, Japan).

ase 2 (COX-2), glutathion&transferase Pi (GST-Pi), and i-NOS and COX-2. Following dehydration through a series of graded
8-hvd d ! . 8-OHdG). Ti di ,th' .alcohols, all slides were placed in 1X Automation Buffer (AB) (Biomeda,
-nydroxyaeoxyguanosine ( B ) ISSues used In this IIEI(Sster City, CA) and blocked for endogenous peroxidase activity with 3%

vestigation were paraffin-embedded lungs from the 2-year NTEb, for 15 min. Heat-induced epitope retrieval for all slides began by

study (NTP, 2000). incubation in 1X citrate buffer, pH 6.0 (Biocare Medical, Walnut Creek, CA).
Slides stained for i-NOS were placed in a steamer (Black & Decker, Brock-
MATERIALS AND METHODS ville, Ontario, Canada) for 30 min, cooled for 10 min, rinsed in water, and

placed in buffer. Slides stained for COX-2 were heated for 5 min in a
) ) . ) ) microwave oven at 50% power for a total of two cycles. Between cycles, fresh
Chemicals. |nd|um_ phosth_ie, obtained n three lots from _Johr'1§o itrate buffer (50 ml) was added. After microwaving, the slides were allowed
Matthey, Inc. (Ward Hill, MA), displayed a purity greater than 99% identified,, ) tor 15 min, rinsed in distilled water, and placed in 1X AB buffer. Al
by X-ray diffraction analyses. incubations were carried out in a humidified chamber at room temperature
Aerosol generation and exposure systenilhe study laboratory designed (RT°). Slides were blocked with 5% normal goat serum for 20 min (Jackson
stainless steel inhalation exposure chambers (Hartford Systems Division@fnunoresearch, West Grove, PA), then incubated with the primary antibody,
Lab Products, Inc., Aberdeen, MD), ensuring the maintenance of unifofaiyOS 1:100 or COX-2 1:300, for 1 h. Normal rabbit serum (Jackson Immu-
aerosol concentrations throughout. The total active mixing volume of eagBresearch, West Grove, PA) was used as the negative control. For i-NOS
chamber was 1.7 fnUniformity of aerosol chamber concentration was evalstaining, the positive control was LPS-treated rat liver. For COX-2 staining, the
uated every 2 to 4 months and found acceptable throughout the study. Adglisitive control was mouse vas deferens (ductus deferens). Slides were ade-
tional technical details concerning IP exposure are given in the NTP repgiiately washed in 1X AB buffer; incubated with the secondary antibody,
(NTP, 2000). biotinylated goat anti-rabbit IgG (for i-NOS 1:400, for COX-2 1:500; Vector
Animals. Sixty male and 60 female F344/N 4-week-old rats (Taconitaboratories, Burlingame, CA) for 30 min, washed again, then labeled with an
Farms, Germantown, NY) per exposure group were quarantined for appraxidin-biotin complex (Vector Elite Kit) for 30 min. Slides were washed in 1X
mately 14 days. Their health was monitored during the studies according to & buffer, counterstained with Harris hematoxylin (Harelco, Gibbstown, NJ),
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TABLE 1

Incidences of Non-neoplastic Lesions of the Lungs in Female Rats at Three-Month Interim Evaluation
in the Two-Year IP Inhalation Study

0 mg/n? 0.03 mg/mi 0.1 mg/m? 0.3 mg/m?
Number of animals 10 10 10 10
Chronic active inflammatidh 2 (1.0y 10* (1.0) 10* (1.6) 10* (3.4)
Foreign body 0 8* (1.0) 10* (1.6) 10* (2.7)
Alveolus, proteinosis 0 9* (1.0) 10* (2.7) 10* (4.0)
Alveolar epithelium, hyperplasia 0 5*(1.0) 1*(1.0) 7*(1.6)

® Tissue examined microscopically.

® Number of animals with lesion.

¢ Average severity grade of lesions in affected animals: ininimal, 2 = mild, 3 = moderate, 4= marked.
¢ All animals showed simple hyperplasia.

* Indicates significantly different from chamber control, using Fisher exact pest (.01).

rinsed in water, rehydrated through alcohol to xylene, and coverslipped within case of disagreement of single grades, an average was taken. The
Permount (Surgipath, Richmond, IL). immunohistochemical reactivity of each histological category (normal tissue,

8-OHdG and GST-Pi. Following dehydration through a series of gradecfltyp_ical hyperplasia, chronic active inﬂammation, _alveolar epithelium hyper-
alcohols, the slides for 8-OHdG determination were placed in Bouin's fixatijlasia, squamous cyst, alveolar/bronchiolar carcinoma, alveolar/bronchiolar
for 3 h atRT°, washed in 80% ethanol four times, then left therein overnigh"ﬁdenoma) was assessed separately.
Tissues were blocked for endogenous peroxidase activity with 0.3% Statistical analysis. For evaluation of the statistical significance of the
methanol for 30 min and rinsed in PBS buffer. For denaturation of DNA, tHgymunopositivity, we used a new test procedure recently introduced by Ped-
slides were placed in 0.05 N NaOH in 40% ethanol for 12 min, rinsed in PBgadaet al. (manuscript submitted) to detect a broad range of trends. This
and incubated with 25@.g/ml RNase for 1 h. The RNase was rinsed off withProcedure is based upon a general methodology developed by Hwang and
PBS, and an incubation in 5% skim milk in PBS for 90 min followed. ArPeddada (1994). We first converted the data in terms of ranks, then estimated
avidin/biotin block (Vector Laboratories, Burlingame, CA) was applied for 28he mean ranks under the hypothesized trend. Using these trend estimates we
min. The primary 8-OHdG antibody (IgG1, 20y/ml, 1:50) was then applied obtained our test statistic, which is the difference between the largest mean
to the slides overnight at 4°C. rank and the smallest mean rank. The null distribution of this statistic was
The GST-Pi slides were placed in PBS after dehydration; endogendii¥ained by the bootstrap trend test, conservative for correlated data (Peddada
peroxidase was blocked by 3%,®, for 15 min, and slides were incubated et al, manuscript submitted). For COX-2, 8-OHdG, and GST-Pi labelings, the
with 5% skim milk for 90 min at RT°. The primary polyclonal rabbit anti-hypothesis was that the immunopositivity increases from hyperplasia to ade-
GST-Pi antibody (BioGenex, San Ramon, CA) was applied at 1:208 foat Noma to carcinoma to atypical hyperplasia to squamous cyst. For the i-NOS
37°C. All slides (GST-Pi and 8-OHdG) were then washed adequately in PB&in, the hypothesis asserted that the distribution of immunopositivity in-
and incubated with BioGenex biotin-labeled antimouse antibody followed I§jeases from adenoma to carcinoma to atypical hyperplasia. For i-NOS eval-
BioGenex streptavidin-conjugated peroxidase, each at 1:20 for 20 min at Ryation, we did not include hyperplasia and squamous cyst due to sparsity of
The peroxidase binding was demonstrated by the reaction with 3-aminodgta.
ethylcarbazole. Rinsing in deionized water and counterstaining with Meyer’'s
hematoxylin followed. Tissue was covered with BioGenex SuperMount over- RESULTS
night and coverslipped with Eukit{Calibrated Instruments, Hawthorne, NY).

As a control for the specifity of the reaction for 8-OHdG, some slides were A : : :
) ) . . . nly lungs from female rats were investigated immuno-
incubated with formamidopyrimidine DNA glycosylase (Fpg) protein, a tri; S only lungs irom female rats were estigated uno

functional DNA base excision repair enzyme that removes a wide range WtOChem'ca”y* Only the pathOIOgy results from females are

oxidatively damaged bases via N-glycosylase activity and cleaves bott-the@resented in this paper.
and B-phosphodiester bonds of the resulting apurinic/apyrimidinic site. By
application of the enzyme fd. h prior to that of the primary antibody, a large Survival and Body Weights
amount of 8-OHdG in the tissue should be repaired and so not react with the . .
primary antibody. The survival rates of chamber controls and treated animals
As a positive control for GST-Pi staining, livers were used from rats thavere approximately equal (NTP, 2000). The average body
were treated with diethylnitrosamine (DEN) over a per‘|0d of 2 weeks, keWeights of exposed rats compared to chamber controls were
without treatment for 7 months for the development of liver foci, then trea\teﬂmilar (NTP, 2000)
with lipopolysaccharide for 1 week. ! ’
Grading of labeling. The immunopositivity of the sections was graded b3PuImonary Pathology
two pathologists using a scale ranging from 0 () tet4H++). Only a strong
specific imn_ﬁunohistochemical _reaptio_n was considered and graded as followsThe lung weights of all groups of exposed female rats were
ywth approxmate_percentages indicating tho_s_e numbers qf relev_ant cells_ Sh%‘F@nificantly (1.2- to 2.2-fold) greater than those of the cham-
ing a strong positive reaction: (G No specific immunohistologic reaction trol fter 3 ths (NTP. 2000). Most d .
visible; (1) = 1 to 10% of relevant cells showing a strong positive reaction{aer controls after 5 montns ( ! ) ,OS expose am_.
(2) = Up to approximately 25%; (3F Up to approximately 50%; (43 More Mals showed dose-dependent increased incidences of chronic

than approximately 50%. active inflammation (Table 1), which is characterized by nu-
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merous histiocytes and mononuclear inflammatory cells aptbduced keratin. Cystic squamous lesions exhibited a some-
fewer pleomorphonuclear (PMNL) inflammatory cells withirwhat thickened edge of epithelium around a large amount of
the alveoli and interstitia (Figs. 1A-D). Other changes includéetratin (Figs. 2E—H).
the presence of foreign bodies (indium phosphide particles)Alveolar/bronchiolar adenomas consisted of clearly outlined
visible as black dots within the alveoli or macrophages (hatasses compressing and surrounding normal lung tissue and
shown), alveolar epithelial hyperplasia, and alveolar proteinexhibited acinar, papillary, and/or compact structure. These
sis (Table 1). epithelial cells within adenomas were mostly of one form and
Inhalation exposure to 0.03 mging2 years), 0.1, or 0.3 resembled hyperplastic epithelial cells.
mg/m’ (exposure stopped at 21 weeks) was associated withAlveolar/bronchiolar carcinomas (Figs. 21 and 2J) displayed
increased incidences of alveolar and bronchiolar adenomas andhore heterogeneous pattern, cellular pleomorphism, and
carcinomas in rats of both sexes. Squamous cell carcinomastyfpia with local invasion or metastasis.
the lung occurred in four males exposed to 0.3 nig/im all
exposed groups of males and females, a spectrum of doﬁﬁmunohistological Evaluation
dependent inflammatory and proliferative pulmonary lesions
was observed, including chronic inflammation, alveolar epithe- The immunohistochemical markers revealed distinct pat-
lial hyperplasia and squamous metaplasia, atypical hyperplaséans of localization (Tables 3 and 4). Staining for i-NOS
squamous cyst, alveolar proteinosis, and interstitial fibrogissulted in a cytoplasmic expression, mainly in macrophages,
(Table 2). not in epithelial cells (Figs. 1A, 1B, 1E, 1F, 11, and 1J). COX-2
Alveolar epithelial hyperplasia was indicated by increasechmunolabeling demonstrated a cytoplasmic concentration of
numbers of epithelial cells lining the alveolar walls with norehromogen in macrophages and epithelial cells included within
mal alveolar architecture remaining intact. lesions (Figs. 1C and 1D and Figs. 2D, 2G, 2H, and 2J).
Chronic inflammation (Figs. 1E—F) consisted of accumul&ST-Pi was expressed mainly in the cytoplasm and partially in
tions of alveolar macrophages with foamy cytoplasm, occtie nuclei of epithelial cells (Figs. 1G and 2A, 2B, 2E, and 2I);
sional multinucleated giant cells and cholesterol clefts, cédw macrophages expressed GST-Pi. 8-OHdG was localized
debris, and some neutrophils. A thickening of the alveolavithin nuclei of epithelial cells (Figs. 1H and 2C and 2F); few
interstitium and the overlying pleura was observed frequentiyacrophages expressed 8-OHdG.
in connective tissues. Alveolar proteinosis, characterized byln the control group, after 3 months the average expression
diffuse homogeneous to granular deposition of eosinophili¢ i-NOS was graded 2-3 in the cytoplasm of macrophages,
material, was noted within the alveolar lumen, mostly arounglhich appeared with a frequency of approximately 1-2 mac-
the areas of chronic inflammation. Scattered black dots (tBphages/alveolus. The macrophages in the control animals
particles) less than Am in diameter were found within alveoli were smaller than those in the highest-dose group. COX-2 was
and phagocytic cells. expressed between grades 2 and 4 in macrophage cytoplasm
Atypical proliferation of alveolar/bronchiolar epitheliumand minimally (grade 1 in three animals) in bronchial epithe-
with fibrous components (Figs. 11 and 1J and 2A-D) was aliam. Two control animals demonstrated immunopositivity of
found in these animals. The lesions, whose size ranged fro®&T-Pi (grades 1-2) in macrophage cytoplasm, and two others
few hundred micrometers to more than 1 cm in diameter, warebronchial epithelium (grades 1-2). 8-OHdG (grade 1) was
round with a central fibrous core containing dispersed alveofaund in macrophages of one animal.
structures lined with uniformly cuboidal epithelial cells. Ag- After 3 months, treated animals (Table 3) of the highest-dose
gregates of chiefly necrotic inflammatory cells were presentgnoup (0.3 mg/m) manifested relatively extensive i-NOS fav
adjacent alveoli and often within the glandular structures. &rage grade 4.0; Figs. 1A and 1B) and COX-2 staining (aver-
the periphery, the proliferative lesions contained one to maage grade 2.8; Figs. 1C and 1D) within infiltrating macro-
layers of epithelium, which sometimes extended into neighbgrhages in sites of chronic active inflammation, the major lesion
ing alveoli. These cells showed pleomorphism and sometimasthese animals. Although portions of some lesions showed
contained mitotic figures. Small lesions were seen close l@gh grades of staining of GST-Pi, its overall expression was
areas of chronic inflammation. Small lesions with some penly present in a small percentage of cells in chronic active
ripheral epithelial proliferation were diagnosed as “atypicahflammation and epithelial hyperplasia. 8-OHdG, expressed
hyperplasia,” whereas larger lesions with more epithelial pronly in some animals, appeared in a small percentage of cells
liferation and cellular polymorphism and/or local invasionvithin chronic active inflammation. Alveolar proteinosis, di-
were diagnosed as alveolar/bronchiolar adenoma or carcinomgnosed in all treated animals of this group, showed a rela-
Squamous metaplasia of alveolar/bronchiolar epitheliutively high percentage of COX-2—positive area within the
which was not evaluated independently by immunohistocheiproteinaceous material (average grade 4.0).
ical staining but was considered part of the chronic inflamma-In the control group after 2 years (Table 4), i-NOS was
tory process, consisted of replacement of normal alveolar epgressed in macrophages of two animals with chronic inflam-
ithelium by flattened squamous epithelial cells that sometimesation (grade 2.8) and also in a single carcinoma (grade 3.0).
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Incidences of Neoplasms and Non-neoplastic Pulmonary Lesions in Female Rats in Two-Year IP Inhalation Study

0 mg/n? 0.03 mg/m 0.1 mg/nt 0.3 mg/n?

Number of animafs 50 50 50 50
Atypical hyperplasi& 0 8** (2.8)° 8%+ (2.9) 39** (3.8)
Chronic active inflammation 10 (1.0) 49** (3.0) 50** (2.6) 49** (3.9)
Alveolar epithelium, metaplasia 0 46** (3.3) A47** (2.4) 48** (3.8)
Foreign body 0 49** (2.1) 50** (1.8) 50** (2.0)
Alveolus, proteinosis 0 49** (3.7) 47** (2.0) 50** (3.8)
Interstitium, fibrosis 0 48** (2.9) 50** (2.6) 49** (3.9)
Alveolar epithelium, hyperplasia 8(1.5) 15(2.1) 22** (2.0) 16*(1.8)
Squamous metaplasia 0 2(1.5) 1(2.0) 4(2.5)
Squamous cyst 0 1(4.0) 1(4.0) 10** (3.6)
Alveolar/bronchiolar adenoma, multiple 0 1 1 1

Adenoma (includes multiple) 0 7** 5* 19**

Carcinoma, multiple 0 1 0 7**

Carcinoma (includes multiple) 1 3 1 11%*
Alveolar/bronchiolar adenoma or carcinofna
Overall raté 1/50 (2%) 10/50 (20%) 6/50 (12%) 26/50 (52%)
Adjusted raté 2.3% 23.5% 13.5% 58.8%
Terminal raté 1/34 (2%) 6/31 (19%) 6/36 (17%) 23/34 (68%)
First incidence (days) 735 (T) 694 735 (T) 519
Poly-3 test p < 0.001 p = 0.004 p = 0.063 p < 0.001

#Number of animals examined microscopically.

® Number of animals with lesion.

¢ Average severity grade of lesions in affected animals: ininimal, 2 = mild, 3 = moderate, 4= marked.
¢ Historical incidence of alveolar/bronchiolar adenoma or carcinoma: 5/299.

¢ Number of animals with neoplasms per number with lungs examined microscopically.
" Poly-3 test accounts for differential mortality in animals that do not reach terminal sacrifice—estimated neoplasm incidence after adjusterentfent

mortality.
9Incidence at terminal kill.

" Not applicable; no neoplasm in group.

' Beneath the chamber control incidence aralues associated with trend test (0.03 mygroup excluded); beneath exposed group incidenceg eaties
corresponding to pairwise comparisons between chamber controls and exposed group. Poly-3 test as above.

! Statistical value not computable.

* Indicates significantly differentg = 0.05) from chamber control group by Fisher exact test.
** Indicates significantly differentf = 0.01) from chamber control group by Fisher exact test.

(T) Terminal sacrifice.

COX-2 was localized in two animals in epithelium of alveolalium of one carcinoma (grade 3.0). GST-Pi was localized in the
epithelial hyperplasia (grade 2.5), in macrophages of one aapithelium of alveolar hyperplasia (grade 1.5) in two animals,
mal showing chronic inflammation (grade 1.0), and in epithehronic inflammation (grade 0.5) in four animals, and carci-

FIG. 1. (A-D) Representative photomicrographs demonstrating localization of i-NOS, GST-Pi, 8-OHdG, and COX-2 in different lesions induced in female
rats exposed to 0.3 mg/iP in 3-month and 2-year inhalation exposure study. Staining was performed on formalin-fixed tissues using specific monoclonal
antibodies (see Materials and Methods section.). Strong red or brownish nuclear or cytoplasmic staining indicates presence-ofantigeimohistochemical
positivity; — = negativity. Chronic active inflammation produced by 3-month IP exposure; lesions characterized by accumulation of mixed inflammatory cells
(lymphocytes, macrophages, and fewer neutrophils) within alveoli and interstitium, associated with regenerative alveolar epitheliaiehy@orpld®©s;
macrophages (cytoplasm, arrow) Bar 200um. (B) i-NOS; macrophages (cytoplasm, arrow) bar 50um. (C, D) COX-2; in (C), macrophages (cytoplasm,
arrow) +; (D) negative control (incubated with rat IgG rather than primary antibody) of same area (macrophage —, arrow). Bothjulpar (E5H) Chronic
inflammation produced by 2-year IP exposure; lesions characterized by accumulation of alveolar macrophages with foamy cytoplasm, occasioleaitetlilti
giant cells, cholesterol clefts, cell debris, and few neutrophils; alveolar interstitium variably thickened by dense fibrous connective risssie &fieolar
proteinosis most prominent in these areas. (E) i-NOS; macrophages (cytoplasm,-arar) 200u.m. (F) i-NOS; macrophages (cytoplasm, arrot)Bar 50
um. (G) GST-Pi; epithelium (cytoplasm, arrow). Bar 100um. (H) 8-OHdG; epithelium (nuclei, arrow). Bar 100um. Atypical hyperplasia produced by
2-year IP exposure. Lesions vary in size, have rounded outline and central fibrous core containing dispersed (alveolar) structures linedybgulntifdam|
epithelial cells, aggregates of mostly necrotic inflammatory cells seen within adjacent alveoli, and, often, glandular structures. Péiilploprallijerative
lesions have one to several epithelial layers, frequently forming papillary projections. () i-NOS; macrophages (cytoplasm;.aB@vg00um. (J) i-NOS;

macrophages (cytoplasm, arrovw) Bar 50 um.
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TABLE 3
Immunohistochemical Staining Results in Pulmonary Lesions in Epithelial Cells and Macrophages
after Three-Month IP Exposure (0.3mg/m")

Lesion i-NOS COX-2 GST-Pi 8-OHdG

Epithelial cells

Chronic inflammation 0.00 (7) 0.00 (7) 0.00 (7) 0.00 (7)

Alveolar epithelial hyperplasia 0.00 (7) 1.671.24 (7) 0.14+ 0.38 (7) 0.00 (7)
Macrophages

Chronic inflammation 4.0& 0.00 (7) 2.79+ 0.70 (7) 1.07+ 0.19 (7) 0.64+ 0.63 (7)

Alveolar epithelial hyperplasia 0.00 (7) 0.431.13 (7) 0.29+ 0.49 (7) 0.00 (7)
Proteinosis

Alveolar proteinosis 0.00 (7) 3.86 0.38 (7) 0.00 (7) 0.00 (7)

Note.Data in parentheses equals the number of animals identified with epithelial cells, macrophages, or proteinosis in the specific lesions; sewereanimals
evaluated for control group and seven for the exposed group. Grades ranged from 0—4 (see Materials and Methods section.). Contro=an)mladsnt
show any non-neoplastic or neoplastic pulmonary lesions.

®Means of immunohistochemical grading (0—#)standard deviation.

noma in one animal (grade 4.0) in which the macrophagansd alveolar epithelial hyperplasias, all chronic active inflam-
expressed GST-Pi (grade 2.5). 8-OHdG was localized in epiations (Fig. 1H), and all squamous cysts but one (Fig. 2F).
thelium of alveolar hyperplasia (grade 0.5) in two animals and Staining patterns were noted for each type of lesion. Ade-
chronic inflammation (grade 0.6) in four animals. nomas expressed all four markers in average grades of about 2,
After 2-year exposure (Table 4), i-NOS was expressathereas carcinomas expressed all except 8-OHdG to a slightly
mostly in lesions containing macrophages, including a feligher degree, indicating that the relative percentage of stained
adenomas, most carcinomas, atypical hyperplasias (Figs.alé¢a in carcinomas was higher. Atypical hyperplasias (Figs. 11
and 1J), and, most prominently, chronic inflammatory lesiomsd 1J and 2A-D) expressed i-NOS, COX-2, and GST-Pi with
(Figs. 1E and 1F). COX-2 was expressed in most adenomagiades of about 3, and 8-OHdG staining was graded about 2.
epithelium and macrophages, all carcinomas in epithelium aS8duamous cysts (Figs. 2E—H) exhibited, respectively, grades 4,
macrophages (Fig. 2J), squamous cysts in epithelium (Figs. 34, and 2 for i-NOS, COX-2, GST-Pi, and 8-OHdG. Chronic
and 2H), atypical hyperplasias in epithelium and macrophagagive inflammations (Figs. 1E—H) expressed i-NOS and
(Fig. 2D), chronic active inflammation in epithelium and madccOX-2 with an average grade of 3, and GST-Pi and 8-OHdG
rophages, alveolar epithelial hyperplasias in epithelium, amdth an average grade of 2. Alveolar epithelial hyperplasias
alveolar proteinosis. GST-Pi was observed chiefly in epitheliekpressed COX-2 at grade 3, and GST-Pi and 8-OHdG at grade
cells but seldom in macrophages. It was localized in the efdi- Alveolar proteinosis demonstrated COX-2 expression, on
thelium of all adenomas, squamous cysts (Fig. 2E), atypiaalerage, at grade 4, but no labeling for the other markers.
hyperplasias (Figs. 2A and 2B), and chronic active inflamma-
tions (Fig. 1G), all but one carcinoma (Fig. 21), and half of theiistical Evaluation
alveolar epithelial hyperplasias. 8-OHdG, rarely expressed in
macrophages, was seen mainly in the epithelium of a fewThe staining data for the 3-month interim study and the
carcinomas, most adenomas, atypical hyperplasias (Fig. 2Z@ntrol group of the 2-year study did not indicate the ne-

FIG. 2. Representative photomicrographs demonstrating localization of i-NOS, GST-Pi, 8-OHdG, and COX-2 in different lesions induced in female rats
exposed to 0.3 mg/MmIP in 2-year inhalation exposure study. Staining was performed on formalin-fixed tissues using specific monoclonal antibodies (see
Materials and Methods section.). Strong red or brownish nuclear or cytoplasmic staining indicates presence oftartiggmunohistochemical positivity;

— = negativity. Atypical hyperplasia produced by 2-year IP exposure. Lesions vary in size, have rounded outline and central fibrous core conéagedg disp
(alveolar) structures lined by uniformly cuboidal epithelial cells, aggregates of mostly necrotic inflammatory cells seen within adjaceraralyexten,
glandular structures. Peripherally, fibroproliferative lesions have one to several epithelial layers, frequently forming papillary préfecB&¥s Pi; epithelium
(cytoplasm, arrow)+. Bar 200um. (B) GST-Pi; epithelium (cytoplasm, arrow). Bar 100um. (C) 8-OHdG; epithelium (nuclei, arrow). Bar 100um. (D)

COX-2; epithelium (cytoplasm, arrowt). Bar 100um. Squamous cysts produced by 2-year IP exposure, characterized by variably thick band of viable squamous
epithelium with large central core of keratin. (E) GST-Pi; well differentiated squamous epithelium (cytoplasm,-armdar) 200um. (F) 8-OHdG; epithelium

(nuclei, arrow)+. Bar 100 um. (G) COX-2; atypical hyperplasia (a) and squamous cyst (b); epithelium (cytoplasm, arroBar 500 um. (H) COX-2;
squamous cyst; well-differentiated epithelium (cytoplasm, arréwBar 100um. Bronchioalveolar carcinomas produced by 2-year IP exposure; heterogeneous
growth pattern, cellular pleomorphism, and/or atypia apparent. (I) GST-Pi; well-differentiated squamous epithelium (cytoplasm;.aB@wl00 um. (J)

COX-2; papillary epithelium (cytoplasmy-. Bar 100um.
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TABLE 4

Immunohistochemical Staining Results in Epithelial Cells, Macrophages, and Proteinosis of Pulmonary Lesions

after Two-Year IP (Control and 0.3 mg/m*) Exposure

Lesion i-NOS COX-2 GST-Pi 8-OHdG
Control group
Epithelial cells
Chronic inflammation 0.00 (2) 0.00 (1) 0.00 (4) 0.00 (4)
Alveolar epithelial hyperplasia 0.00 (2) 2.500.71° (2) 1.50+ 2.12 (2) 0.50+ 0.71 (2)
Macrophages
Chronic inflammation 2.7% 1.77 (2) 1.00 (1) 0.5 0.58 (4) 0.63+ 0.75 (4)
Alveolar epithelial hyperplasia 0.00 (2) 0.00 (2) 0.00 (2) 0.00 (2)
Epithelial cells
Carcinoma 0.00 (1) 3.00 (1) 4.00 (1) 0.00 (2)
Macrophages
Carcinoma 3.00 (1) 0.00 (1) 2.50 (1) 0.00 (1)
Exposed group
Epithelial cells
Alveolar epithelial hyperplasia 0.00 (6) 2.790.57 (7) 0.57+ 0.53 (7) 1.14+ 0.75 (7)
Chronic inflammation 0.00 (18) 2.97 0.47 (18) 2.08+ 0.55 (18) 2.19+ 0.25 (18)
Squamous cyst 0.00 (6) 2.900.22 (5) 4.00+ 0.00 (6) 2.10+ 1.34 (5)

Atypical hyperplasia
Macrophages

Chronic inflammation

Squamous cyst

Atypical hyperplasia
Proteinosis

Alveolar proteinosis
Epithelial cells

Adenoma

Carcinoma
Macrophages

Adenoma

Carcinoma

0.13 0.52 (15)
3.03 0.53 (18)
4.00 (1)
3.06: 0.50 (15)
0.00 (18)

0.00 (6)
0.50- 1.41 ( 8)

2.17- 1.72 (6)
2.29 1.25(7)

3.13+ 0.52 (15)

2.97+ 0.47 (18)
(0)

2.93+ 0.96 (15)

3.97 0.12 (18)

2.42 1.24 (6)
2.75+ 0.71 (8)

2.00= 1.58 (6)
2.81+ 0.53 (8)

2.87+ 0.69 (15)
0.1+ 0.47 (18)
(0)
0.00 (15)
0.00 (18)

1.75+ 0.82 (6)
2.38+ 1.27 (8)

0.00 (5)
0.00 (8)

1.90+ 0.93 (15)
0.00 (18)
(0)
0.00 (15)
0.00 (18)

1.25+ 0.76 (8)
0.94+ 1.32 (8)

0.00 (8)
0.00 (8)

Note.Data in parentheses equals the number of animals with epithelial cells, macrophages, or proteinosis in the specific lesions. 10 animals wiere evalua
for control group and 18 for exposed group. Grades ranged from 0—4 (see Materials and Methods section).

*Means of immunohistochemical grading (0—#)standard deviation.

cessity of any statistical testing because of the sparsity of

data in these groups. Results of the analyses performed on L
In this study, we sought to demonstrate that oxidative stress

the other groups are summarized in Figure 3A-D). T
trends were highly significant for 8-OHdG (Fig. 3D) an
GST-Pi (Fig. 3C), withp values less than 0.05 in both case
revealing an increase in immunopositivity from hyperplas
to adenoma to carcinoma to atypical hyperplasia to sq
mous cyst. We did not find a statistically significant tren
for the i-NOS or COX-2 immunopositivity. Due to the

u

i

DISCUSSION

gﬁnctions in IP-induced pulmonary carcinogenesis by perform-
Jdng immunolabeling on paraffin-embedded samples from fe-
rhale Fischer 344 rats following 2 years of IP inhalation. As
fesh and frozen tissues were lacking, this advantageous meth-
ology determined localization within specific cell types.

IP inhalation resulted in severe pulmonary inflammation,

consisting of abundant, varied inflammatory cell infiltrations

paucity of data, we were unable to test for any correlatiafksqciated with free radicals (Emmendoerfégral., 2000),
between the distribution of immunopositivity of GST-Pi a”@vhich, if not scavenged, can affect cellular organelles and
I-NOS. We did test for the equality of the two distributiongayse the formation of ROS. This oxidative stress, an important
in adenoma, carcinoma, and atypical hyperplasia using stagctor in gene expression, serves as a second messenger in
dard nonparametric rank tests for paired data. We concludsgignal transduction pathways (Allen and Tresini, 2000; Lander,
that there was no statistically significant difference amonp97) and can induce cellular proliferation (Klaurég al.,
immunopositivity distributions of i-NOS and GST-Pi in1998) that may lead to the induction of alveolar and bron-

adenomar{ = 5, p = 0.75), carcinoman( = 7, p = 1.00),

and atypical hyperplasian(= 15, p = 0.56).

chioalveolar tumors (Emmendoerffet al, 2000; Mossman,
2000).
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Graph A: i-NOS-Staining Graph B: COX-2-Staining
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Squamous
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Immunopositivity Immunopositivity
Trend: (adenoma - carcinoma - atypical Trend: (hyperplasia - adenoma - carcinoma
hyperplasia) not significant (p = 0.26) - atypical hyperplasia - squamous cyst)
not significant (p = 0.11)
100 Graph C: GST-Pi-Staining 100 Graph D: 8-OHdG-Staining
Hyperplasia |:| D D
0 0 | -] |
-1 0 1 2 3 4 -1 0 1 2 3 4
100 100
Adenoma FIG. 3. Representative graphs A-D
demonstrating relative frequency distri-
0 7R vz Za 0 w2 Z_m— ! ating /e req y
. 0 1 2 3 4 00! 0 1 2 3 4 bution of immunopositivity (grades 0—4,
horizontal axes; see Materials and Meth-
Carcinoma ods section) of i-NOS, COX-2, GST-Pi,
o B and 8-OHdG in hyperplasia, adenoma,
. 0 ! carcinoma, atypical hyperplasia, and
Atypical squamous cyst induced in female rats
Hyperplasia exposed to 0.3 mg/iP in 2-year inha
ot . ; lation exposure study. All graphs repre-
100 sent statistical analysis with nonparamet-
Squamous ric bootstrap trend test (see Materials and
Cyst Methods section). (A) i-NOS; epithelial
o5 o y cells. (B) COX-2; macrophages. (C)

Immunopositivity - Immunopositivity GST-Pi; epithelial cells. (D) 8-OHdG;
epithelial cells. Each column gives the

Trend: (hyperplasia - adenoma-carcinoma Trend: (hyperplasia - adenoma- carcinoma - . X
- atypical hyperplasia - squamous cyst) atypical hyperplasia - squamous cyst) relative number of animals (%) express-
significant (p < 0.001) significant (p = 0.04) ing specific grade of Staining.

After 3 months of inhalation exposure, IP particles inducealveolar and bronchiolar tumors. A similar development fol-
chronic inflammation, alveolar epithelial hyperplasia, and dbwed 2-year inhalation of cobalt sulfate (Bucletral., 1999).
veolar proteinosis. The severity of the lesions correlated wilfhe atypical fibroproliferative lesions consisted of a central
increasing concentrations of IP. Immunohistochemical stainifigrous core containing dispersed alveolar structures filled with
of lungs exposed to 0.3 mgfshowed i-NOS expression ininflammatory cells and exhibiting peripheral papillary epithe-
inflammatory cells associated with minimal to mild alveolalial proliferation. Typically, the squamous cysts were located at
hyperplasia. Accompanying inflammation, severe alveolar prihve periphery of atypical hyperplastic foci. Extensive chronic
teinosis developed, which showed a relatively large area ioflammation was either an integral part of these foci or oc-
COX-2 positivity. In lung tumorigenesis, COX-2 expressioicurred within a short distance. Atypical hyperplastic lesions
has been found in mouse, rat, and humans (Batiet, 2000). seemed to progress to carcinomas. Depending on size, intru-

Pulmonary lesions changed in character with prolongesipn into neighboring alveoli, and presence of mitosis, these
2-year exposure. Inflammatory lesions became extensive, lesions were diagnosed as atypical hyperplasia or carcinoma.
vere, and associated with alveolar squamous metaplasia &ads administered IP intratracheally showed severe pulmonary
development of atypical hyperplasias, squamous cysts, anflammation and epithelial cell damage (Oda, 1997); similar
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Indum  —» IPpartices —»  Chronic active inflammation flammatory drugs (NSAIDS), reduce the size and number of
Phosphide in alveoli _ colon adenomas (Reddst al., 2000), and other COX-2-spe-
Inhalation i-NOS + COX-2 expression . . - . . .
cific inhibitors prevent lung carcinogenesis (Rioux and Cas-
Reactive oxygen species T tonguay, 1998). In our investigation, the 3-month-exposure
Antioxidants . . ..
animals demonstrated a high percentage of COX-2—positive
l area within alveolar proteinosis (average grade 3.9). After
Alveolar/bronchiolar Oxidative Damage (DNA, lipid 2-year exposure, COX-2 immunopos?tivity remaiped high (av-.
epithelium membranes, proteins) erage grade 4.0) and showed elevation (approximately 3.0) in
GST-Pi + 8-OHdG expression . . . . . .
all lesions in epithelial cells and macrophages. These findings
l Adenoma ——— Carcinoma may confirm an association between COX-2 expression and
Hyperplasia =~ 2 v lung carcinogenesis.
~ Two explanations could account for the failure of the trend

Atypical Hyperplasia - Squamous Cyst

test to show statistical significance for immunopositivity in-

FIG. 4. Scheme of the proposed mechanism involved in lung carcinogegrease from hyperplasia to adenoma to carcinoma to atypical

esis following IP inhalation in rats. hyperplasia to squamous cyst in i-NOS and COX-2 localiza-
tions: bootstrap methodology, as implemented, may be conser-

effects occurred with intratracheal instillation of IP or indiunvative for correlated data, and small sample size can contribute
arsenide to Syrian hamsters (Tan&kal., 1996). Intratracheal to lower testing resolution.
administration of indium chloride to rats resulted in severe lung Glutathione Stransferases (GSTs) contain multiple genes
damage and fibrosis (Blazket al, 1994). We postulate aninvolved in detoxification and chemical activation (Eaton and
inflammation-carcinoma sequence in which chronic, prolong&hmmler, 1999). GSTs decrease the reactivity of electrophilic
inflammation is associated with the release of highly reactieempounds with cellular macromolecules by catalyzing the
oxygen and nitrogen species from inflammatory cells (Fig. 4)ucleophilic attack of glutathione (Armstrong, 1997). GSTs

Our data revealed strong induction of i-NOS and COX-2letoxify endogenous products of lipid peroxidation and protect
leading to the production of NOradicals and prostaglandinsagainst oxidative stress in humans. Oxidative stress increases
that can have both beneficial and harmful effects on immuieluced higher levels of GST-Pi whose overexpression can
response and tissue injury (Fat al, 1999). Three types of signify premalignant changes, like those found in rat preneo-
NOS-related enzymes are known. Inducible N€ynthase plastic hepatocytes forming GST-Pi-expressing foci. We ob-
(i-NOS), occurring abundantly in mononuclear phagocyteerved that GST-Pi expression, mainly in epithelial cells, rarely
(Shararaet al., 1997), produces the highest amounts of'NOmacrophages, increased dramatically from 3 months to 2 years.
NO* overproduction is implicated in the pathogenesis of atli\fter 3 months, the main pathological reaction was lung in-
erosclerosis, arthritis, asthma, cardiomyopathy, and canflammation. Hyperplastic changes were minimal without epi-
(Sandhuet al., 2000). The signaling functions of N@adicals thelial atypia. After 2 years, GST-Pi expression occurred in all
involve reactions with heme prosthetic groups and reversitpeoliferative and neoplastic lesions, with average grades trend-
Snitrosylations of protein thiols, or formation of peroxynitriteing from hyperplasia to adenoma to carcinoma to atypical
with its modifying actions on protein (Gabbitt al, 2000). hyperplasia to squamous cyst. This correlation and the i-NOS
i-NOS immunostaining revealed localization, mostly in maand 8-OHdG staining indicated that the last three lesions are
rophages, with highest average grades within chronic actigfected by oxidative stress. GST-Pi immunopositivity also
inflammatory foci in the 3-month exposure group. Lesiomdicated oxidative stress associated with premalignant or ma-
progression suggests that the foreign bodies (IP) introdudéghant characteristics of epithelial cells within lesions. GST-Pi
into the lungs attracted macrophages for their digestion aegpression in neoplasms has occurred in human lung carcino-
removal and induced severe inflammation, which further emas (Eimotoet al., 1988).
hanced NO production. 8-hydroxydeoxyguanosine (8-OHdG), a major indicator of

Cyclooxygenase catalyzes arachidonate metabolism and BRA damage (Kasai and Nishimura, 1984) and oxidation,
ists in two isoforms, COX-1 and COX-2, expressed in hormahuses G-C— T-A transversions in bacteria and mammalian
lung tissue of humans and experimental animals (Ereteat, cells. Treatment of mice with diesel exhaust particles resulted
1998). Prostanoids produced from arachidonic acid functioniim a dose-dependent increase in 8-OHdAG in lung DNA (Ichi-
maintenance of airway smooth muscle tone, surfactant prodnoseet al., 1997). Immunohistochemical detection of 8-OHdG
tion, pulmonary hypertension, and vascular leakage. COX-1vigs first reported in paraffin-embedded rat livers (Takahetshi
the “housekeeping” gene and COX-2 the inducible gene ial, 1998). This immunohistochemical technique evaluating
volved in inflammation and cellular proliferation (Herschmarg-OHdG does not discriminate between nuclear and mitochon-
1994). COX-2 overexpression occurs in colorectal cancer, gasial DNA damage. A positive expression of 8-OHdG could
tric cancer, breast cancer, and some lung cancers (Qathahj represent mitochondrial DNA changes that do not lead to
1999). Cyclooxygenase inhibitors, e.g., nonsteroidal antiisematic mutations (Henslest al., 2000). The progression in
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