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One proposed mechanism for the development of silica-induced
fibrosis is prolonged pulmonary inflammation and lung damage
resulting from the secretion of reactive mediators from alveolar
macrophages. Metalloporphyrins have antioxidative and antiin-
flammatory activities. However, the molecular basis for the anti-
inflammatory action of zinc tetrakis(N-methyl-4’-pyridyl) porphy-
rinato (ZnTMPyP) has not been elucidated. The objective of this
study was to determine whether ZnTMPyP exhibited the ability to
inhibit the production of reactive oxygen species (ROS), the acti-
vation of NF-kB, or the secretion of IL-1 in RAW 264.7 cells, and
whether such inhibitory activity was related to the ROS-scaveng-
ing ability of ZnTMPyP. The results indicate that, although ZnT-
MPyP is not cytotoxic to RAW 264.7 cells, it is a potent inhibitor
in ROS production by RAW 264.7 cells in response to various
stimulants, such as silica, zymosan, or phorbol myristate acetate.
ZnTMPyP is also effective in reducing stimulant-induced DNA-
binding activity of NF-kB and silica-induced tyrosine phosphor-
ylation of 1kB-a. ZNTMPyP also inhibits LPS-induced IL-1 pro-
duction. However, ZnTMPyYP exhibits relatively weak ability to
directly scavenge hyroxyl or superoxide radicals. On the basis of
effective concentrations of ZnTMPyP, these results suggest that
ZnTMPyP directly acts as an inhibitor of cellular activation in
addition to exhibiting an antioxidant effect. Therefore, it is sug-
gested that further studies concerning the effects of ZnTMPyP
using in vivo oxidative stress models or its effects on the cytotoxic
process of human diseases associated with lung inflammation and
injury are warranted. In addition, ZnTMPyP may be a useful tool
to investigate the molecular mechanisms involved in stimulant-
induced signal pathways. © 2001 Academic Press
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Inflammatory and interstitial lung disease caused by exp
sure to silica is the consequence of a cycle of oxidant dama
and resultant lung scarring associated with activation of tt
fibrotic process. Reactive oxygen species (ROS), such as
peroxide anion, hydrogen peroxide, hydroxyl radical or single
oxygen, nitric oxide, inflammatory cytokines, and growth fac
tors appear critical to this pathogenesis (Castranova, 1998)

Nuclear factor kappa B (NkB) is an essential transcription
factor that controls gene expression of cytokines, chemokine
growth factors, and cell adhesion molecules that are involve
in immune reactions, inflammation, and the control of ce
death or transformation (Barnes and Karin, 1997; Baldwit
1996; Chenet al., 1999). Recent evidence indicates tliat
vitro exposure of RAW 264.7 cells to silica or LPS induce:
activation of NFxB (Chenet al., 1998; Kanget al., 2000a).
Activation of NF«B in pulmonary phagocytes has also bee
demonstrated aftein vivo exposure to silica (Sackst al.,
1998). Therefore, activation of NkB binding to various gene
promoter regions appears to be a key molecular event in t
initiation of silica-induced pulmonary disease.

The most predominantly characterized NB-complex is a
p50—p65 heterodimer, which at rest is retained in the cyt
plasm and is associated with an inhibitor molecu& (Zabel
and Baeuerle, 1990). In response to a variety of stimuB, i
phosphorylated and proteolytically degraded or processed
proteasome and other proteases. In a previous study, we s
gested tyrosine phosphorylation af8-«a represents a protea-
some proteolytic activity-independent mechanism for RB--
activation in silica-stimulated RAW 264.7 cells (Kaeg al.,
2000b). Free NFR¢B then translocates into the nucleus, wher
it binds to various gene promoter regions, controlling th

SiQl- . . - . .
ogy, College of Medicine, Ewha Womans University, 911-1 Mok_e_dongéxpressmn of various proinflammatory and proliferative agen

Fax. 82.2-654-4971; E-mafchenet al., 1999).

Exposure of lung phagocytes to silica results in the produ
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R1 R2 METHODS
R> Ry Ra Reagents. Crystalline silica (Min-U-Sil, particle size<5 um) was ob-
— tained from U.S. Silica Corporation (Berkeley Springs, WV). Prior to use, th
Ra R» —CN*- CHs H silica samples were sterilized by heating at 160°C for 90 min in a dry ove!
\ J Silica particles were dispersed in DMEM (Life Technologies, Inc., Madisor

WI) with supplements just before addition to culture plates. Lipopolysacch:

R Ri ride (LPS) fromEscherichia coliserotype 055B5 was purchased from Sigma

Chemical Company (St. Louis, MO). ZnTMPyP was purchased from Mid

R R Century (Posen, IL). DNA polymerase and dNTP were purchased from Li
2 2

Technologies (Gaithersburg, MD). Antibodies used in this study were ant
IkB-« rabbit polyclonal (New England Biolabs, Inc., Bevery, MA) and anti-
phosphotyrosine 4G10 (Upstate Biotechnology, Lake Placid, NY).

FIG. 1. Chemical structure of ZnTMPyP. Cell line and cell culture. RAW 264.7 cells, a mouse peritoneal macro-
phage cell line, were obtained from American Type Culture Collection (Rocl
ville, MD). The cells were maintained in DMEM (Life Technologies) supple-
mented with 5% fetal bovine serum (FBS) (HyClone, Logan, UT), 2 mM

tion of ROS (Castranovet al.,1996), which are believed to begiutamine, and 1000 units/ml penicillin-streptomycin.
S|gn|f|(_:a.nt|y 'nvo_lve_d in silica-induced cytotoxicity and carci- easurement of cell viability. Lactate dehydrogenase (LDH) is an abun-
nogenicity (Saffiottiet al., 1985; Vallyathanet al., 1988; dant intracellular enzyme and its release into cell culture supernatants is

Fubini et al., 1990; Castranova, 1994; Sét al., 1998). Evi- marker of Iytic cell death (Liptoret al., 1993). The activity of LDH was

I . . : sli~measured using a LDH determination kit (Roche Molecular Biochemical
dence indicates that reactive oxidants play a role in silic annheim, Germany). Briefly, 100 of ZnTMPyP (1—100:M) was added to

induced activation of Nf«B. Indeed, catalase, superoxide dis1qg i of adherent RAW 264.7 cells (16nl) in given wells of a microplate.
mutase, and formate have been shown to inhibit silica-inducegk cells were then incubated at 37°C in a humidified atmosphere of 5% C
NF-«kB activation of macrophagea vitro (Chenet al., 1998; for 24 h. After incubation, 10Qul of supernatant was added to 100 of
Kanget al.,2000a). Hydroxyl radical has been Suggested ast élction mixture and incubated for 30 min at room temperature. Absorbency

L . - . L. he samples at 490 nm was measured using a microplate reader. Results \
key activation Slgnal for silica-induced activation of MB- expressed as percent cell viability, referenced to the maximum LDH releas

(Shi et al., 1999). when cells were lysed with detergent, using the formula % viabi#it§00 X
Zinc tetrakis(N-methyl-4’-pyridyl) porphyrinato (ZnT- (1 — [(experimental— untreated)/(detergent untreated)]).
MPyP) is a porphyrin analog having an extensive conjugatedveasurement of CL generation. ROS production by RAW 264.7 cells in

ring system that undergoes reversible one-electron oxidatié#fPonse to stimulants was determined by measuring cellular chemilumin:

The structure of ZNTMPVP is given in Fid. 1. Zinc protoporscnce using a luminometer (Berthold, model LB9505AT, Wildbad, Germany
. y given | 9. L. _I p. P Briefly, cells were washed once with phosphate-buffered saline (145 m

phyrin IX (ZnPP) has antiinflammatory and antiallergic propyacl, 5 mm Kcl, 1.9 mM NaHPO,, 9.35 mM NaHPO,, and 5.5 mM

erties (Suyama and Matsumoto, 1964; Suyaina.,1996a, b; glucose, pH 7.4), centrifuged at 50@gd 4°C for 5 min, and resuspended in
Nagaiet al., 1992). ZnPP has also been reported to suppreg¥pes-buffered medium (145 mM Nacl, 5 mM KCI, 10 mM Na Hepes, 5.

. L mM glucose, and 1 mM CaglpH 7.4). Cell counts were determined using an
NO production through a loss afarginine (Okada, 1996). electronic cell counter equipped with a cell-sizing attachment (Coulter Ele:

Metalloporphyrins, including Fe-, Mn-, and Zn-porphyrinsgonics, Hialeah, FL).
inhibit heme oxygenase and other heme-dependent enzymeRAW 264.7 cells (2< 10° cells/ml) were preincubated for 10 min at 37°C

such as guanylate cyclase and nitric oxide synthase (NO'S? shaking water bath and then stimulated with silica (1 mge/ml), zymosan
. . . mgd/ml), or phorbol 12-myristate 13-acetate (PMA,>3 10° M) in the
(BaShlr and Henley’ 1993; Luo and Vincent, 1994)' ZnPP hgésence or absence of ZnTMPyP (1-1aM). Chemiluminescence was

been proposed to be the most efficacious brain-protective ag@Btitored continuously at 37°C for 10 min in the presence pf86 luminol.
as an IL-1 antagonist or as an inhibitor of these heme-dep@&he integral of cpm versus time was used to compare the total CL betwe
dent enzymes (Zhaet al., 1996). Recently, Zn-porphyrin hassamples.

been shown to inhibit the peroxinitrite-induced oxidation and Nuclear extracts. Nuclear extracts were prepared by a modified method c

- . - . - - - - ! i 1 - 6
the suppression of mitochondrial respiration by peroxinitrite "¢t & (1994). RAW 264.7 cells were cultured in six-well plates at 30

. . cells/ml for 3 days, and then the medium was replaced with fresh medium a
cultured J774 macrophages (Zingareliial., 1997). However, o5 pretreated with ZnTMPyP (1-1Q8M). After a 2-h pretreatment, cells

the effects of ZNTMPyYP oim vitro or in vivo oxidative stress were cultured with silica (10p.g/ml), LPS (1.0ug/ml), or H,0, (1 mM) in the

models or cytotoxic processes involved in the development afsence or presence of ZnTMPyP for a period of time as indicated. Tl
Iung diseases have not been investigated concentrations of the stimulants and the duration of exposure used in t

L . . .investigation were determined from previous concentration-response &
The objective of the present investigation was to determifge_course studies for NKB activation (Kanget al., 2000a). At the end of

if ZnTMPyP exhibited the ability to inhibit the secretion oOfthe exposure, the cells were harvested and resuspended in hypotonic buffe
reactive oxygen species, the activation of NB; or the pro- (100 mM Hepes, pH 7.9; 10 mM KCI; 0.1 M EDTA; 0.5 mM dithiothreitol;
duction of IL-1 in stimulated RAW 264.7 macrophages anyf® "°nidet P-40; and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)) for 1(
. . min on ice and then vortexed for 10 s. Nuclei were pelleted by centrifugatic
whether such inhibitory activity was related to the ROS'ScaXfIZ,OOOg‘or 30 s and were resuspended in buffer C (20 mM Hepes, pH 7.

enging ability of ZnTMPyP. 20% glycerol; 0.42 M NaCl; 1 mM EDTA; and 0.5 mM PMSF) for 30 min on

Rz R1 Rz
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ice. The supernates containing nuclear proteins were collected by centrifugaFree radical measurements. For detection and identification of short-
tion at 10,000gor 2 min and stored at-70°C. lived radicals, a spin-trapping method was used. This technique involves t
Electrophoretic mobility shift assay (EMSA). Binding reaction mixtures addition-type reaction of a short-lived radical with a diamagnetic compour
(10 ul), containing 5ug (4 ul) of nuclear extract protein, gg of poly(dl-dC)-  (spin trap) to form a relatively long-lived free radical product, the so-calle
poly(dl-dC) (Sigma Co.) and 40,000 cpm &P-labeled probe in binding Spin adduct, which can be studied by conventional electron spin resonar
buffer (4 mM Hepes, pH 7.9; 1 mM Mggl0.5 mM DTT; 2% glycerol; and (ESR). The intensity of the spin adduct signal corresponds to the amount
20 mM NaCl), were incubated for 30 min at room temperature. Protein—-DNghort-lived radicals trapped, and the hyperfine splitting of the spin adduct
complexes were separated on 5% nondenaturing polyacrylamide gels in @enerally characteristic of the original, short-lived, trapped radical. Thi
Tris-borate/EDTA electrophoresis buffer and autoradiographed overnight. Apethod is specific and sensitive and is considered to be the method of chc
toradiographic signals for activated NéB were quantitated by densitometric for the detection and identification of free radicals.
scanning using an UltroScan XL laser densitometer (LKB, Model 2222-020,All ESR measurements were conducted using a Bruker ESP 300E E:
Bromma, Sweden) to determine the intensity of each band. spectrometer and a flat cell assembly. Hyperfine couplings were measured
The oligonucleotide used as a probe for EMSA was a double-stranded DIQAL G) directly from magnetic field separation using potassium tetraperox
containing NFkB consensus sequence (5'-CCTGTGCTCCGGGAATTTCchromate (KCrOg) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) as reference
CCTGGCC-3') labeled withi-*P]dATP (Amersham, Buckinghamshire, UK) standards. The relative radical concentration was estimated by multiplying h
using a DNA polymerase Klenow fragment. of the peak height by (AK)? whereAH,, represents peak-to-peak width. An
Immunoprecipitation. The confluent cells grown on 100-mm plasticSPEX 300 program (U. S. EPR, Inc. Clarksville, MD) was used for dat

dishes were incubated in DMEM supplemented with 5% FBS, 2 mM ghgi_cquisition and analysis. All experiments were performed at room temperatt

tamine, and 1000 units/ml penicillin-streptomycin for 3 days. Cells then wef@d under ambient air. Reactants were mixed in test tubes in a final volume

treated with silica (10Qug/ml) in the presence or absence of ZnTMPyP (1(;.0 ml. The reaction mixture_was _then_transf(_erred to a flat ceII_ for ES|

uM) and washed with ice-cold phosphate-buffered saline (pH 7.4). Tﬁ'@e_asurement. The concentrations given in the figure legends are final conc

washed cells were lysed with 1 ml of ice-cold lysis buffer containing 50 mNfations.

Tris—HCI (pH 8), 150 mM NaCl, 1% nonidet P-40 (NP-40), 10¢/ml PMSF, Statistics. Values were expressed as meanstandard errors. Data were

1 pg/ml leupeptin, 1 mM NgvO,, 5 mM EDTA, and 1 mM benzamidine. analyzed using one way analysis and Studentsst. Significance was set at
The cell lysate was centrifuged for 5 min at 13,0009e resulting super- p < 0.05.

natant was incubated with antB-« rabbit polyclonal at 4°C for 1 h. After

incubation at 4°C for 30 min with protein A- or G-conjugated sepharose (5

ng/ml), the antigen/antibody complexes were pelleted by centrifugation for

30 s. The pellet was then washed three times with ice-cold lysis buffer by

centrifugation at 13,000€pr 30 s, dissolved in 2l of Laemmli’'s sample L

buffer, and separated on 10% SDS—polyacrylamide gels (Laemmli, 1970)ZNTMPYP Does Not Affect Cell Viability at Rest

Western blotting. The fractionated proteins for tyrosine phosphorylated .
IkB-a were resolved on 10% SDS—polyacrylamide gels and electrophoreti- It Was essential to demonstrate that ZnTMPyP was n

cally transferred onto nitrocellulose paper as described by Towbial. Cytotoxic under the conditions used for the functional assa

(1979). Antibody labeling of protein bands was detected with enhanced chemmployed in this study. Viability of RAW 264.7 cells was not

luminescence (ECL) reagents according to the supplier’'s protocol. Compromised after a 24-in vitro exposure to ZnTMPyP
Measurement of IL-1 activity in cultured RAW 264.7 cells.Cells were 1-100 /J“M)v ie., ZnTMPyP did not increase the activity of

resuspended in RPMI 1640 media (Mediatech, Washington, DC) containin E)H in th llular culture media (data not shown
mM glutamine, 100 units/ml mycostatin, and 10% FBS. Aliquots of 1 ml; € acellular cuiture media ( ata not sho )

containing 16 RAW 264.7 cells, were added to 24-well plates (Costar,

Cambridge, MA) and incubated at 37°C in a humidified atmosphere of 5% C%@ L . .
for 2 h. The nonadherent cells were then removed by vigorously washing twf TMPyP Inhibits Stimulant-Induced Secretion of ROS

with 1 ml of RPMI media. The adherent cells were further incubated in 1 ml . . .
of RPMI media containing 5ug/ml LPS with or without ZnTMPYP in the ~ SiNc€ ZNTMPYP was not cytotoxic to RAW 264.7 cells, i

concentration range of 1-1QEM. After incubating the cell culture for 24 h, was possible to determine if ZNTMPyP specifically inhibitec
the supernates were collected, filtered, and stored7&°C until the thymo- the ability of stimulants to activate RAW 264.7 cells. The
cyte proliferation assay was performed. ability of drug treatment to inhibit the secretion of ROS by

Thymocyte proliferation assay for IL-1 activity. IL-1 activity in various RAW 264.7 cells in response to various stimulants was dete

macrophage-conditioned supernatants was determined by their capacitymtom:}d by measurina the generation of chemiluminescen
stimulate thymocyte proliferation according to the method of Kamgal. : y uring 9 : fumi

(1992). Briefly, thymocytes were obtained from male CD-1 mice (6—10 weekE19- 2). Particles, such as silica and zymosan, enhanc
of age) and suspended in RPMI 1640 media with 2 mM glutamine, 1@hemiluminescence generated by RAW 264.7 cells by 2.0- a
units/mL penicillin, 100ug/mL streptomycin, 100 units/mL mycostatin, 10%2 5-fold, respectively. ZnTMPyP (5@M) inhibited chemilu-
FBS, and 2 10 ° M mercaptoethanol. Cells were counted using an electron'ﬁz]inescence generated by silica or zymosan by 100 or 92
cell counter and adjusted to a concentration ofxLQ0° cells/mL. An aliquot . " . . . .

of 100 uL of the RAW 264.7 cell-conditioned supernatants was added WSpeCtlvely' lr,] addition, while PMA increased chemilumines
quadruplicate to 96-well microculture plates, and 30of thymocyte sus- CENCE generation by RAW 264.7 cells by 170-fold, there was
pension was placed in each well. After 48 h incubation at 37°Cin 5% @@ 68% decrease of this chemiluminescence after ZnTMPYP (
cultures were pulsed for 4—6 h witfH]thymidine (1.0uCi/well, activity: 2.0 I-LM) treatment. No Change of the chemiluminescence w:

Ci/mmol, Dupont NEN Products, Boston, MA), and harvested using a Ceﬁloted in unstimulated cells treated with ZnTMPyP alone. A
harvester (Brandle, Gaithersburg, MD). The radioactivity in the collectin

glass filter disks was measured using a liquid scintillation counter (Beckma%hown in Fig. 3_)’ ZnTMPyP inhibited Sll'ca'suml"_lated chemi
Fullerton, CA). The levels of IL-1 activity in the tested RAW 264.7 cellUminescence in a dose-dependent manner with an ID50

supernates were expressed as counts per minute. approximately 1uM and 100% inhibition at 1QuM.

RESULTS
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FIG. 2. Effect of ZnTMPyP on chemiluminescence generated by RAW 264.7 cells stimulated with various stimulants. The Bell®%(gl) were
preincubated at 37°C for 10 min and then stimulated with silica (1 mg/ml), zymosan (2 mg/ml), or phorbol 12-myristate 13-acetateXPMZ, 18 in the
presence or absence of ZnTMPyP (&M). Chemiluminescence was expressed as the integral of cpm versus time. Values aretmgarsf six separate
experiments. * Increase from unstimulated cells (control); # Significant decrease compared to each stimulant<alorgb)p

20,

Chemiluminecence (CPMx104)

0 1 5 10 50 100

ZnTMPyP(1M)

FIG. 3. Effect of ZnTMPyP on chemiluminescence generated by silica-stimulated RAW 264.7 cells. The cell0fanl) were preincubated at 37°C for
10 min and then stimulated with silica (1 mg/ml) in the presence or absence of ZnTMPyP (M)OChemiluminescence was expressed as the integral
cpm versus time minus that generated from resting cells. Values are me8fsof six separate experiments. * Significant decrease (p05) compared to
silica alone.
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FIG. 4. EMSA illustrating the effect of ZnNTMPyP on silica (A)-, LPS (B)-, or®, (C)-induced activation of NixB. Nuclear extracts were prepared from
RAW 264.7 cells pretreated for 2 h with ZnTMPyP (1-1001) and then stimulated with silica (1g0g/ml), LPS (10un.g/ml), or H,O, (1 mM) for an additional
4 h. The results of EMSA are shown (top) and quantitated by densitometric analysis as a percentage of the response to stimulant alone minus control
Values are means SE of three separate experiments. * Significant inhibition by ZnTMPyP compared to stimulant alene.(9).

ZNTMPyP Inhibits Stimulant-Induced NEB Activation ZnTMPyP on the activation of NkB by these stimulants. The

. N . . _data shown in Figs. 4B and 4C indicate that ZnTMPyP con
Since ZnTMPyP completely inhibited oxidant productior tely blocked the activation of NkB induced by LPS at 100

measured as chemiluminescence in silica-stimulated RA% .
264.7 cells, a question is raised as to whether this drug wodtd” ©" H,0, at 10uM ZnTMPyP, respectively. These results

inhibit NF-kB activation induced by silica. To examine thiiuggest that ZnTMPyP may act at a common step in the sig

question, RAW 264.7 cells were preincubated for 2 h wit] roagzgﬂcgfoagihgm|§$ng to NdB-activation in response
different concentrations of ZnTMPyP and then examined for '
NF-«B activation by treatment of cells with silica (1Q@/ml) I - ,
for 4 h at 37°C. ZNTMPyP inhibited the silica-induced bindingznl;rr':/lozgi ()'R/T;?I';Sn f’)'f'fgzsepe”de”t Tyrosine
activity of NF-«B to DNA in a dose-dependent manner with
maximum inhibition of 100% at 10@M (Fig. 4A). To determine whether the inhibitory action of ZnTMPyP or
NF-«kB activation is also induced by LPS or hydrogen peNF-«B activation was due to an effect on silica-depender
oxide (Meyeret al., 1993; Chenet al., 1998; Kanget al., tyrosine phosphorylation ofkB-«, cells were pretreated with
2000a). However, the initial signal transduction pathway leadnTMPyP for 2 h before exposure to silica, and cell lysate
ing to NF«B activation induced by these stimulants has bedrom silica-treated cells in the presence or absence of the dr
shown to be different. We, therefore, examined the effect wfere then exposed tokB-a-specific antibody followed by
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ZnTMPYP - - - + + + min of silica exposure, respectively (Fig. 5). The inhibition o
Si 0 10 20 0 10 20 IkB-a phosphorylation after the 10-min silica exposure wa
statistically significant.

.“ .. ... |«Ba ZnTMPyP Inhibits LPS-Induced IL-1 Production

IL-1 was chosen in our experiments as a representati
proinflammatory cytokine because of its prominent role i
400 silica-induced pulmonary inflammatory and fibrotic response
(Kang et al., 1992) and the NReB dependence of its gene
expression (Baldwin, 1996). To examine the effect of ZnT
MPyP on the production of IL-1, we measured thymocyte
proliferation activity in the RAW 264.7 cell supernatants
Evidence indicates that over 90% of this proliferation activity
is due to IL-1 (Salenet al.,1990). Figure 6 shows the effect of
ZnTMPyP on RAW 264.7 cell production of IL-1 after stim-
ulation by LPS. ZnTMPyP appeared to exert little effect on th
resting production of IL-1 from RAW 264.7 cells (data not
FIG.5. Effect of ZnTMPyP on silica-dependent tyrosine phosphorylatio8NOWN). However, ZnTMPyP inhibited LPS-stimulated IL-1
of IkB-a. RAW 264.7 cells were preincubated for 2 h with ZnTMPyP (@@)  production from RAW 264.7 cells in a dose-dependent manne
before treatment with silica (10@.g/ml) for an additional indicated time yyith an ID50 of approximately 10M. The maximal inhibition

(10-20 min). The Iysates_were incubated with a_mEB—Ia_ mAb pefore analysis_ of 88% was exhibited at 104M ZnTMPyP. Direct treatment
of tyrosine phosphorylation by Western blotting with anti-phosphotyrosine,

mADb (top). The levels of tyrosine phosphorylatiokBla are quantitated by C_)f thy_mocytes with ZnTMPyP did not affect thymoc_yte_ Pro'
densitometric analysis as a percentage of the control response (bottom). Valifg§ation at rest (data not shown). Therefore, the inhibitor
are meanst SE of three separate experiments. * Significant inhibition bgffect described above represents the action of ZnTMP)
ZnTMPyP compared to silica alone at each time of incubatior (0.05).  directly on the RAW 264.7 cells rather than on the thymocyte

3004

200+

1004

Percent of Control

0.

R . . TMPYP Is a Relatively Weak Antioxidant
Western blot analysis with the anti-phosphotyrosine mAg.n yr s a Relalively veak Antioxidan

ZNnTMPyP (10 pM) inhibited tyrosine phosphorylation of To determine the role of ZnTMPyP as a direct antioxidan
IkB-a in cells exposed to silica by 64 and 36% after 10 and 28 scavenging ability was tested in an hydroxyl radic@H)
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FIG. 6. Effect of ZnTMPyP on IL-1 production from in LPS-stimulated RAW 264.7 cell cultures. RAW 264.7 celfnfl)Qvere incubated at resting or
after stimulation with LPS (5 mg/ml) in the presence or absence of ZNnTMPyP (1x)0After 24 h, interleukin-1 (IL-1) activity in the supernatant of cells
was measured by thymocyte incorporation #fJthymidine. LPS-stimulated IL-1 activity was calculated as cpm minus that with resting cells. Values
means* SE of three separate experiments. * Significant decrease Q5) compared to LPS alone.
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FIG. 7. (A) ZnTMPyP as a hydroxyl radical scavenger. (Upper signal) ESR spectrum recorded 2 min after mixing 5 miy Fe8® H,O,, and 1 mM
DMPO in a pH 7.4 phosphate-buffered solution. (Middle signal) Sameppsr signalbut with 100uM ZnTMPyP added. (Lower signal) Same @ser signal
but with 100uM hypotaurine added. The spectrum settings were receiver gain, 2 BI'; modulation amplitude, 0.5 G; magnetic field, 348550 G; scan
time, 1 min.; (B) Scavenging oOH by ZnTMPyP or hypotaurine. Th®H radicals were produced by the reaction of 5 mM Fe&@h 1 mM H,O, in the
presence of 1 mM DMPO. The data were plotted according to equation{\ll\= k[scavenger]/l{DMPQ]). V, Peak height of contro& 79.75 mm;v, peak
height of scavengers. The rate constants of ZnTMPyP and hypotaurine axelD8M ' s* and 1.24x 10" M ' s*, respectively. (C) Scavenging of,(by
ZnTMPyP or ascorbic acid. The,Cradicals were produced by the reaction of 3.5 mM xanthine and 2 U xanthine oxidase in the presence of 100 mM D
in a pH 7.4 phosphate-buffered solution for 2 miper signal).Middle signalsame asipper signalbut with 100uM ZnTMPyP addedLower signalsame
asupper signabut with 100uM ascorbic acid added. The spectrum settings were receiver gainx2183; modulation amplitude, 0.5 G; magnetic field, 3485
50 G; scan time, 1 min. [circa], ascorbate radicals.

generation system using ESR spectroscopy. Hydroxyl radicalsTMPyP (100uM) weakly reduced the ESR signal (Fig. 7A,
were generated by the Fenton reaction of ‘Feith H,O,. middle signal) in comparison to well established antioxidant
Figure 7A (upper signal) shows a typical ESR spectrum gestch as hypotaurine (Fig. 7Agwer signal) or ascorbate (data
erated from a mixture containing Fe$(® mM) and HO, (1 not shown).

mM) in the presence of DMPO (1 mM) as a spin trap. This The reaction rate constant of ZnTMPyP a@dH radical was
spectrum consists of a 1:2:2:1 quarter with splittingaef= calculated through spin-trapping competition experiments
ay = 14.9 G. Based on these splittings constants, the 1:2:2ejported earlier (Shet al., 1997). The rate constant for ZnT-
quartet was assigned to a DMPOWH adduct. Addition of MPyP was found to be 1.8 10° M ' s™*, which is much less
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than hypotaurine (1.24& 10" M s™), indicating that the and oxidation to change their valance state, are an order
scavenging potency of ZnTMPyP is an order of magnitudaagnitude more active than Zn-porphyrins.
lower than that of hypotaurine (Fig. 7B). In contrast to the reports above, data from the present stu
To determine the potency of ZnTMPyYP as a superoxidedicate that ZnTMPyP (10Q.M) exhibits relatively weak
anion (Q)) scavenger, a xanthine/xanthine oxidase system walsility to directly scavenge hydroxyl or superoxide radicals
used to generate Oand the intensity of this radical monitoredsince its potency is much lower than that of well-establishe
by ESR using DMPO as a spin trap. A typical superoxidantioxidants, such as hypotaurine or ascorbic acid. Howev
radical signal is shown in Fig. 7C (uper signal). Addition ofL0 or 50uM ZnTMPyYP completely inhibited silica- or zymo-
ZNnTMPyP (100uM) reduced the @ signal by 68% (Fig. 7C, san-stimulated chemiluminescence. In addition, Z@0ZnT-
middle signal). However, this signal reduction was less thaviPyP completely inhibited NRB activation induced by var-
the complete inhibition observed in the presence of LB0 ious stimulants. These results suggest that, in addition to
ascorbic acid (Fig. 7Apwer signal). antioxidant effect, ZnTMPyP may directly act as an inhibito
of cellular activation.
Nathansoret al. (1995) found that Zn-porphyrins suppress
DISCUSSION the activity of the N&/K* pump by reduction of the endoge
nous CO level since Zn-porphyrins are known as potent her
Data presented in this study indicate that ZnTMPyP is axygenase inhibitors. Therefore, ZnTMPyP would affect ce
effective in vitro inhibitor of stimulant-induced secretion oflular membrane potentials, which may inhibit stimulant-in
ROS, NF«B activation, and IL-1 production in RAW 264.7 duced activation of RAW 264.7 cells and affect intracellula
cells. These inhibitory actions of ZnTMPyP are not due tbiochemical homeostasis. However, Miles al. (1981) re-
cytotoxicity, since ZnTMPyP, at theM levels used, does not ported depolarization of alveolar macrophages increased f
compromise membrane integrity of RAW 264.7 cells. Thsecretion of ROS. If ZnTMPyP suppressed the activity of th
mechanism by which ZnTMPyP inhibits stimulant-inducetla/K pump in RAW 264.7 cells, ZnTMPyP would depolarize
activation of RAW 264.7 cells has not yet been resolved. the cells, which should result in stimulation of ROS secretior
Patel and Day (1999) have suggested that Zn-porpyrins nmiByerefore, the effect of ZnTMPyP on the NK* pump acting
be a direct antioxidant, i.e., a scavenger of oxygen radicadés a heme oxygenase inhibitor does not explain the inhibito
Day et al. (1995) have reported ZnTMPyP has activity in theffects of ZnTMPyP on stimulant-induced ROS productio
SOD assay even though zinc is not known to alternate betweeported here.
reduction and oxidation states due to a change in valance. On&he mechanism in which ZnTMPYP inhibits N& activa-
explanation for the SOD-like activity of zinc porphyrins maytion is not clear. ROS, protein tyrosine kinase, protein kinas
be due to its ability to undergo reversible one-electron oxid&, protein tyrosine phosphatase, and proteases have b
tions via its extensive conjugated ring system (Faeral., shown to play roles in the activation of NEB. As the stim-
1970; Wolberg and Manassen, 1970; Dolpktral.,1971). In ulants employed in this study are known to induce ROS and/
fact, the formation of suchr-cation catalases and peroxidaseBTK-dependent NRB activation in RAW 264.7 cells (Kang
has been proposed (Dolphiet al., 1971; Thanabakt al., et al.,2000a), it is possible that ZnTMPyP exerts its effect b
1988). inhibiting ROS secretion and/or preventing PTK activation
The antioxidant effect of ZnTMPyP is supported by th&his hypothesis is consistent with our finding that ZnTMPy|
results of Imaiet al. (1990), in which metalloporphyrins, inhibited stimulant-induced ROS production and protein ty
including zinc porphyrins and iron porphyrins, were reporteasine phosphorylation (data not shown).
to inhibit lipid peroxidation stimulated by Eé and ascorbic ~ Data from our previous study indicate that stimulation o
acid in rat liver homogenates. Their antioxidative effects weRAW 264.7 cells with silica induces NkB activation through
not related to the metal ions even if they could be released fraymosine phosphorylation ofkB-a without dependence on
the parent porphyrins during incubation. In our experiment, veegradation of#B-a (Kanget al.,2000b). The results from the
also found ZA" had no effect on silica-stimulated secretion opresent study show that ZnTMPYP blocks tyrosine phosphc
ROS, while TMPyP was an effective inhibitor (data noylation of IkB-a in silica-stimulated RAW 264.7 cells. In
shown). These results support the conclusion that any antioaddition, we found ZnTMPyP also inhibited degradation o
dative effect of ZnTMPyP was not brought about by the metéB-« induced by LPS, which is essential for NdB- activation
ions. In addition, these results agree with the hypothesis tifdata not shown). Similar effects of ZnTMPyP on tyrosine
the antioxidant effect of ZNTMPyP is due to a porphyrin-basgqzhosphorylation as well as degradation @Bta have been
mechanism, i.e., reversible one-electron oxidations via its eceported with antioxidants and specific inhibitors of PTK
tensive conjugated ring system. However, the porphyrin-basgdanget al.,2000b; Natarajaet al.,1998; Imberet al.,1998).
mechanism is probably not as efficient as oxidations that occthiese findings suggest that ZnTMPyP may act on the step tl
on the coordinated metal complex because metalloporphyritisks reactive oxidants, PTK, and NkB activation.
such as Mn- or Fe-porphyrins, having the ability by reduction It has been postulated that ROS play a regulatory role in ti
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protein tyrosine phosphorylation as well as NB-activation m-Cation radicals and dications of metalloporphyrihsAm. Chem. So82,

(Suzukiet al., 1997; Remacleet al., 1995). ROS have also 3451-3459.

been implicated as important mediators in silica-induced lufgPini. B., Giamello, E., Volante, M., and Bolis, V. (1990). Chemical func-

injury (Kang et aI.,1992) and ROS may serve as mediators ofionalmt_es at the sﬂlge_a surface determ_lnlng |_ts reactivity when inhalec
. ) . ormation and reactivity of surface radical®oxicol. Ind. Health6, 571—

production of cytokines, such as IL-1 and T&Fn stimulated  5gg.

cells (Simeonova and Luster, 1996; Kawashietal., 1998). |na; k., Aimoto, T., Sato, M., and Kimura, R. (1990). Antioxidative effect of

In the present study, increases in MB-binding to DNA as  several porphyrins on lipid peroxidation in rat liver homogena@isem.

well as IL-1 production by LPS-stimulated RAW 264.7 cells Pharm. Bull.38, 258 -260.

were inhibited by ZnTMPyP. However, the effect of this drugmbert, V., Rupec, R. A,, Livolsi, A., Pahl, H. L., Traenckner, E. B., Mueller-

on NF-KB-dependent gene expression of IL-1 and the prOmotepieckmann, C., Farahifar, D., Rossi, B., Auberger, P., Baeuerle, P. A., ai

activation specific to IL-1 as well as other cytokines remains to" ¢y J: . (1996). Tyrosine phosphorylation eBla activates NFiB
be understood without proteolytic degradation okB-«. Cell 86, 787—798.
u .

. - - . Kang, J. H., Lewis, D. M., Castranova, V., Rojanasakul, Y., Banks, D. E., M
In conclusion, our findings indicate that ZnTMPYP is effec- ;v and Ma, J. K. (1992). Inhibitory action of tetrandrine on macrophag

tive in preventing stimulant-induced ROS generation, ™=  production of interleukin-1 (IL-1)-like activity and thymocyte proliferation.
activation, and IL-1 production in RAW 264.7 cells. Therefore, Exp. Lung Resl8, 715-729.

it is suggested that further studies concerning the effects Kafng, J. L., Go, Y. H., Hur, K. C., and Castranova, V. (2000a). Silica induce
ZnTMPyP usingin vivo oxidative stress models or its effects nucle_ar facto_rKB Qctivation:_ In\_/olvemer_n of reagtive oxygen species anc
on the cytotoxic process of human diseases associated wi Otilg tyrosine kinase activatiod. Toxicol. Environ. Health Part 40,
lung inflammation and injury are warranted. In addition, ZnT- '

. . Kang, J. L., Pack, I. S., Hong, S. M., Lee, H. S., and Castranova, V. (2000t
MPyP may be a useful tool to investigate the molecular mech'SiIica induced nuclear factotB activation through tyrosine phosphoryla-

anisms involved in stimulant-induced signal pathways. tion of IkB-a in RAW 264.7 macrophage§oxicol. Appl. Pharmacoll69,
59-65.
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