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IRON TETRAKIS (N-METHYL-4’-PYRIDYL) PORPHYRINATO
(FeTMPyP) IS A POTENT SCAVENGING ANTIOXIDANT 
AND AN INHIBITOR OF STIMULANT-INDUCED NF-k B 
ACTIVATION OF RAW 264.7 MACROPHAGES

Jihee Lee Kang, Hui Su Lee, In Soon Pack

Department of Physiology, College of Medicine, Division of Cell
Biology, Ewha Medical Research Center, Ewha Womans University,
Seoul, Korea

Stephen Leonard, Vincent Castranova

Pathology and Physiology Research Branch, Health Effects Laboratory
Division, National Institute for Occupational Safety and Health,
Morgantown, West Virginia, USA

Metalloporphyrins have been shown to be protective in oxidative stress models. However,
the molecular basis for the antioxidative and antiinflammatory activities of iron tetrakis (N-
methyl-4’-pyridyl) porphyrinato (FeTMPyP) is not known. The objective of this study was
to determine whether FeTMPyP exhibited the ability to ( 1) scavenge reactive oxygen
species (ROS) , (2) inhibit the activation of nuclear factor kappa B (NF-k B) , or (3) block
the production of interleukin 1 ( IL-1) in RAW 264.7 cultured macrophages. The results
indicate that FeTMPyP is a potent scavenger of hydroxyl radicals and superoxide anion
radicals, and an effective inhibitor of stimulant-induced NF-k B activation and IL-1 pro-
duction by RAW 264.7 cells. Therefore, FeTMPyP may be a useful tool to investigate
the molecular mechanisms involved in stimulant-induced signal pathways, and may
possess therapeutic utility in diseases associated with overproduction of ROS.

Nuclear factor kappa B (NF-k B) is an essential transcription factor that
controls gene expression of cytokines, chemokines, growth factors, and
cell adhesion molecules (Chen et al., 1999; Barnes & Karin, 1997). Re-
cent evidence indicates that in vitro exposure of macrophages to silica or
lipopolysaccharide (LPS) induces activation of NF-k B (Chen et al., 1998;
Kang et al., 2000a). Activation of NF-k B in pulmonary phagocytes has
also been demonstrated after in vivo exposure to silica (Sacks et al.,
1998) or LPS (Blackwell et al., 1996). Therefore, activation of NF-k B
binding to various gene promoter regions may be a key molecular event
in the initiation of silica- or LPS-induced pulmonary diseases (Mayeux,
1997).
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The predominantly characterized NF-k B complex is a p50–p65 het-
erodimer, which at rest is retained in the cytoplasm and is associated with
an inhibitor molecule, Ik B (Zabel & Baeuerle, 1990). In response to a
variety of stimuli, Ik B is phosphorylated and becomes dissociated from
the NF-k B complex. Free NF-k B can then translocate to the nucleus,
where it binds to the NF-k B motif and functions as a transcriptional regu-
lator. A p65–p50 or p65–p52 heterodimer could be detected in silica- or
LPS-stimulated RAW 264.7 macrophages (Chen et al., 1995; Goto et al.,
1999). The DNA binding of NF-k B can be competitively inhibited by a
nonlabeled NF-k B consensus DNA probe and supershifted by antibodies
to NF-k B subunits (Chen et al., 1995).

Phosphorylation of serine residues of Ik B- a is followed by the ubiqui-
tination of this protein, leading to degradation of Ik B- a by proteasomes
(Brockman et al., 1995; Brown et al., 1995; DiDonato et al., 1996). This reg-
ular pathway for NF-k B activation is triggered by tumor necrosis factor
(TNF), interleukin (IL)-1 b , phorbol 12-myristate 13-acetate (PMA), okadaic
acid, or LPS (Mayeux, 1997; Imbert et al., 1996). Recent evidence indi-
cates that exposure of T cells to hypoxia, reoxygenation, or pervanadate,
or exposure of macrophages to silica resulted in phosphorylation of Ik B- a
on tyrosine 42 (Koong et al., 1994; Imbert et al., 1996; Kang et al.,
2000b). These authors also reported an alternative mechanism of NF-k B
activation in which tyrosine phosphorylation does not lead to degradation
of the Ik B- a through the proteasome pathway, unlike serine phosphoryla-
tion of Ik B-a .

Exposure of lung phagocytes to silica results in the production of re-
active oxygen species (ROS) (Castranova et al., 1996; DiMatteo et al.,
1996), which are believed to be significantly involved in silica-induced
cytotoxicity (Kim et al., 1999) and carcinogenicity (Saffiotti et al., 1985;
Vallyathan et al., 1988; Fubini et al., 1990; Castranova, 1994; Shi et al.,
1998). Our previous studies indicate that in vitro exposure RAW 264.7
cells to silica resulted in an increase in ROS production and that reactive
oxidants play a role in silica-induced activation of NF-k B (Chen et al.,
1998; Kang et al., 2000a). Indeed, catalase, superoxide dismutase, and
formate have been shown to inhibit silica-induced NF-k B activation of
macrophages in vitro (Chen et al., 1998; Kang et al., 2000a). Hydroxyl
radical has been suggested as the key activation signal for silica-induced
activation of NF-k B (Shi et al., 1999). Therefore, antioxidant agents that
inhibit the activation of NF-k B may be potentially useful for therapeutic
intervention.

Among the possibilities for such an agent is iron-tetrakis (N-methyl-4’-
pyridyl) porphyrinato (FeTMPyP), a porphyrin analog that is a very stable
redox active metal complex possessing an extensive conjugated ring sys-
tem that undergoes reversible one-electron oxidation (Figure 1). Metallo-
porphyrins, including Fe- and Mn-porphyrins, have been shown to be
protective in a wide variety of in vitro oxidative stress models involving
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the generation of superoxide anion (O2
–), hydrogen peroxide (H2O2), and

peroxynitrite (ONOO–) alone or in concert (Patel & Day, 1999). FeTMPyP
has been shown to be an effective ONOO– decomposition catalyst in vitro
and in vivo (Salvemini et al., 1998). It appears to be cytoprotective against
endogenously generated ONOO– in LPS-stimulated RAW 264.7 cells, as
well as in dissociated cultures of hippocampal neurons and glia exposed to
cytokines (Misko et al., 1998). Metalloporphyrins inhibit heme oxygenase
and other heme-dependent enzymes, such as guanylate cyclase and nitric
oxide synthase (Bashir & Henley, 1993; Luo & Vincent, 1994). However,
the molecular basis for the antioxidative and antiinflammatory activity
assigned to FeTMPyP has not been fully identified in either in vitro or in
vivo experimental models.

The objective of this study was to determine if FeTMPyP exhibited the
ability to scavenge reactive oxygen species, such as hydroxyl radical (�OH)
and superoxide anion (O2

–), and to inhibit the activation of NF-k B or the
production of IL-1 in silica- or LPS-stimulated RAW264.7 macrophages.

METHODS

Reagents

Crystalline silica (Min-U-Sil, particle size <5 µm) was obtained from
U.S. Silica Corporation (Berkeley Springs, WV). Prior to use, the silica sam-
ples were sterilized by heating at 160°C for 90 min in a dry oven. Silica
particles were dispersed in Dulbecco’s modified Eagle’s medium (DMEM,
Life Technologies, Inc., Madison, WI) with supplements just before addi-
tion to culture plates. LPS from Escherichia coli serotype 055B5 was pur-
chased from Sigma Chemical Company (St. Louis, MO). FeTMPyP was
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FIGURE 1. Chemical structure of FeTMPyP.



purchased from Mid-Century (Posen, IL). DNA polymerase and dNTP
were purchased from Life Technologies (Gaithersburg, MD). Antibodies
used in this study were anti-Ik B- a rabbit polyclonal (New England Bio-
labs, Inc., Bevery, MA) and anti-phosphotyrosine 4G10 (Upstate Biotech-
nology, Lake Placid, NY).

Cell Line and Cell Culture

RAW264.7 cells, a mouse peritoneal macrophage cell line, were ob-
tained from American Type Culture Collection (Rockville, MD). The cells
were maintained in DMEM supplemented with 5% fetal bovine serum
(FBS, HyClone, Logan, UT), 2 mM glutamine, and 1000 U/ml penicillin–
streptomycin.

Measurement of Cell Viability

Lactate dehydrogenase (LDH) is an abundant intracellular enzyme
and its release into cell culture supernatants is a marker of lytic cell death
(Lipton et al., 1993; Kim et al., 1999; DiMatteo et al., 1996). The activity
of LDH was measured using a LDH determination kit (Roche Molecular
Biochemicals, Mannheim, Germany). Briefly, 100 µl of FeTMPyP (1–100
µM) was added to 100 µl of adherent RAW 264.7 macrophages (104/ml)
in given wells of a microplate. The cells were then incubated at 37°C in a
humidified atmosphere of 5% CO2 for 24 h. After incubation, 100 µl of
supernatant was added to 100 µl of reaction mixture and incubated for
30 min at room temperature. Absorbancy of the samples at 490 nm was
measured using a microplate reader. Results were expressed as percent
cell viability, referenced to the maximum LDH released when cells were
lysed with detergent, using the formula:

Percent 
viability = 100 × [1 – (experimental – untreated) / (detergent – untreated)]

Free Radical Measurements

For detection and identification of short-lived radicals, a spin trapping
method was used (Mottley & Mason, 1989; Shi et al., 1997). This tech-
nique involves the addition-type reaction of a short-lived radical with a
diamagnetic compound (spin trap) to form a relatively long-lived free rad-
ical product, the so-called spin adduct, which can be studied by conven-
tional electron spin resonance (ESR). The intensity of the spin adduct sig-
nal corresponds to the amount of short-lived radicals trapped, and the
hyperfine splitting of the spin adduct is generally characteristic of the
original, short-lived, trapped radical. This method is specific and sensitive
and is considered to be the method of choice for the detection and identi-
fication of free radicals.

All ESR measurements were conducted using a Bruker ESP 300E ESR
spectrometer and a flat cell assembly. Hyperfine couplings were mea-
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sured (to 0.1 G) directly from magnetic field separation using potassium
tetraperoxochromate (K3CrO8) and 1,1-diphenyl-2-picrylhydrazyl (DPPH)
as reference standards. The relative radical concentration was estimated
by multiplying half of the peak height by ( D HPP)

2, where D HPP represents
peak-to-peak width. A SPEX 300 program (U.S. EPR, Inc., Clarksville,
MD) was used for data acquisition and analysis. All experiments were
performed at room temperature and under ambient air. Reactants were
mixed in test tubes in a final volume of 1 ml. The reaction mixture was
then transferred to a flat cell for ESR measurement. The concentrations
given in the figure legends are final concentrations.

Nuclear Extracts

Nuclear extracts were prepared by a modified method of Sun et al.
(1994). RAW 264.7 cells were cultured in 6-well plates at 5 × 106 cells/
ml for 3 d; then the medium was replaced with fresh medium and cells
were pretreated with FeTMPyP (1–100 µM). After 2 h of pretreatment,
cells were incubated with silica (100 µg/ml), LPS (10 µg/ml), or H2O2 (1
mM) in the absence or presence of FeTMPyP for a period of time as indi-
cated. The concentrations of the stimulants and the duration of exposure
used in this investigation were determined from previous concentration-
response and time-course studies for NF-k B activation (Kang et al., 2000a).
At the end of the exposure, the cells were harvested and resuspended in
hypotonic buffer A [100 mM HEPES, pH 7.9; 10 mM KCl; 0.1 M ethyl-
enediamine tetraacetic acid (EDTA); 0.5 mM dithiothreitol; 1% nonidet P-
40; and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)] for 10 min on ice
and then vortexed for 10 s. Nuclei were pelleted by centrifugation at
12,000 × g for 30 s and were resuspended in buffer C (20 mM HEPES, pH
7.9; 20% glycerol; 0.42 M NaCl; 1 mM EDTA; and 0.5 mM PMSF) for 30
min on ice. The supernates containing nuclear proteins were collected by
centrifugation at 10,000 × g for 2 min and stored at –70°C.

Electrophoretic Mobility Shift Assay (EMSA)

Binding reaction mixtures (10 µl), containing 5 µg (4 µl) nuclear extract
protein, 2 µg poly(dI-dC)�poly(dI-dC) (Sigma Co., St. Louis, MO), and
40,000 cpm 32P-labeled probe in binding buffer (4 mM HEPES, pH 7.9; 1
mM MgCl2; 0.5 mM DTT; 2% glycerol; and 20 mM NaCl), were incubated
for 30 min at room temperature. Protein–DNA complexes were separated
on 5% non-denaturing polyacrylamide gels in 1 × Tris-borate/EDTA elec-
trophoresis buffer (pH 7.5) and autoradiographed overnight. Autoradio-
graphic signals for activated NF-k B were quantitated by densitometric scan-
ning using an UltroScan XL laser densitometer (LKB, model 2222-020,
Bromma, Sweden) to determine the intensity of each band.

The oligonucleotide used as a probe for EMSA was a 
double-stranded DNA containing NF-k B consensus sequence 
(5’-CCTGTGCTCCGGGAATTTCCCTGGCC-3’) labeled with [ a -32P]-dATP
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(Amersham, Buckinghamshire, UK) using a DNA polymerase Klenow frag-
ment.

Immunoprecipitation

The confluent cells grown on 100-mm plastic dishes were incubated
in DMEM supplemented with 5% FBS, 2 mM glutamine, and 1000 U/ml
penicillin–streptomycin for 3 d. Cells then were treated with silica (100
µg/ml) in the presence or absence of FeTMPyP (10 µM) and washed with
ice-cold phosphate-buffered saline (pH 7.4). The washed cells were lysed
with 1 ml of ice-cold lysis buffer containing 50 mM Tris-HCl (pH 8), 150
mM NaCl, 1% nonidet P-40 (NP-40), 100 µg/ml PMSF, 1 µg/ml leupeptin,
1 mM Na3 VO4, 5 mM EDTA, and 1 mM benzamidine.

The cell lysate was centrifuged for 5 min at 13,000 × g. The resulting
supernatant was incubated with anti-Ik B- a rabbit polyclonal at 4°C for 1
h. After incubation at 4°C for 30 min with protein A or G conjugated
sepharose (5 µg/ml), the antigen/antibody complexes were pelleted by
centrifugation at 13,000 × g for 30 s. The pellet was then washed 3 times
with ice-cold lysis buffer by centrifugation at 13,000 × g for 30 s, dis-
solved in 20 µl of Laemmli’s sample buffer (pH 7), and separated on 10%
sodium dodecyl sulfate (SDS)–polyacrylamide gels (Laemmli, 1970).

Western Blotting

The fractionated proteins for tyrosine phosphorylated Ik B- a or cyto-
plasmic extracts (50 µg protein) from LPS (1 µg/ml)-treated cells for Ik B- a
were resolved on 10% SDS–polyacrylamide gels and electrophoreticall y
transferred onto nitrocellulose paper as described by Towbin et al. (1979).
Antibody labeling of protein bands was detected with enhanced chemilu-
minescence (ECL) reagents according to the supplier’s protocol.

Measurement of IL-1 Activity in Cultured RAW 264.7 Macrophages

Cells were resuspended in RPMI-1640 media (Mediatech, Washington,
DC) containing 2 mM glutamine, 100 U/ml mycostatin, and 10% FBS.
Aliquots of 1 ml, containing 106 cells, were added to 24-well plates (Costar,
Cambridge, MA) and incubated at 37°C in a humidified atmosphere of
5% CO2 for 2 h. The nonadherent cells were then removed by vigorously
washing twice with 1 ml of RPMI media. The adherent cells were further
incubated in 1 ml RPMI media containing 5 µg/ml LPS with or without
FeTMPyP in the concentration range of 1–100 µM. After incubating the
cell culture for 24 h, the supernates were collected, filtered, and stored at
–70°C until the thymocyte proliferation assay was performed.

Thymocyte Proliferation Assay for IL-1 Activity

IL-1 activity in various macrophage-conditioned supernatants was
determined by their capacity to stimulate thymocyte proliferation accord-
ing to the method of Kang et al. (1992). Briefly, thymocytes were obtained
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from male CD-1 mice (6 wk of age, 20–25 g) and suspended in RPMI-1640
media with 2 mM glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin,
100 units/ml mycostatin, 10% FBS, and 2 × 10–5 M mercaptoethanol.
Cells were counted using an electronic cell counter and adjusted to a con-
centration of 10 × 106 cells/ml. An aliquot of 100 µl of the RAW 264.7
macrophage-conditioned supernatants was added in quadruplicate to 96-
well microculture plates, and 100 µl of thymocyte suspension was placed
in each well. After 48 h of incubation at 37°C in 5% CO2, the cultures
were pulsed for 4–6 h with [3H]thymidine (1 µCi/well, activity 2 Ci/mmol,
Dupont NEN Products, Boston, MA), and harvested using a cell harvester
(Brandle, Gaithersburg, MD). The radioactivity in the collecting glass filter
disks was measured using a liquid scintillation counter (Beckman, Fuller-
ton, CA). The levels of IL-1 activity in the tested RAW 264.7 macrophage
supernates were expressed as counts per minute.

Statistics
Values were expressed as means ± standard errors. Data were ana-

lyzed using one-way analysis of variance (ANOVA) and Student’s t-test. Sig-
nificance was set at p < .05.

RESULTS

FeTMPyP Does Not Affect Cell Viability at Rest

The object of this investigation was to determine if FeTMPyP specifi-
cally altered the ability of macrophages to respond to stimulants. There-
fore, it was essential to demonstrate that FeTMPyP was not cytotoxic under
the conditions used for the functional assays employed in this study. Cell-
ular viability was monitored as lactate dehydrogenase release. Viability of
RAW  264.7  macrophages  was  not  compromised  after  a  24-h  in
vitro exposure to FeTMPyP (1–100 M); that is, FeTMPyP did not increase
the activity of LDH in the culture supernates.

FeTMPyP Is a Potent Antioxidant

To determine the role of FeTMPyP as a direct antioxidant, its scavenging
ability was tested in an hydroxyl radical (�OH) generation system using
ESR spectroscopy. Hydroxyl radicals were generated by the Fenton reac-
tion of Fe2+ with H2O2. Figure 2a shows a typical ESR spectrum generated
from a mixture containing FeSO4 (5 mM) and H2O2 (1 mM) in the pres-
ence of DMPO (1 mM) as a spin trap. This spectrum consists of a 1:2:2:1
quartet with splittings of aH = aN, = 14.9 G. Based on these splittings con-
stants, the 1:2:2:1 quartet was assigned to a DMPO/�OH adduct. Addition
of FeTMPyP (1–10 µM) reduced the ESR signal in a dose-dependent man-
ner with almost complete scavenging of �OH at 10 µM (Figure 2, b–d).

The reaction rate constant of FeTMPyP and �OH radical was calculated
through spin trapping competition experiments as reported earlier (Shi et
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FIGURE 2. FeTMPyP as a hydroxyl radical scavenger: (a) ESR spectrum recorded 2 min after mixing
5 mM FeSO4, 1 mM H2O2, and 1 mM DMPO in a pH 7.4 phosphate-buffered solution. (b, c, and d)
Same as (a) but with 1, 5, or 10 µM FeTMPyP added, respectively. The spectrum settings were:
receiver gain, 2.51 × 104; modulation amplitude, 0.5 G; magnetic field, 3435 ± 50 G; scan time, 1
min. Data are representative of three separate measurements.



al., 1997). The rate constant for FeTMPyP was found to be 4.5 × 1010 M–1 s–1

(Figure 3). This is 3.6-fold higher than hypotaurine (1.24 × 1010 M–1 s–1), a
well-established antioxidant, and much (25-fold) greater than ZnTMPyP
(1.8 × 109 M–1 s–1), a porphyrin analog that we have reported as having
antioxidant activity (Kang et al., 2001).

To determine the potency of FeTMPyP as a superoxide anion (O2
–) scav-

enger, a xanthine/xanthine oxidase system was used to generate O2
– and

the intensity of this radical was monitored by ESR using DMPO as a spin
trap. A typical superoxide radical signal is shown in Figure 4a. Addition of
FeTMPyP (1–25 µM) reduced the O2

– signal in a concentration-dependent
manner with approximately 85% scavenging of O2

– at 5 µM (Figure 4, b–e).
In addition, this signal reduction was greater than the inhibition observed in
the presence of 5 µM ascorbic acid (data not shown).

FeTMPyP Inhibits Stimulant-Induced NF-k B Activation

Previous reports have shown that exposure of RAW 264.7 macrophages
to silica, LPS, or hydrogen peroxide resulted in activation of NF-k B (Meyer et
al., 1993; Chen et al., 1998; Kang et al., 2000a). However, the initial signal
transduction pathway leading to NF-k B activation induced by these stimu-
lants has been shown to be different. Evidence indicates that ROS play a role
in stimulant-induced activation of NF-k B. Since it was found FeTMPyP
exhibited a potent ability to scavenge oxidants, a question was raised as
to whether this drug would inhibit NF-k B activation induced by these
stimulants. To examine this question, RAW 264.7 cells were preincubated
for 2 h with different concentrations of FeTMPyP and then examined for
NF-k B activation by treatment of cells for 4 h with silica (100 µg/ml) or
LPS (10 µg/ml), or for 2 h with H2O2 (1 mM), at 37°C. The data shown in
Figure 5, A, B, and C, indicate that FeTMPyP (1–100 µM) inhibited the
activation of NF-k B induced by silica, LPS, or H2O2 in a concentration-
dependent manner with an inhibition of 100%, 78%, and 100% for silica,
LPS, or H2O2, respectively, at 100 µM FeTMPyP. These results suggest that
FeTMPyP may act at a common step in the signal transduction pathways
leading to NF-k B activation in response to each of these stimulants. DNA
binding activity of NF-k B in unstimulated cells with FeTMPyP (1–100 µM)
alone was negligible (data not shown).

FeTMPyP Inhibits Silica-Dependent Tyrosine Phosphorylation of Ik B-a
In a previous study, data suggested tyrosine phosphorylation of Ik B- a

represents a proteasome proteolytic activity-independent mechanism of
NF-k B activation in silica-stimulated macrophages (Kang et al., 2000b).
To determine whether the inhibitory action of FeTMPyP on NF-k B activa-
tion was due to an effect on silica-dependent tyrosine phosphorylation of
Ik B-a , cells were pretreated with FeTMPyP for 2 h before exposure to silica,
and cell lysates from silica-treated cells in the presence or absence of the
drug were then exposed to Ik B- a -specific antibody followed by Western
blot analysis with the anti-phosphotyrosine mAb. FeTMPyP (10 µM) in-
hibited tyrosine phosphorylation of Ik B a in cells exposed to silica by
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100%  and  73%  after  10  and  20  min  of  silica  exposure,  respectively
(Figure 6).

FeTMPyP Inhibits LPS-Dependent Degradation of Ik - a
Degradation of Ik B- a by the proteasome preceded by phosphoryla-

tion of serine residues of Ik B-a is essential for NF-k B activation by TNF,
IL-1 b , PMA, okadaic acid, or LPS. Therefore, the effect of FeTMPyP on
degradation of Ik B- a triggered by LPS was determined. Figure 7 shows
that degradation of Ik B- a occurred at 10 min after LPS stimulation with a
relatively constant low level of Ik B- a being maintained for up to 30 min.
Thereafter, newly synthesized Ik B-a protein was increased and Ik B-a levels
returned to the control level by 60 min. FeTMPyP (10 µM) did not affect
the cytoplasmic levels of Ik B- a at rest. However, treatment of cells with
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FIGURE 3. Scavenging of �OH by FeTMPyP, ZnTMPyP or hypotaurine. The �OH radicals were pro-
duced by the reaction of 5 mM FeSO4 with 1 mM H2O2 in the presence of 1 mM DMPO. The data
were plotted according to the equation V/v – 1 = kx[scavenger]/kd[DMPO]. KFe for FeTMPyP = 4.53 ×
1010 M–1 s–1. KZn for ZnTMPyP = 1.81 × 109 M–1 s–1; Kh for hypotaurine = 1.24 × 10

10 M–1 s–1; V = peak
height of control = 79.75 mm; v = peak height of scavengers. The rate constants of FeTMPyP,
ZnTMPyP and hypotaurine are 4.53 × 1010 M–1 s–1 1.8 × 109 M–1 s–1, and 1.24 × 1010 M–1 s–1, respec-
tively. Data are representative of three determinations.
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FIGURE 4. (a) Scavenging of O2
– by FeTMPyP. The O2

– radicals were produced by the reaction of
3.5 mM xanthine and 2 U xanthine oxidase in the presence of 100 mM DMPO in a pH 7.4 phos-
phate-buffered solution for 2 min. (b, c, d, and e) Same as (a) but with 1, 5, 10, and 25 µM FeTMPyP
added, respectively. The spectrum settings were: receiver gain, 2.51 × 104; modulation amplitude,
0.5 G; magnetic field, 3435 ± 50 G; scan time, 1 min. Data are representative of three separate mea-
surements.



FeTMPyP for 2 h before the addition of LPS inhibited the rate of degrada-
tion of Ik B- a . The levels of Ik B- a protein in cells exposed to LPS were
increased in the presence of FeTMPyP (10 µM) by 30, 238, and 71% after
5, 10, and 30 min of LPS exposure, respectively. However, FeTMPyP did
not affect the minimum level of Ik B- a protein in cells exposed to LPS for
20 min.

Dithiothreitol, a Reducing Agent, Reverses the Effect 
of FeTMPyP on NF-k B Activation
Intracellular thiols have been shown to play a key role in regulating

NF-k B activation. FeTMPyP has been reported to be an effective ONOO–
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FIGURE 5. EMSA illustrating the effect of FeTMPyP on (A) silica, (B) LPS, or (C) H2O2 induced activa-
tion of NF-k B. Nuclear extracts were prepared from RAW264.7 cells pretreated for 2 h with FeTMPyP
(1–100 µM) and then stimulated with silica (100 µg/ml) or LPS (10 µg/ml) for an additional 4 h, or
H2O2 (1 mM) for an additional 2 h. The results of EMSA are shown (upper panels) and quantitated by
densitometric analysis as a percentage of the response to stimulant alone minus control (lower panels).
Values are means ± standard errors of three separate experiments. Asterisk indicates a significant
inhibition by FeTMPyP compared to stimulant alone (p < .05).



decomposition catalyst and can mediate the oxidation of thiol groups
(Scorza & Minetti, 1998). Therefore, the ability dithiothreitol (DTT) to
reverse the effect of FeTMPyP was examined in our study. Cells were pre-
incubated with DTT (100 µM) in the presence or absence of FeTMPyP (10
µM) for 2 h and then the activation of NF-k B induced by silica was ex-
amined. Figure 8 shows that the DTT did not appear to have a significant
effect on silica-induced NF-k B activation, but it substantially reversed the
inhibitory effect of FeTMPyP by 64%. These results suggest that FeTMPyP
inhibits NF-k B activation through alterations in intracellular thiols.

FeTMPyP Inhibits LPS-Induced IL-1 Production
IL-1 was chosen in our experiments as a representative proinflammatory

cytokine because of its prominent role in pulmonary inflammatory and fi-
brotic responses (Kang et al., 1992) and because its gene expression is
dependent on NF-k B (Baldwin, 1996). To examine the effect of FeTMPyP on
the production of IL-1, thymocyte proliferation activity of RAW 264.7 mac-
rophage supernatants was measured. Evidence indicates that over 90% of
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FIGURE 6. Effect of FeTMPyP on silica-dependent tyrosine phosphorylation of Ik B- a . Cells were
preincubated for 2 h with FeTMPyP (10 µM) before treatment with silica (100 µg/ml) for an additional
indicated time (10–20 min). The lysates were incubated with anti-Ik B-a mAb before analysis of tyro-
sine phosphorylation by Western blotting with anti-phosphotyrosine mAb (upper panels). The levels
of tyrosine phosphorylation of Ik B-a are quantitated by densitometric analysis as a percentage of the
control response (lower panels). Values are means ± standard errors of three separate experiments.
Asterisk indicates a significant inhibition by FeTMPyP compared to silica alone at each time of incu-
bation (p < .05).



this proliferation activity is due to IL-1 (Salem et al., 1990). Figure 9 shows
the effect of FeTMPyP on RAW 264.7 macrophage production of IL-1 after
stimulation by LPS. FeTMPyP appeared to exert little effect on the resting
production of IL-1 from RAW 264.7 macrophages (data not shown). How-
ever, FeTMPyP inhibited LPS-stimulated IL-1 production by RAW 264.7
macrophages in a concentration-dependent manner, with the maximal inhi-
bition of 100% at 50 µM FeTMPyP. Direct treatment of thymocytes with
FeTMPyP did not affect thymocyte proliferation at rest (data not shown).

DISCUSSION

Data presented in this study indicate that FeTMPyP at 10 µM has a
potent ability to scavenge hydroxyl radical (�OH) and superoxide anion
(O2

–). Indeed, its potency is higher than that of well-established antioxi-
dants such as hypotaurine or ascorbic acid (Shi et al., 1997). Furthermore,
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FIGURE 7. Effects of FeTMPyP on kinetics of degradation and resynthesis of Ik B- a during exposure
of RAW264.7 cells to LPS. Cells were preincubated for 2 h with FeTMPyP (10 µM) before treatment
with LPS (1 µg/ml) for an additional indicated time (upper). Cell lysates were analyzed for Ik B- a by
Western blotting. The levels of Ik B-a , after stimulation with LPS (closed diamonds) or LPS + FeTMPyP
(closed squares) were determined by scanning the autoradiograms (lower). Data are representative of
at least three experiments.



FeTMPyP substantially blocks stimulant-induced NF-k B activation and IL-
1 production in RAW 264.7 macrophages. Metalloporphyrins, including
Mn- and Fe-porphyrins, have the ability to alternate between reduced and
oxidized states (Patel & Day, 1999). The ability of FeTMPyP to scavenge
�OH and O2

– is supported by the results of Imai et al. (1990), where Fe-
porphyrin was reported to inhibit lipid peroxidation in rat liver homoge-
nates. This antioxidant effect was not related to Fe3+, even though it might
be released from the parent porphyrin during incubation.
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FIGURE 8. Effect of DTT on the FeTMPyP-dependent inhibition of NF-k B activation in silica-stimu-
lated RAW 264.7 cells. Nuclear extracts were prepared from RAW 264.7 macrophages pretreated for
2 h with FeTMPyP (1–100 µM) in the presence or absence of DTT (100 µM) and then stimulated with
silica (100 µg/ml) for an additional 4 h. The results of EMSA are shown (upper panels) and quantitated
by densitometric analysis as a percentage of the response to stimulant alone minus control (lower
panels). Data are representative of at least three experiments.



The mechanism by which FeTMPyP inhibits stimulant-induced NF-k B
activation in response to various agents is not clear. ROS, protein tyrosine
kinase, protein kinase C, protein tyrosine phosphatase, and proteases have
been shown to play roles in the activation of NF-k B. As the stimulants
employed in this study are known to induce ROS and/or PTK-dependent
NF-k B activation in RAW264.7 cells (Kang et al., 2000a), it is possible
that FeTMPyP exerts its effect by scavenging ROS and/or preventing PTK
activation. Our findings that FeTMPyP can scavenge ROS and inhibit pro-
tein tyrosine phosphorylation induced by silica or LPS (data not shown)
support this hypothesis.

Data from our previous study indicate that stimulation of RAW 264.7
macrophages with silica induces NF-k B activation through tyrosine phos-
phorylation of Ik B-a without dependence on degradation of Ik B-a (Kang et
al., 2000b). The results from the present study show that FeTMPyP inhibited
NF-k B activation by blocking tyrosine phosphorylation of Ik B- a in silica-
stimulated RAW 264.7. In contrast to silica-induced NF-k B activation ,
phosphorylation of serine residues of Ik B-a leads to degradation of Ik B-a
by the proteasome, which is essential for NF-k B activation by LPS. Data
show that FeTMPyP also inhibited degradation of Ik B- a triggered by LPS.
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FIGURE 9. Effect of FeTMPyP on IL-1 production by LPS-stimulated RAW 264.7 macrophages in cul-
ture. RAW 264.7 macrophages (106/ml) were incubated in the absence of or after stimulation with
LPS (5 µg/ml) in the presence or absence of FeTMPyP (1–100 µM). After 24 h, IL-1 activity in the
RAW 264.7 macrophage-conditioned supernates was measured by thymocyte incorporation of
[3H]thymidine. LPS-stimulated IL-1 activity was calculated as cpm minus that with resting cells.
Values are means ± standard errors of three separate experiments. Asterisk indicates a significant dif-
ference compared to LPS alone (p < .05).



Similar effects on tyrosine phosphorylation as well as degradation of Ik B a
have been reported with antioxidants and specific inhibitors of PTK (Kang et
al., 2000b; Natarajan et al., 1998; Imbert et al., 1996). These findings sug-
gest that FeTMPyP may act on the step that links reactive oxidants, PTK, and
NF-k B activation. However, the inhibitory effect FeTMPyP on the DNA-
binding activity of NF-k B in RAW 264.7 cells stimulated with either silica or
LPS for 4 h appears much more dramatic than that on tyrosine phosphoryla-
tion or degradation of Ik Ba for the short-term exposure. These data suggest
that FeTMPyP acts more effectively at a step following phosphorylation or
degradation of Ik B a , possibly by direct interaction with the NF-k B proteins
or the DNA binding site, in a way that would prevent binding to DNA.

Intracellular thiols have been demonstrated to play a key role in regulat-
ing NF-k B activation in that low thiol levels are required for activation and
high thiol levels inhibit activation (Staal et al., 1990). L-1-Tosylamido-2-
phenylethyl chloromethyl ketone (TPCK), a protease inhibitor (Finco et al.,
1994), herbimycin, a tyrosine kinase inhibitor (Mahon & O’Neill, 1995),
and diamide and phenylarsine oxide (PAO) (Singh & Aggarwal, 1995), pro-
tein tyrosine phosphatase inhibitors, have been shown to suppress NF-k B
activation (Chen et al., 1995). The effects of these inhibitors on NF-k B acti-
vation were completely reversed by DTT, a reducing agent. These results
suggest that the redox state of the cell through the shifts in intracellula r
thiols is crucial to the control of NF-k B activity. FeTMPyP has been shown
to be an effective ONOO– decomposition catalyst and mediates the oxida-
tion of the thiol group of both cysteine and glutathione through competing
one- and two-electron pathways (Scorza & Minetti, 1998). The ability of
DTT to reverse the FeTMPyP-dependent inhibition of NF-k B activation in
silica-stimulated cells supports this hypothesis.

It has been postulated that ROS can directly affect the cellular signal-
ing apparatus and consequently the control of gene expression. Indeed,
ROS have been suggested to play a regulatory role in tyrosine phosphory-
lation as well as NF-k B activation (Suzuki et al., 1997; Remacle et al.,
1995). ROS have also been implicated as important mediators in silica-
induced lung injury (Kang et al., 1992; Shi et al., 1998), and ROS may
serve as mediators of production of cytokines, such as IL-1 and TNF a , in
stimulated cells (Simeonova & Luster, 1996; Kawashima et al., 1998). In
the present study, increases in NF-k B binding to DNA as well as produc-
tion of a NF-k B dependent cytokine, IL-1, by LPS-stimulated RAW 264.7
macrophages were inhibited by FeTMPyP. However, the effect of this drug
on NF-k B-dependent gene expression of IL-1 and promoter activation spe-
cific to IL-1 as well as other cytokines remains to be understood.

In conclusion, our findings indicate that FeTMPyP is a potent antioxi-
dant that can scavenge ROS. FeTMPyP is effective in preventing stimulant-
induced NF-k B activation and IL-1 activity in RAW 264.7 macrophages.
Therefore, FeTMPyP may be a useful tool to investigate the molecular
mechanisms involved in stimulant-induced signal pathways leading to in-
flammation and disease development. FeTMPyP may also have therapeutic
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utility in diseases associated with the overproduction of hydroxyl radicals
and superoxide radicals.
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