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ABSTRACT

To elucidate the mechanisms involved in cell protection by
aurintricarboxylic acid (ATA), an endonuclease inhibitor, high
nitric oxide (NO)-induced macrophage apoptosis was studied.
In RAW 264.7 macrophages, a high level of NO production
accompanied by cell apoptosis was apparent with lipopolysac-
charide (LPS) treatment. Direct NO donor sodium nitroprusside
(SNP) also dramatically induced cell death, with an ECg, of 1
mM. Coincubation of ATA (1-500 uM) in LPS-stimulated RAW
264.7 cells resulted in a striking reduction of NO production and
cell apoptosis, whereas only a partial cell protection was
achieved in response to SNP. This suggests that abrogation of
inducible nitric-oxide synthase (iNOS)-dependent NO produc-
tion might contribute to ATA protection of LPS-treated cells.
Immunoblotting and reverse transcription-polymerase chain re-
action analysis revealed that ATA down-regulated iINOS protein
through transcriptional inhibition of INOS gene expression but

was unrelated to iINOS protein stability. ATA not only inhibited
nuclear factor-«B (NF-«B) activation through impairment of the
targeting and degradation of 1kBs but also reduced LPS-in-
duced activator protein-1 (AP-1) activation. These actions of
ATA were not caused by the influence on LPS binding to
macrophage membrane. Kinase assays indicated that ATA in-
hibited IkB kinase (IKK), extracellular signal-regulated kinase
(ERK), and p38 mitogen-activated protein kinase (MAPK) activ-
ity both in vivo and in vitro, suggesting a direct interaction
between ATA and these signaling molecules. Taken together,
these results provide novel action targets of ATA and indicate
that ATA protection of macrophages from LPS-mediated cell
death is primarily the result of its inhibition of NO production,
which closely relates to the inactivation of NF-xB and AP-1 and
inhibition of IKK, ERK and p38 MAPK.

Apoptosis is an essential process of the development and
tissue homeostasis of most multicellular organisms, and the
deregulation of apoptosis has been implicated in the patho-
genesis of many disease states. One of the hallmarks of
apoptosis is the orderly cleavage of genomic DNA of nucleo-
somal or oligonucleosomal lengths. To date, a variety of en-
donucleases responsible for chromatin degradation have
been identified. Although some evidence indicates that endo-
nuclease(s) leading to oligonucleosomal DNA fragmentation
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is common and an essential event in apoptosis, endonuclease-
mediated DNA fragmentation may not play a central role in
apoptosis for some death inducers. For instance, it was re-
ported that endonucleolytic DNA degradation is neither re-
quired nor sufficient for K™ withdrawal-induced apoptosis of
cultured cerebellar granule neurons (Schulz et al., 1998) and
heat shock-induced apoptosis of the U937 leukemic cell line
(Shrivastava et al., 2000).

Aurintricarboxylic acid (ATA), a negatively charged triph-
enylmethane derivative (473 Da), has been demonstrated to
prevent apoptosis in a variety of cell models. It was used as
an antiapoptotic drug to counteract ischemic or cytotoxic

ABBREVIATIONS: ATA, aurintricarboxylic acid; MAPK, mitogen-activated protein kinase; STAT, signal transducer and activator of transcription;
NF-«B, nuclear factor-«xB; NO, nitric oxide; LPS, lipopolysaccharide; iNOS, inducible nitric-oxide synthase; IKK, I1kB kinase; ERK, extracellular
signal-regulated kinase; AP-1, activator protein-1; PAGE, polyacrylamide gel electrophoresis; MBP, myelin basic protein; MTT, 3-(4,5-dimethyl-
thiazol-2-yl)2,5-diphenyltetrazolium bromide; EMSA, electrophoretic mobility shift assay; PS, phosphatidylserine; FITC, fluorescein isothiocyanate;
PBS, phosphate-buffered saline; TBST, Tris-buffered saline/Tween 20; RT, reverse transcription; PCR, polymerase chain reaction; SNP, sodium
nitroprusside; NOS, nitric-oxide synthase; GST, glutathione S-transferase; IFN-v, interferon-vy.
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injury to neurons (Rosenbaum et al., 1998; Vincent and
Maiese, 1999; Heiduschka and Thanos, 2000). As such, the
use of ATA as a therapeutic agent for conditions such as
ischemic stroke and Alzheimer’s disease has been proposed
(Rosenbaum et al., 1998). ATA also possesses the ability to
inhibit apoptosis of non-neuronal cells, such as hemopoietic
cells (Rui et al., 1998; Shrivastava et al., 2000), endothelial
cells (Escargueil-Blanc et al., 1997), oligodendrocytes (Voll-
graf et al., 1999), and lutein cells (Viergutz et al., 2000).

The pharmacological action of ATA (10-100 M) as an
inhibitor of apoptosis in serum- and growth factor-deprived
neuronal cultures was first thought to reside in its inhibition
of cellular endonucleases (Martin et al., 1988; Batistatou and
Greene, 1991). After these observations, ATA was also dem-
onstrated to act in an endonuclease-independent manner to
interact with several cellular targets, which might also con-
tribute to its antiapoptotic effects. These include the topo-
isomerases (Benchokroun et al., 1995), the interferon-a and
N-methyl-p-aspartate receptors (Zeevald et al., 1993), and
different important signaling cascades. For example, it is a
potent activator of the mitogen-activated protein kinase
(MAPK) cascade in PC-12 (Okada and Koizumi, 1995) and
Nb2 lymphoma (Rui et al., 1998) cells. It can activate the
erbB4 receptor, a member of the epidermal growth factor
receptor family, in SH-SY5Y neuroblastoma cells (Okada and
Koizumi, 1997). Its activation on both MAPK and erbB4
activation share characteristics with growth factors that can
rescue cells from programmed cell death caused by serum
starvation. In addition, ATA affects Nb2 lymphocytes
through a selective activation of the Janus tyrosine kinase
2-STAT5 pathway, which promotes cell viability and prolif-
eration (Rui et al., 1998). A recent in vitro study showed that
ATA inhibited DNA-NF-«B binding at 30 uM (Sharma et al.,
2000). All these findings suggest that ATA does not act ex-
clusively as an endonuclease inhibitor but might exert its
antiapoptotic effect via its action on signal transduction
pathways that promote cell survival. These endonuclease-
independent mechanisms that contribute to ATA antiapop-
totic effects might be cell type-specific. How ATA activates
these signaling pathways, as mentioned above, remains un-
clear.

Apoptotic pathways depend totally on the insult and cell
types, and the biochemical elucidation on target enzyme and
signaling pathways will provide insight into the molecular
mechanism responsible for the antiapoptotic action of ATA.
As such, it is worthwhile to examine the action of ATA on
excess nitric oxide (NO)-induced apoptosis, which is a prin-
cipal cytotoxic mediator implicated in many inflammatory
conditions. There is considerable evidence for the apoptotic
effects of NO on macrophages exposed to endotoxin lipopoly-
saccharide (LPS) (Albina and Reichner, 1998; Hortelano et
al., 1999). The use of inhibitors of inducible nitric-oxide syn-
thase (iNOS), overexpression of arginase, and scavengers for
NO generated by these activated cells have been demon-
strated to block cell injury and death (Misko et al., 1998;
Gotoh and Mori, 1999). Besides reduction in NO generation,
therapies aimed at inhibiting NO-dependent cell apoptosis
may contribute to improving the outcome of sepsis, which
remains a clinical conundrum. Thus, in this study, we ad-
dress the beneficial effect of ATA in macrophages that un-
dergo apoptosis caused by the large amounts of NO produced
through iNOS induction by LPS. Unexpectedly, we found
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that ATA could prevent LPS-induced apoptosis through in-
hibition of iNOS expression at the transcriptional level. The
inhibition of IxB kinase (IKK), extracellular signal-regulated
kinase (ERK), and p38 MAPK may contribute to the blockade
of NF-kB and AP-1 activation, which are two major transcrip-
tion factors essential for iNOS gene expression.

Experimental Procedures

Materials

Oligonucleotides specific for NF-«kB, AP-1, and STATs
binding were synthesized on a DNA synthesizer (PS250;
Cruachem Ltd., Glasgow, UK), using the cyanoethyl phos-
phoroamidate method, and purified by gel filtration. The
sequences of the double-stranded oligonucleotides used to
detect the DNA-binding activities of NF-«kB, AP-1, and STAT
are as follows: NF-«kB, 5'-GATCAGTTGAGGGGACTTTC-
CCAGGC-3'; AP-1, 5'GATCCGCTTGATGACTCAGCCG-
GAA-3’; and STAT, 5'-ATCGTTCATTTCCCGTAAATC-
CCTA-3'. Dulbecco’s modified Eagle’s medium, fetal bovine
serum, penicillin, and streptomycin were obtained from In-
vitrogen (Carlsbad, CA). [a-32P]ATP (3000 Ci/mmol), horse-
radish peroxidase-coupled anti-mouse and anti-rabbit anti-
bodies, and the enhanced chemiluminescence detection agent
were purchased from Amersham Biosciences (Piscataway,
NJ). Rabbit polyclonal anti-iINOS and anti—B-tubulin anti-
bodies were purchased from Transduction Laboratories (Lex-
ington, KY). Rabbit polyclonal antibodies specific for p65
NF-«kB, p50 NF-«B, IKK«a, IKKB, IkBa, IkBB, ERK, p38
MAPK, c-fos, c-jun, STAT-1, and protein A/G agarose beads
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibodies specific to the phosphorylated p38 MAPK
and ERK were purchased from New England Biolabs (Bev-
erly, MA). The plasmid of pGEX-IkBa (amino acid 5-55) was
provided by Dr. Frank S. Lee (University of Pennsylvania
Medical Center, PA). Annexin V-FLUOS was purchased from
Roche Applied Science (Indianapolis, IN). All materials for
SDS-PAGE were obtained from Bio-Rad (Hercules, CA). Phe-
nol-extracted LPS (LL8274) from Escherichia coli, ATA, mye-
lin basic protein (MBP), and other chemicals were obtained
from Sigma-Aldrich (St. Louis, MO).

Methods

Cell Culture. RAW 264.7 cells obtained from the American Type
Culture Collection (Manassas, VA) were cultured in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal bovine serum and antibi-
otics (100 U/ml penicillin and 100 pg/ml streptomycin) at 37°C in an
atmosphere of 5% CO,. Cells were seeded into 24-well plates for the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and nitrite assays, into 35-mm dishes for immunoblots, and into
10-cm dishes for electrophoretic mobility shift assay (EMSA).

Nitrite Assay. Measurement of nitrite production as an
assay of NO release was performed. Accumulation of nitrite
in the medium was determined by colorimetric assay with
Griess reagent. The cells were treated with LPS, ATA, and/or
the indicated agents for different intervals. Aliquots of con-
ditioned media were mixed with an equal volume of Griess
reagent [1% sulfanilamide and 0.1% N-(1-naphthyl)-ethyl-
enediamine in 5% phosphoric acid]. Nitrite concentrations
were determined by comparison with the OD,, using stan-
dard solutions of sodium nitrite prepared in cell culture me-
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dium. Each experiment was performed in duplicate and re-
peated at least three times.

Measurement of Cell Viability. Cell viability was as-
sessed by MTT assay. Briefly, cells plated in 24-well plates
were incubated for 1 day before the addition of LPS or sodium
nitroprusside (SNP) in the absence or presence of ATA. After
different periods of incubation, MTT (1 mg/ml) was added for
60 min, then the culture medium was removed, and cells
were dissolved in dimethyl sulfoxide and shaken for 10 min.
The OD at 550 and 630 nm was measured using a microplate
reader. The net absorbance (ODg;, — ODgy,) indicates the
enzymatic activity of mitochondria and implicates the cell
viability.

Apoptotic Analysis. Annexin V is a protein that binds to
phosphatidylserine (PS) residues, which are exposed on the
cell surface of apoptotic, but not normal, cells. In living cells,
the distribution of the PS group in the plasma membrane is
asymmetrical, such that the groups are directed toward the
inside of the cell. During apoptosis, this asymmetry is lost,
and the PS groups are exposed to the exterior of the cell
membrane. The binding of PS with annexin V is therefore an
established biochemical marker of apoptosis. After agent
treatment, cells were washed twice with PBS, pH 7.4, and
resuspended in staining buffer containing 50 ug/ml pro-
pidium iodide and 0.025 wg/ml annexin V-fluorescein isothio-
cyanate (FITC). The double labeling was performed at room
temperature for 15 min in the dark before flow cytometric
analysis.

Immunoblotting Analysis. After agent treatment, the
medium was aspirated. Cells were rinsed twice with ice-cold
PBS, and 100 ul of whole-cell lysis buffer (20 mM Tris-HCI,
pH 7.5, 125 mM NaCl, 1% Triton X-100, 1 mM MgCl,, 25 mM
B-glycerophosphate, 50 mM NaF, 100 uM Na;VO,, 1 mM
phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin, and 10
pg/ml aprotinin) was then added to each well. After cell
harvest, cell lysates were centrifuged. Equal amounts of the
soluble protein were denatured in SDS, electrophoresed on a
10% SDS-polyacrylamide gel, and transferred to a nitrocel-
lulose membrane. Nonspecific binding was blocked with
TBST (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 0.02%
Tween 20) containing 5% nonfat milk for 1 h at room tem-
perature. After immunoblotting with the first specific anti-
bodies, membranes were washed three times with TBST and
incubated with horseradish peroxidase-conjugated secondary
antibody for 1 h. After three washes with TBST, the protein
bands were detected with enhanced chemiluminescence de-
tection reagent. To make sure equal amounts of sample pro-
tein were applied for electrophoresis and immunoblotting,
B-tubulin was used as an internal control.

RT-PCR. The expression of iNOS mRNA was determined
by reverse transcription-polymerase chain reaction (RT-
PCR) analysis. Macrophages treated with LPS (1 ug/ml) in
the presence or absence of ATA were homogenized with 1 ml
of RNAzol B reagent (Invitrogen), and total RNA was ex-
tracted by acid guanidinium thiocyanate-phenol-chloroform
extraction. RT was performed using StrataScript RT-PCR kit
(Stratagene, La Jolla, CA), and 10 ug of total RNA was
reverse transcribed to cDNA following the manufacturer’s
recommended procedures. RT-generated cDNA encoding
iNOS and B-actin genes were amplified using PCR. The oli-
gonucleotide primers used correspond to the mouse macro-
phages iNOS (5’-CCC TTC CGA AGT TTC TGG CAG CAG

C-3’ and 5'-GGC TGT CAG AGC CTC GTG GCT TTG G-3')
and mouse B-actin (5'-GAC TAC CTC ATG AAG ATC CT-3'
and 5-CCA CAT CTG CTG GAA GGT GG-3'). PCR was
performed in a final volume of 50 ul containing TagDNA
polymerase buffer, all four dNTPs, oligonucleotide primers,
TagDNA polymerase, and RT products. After an initial de-
naturing for 2 min at 94°C, 35 cycles of amplification (94°C
for 45 s, 65°C for 45 s, and 72°C for 2 min) were performed
followed by a 10-min extension at 72°C. PCR products were
analyzed on 2% agarose gel. The mRNA of B-actin served as
an internal control for sample loading and mRNA integrity.

Immunoprecipitation and Kinase Assay. To determine
the effect of ATA on IKK in vivo, after stimulation, anti-IKK«
and anti-IKKB (1 pg each) with protein A/G agarose beads
were added to the prepared cell extracts as mentioned above.
Immunoprecipitation proceeded at 4°C overnight. The pre-
cipitated beads were washed three times with 1 ml of ice-cold
cell lysis buffer and twice with kinase buffer (256 mM HEPES,
pH 7.4, 20 mM MgCl,, 0.1 mM Na,;VO,, and 2 mM dithio-
threitol). The immune-complex kinase assay of one half of the
immunoprecipitates was performed at 30°C for 30 min in 20
ul of kinase reaction buffer containing 1 ug of GST-IkBa, 25
uM ATP, and 3 uCi of [y-32P]ATP. The reaction was termi-
nated with 5X Laemmli sample buffer, and the products
were resolved by 12% SDS-PAGE gel electrophoresis. The
phosphorylated IkBa was visualized by autoradiography.
The other half of the immunoprecipitates was subjected to
SDS-PAGE and immunoblotting to verify that equal
amounts of kinases were undergoing kinase reaction.

In some experiments, to investigate the direct effect of ATA
on kinase activity, cells were stimulated with 1 wg/ml LPS for
15 min. After cell extraction, anti-IKK«/IKKpB, anti-ERK,
and anti-p38 MAPK with protein A/G agarose beads were
used, respectively, to precipitate each type of kinase. In the
in vitro kinase reactions, ATA (different concentrations) and
substrates (GST-IkBa for IKK, MBP for ERK and p38
MAPK) were included.

Preparation of Nuclear Extracts and EMSAs. Nuclear
extracts from stimulated or nonstimulated macrophages
were prepared by cell lysis followed by nuclear lysis; cells
were suspended in 30 ul of buffer containing 10 mM HEPES,
pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM dithiothreitol,
and 0.2 mM phenylmethylsulfonyl fluoride; vortexed vigor-
ously for 15 s; allowed to stand at 4°C for 10 min; and
centrifuged at 2000 rpm for 2 min. The pelleted nuclei were
resuspended in buffer containing 20 mM HEPES, pH 7.9,
25% glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
0.5 mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl
fluoride for 20 min on ice, and then the lysates were centri-
fuged at 15,000 rpm for 2 min. The supernatants containing
the solubilized nuclear proteins were stored at —70°C until
used for EMSAs. Binding tests for NF-«B, AP-1, and STAT-1
were performed. Briefly, binding reaction mixtures (15 ul)
contained 0.25 pg of poly(dI-dC) (Amersham Biosciences) and
20,000 dpm of 3?P-labeled DNA probe in binding buffer con-
sisting of 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 4% Ficoll, 1
mM dithiothreitol, and 75 mM KCI; the binding reaction was
started by the addition of cell extracts and continued for 30
min. Samples were analyzed on native 5% polyacrylamide
gels. For supershift experiments, 5 pg of p65, p50, c-fos,
c-jun, or STAT-1 antibody were mixed with the nuclear ex-
tract proteins.
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Inducible NOS Protein Stability Analysis. Macro-
phages were stimulated with LPS (1 ug/ml) for 24 h. Aniso-
mycin (3 pg/ml) was applied to the medium thereafter, to
interrupt further protein synthesis. One hour later, ATA (300
uM) was added immediately after anisomycin for extra 4-, 8-,
and 12-h incubations, respectively. Total protein was pre-
pared at the indicated time points and processed for Western
blotting as described above.

Laser Flow Cytometric Analysis of LPS Binding.
RAW 264.7 cells were pretreated with ATA for 30 min before
the incubation with FITC-conjugated LPS at 4°C for 1 h. The
cells were then washed with and suspended in PBS. The fluo-
rescence intensity was analyzed by a laser flow cytometer.
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Statistical Evaluation. Values are expressed as the
mean = S.E.M. of at least three experiments. Analysis of
variance was used to assess the statistical significance of the
differences, with a p value of <0.05 being considered statis-
tically significant.

Results

ATA More Effectively Inhibits Cell Death Caused by
LPS Than That Caused by SNP. LPS can cause macro-
phage cell death in a concentration- and time-dependent
manner. MTT assays revealed that at concentrations higher
than 10 ug/ml, an apparent cell death (of approximately 75%)
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Fig. 1. ATA prevents cell death in response to LPS. A, confluent RAW 264.7 cells were treated with LPS at the concentrations indicated in the absence
or presence of 300 uM ATA for 24 h. Filled bars, control; gray bars, ATA (300 uM). B, cells were treated with 10 ug/ml LPS together with different
concentrations of ATA for 24 h. After incubation, cell viability was determined by MTT assay. The data represent the mean *= S.E.M. of at least three
independent experiments. *, p < 0.05 indicates significant protection of the LPS response. C, after LPS and/or ATA treatment for 24 h, cells were
labeled by annexin V-FITC and propidium iodide and analyzed by flow cytometry. The lower-left quadrant (annexin V~, PI") shows the viable cells.
The lower-right quadrant (annexin V*, PI") represents the early apoptotic cells. The upper-right quadrant (annexin V*, PI") contains advanced

apoptotic and necrotic cells.
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was detected within 24 h of incubation (Fig. 1A). The toxicity of
3 ug/ml LPS was minimal, with 30% cell death being detected
after 24 h of incubation (Fig. 1A). ATA itself did not affect cell
viability within 24 h of incubation at concentrations up to 500
uM (data not shown). Coincubation of 300 uM ATA with LPS,
however, significantly reduced cell death caused by LPS (Fig.
1A). The cell-protective effect of ATA exhibited a concentration-
dependent manner. The threshold concentration for significant
protection against 10 ug/ml LPS was 100 uM (Fig. 1B).

Previous studies have extensively documented the apopto-
tic features caused by LPS in vivo and in vitro (Slomiany et
al., 1998; Karahashi and Amano, 2000). To confirm that cells
underwent apoptosis after LPS incubation, propidium iodide
and annexin V staining was measured. Figure 1C shows that
the percentage of living cells from LPS treatment was lower
compared with those observed in cells cultured with vehicle
(42 versus 94%). ATA treatment in the presence of LPS
significantly increased the percentage of living cells com-
pared with the LPS group (94 versus 42%).

To explore whether cell protection by ATA is related to the
abrogation of NO-dependent apoptotic pathways, we exam-
ined its effect on SNP, which is a direct NO generator (Fee-
lisch, 1998). As shown in Fig. 2, after 12 or 24 h of incubation,
cell viability was significantly diminished by 1 mM SNP.
When concentrations were increased 2-fold (2 mM), almost
all cells died within 24 h. In contrast to the full effective
protection of cells from LPS treatment, ATA gave weak pro-
tection to SNP-treated cells; the percentage of cells rescued
by 500 uM ATA was about 10 to 20%.

Cell Protection by ATA Is Accompanied by the Inhi-
bition of NO Production. Because a high concentration of
LPS-induced macrophage death was dependent on NO pro-
duction caused by induced iNOS expression, we next exam-
ined the effect of ATA on nitrite level in the culture medium.
Addressing this issue will provide information helpful to
understanding why ATA protects macrophages against LPS
more effectively than against SNP. Figure 3A shows that
LPS concentration- and time-dependently induced NO pro-
duction within 24 h of incubation, and this action of LPS was
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Fig. 2. ATA prevents cell death in response to SNP. Confluent RAW 264.7

cells were treated with SNP at the concentrations indicated in the ab-

sence or presence of 500 uM ATA for 12 or 24 h. After incubation, cell

viability was determined by MTT assay. The data represent the mean *+

S.E.M. of at least three independent experiments. *x, p < 0.05 indicates
significant protection of the SNP response.

0.0

inhibited by 300 uM ATA. Figure 3B also shows that ATA
inhibition of NO production manifested a concentration de-
pendence with IC;, values of 26, 97, and 200 uM, respec-
tively, for 0.1, 1, and 10 pug/ml LPS. Parallel to the NO
reduction by ATA, immunoblotting analysis showed that the
LPS-induced iNOS protein level was diminished by ATA in a
concentration-dependent fashion (Fig. 3C).
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Fig. 3. ATA inhibits NO production and iNOS protein induction. A,
time-dependent effects of LPS and ATA on NO production. RAW 264.7
cells were treated with 0.1 to 10 ug/ml LPS alone or in combination with
300 uM ATA for different periods. B, concentration-dependent effects of
LPS and ATA on NO production. RAW 264.7 cells were treated with
various concentrations of LPS (0.1, 1, and 10 pg/ml) in the absence or
presence of ATA at the concentrations indicated for 24 h. The data
represent the mean = S.E.M. of at least three independent experiments.
*, p < 0.05 indicates significant reduction of NO production in response
to LPS. W, LPS (0.1 ug/ml); ®, LPS (1 pg/ml); ¥, LPS (10 pg/ml). C, cells
were incubated with LPS (1 pg/ml) with or without ATA (30-500 uM) for
24 h. LPS-induced iNOS protein expression in ATA-treated RAW 264.7
cells was determined by immunoblotting analysis and quantified by den-
sitometer. The results are representative of three independent experi-
ments.
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ATA Does Not Alter the Binding of FITC-Labeled
LPS. To determine the mechanism of ATA inhibition of NO
production and iNOS expression in LPS-stimulated RAW
264.7 cells, we studied the binding of FITC-labeled LPS (10
and 20 pg/ml). Laser flow cytometric analysis demonstrated
that there was no significant difference in the binding of
FITC-labeled LPS in cells treated with 300 uM ATA or not
(Fig. 4). This result suggests that ATA might affect the in-
tracellular signal transduction of LPS rather than interfere
with LPS binding to the receptors in plasma membrane.

NO Inhibition by ATA Occurs at the Transcriptional
Level. Because NO production from macrophages occurs via
gene expression of iNOS, the regulatory action of ATA on
iNOS transcription was assessed. First, we tested the protec-
tive efficiency of ATA when iNOS-inducing signal transduc-
tion pathways were evoked by LPS earlier. When ATA (300
uM) was added at increasing intervals after the stimulation of
macrophages with LPS (10 ug/ml), the inhibition of NO produc-
tion decreased as the interval lengthened, up to 12 h (Fig. 5A).
This result suggests that ATA alters iNOS expression by mac-
rophages rather than having a direct effect on nitric-oxide syn-
thase (NOS) activity. Consistent with the kinetic paradigm, the
efficacy of ATA-induced cell protection was abrogated as ATA
treatment was delayed by 6 h after LPS stimulation (Fig. 5B).
Pretreatment with ATA for 6, 10, or 24 h elicited equivalent
protection as coincubation of ATA with LPS simultaneously
(data not shown). These results suggest that transcriptional
inhibition of the iNOS gene is the major mechanism for ATA
protection from cell death caused by LPS treatment.

Second, transcriptional inhibition was directly documented
from iNOS mRNA measurement. RT-PCR analysis showed
the reduction of LPS-induced iNOS mRNA expression by
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ATA (Fig. 6A). To explore the possible action of ATA on the
stability of induced iNOS protein, cells containing a high
amount of iNOS after LPS stimulation were washed with
fresh medium to remove LPS and treated with anisomycin (3
pg/ml) to stop continuous iNOS transcription. Under these
circumstances, the gradual decline of iNOS protein in both
control and ATA-treated groups was seen. As normalized to
the time-dependent basal level of B-tubulin, we found that
the turnover half-life of iNOS (around 10 h) was not signifi-
cantly changed by ATA (300 uM) (Fig. 6B).

ATA Inhibits LPS-Activated NF-«kB and AP-1. It has
been demonstrated that full activation of iNOS promoter by
cytokines required NF-«kB and AP-1 transcription factor
binding sites (Goldring et al., 1996; Kristof et al., 2001). To
understand the effects on NF-«kB and AP-1 activation, anal-
ysis of nuclear extract was carried out by EMSA. Figure 7, as
reflected from the shift assay by incubating reaction mix-
tures with antibodies for transcriptional subunit, indicates
that NF-«B in RAW 264.7 cells is composed of p65 and p50,
whereas AP-1 is a heterodimer of c-fos and c-jun. After LPS
treatment, the nuclear translocation of NF-«B (Fig. 7A) and
AP-1 (Fig. 7B), respectively, were inhibited by the presence of
ATA within 1 and 2 h of incubation. Apart from NF-«xB and
AP-1, STAT-1 is another key transcriptional factor for cyto-
kine IFN-vy to elicit its proinflammatory action on macro-
phages. As shown in Fig. 7C, the nuclear translocation and
DNA-binding activity of STAT-1 was unaltered by LPS or
ATA, in contrast to the positive activation with IFN-vy.

ATA Inhibits LPS-Caused IkB Degradation and IKK,
ERK, and p38 MAPK Activation. In supporting the inhib-
itory action on NF-«B, the upstream signaling effectors were
altered by ATA. Figure 8A shows that the IKK activity,

control LPS (10 pg/ml) LPS (10 pg/ml) + ATA
2 3.10 & :12.54 2
mean : 3. ,3; mean : 12. § mean : 12.05
8 8
s 2
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© < <
100 10 1 10° 10t 10° 10! 10F 10° 10 1 ¢
A% A 10?10 Rfi..za 10° 10
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}

30 60 90 120150
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mean : 19.27
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;
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Fig. 4. ATA does not alter the binding of FITC-conjugated LPS. RAW 264.7 cells were treated with 10 or 20 pug/ml FITC-conjugated LPS in the absence
or presence of 300 uM ATA for 1 h at 4°C. Then, the binding ability of LPS was analyzed by flow cytometry. The mean value of the fluorescence

intensity is shown.
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which is a convergent molecule for NF-«kB activation in re-
sponse to many stimuli, including LPS, was reduced by ATA.
Upon LPS induction of IKK activation, IkBa and B were
rapidly degraded, followed by a gradual recovery at 45 min
and 1 h, respectively (Fig. 8B). Coaddition of ATA with LPS
led to abrogation of IkB degradation.

Because ERK and p38 MAPK pathways have been impli-
cated in the activation of AP-1 (Kristof et al., 2001), NF-«B
(Carter et al., 1999; Zhao and Lee, 1999), and iNOS expres-
sion (Chen et al., 1998, 1999, 2001; Kristof et al., 2001), the
involvement of both proteins in ATA action needs to be ex-
amined. Figure 9 shows that ERK and p38 MAPK activation
by 1 wg/ml LPS, as indexed by their phosphorylation state,
was diminished by coincubation with ATA (100 uM). ATA

A 120

treatment alone did not affect the basal state of ERK and p38
MAPK phosphorylation.

Direct Inhibition of IKK, ERK, and p38 MAPK by
ATA. To further dissect the mechanism contributing to in
vivo kinase inhibition, the direct effect of ATA on these
kinases was studied. Results from Fig. 10 show that ATA was
able to inhibit all three kinases directly, and the effective
concentrations required were 10 uM for ERK and p38 MAPK
inhibition and 1 uM for IKK inhibition.

Discussion

NO is generated by a family of NOS isozymes that convert
L-arginine to L-citruline and NO. Certain cytokines, mi-
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Fig. 5. Effects of ATA post-treatment on NO production and cell protection. RAW 264.7 cells were treated with 10 ug/ml LPS followed by the delayed
addition of ATA (300 uM), with intervals indicated. Twenty-four hours after LPS addition, NO production was determined by Griess method (A), and
cell viability was determined by MTT assay (B). The data represent the mean = S.E.M. of at least three independent experiments. x, p < 0.05 indicates
significant reduction of NO production or cell viability compared with the group without ATA addition.
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crobes, or microbial products trigger the expression of an proteins, and lipids, NO impairs normal cellular functions
inducible form of NOS (iNOS), which results in a high output and thus exerts its cytotoxic effects (Nathan, 1997; Albina
of NO production from macrophages. By reacting with DNA, and Reichner, 1998). Because the cytotoxic effect of NO is

Fig. 6. Inducible NOS mRNA expression but not protein stability is inhibited by ATA. A, LPS-induced iNOS mRNA expression in ATA-treated RAW
264.7 cells was analyzed by RT-PCR. After 8 h of incubation with LPS (1 pug/ml) and ATA (300 uM), RNA was extracted and analyzed for iNOS
expression by RT-PCR. The samples were also analyzed for B-actin as an internal control. B, ATA does not affect iNOS protein stability. In
iNOS-expressing cells, after LPS (1 pg/ml) treatment for 24 h, LPS was washed out, and anisomycin (3 ug/ml) was included together with ATA (300
uM) or not for 4, 8, or 12 h. At these time points, cell lysates were subjected to SDS-PAGE. iNOS and g-tubulin proteins were determined by
immunoblotting followed by quantification with densitometer. iNOS level was quantitatively normalized by B-tubulin immunoreactivity of the same

aspet..

time point. The results are mean = S.E.M. of three independent experiments.

2102 ‘T Jaquiadaq uo 1sanb Aq Biosjeunofiadse: wieyd|jow woiy papeojumoq


http://molpharm.aspetjournals.org/

98 Tsietal

nonspecific, the consequences of overproduction of NO can be
detrimental to the host instead of its pivotal role in the
normal function of the host defense system. Therefore, a
precise regulation of NO production under pathophysiologi-
cal conditions would be critical for the survival of host cells.
In this aspect, multiple ways to decrease NO production,
including inhibition of iNOS enzyme activity (Albina and

A

Reichner, 1998), depletion of arginine substrate by arginase
(Boucher et al., 1999; Gotoh and Mori, 1999), and transcrip-
tional down-regulation of iNOS gene expression by endoge-
nous or exogenous manipulations, have been documented,
with great interest, as strategies for developing anti-inflam-
matory agents. Therefore, in this study, we explored the
action of ATA on NO-dependent apoptosis of murine macro-
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Fig. 7. ATA inhibits LPS-mediated NF-«B and AP-1 activation. Nuclear extracts from cell lysates were assayed for binding activity with specific
oligonucleotides containing respective binding sequences for NF-«B (A), AP-1 (B), and STAT-1 (C). RAW 264.7 cells were treated with 1 pug/ml LPS,
10 ng/ml IFN-vy, and/or 300 uM ATA for different time intervals. Equivalent amounts of nuclear extracts were analyzed by EMSA. Specific antibodies

for p65, p50, c-fos, c-jun, and STAT-1 were included in the binding solution, and the retarded gel mobilities of NF-«xB and AP-1 are indicated. The data
below each lane indicate the density of each transcription factor bound with specific oligonucleotide. The results are representative of three

independent experiments.
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phages, which has provided the best-studied example for the
regulation of NO production.

NO production in large quantities after transcriptional
induction of iNOS by LPS and cytokines, or direct supply by
spontaneously decomposing NO donors, is established to be
involved in macrophage death (Albina and Reichner, 1998;
Hortelano et al., 1999). In LPS-activated macrophages, NO
mediates many pathways responsible for apoptosis, includ-
ing Bax and p53 up-regulation (Hortelano et al., 1999; Xaus
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Fig. 8. Inhibition of LPS-induced IKK activation and the degradation of
IkBs by ATA. Cells were treated with LPS (1 pg/ml) and/or ATA (100 or
300 uM) for the indicated times. A, cell lysates were immunoprecipitated
with polyclonal IKKa antibody, and the immunoprecipitates were divided
into two equal parts. One part was resolved for immunoblotting with
IKKa, and the other part was subjected to kinase assays using GST-I«kBa
as a substrate. B, equal amounts of cytosolic samples were subjected to
SDS-PAGE, and the immunoreactivities of IkBa, IkBB, and B-tubulin
were measured. The results are representative of three different experi-
ments.
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Fig. 9. Inhibition of LPS-induced ERK and p38 MAPK phosphorylation
by ATA. After quiescent cells were treated with 1 pg/ml LPS and/or 100
uM ATA for different periods, total cell lysates were subjected to SDS-
PAGE followed by immunoblotting with phosphorylation-specific ERK or
p38 MAPK antibody, or antibodies that recognized ERK2 or p38 MAPK.
The results are representative of three different experiments.
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et al., 2000). Likewise, morphological characteristics of apo-
ptosis, such as nuclear condensation, blebbing of the nuclear
membrane, and internucleosomal DNA fragmentation, also
occur in macrophages treated with NO donor (Cui et al.,
1994; Mebmer and Brune, 1996; Hortelano et al., 1999). Not
only evidence deduced from cell culture system but also in-
creased macrophage apoptosis during sepsis seems to be
mediated by a high amount of NO production (Williams et al.,
1997).

In this study, annexin V/propidium iodide staining has
confirmed the apoptosis of LPS (Fig. 1C). In addition, con-
firming previous reports (Albina and Reichner, 1998; Fee-
lisch, 1998; Hortelano et al., 1999), our results in this study
show that RAW 264.7 macrophages undergo apoptosis
caused by the large amounts of NO produced by LPS and
SNP (Figs. 2 and 3). LPS-induced vulnerability is dependent
on the amount and onset of NO production. Although 24-h
treatment of LPS at 0.1 pug/ml results in 60 to 75% production
of nitrite compared with 10 ug/ml LPS, cell toxicity within
this time period was not significant (Fig. 3, A and B). A longer
incubation period for 0.1 pwg/ml LPS is necessary to cause cell
death, and less than 10% cell viability was detected by a 72-h
incubation (data not shown). Additionally, treatment of the
iNOS inhibitor L-NAME (300 puM) blunted the cell death
induced by LPS (10 pg/ml) (data not shown), strongly impli-
cating the detrimental factor of NO in this apoptotic model.

Establishing apoptosis as the type of macrophage cell
death by LPS and SNP permits the beneficial use of ATA as
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ATA - 1gM 10pM 100pM 300uM
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ERK2 e S S S t—
p38 MAPK
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Fig. 10. ATA inhibits ERK, p38 MAPK, and IKK in vitro. Using specific
antibody and protein A/B beads, each type of activated kinase was im-
munoprecipitated from the cell lysates prepared from RAW 264.7 cells,

which were pretreated with 1 pg/ml LPS for 15 min. Equal amounts of
immune complexes were aliquoted for testing kinase levels and effects of
ATA on kinase activities. In the kinase mixture, either MBP (for ERK and

p38 MAPK) or GST-IkBa (for IKK) was used as a kinase substrate. The
results are representative of three different experiments.
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an antidote. MTT assays demonstrate that ATA can signifi-
cantly reduce cell vulnerability in response to LPS and SNP
(Fig. 1, A and B; Fig. 2). Annexin V/propidium iodide staining
further supports the results of MTT assay (Fig. 1C). Inter-
estingly, we found that the inhibition of apoptosis exerted by
ATA in LPS-activated macrophages is more prominent than
in SNP-treated cells (Figs. 1 and 2). Compared with the
partial protection of SNP-treated cells within 24 h of incuba-
tion, ATA almost completely rescues cells under insult from
LPS. These results suggest that ATA not only moderately
inhibits NO-dependent processes for execution of cell apopto-
sis, possibly through endonuclease inhibition as described
previously (Vincent and Maiese, 1999), but, most impor-
tantly, also regulates NO production caused by iNOS induc-
tion by LPS.

Inducible NOS is an important signaling protein subjected
to transcriptional regulation by cytokines and LPS. The ki-
netic study on protecting LPS-induced cell death shows that
ATA is not very effective when added up to 5 to 8 h after LPS
stimulation. Addition of ATA 12 h after stimulation with LPS
completely fails to prevent apoptosis (Fig. 5A). This time-
dependent cell protection is correlated to the extent of NO
inhibition by ATA (Fig. 5B) and strongly suggests that tran-
scriptional inhibition of iNOS gene expression is the primary
mechanism for ATA action. The reduced level of iNOS mRNA
after the addition of ATA in cells exposed to LPS (Fig. 6A) is
direct evidence to support this point.

In investigating the signal transduction pathways respon-
sible for iNOS induction by LPS, at least three main signal-
ing pathways have been established and are as follows: 1)
NIK — IKK — I«B phosphorylation and ubiquitin-dependent
proteasome degradation — NF-«kB activation; 2) TAK1 —
MKK3/6 — p38 MAPK; and 3) MEK — ERK1/2 (Beutler,
2000; O’Neill and Dinarello, 2000). Evidence indicates that,
secondary to the stimulation by LPS, transcription factors
NF-«B and AP-1 are critical and act in a coordinated manner
for the induced expression of iNOS (Goldring et al., 1996;
Kristof et al., 2001). Many studies, including ours, have ex-
tensively dissected the upstream signal kinases contributing
to both factor ¢rans-activation and iNOS gene expression. All
these results strongly indicate the crucial roles of ERK and
p38 MAPK in AP-1 and NF-«B activation, IKK in NF-«B
activation, and all three kinases in iNOS gene expression
(Chen et al., 1998, 1999, 2001; Vanden Berghe et al., 1998;
Carter et al., 1999; Zhao and Lee, 1999; Kristof et al., 2001).
Our results here indicate that ATA can inhibit not only
NF-kB and AP-1 activation induced by LPS (Fig. 7) but also
the upstream kinases, IKK, ERK, and p38 MAPK, both in
vivo and in vitro (Figs. 8—10). Reasonably, the concentration
sufficient to elicit kinase inhibition (1-10 uM) is at least
around 10-fold lower than that for NO reduction (30-100
uM). Thus, based on ATA inhibition on these essential signal
pathways, it is perceivable for ATA to inhibit iNOS gene
expression. To assess whether these inhibitory actions of
ATA are caused by its nonspecific interference of LPS bind-
ing to macrophages, binding studies with FITC-conjugated
LPS have ruled out this possibility (Fig. 4).

In this study, we have demonstrated for the first time that
endonuclease inhibitor ATA at similar concentration ranges
can not only protect macrophages from NO-dependent apo-
ptosis in response to SNP but also inhibit iNOS induction
and NO production in response to LPS. The latter action is

caused by the interruption of the activation of upstream
signal kinases IKK, ERK, and p38 MAPK, and these lead to
the inhibition of NF-«B and AP-1 activation. The iNOS in-
hibitory action of ATA provides a permissive action on anti-
apoptosis and possibly also on anti-inflammation.

References

Albina JEA and Reichner JS (1998) Role of nitric oxide I mediation of macrophage
cytotoxicity and apoptosis. Cancer Metastasis Rev 17:39-53.

Batistatou A and Greene LA (1991) Aurintricarboxylic acid rescues PC12 cells and
sympathetic neurons from cell death caused by nerve growth factor deprivation:
correlation with suppression of endonuclease activity. o/ Cell Biol 115:461-471.

Benchokroun Y, Couprie J, and Larsen AK (1995) Aurintricarboxylic acid, a putative
inhibitor of apoptosis, is a potent inhibitor of DNA topoisomerase II in vitro and in
Chinese hamster fibrosarcoma cells. Biochem Pharmacol 49:305-313.

Beutler B (2000) Tlr4: central component of the sole mammalian LPS sensor. Curr
Opin Immunol 12:20-26.

Boucher JL, Moali C, and Tenu JP (1999) Nitric oxide biosynthesis, nitric oxide
synthase inhibitors and arginase competition for L-arginine utilization. Cell Mol
Life Sci 55:1015-1028.

Carter AB, Knudtson KL, Monick MM, and Hunninghake GW (1999) The p38
mitogen-activated protein kinase is required for NF-«B dependent gene expres-
sion. The role of TATA-binding protein (TBP). J Biol Chem 274:30858-30863.

Chen BC, Chen YH, and Lin WW (1999) Involvement of p38 mitogen-activated
protein kinase in lipopolysaccharide-induced iNOS and COX-2 expression in J774
macrophages. Immunology 97:124-129.

Chen BC, Chou CF, and Lin WW (1998) Pyrimidinoceptor-mediated potentiation of
inducible nitric-oxide synthase induction in J774 macrophages. o/ Biol Chem 273:
29754-29763.

Chen BC, Hsieh SL, and Lin WW (2001) Involvement of protein kinases in the
potentiation of lipopolysaccharide-induced inflammatory mediator formation by
thapsigargin in peritoneal macrophages. JJ Leukoc Biol 69:280—-288.

Cui S, Reichner JS, Mateo RB, and Albina JE (1994) Activated murine macrophages
induce apoptosis in tumor cells through nitric oxide-dependent or -independent
mechanisms. Cancer Res 54:2462-2467.

Escargueil-Blanc I, Meilhac O, Pieraggi MT, Arnal JF, Salvayre R, and Negre-
Salvayre A (1997) Oxidized LDLs induce massive apoptosis of cultured human
endothelial cells through a calcium-dependent pathway. Prevention by aurintri-
carboxylic acid. Arterioscler Thromb Vasc Biol 17:331-339.

Feelisch M (1998) The use of nitric oxide donors in pharmacological studies. Naunyn-
Schmiedeberg’s Arch Pharmacol 358:113-122.

Goldring CEP, Revenseau S, Algarte M, and Jeannin JF (1996) In vivo footprinting
of the mouse inducible nitric oxide synthase gene: inducible protein occupation of
numerous sites including Oct and NF-IL6. Nucleic Acids Res 24:1682—-1687.

Gotoh T and Mori M (1999) Arginase II downregulates nitric oxide (NO) production
and prevents NO-mediated apoptosis in murine macrophage-derived RAW 264.7
cells. J Cell Biol 144:427-434.

Heiduschka P and Thanos S (2000) Aurintricarboxylic acid promotes survival and
regeneration of axotomised retinal ganglion cells in vivo. Neuropharmacology
39:889-902.

Hortelano S, Alvarez AM, and Bosca L (1999) Nitric oxide induces tyrosine nitration
and release of cytochrome c preceding an increase of mitochondrial transmem-
brane potential in macrophages. FASEB J 13:2311-2317.

Karahashi H and Amano F (2000) Changes of caspase activities involved in apoptosis
of a macrophage-like cell line J774.1/JA-4 treated with lipopolysaccharide (LPS)
and cycloheximide. Biol Pharm Bull 23:140-144.

Kawasaki M, Kuwano K, Hagimoto N, Matsuba T, Kunitake R, Tanaka T, Maeyama T,
and Hara N (2000) Protection from lethal apoptosis in lipopolysaccharide-induced
acute lung injury in mice by a caspase inhibitor. Am <J Pathol 157:597—603.

Kristof AS, Marks-Konczalik J, and Moss J (2001) Mitogen-activated protein kinases
mediate activator protein-1-dependent human inducible nitric-oxide synthase pro-
moter activation. J Biol Chem 276:8445—8452.

Martin DP, Schmidt RE, DiStefano PS, Lowry OH, Carter JG, and Johnson EM
(1988) Inhibitors of protein synthesis and RNA synthesis prevent neuronal death
caused by nerve growth factor deprivation. o Cell Biol 106:829—844.

Mebmer UK and Brune B (1996) Nitric oxide (NO) in apoptotic versus necrotic RAW
264.7 macrophage cell death: the role of NO-donor exposure, NAD" content and
p53 accumulation. Arch Biochem Biophys 327:1-10.

Misko TP, Highkin MK, Veenhuizen AW, Manning PT, Stern MK, Currie MG, and
Salvemini D (1998) Characterization of the cytoprotective action of peroxynitrite
decomposition catalysts. J Biol Chem 273:15646-15653.

Nathan C (1997) Inducible nitric oxide synthesis: what difference does it make?
J Clin Invest 100:2417-2423.

Okada N and Koizumi S (1995) A neuroprotective compound, aurintricarboxylic acid,
stimulates the tyrosine phosphorylation cascade in PC12 cells. J Biol Chem 270:
16464-16469.

Okada N and Koizumi S (1997) Tyrosine phosphorylation of ErbB4 is stimulated by
aurintricarboxylic acid in human neuroblastoma SH-SY5Y cells. Biochem Biophys
Res Commun 230:266—-269.

O’Neill LAJ and Dinarello CA (2000) The IL-1 receptor/toll-like receptor superfam-
ily: crucial receptors for inflammation and host defense. Immunol Today 21:206—
209.

Rosenbaum DM, D’Amore J, Llena J, Rybak S, Balkany A, and Kessler JA (1998)
Pretreatment with intraventricular aurintricarboxylic acid decreases infarct size
by inhibiting apoptosis following transient global ischemia in gerbils. Ann Neurol
43:654—-660.

Rui H, Xu J, Mehta S, Fang H, Williams J, Dong F, and Grimley PM (1998)

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

aspew

Activation of Jak2-Stat5 signaling pathway in Nb2 lymphoma cells by an anti-
apoptotic agent, aurintricarboxylic acid. J Biol Chem 273:28-32.

Schulz JB, Beinroth S, Weller M, Wullner U, and Klockgether T (1998) Endonucleo-
lytic DNA fragmentation is not required for apoptosis of cultured rat cerebellar
granule neurons. Neurosci Lett 245:9-12.

Sharma RK, Garg BS, Kurosaki H, Goto M, Otsuka M, Yamamoto T, and Inoue JI
(2000) Aurine tricarboxylic acid, a potent metal-chelating inhibitor of NF-«kB-DNA
binding. Bioorg Med Chem 8:1819-1823.

Shrivastava P, Ajit S, and Ranjan P (2000) Anticancer drug-induced apoptosis in
human monocytic leukemic cell line U937 requires activation of endonuclease(s).
Anti-Cancer Drugs 11:39—-48.

Slomiany BL, Piotrowski J, and Slomiany A (1998) Induction of caspase-3 and nitric
oxide synthase-2 during gastric mucosal inflammatory reaction to Helicobacter
pylori lipopolysaccharide. Biochem Mol Biol Int 46:1063-1070.

Vanden Berghe W, Plaisance S, Boone E, De Bosscher K, Schmitz ML, Fiers W,
and Haegeman G (1998) p38 and extracellular signal-regulated kinase mito-
gen-activated protein kinase pathways are required for nuclear factor-«B p65
transactivation mediated by tumor necrosis factor. J Biol Chem 172:3285—
3290.

Viergutz T, Loehrke B, Poehland R, Becker F, and Kanitz W (2000) Relationship
between different stages of the corpus luteum and the expression of the peroxisome
proliferator-activated receptor y protein in bovine large lutein cells. J Reprod
Fertil 118:153-161.

ATA Protects against Cell Apoptosis Caused by LPS 101

Vincent AM and Maiese K (1999) Nitric oxide induction of neuronal endonuclease
activity in programmed cell death. Exp Cell Res 246:290-300.

Vollgraf U, Wegner M, and Richter-Landsberg C (1999) Activation of AP-1 and
nuclear factor-kB transcription factors is involved in hydrogen peroxide-induced
apoptotic cell death of oligodendrocytes.  Neurochem 73:2501-2509.

Williams TE, Ayala A, and Chaudry IH (1997) Inducible macrophage apoptosis
following sepsis is mediated by cysteine protease activation and nitric oxide
release. J Surg Res 70:113-118.

Xaus J, Comalada M, Valledor AF, Lloberas J, Lopez-Soriano F, Argiles JM, Bogdan
C, and Celada A (2000) LPS induces apoptosis in macrophages mostly through the
autocrine production of TNF-a. Blood 95:3823-3831.

Zeevald GD, Schoepp D, and Nicklas WJ (1993) Aurintricarboxylic acid prevents
NMDA-mediated excitotoxicity: evidence for its action as an NMDA receptor
antagonist. J Neurochem 61:386-389.

Zhao Q and Lee FS (1999) Mitogen-activated protein kinase/ERK kinase kinases 2
and 3 activate nuclear factor-«B through IkB kinase-a and I«xB kinase-B. J Biol
Chem 274:8355—8358.

Address correspondence to: Wan-Wan Lin, Ph.D., Department of Pharmacol-
ogy, College of Medicine, National Taiwan University, Taipei, Taiwan. E-mail:
wwl@ha.mc.ntu.edu.tw

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

