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ABSTRACT

Tumor necrosis factor (TNF) is known to mediate its signaling through generation of reactive oxygen species
(ROS), but the type of TNF signal regulated by ROS and the nature of the ROS species involved are not fully un-
derstood. In this report, we investigated the effect of various superoxide radical quenchers—pyrrolidine dithio-
carbamate (PDTC), N-acetyl-L-cysteine (NAC), and glutathione (GSH)—an hydroxyl radical quencher (mannitol),
and lipid peroxide quenchers—butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA)-on TNEF-
induced activation of nuclear transcription factors-«B (NF-«B) and activator protein-1 (AP-1), c-jun amino-termi-
nal kinase (JNK), and apoptosis in human monocytic U937 cells. TNF-induced NF-kB activation was inhibited by
both superoxide and lipid peroxide quenchers but potentiated by an hydroxyl radical quencher. In contrast, none
of the radical quenchers had any significant effect on TNF-induced AP-1 activation. TNF-induced JNK activation,
similar to NF-xB, was inhibited by both superoxide and lipid peroxide quenchers but potentiated by hydroxyl
radical quencher. TNF-induced activation of caspase activity was blocked by all three types of quenchers. TNF
cytotoxicity, however, was potentiated by superoxide radical quenchers and suppressed by hydroxyl radical and
lipid peroxide quenchers. Overall, these results suggest that hydroxyl radicals mediate TNF-induced apoptosis
but not activation of NF-«B, AP-1, and JNK; superoxide radicals mediate NF-«xB and JNK activation but potenti-
ate apoptosis; and lipid peroxides are required for all the signals induced by TNF. Antiox. Redox Signal. 1, 181-191,

1999.

INTRODUCTION jun amino-terminal kinase (JNK), and caspases

(Karin, 1995; Tewari et al., 1995; Beg and Balti-

URING THE LAST 5 YEARS, researchers have more, 1996; Liu et al., 1996; Van Antwerp et al.,
Didentified over 15 different proteins that 1996; Wang ef al., 1996, Baeuerle and Baichwal,
associate with the cytoplasmic domain of the 1997; Cai et al., 1997; Darnay and Aggarwal,
tumor necrosis factor (TNF) receptor and me-  1997; Guo et al., 1998; Hehner et al., 1998; Roul-
diate activation of nuclear factor kB (NF-«B), c- ston et al., 1998). But none of these proteins ac-
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count for the role of reactive oxygen interme-
diates/species (ROS) in TNF signaling. Several
studies do indicate that ROS play a critical role
in TNF-induced cytotoxicity (Wong and Goed-
del, 1988; Wong et al., 1989; Goossens et al.,
1995; Li and Oberley, 1997), most of which used
either metabolic inhibitors that quench ROS,
the overexpression of antioxidant enzymes, or
TNF signaling in respiration-deficient cells to
make their observations. Similarly TNF-in-
duced NF-«B activation has been shown to be
blocked by the superoxide radical quenchers
pyrrolidine dithiocarbamate (PDTC) and N-
acetyl-L-cysteine (NAC) (Schreck et al., 1992;
Anderson et al., 1994). How these agent affect
TNF-induced activation of JNK and caspases,
is not known, however.

It has been demonstrated that NF-«B activa-
tion blocks TNF-induced apoptosis (Beg and
Baltimore, 1996, Wang et al, 1996; Van
Antwerp et al., 1996) while JNK activation me-
diates it (Guo et al., 1998; Roulston et al., 1998).
Other studies, however, dispute the linkage of
NF-«B activation with TNF-induced apoptosis
(Cai et al., 1997; Hehner et al., 1998). Recently,
we have shown that overexpression of super-
oxide dismutase blocks TNF-induced activa-
tion of NF-«B, activator protein-1 (AP-1), JNK,
and caspases and of TNF cytotoxicity (Manna
et al., 1998). Several mechanisms account for
these effects. For instance, TNF induces super-
oxide anion generation in the mitochondria
(Schulz-Osthoff et al., 1992), which in turn me-
diates TNF-induced cytotoxicity (Goossens et
al., 1995). In addition, depletion of mitochon-
drial electron transport abrogates the cytotoxic
and gene-inductive effects of TNF (Schulz-Os-
thoff et al., 1993). More recent studies have,
however, indicated that the respiration-defi-
cient cells were resistant to TNF-induced ca-
pase-3 activation but sensitive tc TNF-induced
cytotoxicity and differentiation, suggesting a
selective role of ROS (Higuchi et al., 1997).

Although several studies suggest the role of
mitochondria-derived ROS in TNF signaling, it
is unclear which reactive oxygen species is in-
volved in activation of which signal transduced
by TNF under comparable conditions. Besides
the superoxide radical, whether the hydroxyl
radical or lipid peroxide radical plays any role
in TNF-mediated signaling is not known. As a
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result, we investigated the effect of different
quenchers of superoxide radicals, hydroxyl
radicals, and lipid peroxides on TNF-induced
activation of NF-«B, AP-1, JNK, and caspase-3
and on TNF cytotoxicity. Our results show that
these various TNF signals are differentially reg-
ulated by different ROS and that TNF activates
these signals independently of each other.

MATERIALS AND METHODS

Materials

The antioxidants PDTC, NAC, glutathione
(GSH), butylated hydroxyanisole (BHA), man-
nitol, and butylated hydroxy toluene (BHT)
were obtained from Sigma Chemical Co. (St.
Louis, MO). BHA is a synthetic phenolic an-
tioxidant that acts by its chain-breaking action
during the autoxidation of lipids. GSH, the
most abundant intracellular thiol compound in
mammalian cells, is a scavenger of many free
radicals and a substrate of glutathione peroxi-
dase, which degrades intracellular hydrogen
peroxide (H>O,). NAC is a precursor of GSH,
and it can also directly scavenge many differ-
ent types of free radicals because of its low re-
duction potential. PDTC is an iron chelator and
ROS scavenger. Both mannitol and dimethyl
sulfoxide (DMSO) are potent hydroxyl radical
scavengers.

Penicillin, streptomycin, RPMI 1640 medium,
and fetal calf serum (FCS) were obtained from
GIBCO (Grand Island, NY). Bacteria-derived
recombinant human TNF, purified to homo-
geneity with a specific activity of 5 X 107
units/mg, was kindly provided by Genentech,
Inc. (South San Francisco, CA). Antibody
against JNK, and double-stranded oligonu-
cleotides having NF-«B and AP-1 consensus se-
quences were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Poly(ADP) ri-
bose polymerase (PARP) antibody was pur-
chased from PharMingen (San Diego, CA).

Cell culture and treatments

We used U-937 cells for all studies because
these cells were well characterized in our lab-
oratory for various signals induced by TNF.
U937 cells were cultured in RPMI 1640 medium
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containing 10% heat-inactivated fetal bovine
serum (FBS) and antibiotics. Cells were pre-
treated with test compounds or left untreated
before the addition of TNF. All experiments
were carried out in complete medium at 37°C.
PDTC was dissolved in phosphate-buffered
saline (PBS); GSH was dissolved in water; BHT
and BHA were dissolved in absolute ethanol;
NAC was dissolved in 25 mM Tris-HCl and ad-
justed to pH 7.4 with 1 N NaOH; mannitol was
dissolved in medium without serum.

Electrophoretic mobility shift assays

Nuclear extracts were prepared from treated
cells, and electrophoretic mobility shift assay
(EMSA) was carried out as previously de-
scribed in detail (Chaturvedi ef al., 1994, and
references therein). Briefly, nuclear extracts
were prepared from 2 X 10° cells after differ-
ent treatments and then either used immedi-
ately or stored at —70°C. EMSA were per-
formed by incubating 8 ug of nuclear extract,
with 8 fmol of 3?P-end-labeled, 45-mer double-
stranded NF-«B oligonucleotide from the
(HIV-LTR), 5 -TTGTTACAAGGGACTTTC-
CGCTGGGGACTTTCCAGGGAGGCGTGG-
3’, (underlined is the NF-«kB consensus se-
quence) for 15 min at 37°C. The incubation
mixture included 2-3 ug of poly(dI-dC) in a
binding buffer: 25 mM HEPES, pH 7.9, 0.5 mM
EDTA, 0.5 mM dithiothreitol (DTT), 1% NP-40,
5% glycerol, and 50 mM NaCl). The DNA-pro-
tein complex formed was separated from free
oligonucleotide on 7.5% native polyacrylamide
gel using buffer containing 50 mM Tris, 200
mM glycine, pH 8.5, and 1 mM EDTA, and then
the gel was dried. The specificity of binding
was examined by competition with the unla-
beled oligonucleotide. For supershift assays,
nuclear extracts prepared from TNF-treated
cells were incubated with antibodies against ei-
ther p50 or p65 subunits of NF-«B for 30 min
at 37°C before complex was analyzed by
EMSA. Antibodies against cyclin D1 or c-Rel
and preimmune serum were included as neg-
ative control. The EMSA for AP-1 was per-
formed as described for NF-«B using >?P-
end-labeled double-stranded oligonucleotides
(Manna et al., 1998). Specificity of binding was
determined routinely by using an excess of un-
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labeled oligonucleotide for competition as de-
scribed earlier (Chaturvedi et al., 1994). Visual-
ization and quantitation of radioactive bands
was carried out by a phosphorimager (Molec-
ular Dynamics, Sunnyvale, CA) using Image-
quant software.

c-Jun kinase assay

The c-Jun kinase assay was performed with
slight modification by a method described ear-
lier (Karin, 1995; Liu ef al., 1996; Haridas et al.,
1988). Briefly, after treatment of cells (3 X
10%/ml) with TNF for different time periods,
cells were lysed in buffer containing 20 mM
HEPES, pH 7.4, 2 mM EDTA, 250 mM NaCl),
1% NP-40, 2 pug/ml leupeptin, 2 pug/ml apro-
tinin, 1 mM PMSF, 0.5 pg/ml benzamidine,
and 1 mM DTT. Cell extracts (150-250 pg/sam-
ple) were subjected to immunoprecipitation
with 0.03 ug of anti-JNK antibody for 60 min
at 4°C. Immune complex was collected by in-
cubation with protein A/G Sepharose beads
for 45 min at 4°C. The beads were then exten-
sively washed with lysis buffer (4 X 400 ul) and
kinase buffer (2 X 400 ul: 20 mM HEPES, pH
7.4, 1 mM DTT, 25 mM NaCl). In vitro kinase
assays were performed for 15 min at 30°C with
GST-Jun(1-79) as substrate in 20 mM HEPES,
pH 7.4, 10 mM MgCl,, 1 mM DTT, and 10 uCi
[y-*?P]JATP. The reaction was stopped by
adding 15ul of 2X SDS sample buffer and boil-
ing for 5 min, and the samples were subjected
to SDS-PAGE (9%). GST-Jun(1-79) was de-
tected by staining with Coomassie Blue. The
dried gel was analyzed and quantified by Per-
sonal Densitometer Scan v1.30 using Image
Quant software version 3.3 (Molecular Dy-
namics, Sunnyvale, CA).

TNF cytotoxicity assay

The sensitivity of U937 cells to TNF was de-
termined by the modified tetrazolium salt (3-
(4,5-dihydro-6-(4-(3,4-dimethoxybenzoil)-1-
piperazinyl-2 (1H)-quinolinone, MTT) assay as
described earlier (Hansen et al., 1989; Haridas
et al., 1998). Briefly, cells (5,000/well) were in-
cubated in the presence or absence of different
concentrations of antioxidants for 30 min and
then treated with 1 nM TNF in a final volume
of 0.2 ml for 24, 48, and 72 hr. Then 0.02 ml of
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a 5 mg/ml solution of MTT was added to each
well. After a 2-hr incubation at 37°C, 0.1 ml of
extraction buffer, consisting of 20% sodium do-
decyl sulfate (SDS) in 50% dimethyl for-
mamide, was added. After overnight incuba-
tion at 37°C, optical density (OD) was
measured at 570 nm using a 96-well multi-
scanner autoreader (Dynatech MR 5000; Dy-
natech Laboratories; Chantilly, VA), with the
extraction buffer serving as a blank.

Immunoblot analysis of PARP degradation

TNF-induced apoptosis was examined by
proteolytic cleavage of PARP (Tewari et al.,
1995; Haridas et al., 1998). Briefly, cells (2 X
10%/ml) were treated with TNF (1 nM) for dif-
ferent times at 37°C. After treatment, cell ex-
tracts were prepared by incubating the cells for
30 min on ice in 0.05 ml of buffer containing 20
mM HEPES, pH 7.4, 2 mM EDTA, 250 mM

PDTC (uM) GSH (mM)
0 0 25 5010025 5 100 0 0 05 1 2 5 5
+ o+ o+ o+ + o+ o+ + +

Y B i B i i
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NaCl, 0.1% NP-40, 2 ug/ml leupeptin, 2 ug/ml
aprotinin, 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), 0.5 ug/ml benzamidine, and 1
mM DTT. The lysate was centrifuged, and the
supernatant was collected. Cell extract protein
(50 png) was resolved in 7.5% SDS-polyacryl-
amide gel electrophoresis (PAGE), electro-
transferred onto a nitrocellulose membrane,
blotted with mouse anti-PARP antibody, and
then detected by enhanced chemiluminescence
(ECL; Amersham). Apoptosis was represented
by the cleavage of 116-kDa PARP into an 85-
kDa peptide product (Tewari et al., 1995).

RESULTS
In the present study, we investigated the ef-

fect of quenchers of superoxide radicals, hy-
droxyl radicals, and lipid peroxides on TNF-in-
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Effect of various antioxidants on TNF-induced NF-«B activation in U937 cells. Cells (2 X 10° cell /ml) were

preincubated at 37°C with different concentrations of various antioxidants for 30 min and then activated with TNF

(100 pM) for 30 min. After treatment, nuclear extracts were
in Materials and Methods. Units at the bottom of the figure
as compared with untreated control cells.

prepared and assayed for NF-xB activation as described
show fold increase in the TNF-induced NF-«xB activation
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FIG. 2 Effect of various antioxidants on TNF-induced AP-1 activation in U937 cells. Cells (2 X 108 cell/ml) were
preincubated at 37°C with different concentrations of various antioxidants for 30 min and then activated with TNF
(100 pM) for 120 min. After treatment, nuclear extracts were prepared and assayed for AP-1 activation as described
in Materials and Methods. Units at the bottom of the figure show fold increase in the TNF-induced AP-1 activation

as compared with untreated control cells.

duced activation of NF-«B, AP-1, JNK, and cas-
pase-3 and on TNF cytotoxicity. To quench su-
peroxide radicals, PDTC, NAC, and GSH were
used. Mannitol was used to quench hydroxyl
radicals. BHT and BHA were used to abolish
lipid peroxidation. The dose of these inhibitors
for the time of exposure were not toxic to cells
by themselves, nor were the vehicles in which
they were dissolved (data not shown).

Both superoxide radical quenchers and lipid
peroxidation inhibitors suppress and the hydroxyl
radical quencher potentiates TNF-mediated
NF-kB activation

U937 cells were pretreated with different
concentrations of antioxidants for 30 min and
then exposed to TNF (100 pM) for another 30
min. The results in Fig. 1 show that TNF-in-
duced NF-«B is inhibited by PDTC, GSH, and
NAC in a dose-dependent manner, with max-
imum effect at 25 uM, 2 mM, and 10 mM re-

spectively, suggesting that superoxide radical
is needed for TNF-mediated NF-«B activation.
NAC, a precursor of GSH, was least effective,
inhibiting TNF-induced NF-«B at 10 mM by
less than 50%. BHA and BHT also abolished
activation in a dose-dependent manner, indi-
cating the role of lipid peroxidation. Manni-
tol, the hydroxyl radical scavenger, did not in-
hibit TNF-induced NF-«B activation but
potentiated it rather significantly. These ob-
servations suggest that the hydroxyl radical
probably has no role in NF-«B activation in re-
sponse to TNF in U937 cells, whereas super-
oxide anion and lipid peroxidation seem to
play a significant role.

Specificity of the NF-«xB band was confirmed
by the observation that this band was super-
shifted by antibodies to either the p50 or p65
subunits of NF-«B, that it disappeared when
unlabeled probe was used, and that it did not
bind to oligonucleotide with mutated NF-«B
sites (data not shown).
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Antioxidants do not block TNF-induced
AP-1 activation

TNF is also known to activate another tran-
scription factor, AP-1 (Karin, 1995). The re-
quirements for AP-1 activation by TNF differ
from those of NF-«B (Meyer et al., 1993). There-
fore, we examined the effect of various antiox-
idants on activation of AP-1 induced by TNF.
The results shown in Fig. 2 indicate that unlike
their inhibition of TNF-induced NF-«B activity,
none of the antioxidants inhibited TNF-in-
duced AP-1 activation. The antioxidants PDTC,
mannitol, and BHA by themselves upregulated
AP-1 activity. The complete disappearance of
the AP-1 band in competition assays with un-
labeled AP-1-specific oligonucleotide con-
firmed the specificity of AP-1 activation (data
not shown).

JNK activation by TNF is inhibited by both
superoxide and lipid peroxidation quenchers but
potentiated by hydroxyl radical quencher

c-Jun is one of the components of het-
erodimeric AP-1. The phosphorylation of c-Jun
at the amino-terminus leads to activation of its
transcriptional activity and is mediated by a
MAP kinase, ]NK. Earlier studies showed that
besides NF-«B and AP-1, TNF is also a potent
inducer of JNK activation (Karin, 1995). There-
fore, we examined the effect of antioxidants on
TNF-induced JNK activation. JNK activity
peaked within 15 min of TNF treatment of
U-937 cells (data not shown). Thus, in subse-
quent experiments, cells were preincubated for
30 min with different antioxidants and then ac-
tivated for JNK by exposure to TNF for 15 min.
As shown in Fig. 3, most of the antioxidants
had a biphasic dose effect on TNF-induced JNK
activity. Both PDTC and GSH enhanced TNF-
induced JNK activation at lower doses, but in-
hibited it at higher doses. NAC inhibited JNK
activation at 10 mM and above concentration.
Mannitol on the other hand appeared to be
stimulatory: 100 mM mannitol by itself acti-
vated JNK about six-fold compared to un-
treated control. At this dose, mannitol showed
an additive effect on TNF-induced JNK activ-
ity in these cells. BHA at the highest doses (0.5
and 1 mM) significantly inhibited TNF-induced
JNK activation, whereas at 0.2 mM it could ac-
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FIG. 3. Effect of various antioxidants on TNF-induced
JNK activation in U-937 cells. Cells (3 X 106 cell/ ml)
were preincubated at 37°C with different concentrations
of various antioxidants for 30 min and then activated with
TNF (100 pM) for 15 min. After treatment, nuclear extracts
were prepared and assayed for JNK activation as de-
scribed in Materials and Methods. Units at the bottom of
the figure show the fold increase in the TNF-induced JNK
activation as compared with untreated control cells.

tivate NK activity, although not by much. On
the other hand, BHT inhibited TNF-induced
JNK activity at the lowest with two doses only:
at the highest dose, activated JNK activity and,

in the presence of TNF, showed an additive ef-
fect.

Activation of caspases by TNF is blocked by most
antioxidants

TNF exhibits its cytotoxic effects by inducing
either necrosis or apoptosis. One of the hall-
marks of apoptosis is activation of caspases, a
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protease that cleaves PARP substrate, reducing
it from 116 kDa to 85 kDa (Tewari et al., 1995).
When U937 cells were treated with 1 nM TNF
in the presence of 10 ug/ml cycloheximide,
cleavage of PARP occurred within 2 hr (data
not shown). In cells that were pretreated with
different concentrations of antioxidants fol-
lowed by TNF (1 nM) treatment for 2 hr, TNF-
induced PARP cleavage was unaffected by
PDTC, whereas GSH and NAC both inhibited
caspase activation (Fig. 4). Higher doses of
NAC appeared to be less protective. Mannitol,
a hydroxyl radical scavenger, completely
blocked caspase-3 activation. The lipid peroxi-
dation (LPO) inhibitor BHA suppressed cas-
pase activation. In contrast BHT, another LPO
inhibitor was not effective in blocking TNF-in-

UN 0

+ o+ o+ o+

10 25 50 50 PDTC (uM)
3 TNF
W sy Aoy, oA A, WAy

AR — -

PDTC

10 10 NAC(mM)

+ o+ + o+

TNF

NAC

05 UN 0 01 02 05 BHA (mM)
+ + + + TNF
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duced PARP cleavage, suggesting that the two
LPO inhibitors act differently.

Hydroxyl radical quencher blocks TNF-induced
cytotoxicity

It has been previously shown that man-
ganese superoxide dismutase (MnSOD) blocks
the anti-proliferative effects of TNF (Wong et
al., 1989; Li and Oberley, 1997). Overexpression
of MnSOD in MCF-7 cells protected them from
TNF-mediated killing (Manna et al., 1998).
We determined whether superoxide radical
quenchers block the antiproliferative effects of
TNF. PDTC, NAC, and GSH, all three super-
oxide radical quenchers, did not inhibit the an-
tiproliferative effects of TNF (Fig. 5). Instead,

25 UN 0 1 25 5 GSH (mM)
+ + + + TNF
.
GSH

UN 0 10 25 50 50 Mannitol(mM)

TNF

+ + + +

ko o
Mannitol
02 UN 0 01 02 05 BHT(mM)

TNF

+ o+ o+ o+

BHT

FIG. 4. Effect of various antioxidants on TNF-induced caspase-3 acti.vat.ion in U-937 cglls. Cells (2 x 1'06 cell/ ml)
were preincubated at 37°C with different concentrations of various antioxidants for 30 min and then activated with
TNF (1 nM) in the presence of 10 pg/ml cycloheximide fqr 2 hr After t.reat'ment, cytoplasmic extracts were prepared
and assayed for PARP cleavage by western blot as described in Materials and Methods.
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they slightly potentiated the effects of TNF.
BHT also enhanced the effects of TNF. Similar
to caspase activation, however, BHA slightly
suppressed the antiproliferative effects of TNF.
In comparison to all antioxidants, mannitol was
most effective in blocking the antiproliferative
effects of TNF. These observations thus suggest
that hydroxyl radical is most critical for the an-
tiproliferative effects of TNF.

DISCUSSION

The aim of the present report was to inves-
tigate the role of ROS in TNF-induced activa-
tion of NF-«B, AP-1, JNK, and apoptosis. Dif-

120
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ferent antioxidants known to scavenge/inhibit
specific ROS or ROS-induced effects were used.
Normally, extracellular signals lead to genera-
tion of superoxide radical that is quickly con-
verted into H,O; by dismutases. This H,O, is
converted either into water in the presence of
GSH, NAC, or catalase or else into a hydroxyl
radical in the presence of metal ions like Fe?*
released from (4Fe/4S) clusters of dehydroge-
nases upon superoxide attack by the Fenton or
Herber-Weiss reaction (Halliwell and Cross,
1994). Alternatively, a hydroxyl radical can re-
act with other molecules such as lipids, caus-
ing LPO in the presence of Fe?* and disturb-
ing the membrane fluidity and integrity of the
plasma membrane.

120
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1000 p 1001 1 1009 ¢
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80 80
2 2 2
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FIG. 5. Effect of various antioxidants on the antiproliferative effects of TNF in U-937 cells. Cells (5 x 103 cell/0.1

ml) were preincubated at 37°C with PDTC (20 mM), GSH (2 mM), NAC (2 mM mannitol (1
or BHT (0.2 mM) for 30 min and then activated with TNF (1 nM) ( ) marnitol (10 mM), BHA (0.2 m)
mined by the MTT method, as described in Materials and Metho

and expressed as percent viability.

’

for 72 hr. After incubation, cell viability was deter-
ds. Results are normalized to the untreated control
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In our study, TNF-induced NF-«B activation
was inhibited by PDTC, GSH, and NAC as well
as by BHA and BHT, both inhibitors of LPO
whereas mannitol, a hdyroxyl radical scav-
enger, showed no effect on TNF-induced acti-
vation of NF-«B. Thus, LPO may be an impor-
tant event for NF-«B activation by TNF. Our
results are in agreement with a report (Bowie
et al., 1997), which showed that LPO is impor-
tant for NF-«B activation induced by TNF in
endothelial cells. They also showed that TNF-
induced NF-«B activation was not inhibited but
rather slightly potentiated by the hydroxyl rad-
ical quencher mannitol. In addition, they
showed no role for H,O, in TNF-induced NF-
kB activation (Bowie et al., 1997).

In our study, although inhibitors of super-
oxide radicals and LPO blocked NF-«B activa-
tion, they had no effect on AP-1 activation.
PDTC, which also has an iron-chelating prop-
erty apart from its radical scavenging effect,
could be responsible for down-regulation of
"OH and LPO, activates AP-1 by itself and up-
regulated TNF-induced AP-1 activity. BHA
and mannitol had similar effects, whereas GSH
had no effect on TNF-induced AP-1 activity,
suggesting that the 'O, radical is mainly re-
sponsible for AP-1 activation. Because PDTC
blocks the conversion of ‘O, to "OH or LPO,
whereas mannitol and BHA scavenge ‘OH and
inhibit LPO, respectively, it is unlikely that ei-
ther “OH or LPO are important in activation of
AP-1. H,0, also seems to have no direct effect
on AP-1 activity.

Similarly, these antioxidants had differential
effects on TNF-induced JNK activation. PDTC,
GSH, and NAC themselves did not activate JNK
activity, but they did upregulate TNF-induced
INK activity, whereas mannitol itself activated
JNK activity at higher concentration and had an
additive effect on TNF-induced JNK activity. On
the other hand, the LPO inhibitors, BHA at a
lower dose and BHT at a higher dose, could ac-
tivate JNK on their own. These results agree
with a recent report of JNK activation by BHA
(Yu et al., 1997). These authors also showed that
BHA-induced JNK activation is resistant to
NAC and GSH. Doses of BHA and BHT that did
not activate JNK inhibited TNF-induced JNK ac-
tivation. These results indicate that H O, may
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be responsible for JNK activation, inasmuch as
NAC, GSH, and PDTC at higher doses inhibited
TNF-induced JNK activity.

Although the role of ROS in the antiprolifer-
ative effects of TNF was well documented,
which oxygen species is involved was not
known. Our results suggest that mannitol com-
pletely blocks the antiproliferative effects of
TNF, suggesting the role of the hydroxyl radi-
cal. These results are in agreement with a re-
cent report which showed that DMSO, another
hydroxyl radical quencher, blocks Fas-medi-
ated apoptois in Jurkat cells (Bauer et al., 1998).
PDTC has also been reported to block apopto-
sis in Jurkat cells induced by TNF (Giri and Ag-
garwal, 1998). In the present study, PDTC had
no effect on TNF-induced antiproliferative ef-
fects in U937 cells, thus suggesting the effects
were cell-type specific.

Our results show that BHA differs from BHT
in that BHA suppresses the TNF-mediated an-
tiproliferative effects. This difference between
BHT and BHA is consistent with a previous re-
port which showed that the cytotoxic effects of
TNF in L-929 cells are suppressed by BHA but
not BHT (Brekke et al., 1992). We found that
both mannitol and BHA also blocked caspase
activation, consistent with its antiproliferative
effects. With other antioxidants, however, no
relationship was found between caspase-3 ac-
tivation and the antiproliferative effects of
TNE. For instance GSH and NAC blocked cas-
pase activation but not the antiproliferative ef-
fects. This is consistent with our recent report
with respiration-deficient cells in which these
two activities of TNF were found not to be
linked (Higuchi et al., 1997). GSH and NAC was
recently shown to block TNF-induced cell
death through inhibition of neutral sphin-
gomyelinase in human breast cancer MCF-7
cells (Liu et al., 1998). This correlated with in-
hibition of caspase-3. The latter is in agreement
with our results. Recently, we also found that
overexpression of y-glutamylcysteine synthe-
tase, a rate-limiting enzyme in GSH synthesis,
blocks TNF-induced activation of NF-«B, JNK,
AP-1, and apoptosis (Manna et al., 1999).

Our results show that mannitol inhibits TNF-
induced cytotoxicity without inhibiting NF-«B
activation, whereas PDTC blocks NF-«B with-
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out blocking cytotoxicity, thus suggesting that
the signal needed for NF-«B activation is dif-
ferent from that needed for cytotoxicity. Fur-
thermore NF-«B activation occurs independent
of cytotoxicity. These results are consistent
with reports indicating that NF-«B activation is
not linked with TNF-induced cytotoxicity (Cai
et al., 1997; Darnay and Aggarwal, 1997; Guo et
al., 1998; Hehner et al., 1998; Roulston et al.,
1998). Our results also indicate that JNK acti-
vation plays no role in TNF-induced cytotoxi-
city, which is consistent with some (Liu et al.,
1996) but not other reports (Guo et al., 1998;
Roulston et al., 1998). The differences may be
due to the cell type used. Overall, our results
suggest that ROS are needed for all signals
transduced by TNF, but the nature of the ROS
may vary depending on the signal.
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AP-1, activator protein-1; BHA, butylated
hydroxy anisole; BHT, butylated hydroxy
toluene; DMSO, dimethyl sulfoxide; DTT,
dithiothreitol; ECL, enhanced chemilumines-
cence; EMSA, electrophoretic mobility shift as-
say; FBS, fetal bovine serum; FCS, fetal calf
serum; GSH, glutathione; H,O,, hydrogen per-
oxide; HIV, human immunodeficiency virus;
JNK, c-Jun amino-terminal kinase; LPO, lipid
peroxidation; LTR, long terminal repeat; Mn-
SOD, manganese superoxide dismutase; MTT,
3-(4,5-dihydro-6-(4-(3,4-dimethoxybenzoil)-1-
piperazinyl-2 (1H)-quinolone; NAC, N-acetyl-
L-cysteine; OD, optical density; NF-«B, nuclear
factor kB; PAGE, polyacrylamide gel elec-
trophoresis; PARP, poly(ADP) ribose poly-
merase; PBS, phosphate-buffered saline; PDTC,
pyrrolidine dithiocarbamate; PMSF, phenyl
methyl sulfonyl fluoride; ROI, reactive oxygen
intermediates; ROS, reactive oxygen species;
SDS, sodium dodecyl sulfate; TNF, tumor
necrosis factor.
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