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ABSTRACT

Manganese superoxide dismutase (SOD2) has been well established to be essential for protection from a vari-
ety of apoptotic stimuli. Here we demonstrate that the antiapoptotic effects of SOD2 are attributed to its abil-
ity to generate H,0, and that its efficient removal resensitizes cells to tumor necrosis factor (TNF)-a-induced
apoptosis. SOD2 overexpression in HT-1080 cells leads to a decrease in the fluorescence of the superoxide-
sensitive fluorophore, dihydroethidium, and a concomitant increase in oxidation of the H,O,-sensitive dye,
dichlorodihydrofluorescein diacetate (DCFDA). The rate of aminotriazole-inhibited catalase activity also was
increased when SOD2 is overexpressed and reflects a 1.6-fold increase in the steady-state production of H,0,.
The increase in H,0, was associated with decreased sensitivity to TNF-a-mediated apoptosis, as measured by
monitoring the loss of mitochondrial membrane potential (MMP), caspase activation, poly-ADP ribose poly-
merase (PARP) cleavage, and accumulation of hypodiploid DNA content. Both the increase in H,0, and resis-
tance to TNF-mediated apoptosis were reversed by coexpression of catalase. The lipid hydroperoxide scav-
engers, 3-hydroxytoluene and trolox, and the iron chelator, desferroxamine, showed partial recovery of
TNF-induced apoptosis. These findings indicate that increases in the intracellular steady-state production of
H,O, by SOD2 can block the activation of key processes fundamental to the process of programmed cell
death. Antioxid. Redox Signal. 8, 1295-1305.

INTRODUCTION

ALL AEROBIC ORGANISMS GENERATE reactive oxygen
species (ROS) as by-products of normal cellular metab-
olism (12). The initial reduction of molecular oxygen (O,) by
leak of electrons from the respiratory chain during oxidative
phosphorylation produces the superoxide anion (O, ). Early

work by Boveris and Chance (7) demonstrated that 1-2% of
the oxygen consumed by the respiratory chain can be con-
verted to this species in the mitochondria. The primary intra-
cellular antioxidant defenses rely on the enzymatic removal
of O,"~ and H,0, before their reaction with other macromol-
ecules. Superoxide dismutase 2 (SOD2) is positioned in the
mitochondrial matrix to dismute O, ™ at its site of production,
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to H,0, and O,. The electron-neutral H,0, is further detoxi-
fied by catalase and glutathione peroxidase into O, and H,0
or O,, respectively. Thus, the cell has evolved very efficient
mechanisms to restrict damage by ROS to cellular macromol-
ecules.

H,0, has been implicated as a strong inducer of apoptosis
in various cell types (10, 11, 28, 40). Apoptosis or pro-
grammed cell death refers to a series of tightly coordinated
events designed to eliminate potentially dangerous cells and
cells that have reached the end of their life cycle. Apoptosis
allows an organism to control tightly cell number and tissue
size, as well as to protect itself from cells that interfere with
homeostasis. Apoptosis is a tightly regulated process whereby
a set of cysteine proteases (caspases) are made active through
a complex signaling cascade, resulting in degradation of cel-
lular nuclear DNA (1). In contrast to necrosis, apoptosis de-
stroys only the cell in question, with no effect on surrounding
cells (20). Apoptosis can be triggered by both extracellular
stimuli and intracellular events that mark cellular dysfunc-
tion. The hallmarks of apoptosis include membrane blebbing,
cytoskeletal disorganization and loss of mitochondrial in-
tegrity, and DNA laddering. The ultimate step in apoptosis is
the activation of caspases, which act on a number of down-
stream cellular proteins, inactivating them by cleaving them
after an Asp-Xxx sequence. The pro/inactive forms of these
enzymes are activated by cleavage by other upstream cas-
pases or via autoactivation. During tumorigenesis, neoplastic
cells are able to restrict apoptosis and circumvent cell death,
allowing them to gain a foothold in vivo (17). Thus, evasion
of apoptosis is a survival mechanism for tumor cells.

Tumor necrosis factor (TNF)-a is a cytokine that is pro-
duced by cells under stress and induces signaling via binding
to its cell-surface receptor. TNF-a, along with cycloheximide
(CHX), has been established as a potent inducer of apoptosis
in various cell lines (44). One of the primary mechanism of
TNF-a/CHX-induced apoptosis involves activation of the re-
ceptor-associated death domains that recruit and activate cas-
pase-8, leading to activation of downstream caspases and fi-
nally of the executioner caspase, caspase-3. These caspases
are involved in the degradation of important cellular proteins
as well as activation of caspase-activated DNAses that cleave
mitochondrial DNA, ultimately leading to cell death. In addi-
tion, CHX enhances the induction of apoptosis via TNF-« by
inhibition of new protein synthesis. One of the proteins that
was first discovered to be essential for protection from TNF-
mediated cell death is SOD2 (42, 43). Since this initial obser-
vation by Wong and Goeddel (42), numerous reports have
demonstrated a role for SOD2 in protection from many apop-
totic stimuli (21, 23, 26, 32, 39, 41). The antiapoptotic effects
of SOD2 are attributed to its ability to remove O, at near
diffusion-limiting rates. However, the role of ROS in protec-
tion from TNF-a—induced apoptosis is controversial. Several
studies report that antioxidants can protect against TNF-a
toxicity, whereas others demonstrate the opposite (2).

In this study, a series of well-characterized redox-engi-
neered HT-1080 human fibrosarcoma cell lines were used to
demonstrate that protection from TNF-mediated apoptosis is
attributed to the ability of SOD2 to increase the steady-state
production of H,0,. These studies unveil a unique mecha-
nism for an antioxidant enzyme to initiate a protective proox-
idant response.
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METHODS AND MATERIALS

Reagents

Human TNF-a (R & D Systems), CHX, propidium iodide
(PI), 3-amino 1,2,4-triazole (AT), H,O,, N-acetyl-L-cysteine
(NAC), butylated hydroxytoluene (BHT), and bovine liver
catalase were from Sigma, unless otherwise indicated.
Dichlorodihydrofluorescein diacetate (DADCF), dihydro-
ethidium (DHE), and JC-1 were from Molecular Probes. NP-
40 substitute was purchased from USB Corporation and So-
dium deoxycholate, from Acros Organics. Trolox was
purchased from Oxis International; EDTA-free protease in-
hibitor cocktail tablets were purchased from Roche. The anti-
body against cleaved/ active caspase-3 was from Cell Signal-
ing. Anti-procaspase-3 (CPP32) antibody and anti—
poly-ADP ribose polymerase (PARP) antibodies were pur-
chased from Pharmingen. CaspaTag Caspase detection kit
was from Chemicon.

Cell lines and cell culture

All indicated cell lines were maintained in 25-cm? or
75-cm? flasks in MEM containing 10% fetal calf serum,
1,000 U/ml penicillin, 500 pg/ml streptomycin, and 1 mg/ml
neomycin in a 37°C incubator under 5% CO,. Constructions
of the recombinant SOD2 and catalase plasmids and transfec-
tions were previously described in detail (3, 34), and their
ability to alter the steady state production of H,O, has been
demonstrated in detail. In brief, the redox-engineered cell
lines were generated in our laboratory from HT1080 human
fibrosarcoma cells. The cell lines generated included cells
that were transfected with control plasmid (Cmv), SOD2 tar-
geted to the mitochondria (SOD2), and cells cotransfected
with SOD2 directed to the cytosol (SOD2Cat) and catalase
targeted to the cytosol (CmvCat).

Assessment of H,0, and O,

Cells were harvested with PBS-EDTA, washed, counted,
pelleted, and resuspended in HBSS (Hanks buffered saline
solution) to make a final count of 5 X 105 cells/ml. DHE or
DADCEF (Sigma) was added to make a final concentration of
10 wM, and rate of oxidation of the dyes was monitored by
FACS between 550 and 590 nm for DHE and 580 and 620 nm
for DADCEF for 300 s.

3-Amino 1, 2, 4-triazole—dependent inhibition of
catalase to determine intracellular H 202

Cells were treated with 20 mM aminotriazole (Sigma) for 1
h, resuspended in a final solution of 0.05 M potassium phos-
phate buffer (pH 7.0), sonicated, centrifuged, and supernatant
was collected. Catalase activity was then measured based on
the method of Claiborne (9). In brief, catalase activity was
measured by using a kinetics-based spectrophotometric assay:
1 mg/ml of standard catalase at 1:100 dilutions is used to deter-
mine the working of the assay. A 5 X 10-3 M solution of H,0,
is prepared by mixing 0.15 ml of 30% H,0, and 24.85 ml of
0.05 M potassium phosphate buffer, pH 7.0. Then 20 and 40 pl
of the standard (bovine liver catalase) and samples are used for
the assay. Then 500 ul of H,O, is used for each reaction, and
the final volume is adjusted to 1.5 ml by using the potassium
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phosphate buffer. The absorbance is read at 240 nm, and rates
are determined. Specific activity is then determined for each
sample and adjusted to protein concentration, giving a value of
units of enzyme activity per milligram protein.

Assessment of mitochondrial membrane potential
as a measure of induction of apoptosis

Cells were treated with 0.3 ng/ml of TNF-a and 10 pg/ml
of CHX for 16 h to induce apoptosis. After treatment, both
floating and adherent cells were collected, pelleted, washed,
and resuspended in PBS containing 2.5 pwg/ml JC-1 dye (Mol-
ecular Probes). JC-1 dye was prepared in DMSO. Cells were
kept in dark for 20 min, washed twice with PBS, and ana-
lyzed by flow cytometry (Becton-Dickinson). Excitation
wavelength for JC-1: 490 nm; emission wavelength in the
range of 530-590 nm. Change in mitochondrial potential was
measured by the loss of red fluorescence.

Determining apoptotic cell population
via sub-G1 analysis by flow cytometry

Flow cytometry was used to determine the population of
apoptotic cells after TNF-o/CHX treatment. Cells were
seeded in T-75 flasks, and on reaching 80% confluence, were
treated with 0.3 ng/ml of TNF-a and 10 pg/ml of CHX for 8
h. After treatment, both floating cells and adherent cells were
collected and spun at 1,500 rpm for 5 min. The pellet was
washed once with 1X PBS, resuspended in 80% ice-cold
ethanol, and stored at 4°C overnight. The cells were spun
down and washed with 1 X PBS and then resuspended in the
staining solution consisting of 1X PBS, RNAse A, EDTA,
and PI. The cells were incubated in the dark at 37°C for 30
min and then read in the FL-3 channel (excitation \, 536 nm,
and emission \, 617 nm) of the BDFacsScan to determine the
cell-cycle pattern of the population. The sub-G1 population
represents the apoptotic cells.

Western blotting for caspase-3,
active caspase-3, and PARP

The cells were treated for 4 or 8 h with 0.3 ng/ml of TNF-
o and 10 pg/ml of CHX to determine the level of active cas-
pase-3 in the control (Cmv) and SOD2 cell lines. A time-
course experiment to determine the rate of disappearance of
pro—caspase-3 was similarly performed by using anti—pro-
Caspase-3 antibody. Both floating and adherent cells were
collected after treatment and spun down at 1,500 rpm for 5
min. The pellet was washed in 1X PBS and then resuspended
in lysis buffer (1 X PBS, pH 7.4, 1% NP-40, 0.5% Sodium de-
oxycholate, and 0.1% SDS. Protease inhibitor tablets were
added before use). Cell lysates were prepared by sonication.
The lysates were spun at 10,000 rpm for 10 min at 4°C to re-
move cell debris. The supernatant was collected, and protein
concentration determined. Lysates containing 40 pg dena-
tured protein from treated and untreated cells were resolved
on 12% SDS-polyacrylamide gel and electroblotted onto
PDVF membranes. The membrane was blocked in 5% milk in
1 X Tween-TBS for an hour at room temperature followed by
incubation with antibody for active caspase-3 (1:1,000)
overnight at 4°C. The membrane was washed 3 times for 10
min each with 1X Tween-TBS and then incubated with anti-
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rabbit antibody at 1:10,000 for an hour at room temperature.
Anti—pro-caspase-3 (1:1,000) and anti-PARP (1:1,000) were
used to determine the level of pro—caspase-3 and PARP in the
cells. After incubation with the appropriate secondary anti-
body, the membrane was washed in 1X Tween-TBS 3 times
for 10 min each. Detection was carried out by using a Pierce
Femto Chemiluminescence Kkit.

Pan-caspase activity assay

The Caspa-Tag caspase activity kit from Chemicon was
used to determine the levels of total caspase activity after
treatment with TNF-a/CHX. Cells were treated with 0.3
ng/ml of TNF-a and 10 pg/ml of CHX for 8 h. After treat-
ment, floating and adherent cells were collected and stained
with CaspaTag as per the instructions of the kit for 30 min at
37°C. The cells were washed, resuspended in suspension
buffer, and counterstained with PI provided with the kit. The
cells were analyzed with flow cytometry. CaspaTag staining
was read according to the manufacturer’s instructions.

Statistics

Analysis of variance (ANOVA) with o = 0.05 was used for
processing the data. A two-sample ¢ test was used as posttest
unless otherwise indicated.

RESULTS

Overexpression of SOD2 increases
intracellular H,0, levels

Various redox-sensitive dyes were used to characterize the
oxidative state of the redox-engineered cell lines and demon-
strate that overexpression of SOD2 results in increased intra-
cellular steady-state levels of H,0,. We used DADCEF, a fluo-
rophore widely used to measure intracellular H,O, levels by
FACS analysis. DADCEF is readily taken up by cells and is
cleaved into dichlorodihydrofluorescein, which is then oxi-
dized to a highly fluorescent product, dichlorofluorescein.
Although in the literature, DADCF oxidation is often used as
ameasure of H,O, levels, the dye can be oxidized by other re-
active oxygen and nitrogen species generated in the cell (25).
However, in the presence of the H,O,-generating enzyme
SOD, DADCEF is efficiently oxidized by H,O, generated by
its activity. Measurement of the rate of DADCF oxidation in
the different cell lines showed that SOD2 overexpression in-
creased the rate of oxidation of the fluorophore compared
with the control cells (Cmv), demonstrating that overexpres-
sion of SOD?2 increases the oxidation of DADCF. Coexpres-
sion of cytosolic (SOD2Cat) that neutralizes H,0, reduces
the rate of oxidation of DADCEF (Fig.1a). To prove that the in-
creased oxidation of DADCEF in the SOD2 cells was indeed
due to an increase in intracellular H,0,, H,0, was added ex-
ternally to the cells in the presence of the fluorophore as a
positive control. Addition of H,O, to the cells lines showed an
increase in DADCF oxidation (Fig.1b). Further to confirm
that overexpression of SOD2 increases the intracellular H,0,
levels, the level of superoxide (O, ~) was determined in the
Cmv and SOD?2 cells. Because SOD2 converts O, to H,O

272
overexpression of SOD2 should result in an increase in H,0,
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levels and a concomitant decrease in superoxide levels. Lev-
els of intracellular O,"~ were analyzed by using DHE, a su-
peroxide specific fluorophore (4). The SOD2 cells showed a
decrease in oxidation of DHE compared with Cmyv, indicating
that overexpression of SOD2 results in a decrease in levels of
superoxide because of the enhanced dismutation activity of
SOD2 (Fig. lc).

In addition to the redox-sensitive dyes, we used a biochemi-
cal approach to demonstrate that SOD2 overexpression in-
creases intracellular H,O,. The method is based on the deter-
mination of the rate of irreversible inactivation of catalase by
amino 1, 2, 4-triazole (AT), as previously described (45). In
the first step of its catalytic cycle, catalase is oxidized by one
molecule of H,O, to form the catalase intermediate compound
I. Aminotriazole inactivates catalase by forming a covalent
complex with compound I in a one-to-one stoichiometry:

H,0, + catalase — compound I (@))]
Compound I + AT — inactive catalase 2)

Thus, assuming that the concentration of AT is not rate
limiting, the steady-state concentration of H,O, can be esti-
mated from the rate of catalase inactivation. This was deter-
mined empirically, and linearization was attained by plotting
the natural log of catalase activity normalized to its activity at
the start of the reaction (Fig. 2). The apparent pseudo first-
order rate constant for catalase inhibition by AT in the two
different cell lines was then determined from the slope of the
linearizations. We found that the rate of inactivation of cata-
lase was 1.6-fold greater in cells overexpressing SOD2 com-
pared with the Cmv parent cells (0.92 X 10-3 vs. 1.53 X 10-3
per second), consistent with an increase in steady-state con-
centration of H,O, on forced expression of SOD2.

A direct estimate of H,O, steady-state concentrations in
the two cell lines was determined by using a set of differential

equation derived from Eq. 1 and 2, as previously described
(45). Once solved, the steady-state concentration of H,O,
could be calculated from Eq. 3, assuming again that reactions
1 and 2 were irreversible and that aminotriazole was not rate
limiting in the assay:

[H,0,] = Kk, (3)

where £ is the first-order rate constant determined empiri-
cally for catalase inactivation in the cell, and k, is the rate of
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FIG. 2. Exponential decrease in catalase activity in Cmv
and SOD2-overexpressing cells. Intracellular H,0, levels
were estimated in Cmv cells and SOD2-overexpressing cells by
using aminotriazole-mediated inactivation of catalase. Data
points were normalized by dividing with catalase activity mea-
sured at the start of the reaction, as described in Materials and
Methods. See Result section for details.
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compound I formation (1.7 X 107 M/s) (45). From the calcu-
lation from the experiments described in Fig. 2. the steady-
state concentration of H,0, in the SOD2-overexpressing cells
was estimated at 90 pM compared to 54 pM in the parent Cmv
cell line. Overall, these findings confirm that SOD2 overex-
pression does increase the intracellular levels of H,0,.

Increases in the SOD2-dependent
production of H,0, protects cells
from TNF-a— induced cell death

The various cell lines were treated with TNF-a and CHX
to induce apoptosis followed by fixation and PI staining to
monitor DNA content. Sub-G, population represents the
number of cells with haplodiploid nuclei, a characteristic of
cells undergoing cell death by apoptosis (30). SOD2-over-
expressing cells were resistant to TNF-o/CHX-induced
apoptosis when compared with control cells (Fig. 3). The sen-
sitivity to cell death was restored when catalase was coex-
pressed in the SOD2-overexpressing cell lines (SOD2Cat)
(Fig. 3). CmvCat cells with the lowest levels of intracellular
H,0, were most sensitive to TNF-a/CHX~induced cell death.
This suggests that the protective phenotype of the SOD2 is
due to the increased steady-state levels of H,0,.
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FIG. 3. SOD2-dependent resistance to TNF-o/CHX-in-
duced apoptosis is reversed by catalase coexpression. Cells
were treated with 0.3 ng/ml of TNF-« and 10 pg/ml of CHX for
8 h. After treatment, the floating and adherent cells were col-
lected, pelleted, washed with 1X PBS, and fixed by using 80%
ice-cold ethanol overnight at 4°C. The fixed cells were pelleted
and stained with propidium iodide (PI) staining solution, as ex-
plained in Materials and Methods. Cell-cycle pattern for TNF-
o/CHX—treated and untreated cells were read by using PI fluo-
rescence in the red channel of the Becton-Dickinson flow
cytometer. The sub-G1 population in each case was taken as an
indicator of apoptosis. *p < 0.05 relative to SOD2 cells. Data
are the average of three separate experiments + SEM. SEM for
the catalase overexpressors is too small to be visible.
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SOD2-generated H,0, protect cells from
loss of mitochondrial membrane potential
after TNF-o/CHX treatment

One of the hallmarks of cells undergoing apoptosis is the
loss of mitochondrial membrane integrity, resulting in a de-
crease in mitochondrial membrane potential (36). The final
outcome of mitochondrial disruption is release of cytochrome
c and caspase activation. It is, however, possible that cy-
tochrome ¢ release can occur without any mitochondrial
membrane depolarization. Recently it was demonstrated by
Gilmore et al. (13) that cytosolic cytochrome c¢ by itself can
induce a caspase-dependent loss of mitochondrial membrane
potential. These results show that, in intact cells, at a point
downstream of the activation of caspase-3—like enzymes, cy-
tochrome c—induced activation of caspases can exert a feed-
back effect on the mitochondria, leading to membrane depo-
larization, release of more cytochrome ¢, and amplification
of the apoptotic cascade. In our system, we monitored the
loss of membrane depolarization as well as caspase activation
after 16 h of treatment. Membrane depolarization was evalu-
ated with the potentiometric fluorophore JC-1. In cells that
have not undergone membrane depolarization, JC-1 is distrib-
uted in both the cytoplasm as a monomer (green fluor) and in
the mitochondria as an aggregate (red fluor) (33). Loss of mi-
tochondrial membrane polarization (MMP) leads to dissipa-
tion of red fluorescence and retention of only fluorescence in
the green channel. After treatment of the cells with both TNF-
«/CHX, control cells lose their red fluorescence, whereas the
SOD2-overexpressing cells are resistant to this loss (Fig. 4a).
The resistance to loss of MMP was reversed by coexpression
of catalase (SOD2Cat). In addition, overexpression of cytoso-
lic catalase alone in our control cells (CmvCat) results in an
increased loss of mitochondrial membrane potential with
TNF-o/CHX treatment. This suggests that H,O, protects
SOD2-overexpressing cells from MMP loss and confers re-
sistance to TNF-a/CHX—induced apoptosis.

TNF-o/CHX treatment leads to
caspase-3 activation and cleavage
of its downstream target, PARP

To confirm that TNF-a/CHX treatment induces cell death
via apoptosis, levels of pro—caspase-3, active caspase-3, and
poly-ADP ribose polymerase (PARP) were determined. The
Cmv and SOD2 cells were treated with or without TNF-
o/CHX for 4 or 8 h. After treatment, the adherent and floating
cells were collected, and cell lysates were used to perform a
Western blot for active caspase-3. At both 4 and 8 h, the Cmv
cells had higher levels of active caspase-3 (seen as 17/19-kDa
bands) compared with the SOD2 cells (Fig. 5a). Thus, cell
death induced after TNF-o/CHX treatment does involve
apoptosis. We also determined the levels of cleaved PARP
(85Kd band), a downstream target of active caspase-3. High
levels of active caspase-3 in the Cmv cells corresponded with
increased levels of cleaved PARP compared with the SOD2
cells (Fig. S5a, lower panel). The disappearance of pro—
caspase-3 as readout of apoptosis induction was also deter-
mined (Fig. 5b). Results show that with time, a significant de-
crease in the level of pro—caspase-3 occurs in the Cmv cells
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FIG. 4. SOD2-dependent inhibition of TNF-o/CHX—-induced loss of mitochondrial membrane potential is prevented by
catalase coexpression. (A) Representative histogram analysis of mitochondrial membrane potential (MMP) as detected by JC-
1. The x axis (FL1) indicates the green fluorescence intensity of JC-1 monomer, and the y axis (FL2) indicates the red fluores-
cence intensity of J aggregates. Cells were either treated with 0.3 ng/ml TNF-a and 10 pg/ml CHX for 16 h or left untreated and
analyzed for JC-1 fluorescence, as described in Materials and Methods. (B) Quantitative analysis of data from A. Numbers of
cells in upper and lower right hand quadrants were counted and normalized to total cells. Data were plotted as a bar graph show-
ing various cell lines and the number of cells that have lost MMP. Data are the average of four separate experiments + SEM. * or

$p <0.05 as compared with Cmv or SOD2 treated with TNF-a, respectively.

compared with the SOD2 cells. The decrease in level of
pro—caspase-3 could be restored in the SOD2Cat-coexpress-
ing cells, again showing that the protection seen in response
to SOD2 overexpression is H,O, dependent. We also con-
firmed that disappearance of pro—caspase-3 is associated
with the increased cleavage of PARP. Decreased levels of
pro—caspase-3 in the Cmv and the SOD2Cat cells corre-
sponded with an increase in the levels of cleaved PARP com-
pared with the SOD2 cells, confirming that caspase-3 is ac-
tive in these cells after TNF-a/CHX treatment. In addition to
caspase-3, we also determined the levels of pan-caspase ac-
tivity in the cell lines after TNF-a/CHX treatment. The Cmv
cells had an overall high level of active caspases after treat-
ment, which was significantly reduced after SOD2 overex-
pression. The level of active caspases in the SOD2 overex-
pressers was restored to that of the control cells after catalase
coexpression (Fig. 6). These findings indicate that increases

in the steady-state levels of H,O, protect cells from TNF-
a/CHX—induced caspase-dependent cell death.

Lipid peroxides are not involved in the
protection of the SOD?2 cells against apoptosis

Lipid hydroperoxides are generated as peroxidation prod-
ucts of long-chain lipids in cells undergoing oxidative stress
and have emerged as important signaling intermediates (14,
15). Because SOD2 overexpression increases oxidant pro-
duction, it was important to determine whether lipid hy-
droperoxides were involved in mediating any of the anti-
apoptotic affects associated with its overexpression. The
SOD2-overexpressing cells were treated with TNF-a and
CHX in combination with or without the lipid hydroperoxide
scavengers/inhibitors trolox (100 wM), butylated hydroxy-
toluene (BHT) (25 wM), or desferoxamine (DFX) (100 wM).
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After treatment, the loss of MMP and caspase-3 activity was
measured in the various cell lines. In Fig. 7a and b, SOD2-
overexpressig cells treated with the lipid hydroperoxide scav-
engers/inhibitors showed a small increase in the number of
cells that lose mitochondrial membrane potential but not to
the degree that was observed in response to catalase coex-
pression (Fig. 4). These findings suggest that inhibition of the
loss of MMP in response to SOD2 overexpression is not at-
tributed to the production of lipid hydroperoxides. The level
of caspase-3 activation in SOD2 cells in the presence and ab-
sence of these scavengers was also determined after TNF-
o/CHX treatment. A slight increase in the levels of active cas-
pase-3 was noted in the SOD2 cells after treatment with
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FIG. 6. CaspaTag assay to determine percentage of apop-
totic cells based on level of caspase activity and propidium
iodide (PI) permeability. Cells were treated with 0.3 ng/ml of
TNF-a and 10 pg/ml of cycloheximide (CHX) for 8 h, followed by incu-
bation with fluorescent pan-caspase substrate and PI. Fluorescence was
measured in FL-1 and FL-2 channels on a BD Flowcytometer. Dual
positive populations of cells were taken as apoptotic. Data are the aver-
age of three separate experiments + SEM. SEM for the catalase overex-
pressors is too small to be visible. **p < 0.005. *p < 0.05 relative to the
control untreated or SOD2-overexpressing cell lines, respectively.

TNF-a/CHX in the presence of the inhibitors/scavengers
(Fig. 8). However, the level of activation was much less com-
pared with that seen in Cmv cells. This suggests that lipid
peroxides play a minor role, if any, in the protection of
the SOD2-overexpressing cells against loss of MMP and
caspase-3 activation.

DISCUSSION

SOD?2, a mitochondrial antioxidant enzyme, is responsible
for dismutation of 2H* + 20, to H,O, + O,. However, the
ability of SOD2 to generate H,O, when overexpressed has
been controversial. Our laboratory previously reported the
generation of a group of redox-engineered cell lines from
HT1080 human fibrosarcoma cells that overexpress or coex-
press SOD2 and catalase (34). Different approaches have
been taken to demonstrate that overexpression of SOD2 is ca-
pable of increasing the steady-state levels of H,O,. In this
study, we demonstrated that various redox-sensitive fluo-
rophores modulate their oxidation state based on antioxidant
enzyme overexpression. In all cases using redox-sensitive flu-
orescent dyes that are responsive to H,0,-dependent oxida-
tion, SOD2 overexpression leads to an increase in fluor oxi-
dation (fluorescence), which is reversed by catalase
coexpression (34). When O, -responsive fluorophores were
used, SOD2 inhibited their basal rate of oxidation that was
unaffected by catalase overexpression. Using the AT-depen-
dent inhibition of the complex-I form of catalase, we demon-
strated that SOD2 overexpression can increase the steady-
state production of H,O,. These findings suggest that with the
appropriate controls, redox-sensitive fluorophores can be
used with reliability to monitor, qualitatively, intracellular
0, and H,0, levels. Furthermore, by coupling the use of the
redox-sensitive fluorophores and AT-dependent inhibition of
catalase, we demonstrated that SOD2 overexpression leads to
an increase in the steady-state production of H,O,.

SOD?2 overexpression or its inducible upregulation has long
been established as a physiologic outcome to the augmented
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FIG. 7. Lipid hydroperoxide scav-
engers do not reverse the SOD2-
dependent inhibition of MMP loss.
(A) Cells were treated as described in
Fig. 4 with or without 100 wA trolox,
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production of O, in response to numerous apoptotic stimuli
(27). The protective role of SOD2 during apoptosis is attributed
to its ability efficiently to dismute O, generated in response to
the stimuli in question. Many aggressive tumors show increased
SOD2 expression and activity (16) that, based on our observa-
tions, should increase intracellular H,0, levels. Interestingly,
tumors with increased SOD2 levels are also resistant to apopto-
sis induction (24, 26) and may be an underlying reason for the
reason that these cells survive in the body for prolonged periods
even under unfavorable conditions. Literature reports suggest
that H,O, might play a protective role against apoptosis (8, 37,
38). Our findings also support the idea that the intracellular pro-
duction of H,O, protects against apoptosis. TNF-a was first
demonstrated to be a potent inducer of SOD2 expression by
Wong and Goeddel (43). SOD2 was then shown to be essential
for survival from TNF-mediated cell death. The use of TNF in
combination with CHX inhibits synthesis of any new proteins
in cells, and any protection from this mode of cell killing is at-
tributed to proteins that are already present in the cell. Thus,
SOD2 was shown to be a major factor responsible for protection
from apoptotic death. Since this initial discovery, many of the
molecular signals that control apoptosis have been defined. The
present findings indicate that SOD2 protects from TNF-

mediated apoptosis by increasing the steady-state production of
H,0,, which in turn restricts various facets of the apoptotic pro-
cess. The exact mechanism of how H,O, restricts apoptosis has
not been defined. Our studies indicate that H,O, blocks the
MMP loss, prevents caspase activation, PARP cleavage, and the
accumulation of hypodiploid DNA content. The loss of MMP
and caspase activation is a relatively early apoptotic event,
whereas PARP cleavage and increase in hypodiploid DNA
occur downstream (22). SOD2’s ability to inhibit caspase acti-
vation is likely the primary reason for restricting the pro-
grammed cell death. Brown and co-workers (6) have shown that
H,0, can oxidize critical active-site cysteines, and this mode of
caspase inactivation may also occur in response to the SOD2-
dependent increase in H,O, levels (6). It is intriguing to hypoth-
esize that mechanisms to inhibit SOD2 activity might be suc-
cessful in potentiating apoptotic cell death. Alternatively, H,0,
detoxification might be used to enhance apoptotic cell death ei-
ther in cells with relatively high levels of SOD2 or with a high
basal metabolic production of H,0,.

Lipid hydroperoxides have been shown to be generated in re-
sponse to SOD2 overexpression. Thus, it was important to de-
termine whether the protective effect against apoptosis was due
to generation of lipid hydroperoxides. By using a number of po-

FIG. 8. SOD2-dependent inhibi-

Active . — - — 19/17 kp | tion of TNF-mediated caspase

Caspase-3 activation is not reversed by lipid

hydroperoxide scavengers. Con-

——— trol and SOD2-overexpressing cells

Sod2 - . . . 7 . were treated as described in Fig. 7,

and an equal amount of protein

TNFICHX : s = N N i from the supernatant was resolved

B . . - = 2 - on a SDS-PAGE and probed for ac-
DFOM ® z - o ' + tive caspase-3.
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tent lipid hydroperoxide inhibitors, we demonstrated that little
effect was found on the SOD2-dependent inhibition of caspase
activation or loss of MMP. Although the SOD2-overexpressing
cells showed some increase in loss of MMP and increase in lev-
els of active caspase-3 after TNF-o/CHX in combination with
the lipid hydroperoxide inhibitor, the levels were much lower
than in control cells. This suggests that lipid hydroperoxides
might play a minor role in the SOD2-dependent inhibition of
apoptosis. However, the major protective molecule seems to be
H,0, because the effects can be reversed in all cases by coex-
pression of catalase, as seen in the SOD2Cat cells.

The present data demonstrate that mitochondrial H,O,
plays a protective role in TNF-o/CHX-induced apoptosis.
The protection afforded here does not require de novo protein
synthesis and could be directly attributed to the effect of
H,0,. This contradicts the well-established idea that H,0, is a
proapoptotic molecule. The exact molecular targets that are
sensitive to the SOD2-dependent production of H,O, have yet
to be determined. It is likely that the localized production of
H,0, in the mitochondrial microenvironment will oxidize and
alter function of key pro- or antiapoptotic molecules, leading
to their inhibition or activation, respectively. Brown and co-
workers (6) have shown that the active site cysteines of both
caspase-3 and 8 are sensitive to reversible H,0,-dependent
inactivation (6). Our findings clearly demonstrate that the
TNF-dependent caspase-3 activation is inhibited by SOD2
overexpression and rescued by coexpression of catalase.
Thus, the caspases are ideal candidates for inactivation by
SOD2-generated H,0,. In addition, we previously demon-
strated that the prosurvival signal Akt is indirectly activated
by the SOD2-dependent production of H,O, by oxidative in-
activation of its antagonist, the dual-specificity phosphatase,
PTEN. Loss of SOD2 expression has also long been estab-
lished to be associated with a variety of tumor types (31).
However, in recent years, a number of studies have linked in-
creases in SOD2 expression to a more malignant and metasta-
tic phenotype (18, 19, 29, 35). It has recently been reported
that combinatorial antisense treatments targeted at both
SOD2 and bcl-2 sensitize highly resistant metastatic tumor
cells to apoptosis in response to chemotherapeutic drugs and
TNF (5). Our findings also support the idea that the high
SOD2 expression in malignant cells can enhance their sur-
vival in response to apoptotic stimuli. Thus, strategies tar-
geted at decreasing SOD2 expression in metastatic lesions
may allow their effective elimination.
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ABBREVIATIONS

Asp, Aspartate; AT, 1-amino-1,2,4-triazole; BHT, buty-
lated hydroxytoluene; CHX, cycloheximide; DADCEF, 2',7’-
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dichlorodihydrofluorescein diacetate; DHE, dihydroethid-
ium; DFX, desferrioxamine; DMSO, dimethylsulfoxide;
DNA, deoxyribonucleic acid; EDTA, ethylenediaminete-
traacetic acid; FACS, fluorescence-activated cell sorter;
HBSS, Hanks buffered saline solution; H,O,, hydrogen per-
oxide; JC-1, 5,5',6,6'-tetrachloro-1,1",3,3"-tetracthylbenzim-
idazolylcarbocyanine iodide/chloride; MEM, minimum es-
sential medium; MMP, mitochondrial membrane potential;
NAC, N-acetyl cysteine; NP-40, nonidet P40; O, ", superox-
ide; PARP, poly-ADP ribose polymerase; PBS, phosphate-
buffered saline; PI, propidium iodide; PTEN, phosphatase
and tensin homolog on chromosome 10; RNAse A, ribonucle-
ase A; ROS, reactive oxygen species; SDS, SODium dodecyl-
sulfate; SOD2, manganese superoxide dismutase; TBS, Tris-
buffered saline; TNF-a, tumor necrosis factor-a.
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