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ABSTRACT Transfection of V79 Chinese hamster cells
produced clones in which CuZn-superoxide dismutase (CuZn-
SOD) activities were 2.2- to 3.5-fold higher than in the
parental cells. An overall reduction of antioxidant enzyme
activities and both total and oxidized glutathione levels had
been found in these clones. Aconitase activities in these cells
were determined to indirectly measure the O, steady-state
levels. As expected, in cells overexpressing CuZn-SOD, both
total and cytosolic aconitase activities have increased. Be-
cause these clones showed reduced oxidized glutathione con-
tents, it is unlikely that they present higher H,O, steady-state
levels as a consequence of the higher SOD levels. This was
confirmed by measuring H,O, steady-state levels in cells by
flow cytometric analysis of 2’,7'-dichlorofluorescein diac-
etate-treated cells. Despite the decreased antioxidant de-
fenses, three of the clones overexpressing CuZn-SOD showed
reduced H,O, steady-state levels. These reduced H,O, steady-
state levels were found even when the cells were treated with
the O, generator 2,3-dimethoxy-1,4-naphthoquinone. These
data provide in vivo support for the hypothesis proposed by
Liochev and Fridovich [Liocheyv, S. I. & Fridovich, 1. (1994)
Free Radical Biol. Med. 16, 29-33] that O, dismutation
prevents the formation of higher H,O, levels by other reac-
tions.

The physiological role of superoxide dismutase (SOD) in
aerobic organisms has been discussed since the characteriza-
tion of its enzymatic activity (1). Many efforts have been made
to understand this role and also the mechanisms of the
superoxide anion (O, ) toxicity as reviewed by many authors
(2-6).

One of the strategies that has been widely used to under-
stand O, toxicity is the production of SOD overexpressing cell
lines, as reviewed elsewhere (7, 8). In some cases, the over-
expression of SOD in mammalian systems produced a higher
sensitivity to reactive oxygen species (9, 10) also observed in
bacteria (11, 12). This has been attributed to an accumulation
of the O, dismutation product, H,O,, caused by SOD over-
expression (9-11). In fact, there are two reports that show
higher H,O, steady-state levels in CuZn-SOD-overexpressing
cells (13, 14).

However, as proposed by Liochev and Fridovich (3, 15), an
excess of SOD should decrease the steady-state O, level
without increasing the endogenous formation of H,O,. They
discussed that a more efficient O, dismutation system would,
in fact, prevent the formation of higher stoichiometric HO;
levels by other reactions. Among them are the formation of 1
mol of H,O, per mol of O; in the oxidation of the iron—sulfur
clusters of aconitase and other dehydratases—as recently
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reviewed (4)—and also the formation of even higher H,O»
yields when O, acts as an initiator in free radical chain
oxidations involving biomolecules, such as catecholamines and
dihydroflavins. In addition to the several explanations exposed
by Liochev and Fridovich (3), we also have hypothesized that
as there is no evidence for the increase in the rate of O,
formation in SOD-overexpressing cells, there is also no pos-
sibility that these cells present higher H,O, producing rates.
This can be explained by the accepted idea of steady-state
condition, according to which there would be no way of
increasing H,O, steady-state concentration if there were no
increase in the supplying rate of O, or decrease in the decay
rate of H,O,.

To test whether the SOD overexpression could lead to
variations in H,O, and O, steady-state levels, we derived cell
variants overexpressing CuZn-SOD. Lower O, steady-state
levels were indirectly determined in CuZn-SOD-overexpress-
ing clones by measuring their aconitase activities. H>O, steady-
state levels in these clones were determined by flow cytometric
analysis by using the probe 2',7’-dichlorofluorescein diacetate
(DCFH-DA). CuZn-SOD-overexpressing clones presented re-
duced H,O, steady-state levels, and, interestingly, these re-
duced H,0, levels were observed even under oxidative stress.

MATERIALS AND METHODS

Cell Culture. M8 is a clone derived from V79 Chinese
hamster lung fibroblast. CuZn-SOD overexpressing clones
were obtained as described previously (8). The cells were
grown in DMEM, pH 7.0, supplemented with 10% (vol/vol)
fetal calf serum, 472 units of penicillin/ml, and 94 pg of
streptomycin/ml. The cells were cultured in humidified CO,/
air (1:19) at 37°C. CuZn-SOD overexpressing cells were cul-
tured in the presence of 500 wg/ml geneticin, the antibiotic
used to select these clones, except for a 48-h period prior to the
assay.

Reagents. DCFH-DA was obtained from Molecular Probes
and was used as a 5 mM dimethyl sulfoxide solution. Super-
oxide anion generator 2,3-dimethoxy-1,4-naphthoquinone
(DMNQ) was kindly provided by Dr. Enrique Cadenas and
was used as a 10 mM ethanolic solution.

Cell Extracts. Cells were trypsinized, resuspended in
DMEM containing 10% (vol/vol) fetal calf serum, and washed
once with phosphate-buffered saline solution and then with
the extraction buffer (0.25 M sucrose/10 mM Tris/0.1 mM
EDTA/2 mM sodium citrate/1 mM succinic acid, pH 7.4).
After a 5-min centrifugation at 500 g at 4°C, the pellet was
resuspended in extraction buffer containing either 0.2% (wt/
vol) Nonidet P-40 or 0.0075% (wt/vol) digitonin for the
determination of total or cytosolic aconitase activity, respec-
tively. The extracts were then immediately centrifuged at
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Table 1. Relative SOD activities in transfected cells

Cell lines CuZn-SOD Mn-SOD

M8 1.00 = 0.05 (5) 1.00 £ 0.17 (11)
pGSOD1 230 = 0.11 (5)* 0.90 = 0.03 (11)
pGSOD2 225 +0.25(5)* 1.08 = 0.12 (11)
pGSOD3 225 +0.07 (5)* 0.99 = 0.10 (11)
pGSOD4 3.55 £ 0.68 (5)* 1.08 = 0.05 (11)

SOD activities are expressed relative to M8 cells. The values
correspond to the mean * SD for the number of determinations
indicated in parentheses. M8 cells: SOD contents, CuZn-SOD, 5.6 =
0.3 units/mg protein; Mn-SOD, 0.565 * 0.095 units/mg protein (*,
P < 0.05 compared with M8 cells as determined by Student’s ¢ test).

14,000 X g for 10 min at 4°C. The supernatants were trans-
ferred to fresh tubes and bubbled with N, to remove oxygen.
This procedure was performed on ice and as fast as possible to
avoid aconitase inactivation. The supernatants were also used
for protein determination (16).

Antioxidant Enzyme Assays. CuZn-SOD, Mn-SOD, cata-
lase, glutathione peroxidase, glutathione reductase, and glu-
cose-6-phosphate dehydrogenase activities were assayed as
described previously (8).

Glutathione Determination. Both total and oxidized gluta-
thione (GSSG) levels were determined as described previously
(8). GSSG content was expressed in terms of GSSG/total
glutathione as a weight ratio.

Aconitase Assay. Aconitase activity was determined in fresh
extracts as described by Gardner and White (17). The assay was
performed in a 1.0-ml reaction mixture containing 50 mM Tris,
5 mM sodium citrate, 0.6 mM MnCl,, 0.2 mM NADP*, pH 7.4,
and 0.5 units of porcine heart isocitrate dehydrogenase. Re-
action was started by the addition of the cell extracts. The
mixture was incubated for 7 min at 25°C, after which the linear
absorbance change at 340 nm at 25°C was measured for 3 min.
This initial incubation period is necessary for the accumulation
of cis-aconitate (18), especially in assays containing low ac-
onitase activity (17).

Determination of Intracellular HO, Steady-State Levels.
Cells (~1 X 10°) were trypsinized and resuspended in ice-cold
Hank’s balanced salt solution containing 0.2 mg/ml of soybean
trypsin inhibitor. Cell suspensions were then mixed with equal
volumes of Hank’s balanced salt solution containing 10 uM
DCFH-DA and incubated for 10 min at 37°C. Aliquots of 1.10*
cells were then immediately scanned on a FACSTARFLUS
(Beckton Dickinson) with excitation and emission settings of
504 and 529 nm, respectively. Histograms were analyzed with
software program WINMDI 2.5.

Kinetics of H,O, Formation After Treatment with 100 uM
DMNQ. Cells (~5 X 10°) were trypsinized and resuspended in
ice-cold Hank’s balanced salt solution containing 0.2 mg/ml of
soybean trypsin inhibitor. Cell suspensions were preincubated
for 5 min at 37°C and then treated with 100 uM DMNQ at
37°C. Aliquots were taken at different times, mixed with equal
volumes of Hank’s balanced salt solution containing 10 uM

Table 2. Relative enzymatic antioxidant contents
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DCFH-DA, and further incubated for 5 min at 37°C. Cellular
fluorescence was then immediately determined by flow cyto-
metric analysis as described above.

RESULTS

CuZn-SOD-overexpressing clones were obtained by cell trans-
fection as described previously (8). The four pGSOD clones
showed an increase in CuZn-SOD activity when compared
with the parental cell line, M8 (Table 1). These clones showed
also an increase in CuZn-SOD mRNA levels as described
previously (8). No differences were observed in Mn-SOD
activity (Table 1). Further biochemical characterization of
these clones revealed that statistically significant decreases
(P < 0.05) occurred for some antioxidant enzyme activities
(Table 2) and also for both total and oxidized glutathione
levels (Table 3).

It is well established that aconitase is inactivated in vivo by
O, (19, 20) and that its activity can be used to indirectly
estimate intracellular O, steady-state concentrations (17, 21).
To determine if the increased CuZn-SOD activity really leads
to decreases in O, steady-state concentrations in these clones,
we have measured their aconitase activities. As expected,
CuZn-SOD-overexpressing clones presented higher aconitase
activities when compared with the parental cell line (Table 4),
demonstrating that, indeed, these clones present lower O,
steady-state levels. The higher increases in cytosolic aconitase
activities may result from the cytosolic localization of the
overexpressed enzyme. We were not able, however, to estimate
variations in O, steady-state concentrations in the different
cell lines. This impossibility is a consequence of the differences
in glutathione levels in the clones (Table 3). It is known that
reduced glutathione is required for the process of aconitase
reactivation (22) and the method for calculating O, steady-
state concentrations assumes that there are no changes in
glutathione levels (17, 19, 21).

Because the clones we obtained showed reduced GSSG
contents (Table 3), it is unlikely that they present higher HO»
steady-state levels as a consequence of the higher CuZn-SOD
levels. This was confirmed by measuring H,O, steady-state
levels in cells by flow cytometric analysis of DCFH-DA-treated
cells. This probe is used for determination of intracellular
peroxide levels (13, 14, 23). Despite the decreased antioxidant
defenses, clones pGSODI, -2, and -3 showed statistically
significant reductions in H,O, steady-state levels (Table 5).

We also determined the H,O, levels in these cells under
oxidative stressing conditions by treating them with DMNQ.
DMNQ is a well known O, intracellular generator that is
unable to undergo any type of alkylation reactions, hence,
contributing to cytotoxicity only by redox cycling (24-26). We
noticed then that reduced H,O, levels were found in CuZn-
SOD-overexpressing clones even when the clones were treated
with DMNQ, under conditions where the H,O, formation is
immediately increased (Fig. 1). The increase in O, concen-
trations were confirmed by an 80% reduction in M8 total

Glutathione
reductase

Glucose-6-phosphate

dehydrogenase

Glutathione
Cell lines Catalase peroxidase
M8 1.00 = 0.04 (8) 1.00 = 0.04 (6)
pGSOD1 1.00 = 0.04 (8) 0.86 = 0.02 (6)
pGSOD2 1.04 = 0.04 (8) 0.77 = 0.07 (6)*
pGSOD3 1.11 £ 0.08 (8) 0.85 = 0.05 (6)*
pGSOD4 0.52 £ 0.04 (8)* 0.94 = 0.05 (6)

1.00 = 0.02 (8)
0.90 + 0.01 (6)*
0.97 + 0.04 (6)
0.92 + 0.01 (6)*
0.77 + 0.01 (6)*

1.00 = 0.01 (7)
0.87 + 0.01 (6)*
0.89 = 0.01 (6)*
0.84 = 0.02 (6)*
0.79 + 0.01 (6)*

Enzyme activities are expressed relative to M8 cells. The values correspond to the mean = SD for the
number of determinations indicated in parentheses. Antioxidant contents of M8 cells: catalase, 27 = 1
units/mg protein; glutathione peroxidase, 2.42 + 0.09 units/g protein; glutathione reductase, 99 * 2
units/g protein; and glucose-6-phosphate dehydrogenase, 145 = 1 units/g protein (*, P < 0.05 compared

with M8 cells as determined by Student’s ¢ test).
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Table 3. Relative glutathione contents
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Table 5. Relative intracellular H,O, steady-state levels

Cell lines Total glutathione GSSG/total glutathione
M8 1.00 = 0.17 (15) 1.00 = 0.02 (14)
pGSOD1 0.74 = 0.07 (11)* 0.80 = 0.05 (9)*
pGSOD2 0.59 = 0.17 (11)* 0.77 = 0.03 (9)*
pGSOD3 0.78 = 0.22 (14) 0.76 = 0.07 (9)*
pGSOD4 0.32 = 0.12 (10)* 0.73 = 0.13 (10)*

Total glutathione contents and GSSG/total glutathione ratios are
expressed relative to M8 cells. The values correspond to the mean *=
SD for the number of determinations indicated in parentheses. Glu-
tathione contents of M8 cells: total glutathione, 6.7 * 1.1 mg/g
protein; GSSG/total glutathione, 0.0114 = 0.0002 g of GSSG/g of
total glutathione (*, P < 0.05 compared with M8 cells as determined
by Student’s ¢ test).

aconitase activity after a 20-min treatment with 100 uM
DMNQ (data not shown). To obtain statistically significant
data, we have determined these H,O, levels after a fixed time
of incubation with DMNQ (Table 6). This confirms that these
clones present statistically significant decreases in H,O levels
when compared with DMNQ-treated parental cell line.

DISCUSSION

The overexpression of CuZn-SOD has been used as investi-
gation models of degenerative processes like familial amyo-
trophic lateral sclerosis (27-29), Down syndrome (10, 30, 31),
and aging (32, 33). It is well known that in mammalian cells this
overexpression has caused a large variety of responses in terms
of sensitivity to oxidative stress (7, 9, 10, 14, 34, 35). Many types
of adaptations have been observed involving the expression of
antioxidant enzymes and other proteins that are not directly
involved with the cellular homeostasis of reactive oxygen
species. There is, however, a lack of data on how SOD
overexpression affects the cellular content of its substrate and
product, respectively O, and H,O,. As discussed in the
Introduction, there are at least two opposite hypotheses re-
garding the H,O, level in SOD overexpressing cells. In the
present report, we attempted to provide new elements for this
discussion.

All four clones investigated in the present work showed
higher aconitase activities when compared with the parental
cell line (Table 4). The clone that has the highest CuZn-SOD
activity, pGSOD4, presents also, as expected, the highest
increase in the cytosolic aconitase activity. These results
demonstrate that these clones undergo a decrease in the O,
steady-state levels. It is interesting to notice that, because
reduced glutathione is necessary in the process of aconitase
reactivation (22), the observed increases in aconitase activities
could be even higher if the CuZn-SOD-overexpressing clones
presented the same glutathione amounts of the parental cell
line.

The characterization of the four CuZn-SOD-overexpressing
clones showed a global decrease in other antioxidant species
(Tables 2 and 3), suggesting an up-regulation of a group of

Table 4. Relative aconitase activities

Cell lines Total aconitase Cytosolic aconitase
M8 1.00 = 0.01 (6) 1.00 = 0.07 (7)
pGSOD1 1.13 = 0.03 (6)* 1.11 = 0.09 (7)*
pGSOD2 1.11 = 0.02 (7)* 1.25 = 0.06 (7)*
pGSOD3 1.19 = 0.07 (7)* 1.20 = 0.05 (7)*
pGSOD4 1.16 = 0.04 (6)* 1.30 = 0.03 (5)*

Aconitase activities are expressed relative to M8 cells. The values
correspond to the mean *= SD for the number of determinations
indicated in parentheses. Aconitase activities of M8 cells: total acon-
itase, 10.23 = 0.11 units/g protein; cytosolic aconitase, 3.79 = 0.27
units/g protein (*, P < 0.05 compared with M8 cells as determined
by Student’s ¢ test).

Cell lines Relative DCFH-DA fluorescence
M8 1

pGSOD1 0.83 = 0.08 (4)*
pGSOD2 0.83 £ 0.11 (4)*
pGSOD3 0.81 +0.10 (3)*
pGSOD4 0.86 = 0.19 (4)

Intracellular H>O> steady-state levels are expressed relative to M8
cells. The values correspond to the mean * SD for the number of
determinations indicated in parentheses (*, P < 0.05 compared with
MS cells as determined by Student’s ¢ test).

genes by O, as previously discussed (8). It is very important to
notice that these decreases affect almost all elements of the
cellular H,O, consuming system. As a result of this observa-
tion, it is improbable that these clones have been adapted to
conditions of higher H,O, steady-state levels. This was con-
firmed by accessing the H,O, steady-state levels by flow
cytometric analysis, using the probe DCFH-DA (Table 5). Due
to its ester groups, this probe is an uncharged molecule that can
permeate living cell membranes (36, 37). It is then hydrolyzed
by intracellular esterases to a charged molecule, 2',7'-
dichlorofluorescin, that is trapped inside the cell. The oxida-
tion of the 2',7’-dichlorofluorescin is induced by intracellular
peroxides (13, 38, 39), in a reaction catalyzed by peroxidases
(40). This oxidation leads to the formation of the high fluo-
rescent molecule 2’',7'-dichlorofluorescein (41). Because of
these properties, the DCFH-DA has been widely used as an
intracellular H>O, probe (13, 36, 37, 39, 42-45). This lower
H,0, steady-state in pGSOD clones seems to be even more
relevant if we take into account that these clones present a
decrease in the cellular HO, consuming system (Tables 2 and
3). These decreases in H,O; levels were also determined under
oxidative stressing conditions, when cells were pretreated with
the intracellular O, -generator DMNQ (Fig. 1 and Table 6). It
is also important to notice that pGSOD4 clone, which has the
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Fi1G. 1. Kinetics of H,O, formation after treatment with 100 uM
DMNAQ. Cell suspensions were treated with 100 uM DMNQ. Aliquots
were taken at different times and further incubated with the probe
DCFH-DA for 5 min. Cellular fluorescence was then immediately
determined by flow cytometric analysis. (4 and B) Results of repre-
sentative kinetics assays.
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Table 6. Intracellular H>O» levels in DMNQ-treated cells
Relative DCFH-DA fluorescence
100 uM
Cell lines Control DMNQ
M8 1.00 1.93 £0.18
pGSOD1 0.86 = 0.12 1.63 = 0.19
pGSOD2 0.72 = 0.11 1.19 = 0.17*%
pGSOD3 0.70 = 0.08 1.20 = 0.09*
pGSOD4 0.77 = 0.14 1.33 £ 0.21*

Cell suspensions were treated for 20 min with 100 uM DMNQ at
37°C by the addition of an ethanolic concentrated solution. Control
cells were treated with the same volume of ethanol. Cells were further
incubated with the probe DCFH-DA for 5 min at 37°C, and the cellular
fluorescence was then determined by flow cytometric analysis. The
values correspond to the mean + SD for three independent experi-
ments (¥, P < 0.05 compared with DMNQ-treated M8 cells as
determined by Student’s ¢ test).

lowest levels of glutathione and catalase, also shows lower
H,0; levels after DMNQ treatment (Fig. 1B and Table 6).
When the cells are treated with DMNQ, the intracellular O,
generation rate is increased (24-26). At least theoretically,
however, this rate is the same in the clones, and, as we
proposed earlier, there is no reason for the increase in the
production of H,O,, unless if there is an increase in the rate
of production of the SOD substrate, O, . It is important to
notice that these reductions in H>O,, reported for pGSOD
clones, are not caused by decreases in cellular DCFH-DA
esterases and/or peroxidases, as we have determined that the
extracts of all clones present the same ability to oxidize
DCFH-DA in vitro under conditions of excess of H,O, (data
not shown). This decrease in H,O; levels has not been detected
previously in SOD overexpressing lines. There are two cases in
which an increase in H,O, levels was detected (13, 14). The
reasons for these differences are not obvious. One possibility
is to consider that these lines somehow responded to the SOD
overexpression by increasing the H,O, generation by other
sources as, for instance, by activating H,O,-generating oxi-
dases. This could be a reasonable explanation because it has
been recently demonstrated that H,O, is necessary for many
physiological cellular control processes, including signal trans-
duction and gene expression (13, 42, 45-50).

If we consider together all these variations in the cellular
H,0,-consuming system (Tables 2 and 3), the lower levels of
GSSG (Table 3), and the lower H,O; levels detected in the
pGSOD clones (Tables 5 and 6; Fig. 1), we may reason that the
CuZn-SOD-overexpression does not necessarily lead to higher
H,O, levels. These data represent in vivo evidence for the
hypothesis proposed by Liochev and Fridovich (3) that an
excess of SOD would act in a way of preventing the formation
of higher stoichiometric H,O, levels by other reactions. We
have also observed an increased reducing environment in
pGSOD clones as denoted by the lowering in GSSG and H,O»
levels. This also provides support for another hypothesis of
Liochev and Fridovich (3, 4) that a decrease in O, steady-state
concentration would lead to a decrease in the rate of con-
sumption of cellular reductants.
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