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enzyme activities
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Abstract

H,O, can freely crosses membranes and in the presence of Fe>™ (or Cu™) it is prone to participate in Fenton reaction. This
study evaluated the concentration and time-dependent effects of H,O,-induced oxidative stress on MnSOD, Se:GPx and
catalase and on aconitase. Acute and chronic H,O, treatments were able to induce oxidative stress in HelLa cells as they
significantly decreased aconitase activity and also caused a very significant decrease on antioxidant enzyme activities. The
inhibition of enzyme activities was time- and concentration-dependent. Chronic treatment with 5 pM H,O,/h after 24 h was
able to decrease all enzyme activities almost at the same level as the acute treatment. Acute and chronic treatments on
antioxidant enzyme activities were prevented by cell treatment with ascorbic acid or N-acetylcysteine. These results indicate
that antioxidant enzymes can also be affected by the same ROS they produce or neutralize if the time of exposure is long
enough.

Keywords: Acute oxidative stress, catalase, chronic oxidative stress, hydrogen peroxide, glutathione peroxidase, superoxide
dismutase

Abbreviations: CAT, catalase; GO, glucose oxidase; G/GO. glucoselglucose oxidase; GSH, gluthatione; NAC,
N-acerylcysteine; NADPH, nicotinamide adenine dinucleotide phosphate reduced form; ROS, reactive oxygen species; TCA,
tricarboxylic acid cycle

Introduction scavenging and prevention or minimization of oxida-
tive stress. Since oxidative stress is classically defined
as a redox unbalance with an excess of oxidants or a

deficiency in antioxidants [12], ROS enzymatic

Reactive oxygen species (ROS), which include super-
oxide anion (O, ), hydrogen peroxide (H,O,),
hydroxyl radical (HO') and singlet oxygen ('O,),

are physiologically generated in biological systems
[1], but they are also involved in many pathological
processes [2,3] and in ageing [4,5]. The generation of
ROS is a constant process; their levels can fluctuate
even under normal conditions and the accumulation
of O, and H,0, is prevented by specific detoxifica-
tion systems as the antioxidant enzymes superoxide
dismutases (SODs), and catalase (CAT) and glu-
tathione peroxidase (GPx), respectively [6-8]. Non-
enzymatic antioxidants, such as ascorbic acid [4,9]
and N-acetylcysteine [10,11], contribute to ROS

defense systems must also change in order to adapt
to a particular oxidative status and may be affected by
a variation in non-enzymatic antioxidants.

Hydrogen peroxide is a normal metabolite pro-
duced by SODs during the dismutation of superoxide
anion [1]. It is also produced by TNF-« and
cytokines to increase their own activities [13]. This
peculiar ROS can freely cross membranes and in the
presence of Fe? ™ (or Cu™) is prone to participate in
Fenton reaction to generate hydroxyl radical (OH),
the most reactive free radical [1]. H,O, has also been
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reported to be involved in apoptosis [14] and necrosis
as well as in cell proliferation [15]. Besides, H,O,
generated by glucose oxidase system (GO) can
damage nuclear and mitochondrial DNAs [16].

Based on these facts, we decided to evaluate the
effect of concentration and incubation time on H,O,-
induced oxidative stress in some enzyme activities.
The activity of the antioxidant enzymes MnSOD,
Se:GPx (Selenium-dependent GPx) and catalase
(CAT) was determined after exposure of Hel.a cells
to H,0,-induced oxidative stress. In order to better
characterize the differences between acute or chronic
oxidative stress both conditions were used in the
characterization of time-course and concentration-
dependent effects of H,O, exposure.

To confirm the occurrence of oxidative stress
induced by H,0, we evaluated the activity of
aconitase, a tricarboxylic acid cycle (TCA) enzyme
which is a physiological intracellular target sensitive
to modification by superoxide anion [17,18]. O,
converts the active [4Fe-4S]*"-containing form of
aconitase to the inactive [3Fe-4S]'*-containing
form, allowing a change in its activity to be used as
a marker of O, production and also a marker of
oxidative stress [17,19].

We also evaluated the protective effect of ordinary
antioxidants as ascorbic acid [9] and N-acetylcysteine
[10,11] on the activities of the mentioned enzymes in
order to compare their ability to avoid both acute and
chronic H,0,-oxidative stress in our experimental
conditions.

Materials and methods
Materials

Dulbecco’s modified Eagle’s medium; penicillin;
streptomycin and foetal bovine serum were from
Cultilab (Campinas, Brazil). The other reagents
were purchased from Sigma Chemical Co (St. Louis,
MO). Hel.a cells were purchased from ATCC (Rock-
ville, MD).

Cell culture and H,O;, treatments

Hel.a cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% foetal
bovine serum, 2 mM glutamine, 100 U/ml penicillin
and 100 pg/ml streptomycin, under a humidified 5%
CO, atmosphere at 37°C.

We studied the dose-dependence and time course
of induction of oxidative stress in two different i vizro
models. Acute and chronic stresses were simulated by
treating the cells with boluses of H,O, or with an
H,0,-generating system, respectively. For the acute
treatment, cells received H,O, at initial concentra-
tions ranging from 1-2 mM during 3 or 6 h. For the
chronic treatment, glucose oxidase (GO) was added
to the culture medium at concentrations that deliv-

ered controlled fluxes of H,O, from 5x 1072 to
1 mM/h during the incubation times specified on the
figure legends. The glucose concentration in the
culture medium did not substantially change during
incubations [20]. H,O, fluxes delivered by the
glucose/glucose oxidase (G/GO) mixtures were cal-
culated from the values of oxygen consumption
measured using a Clark-type oxygen electrode [20].

At the indicated times, adherent cells were har-
vested, homogenized and aliquots from the super-
natant were assayed for enzyme activities as described
below.

Homogenization of HeLa cells

Hela cells (7 x 10° cells/cm®) were homogenized
with a Dounce homogenizer, in standard medium
(120 mM KCI, 30 mM phosphate buffer, pH 7.4)
and protease inhibitors cocktail (Calbiochem). The
homogenates were centrifuged at 1500 x g, for 10 min
at 04°C, the pellets were discarded and the super-
natants were aliquoted and kept at — 80°C until the
determination of enzymes activity.

Antioxidant enzyme activities

Total superoxide dismutase (SOD) activity was
determined through the rate of inhibition of oxidation
of ferricytochrome c at 550 nm in a standard reaction
medium [21]. The MnSOD activity was measured
after inhibition of the Cu/Zn isoenzyme by addition
of 1mM KCN [22]. Catalase (CAT) activity was
determined by measuring the decrease in absorption
of H,O, at 240 nm [23]. Se:dependent glutatione
peroxidase (Se:GPx) activity was determined mea-
suring the rate of oxidized glutathione (GSH) that
was evaluated by NADPH oxidation rate in the
presence of GSH, GSH reductase and H,O, [24].

Oxidative stress marker enzyme activities

Aconitase activity was measured in cell homogenates
spectrophotometrically by monitoring the formation
of cis-aconitate at 240 nm in 50 mM Tris-HCI (pH
7.4) containing 0.6 mM MnCl, and 20 mM isocitrate
at 25°C [19].

Fumarase activity was measured spectrophotome-
trically by following the increase in absorbance at
240 nm at 25°C in a standard reaction mixture
containing 30 mM phosphate (pH 7.4), 0.1 mM
EDTA and 5 mM L-malate [25].

Protein concentration

The protein concentration was determined by the
method of Lowry et al. [26] using bovine serum
albumin as a standard.
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Statistical analysis

Values in the figures are mean+ SEM. Data were
statistically analysed by factorial analysis of variance
followed by Fisher’s test.

Results

Effect of acute and chronic oxidative stress in oxidative
stress marker enzyme activities

As mentioned before, aconitase is a tricarboxylic acid
cycle (TCA) enzyme and its activity has been used as
oxidative stress marker since it can be inactivated by
O, [17,18]. To confirm that the effect on aconitase
activity was selective for aconitase and not due to a
global effect on enzymes in the TCA cycle, we also
measured the activity of fumarase, another TCA
enzyme which is known to be insensitive to O~
[19,27,28].

The effect of acute or chronic oxidative stress on
aconitase and fumarase activities is shown in Figure 1.
Figure 1A shows both enzyme activities after acute
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Figure 1. Effect of acute H,O, oxidative stress on aconitase and
fumarase activities. (A) Hela cells were treated with 1 or 2 mM of
H,0, during 3 h (circles) or 6 h (squares) or (B) treated with
increasing H,O, concentrations, generated by the G/GO system
during 3 h (circles). The aconitase (closed symbols) and fumarase
(open symbols) activities were quantified in the supernatant from
homogenized cells as described in Materials and methods. The
results represent the average +SD (n =3), ***p <0.001, compared
to controls without H,O, addition.

oxidative stress induced by incubation of Hel.a cells
with 1 or 2mM of H,0O, during 3 or 6 h. Both
treatments lead to a significant time- and concentra-
tion-dependent decrease (p<0.001) on aconitase
activity (closed symbols, Figure 1A) when compared
to control without H,O, addition. The treatment
with 2 mM H,0, after 6 h achieved 87% of inhibition
and the treatment with 1 mM H,0, after 3h
achieved 47% of inhibition. Fumarase activity was
not affected by H,O, concentration or incubation
time (open symbols, Figure 1A), indicating that the
decrease in aconitase activity was selective [19,28].
Figure 1B shows also aconitase and fumarase activ-
ities but, 3 h after chronic oxidative stress, where
H,0, was enzymatic generated by the glucose/glu-
cose oxidase (G/GO) system. As observed for the
acute treatment, there was a significant decrease
(p<0.001) on aconitase activity for all H,O, con-
centrations tested (closed symbols, Figure 1B), while
there was no modification on fumarase activity (open
symbols, Figure 1B). We also observed that a lower
H,0, concentration (50 uM/h) produced constantly
in the medium, during 3 h, in the chronic treatment
(Figure 1B), was able to decrease aconitase activity to
the same level (45% of inhibition; 0.6 mU/mg pro-
tein) as the acute treatment with 1 mM H,O,, during
the same incubation time (Figure 1A).

Effect of acute and chronic oxidative stress on antioxidant
enzymes activity

In order to detect if H,O, oxidative stress was
affecting the enzymatic antioxidant activities in
Hel.a cells, MnSOD, Se:GPx and CAT activities
were also determined after acute and chronic H,O,
oxidative stress treatments.

Figure 2 shows the effect of acute (Figure 2A) or
chronic (Figure 2B) H,0O, oxidative stress on
MnSOD activity. The acute treatment with 1 or
2mM H,0,, during 3 or 6 h, lead to a significant
decrease (p <0.001) on MnSOD activity, at a max-
imum of 53%. In the chronic treatment (Figure 2B)
even a low concentration (100 pM/h) of H,O, in the
medium resulted in a significant decrease (p < 0.001)
in this antioxidant enzyme activity (25%). Compared
to the acute treatment, the proportional inhibition of
MnSOD in the chronic treatment was achieved with
500 uM/h H,O, (»p<0.001) (48%) while 1 mM
H,0, resulted in 66% of MnSOD inhibition.

Selenium-dependent GPx (Se:GPx) is an isoen-
zyme of glutathione peroxidase, an antioxidant en-
zyme that uses H,O, as substrate [24]. Figure 3
shows Se:GPx activity after acute (Figure 3A) or
chronic (Figure 3B) oxidative stress. As shown for
aconitase (Figure 1A) and MnSOD (Figure 2A)
activities, the acute treatment with 1 or 2 mM of
H,0, during 3 or 6 h also resulted in a significant
decrease (p <0.001) in this enzyme activity; 1 mM
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Figure 2. Effect of acute and chronic H,O, oxidative stress on
MnSOD activity. (A) HeLa cells were treated with 1 or 2 mM of
H,0, during 3 h (open circles) or 6 h (closed circles) or (B) treated
with increasing H,O, concentrations, generated by G/GO system
during 3 h (closed circles). The MnSOD activity was quantified in
the supernatant from homogenized cells as described in Materials
and methods. The results represent the average+SD (n=3),
***p <0.001, compared to controls without H,O, addition.

H,0,, after 3 h of incubation resulted in 32.5% of
inhibition while the same H,O, concentration after
6 h resulted in 45% of inhibition; 2 mM H,0, after
3 h of incubation decreased MnSOD activity in 55%
while the same H,0O, concentration after 6 h de-
creased this activity in 59%. Chronic incubation
resulted in a significant decrease on Se:GPx activity
from 100 uM/h H,0, (10%) (p<0.01) to higher
rates of H,O, production (p <0.001), as shown for
other enzyme activities. In this condition the inhibi-
tion was significantly higher than in acute treatment
and the maximum was achieved with both 500 pM
(83%) and with 1 mM H,0, (88%).

Finally, catalase (CAT) activity, an essential cyto-
solic antioxidant enzyme [29], was also determined
after acute (Figure 4A) or chronic H,O, treatment
(Figure 4B). Different from other enzyme activities
shown here, the acute treatment with 1 mM H,O,
lead to a significant decrease in CAT activity only
after 6 h of incubation (p < 0.05) (33% of inhibition)
(Figure 4A). Incubation with 2 mM H,0O, during 3 h
(19%; p < 0.05) or 6 h (39%; p <0.001) resulted in a
significant decrease in CAT activity (Figure 4A). In
the chronic treatment, we detected a significant
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Figure 3. Effect of acute and chronic H,O, oxidative stress on
Se:GPx activity. (A) HeL.a cells were treated or not (control) with 1
or 2 mM of H,O, during 3 h (open circles) or 6 h (closed circles) or
(B) treated with increasing H,O, concentrations, generated by G/
GO system during 3 h (open circles). The Se:GPx activity was
quantified in the supernatant from homogenized cells as described
in Materials and methods. The results represent the average +SD
(n=3), ***p <0.001, compared to controls without H,O, addi-
tion.

decrease (p<0.001) in CAT activity, with H,O,
production rates higher than 100 pM/h (Figure 4B).

Time-dependent H,O, chronic oxidative stress

Since chronic oxidative stress requires lower H,O,
concentration to inactivate the enzymes assayed here,
we also decided to investigate antioxidant enzymes
activity after a longer incubation time using a much
lower H,O, concentration. Figure 5 shows the
24 h-time plot for aconitase and fumarase activity
after incubation with 5 pM and 10 pM/h H,0O,. Even
H,0, production rates as low as 10 pM/h reached
54% of aconitase activity inhibition at longer incuba-
tion times (24 h) (closed triangles, Figure 5). At this
low H,O, production rates, a significant inhibition in
aconitase activity (p<0.001) was observed at all
times tested. Even after 3 h of incubation with 5 uM
H,0, (closed squares, Figure 5) there was a sig-
nificant inhibition on aconitase activity (p <0.05).
Similarly to what was observed before (Figure 1), no
fumarase activity inhibition was detected (open
symbols, Figure 5).
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Figure 4. Effect of acute and chronic H,O, oxidative stress on
catalase activity. (A) HelL a cells were treated or not (control) with 1
or 2 mM of H,O, during 3 h (open circles) or 6 h (closed circles) or
(B) treated with increasing H,O, concentrations, generated by G/
GO system during 3 h (open circles). The catalase (CAT) activity
was quantified in the supernatant from homogenized cells as
described in Materials and methods. The results represent the
average+SD (n =3), ***p <0.001, compared to controls without
H,0, addition.

Antioxidant enzyme activities were also quantified
in these same incubation conditions. MnSOD activity
(Figure 6A), Se:GPx (Figure 6B), and CAT (Figure
6C) were also inhibited by these low H,O, concentra-
tions at longer incubation times. MnSOD and Se:GPx
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Figure 5. Effect of chronic low level H,O5-induced oxidative
stress on aconitase and fumarase activities. HeLLa cells were treated
or not (circles) with 5 uM (squares) or 10 pM (triangles) of H,O,
generated by G/GO system during the times indicated in the figure.
The aconitase (closed symbols) and fumarase (open symbols)
activities were quantified in the supernatant from homogenized
cells as described in Materials and methods. The results represent
the average+SD (n=3), ***p <0.001, compared to controls
without H,O, addition.
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Figure 6. Effect of chronic low level H,O,-induced oxidative
stress on MnSOD, Se:GPx and aconitase activities. HeLa cells were
treated or not (circles) with 5 pM (squares) or 10 M (triangles) of
H,0, generated by G/GO system during the times indicated in the
figure. The aconitase (closed symbols) and fumarase (open
symbols) activities were quantified in the supernatant from homo-
genized cells as described in Materials and methods. The results
represent the average+SD (n=3), ***p <0.001, compared to
controls without H,O, addition.

activities were significantly inhibited even with 5 pM
H,0, during 3h (40% and 17%, respectively), a
similar inhibition level as shown before using shorter
incubation times and higher H,O, concentration
(Figures 2 and 3). CAT activity seems to be a little
more resistant to H,O, time-dependent effect (Figure
6C), as detected before in acute treatment (Figure
4A). With 5 uM H,O, there was also a significant
decrease in this antioxidant enzyme activity, but the
p-value was lower (p<0.05 for 3h and p<0.01
for other incubation times); 10 pM H,O, inhibited
CAT activity more efficiently (»<0.01 for 3h and
p < 0.001 for other incubation times). All these results
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suggest that exposure to low H,O, doses for longer
times became as toxic as higher doses, leading to
antioxidant enzymes inhibition and making the cells
more prone to oxidative damage.

Protective effect of antioxidants on acute and chronic
oxidative stress

In order to confirm the role of ROS in antioxidant
enzyme inactivation, we tested the same acute
(Figure 1) and chronic (Figure 6) oxidative stress
conditions in the presence of N-acetylcysteine (NAC)
[11,30] or ascorbic acid (AA) [9,31]. NAC [11,30] as
well as AA [4,9,31] have been used to prevent oxida-
tive stress in other experimental models. Table I
shows the effect of 10 mM NAC on aconitase activity
and antioxidant enzymes after acute or chronic H,O,
induced-oxidative stress. Oxidative stress was in-
duced by 1 mM H,O, for 3 h in the acute treatment
or 10 uM/h H,0, for 24 h in the chronic treatment.
These conditions were chosen because they resulted
in ~50% aconitase activity inhibition. When cells
were incubated with H,O,, either in acute or in
chronic treatment, in the presence of NAC (10 mM)
or AA (1 mM), aconitase and antioxidant enzymes
activities were almost completely recovered, indicat-
ing a protective effect of these two antioxidants
(Table I). NAC and AA treatments alone did not
show any effects on basal enzyme activities (not
shown), indicating that reduced activities measured
in the presence of H,O, and antioxidants are really
due to antioxidant protection against H,O,-induced
oxidative stress (Table I).

Discussion

As mentioned before, H,O, can freely cross mem-
branes and, in the presence of Fe?" (or Cu™) it is
prone to participate in Fenton reaction [1] and
induce oxidative stress. As reported here, in our
experimental conditions, either acute or chronic
treatment with H,O,, can affect cell function, since
both treatments significantly inhibited all three anti-

oxidant enzyme activities as well as aconitase. Be-
sides, oxidative stress produced by lower H,O,
concentrations in the chronic treatment seems to be
as toxic as the acute treatment, since we detected
similar levels of inhibition for MnSOD, Se:GPx, CAT
and aconitase in both treatments. One of the relevant
findings in the present report is that the time of
exposure, more than the concentration, plays a
relevant role in decreasing the antioxidant enzyme
and aconitase activities. In fact, even H,O, concen-
trations as low as 5 uM/h, produced constantly in the
medium, in the chronic treatment (Figures 5 and 6),
can reach the same level of enzyme activity inhibition,
after 24 h, compared to acute treatments using higher
H,0, concentration but much shorter incubation
times (Figures 1 and 2). Inactivation of antioxidant
enzymes by oxidative stress has been shown before,
but at much higher ROS concentration and shorter
incubation times [32].

Since, in our experimental conditions, H,O, was
produced or directly added outside the cells and,
since it freely crosses membranes, CAT activity was
expected to be as affected by this kind of oxidative
stress as other antioxidant enzymes. However, our
results showed that CAT activity was less affected
than other enzymes. We showed before that CAT
expression seems not to be affected in gastric diseases
while there is a significant decrease on MnSOD and
GPx expression only in gastritis. In that case, CAT
expression was preserved almost as well as the
constitutive GAPDH expression [33]. In general,
mitochondria do not exhibit CAT activity and, it is
supposed that GPx activity is more important to
prevent mitochondrial H,O,-oxidative stress [29]. In
our case, MnSOD, GPx and aconitase were most
seriously affected by H,O, exposition than CAT
activity while fumarase, a TCA cycle enzyme, was
not affected by these oxidative stress conditions
(Figures 1 and 5). We supposed that these differential
inhibitions shown here could be the consequence of
one of two reasons or both. Some of these enzymes
have structural differences that make their activity
different in oxidative stress conditions. In this way,

Table I.  Effects of N-acetylcystein and ascorbic acid on aconitase and antioxidant enzyme activities after acute or chronic H,0O, oxidative

stress.

Aconitase

(mU/mg protein)

MnSOD Se:GPX CAT
(U/mg protein) (U/mg protein) (pmoles/mg protein)

Acute (3h) Control 1.12+0.02
2 mM H,0, 0.194+0.02
2mM H,0,+1 mM AA 1.35+0.02
2mM H,0, +10 mM NAC 1.174+0.01

Chronic (24 h) Control 1.21+0.01
10 pM/h H,0, 0.5240.02
10 pM/h H,0,+1 mM AA 1.254+0.01
10 uM/h H,0,+10 mM 1.2740.02

NAC

8.30+0.04 1.240.03 0.35+0.01
3.87+0.03 0.16+0.04 0.25+0.02
8.25+0.02 1.214+0.07 0.34+0.05
8.20+0.04 1.19+0.02 0.36+0.04
8.42+0.04 1.1940.02 0.3440.02
3.53+£0.03 0.12+0.04 0.10£0.03
8.37+0.02 1.214+0.03 0.34+0.08
8.35+0.01 1.20£0.02 0.35+0.02

AA, ascorbic acid; NAC, N-acetylcystein.
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aconitase, as mentioned in Introduction and Results,
has been used as an oxidative stress marker because
O, oxidizes the active [4Fe-4S]?" cluster to [3Fe-
4S]' " cluster causing-inactivation and release of
Fe?"™ which may then reduce H,O, to OH~ and
"OH [17,19,34]. On the other hand, human fumar-
ase shares sequence identity to FumC from E. col,
which are iron-independent and, thus, insensitive to
0,5~ [19,27,28]. The second reason could be the
kind of oxidative stress used here, because it has been
reported before that CAT is inactivated by hydroxyl
radicals while GPx and SOD are considerably less
affected by these radicals [32]. CAT and SOD are
inactivated with similar efficiencies by ozone and/or
the radicals derived from their decomposition [35]
and these two antioxidant enzymes also have different
inhibition kinetics response to oxidative stress in-
duced by singlet oxygen or peroxyl radicals [36].

We have also shown that ordinary non-enzymatic
antioxidants can protect cells from the effect of H,O,.
The ordinary antioxidants NAC and AA seem to
protect cells in both H,0O,-induced oxidative stress
models. NAC is known for its role as a precursor for
glutathione (GSH) synthesis and essential for GPx to
work properly [6,10]. Besides this, NAC is also an
antioxidant per se, acting as a ROS scavenger [10]. AA
is highly efficient in neutralizing free radicals [4,9,31].
In the study, aconitase and antioxidant enzyme
activities were protected from the toxic effects of
H,0O, when NAC or AA were supplemented to the
medium.

It has been reported that acute treatment of
mammalian cells with micromolar concentrations of
H,0, (100 pM) induce oxidative DNA damage more
efficiently than millimolar concentrations [37]. H,O,
generated by the glucose oxidase system can also
preferentially damage mitochondrial DNA [16]. As
mentioned before, oxidative stress induced by H,O,
was implicated in apoptosis induction [14] and
cellular proliferation [15]. Flavonoids as resveratrol
[38] and fisetin can induce apoptosis, but only fisetin
was also reported to decrease aconitase and antiox-
idant enzyme activities [39]. Considering all these
facts, we may hypothesize that the different responses
to H,O, doses and treatment times can also be
caused by its chronic effect on antioxidant enzymes,
mainly in mitochondrial enzymes. The present report
reinforces this idea since even very low H,0,
concentrations can significantly decrease the antiox-
idant enzymatic protection if the time of exposure is
long enough and this could ultimately contribute to
apoptosis.

The models shown in this report may also be useful
to evaluate antioxidant therapies since, if NAC and
AA can prevent H,0,-induced oxidative stress by
protecting antioxidant enzymes, they may also be able
to inhibit apoptosis.
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