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The mechanism of H2Oxz-resistance of Hpr-4, a variant
of Chinese hamster V79 cells, was investigated. The
effect of H2Oz on the mitochondria of the parental and
Hpr-4 cells was compared. First, both biochemical and
ultrastructural results showed that mitochondria in the
parental cells were damaged by exposure to H20z,
while those in Hpr-4 cells recovered from the damage.
Second, the HxOz-resistance of Hpr-4 cells was revers-
ibly reduced or recovered by the addition or removal of
inhibitors of mitochondrial biosynthesis, respectively.
Third, the parental cells were auxotrophic to pyruvate
after exposure to H2Oz. Fourth, H2Oz-sensitivity of the
parental cells was also enhanced by the inhibition of
mitochondrial biosynthesis. From these results, it was
concluded that the mitochondria of Hpr-4 cells appar-
ently had a greater resistance to H202 than those of the
parental cells and that functional mitochondria were
involved in the recovery of Chinese hamster V79 cells
from HxOp-induced damage.

INTRODUCTION

Many steps are involved in the cytotoxicity of
H,O..! H,O; is first converted to reactive inter-
mediates such as -OH radicals via a metal-cata-
lyzed Fenton reaction, which generates many
cellular lesions such as oxidation of proteins and
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DNA, membrane peroxidation, changes in
nucleotide levels, increase in cytosolic Ca™ and
mitochondrial damage. None of these lesions,
however, has been well established as a cause of
cell death.?

In order to determine the lethal targets in cells
exposed to cytotoxic drugs, an investigation using
a drug resistant mutant is a profitable approach.
Actually several investigators have used HyO»-
resistant cells to clarify the mechanism of resis-
tance.*** Except for cells with higher levels of
detoxicating enzyme,>* however, the mechanism
of H,Osresistance remains obscure.” Previously,
we isolated H.Ozresistant variant cells (Hpr-4)
from a spontaneously expanded pool of the par-
ental V79 cells.® No difference was found between
the parental and Hpr-4 cells in the level of detox-
icating enzymes and in the level of OH radicals
produced.” The above characteristics of H,O»
resistant cells are essentially similar to those of
cells reported by Cantoni et al.*® According to their
recent report,8 there was a weak correlation
between HO:-cytotoxicity and DNA strand
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break-level, which we confirmed for Hpr-4 cells
(unpublished results).

Since mitochondrial damage and ATP deple-
tion seem to be closely related to cell death by
H0,,”" aninvestigation was attempted to clarify
whether mitochondria are responsible to HO»
resistance of Hpr-4 cells. We concluded that func-
tional mitochondria were essential for cells to re-
cover from lethal damage from H,O, based on the
results that exposure to H,O; led the parental cells
to auxotrophy to pyruvate and that inhibitors of
mitochondrial biosynthesis reversibly controlled
the H,Ox-resistance of Hpr-4 cells.

MATERIALS AND METHODS

Chemicals

Catalase, ATP, pyruvate and chloramphenicol
were purchased from Sigma Chemical Co. (St
Louis, MO). Ethidium bromide was purchased
from Boots Pure Drug Co. LTD (Nottingham,
England). Luciferase-luciferin was purchased
from Wako Pure Chem. Ind. LTD (Osaka, Japan).
¥S-labelled methionine was purchased from ICN
(Irvine, CA).

Cell Culture

Chinese hamster V79 and H)O,resistant
cells(Hpr-4) were cultured in MEM (Nissui
Pharmaceutical Co., Tokyo, Japan) with 10% fetal
bovine serum (FBS, Cell Culture Laboratories,
Cleveland, OH) in a humidified (5% CQO,) incuba-
tor. When cells were cultured in the presence of
ethidium bromide (250 ng/ml) or chlor-
amphenicol (100 pg/ml), they were fortified with
pyruvate (0.1 mg/ml).

Oxygen consumption

Cells (5-10 x 10°) were trypsinized and suspended
in 4 ml of complete culture medium to monitor the
cell number. After centrifugation (800 x g, 5 min),
the cells were resuspended in phosphate-buffered

saline (PBS). The oxygen consumption of cells was
recorded in a polarographic cell (1.0 ml) at 37°C
with a Clark-type oxygen electrode (Yellow
Springs Instruments Co., Yellow Springs, OH).

ATP determination

Cellular ATP levels were assayed by
bioluminometry, as described by Spragg et al."’
Briefly, cell monolayers (1-2 x 10° cells/60 mm
Petri dish) were harvested by trypsinization and
centrifuged to form a cell pellet. The cell pellet was
suspended in PBS (4 x 10° cells/ml). 0.1 ml of the
suspension was mixed with 2.0 ml of 10 mM
KH:POq4, 4 mM MgSO, (pH 7.4), heated at 95-99°C
and cooled in an ice bath. After centrifugation,
1 ml of the supernatant was supplemented with
5 ml of 50 mM NaAsQO,, 20 mM MgSO, (pH 7.4),
and then 50 pl of luciferase/luciferin. Precisely
15 s later, the light emission was quantified in a
liquid scintillation counter (Beckman, LS3801).
Standard solutions of ATP were prepared in
10 mM KH,PO,, 4 mM MgSO, (pH. 7.4), using an
extinction coefficient of 15400 at 259 nm. Stan-
dard curves of log photon counts vs. log[ATP]
were linear from 10” to 10! mol ATP.

Survival experiments

A) Dependence on H;O; concentration

The relative plating efficiencies in the presence of
different concentrations of HO, were determined
as the ratio of the number of colonies at a given
H:O; concentration to that obtained in the control
culture in the absence of any drug, as described
previously.” Cells were seeded at 5 x 10°/60 mm
Petri dish in 4 ml of MEM supplemented with 10%
FBS. On the next day, cells were exposed to H;O;
in BME (Basal Medium Eagle, Sigma Chemical
Co.) without serum for 1 hr at 37°C, washed in
PBS, trypsinized. 200 to 1000 cells were seeded in
60 mm Petri dishes with 4 ml of MEM containing
10% FBS with or without pyruvate as described in
the figure legends for each experiment and were
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cultured for 6 days. The colonies (>50 cells/
colony) were counted under a dissecting micro-
scope after fixation and staining. A group of three
replicate dishes was used to assess the effect of
different doses of H,O; on plating efficiency.

B) Dependence on the exposure time

The relative plating efficiency after the treatment
with H;O: for different incubation times was de-
termined as the ratio of the number of colonies at
a given exposure time to that obtained in the
control culture treated with 1 mM HyO; in the
presence of catalase. Exponentially growing cells
were trypsinized and divided into 1.5 ml
centrifugation tubes containing 2 x 10°/ml BME
without serum, and were incubated for different
periods at 37°C in the presence of 1 mM HxO,, at
which time catalase was added to decompose re-
sidual H20,. 200 ~ 400 cells were seeded in 60 mm
Petri dishes containing 4 ml of MEM plus 10% FBS
with or without supplementation of pyruvate,
and were cultured for 6 days.

Electron microscopy

Cells were incubated in BME without serum in the
presence or absence of 1 mM H,O; for 1 hr at 37°C.
Then, they were washed with PBS, resuspended
in fresh medium plus 10% FBS and incubated for
20 hr. After trypsinization, cells were centrifuged
to form a pellet, which was fixed for 60 min at 4 °C
with 2% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.0), followed by 1% OsOy in the same buffer
for 30 min. The cell pellet was then dehydrated
with graded ethanol and embedded in Epok 812.
Ultrathin sections were stained with uranyl ace-
tate followed by lead citrate and were examined
under a Hitachi H-600 electron microscope at an
average accelerating voltage of 75 kV.

. 5, . .
Incorporation of **S-methionine

¥S-methionine incorporation was performed by
the method described by Attardi and Ching."
Briefly, exponentially growing cells were collected

by centrifugation, resuspended at a concentration
of 3 x 10° cells/ml in warmed MEM deprived of
methionine with 10% FBS, and incubated for
30 min at 37°C. After supplement of emetine
(100 mg/ml) 5 min prior to the labelling, 100 pCi
of ®S-methionine was added to the culture, then
incubated for 2 hr and kept in ice cold water. The
labelled cells were washed three times in PBS and
homogenized in 0.5ml of 0.25 M sucrose in PBS by
a Potter homogenizer. The 5000 g pellet by differ-
ential centrifugation was suspended in water. A
quantity equivalent to three quarters of the sus-
pension was used for a liquid scintillation count-
ing and the remaining quarter was used for the
determination of protein content.

RESULTS

Comparison of mitochondrial respiration
between the parental V79 cells and
H;0:-resistant Hpr-4 cells

We measured the oxygen consumption rates of
intact cells, in order to compare mitochondrial
functional integrity of the parental V79 cells and
H:O»-resistant (Hpr-4) cells which had been
treated with H.O,. Figure 1 shows the time course
of oxygen consumption rates of both the parental
and Hpr-4 cells after treatment with 1 mM H,O,
for 1 hr at 37°C together with those of sham-
treated cells. In the parental cells, the oxygen con-
sumption rates dropped immediately after the
treatment. After 2 ~ 18 hr post-treatment incuba-
tion, the rates decreased gradually to about 20%
of the initial control levels. On the other hand, for
Hpr-4 cells exposed to 1 mM H;O,, the initial drop
of the rates was less than that of the parental cells
and gradually recovered to the initial levels. Dur-
ing the post-incubation period, the viability of
both parental and Hpr-4 cells treated with H,O,
was between 93 ~ 99% as measured by a dye
exclusion test (data not shown). The oxygen con-
sumption rates of the sham-treated parental and
Hpr-4 cells increased slightly in an initial 2 to 8 hr
and decreased afterwards to the initial level.
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FIGURE1 Time course of Oz consumption after exposure to 1 mM HO for 1 hr at 37°C. O2 consumption was expressed as % of O2
consumphon of the sham-treated cells at 0 h. —O—, the sham-treated parental cells, 100% of Oz consumption at 0 h was 28.5+3.4
nmol 02/107 celis/min (the average of 3 experiments); —@—, H20,-treated parental cells; —J—, the sham-treated-Hpr-4 cells, 100%
of O2 consumption of sham-treated Hpr-4 cells at 0 h was 34.1 + 2.4 nmol 021107 cells/min (the average of 4 experiments); —ill—,

H20n-treated Hpr-4 cells.

In order to compare the mitochondrial func-
tional integrity with cellular ATP levels after treat-
ment with H,O,, we measured ATP levels in the
parental and Hpr-4 cells treated with H.O,. Figure
2 shows the time course of ATP levels of the paren-
tal and Hpr-4 cells after treatment with 1 mM H.O,
for 1 hr at 37°C. In both sham-treated parental and
Hpr-4 cells, the ATP levels increased 40 +20 and 80
* 20%, respectively, during 5 hr post-incubation
period, then decreased to the initial levels. On the
other hand, the ATP levels of H:O»-treated parental
and Hpr-4 cells changed differently, i.e. those of the
parental cells dropped immediately after the treat-
ment and maintained reduced levels during the
post-incubation period, on the otherhand, for those
of Hpr-4 cells, the initial reduction was similar to

the levels of the parental cells, gradually increasing
to the levels of the sham-treated cells. The initial
concentrations of ATP in both sham-treated paren-
tal and Hpr-4 cells were similar. There is apparent
consistency between the change of oxygen con-
sumption and that in ATP levels: both the oxygen
consumptionrates and the ATP levels of the paren-
tal cells which had been exposed to H;O; remained
at reduced levels during the post-incubation pe-
riod, while those of Hpr-4 cells recovered from
reduced levels during the same period. However,
itwasnot possible to directly correlate the decrease
of ATP levels with that of the oxygen consumption
rates, since the former results from the imbalance
of consumption and formation, which is by way of
both mitochondrial respiration and glycolysis.
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FIGURE 2 Time course of ATP levels after exposure to 1 mM HyOo. ATP levels were exgressed by % of the sham-treated cellsat 0 h.

—O—, the sham-treated parental cells, 100% of ATP level at 0 h was 3.4 0.1 nmol/10° ¢

ells (the average of 4 expenments) —0—,

H20»-treated parental cells; —3—, the sham-treated Hpr-4 cells, 100% of ATP level at 0 h was 2.8 + 0.4 nmol/ 10° cells (the average of
5 experiments); —ll—, HoOz-treated Hpr-4 cells. Each time point is the mean of duplicate experiments, which are presented by an

error bar.

Since there were differences between the par-
ental and Hpr-4 cells exposed to H,O; as to recov-
ery from an impaired mitochondrial function and
from the depletion of ATP levels, we compared
mitochondrial ultrastructure of both types of cells.
Figure 3 shows the ultrastructure of the parental
and Hpr-4 cells 20 hours after H;O,- and sham-
treatment. The mitochondria of the control sam-
ples generally appeared to be oblong with cristae
traversing the entire width of the organelle. The
density of the mitochondrial matrix was greater
than that of the surrounding cytoplasm. H,O»-
treatment accompanied by post-treatment incu-
bation brought about important structural
changes in the mitochondria of the parental cells.
Most of the inner membranes appeared shrunken

where cristae disappeared or segregated as elec-
tron dense particles. In contrast to the parent cells,
the mitochondria of Hpr-4 cells remained intact,
preserving the initial structure. Accordingly, both
biochemical and ultrastructural observation indi-
cated that mitochondria of Hpr-4 cells had a
greater resistance to HyO,-exposure than those of
the parental cells.

Alteration of the sensitivity of Hpr-4 cells to
H>O; by the inhibition of mitochondrial
biosynthesis

If mitochondria were really responsible for the
H:O,-resistance of Hpr-4 cells, inhibition of mito-
chondrial function in Hpr-4 cells should lead to a
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FIGURE 3 Electron micrographs of cells exposed to 1 mM H2Oz and post-incubated for 20 hr. A and B, the parental cells; C and D,
Hpr-4 cells. A and C were sham-treated for 1 hr at 37 °C and incubated for 20 hr. B and D were H2Oz (1 mM) -treated for 1 hr at 37 °C

and incubated for 20 hr. Bars (A, B, C, and D) represent 0.5 um.

loss of their resistance to H,O,. Concerning the
inhibition of mitochondrial function, it has been
shown that ethidium bromide and chloramphen-
icol block mitochondrial transcription and protein
synthesis, respectively.””® As a consequence, it
was expected that the mitochondrial function of
Hpr-4 cells which had been cultured in the pres-
ence of ethidium bromide or chloramphenicol
would be impaired. The inhibitory effect of these
inhibitors on the mitochondrial protein synthesis
and mitochondrial respiration is shown in Table 1
together with the results of the parental cells. Cer-
tainly, these inhibitors partially reduced the level
of mitochondrial protein synthesis and oxygen
consumption in both Hpr-4 cells and the parental
cells in accord with previous observations."*"

In the next step, we checked the possible mod-
itying effect of these inhibitors on H;Oz-sensitivity
of Hpr-4 cells under the following two groups of
experimental conditions. In the first group, Hpr-4

cells were cultured for 5 days in the presence of
ethidium bromide or chloramphenicol. In the sec-
ond group, cultured cells which had been exposed
to these inhibitors for 5 days were cultured for a
further 5 days in the absence of these inhibitors.
The survival of these groups of cells in response
to H2Ordose is shown in Figure 4a and 4b for
ethidium bromide and chloramphenicol, respec-
tively, together with that of the control Hpr-4 cells
and the parental V79 cells. At concentrations of
H;O: lower than 2 mM, Hpr-4 cells in the first
group were much more sensitive to H;O, than the
control Hpr-4 cells. Their sensitivity resembled
that of the parental cells. On the contrary, Hpr-4
cells in the second group recovered their H,O»-
resistance and showed a survival similar to that of
the control Hpr-4 cells. From these results, we
concluded that mitochondrial function was essen-
tial to H:Ooresistance of Hpr-4 cells. In other
words, the H.Or-resistance of Hpr-4 cells was
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TABLE 1 Incorporation of ¥5_methionine and oxygen consumption of cells cultured in the presence of ethidium bromide or

chloramphenicol.
356-methionine
incorporation (@)} consum?tion
Cells Culture conditions (dpm/ug protein) (nmolO2/10" /min)
Hpr-4 control 338.7+£38.3 14.0+0.6
ethidium bromide 105.5+58.6 6.0x1.2
(250 ng/ml, 5 days)
chloramphenicol 62 48+12
(100 pg/ml, 5 days)
V79 control 319.3+£5.7 15.91£0.6
ethidium bromide 134.3+£19.5 7126
(250 ng/ml, 5 days)
chloramphenicol 181.9 5.0
(100 pg/ml, 5 days)
H202 (mM) H202 (mM)
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FIGURE 4 The relative plating efficiency of Chinese hamster Hpr-4 cells treated with H2O2 at 37°C for 1 hr. All cultures were
supplemented with pyruvate (0.1 mg/ml) after seeding to 60 mm Petri dishes. a) Effect of ethidium bromide (250 ng/ml) on the plating
efficiency. —O—, control Hpr-4 cells; —@—, ethidium bromide was added to the culture for 5 days,—3—, ethidium bromide was
added to the culture for 5 days and omitted from the successive 5 days’ culture. b) Effect of chloramphenicol (100 pg/ml) on the plating
efficiency. —O—, control Hpr-4 cells; —@—, chloramphenicol was added to the culture for 5 days;—3—, chloramphenicol was added
to the culture for 5 days and removed for 5 days. For both a) and b), - - -A- - - represents the control parental V79 cells. The error bars
represent the standard deviation of triplicate experiments.
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reversibly controlled by the presence or removal
of the inhibitors of mitochondrial biosynthesis.

Involvement of functional mitochondria in
H,O»induced toxicity of the parental cells

It has been well established that mitochondria-
deficient cells and cells treated with mito-
chondrial inhibitors such as antimycin or chlor-
amphenicol require pyruvate.”” Pyruvate is an
essential precursor for various biosynthesis in the
cells with an impaired function of mitochondria,

but with sufficient ATP supply via glycolysis.”
The auxotrophicity of pyruvate was used to check
the possible involvement of mitochondrial func-
tion in H,O»-induced toxicity of the parental cells.
After exposure to 1 mM H;O:; for increasing time
intervals, cells were treated with catalase to de-
compose residual H;O; and were diluted for the
colony forming assay in dishes with or without
the supplement of pyruvate. As shown in
Figure 5, H;Or-treated parental cells cultured in
the absence of pyruvate were more sensitive to
H-O: than those in the presence of pyruvate. The

Exposure (min)

Survival

.001 -

FIGURE 5 Time course of the plating efficiency of cells exposed to HoO2. —O—, Control parental cells exposed to 1.5 mM HaO»;
—A—, parental cells cultured in the presence of ethidium bromide (250 ng/ml) for 5 days and exposed to 1.5 mM H202 ——, parental
cells cultured in the presence of chloramphenicol (100 pg/ml) for 5 days and exposed to 1.5 mM H2Oa. All cultures were assayed in the
presence of pyruvate (0.1 mg/ml). —@—, control parental cells exposed to 1.5 mM H2O2 and assayed in the absence of pyruvate. ... O....,
control Hpr-4 cells exposed to 1.5 mM H20z and assayed in the presence of pyruvate; ...@...., control Hpr-4 cells exposed to 1.5 mM
H20» and assayed in the absence of pyruvate; - - -O- - -, control Hpr-4 cells exposed to 5 mM H>Oz and assayed in the presence of
pyruvate; - - -@- - -, control Hpr-4 cells exposed to 5 mM H20z and assayed in the absence of pyruvate.
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requirement of pyruvate for H;Oxr-treated cells
was consistent with the interpretation that mito-
chondria received damage from the H)O»-
treatment. In contrast with the result which was
achieved with the parental cells, the sensitivity of
Hpr-4 cells was not altered by the supplementa-
tion with pyruvate at 1.5 and 5 mM HxO.. This
lends further support to the assumption that
H,Oxresistance of Hpr-4 cells compared to the
parental cells might be due to H,O; resistance of
mitochondria in Hpr-4 cells.

The above interpretation was rechecked by in-
hibiting the mitochondrial function of the paren-
tal cells in the presence of ethidium bromide or
chloramphenicol in the medium supplemented
with pyruvate. The inhibiting effect of these sub-
stances on protein synthesis and oxygen con-
sumption in the parental cells was confirmed by
the result shown previously in Table 1. These cells
were exposed to 1 mM H,O; for different length
of times and cultured to measure plating effi-
ciency in the presence of pyruvate after addition
of catalase. As shown in Figure 5, inhibition of
mitochondrial biosynthesis enhanced the HO.-
sensitivity of the parental cells, slightly but
reproducibly, towards the level of cells cultured
without pyruvate. Therefore, the effect of these
inhibitors on H,Os-sensitivity was consistent in
both the parental and Hpr-4 cells.

DISCUSSION

The results obtained in the present work can be
summarized as follows: 1) a slightly impaired
mitochondrial functional integrity of Hpr-4 cells
recovered in a few hours after exposure to 1 mM
H>O,, while that of the parental cells remained
impaired by the same treatment (Figure 1). 2)
Hpr-4 cells became more sensitive to H.O: by
inhibition of mitochondrial biosynthesis and re-
stored their initial resistance by removing the in-
hibitors (Figure 4). 3) The parental cells were
auxotrophic for pyruvate after exposure to H.O,
(Figure 5). 4) The parental cells showed slight but

reproducible enhancement of H.O,-sensitivity by
inhibiting mitochondria biosynthesis (Figure 5).

Mitochondria have been reported to be dam-
aged by oxidative stress,” yet, mitochondria have
not been proved as a critical target of cell death.
There is circumstantial evidence that mito-
chondria may be involved in H;Oz-induced cell
death. In cells treated with H;O,, a reduction of the
ATP level and a parallel reduction of oxygen con-
sumption have been reported to be correlated
with cell death."”® Furthermore, a large number of
mitochondrial proteins has been reported to be
inactivated by HyOr-exposure,” i.e. NADH dehy-
drogenase, NADH oxidase and ATPase. Among
these enzymes, NADH dehydrogenase and
ATPase contain proteins encoded by mito-
chondrial DNA." In spite of this information, we
do not know whether mitochondria inactivation
in cells was due to damage to proteins, membrane
lipids or DNA in mitochondrion. After H,O»-
treatment, mitochondrial functional integrity was
impaired in the parental and slightly in Hpr-4
cells. The mitochondrial function in the parental
cells decreased during post-incubation period
with no change of viability, while that in Hpr-4
cells recovered in a few hours. On the other hand,
ATP levels in both the parental and Hpr-4 cells
dropped to 20% of the control levels. Those in the
parental cells remained at the reduced levels,
while those in Hpr-4 cells gradually increased to
the control levels (Figure 2). Although it was re-
ported that the decreased ATP levels following
exposure to mM concentrations of H;O, were due
toadecreased formation of ATP by both glycolytic
and mitochondrial syntheses in P388D; murine
cell line," we had no information about it. Since,
the mitochondrial inner membranes in the paren-
tal cells shrank after 20 hr incubation as shown in
Figure 3, the decreased synthesis of ATP by the
mitochondria might be attributed to the decreased
levels of ATP in the parental cells after 18 hr
post-incubation.

Since the respiratory deficient cells are auxo-
trophic for pyruvate,*'” we used the pyruvate
requirement of H,O,-treated cells as a probe for
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mitochondria damage. Previously, the protective
effect of pyruvate on cell toxicity by H,O, was
explained by antioxidative effect of pyruvate.'® To
avoid the possible antioxidative effect of pyr-
uvate, in the present work, pyruvate was added
after the treatment with H;O,. Cells cultured in the
absence of pyruvate were more sensitive to H>O
than those in the presence of pyruvate even in the
presence of catalase in the culture medium (data
not shown). Therefore, the antioxidative effect
could not explain the protective effect of pyruvate
in the medium after H.O,-exposure.

As shown in Figure 4, the presence of inhibitors
of mitochondrial biosynthesis reduced the survival
of Hpr-4 cells to the level of the parent cells below
1 mM H;O;. At concentrations above 5 mM H;O,,
inhibition of mitochondrial biosynthesis had no
effect on thesurvival of Hpr-4 cells. The mechanism
of toxicity of H;O, beyond 5 mM would be different
from that below 1 mM. The former might be inde-
pendent of mitochondria. Inhibition of mito-
chondrial biosynthesis enhanced H>O»-sensitivity
both in the parental cells and Hpr-4 cells. Mito-
chondrial function might reduce or repair lethal
cellular damage by HyO». This is the first observa-
tion that HOx-resistance of Hpr-4 cells was revers-
ibly controlled by modulation of mitochondrial
function. Based on these observations, we propose
the following model of two lethal targets for H,O,-
induced cytotoxicity of Chinese hamster V79 cells.

In our model, critical targets for cell death by
H,O, consist of mitochondria and another un-
known target X. Cells with damaged mito-
chondria but with intact X would be killed in the
absence of pyruvate. With the supplement of pyr-
uvate, cells with damaged mitochondria but with
intact X could survive without mitochondrial
function. Cells with both damaged mitochondria
and damaged X would be killed, whereas cells
with damaged X but with intact mitochondria
would be rescued by the help of mitochondrial
function. In the parental cells, functional mito-
chondria were easily damaged by the treatment
with H;O,. Consequently, damaged X would be
fatal to the parent cells even in the presence of

pyruvate, due to the fact that mitochondria were
damaged. In the case of Hpr-4 cells, functional
mitochondria recovered from the initial damage.
Therefore, Hpr-4 cells with damaged X would be
able to survive. The unknown lethal target X could
be a glycolytic pathway which is a target of H:O-
and contributes to the synthesis of ATP."

The bimodal pattern of killing by H-O, was
originally observed in E. coli by the group of
Linn."” Recently, they observed the effect of iron-
chelators on cell killing by H:O; to investigate the
mechanism of two modes of killing and interpre-
ted the mechanism based on the site of Fe** asso-
ciated with DNA.® They showed that mode I
killing (observed atlow concentrations of H:O, up
to 2 mM) was blocked by 1,10-phenanthroline and
mode II killing (observed at high concentrations
of H,O; up to 20 mM) was enhanced by the iron-
chelator, and it was considered that 1,10-
phenanthroline might enhance mode Il killing by
serving as a shuttle for delivering Fe’* to DNA. In
contrast to the observation in E. coli, both modes
of killing by H:O: in parental and Hpr-4 cells (one;
less than 300 uM, the other; less than 3 mM H;O,,
apparently corresponding to two modes of killing
in E. coli) were protected by the presence of 1,10
phenanthrolirle.6 Therefore, the different mode of
killing in V79 cells may not be due to different
association of Fe** to DNA.

Ithasbeen proposed that active oxygen species
are involved in tumorigenesis* and that tumori-
genesis is due to escape from apoptosis.” Several
human tumor cells have been reported to exhibit
a resistance to H;O, independent of the ability to
degrade H;O..” If the resistance was expressed
before neoplastic transformation, contribution of
oxidative stress on tumorgenesis could be
strengthened by H,O;-resistance. Those cells with
elevated H;O,-resistance could have a better
chance toward malignant conversion by oxidative
stress. Since contribution of mitochondria on ATP
synthesis in normal human tissue is high, there is
some possibility that HO»-resistance due to the
alteration of mitochondria plays a substantial role
in the carcinogenic process.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/15/11

For personal use only.

H20>-RESISTANCE AND MITOCHONDRIAL BIOSYNTHESIS 309

Acknowledgements

We are grateful to Dr. Jun-ichi Hayashi, Institute of Biological

Sciences, Tsukuba University, for his helpful suggestions.

References
1. B. Halliwell and J.M.C. Gutteridge (1990) Role of free

radicals and catalytic metal ions in human disease: An
overview. In Methods in Enzymology, vol. 186 (eds. L.
Packer and A.N. Glazer), Academic Press, London and
New York, pp. 1-85.

. JJ.P. Gille and H. Joenje {1992) Cell culture models for

oxidative stress: superoxide and hydrogen peroxide ver-
sus normobaric hyperoxia. Mutation Research, 275,
405-414.

. D.R. Spitz and G.C. Li (1988) Stable HaO»-resistant vari-

ants of Chinese hamster fibroblasts demonstrate increases
in catalase activity. Radiation Research, 114, 114-124.

. M. Sawada, T. Sofuni and M. Jr. Ishidate (1988) Induction

of chromosomal aberrations in active oxygen-generating
systems. Il A study with hydrogen peroxide-resistant cells
in culture. Mutation Research, 197, 133-140.

O. Cantoni, A. Guidarelli, P. Sestili, F. Manneloo,

" G. Gazzanelli and F. Cattabeni (1993) Development and

characterization of hydrogen peroxide-resistant Chinese
hamster ovary cell variants I - Relationship between cat-
alase activity and the induction/stability of the oxidant-
resistant phenotype. Biochemical Pharmacology, 45,
2251-2257.

. M. Kaneko, M. Kodama and F. Inoue (1994) Bimodal

pattern of killing of Chinese hamster V79 variant cells by
hydrogen peroxide. Free Radical Research, 20,229-239.

. M.Kaneko, M. Kodama and F. Inoue (1994) H>Oz-resistant

Chinese hamster V79 cells which show bimodal sensitiv-
ity to hydroperoxides. In Frontiers of reactive oxygen species
in biology and medicine (eds. K. Asada and T. Yoshikawa)
Excepta Medica, Amsterdam — London, pp. 301-302.

. P. Sestili, F. Cattabeni and O. Cantoni (1994) The

induction/loss of the oxidant-resistant phenotype of
Chinese hamster ovary (CHO) cell variants does not corre-
late with sensitivity to DNA single strand breakage by
hydrogenperoxide. Biochemical Pharmacology, 48, 1701-1706.
P.A. Hyslop, D.B. Hinshaw, W.A. Halsey,

LU Schraufstatter, R.D. Sauerheber, R.G. Spragg,

J.H. Jackson and C.G. Cochrane (1988) Mechanisms of
oxidant-mediated cell injury — the glycolytic and mito-
chondrial pathways of ADP phosphorylation are major
intracellular targets inactivated by hydrogen peroxide.
Journal of Biological Chemistry, 263, 1665-1675.

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

R.G. Spragg, D.B. Hinshaw, P.A. Hyslop,
L.U. Schraufstatter and C.G. Cochrane (1985) Alterations
in adenosine triphosphate and energy charge in cultured
endothelial and P388Dx cells after oxidant injury. Journal
of Clinical Investigation, 76, 1471-1476.

G. Attardi and E. Ching (1979) Biogenesis of mitochondria
proteins in HeLa cells. In Methods in Enzymology, vol 56
(eds. S. Fleisher and L. Packer),Academic Press Ins., New
York and London, pp. 66-79.

S. Perlman and S. Penman (1970) Protein-synthesizing
structured associated with mitochondria. Nature, 227,
133-137.

R. Morais (1980) On the effect of inhibitors of mito-
chondrial macromolecular-synthesizing systems and res-
piration on the growth of cultured chick embryo cells.
Journal of Cellular Physiology, 103, 455-466.

M. Harris (1980) Pyruvate blocks expression of sensitivity
to antimycin A and chloramphenicol. Somatic Cell
Genetics, 6, 699-708.

C.Van Den Bogert, ].N. Splebrink and H.L. Dekker (1992)
Relationship between culture conditions and the depen-
dency on mitochondrial function of mammalian cell
proliferation. Journal of Cellular Physiology, 152, 632-638.
A K.Salahudeen, E.C. Clark and K.A. Nath (1991) Hydro-
gen peroxide-induced renal injury — a protective role for
pyruvate in vitro and in vivo. Journal of Clinical
Investigation, 88, 1886-1893.

Y. Zhang, O. Marcillat, C. Giulivi, L. Ernster and
KJ.A. Davies (1990) The oxidative inactivation of mito-
chondrial electron transport chain components and
ATPase. Journal of Biological Chemistry, 265, 16330-16336.
D.C. Wallace (1992) Diseases of the mitochondrial DNA.
In Annual Review of Biochemistry, vol. 61 (eds.
C.C. Richardson, J.N. Abelson, A. Meister and
C.T. Walsh), Annual Reviews Inc., Palo Alto,
pp- 1175-1212.

S. Linn and J.A. Imlay (1988) DNA damage and oxygen
radical toxicity. Science, 240,1302-1309.

Y. Luo, Z. Han, M. Chin and S. Linn (1994)Three chemi-
cally distinct types of oxidants formed by iron-mediated
Fenton reactions in the presence of DNA. Proceedings of
National Academy of Science, USA, 91, 12438-12442.

P.A. Cerutti and B.F. Trump (1991) Inflammation and
oxidative stress in carcinogenesis. Cancer Cells, 3, 1-7.
S.C. Eright, J. Zhong and J.W. Larrick (1994) Inhibition of
apoptosis as a mechanism to tumor promotion. The
FASERB Journal, 7, 654-660.

J. O’'Donell-Tormey, C.J. Doboer and C.F. Nathan (1985)
Resistance of human tumor cells in vitro to oxidative
cytolysis. Journal of Clinical Investigation, 76, 80-86.

RIGHTS

i,



