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ABSTRACT. Although the generation of oxygen derivatives during ischemia and reperfusion is generally held
as a major event in the process leading to neuronal death, the biochemical mechanisms responsible for cell
degeneration remain poorly understood. To better understand the toxicity induced by oxidative stress in neural
tissue, we have tested the effect of an exogenous hydroperoxide, cumene hydroperoxide (CHP), on the me-
tabolism and viability of PC12 cells. Addition of CHP in the culture medium leads to significant cell death that
becomes perceptible at concentrations above 1 uM and reaches a maximum (80-90% toxicity) at 100 pM. A
time-course study shows that Trypan blue uptake is preceded by a rapid phase of cell rounding and detachment
from the substratum (within 30 min) followed by a progressive uptake of the dye (60~120 min). During this 2-hr
period, we failed to observe any major signs of membrane lipoperoxidation (such as MDA production or fatty
acid release). On the other hand, we observed that cell death is preceded by a striking decrease in cellular ATP
content and in the retention of thodamine 123 (within 15-30 min of treatment); thus, suggesting that the
mitochondria may be the primary target of hydroperoxide action. BIOCHEM PHARMACOL 51;10:1389-1395, 1996.
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The generation of oxygen derivatives is generally held as a
major event in the process leading to neuronal death during
ischemia and reperfusion but, also, in neurodegenerative
diseases, such as Parkinson’s disease, Alzheimer’s disease,
and amyotrophic lateral sclerosis {1-4].

Many attempts have, thus, been made to use natural and
synthetic antioxidant molecules and free radical scavengers
as neuroprotective agents [5-6].

However, despite extensive investigations, the biochemi-
cal alterations produced by these oxygen derivatives as well
as the mechanisms leading to neuronal death remain elu-
sive. Several possibilities have been proposed including per-
oxidation of membrane fatty acids leading to alterations of
permeability and ionic balance; early depletion of intracel-
lular ATP and pyridine nucleotides responsible for disrup-
tion of the cytoskeleton; impaired DNA reparation and
mitochondrial collapse; or even induction of early genes
leading to apoptosis [7-10].

To better understand the steps involved in oxygen de-
rivative-induced neuronal cell death, we have studied the
effects of an exogenous hydroperoxide CHP{ on PC 12 cell
metabolism and viability. Indeed, pheochromocytoma cells
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(PC12) cells have been widely used as a “neuronal model”
line to investigate the toxic effect of 6 hydroxydopamine,
hydrogen peroxide, MPTP, and hypoxia {11-13], whereas,
CHP has been described as a good inducer of lipoperoxi-
dation and exerts cytotoxic effects at relatively low con-
centrations in various cellular models [14-17].

MATERIALS AND METHODS
Cell Culture

We used a subclone of PC12 cells, able to grow on plastic
without polylysine or collagen coating, but still able to
differentiate in the presence of NGF or basic FGF. The cells
were grown routinely in Dulbecco’s Minimal Essential Me-
dium supplemented with 10% heat-inactivated fetal calf
serum, 5% inactivated horse serum (Biological Industrie,
Israél), 1% of a solution containing 10.000 p/mL penicillin
G, 10 mg/mL streptomycin, and 25 pg/ml amphotericine B
in 0.9% Nacl (Sigma, St. Louis, MO, US.A.) and 2
mmol/L L-glutamine (Sigma). The cells were subcultured
twice a week by gentle scraping. For determination of the
cytotoxic effect of CHP (Sigma), the cells were seeded at a
concentration of 10,000 cells/cm? in 6-well plates (2 mL/
well). Fourty-eight hours after seeding, the medium was
renewed by fresh medium containing the desired drug con-
centration. After a 2-hr additional incubation, cell viabiliey
was determined using either the Trypan blue exclusion pro-
cedure or LDH release.
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Determination of Lactate Dehydrogenase Activity

The culture medium was centrifuged at 250 g for 10 min to
remove any nonadherent cells. LDH activity was deter-
mined spectrophotometrically at 340 nm using the method
described by Wroblewski and Ladue [18]. The basal activity
present in the culture medium alone (in the absence of
cells) was systematically subtracted from the value found in
the supernatants.

Determination of Cellular DNA Content

The cells were lysed in a 0.1 mol/L phosphate buffer pH 7.4
containing 0.1% Triton x 100 and sonicated twice at 20
kHz for 15 sec. Aliquots (40-80 L) of the cell lysates were
then taken for the determination of DNA content using
the fluorescent dye, Hoechst 33258, according to the
method described by Labarca and Paigen [19] and using calf
thymus DNA as a standard.

[1*C]-Arachidonate Incorporation

Twenty-four hours after seeding, each well received 37-74
kBq of [M*C]-Arachidonate acid. After a 24-hr incubation
period, the medium was renewed by arachidonate-free me-
dium with or without CHP. After an additional 2-hr incu-
bation, the radioactivity released in the supernatant and
the cell radioactivity were determined by liquid scintilla-
tion spectrometry. Aliquots of the supernatants were then
extracted as previously described [20]. Following protein
precipitation by acetone (2 vol.) the medium was extracted
by 3 vol. of chloroform, brought to pH 3.5 with 70% citric
acid. The chloroform extracts were then evaporated under
a N, stream, dissolved in chloroform-methanol, and spotted
onto silica gel plates (Watman LK DF). After development
using the upper phase of the mixture ethylacetatet/
isooctanefacetic acid/water (90:50:20:100 v/v) as solvent,
the distribution of the radioactivity on the plate was ana-
lyzed by scraping off and counting the gel.

Determination of Intracellular ATP

The cells were gently scraped off, washed by 2 mL of phos-
phate buffer pH 7.4 and centrifuged at 15.000 x g for 2 min.
The pellet was then resuspended in 3% perchloric acid and
centrifuged again at 15,000 x g for 2 min.

The supernatant was neutralized using 0.5 M NaHCO,
and centrifuged to remove any insoluble material. The ad-
enine nucleotides were then analysed by liquid chromatog-
raphy using a cyclohexyl 5 pm column (Analychem Inter-
national provided by Varian, France) and a 0.1 M phos-
phate buffer pH 6.0 as the elution buffer. ATP and ADP
were identified by their retention times as compared to
those of reference molecules.

Determination of Malonaldialdehyde Formation

MDA concentrations in the cell pellets and supernatants
were determined according to the method of Beljean-Ley-
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marie and Bruna [21]. Aliquots (1 mL) of the samples were
mixed with 0.2 mL of 0.01M 2,4 hydrazinobenzothiazole
(HBT) and 1 mL phosphate buffer pH 2.5. After 30 min
incubation at 70°C, the derivation product (HBT-MDA)
was extracted with hexane containing HBT-acetylacetone
as an internal standard. The products were then analyzed by
gas chromatography using a thermoionic specific detector.

Fluorimetric Analysis of Rhodamine 123 Retention

The changes in mitochondrial membrane potential (Ay)
were evaluated by following the cellular retention of rho-
damine 123 [22-24]. The cells were incubated for 30 min at
37°C with rhodamine 123 (5 pM), then washed and al-
lowed to stand at 37°C for 45 min in a rhodamine-free
medium. After medium renewal, the cells were then treated
by 60 wM CHP for various periods of time. At the end of
the treatment, the dye remaining trapped into the cells was
determined by fluorimetric analysis following ultrasonic dis-
ruption. The excitation wavelength was 490 nm and the
emission wavelength was 515 nm. The fluorescence inten-

sity was expressed as fluorescence arbitrary units per ug of
DNA.

Determination of Membrane Fatty Acids

The cell pellets extracted with chloroform-methanol (2:1
v/v). After preparation of fatty acid methyl esters according
to Hagenfeldt [25], the various fatty acids were analyzed by
gas chromatography using a varian GC 3300 equipment
and a flame ionization detector.

Protein Determination

The amounts of cellular proteins were determined using the
colorimetric method of Lowry and coworkers [26] and bo-
vine serum albumin as standard.

RESULTS
Cytotoxic Action of Cumene Hydroperoxide

We, first, examined the effect of increasing concentrations
of CHP (1-100 pM) on PCI12 viability, after 120 min of
treatment. As shown in Fig. 1, increasing doses of CHP lead
to a dose-dependent increase in LDH release that becomes
perceptible at a concentration of 5 uM and reaches a maxi-
mum (3- to 4-fold increase as compared to control) at 100
M. LDH release appears associated with cell rounding and
detachment from the surface of the culture flasks; we have,
thus, determined, using the Trypan blue dye exclusion pro-
cedure, both the total number of cells recovered in the
supernatant after 120 min of treatment with CHP (5-100
wM) and the proportion of these floating cells that incor-
porate the dye. It should be stressed that, even in the pres-
ence of high concentrations of CHP (100 puM), a signifi-
cant percentage of the cell population (which may vary
from 10—40% according to the experiment) remains at-
tached to the surface of the culture flasks.
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FIG. 1. Effect of increasing concentrations of CHP on cell
viability. Fourty-eight hr after seeding, the cells were treated
with various concentrations of CHP (1-100 pM). After 120-
min incubation, the amount of LDH released into the cul-
ture supernatants was taken as an index of cell death. Each
value represents the mean (£SD) of 3 different experiments.
*P < 0.05 as compared to control, using student’s t-test.

Figure 2 illustrates that increasing doses of CHP lead to
a progressive detachment of the cells that becomes signifi-
cant at concentrations higher than 5 pM and reaches a
maximum at 100 uM. It appears, however, that the number
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FIG. 2. Effect of increasing CHP concentrations on cell de-
tachment and viability. The cells were incubated for 2 hr in
the presence of increasing concentrations of CHP (5-100
pM). At the end of the incubation, the total number of
floating cells (H) and of dead cells ((1) were determined
using the Trypan blue exclusion procedure. Each value rep-
resents the mean (2SD) of 3 different experiments. *P <
0.05 vs control; *P < 0.01 vs control.
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of floating cells is always higher than the number of cells
that take up the dye; thus, suggesting that cell detachment
is not equal to cell death. To examine further this phenom-
enon, we have compared the kinetics of cell detachment
and Trypan blue dye uptake during a 2-hr treatment by 60
pM CHP.

The results presented in Fig. 3 clearly show that cell
detachment is not concomitant but precedes cell death,
because we observed, after 15 or 30 min of treatment, that
the vast majority of the detached cells are still refringent
and, thus, still alive according to this criterion. Progres-
sively, however, the proportion of dead cells among the
floating population increases to reach almost 80% after 120
min of treatment.

To confirm that LDH release or Trypan blue dye uptake
effectively correspond to cell death, we have tested the
ability of treated cells to divide and grow following a 120-
min treatment with 60 uM CHP. The floating cells were
washed and plated again in the absence of CHP. After 24
hr or 48 hr of incubation, we observed that more than 95%
of the plated cells do not attach to the surface of the culture
flasks and, thus, fail to divide (data not shown).

Similarly, we observed that the cells remaining attached
to the surface of the culture flasks after treatment by CHP
(when fed with new culture medium without CHP), are
also almost unable to divide and detached themselves
within 24-48 hr of culture.

This finding suggests that the population that remains
attached during CHP treatment is, indeed, sensitive to the
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FIG. 3. Time-course of the effect of CHP (60 pM) on cell
detachment and viability. After various periods of incuba-
tion (15-120 min) in the presence of CHP, the total
amounts of floating cells (M) and of dead cells ({1) were
measured using the Trypan blue exclusion procedure. Each
value represents the mean (+SD) of duplicate determina-
tions in 3 different experiments. *P < 0.05 vs control; **P <
0.01 vs control.
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oxidative stress but with a slower time course. Indeed, 24 hr
of treatment with CHP (60 uM) leads to almost complete
cell detachment and death (83% + 15%, results not
shown).

Is CHP-induced Cell Death Associated
with Significant Signs of Lipoperoxidation?

To determine whether or not the cytotoxic action of CHP
on PC12 cells might be the consequence of lipid peroxida-
tion, we determined several parameters indicative of such a
membrane attack in CHP-treated cells. Malonaldialdehyde
is one of the major endproducts of the peroxidation of
polyunsaturated fatty acids and is, thus, considered to be a
good index of peroxidative mechanisms [27, 28]. Using a
gas chromatography method selective of MDA formation,
we only observed a slight increase (36%) in MDA libera-
tion from 0.188 + 0.06 pmoles/mL to 0.256 + 0.09 wmoles/
mL in CHP-treated samples (P < 0.05, n = 4) or even
intracellular accumulation (not shown).

Loss of membrane phospholipids has often been consid-
ered as an index of membrane fatty acid peroxidation and
degradation and we have, thus, measured by gas chroma-
tography analysis the phospholipid-bound fatty acids in
control and CHP-treated cells (60 puM, 2 hr). The fatty
acid composition of control cell phospholipids is given in
Fig. 4. This composition is characterized by a relatively high
percentage of unsaturated fatty acids (~60%). We also
noted the presence of polyunsaturated long-chain fatty ac-
ids, such as 20:4 (n-6), but also 22:5 and 22:6 (n-3). None-
theless, we failed to detect any decrease in fatty acid con-
tent or composition following 2-hr treatment with 60 wM
CHP, (i.e. in a situation where almost 80% of the cells are
dead according to the Trypan blue exclusion procedure).

Because arachidonic acid is one of the major targets of
polyunsaturated fatty acid peroxidation and may also be
transformed into bioactive derivatives [29, 30], we have
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FIG. 4. Effect of CHP treatment (60 uM, 2 hr) on the rela-
tive composition of membrane fatty acids. Each value ex-
pressed as a percentage of the sum of membrane fatty acids,
represents the mean (+SD) of 3 distinct experiments. (Hl)
saturated fatty acids; ([1) monounsaturated fatty acids; ([J)
polyunsaturated fatty acids.
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determined the effect of CHP on arachidonate release and
metabolism. The cells were prelabeled with 0.5 wCi of [1*C]
arachidonate for 24 hr, (i.e. conditions that give a steady-
state incorporation level representing approximately 60—
70% of the added radioactivity). We also observed that
more than 90% of the incorporated radioactivity was asso-
ciated with phospholipids (data not shown). The cells were
then washed carefully and given fresh medium without ra-
dioactivity. After 120-min equilibration, we measured the
kinetics of arachidonate release after treatment with 60 uM
CHP. As shown in Fig. 5, this treatment, which induces the
death of more than 70% of the cell population, is not
associated with any significant liberation of membrane ara-
chidonate but, rather, by a slight decrease during the first
60 min of treatment. Thin layer chromatography analysis of
the radioactivity released in the medium after treatment
with 60 uM CHP, fails to reveal any radioactivity metabo-
lites of arachidonate with the exception of minor traces of
HETE, but the bulk of released radioactivity corresponds to
unmetabolized arachidonate (not shown).

It, thus, appears that CHP-induced cell death is not as-
sociated with a significant activation of phospholipase A,
activity during the 120 min of CHP treatment.

Effect of CHP Treatment on Mitochondrial Activities

Because activities of mitochondria have been suggested, in
various models of oxidative stress, to represent the major
target of prooxidant molecules [31-33], we have deter-
mined the action of CHP on both cellular ATP content
and thodamine 123 uptake. Indeed, rhodamine 123 is
known to be selectively taken up by mitochondria and to
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FIG. 5. Time-course of arachidonate release following CHP
treatment. The cells were prelabelled for 24 hr with [*C]-
arachidonate, then washed and treated with 60 pM CHP for
various periods of time. The amounts of radioactivity in the
culture medium were then determined by liquid scintilla-
tion counting and expressed as a percentage of that released
by untreated controls. Each value represent the mean (£SD)
of duplicate determinations in 3 separate experiments.
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reflect the maintenance of the mitochondrial potential Ay
[22-24].

As shown in Fig. 6, treatment with 60 pM CHP leads to
a progressive decrease in intracellular ATP content, which
reaches only 25-30% of control values after 30 min of
treatment {i.e. at a time where most of the cells, while
detached, remain nonpermeant to Trypan blue). Early ki-
netics carried out during the first 15 min of treatment in-
dicate that the cellular ATP content remains almost con-
stant during the first 10 min of treatment and markedly
decreases thereafter {(not shown). The decrease in intracel-
lular ATP appears, thus, to slightly precede cell detachment
(compare with Fig. 3).

We have measured in parallel the effect of CHP treat-
ment on rhodamine 123 uptake and retention. For techni-
cal reasons, these measurements were only carried out on
the cells remaining attached to the culture flasks during
treatment. To take into account the progressive detach-
ment of some cells during the experiment, the amount of
thodamine 123 remaining trapped by the attached, living
cells, was expressed as fluorescence unit/ng of DNA.

As shown in Fig. 7, treatment by a cytotoxic dose of CHP
(60 M) leads to a significant drop of rhodamine 123 re-
tention, which decreases to almost 30% of control value
after 30 min of treatment. When analyzing the effect of
increasing concentrations of CHP on rhodamine 123 re-
tention, we observed that low doses {1-5 uM) do not re-
duce dye retention (but, rather, slightly stimulate reten-
tion), whereas this reduction is only seen in the presence of
cytotoxic concentrations {60-100 pM) (Fig. 8).

These results, thus, indicate that cell detachment and
death in the presence of CHP is associated with early al-
terations of mitochondrial functions such as ATP produc-
tion and transmembrane potential maintenance.
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FIG. 6. Effect of CHP on the intracellular ATP content. The
cells were incubated for various times with 60 pM CHP. At
the end of the incubations, the intracellular ATP content
was measured by liquid chromatography and expressed as
nmol/mg protein. Each value represents the mean (xSD) of
3 different experiments. *P < 0.05 vs control.

1393

140 -

Rhodamine 123 fluorescence
( arbitrary unit/ng DNA )

o 15 30 43 60 20 120

Time (minutes)

FIG. 7. Time-course of the effect of CHP on cellular rhoda-
mine 123 retention. The cells were first loaded with 5 pM
rhodamine 123 for 30 min at 37°C and then allowed to stand
for 45 min in a dye-free medium. After various periods of
treatment with 60 pM CHP, the amount of rhodamine 123
remaining trapped by the adherent cells was determined by
fluorimetry and expressed per ng of cellular DNA. Each
value represents the mean (£SD) of 3 different experiments.
*P < 0.05 vs control; **P < 0.01 vs control.

DISCUSSION

It first appears from the present results that PC12 cells
constitute an useful model to investigate the mechanisms of
hydroperoxide-induced cell death. Indeed, the toxic effect
of CHP, monitored by medium LDH accumulation or Try-
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FIG. 8. Effect of increasing doses of CHP on cellular rhoda-
mine 123 retention. After rhodamine 123 loading and rins-
ing (see the legend of Fig. 7}, the cells were treated for 120
min in the presence of increasing concentrations of CHP.
We then measure the intensity of rhodamine 123 fluores-
cence trapped by the adherent cells. Each value represents
the mean (xSD) of 3 different experiments. *P < 0.05 vs
control.
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pan blue dye exclusion, is still noticeable at concentrations
as low as 1-5 pM and reaches a maximum at 60-100 pM.
In addition, this effect is very rapid in onset because the loss
of cell viability is achieved within 90-120 min and does not
markedly increase during the following 24 hr. Usually, a
small proportion of the cells, ranging between 5-20% of the
entire population, remains viable throughout the treatment
but they are unable to recover and divide when fed a new,
CHP-free, culture medium. Time-course experiments indi-
cate that the loss of viability that occurs within 30-60 min
of CHP treatment is clearly preceded by cell rounding and
detachment from the bottom of the culture vial.

The purpose of our study was to investigate the role of
lipoperoxidation during CHP-induced cell lysis. However,
when using two current methods to detect lipoperoxidative
membrane attack, we were unable to demonstrate such
damage. MDA formation is generally accepted as a good
reflection of membrane unsaturated fatty acid oxidative
degradation. We have, thus, determined, using a specific
gas chromatographic method [21], the effect of CHP on
medium MDA release or cellular accumulation, but we only
demonstrated a modest effect of CHP on MDA release.
Other workers have also measured the loss of membrane
phospholipid fatty acids as an index of oxidative stress [34,
35]. Results in Fig. 4 show that, after 120 min of CHP
treatment (i.e. at a time where more than 70% of the cells
were considered dead), no signs of membrane fatty acid loss
could be observed. Similarly, treatment of cells prelabeled
with ['*C] arachidonate by 60 pM CHP did not induce any
significant release of free radioactive arachidonate or ara-
chidonate derivatives within 60-120 min of treatment. We
even observed a small, but not significant, inhibition of
fatty acid release following CHP treatment. These results
are in good agreement with those of Shimura et al. [16] who
demonstrated that cumene hydroperoxide effectively in-
duces lipid peroxidation in rat splenocytes but only at rela-
tively high concentrations (200-600 uM).

Another question raised by the present findings is wheth-
er or not the toxic action of the CHP might be the result of
an apoptotic event [10, 36, 37]. Although we have not yet
carried out detailed studies of the morphological changes
induced by CHP in PC12 cells, several elements indicate
that its toxic action is likely due to necrosis. Cell death,
which is achieved very rapidly (within 60-120 min of CHP
treatment), could not be blocked by either actinomycin D
or cycloheximide at concentrations able to block gluta-
mate-induced cell death in the same PC12 population [38].
Determination of cellular and medium DNA contents after
120-min CHP treatment reveal only a very small loss of cell
DNA content (less than 5%), without any release of DNA
fragments in the supernatants (not shown). Furthermore,
agarose gel electrophoresis did not reveal the “ladder” gen-
erally observed during apoptotic events [39] (not shown).

In contrast, when following mitochondrial activity either
by measuring the intracellular ATP content or the reten-
tion of the fluorescent dye thodamine 123, which is con-
sidered to reflect the mitochondrial transmembrane poten-
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tial [22-24], we observed an early effect of CHP on both
parameters. These effects are visible within 15 min of treat-
ment, clearly precede Trypan blue dye uptake, and are al-
most concomitant with changes in cell shape and detach-
ment from the surface of the culture flasks. Several groups
have similarly noticed that oxidative stress is associated
with an early and significant decrease in cellular ATP con-
tent [40, 41], whereas others described a drop in mitochon-
drial transmembrane potential associated with Ca™" ions
leakage from these organelles [32, 33, 42]. At the present
time, it remains unclear as to which is the primary event
produced by an oxidative shock in PC12 cells and what the
relationship is between these metabolic alterations and the
morphologic changes observed following CHP treatment.
Bershadsky et al. [43] have postulated that the cellular actin
network might be a primary target of oxidative stress,
whereas Jurkowitz-Alexander et al. described ATP deple-
tion associated with membrane blebbing and independent
of calcium in a glial cell line [44]. Although current evi-
dence points toward a primary effect of cumene hydroper-
oxide on PC12 mitochondrial activity, additional experi-
ments are now in progress to delineate more precisely the
relationship between the various alterations observed dur-
ing CHP treatment and to understand the role of calcium
ions and of the cytoskeleton in cell lysis.

PC12 cells were kindly provided by D Barritault and J. Courty (Uni-
versité Paris XII, Créteil, France). The authors acknowledge the help
of Dr. A. Young and O. Mostéghanemi in the preparation of this
manuscript. This work was, in part, supported by a grant from ““The
Fondation pour la Recherche Médicale” Paris.
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