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ABSTRACT. The present study was designed to investigate whether cocaine modifies the production of
reactive oxygen species, affects cellular enzyme-mediated antioxidant defense systems and, subsequently,
promotes apoptosis and/or necrosis of hepatocytes. Primary cultures of hepatocytes isolated from phenobarbital-
induced rats were exposed to cocaine (0–1000 mM) for 24 hr, and cell death (apoptosis or necrosis), antioxidant
enzyme activities and mRNA levels, and peroxide generation were determined. Cocaine cytotoxicity by
apoptosis was observed by detecting apoptotic nuclei using optic microscopy and by measurement of the
hypodiploid peak (,2C) in DNA histograms obtained by flow cytometry. Necrosis was evidenced by lactate
dehydrogenase (LDH) leakage, and peroxide production was quantified with 29,79-dichlorodihydrofluorescein
diacetate. Low concentrations of cocaine (less than 100 mM) resulted in an increase in dichlorofluorescein
fluorescence, associated with an enhancement in apoptotic cell death and sharp decreases in the enzyme
activities and RNAs of catalase and manganese-superoxide dismutase (Mn-SOD). The progressive decrease in
peroxide production in cell cultures detected in the range of 250–1000 mM cocaine was associated with increases
in LDH leakage and decreases in the percentage of apoptotic cells, accompanied by low levels in catalase and
Mn-SOD enzyme activities and mRNAs, without apparent changes in apoptosis. These data indicate that
oxygen radicals may contribute directly or indirectly to cocaine-induced apoptosis in cultured hepatocytes. We
conclude that, in primary hepatocyte cultures, cocaine-induced cell death by necrosis was dependent on cocaine
concentration, while cell death by apoptosis was parallel to peroxide concentration. The down-regulation of the
gene expression of antioxidant enzyme systems should be one of the mechanisms involved in cocaine toxicity.
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Cocaine is a stimulant of the central nervous system, whose
widespread abuse has become one of the major medical and
social problems. Experimental and clinical evidence has
shown the hepatotoxic effect of cocaine in laboratory
animals and in humans [1–3]. The principal hepatic lesion
resulting from cocaine in humans, coagulative necrosis, is
similar to that described earlier in experimental animals. It
has been proposed that cocaine hepatotoxicity is mediated by
a series of sequential oxidations catalyzed by cytochrome P450
isoforms and flavin-containing monooxygenases [4, 5], and

it is well known that PB§ induces P-450 microsomal
monooxygenase isozymes responsible for cocaine oxidative
metabolism [6, 7].

The N-demethylation to norcocaine is the first step in
the bioactivation of cocaine. The toxicity of the drug is the
result of further oxidative metabolism, either through redox
cycling between N-hydroxynorcocaine and norcocaine ni-
troxide leading to NADPH depletion as well as the gener-
ation of superoxide anion (O2 z

2 ) and H2O2, or the produc-
tion of a still to be identified reactive metabolite, derived
from cocaine nitroxide and norcocaine nitrosonium [4, 5, 8,
9]. Pathological studies have implicated oxidative damage
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in the mechanisms of cocaine-induced liver injury [10, 11]
and have also shown that mitochondrial injury is involved
in these processes [12]. However, there is no direct evi-
dence of ROS production by isolated hepatocytes in culture
treated with this drug.

Cells are protected from the damaging effects of super-
oxide anion by conversion to H2O2 via SODs, and H2O2

can be rapidly converted to water via glutathione peroxi-
dase and/or catalase [13, 14]. The imbalance of these
enzyme systems results in an excess of ROS generation,
which leads to depletion of glutathione, lipoperoxidation,
altered enzyme activity, DNA damage, etc., which in turn
promote cell death by apoptosis or necrosis [15–17]. Apo-
ptosis is characterized by cell shrinkage, membrane bleb-
bing, nuclear pyknosis, chromatin condensation, and
genomic fragmentation. In contrast, necrosis is caused by
passive cell swelling, injury to cytoplasmic organelles in-
cluding mitochondria, rapid collapse of internal homeosta-
sis, membrane lysis, and release of cellular contents. Both
apoptosis and necrosis represent the extreme ends of dam-
age and can occur simultaneously in cell cultures exposed to
the same stimulus [18, 19].

Previous studies in our laboratory showed that apoptosis
occurs in mouse liver following the in vivo administration of
cocaine to mice pretreated or not with PB [7]. It has also
been demonstrated that cocaine produced apoptosis in
mouse thymocyte populations [20] and that in vitro expo-
sure of fetal mouse neurons to cocaine resulted in apoptosis
[21]. However, studies of apoptotic changes in hepatocyte
cultures incubated with the drug and the relationship
between apoptosis, the level of peroxides, and the expres-
sion of antioxidant cellular defense systems have not yet
been reported. Although many factors can be involved in
apoptosis, this form of cell death is known to be triggered by
the intracellular generation of ROS as subproducts derived
from the metabolism of toxic agents [22, 23]. On the other
hand, it has been described that SOD and catalase protect
cells from inducers of apoptosis, suggesting a role for ROS
in regulating this mode of cell death [15, 24, 25]. These
considerations prompted us to investigate the way in which
the oxidative metabolism of cocaine can affect the mode of
cell death. Moreover, as the system involved in antioxidant
cell defense protects cells from oxidative stress, cocaine-
induced changes in the activity and gene expression of the
enzymes involved in the elimination of ROS were also
evaluated.

MATERIALS AND METHODS
Reagents

Tissue culture media were from BioWhittaker. Standard
analytical grade laboratory reagents were obtained from
Merck. Collagenase was from Boehringer. [a-32P]dCTP
(3000 Ci/mmol) and the multiprimer DNA-labeling system
kit were purchased from Amersham. Agarose was from
Hispanagar. DCFH-DA was obtained from Molecular
Probes and PI was from Sigma Chemical. HCl cocaine

(99.5% purity, checked by HPLC) was obtained from the
Drug Restriction Service Ministry of Health in Spain.

Animals

Two-month-old male Wistar rats with an average body
weight of 180–230 g were used for the cell preparations. All
animals received care as outlined in the Guide for the Care
and Use of Laboratory Animals prepared by the National
Academy of Sciences and published by the National Insti-
tutes of Health. Rats were supplied with food and water ad
lib. and exposed to a 12-hr light-dark cycle. Since pretreat-
ment of rats with PB is required for toxicity to be enhanced
[7], the animals were injected intraperitoneally with sodium
phenobarbital at a dose of 80 mg/kg/day for 5 days previous
to the isolation of hepatocytes.

Isolation and Culture of Hepatocytes

Hepatocytes were isolated by perfusion of the liver with
collagenase as described elsewhere [26] and cell viability,
determined by trypan blue exclusion, was always greater
than 90%. Freshly isolated hepatocytes (1.5 3 106) were
seeded into 60 3 15-mm culture dishes (Becton Dickinson)
in 3 mL Dulbecco’s modified Eagle’s medium supplemented
with 100 IU/mL penicillin, 50 mg/mL of streptomicin, 50
mg/mL of gentamicin, and 10% fetal bovine serum. After
3-hr incubation at 37° in a humidified 5% CO2-95% air
atmosphere, the medium was replaced with fresh medium
supplemented with 0.1% BSA.

Exposure to Cocaine and LDH Leakage Assay

Following a 24-hr preculture period, hepatocytes were
incubated in the presence of cocaine. Cocaine HCl was
dissolved in fresh medium and precultured hepatocytes
were exposed to the drug at a dose range of 0–1000 mM for
24 hr. Cytotoxicity was measured using the index of LDH
[27] leakage from damaged hepatocytes according to Va-
sault [28], and was expressed as a percentage of total cellular
activity.

Determination of Intracellular Generation of Peroxides

Production of peroxides was monitored by flow cytometry
using DCFH-DA [29]. This dye is a stable non-polar
compound that readily diffuses into cells. Once inside the
cells, the acetate groups are cleaved from the molecule by
intracellular esterases to yield DCFH, which is trapped
within the cells. H2O2 or low-molecular-weight peroxides,
produced by the cells in the presence of cellular peroxi-
dases, oxidize DCFH, releasing the highly fluorescent com-
pound DCF. Thus, fluorescence intensity is proportional to
the amount of peroxide produced by the cells. Following
incubation with cocaine, hepatocytes from culture dishes
were washed with PBS and immediately detached with
trypsin/EDTA, then incubated with agitation for 30 min in
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2 mL of PBS containing 5 mM DCFH-DA at 37°. The cells
were washed twice with PBS to remove the extracellular
DCFH-DA, followed by analysis on a FACScan flow
cytometer (Becton Dickinson) (excitation: 488 nm; emis-
sion: 525 nm). Because identification of non-viable and
late apoptotic cells is essential for obtaining accurate data,
PI (10 mg/mL) was added to each tube 10 min before flow
cytometry analysis to ensure that only live and early
apoptotic cells were analyzed. PI treatment differentiates
viable and non-viable cells since non-viable cells permit
the entrance of this dye into the cells. For DCFH analysis,
only PI-negative (viable) cells were acquired. Hepatocyte
autofluorescence was detected by running unstained cells,
and only hepatocytes with fluorescence higher than basal
were quantified as peroxide-generating cells (u-M1-u peak).
A laser scanning confocal microscope was used to analyze
localizations of DCF fluorescence in hepatocytes. Confocal
imaging was performed using an MRC 1000 confocal
microscope (BioRad).

Analysis of Apoptosis

Following cocaine treatment, cultured hepatocytes were
fixed in ice-cold methanol/acetic acid (3:1) for 5 min,
stained with Hoechst 33258 (5 mg/mL) for 10 min, and
washed with distilled water. Cells were mounted in a
solution of 20 mM citric acid, 50 mM disodium ortophos-
phate and 50% glycerol (pH 5.5), and examined at a
wavelength of excitation 330–380 and emission of 460 nm
using an Olympus IMT-2 microscope with fluorescence
attachment [30]. Quantification of apoptotic cell death was
performed by measuring the hypodiploid peaks (,2C) in
DNA multiploid histograms obtained by flow cytometry, as
previously described [30, 31]. For the analysis of DNA
content, cells were stained with PI, and the emitted
fluorescence of DNA–PI complex was analyzed in a
FACScan flow cytometer (Becton Dickinson) in the FL2-A
channel. A double discriminator module was used to
distinguish between signals coming from a single nucleus
and those signals from products of nuclear aggregation.
Data analysis was carried out by means of evaluation of
single inputs (104 nuclei/assay).

Enzyme Activity Assays

Hepatocytes were collected from culture dishes, resus-
pended in PBS, and sonicated on ice. The solution was
centrifuged at maximum speed for 15 min at 4° in a
microcentrifuge and the supernatant used for enzyme activ-
ity assays. Antioxidant enzyme activities were measured as
described [32]. Catalase activity was spectrophotometrically
determined by measuring decreased absorbance at 240 nm
using H2O2 as substrate [33]. Superoxide dismutase (Cu,Zn-
SOD and Mn-SOD) activity was measured spectrophoto-
metrically by monitoring the inhibition of the autoxidation
of pirogallol [34]. Sodium cyanide (2 mM) was added to
dissect Mn-SOD activity from that of Cu,Zn-SOD. Enzyme

activity was expressed as units/mg protein. Protein estima-
tion was made following Bradford [35], using BSA as
standard.

RNA Extraction and Analysis

Total RNA (3 3 106 cells) was extracted following the
guanidinium thiocyanate method [36] as described [37, 38].
After electrophoresis in a 0.9% agarose gel containing 2%
formaldehyde, the RNA was transferred to GeneScreenTM
membranes (New England Nuclear). The relative levels of
various mRNA transcripts were determined using catalase,
Mn-SOD, and Cu,Zn-SOD cDNA probes [39], labeled with
a32P-dCTP using a multiprimer DNA-labeling system kit
(Amersham). Quantification of the films was performed by
a laser densitometer (Molecular Dynamics) using the hy-
bridization with an 18S ribosomal RNA probe as an
internal standard. The variability in the measurement of
fold increase in mRNA, after quantification by scanning
densitometry from the filters, was not greater than 15%.

Statistical Analysis

All results are expressed as the means 6 SD of four
observations (four animals) in duplicate. Statistical differ-
ences between two groups were analyzed by the Student’s
t-test; when more than two groups were compared, the
Kruskal Wallis test (non-parametric ANOVA) was used.
P , 0.05 was considered significant.

RESULTS

Isolated hepatocytes from PB-pretreated rats were exposed
to increasing concentrations of cocaine from 0 to 1000 mM

FIG. 1. Cytotoxic effects of cocaine in cultured hepatocytes
derived from PB-induced rats. Hepatocytes were exposed to
increasing concentrations of cocaine for 24 hr, and LDH leakage
was measured as a cytotoxicity parameter and membrane lysis
index. Results are expressed as the percentage of total cell LDH
as described [27]. Data are expressed as means 6 SD of four
independent experiments from four rats. *P < 0.05.
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for 24 hr, and LDH leakage was measured as an index of
membrane lysis and cell toxicity [27]. The kinetics of
cocaine citotoxicity in hepatocyte cultures were assayed at
2, 10, and 24 hr of incubation in the presence of the
concentrations of the drug mentioned above (data not

shown). We found that 24 hr of incubation was the best
time point to detect significant changes. Figure 1 shows the
percentages of LDH release in hepatocyte cultures incu-
bated with increasing concentrations of cocaine. The cy-
totoxic effect of cocaine was dose-dependent and the lowest
concentration of the drug able to cause significant increases
in LDH leakage was 250 mM, reflecting a loss of plasma
membrane integrity associated with necrosis. Cocaine con-
centrations 4-fold higher than necessary in PB-pretreated
cells were required before loss of viability was observed
when hepatocytes were isolated from non-PB-pretreated
rats (data not shown).

Because cytotoxic activity of cocaine in liver has been
ascribed to ROS production [5, 8, 9, 21], we investigated
intracellular generation of peroxides by hepatocytes using
the DCFH-DA probe. Figure 2 shows the intracellular
concentration of peroxides in cocaine-treated hepatocyte
cultures measured by flow cytometry of the fluorescence
emitted due to DCFH oxidation. Figure 2A shows the
histograms in which fluorescence of DCF, detected with the
FL1-H channel, is plotted against the number of cells.
u-M1-u defines the peak of peroxides (intense fluorescence).
Figure 2B shows the quantification in arbitrary units of the
u-M1-u peak of Fig. 2A. These results show that cocaine
increased endogenous levels of peroxides at doses between
10–100 mM and that exposure to higher concentrations
(500 and 1000 mM) resulted in a decrease in the DCF
intensity. These results indicate that the generation of ROS
is an immediate response to exposure to cocaine and
therefore occurs very early in cocaine-treated hepatocytes.

Figure 3 shows the simultaneous PI- and DCF-associated
fluorescence in hepatocytes visualized through the laser
scanning confocal microscopy system. The red fluorescence
of PI, inside the cells, shows the lack of cytoplasmic
membrane integrity and is considered a marker of necrotic
cell death observed in hepatocyte cultures incubated in the
presence of 500 and 1000 mM cocaine (C and D). How-
ever, green fluorescence of DCF (peroxides) decreased in
cells incubated with these high doses (500 and 1000 mM) of
cocaine when compared to the control (A), the highest
intensity being in the green fluorescence observed at 100
mM (B). These results confirm the above-mentioned data
obtained both by flow cytometry and by the measurement
of LDH leakage.

FIG. 2. Intracellular generation of peroxides in cultures of
hepatocytes incubated in the presence of cocaine (0–1000 mM).
Following incubation with the drug, cultured hepatocytes were
detached with tripsine and incubated with 5 mM DCFH-DA in
2 mL PBS for 30 min at 37°. The samples were placed on ice and
peroxide production was determined by measuring the DCF
fluorescence with FL1-H channel, against the number of cells,
by flow cytometry. (A) A representative histogram of the four
independent experiments. (B) Results, expressed as arbitrary
units, are the means 6 SD of experimental observations from
four rats. Student’s t-test was performed for statistical evalua-
tions between all values against control as (a) and Kruskal
Wallis test for evaluations between more than two groups (b).
*P < 0.05 was considered the level of significance.
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When exposed to cocaine, a large fraction of cell nuclei
appeared to be denser and smaller, or fragmented when
observed by light microscopy. Figure 4 (A–C) shows pho-
tographs obtained by fluorescence microscopy in which
apoptosis was visualized by observing the morphology of
hepatocytes incubated for 24 hr in the presence of cocaine
(0, 100, and 1000 mM). Staining with the DNA-binding
dye Hoechst 33258 showed that in cocaine-treated cells,
the chromatin was dispersed into multiple small nuclear
fragments, while control cells rarely exhibited an apoptotic
morphology.

Condensation and fragmentation of chromatin are asso-
ciated with lower DNA fluorescence in flow cytometric

analysis, which is considered to be a useful tool for
quantitative detection of apoptosis [7]. Multiploid DNA
histograms and the percentages of apoptotic cells (hypodip-
loid DNA content) determined by flow cytometry are
shown in Fig. 5. Figure 5A shows DNA multiploid histo-
grams in which the fluorescence of PI-stained DNA was
detected with FL2-A channel and plotted against the
relative number of cells. u-M1-u defines the percentage of
hypodiploid cells ,2C as an apoptotic index. Quantitative
analysis of these cells showed the percentage of hepatocyte
population that underwent apoptosis. These values are
shown in Fig. 5B. At 24-hr incubation the following results
were obtained: apoptosis of cultured hepatocytes was 8.0 6

FIG. 3. Confocal imaging of DCF fluorescence in rat hepatocytes exposed to cocaine for 24 hr. Cultured rat hepatocytes were loaded
with DCFH-DA and PI fluorochromes. DCF fluorescence (green fluorescence) was an index of oxygen-derived free radical generation
and fluorescence of the DNA-intercalating dye PI (red fluorescence) was a marker of membrane barrier dysfunction. (A) control
hepatocytes; (B) 100 mM cocaine; (C) 500 mM cocaine; and (D) 1000 mM cocaine (bar 5 50 mm).

FIG. 4. Morphology of cocaine-treated hepatocytes. (A) and (B) control; (C) and (D) 100 mM cocaine; (E) and (F) 1000 mM cocaine.
Photographs on the upper row of the panel show fluorescent nuclei stained with Hoechst 33258, those on the lower row the
corresponding phase contrast images. Arrows show hepatocytes with apoptotic morphology in which condensed or fragmented nuclei
are clearly observed (bar 5 50 mm).
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0.9% for control cells. Under our experimental conditions,
hepatocyte apoptosis increased significantly versus control
when incubated in the presence of cocaine at doses be-
tween 10–100 mM (19 6 2.0, 21 6 2.5, and 20 6 1.9% for
10, 50, and 100 mM, respectively), significantly diminish-
ing (versus the values obtained at 10–100 mM) at doses of
500 and 1000 mM (14 6 1.5 and 12 6 1.4%, respectively).

Figure 6 shows the activities of enzymes involved in the
primary antioxidant defense, such as superoxide dismutases
and catalase. Mitochondrial SOD (Mn-SOD) activity,
expressed as units per mg of protein, decreased progressively
according to cocaine concentration, the decrease being
significantly different when compared to control at concen-
trations of cocaine above 100 mM. However, cytosolic SOD
(Cu,Zn-SOD) slightly increased and showed significant
differences only at 1000 mM (148%, P , 0.05 vs control).
Catalase activity, expressed as units per mg of protein,
showed a decrease detectable from 100 mM.

We used Northern blot hybridization to measure the
relative levels of the mRNA transcripts for the genes
coding for superoxide dismutases and catalase as a means of
studying the effect of increased concentrations of cocaine
on their gene expression. Northern blots prepared with
RNA extracted from cocaine-treated hepatocytes from
PB-pretreated rats were probed with cDNA sequences of
catalase, Mn-SOD, and Cu,Zn-SOD [39]. Figure 7 shows
representative autoradiographs and their corresponding
quantifications by scanning densitometry. After 24 hr of
cocaine exposure, catalase and Mn-SOD expression under-
went slight increases at 10 mM cocaine (129% and 120%,
respectively). However, at 100 mM cocaine sharp decreases
in catalase and Mn-SOD mRNAs, to 55% (P , 0.05) and
46% (P , 0.05) versus control, respectively, were de-
tected. From 100 to 1000 mM cocaine, only slight changes
were observed in both enzyme expressions. Cu-Zn SOD
expression did not change significantly in the range of all
cocaine concentrations assayed.

DISCUSSION

There is increasing evidence that hepatocyte apoptosis may
occur in a number of liver diseases [40, 41]. Besides necrosis,
apoptosis is considered as a significant pathway of cell
clearance under pathological conditions. In histopatholog-
ical studies of hepatic diseases, including acute and chronic
hepatitis, alcohol-induced liver diseases, and primary biliary
cirrhosis, it has been reported that apoptosis plays an
important role in the course of liver cell death. In a
previous publication, we showed that morphological and
biochemical characteristics of apoptotic changes were ob-
served in liver of acute-cocaine-treated mice either induced

FIG. 5. Multiploid DNA histograms and scatter profiles of
cultured hepatocytes treated with cocaine (0–1000 mM) and
stained with the DNA-intercalating dye PI [30]. Fluorescence
was detected with the FL2-A channel and plotted against the
number of cells, while z-M1-z defines the percentage of hypodip-
loid cells (<2C) as an index of apoptosis. (A) Representative
histograms of four independent experiments. (B) The quantifi-
cation of the hypodiploid <2C peaks. The results, expressed as
a percentage of total hepatocyte population, are the means 6 SD
of experimental observations from four rats. Student’s t-test was
performed for statistical evaluations between all values against
control as (a) and Kruskal Wallis test for evaluations between
more than two groups (b). *P < 0.05 was considered the level
of significance.
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or not with PB [7]. However, from in vitro studies performed
to date, no data have been reported which demonstrate the
degree of involvement of apoptotic cell death in cocaine-
induced cytotoxicity, the relationship between gene expres-
sion of enzymes primarily involved in the cell defense
against pro-oxidants, or the generation of ROS through the
oxidative metabolism of cocaine.

ROS have been reported to be intermediates in signal
transduction during apoptosis. ROS show some of the
characteristics of second messengers, and there is good
evidence that they can promote transcription factor activ-
ity and regulate the expression of a variety of genes.
Therefore, oxidative stress contributes to the cell death
program by signaling [24]. It is well known that PB induces
the activity of cytochrome P-450 microsomal monooxygen-
ase isozymes responsible for cocaine oxidative metabolism
[6, 7, 10, 11], and in the present paper we use this property
to better study cocaine cytotoxicity. Although previous
studies have already demonstrated that oxidative damage
plays a role in the cytotoxicity of cocaine [9–11], there is as
yet no definitive and quantitative evidence showing the
extent of ROS production in hepatocytes by the effect of

this drug. By using the probe DCFH-DA and confocal
microscopy and flow cytometry techniques, we found in-
creases in DCF fluorescence, indicating overproduction of
peroxides when rat hepatocyte cultures were incubated in
the presence of low concentrations of cocaine. The peak of
emitted DCF fluorescence occurred at doses lower than 100

FIG. 6. Catalase (EC 1.11.1.6) and SOD (EC 1.15.1.1) activ-
ities in hepatocyte cultures incubated in the presence of cocaine
(0–1000 mM). Hepatocytes were collected from culture dishes,
resuspended in PBS, and sonicated on ice. The solution was
centrifuged at maximum speed for 15 min at 4° in microcentri-
fuge and the supernatant used for enzyme activity assays. The
activities of catalase, Cu,Zn-SOD, and Mn-SOD were measured
as previously described [32]. One unit of SOD refers to ng of
enzyme that produces 50% inhibition in pyrogallol autoxidation.
One unit of catalase is defined as the amount of enzyme that
transforms 1 mmol of hydrogen peroxide per min at 25°. The
values are the means 6 SD of four different observations. *P <
0.05 versus control.

FIG. 7. Northern blot analysis of catalase, Mn-SOD, and
Cu,Zn-SOD mRNAs. RNA was isolated and analyzed by
Northern blotting using radiolabeled catalase, Mn-SOD, and
Cu,Zn-SOD cDNAs. Panels A and B show representative
Northern blots with 18S rRNA probe for RNA normalization
and panels C and D show the quantification after correction
with 18S rRNA obtained by laser densitometry. Lanes 1, 2, 3,
4, 5, and 6 refer to 0, 10, 100, 250, 500, and 1000 mM,
respectively.
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mM cocaine; a decrease in cellular fluorescence was de-
tected at higher cocaine concentrations parallel to mem-
brane lysis, observed by LDH leakage and PI staining in
confocal studies. These results provide evidence that co-
caine in vitro induces intracellular generation of peroxides,
which could be involved in the initiation of cytotoxicity.

In the present report, our results demonstrate that
cocaine leads to cell death in rat hepatocyte cultures by
inducing both apoptosis and necrosis. These two modes of
cell death can occur simultaneously in liver damage in-
duced by hepatotoxic substances [19, 42]. In cultured
hepatocyte apoptosis initiated at early time points, cells,
when exposed to stressful concentrations, may lose mem-
brane permeability before the apoptosis program is finished.
However, the distinction between apoptosis or necrosis
presents some difficulty in vitro, since in our experiments,
because of the lack of scavenging cells that phagocyte
apoptotic bodies, cells in culture can undergo secondary
necrosis releasing their content into the surrounding space
[43]. Thus, we obtain evidence for apoptotic-like features
by applying techniques such as analyzing apoptotic nuclei
stained with Hoechst 33258 dye by fluorescence micros-
copy and by measuring DNA apoptotic damage quantifying
the hypodiploid peak in multiploid DNA histograms. Al-
though necrosis was documented by the leakage of LDH, as
a marker of membrane lysis and cytotoxicity associated with
cell death [27], the above-mentioned secondary necrosis of
apoptotic cells in vitro leads to an interference between the
two manners of cell death. The results obtained in the
present study, together with those in a previous report [7],
strongly suggest that apoptosis plays an important role in
the toxicity of cocaine in hepatocytes, since at doses of
cocaine between 10–100 mM, evident morphological
changes were detected that simultaneously occurred with or
preceded the development of the loss of membrane integ-
rity and cytotoxicity. Moreover, the extent of apoptosis was
parallel to the peroxide production in cell cultures. Further-
more, our results are consistent with other observations that
the exposure of cells to low levels of oxidants induces cell
death mainly by apoptosis rather than by necrosis [22].

Cell integrity is affected by oxidative stress when the
production of active oxidants overwhelms antioxidant de-
fense mechanisms [13, 44]. The sequenced elimination of
superoxide and H2O2 by the coordinated action of super-
oxide dismutases and catalase prevents the formation of the
highly reactive hydroxyl radical. It has been described that
catalase, in response to oxidative stress, is regulated both at
transcriptional and translational levels [45]. Our experi-
mental studies have been conducted to ascertain the effects
of cocaine administration on enzyme activity and gene
expression of those hepatic antioxidant enzymes closely
related to superoxide and peroxide generation, such as SOD
and catalase. Exposure of cell cultures to doses of cocaine of
500 and 1000 mM was associated with sharp decreases in
catalase and Mn-SOD enzyme activities and mRNAs. The
lack of apparent changes in Cu,Zn-SOD by the effect of
cocaine may be due to the fact that cytosolic SOD appears

to be constitutively expressed while mitochondrial SOD
(Mn-SOD) is a highly inducible enzyme [46].

It has been reported that generation of ROS and deple-
tion of cellular antioxidants play a role in cocaine-induced
liver injury [8–10], but not much information is available
concerning the expression of genes involved in primary
cellular protection against ROS in hepatocyte cultures
incubated in the presence of cocaine. Our results suggest
that oxidative stress induced by cocaine may occur because
of the down-regulation of primary antioxidant defense
genes. The progressive decline over a period of 24 hr of
incubation with cocaine in the transcript concentration for
catalase and Mn-SOD, as drug concentration increased,
brought about an increase in the oxidant redox state of the
cells, contributing to the molecular mechanisms of cell
injury and death.

From these results, we conclude that in hepatocyte
cultures there seems to be a relationship between the
generation of peroxides induced by cocaine metabolism,
the expression of cell antioxidant enzyme systems, and the
modulation of cell death. Furthermore, our data are consis-
tent with the hypothesis that oxidative stress participates in
the signaling pathways responsible for inducing cell death.
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10. Göldlin CR and Boelsterli UA, Reactive oxygen species and
non-peroxidative mechanisms of cocaine-induced cytotoxic-
ity in rat hepatocyte cultures. Toxicology 69: 79–91, 1991.

11. Boelsterli UA, Wolf A and Göldlin C, Oxygen free radical
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