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ABSTRACT. Cocaine is capable of producing severe hepatocellular necrosis in laboratory animals and humans.
The mechanism of cocaine hepatotoxicity is not well understood, but appears to result from the actions of one
or more N-oxidative metabolites of cocaine. Mitochondria have been proposed as critical cellular targets for
cocaine toxicity, and previous studies have found depressed mitochondrial respiration and increased mitochon-
drial generation of reactive oxygen species (ROS) in animals treated with cocaine. To examine the potential role
of cocaine N-oxidative metabolites in these effects, mitochondrial respiration and ROS generation were
examined in isolated mouse mitochondria treated with cocaine and its N-oxidative metabolites—norcocaine,
N-hydroxynorcocaine, and norcocaine nitroxide. Cocaine, in concentrations of 0.25 or 0.5 mM, had no effect
on state 3 respiration, state 4 respiration, respiratory control ratio (RCR), or ADP/O ratio. Norcocaine (0.5 mM)
inhibited state 3 respiration, and N-hydroxynorcocaine (0.5 mM) inhibited both state 3 and state 4 respiration.
Norcocaine nitroxide had the greatest effect on mitochondrial respiration; the lower concentration (0.25 mM)
completely inhibited both state 3 and state 4 respiration. Preincubation of mitochondria with cocaine or
metabolites increased the inhibitory effect of norcocaine and N-hydroxynorcocaine, but not cocaine. Cocaine,
norcocaine, and N-hydroxynorcocaine (0.1 mM) had no effect on ROS generation during state 3 respiration,
and cocaine and norcocaine decreased ROS generation under state 4 conditions. Norcocaine nitroxide interfered
with the fluorescence ROS assay and could not be assessed. The results suggest that the effects of cocaine on
mitochondrial respiration are due to its N-oxidative metabolites. Inhibition of mitochondrial respiration by the
N-oxidative metabolites of cocaine may be the underlying cause for observed ATP depletion and subsequent cell
death. BIOCHEM PHARMACOL 60;5:615–623, 2000. © 2000 Elsevier Science Inc.
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Several case reports have described hepatic injury from
cocaine use, including cases in which cocaine-induced liver
damage resulted in mortality [1–5]. In general, clinical
response to cocaine in these cases included a rapid rise in
serum transaminase levels, and histopathology, when avail-
able, revealed hepatocellular necrosis, often accompanied
by mild steatosis. Cocaine hepatotoxicity also has been
demonstrated in the rat and mouse, with the mouse being
the most-studied model. As in humans, cocaine hepatotox-
icity in mice is characterized by the development of severe,
potentially fatal hepatocellular necrosis [6–8].

The development in mice of hepatotoxicity from cocaine

is closely correlated with its oxidative metabolism, and
hepatic injury from cocaine generally is regarded as attrib-
utable to one or more of its oxidative metabolites [8, 9].
Cocaine in the liver undergoes rapid sequential oxidation
of the tropane nitrogen, leading successively to norcocaine,
N-hydroxynorcocaine, and norcocaine nitroxide. Each of
these metabolites has been shown to produce hepatic
necrosis in mice [10–12], but the mechanism of their
hepatotoxicity remains unclear. Recent evidence suggests
that the production of ROS¶ plays an important role in
acute cocaine hepatotoxicity, both in vitro [9, 13–15] and in
vivo [16], and uncoupling of both P450-mediated monoox-
ygenase activity [13] and mitochondrial respiration [14, 17]
have been hypothesized as possible sources of ROS follow-
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that cocaine after in vivo administration depresses mito-
chondrial respiration [17], decreases mitochondrial mem-
brane potential [18], and enhances mitochondrial produc-
tion of ROS [14], it is not yet clear whether cocaine or one
of its metabolites is responsible for these effects.

The objective of this study was to examine and compare
the effects of cocaine and its oxidative metabolites on
mitochondrial respiration, and to determine whether these
metabolites stimulate the release of ROS. For the former
objective, mitochondrial respiration was measured in the
presence of cocaine, norcocaine, N-hydroxynorcocaine, or
norcocaine nitroxide. For the latter objective, we adapted
and further developed a method based on the oxidative
transformation of DHR to the fluorescent product rhoda-
mine 123 [19] to measure ROS production in isolated
mitochondria incubated with cocaine or its oxidative me-
tabolites. Data are presented showing that N-oxidative
metabolites of cocaine reduced the ability of isolated
mitochondria to carry out oxidative phosphorylation, but
had no effect on ROS production.

MATERIALS AND METHODS

Experiments examining the effects of cocaine and its
metabolites on mitochondrial respiration were conducted
in the United States, while experiments evaluating effects
on mitochondrial ROS generation were conducted in
Switzerland. Within practical limits, both phases of the
experimentation were conducted in a consistent fashion.
Any differences in sources of materials used by the two
laboratories are identified in the following sections.

Reagents

CCCP, antimycin A, and DHR were obtained from Fluka
AG. Catalase from bovine liver, adenosine 59-diphosphate
from equine muscle, BSA, DMF, succinic acid, and EDTA
were purchased from the Sigma Chemical Co. (2)-Cocaine
hydrochloride [1R-(exo,exo)-], D-mannitol, and HEPES for
experiments in Switzerland were purchased from Fluka AG,
while experiments conducted in the United States used
Sigma as the source for these chemicals. (2)-Norcocaine
was obtained from the National Institute on Drug Abuse
(via the Research Triangle Institute). (2)-N-Hydroxynor-
cocaine and (2)-norcocaine nitroxide were synthesized as
described previously [12].

Animals

All experiments were approved by the appropriate institu-
tional authorities. For experiments in Switzerland, male
ICR mice [Hsd: ICR (CD-1®); 8 weeks of age] were
obtained from Harlan, Horst. The mice were kept in
Macrolone cages with wood shavings as bedding at 24 6 2°
and 55 6 5% relative humidity in a 12-hr light/dark
rhythm (7:00 a.m. to 7:00 p.m. light) with free access to

water and Nafag 857 mouse pellets (Nafag). For experi-
ments conducted in the United States, male ICR mice, 8
weeks of age, were obtained from Harlan Sprague-Dawley.
Mice were housed on corncob bedding in plexiglass cages
with free access to food (Teklad Rodent Diet 8604, Harlan
Sprague-Dawley) and water. Animal quarters were on a
12-hr light/dark cycle, and maintained at 22 6 2°, with a
relative humidity of 60 6 5%. All experiments were
conducted with mice starved overnight.

Mitochondrial Preparation

Animals were euthanized with carbon dioxide, and each
liver was removed quickly. Livers were homogenized imme-
diately in ice-cold MSH/EDTA buffer (210 mM mannitol,
70 mM sucrose, and 5 mM HEPES containing 1 mM
EDTA). The mitochondrial pellet was obtained by low-
speed centrifugation (1000 g) of the homogenate, followed
by high-speed centrifugation (10,000 g) of the supernatant.
The pellet was washed twice in the same buffer. Protein
content was determined according to Bradford [20] using
BSA as standard protein and adapted for the Cobas Fara
autoanalyzer (Roche).

Mitochondrial Respiration

Mitochondria isolated from each liver were used to test the
effects of individual metabolites on respiration. Protein was
determined in each mitochondrial preparation. Oxygen
consumption by isolated mitochondria was measured using
a Clarke-type oxygen electrode in a water-jacketed incuba-
tion chamber with a capacity of 675 mL (model 202B,
Instech Laboratories, Inc.) maintained at 30°. Freshly
isolated mitochondria (0.5 mg protein) were introduced
into the chamber containing respiration buffer (250 mM
sucrose, 2 mM EDTA, 20 mM KH2PO4, 4 mM magnesium
chloride, pH 7.4) using a microsyringe. Endogenous respi-
ration was recorded for 2 min, and then 30 mL of 150 mM
sodium succinate (final concentration 6.66 mM) was in-
jected as substrate to initiate state 4 respiration, which was
recorded for 2 min. Five microliters of 12.6 mM ADP (final
concentration, 63.1 nM) was injected to initiate state 3
respiration. When state 3 returned to state 4, another 5 mL
of ADP was injected to initiate another cycle. Rates of state
3 and state 4 respiration were measured from polarigraphic
traces according to Chance and Williams [21]. RCR and
ADP/O ratios were calculated according to standard proce-
dures. Mitochondria with normal respiratory function were
then used to test the effects of cocaine and cocaine
metabolites.

Stock solutions of cocaine (16.65 and 33.3 mM in
distilled water) and each metabolite—norcocaine, N-hy-
droxynorcocaine, norcocaine nitroxide (16.65 and 33.3
mM in 95% ethanol)—were prepared just prior to use. For
each mitochondrial preparation, the effect of each metab-
olite on succinate respiration was tested individually. After
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at least two cycles of normal state 4 and state 3 respiration
with untreated mitochondria (0.5 mg protein), 10 mL of
metabolite stock was introduced into the reaction chamber
(final concentration of 0.25 or 0.5 mM) during state 3
respiration (immediately following ADP), and the rates of
state 3 and the subsequent state 4 respiration were mea-
sured. RCR and ADP/O ratios were also calculated. This
procedure was repeated with each metabolite. To avoid
residual effects on subsequent runs, the reaction chamber
was emptied, rinsed with distilled water, and then filled
with fresh respiration buffer before testing the next metab-
olite. Differences in respiration rates before and after
treatment were compared for each metabolite. Metabolites
evaluated were norcocaine (N 5 8 mice), N-hydroxynor-
cocaine (N 5 8 mice), and norcocaine nitroxide (N 5 6
mice). The effect of the parent compound, cocaine (N 5 7
mice), was also tested for comparison. The effect of 95%
ethanol (solvent for norcocaine, N-hydroxynorcocaine,
and norcocaine nitroxide) on respiration was also assessed
to eliminate any confounding factors. Addition of 10 mL of
ethanol had no effects on oxygen consumption.

In some experiments, mitochondria were preincubated
with cocaine or metabolite prior to initiating state 3 or state
4 respiration. For these experiments, freshly isolated mito-
chondria (0.5 mg protein) were preincubated with 10 mL of
16.6 mM cocaine (N 5 8), norcocaine (N 5 8), N-
hydroxynorcocaine (N 5 8), or norcocaine nitroxide (N 5
6) (final concentration 2.75 mM for each metabolite) for 5
min on ice. The mixture was introduced into the respira-
tion chamber containing respiration buffer, and endoge-
nous respiration was recorded for 2 min after which 30 mL
of 150 mM sodium succinate (final concentration 6.66
mM) was injected to initiate state 4 respiration, which was
recorded for 2 min. Then 5 mL of 12.625 mM ADP (final
concentration, 63.1 nM) was injected to initiate state 3
respiration. State 3 and state 4 respiration rates, RCR, and
ADP/O ratio were calculated and compared with those for
untreated mitochondria.

Measurement of Mitochondrial ROS Production:
DHR Assay

Mitochondrial ROS production was monitored by measur-
ing the formation of the fluorescent dye rhodamine 123
from the oxidation of DHR in the presence of catalase [22].
The fluorescent cation rhodamine 123 formed from the
reaction accumulates inside the mitochondria as a function
of the D cm, which results in fluorescent quenching [23].
To completely release the fluorescent dye from mitochon-
dria and, hence, to de-quench the fluorescent signal at the
end of the measurement period, the mitochondrial mem-
brane potential was dissipated by the addition of an
uncoupling agent, CCCP [24].

ROS production was measured during state 3 and state 4
respiration. For measurements during state 4, the reaction
mixture consisted of mitochondria (0.5 mg protein), test

compound (cocaine, norcocaine, N-hydroxynorcocaine at
final concentrations of 0.1 mM; antimycin A at a final
concentration of 10 mM) or ethanol (0.1%, v/v) (vehicle
control), and 1 mM DHR in MSH buffer without EDTA
containing BSA (0.1 mg/mL), KH2PO4 (500 mM), and
catalase (0.04 mg/mL). The final concentration of cocaine
and metabolites was 0.1 mM. For state 3 measurements, the
reagent mixture was the same except for KH2PO4 concen-
trations (1.5 mM instead of 0.5 mM) and supplementation
with 2 mM ADP. The reagent mixtures were preincubated
for exactly 3 min in a water bath at 37° and were transferred
quickly into an acyl cuvette; fluorescence was recorded at
an excitation wavelength of 488 nm and an emission
wavelength of 525 nm with an LS-50 fluorescence spec-
trometer (Perkin Elmer Ltd.). After an initial recording
interval of 30 sec, 5 mM succinic acid or a corresponding
amount of MSH buffer (for background fluorescence mea-
surement) was added, and recording was continued for
exactly 150 sec followed by the addition of 12.5 mM CCCP
(from a 5 mM stock solution in DMF). Fluorescence was
recorded for another 60 sec. To determine the relative
increase in fluorescence over a period of 200 sec, the
difference in fluorescence between the time point of 10 sec
before the addition of succinic acid/MSH and that of 40 sec
after the addition of the uncoupler was calculated. The
specific succinate-driven increase in fluorescence was then
obtained by subtracting the above-calculated increment in
fluorescence of a background measure (addition of MSH
buffer instead of succinic acid) from that in the presence of
succinic acid. Having for each measure its corresponding
background measure was important in order to exclude
effects that result from variations in the mitochondrial
membrane potential caused by different composition of the
incubation mixture (with or without ADP) or “aging” of
the mitochondrial suspensions (membrane potential de-
creases with time after isolation). By the same method, the
data were corrected for possible DHR autooxidation. Cor-
responding background fluorescence measurements were
performed as part of each experiment.

Statistical Analysis

To test the effects of cocaine metabolites on mitochondrial
respiration, mean values of state 3, state 4, RCR, and
ADP/O ratios before and after treatment were compared for
each metabolite. ROS generation data were obtained from
three independent mitochondrial preparations using at
least two measurements for each experimental condition.
For statistical analysis, the mean value in each mitochon-
drial preparation for state 4 ROS production was normal-
ized to 100%, and all values from one preparation were
expressed accordingly as a percentage of mean state 4 ROS
production. For both sets of experiments, differences among
the treatment groups were analyzed by one-way ANOVA
with a Scheffé’s F test. P , 0.05 was considered significant.
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RESULTS
Effects of Cocaine or Metabolites on Mitochondrial
Respiration

The addition of cocaine, 0.25 or 0.5 mM, to freshly isolated
mitochondria during ADP-stimulated state 3 respiration
produced no change in oxygen consumption (Table 1).
Cocaine addition also produced no change in oxygen
consumption during state 4 respiration, and RCR and
ADP/O were unaffected. Addition of norcocaine or N-
hydroxynorcocaine also had no effect on mitochondrial
respiration at the lower concentration tested (0.25 mM),
but the higher concentration (0.5 mM) of norcocaine
decreased oxygen consumption significantly during state 3
respiration and lowered the RCR and ADP/O substantially.
N-Hydroxynorcocaine at 0.5 mM depressed both state 3
and state 4 respiration, accompanied by significant de-
creases in ADP/O. The lower concentration of norcocaine
nitroxide (0.25 mM) produced effects similar to the higher
concentration of N-hydroxynorcocaine. Norcocaine ni-
troxide at 0.5 mM completely eliminated state 3 and state
4 respiration. Collectively, these data suggest increasing
ability to inhibit mitochondrial respiration in vitro with

increasing oxidation of cocaine (i.e. cocaine , norco-
caine , N-hydroxynorcocaine , norcocaine nitroxide).

A second set of experiments was conducted in which
cocaine and metabolites were preincubated with mitochon-
dria for 5 min prior to the addition of substrate and
measurement of respiration. The rationale for this set of
experiments was to allow greater opportunity for cocaine or
its metabolites to interact with mitochondria before assess-
ment of potential effects. As in the initial set of experi-
ments, the addition of cocaine at 0.25 or 0.5 mM had no
significant effect on oxygen consumption during state 3 or
state 4 metabolism, nor on RCR or ADP/O (Table 2).
However, preincubation with any of the metabolites at 0.25
or 0.5 mM reduced or eliminated oxygen consumption
significantly during both state 3 and state 4 respiration
(Table 2).

Use of the DHR Assay to Determine Mitochondrial
ROS Production

Impairment of mitochondrial respiration might lead to an
enhanced production of ROS [25, 26]. Therefore, we

TABLE 1. Effect of cocaine or its N-oxidative metabolites on mitochondrial respiration

Cocaine
(controls)

Norcocaine
(controls)

N-OH-Norcocaine
(controls)

Norcocaine nitroxide
(controls)

0.25 mM 0.5 mM 0.25 mM 0.5 mM 0.25 mM 0.5 mM 0.25 mM 0.5 mM

State 3 66.41 6 7.3 55.74 6 5.43 53.98 6 11.1 15.94 6 9.20* 50.58 6 8.2 10.9 6 7.48* 12.21 6 8.9* 0.0*
(66.34 6 10.1) (55.85 6 5.66) (60.23 6 11.8) (49.29 6 6.51) (69.29 6 14.8) (43.91 6 4.94) (50.13 6 9.8) (45.55 6 6.97)

State 4 18.29 6 2.2 14.48 6 1.97 17.16 6 2.0 9.03 6 4.88 18.57 6 3.5 4.93 6 3.43* 3.28 6 2.4* 0.0*
(16.92 6 2.9) (13.48 6 2.09) (14.06 6 2.3) (13.75 6 2.57) (18.90 6 4.3) (13.33 6 1.57) (13.58 6 2.8) (14.99 6 2.26)

RCR 3.62 6 0.5 3.91 6 0.43 2.97 6 0.3 1.70 6 0.22* 2.88 6 0.5 2.24 6 0.12 3.65 6 0.2 NC†
(3.99 6 0.4) (4.37 6 0.41) (4.12 6 0.3) (4.07 6 0.59) (3.68 6 0.3) (3.47 6 0.33) (3.84 6 0.2) (3.05 6 0.14)

ADP/O 1.87 6 0.2 1.99 6 0.11 1.59 6 0.1 1.14 6 0.57* 1.84 6 0.2 0.61 6 0.40* 0.43 6 0.3* NC
(2.07 6 0.3) (1.96 6 0.17) (2.15 6 0.1) (2.03 6 0.04) (2.17 6 0.3) (2.22 6 0.17) (2.57 6 0.3) (2.27 6 0.10)

Oxygen consumption during state 3 and subsequent state 4 respiration was assessed before and after the addition of the test compound (0.25 or 0.5 mM) into the respiration
chamber. Values are means 6 SEM (nmol O/min/0.5 mg protein), N 5 6–8 reactions/metabolite. Values in parentheses are corresponding untreated control values.

*Significantly different from control mitochondria (P , 0.05).
†NC 5 not calculable; ratio involves division by zero.

TABLE 2. Effect of pretreatment with cocaine or its metabolites on mitochondrial oxidative phosphorylation

Cocaine
(controls)

Norcocaine
(controls)

N-OH-Norcocaine
(controls)

Norcocaine nitroxide
(controls)

0.25 mM 0.5 mM 0.25 mM 0.5 mM 0.25 mM 0.5 mM 0.25 mM 0.5 mM

State 3 100.46 6 18.7 46.53 6 4.43 0.0* 0.0* 0.0* 0.0* 0.0* 0.0*
(66.34 6 10.1) (55.85 6 5.66) (60.23 6 11.8) (49.29 6 6.51) (69.29 6 14.8) (43.91 6 4.94) (50.13 6 9.8) (45.55 6 6.97)

State 4 27.22 6 0.7 14.70 6 2.74 0.0* 0.0* 0.0* 0.0* 0.0* 0.0*
(16.92 6 2.9) (13.48 6 2.08) (14.06 6 2.3) (13.75 6 2.57) (18.90 6 4.3) (13.33 6 1.57) (13.58 6 2.8) (14.99 6 2.26)

RCR 3.36 6 0.6 3.61 6 0.46 0.0* 0.0* NC† NC NC NC
(3.99 6 0.4) (4.37 6 0.41) 4.12 6 0.3) (4.07 6 0.59) (3.68 6 0.3) (3.47 6 0.33) (3.48 6 0.2) (3.50 6 0.14)

ADP/O 2.26 6 0.4 2.02 6 0.07 0.0* 0.0* NC NC NC NC
(2.07 6 0.3) (1.96 6 0.17) (2.15 6 0.1) (2.03 6 0.04) (2.17 6 0.3) (2.22 6 0.17) (2.57 6 0.3) (2.27 6 0.10)

Mitochondria were preincubated with metabolites (0.25 or 0.5 mM) for 5 min. Respiration supported by succinate was evaluated during state 3 and state 4. Values are means 6
SEM (nMol O/min/0.5 mg protein), N 5 3–8 reactions/metabolite. Values in parentheses are corresponding untreated control values.

*Significantly different from control mitochondria (P , 0.05).
†NC 5 not calculable; ratio involves division by zero.
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developed a new method to measure ROS production from
isolated mitochondria treated with cocaine or its N-oxida-
tive metabolites using the fluorescent dye dihydrorhodam-
ine. Fluorescence recording of the reagent mixture alone
revealed a slight increase in fluorescence over time (Fig. 1,
A and B), which might represent DHR autooxidation or
ROS production from mitochondrial respiration using en-
dogenous substrate. The addition of succinic acid resulted
in an initial decrease of rhodamine fluorescence (Fig. 1A).
This initial decrease was not seen after the addition of
MSH buffer (Fig. 1B) and is interpreted as an increase in
DCm, leading to the accumulation of rhodamine at the
inner mitochondrial membrane, which resulted in fluores-
cence quenching. The addition of the uncoupler CCCP
readily caused mitochondrial membrane depolarization ac-
companied by an abrupt increase in rhodamine fluores-
cence. Addition of the indicated amount of CCCP was
sufficient to cause maximal release of rhodamine because
further addition of CCCP did not lead to a further increase
in fluorescence (not shown).

The extent of DHR oxidation was higher during state 4
respiration than during state 3 respiration (Fig. 2), reflect-

ing enhanced ROS production in state 4 compared with
state 3. This is in accordance with previous reports [27].
The addition of antimycin A, an inhibitor of mitochondrial
electron transport, enhanced DHR oxidation in state 3
(Fig. 2) but had no effect on state 4 respiration (data not
shown).

Mitochondrial ROS Production in the Presence of
Cocaine and Its Oxidative Metabolites

Figure 3 summarizes the results obtained with the DHR
assay with mitochondria exposed to 0.1 mM cocaine,
norcocaine, or N-hydroxynorcocaine. A relatively low
concentration of cocaine or its metabolites was chosen to
assess ROS production because ROS production in hepa-
tocytes has been shown to be more pronounced at lower
cocaine concentrations, decreasing progressively at concen-
trations higher than 0.1 mM [15]. While none of the three
agents affected state 3 DHR fluorescence, both cocaine and
norcocaine attenuated mitochondrial DHR fluorescence
under state 4 conditions. This effect, however, did not
occur with N-hydroxynorcocaine. In the presence of nor-

FIG. 1. Representative fluorescence re-
cordings of ROS production in vehicle-
treated control mitochondria obtained
with the DHR method. Mitochondria
were incubated in the presence (A) or
absence (B) of succinic acid (5 mM), as
described under Materials and Methods.
The difference of the increase in fluores-
cence (DF) over the 200-sec recording
periods represents the succinic acid-
driven ROS production.
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cocaine nitroxide, ROS production could not be deter-
mined with this method because norcocaine nitroxide
interfered with the assay by massively increasing rhodamine
123 fluorescence independent of mitochondrial respiration.
These results clearly demonstrated that acute treatment of
isolated mitochondria with cocaine, norcocaine, or N-
hydroxynorcocaine did not result in enhanced ROS pro-
duction. In contrast, exposure to cocaine or norcocaine led,
instead, to a decrease in ROS generation during state 4.

DISCUSSION

Several studies have suggested that hepatic mitochondria
may be an important target for cocaine effects. Significantly
diminished state 3 respiration and RCR have been observed
in mitochondria isolated from cocaine-treated mice [28]
and rats [17]. This impairment of mitochondrial respiration
provides a logical explanation for decreased cellular ATP
that accompanies hepatotoxic doses of cocaine [14, 29] and
perhaps explains, at least in part, loss of cell viability from
cocaine both in vivo and in vitro. Results of the study
presented here suggest that the effects of cocaine on
mitochondrial function are due to one or more N-oxidative
metabolites. While cocaine alone had no effect to diminish
respiration in isolated mitochondria, the N-oxidative me-
tabolites norcocaine, N-hydroxynorcocaine, and particu-
larly norcocaine nitroxide had significant effects. Although
concentration–response data were limited, potency ap-
peared to increase with increasing oxidation of the tropane

FIG. 2. Dependence of ROS production in isolated mitochondria
on the respiration state. Dihydrorhodamine fluorescence was
measured in the presence (10 mM) or absence of antimycin A as
described under Materials and Methods. Values are means 6 SD
from 9 independent mitochondrial preparations including 15–21
measurements per treatment group. Key: (*) significantly dif-
ferent (P < 0.05) from state 4; and (o) significantly different
(P < 0.05) from state 3 without antimycin.

FIG. 3. Effect of acute exposure of isolated mitochondria to cocaine, norcocaine, or N-hydroxynorcocaine on mitochondrial ROS
production. Increases in DHR fluorescence were measured in isolated mitochondria as described under Materials and Methods.
Mitochondria were incubated in the presence of 100 mM cocaine, norcocaine, or N-hydroxynorcocaine. Values are means 6 SD from
3 independent mitochondrial preparations including 6–8 measurements per treatment group. The three test compounds were run in
separate series of experiments. Key: (*) significantly different (P < 0.05) from state 4.
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nitrogen of cocaine, consistent with previous observations
regarding the relative potency in vivo of cocaine and
metabolites in producing hepatocellular necrosis [8, 10].

Boyer et al. [30] also found norcocaine nitroxide to be
much more potent than cocaine or norcocaine in disrupting
mitochondrial respiration. In isolated mitochondria from
mice, norcocaine nitroxide caused a complete loss of
acceptor control at a concentration of 0.5 mM, while no
effects on either site I (b-hydroxybutyrate) or site II
(succinate) RCR were observed at cocaine or norcocaine
concentrations of less than 2.5 mM. León-Velarde et al.
[28] found inhibition of state 3 respiration and RCR in
isolated mouse mitochondria from treatment with cocaine
at a concentration of 2 mM. While no effect from cocaine
was observed in the present study at concentrations up to
0.5 mM, the observations of Boyer et al. [30] and León-
Velarde et al. [28] suggest that at very high concentration
(ca. 2 mM or greater), even cocaine is capable of disrupting
mitochondrial respiration. Powers et al. [31] found no effect
of cocaine, norcocaine, or N-hydroxynorcocaine on RCR
or ADP/O ratios in isolated mouse mitochondria in con-
centrations up to 2 mM. The reason underlying the stark
contrast between these observations and ours is unclear. It
may be significant to note that no morphological changes
in mitochondria following cocaine treatment were observed
in their mouse model (B6AF1/J hybrid), with the exception
of severely injured cells, whereas others [32] have observed
changes in mitochondrial structure as a relatively early
event in cocaine hepatotoxicity in another mouse strain
(DBA/2Ha). Thus, the differences could result from the use
of different mouse strains.

Preincubation of mitochondria with cocaine for 5 min
before assessment of the effects on respiration had no effect,
but preincubation increased markedly the inhibition by
norcocaine and N-hydroxynorcocaine. In fact, with prein-
cubation, norcocaine and N-hydroxynorcocaine achieved
effectiveness in inhibiting state 3 and state 4 respiration
equivalent to that of norcocaine nitroxide. One explana-
tion for this observation is that the toxicity of each of the
cocaine N-oxidative metabolites to mitochondria is greatly
enhanced by continuous exposure. Under these conditions,
at the concentrations tested, each was maximally effective
and the inherent differences in potency seen with very
short exposure were no longer apparent. It is also possible
that the mitochondrial effects of these metabolites are
produced principally or exclusively by norcocaine nitrox-
ide, and preincubation of mitochondria with precursor
metabolites (norcocaine and N-hydroxynorcocaine) pro-
vides greater opportunity for formation of the toxic species.
There have been several reports of mitochondrial metabo-
lism leading to bioactivation of drugs and chemicals,
including quinones, nitroaromatic compounds, and nitro-
imidazoles [33]. Many of these bioactivation reactions are
the result of reduction rather than oxidation, however, and
currently there is no evidence that N-oxidation of cocaine
occurs in mitochondria.

Several lines of evidence indicate an important role of

ROS in cocaine hepatotoxicity [9, 13, 34]. Mitochondria
are normally the major source of ROS in the cell, and it is
reasonable to postulate that increased ROS in response to
cocaine could arise through mitochondrial effects. How-
ever, exposure of isolated mouse hepatic mitochondria to
cocaine, norcocaine, or N-hydroxynorcocaine did not cause
an increase in ROS production. Rather, cocaine or norco-
caine decreased ROS generation during state 4. There exist
several explanations for this observation. On one hand,
decreased ROS generation during cocaine or norcocaine
exposure could be caused by uncoupling of oxidative
phosphorylation. Uncoupling of state 4 respiration has
been reported to result in decreased production of ROS
both in vitro [35] and in situ [36]. However, in view of the
finding that mitochondrial respiration was not increased,
this possibility appears unlikely. Another possible explana-
tion for the observed effects on ROS generation would be a
total inhibition of electron influx into the mitochondrial
respiratory chain, or an inhibition of electron transfer, prior
to the sites of electron leakage [37], ubiquinone or NADH-
dehydrogenase [38], since the increased reduced status of
the elements of the mitochondrial electron transport chain
and the increased mitochondrial membrane potential in
state 4 would normally facilitate the “leakage” of electrons
out of the respiratory chain [39]. However, a block at
complex II would be unlikely to lead to the reported results
under succinic acid-stimulated respiration. In conclusion,
our results do not support the hypothesis of enhanced ROS
production due to disturbed mitochondrial respiration.
They rather confirm the conclusions [13] that microsomal
uncoupling of monooxygenase (cytochrome P450), rather
than mitochondria, may be an important source of en-
hanced ROS production observed after cocaine treatment.

Mitochondria isolated from rats treated with a single
dose of cocaine have been observed to have significantly
increased rates of ROS generation [14]. This effect was
inhibited significantly by pretreatment of the rats with the
cytochrome P450 inhibitor SKF 525A, suggesting that the
effect to increase ROS generation was due to one or more
N-oxidative metabolites. In attempting to reconcile these
observations with those of the present study, there are
several possibilities. One is simply that the role of mito-
chondrial ROS generation in cocaine toxicity may differ
between rats and mice—with cocaine stimulating mito-
chondrial ROS generation in rats (per Ref. 14), but not in
mice, as suggested by observations in the present study. A
second possibility is that the cocaine metabolite exclusively
responsible for stimulating ROS generation is norcocaine
nitroxide. While cocaine, norcocaine, and N-hydroxynor-
cocaine produced no effect or a decrease in ROS generation
in vitro, norcocaine nitroxide could not be tested due to
interference with the assay. It cannot be ruled out that this
cocaine metabolite, in contrast to the others, is able to
stimulate ROS production. A third possibility is that the
acute exposure of mitochondria to cocaine metabolites in
vitro does not adequately represent the situation in vivo. For
example, chronic treatment of rats with the uncoupling
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agent 2,4-dinitrophenol, followed by isolation of liver
mitochondria from these rats, resulted in enhanced mito-
chondrial ROS production when respiration was blocked
with antimycin A [26]. Additional studies will be required
to sort out these possibilities, but the results suggest
nevertheless that if mitochondrial ROS generation is im-
portant at all in cocaine hepatotoxicity in the mouse, it is
not through the direct effects of cocaine, norcocaine, or
N-hydroxynorcocaine.

The concentrations of cocaine and N-oxidative metab-
olites used in this and other studies of mitochondrial effects
of cocaine in vitro are rather high compared with those that
are associated with cocaine hepatotoxicity in vivo. For
example, a recent study of hepatic concentrations of co-
caine and its metabolites after a hepatotoxic dose measured
peak concentrations of about 5 and 2.5 mg/g liver for
cocaine and norcocaine, respectively [40]. Assuming for the
sake of approximation a hepatic water content of 70–80%,
this corresponds to an average hepatic concentration of
about 25–30 mM for cocaine and 10–12 mM for norco-
caine. While these concentrations are clearly much lower
than those employed in the in vitro studies (250 and 500
mM), strict comparisons of concentrations are difficult.
Hepatic cocaine and metabolite concentrations measured
after cocaine treatment reflect average tissue concentra-
tions. Localized conditions of higher concentrations, par-
ticularly of cocaine metabolites, may exist in subcellular
compartments such as mitochondria. Also, it should be
recognized that effects observed in vitro in these experi-
ments resulted from exposure to cocaine or metabolites for
only a few minutes. Lower concentrations may be capable
of producing the same effects when exposure is for a longer
period, as would occur in vivo after a cocaine dose.

This study represents the first systematic examination of
the effects of cocaine and its N-oxidative metabolites on
both mitochondrial respiration and mitochondrial ROS
generation. It suggests that the ability of cocaine to depress
mitochondrial respiration observed in previous in vivo
studies is due to its N-oxidative metabolites, and finds that
norcocaine nitroxide is particularly toxic in this regard. The
hepatotoxicity of norcocaine nitroxide in mice has been
demonstrated recently, and was found to include significant
alteration of mitochondrial morphology [12]. The role of
increased mitochondrial ROS generation from cocaine and
metabolites in cocaine hepatotoxicity is less clear. Direct
examination of the effects of cocaine and its N-oxidative
metabolites on mitochondrial ROS generation suggests that
mitochondria are not the source of increased ROS from
cocaine. ROS from cocaine may instead arise from effects
on other organelles, particularly oxidative metabolism in
the endoplasmic reticulum [13].
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