
Abstract This study was designed to assess the param-
eters of myocardial oxidative stress and related cardiac
morphological changes following intraperitoneal cocaine
exposure in rats. The cardiac levels of reduced glu-
tathione(GSH), oxidised glutathione(GSSG), ascorbic acid
(AA), and the production of malondialdehyde (MDA)
were measured, as well as the variations of activity in the
enzyme systems involved in cell antioxidant defence, glu-
tathione peroxidase (GSH-Px), glutathione reductase (GR)
and superoxide dismutase (SOD). After chronic cocaine
administration for 30 days GSH was significantly depleted
in the heart from 30 min (P < 0.001) to 24 h (P <  0.001)
after exposure, and GSSG was increased for a similar
time (P < 0.05 at 30 min and P < 0.01 at 24 h). SOD in-
creased during the first hour (P < 0.001), GR and GSH-Px
both increased from 30 min to 24 h, and these increases
were statistically significant (P < 0.01 and P < 0.001 at 
30 min and P < 0.01 and P < 0.001 at 24 h, respectively).
The AA levels increased after 1 h (P < 0.01), remaining
significantly so for 24 h (P < 0.001) and MDA increased
from 30 min to 24 h, all values being highly significant 
(P < 0.001). The body weight was significantly (P < 0.001)
reduced in both cocaine groups (40 mg/kg × 30 days and
40 mg/kg × 10 days + 60 mg/kg × 20 days). The heart
weight (P < 0.01) and its percentage of the body weight
(P < 0.001) were significantly higher in these two groups

than in the controls. Similarly, in the noradrenaline 4 mg/
kg × 30 days group, the body weight was significantly 
(P < 0.001) reduced and the heart weight (P < 0.01) and
its percentage of body weight (P < 0.001) were signifi-
cantly higher than in the controls. In comparing the cocaine
and noradrenaline experiments, the frequency and extent
of cardiac lesions obtained with 40 mg/kg × 10 days + 
60 mg/kg × 20 days of cocaine were similar to those with
8 mg/kg of noradrenaline at 24 h. In this experimental
model, cocaine administration compromised the antioxi-
dant defence system of the heart associated with a signif-
icant increase of heart weight and the percentage of body
weight.
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Introduction

The effects of cocaine on the cardiovascular system have
been extensively documented both in animal models and
in humans [1, 2]. However, the relationship between car-
diac morphological alterations and cardiac disorders in
cocaine abusers is still controversial. Many reports have
postulated a relationship between cocaine abuse and car-
diac abnormalities, particularly of an ischaemic nature [3,
4]. Some of the toxic effects of cocaine are due to a block-
age of catecholamine re-uptake, the accumulation of which
leads to numerous alterations [5, 6].

In a previous study of 26 cocaine-associated deaths in
chronic cocaine abusers, no histological evidence of isch-
aemic myocardial necrosis was found. The only lesion iden-
tified was a microfocal myocardial necrosis, pathogno-
monic of catecholamine myotoxicity [7].

Animal and clinical studies also suggest that cocaine
use is associated with increased concentrations of cate-
cholamine in the circulation and that chronic exposure to
high levels of adrenaline and noradrenaline can damage
the heart [8]. The oxidative metabolism of catecholamines
may have damaging effects due to the generation of reac-
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tive oxygen species (ROSs) and the formation of oxida-
tion products [9]. ROSs are the critical mediators of cellu-
lar damage, and the biochemical parameters investigated
in our study are those involved in cell redox state mainte-
nance [10]. In particular, we studied the levels of reduced
glutathione (GSH), oxidised glutathione (GSSG), ascor-
bic acid (AA), and the production of malondialdehyde
(MDA), a product of lipid peroxidation indicative of oxida-
tive stress. We also examined variations in activity of the
enzyme systems involved in the cell antioxidant defence,
e.g. glutathione peroxidase (GSH-Px), glutathione reduc-
tase (GR) and superoxide dismutase (SOD).

We determined the concentrations of cocaine (CC) and
its metabolites, benzoylecgonine (BE), ecgonine methyl
ester (EM), norcocaine (NC), present in the heart to corre-
late them with any possible local biochemical alterations.

The present study also defined the types of myocardial
necrosis and quantified the frequency and extent. This
quantification of the morphological changes of cocaine
cardiotoxicity should help in defining its functional sig-
nificance.

Material and methods

Laboratory protocol

The study was approved by the animal study subcommittee of the
local institutional review board and conformed to the guiding prin-
ciples of the guide for the care and use of laboratory animals (NIH
publication no. 86-23). Male albino rats with a body weight range
145–330 g (Harlan, Italy) were maintained under standard condi-
tions (MIL, Morini diet; water ad libitum, room temperature 25°C,
alternate 12-h cycles of light and dark) for 7 days before beginning
the experiment. Animals were assigned at random to the experi-
mental groups as follows:

1. Control group: 23 animals maintained under standard condi-
tions and killed after 30 days and none died spontaneously dur-
ing this period: 10 rats were used for the biochemical measure-
ments, 10 for histological examination and 3 rats were the neg-
ative control for the toxicological analysis.

2. Cocaine group: composed of six subgroups. In subgroups 1 and 2,
40 mg/kg of cocaine-HCl (Sigma, St. Louis, Mo.) dissolved in
0.9% saline was injected into the peritoneal cavity and the ani-
mals were killed after 2 h (group 1, 5 rats), and 24 h (group 2, 
5 rats). In a third subgroup (group 3), rats (n = 20) were exposed
to a daily intraperitoneal injection of 40 mg/kg of CC for 30 days.
In a fourth subgroup (group 4, 10 rats) a CC injection of 60 mg/
kg was administered for 20 days after a daily intraperitoneal in-
jection of 40 mg/kg of CC for 10 days. In these subgroups the
heart was removed and fixed in buffered formalin solution (10%).
The last two subgroups were treated for toxicological analysis
and biochemical measurements, respectively. In the fifth sub-
group (group 5) rats were exposed to CC for 30 days (daily in-
traperitoneal injection of 40 mg/kg), and were then killed at 5,
15, 30, and 45 min and 1, 2, 4, 8, and 24 h (3 rats for each time
period) after the last injection. In the sixth subgroup (group 6),
the cocaine treatment was the same as in subgroup 5 and the an-
imals were killed at 0.5, 1, 2, 4, 8, and 24 h (5 rats each group)
after the last injection. In the subgroups 5 and 6 the hearts were
removed and immediately frozen in liquid nitrogen.

3. Noradrenaline group: noradrenaline was injected into the peri-
toneal cavity in increasing doses (2, 4 and 8 mg/kg) and the an-
imals (5 rats each time) were killed after 2 and 24 h,and 10 rats
were treated with 4 mg/kg body weight per day for 30 days.

The animals which did not die during the test period were anaes-
thetised with choral hydrate (400 mg/kg i.p, Carlo Erba, Italy) and
killed.

Biochemical measurements

Gluthatione (GSH and GSSG) and protein assessment. Heart tissue
was homogenised in EDTA K+ phosphate buffer, pH 7.4 (1 :3, w/v),
at 0 °C, and 1-ml aliquots of the samples were added to an equal
volume of 25% trichloroacetic acid (TCA). After centrifugation at
2000 g for 15 min (0 °C), the supernatant was rinsed with diethyl-
ether. Total gluthatione was analysed as described by Tietze [11]
and the oxidised gluthatione was assessed according to Griffith’s
method [12]. In the remaining aliquot, proteins were assayed ac-
cording to the method of Lowry [13].

Gluthatione peroxidase (GSH-Px) and gluthatione reductase (GR)
assessment. In order to measure cytosolic enzyme activity, the heart
samples were homogenised according to Whanger and Butler [14]
in 6 vols of cold 0.25 M sucrose in 0.1 M potassium phosphate
buffer, pH 7. The homogenates were centrifuged at 40,000 g for 
20 min at 4 °C and the supernatants were used for GSH-Px and GR
assays. GSH-Px activity was measured according to Paglia and
Valentine [15], using hydrogen peroxide as the substrate, and the
rate of disappearance of NADPH was recorded spectrophotometri-
cally (340 nm) at 37°C.

GR activity was analysed by the method described by Goldberg
and Spooner [16]. GR is highly specific for GSSG and NADPH re-
mains the preferred cofactor for analytical purposes. The reaction
forming GSH is highly favoured and catalytic activity is measured
spectrophotometrically at 340 nm owing to a decrease in absorbance
by the oxidation of NADPH.

The cytosolic protein concentration was determined using the
Lowry method with BSA as standard [13].

Superoxide dismutase (SOD) assay. Total superoxide dismutase
(Cu/Zn superoxide dismutase and Mn superoxide dismutase) was
assayed by a spectrophotometric method based on the inhibition of
a superoxide-induced NADH oxidation [17]. The decrease in the
rate of NADH oxidation is dependent on the enzyme concentration
and subsequently saturation levels are attainable. The tissue extract
was first prepared by homogenising the heart tissue in 3 vols of 
25 mM triethanolamine-diethanolamine buffer, pH 7.4, and then
cleared by centrifugation at 40,000 g for 60 min at 4 °C. The su-
pernatant was dialysed against a cold homogenisation buffer and
then used for enzyme assays.

Malondialdehyde (MDA) assessment. The extent of lipid peroxida-
tion in the rat hearts was estimated by calculation of MDA levels.
Samples were homogenised in a 0.04 M K+-phosphate buffer (pH
7.4) containing 0.01% butyl hydroxytoluene (BHT) (1 :5 w/v, 0 °C)
to prevent the artificial oxidation of polyunsaturated free fatty acids
during the assay. This homogenate was deproteinised with ace-
tonitrile (1 :1) and then centrifuged at 3000 g for 15 min The super-
natant was utilised for MDA HPLC analysis according to Shara et
al. [18].

Ascorbic acid (AA) assay. Tissues were homogenised in EDTA-K+

phosphate buffer pH 7.4 (1 :4, w/v) at 0 °C and 0.6 ml aliquots 
of the samples were added to an equal volume of 10% (w/v)
metaphosphoric acid. The samples were immediately centrifuged
at 2000 g and 0°C for 10 min. The supernatants were filtered
(Anotop 0.2 µm, Merck) and 20 µl was injected into HPLC column
and analysed as described by Ross [19].

Toxicokinetics analysis

Heart samples were homogenised in ice-cold 0.5% NaF and cen-
trifuged at 2000 g for 10 min. The supernatants were utilised for
the CC and metabolite assays according to Cardenas et al. [20].

324 V. Fineschi et al.: Markers of cardiac oxidative stress in rats



The method involved a solid-phase extraction (SPE) based on
the retention properties of cocaine and its metabolites on a reversed-
phase C18 column, pre-concentration (evaporation under nitro-
gen), and derivatisation of CC and its metabolites in supernatant
samples for subsequent analysis by gas chromatography and mass
spectrometry (GC-MS).

Histological examination

The heart was removed and fixed in a buffered formalin solution
(10%), and then sliced in three whole-heart sections. The central
section was processed for histological examination and stained with
haematoxylin-eosin and Masson trichrome.

Quantitative analysis

A randomly selected histological section was measured by an im-
age analyser (Vidas, Zeiss) and the total area calculated in pixels
and converted to square millimeters through a calibration proce-
dure utilising a reference system. The number of foci and the num-
ber of necrotic cardiomyocytes were normalised at 100 mm2. The
heart weight index corresponds to the heart weight compared to
body weight (in %).

Statistics

Data are expressed as mean values ± standard deviation. Student’s
t-test for unpaired data or non-parametric Mann-Whitney or Wilcoxon
tests for skewed variables or one-way analysis of variance and post
hoc Scheffe’s test for continuous variables and χ2-test for discrete
variables were used to assess the significance of differences statis-
tically. Linear regression analysis was used to determine the pres-
ence of a correlation between continuous variables. A probability
of P < 0.05 was considered as significantly different.

Results

Cardiac oxidative stress parameters

In the rats exposed to CC for 30 days (40 mg/kg), we ob-
served the following results (Tables 1 and 2):

a. GSH was significantly depleted in the heart from 30 min
(P < 0.001) to 24 h (P < 0.001) and GSSG was increased
at similar time periods (P < 0.05 at 30 min and P < 0.01
at 24 h).

b. SOD increased during the first hour (P < 0.001) and GR
and GSH-Px both increased from 30 min to 24 h (P <
0.01 and P < 0.001 at 30 min or P < 0.01 and P < 0.001
at 24 h, respectively).

c. AA levels increased after 1 h (P < 0.01) remaining sig-
nificant for 24 h (P < 0.001).

d. MDA increased from 30 min to 24 h, all values being
highly significant (P < 0.001).

Toxicokinetic results

Figure 1 illustrates concentrations of CC, EM, BE and NC
in the heart as a function of time. The tmax for CC was 
5 min, which was still detectable for 8 h, EM tmax was 
15 min, which was still detectable in the heart after 24 h
(0.02 µg/ml), BE in the heart had a tmax of 45 min and was
no longer detectable after 8 h, and NC had a tmax of 5 min,
detectable for 2 h.
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Table 2 Effect of repeated cocaine exposure on cardiac antioxi-
dant-related enzymes (SOD superoxide dismutase, GR glutathione
reductase, GSH-Px glutathione peroxidase)a

Groups Time SOD GR GSH-Px
(min) (U/mg protein) (U/mg protein) (U/mg protein)

Cocaine 30 3.09 ± 0.516*** 22.4 ± 8.53** 221.2 ± 34.65***
60 3.54 ± 0.800*** 22.9 ± 5.03*** 225.1 ± 50.36***

120 2.18 ± 1.277 22.5 ± 7.34*** 209.1 ± 90.97***
240 1.97 ± 0.827 21.7 ± 5.33*** 225.1 ± 52.30***
480 1.88 ± 0.108 18.4 ± 5.27** 205.9 ± 99.49*

1440 1.60 ± 0.245 17.1 ± 4.92** 298.0 ± 74.85***

Control 1.77 ± 0.451 12.3 ± 1.28 128.4 ± 22.18

*P < 0.05 compared with control group
**P < 0.01 compared with control group
***P < 0.001 compared with control group
a Values are expressed as means ± SD (n = 10 rats for control group
and 5 rats for cocaine groups)

Table 1 Effect of repeated cocaine exposure on cardiac antioxidant non-enzymatic systems (GSH reduced glutathione, GSSG oxidised
glutathione, MDA malondialdehyde, AA ascorbic acid)a

Group Time GSH GSSG MDA AA
(min) (nmol/mg protein) (nmol/mg protein) (nmol/g tissue) (nmol/g tissue)

Cocaine 30 6.5 ± 0.55*** 0.58 ± 0.111* 1.16 ± 0.025*** 181.9 ± 40.65
60 7.1 ± 0.47*** 0.55 ± 0.099* 1.69 ± 0.190*** 210.5 ± 20.1**

120 7.7 ± 0.46*** 0.59 ± 0.040*** 1.41 ± 0.146*** 261.4 ± 21.58***
240 8.2 ± 1.00** 0.59 ± 0.027*** 1.26 ± 0.060*** 257.7 ± 53.52***
480 7.3 ± 0.12*** 0.57 ± 0.014*** 1.32 ± 0.103*** 235.0 ± 26.66***

1440 7.1 ± 0.71*** 0.57 ± 0.075** 1.18 ± 0.034*** 308.4 ± 49.62***

Control 10.5 ± 1.23 0.45 ± 0.06 1.04 ± 0.011 184.3 ± 10.51

*P < 0.05 compared with control group
**P < 0.01 compared with control group
***P < 0.001 compared with control group

a Values are expressed as means ± SD (n = 10 rats for control
group and 5 rats for cocaine groups)



Animal survival and the ratio of the heart weight 
to body weight

A CC dose of 40 mg/kg did not result in spontaneous
death or myocardial lesions within 24 h. Only 55% of the
animals survived up to 30 days after a dose of 40 mg/kg
of CC while 45% died spontaneously after 26 ± 6 days.
With a CC dose of 40 mg/kg, followed by 60 mg/kg after
10 days, 90% of the animals died spontaneously (survival
20 ± 5 days).

The body weight was significantly (P < 0.001) reduced
in both CC 40 mg/kg × 30 days and 40 mg/kg × 10 days +
60 mg/kg × 20 days. The heart weight (P < 0.01) and its
percentage of the body weight (P < 0.001) were signifi-
cantly higher in these two groups than in the controls
(Table 3). Similarly, in the noradrenaline 4 mg/kg × 30 days
group, the body weight was significantly (P < 0.001) reduced
and the heart weight (P < 0.01) and its percentage of body
weight (P < 0.001) were significantly higher than in controls.

Histopathology of the heart

After chronic CC exposure rats showed contraction band
necrosis with the maximal extent obtained with 40 mg/kg
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Fig.1 Concentration-time profile for cocaine and its metabolites
in the heart after administration of 40 mg/kg cocaine × 30 days

Table 3 Body weight, heart
weight and cardiac index in
different groups of rats

a Cardiac index = heart weight/
total body weight × 100

Source Number Body weight Heart weight Cardiac indexa

of rats (g) (g)

Cocaine
40 mg/kg × 30 days 20 257 ± 35 0.78 ± 0.107 0.31 ± 0.037
40 mg/kg × 10 days 10 239 ± 23 0.80 ± 0.103 0.34 ± 0.050
+ 60 mg/kg × 20 days

Noradrenaline
4 mg/kg × 30 days 10 188 ± 17 0.80 ± 0.050 0.43 ± 0.010

Controls 10 284 ± 26 0.68 ± 0.030 0.24 ± 0.020

Table 4 Frequency and extent of contraction band necrosis in cocaine versus noradrenaline-induced myocardial toxicity (K killed, D died
spontaneously)

Groups Rats Survival Contraction band necrosis
days

No K D Present Foci Cardiomyocytes

Cocaine (mg/kg)
40 × 2 h 5 5
40 × 24 h 5 5
40 × 30 days 20 11 9 26 ± 6 5 36 ± 54 62 ± 103
40 × 10 days + 60 × 20 days 10 1 9 20 ± 5 7 146 ± 222 543 ± 893

Noradrenaline (mg/kg)
2 × 2 h 5 5 3 32 ± 41 51 ± 74
2 × 24 h 5 5 3 104 ± 60 187 ± 101
4 × 2 h 5 5 2 83 ± 24 242 ± 129
4 × 24 h 5 3 2 4 37 ± 43 64 ± 93
4 × 30 days 10 5 5 6 96 ± 186 161 ± 327
8 × 2 h 5 5 5 130 ± 113 230 ± 227
8 × 24 h 5 1 4 4 ± 1 5 221 ± 104 426 ± 269

Controls 10 10 30 1 3 8



× 10 days + 60 mg/kg × 20 days (Table 4). In the nor-
adrenaline group, the majority of animals presented con-
traction band necrosis at any given dose. In comparing the
CC and noradrenaline experiments, the values obtained
with 40 mg/kg × 10 days + 60 mg/kg × 20 days were sim-
ilar to those with 8 mg/kg of noradrenaline at 24 h (Fig. 2).
Only one control rat presented three foci of contraction

band necrosis with eight necrotic cardiomyocytes on the
whole, and none died spontaneously. Myocardial fibrosis,
platelet aggregation in coronary vessels, infarct necrosis
or other pathological changes were not detected in either
the cocaine or noradrenaline group. Healing necrotic foci
were seen in rats treated with noradrenaline for more than
10 days.

V. Fineschi et al.: Markers of cardiac oxidative stress in rats 327

Fig.2 A Confluent foci of ad-
vanced contraction band necro-
sis plus macrophage reaction.
Rat treated with cocaine 40 mg/
kg × 10 days + 60 mg/kg ×
20 days, with a survival time
of 29 days (H&E × 250).
B Early contraction band with-
out macrophage infiltration in
a rat treated with 40 mg/kg of
cocaine which died at 15 days
(H&E × 400). C Healing phase
of contraction band necrosis in
a rat treated with 4 mg/kg of
noradrenaline which died spon-
taneously at 10 days (H &E 
× 400). D Early contraction
band in a rat which died after 
4 h following 8 mg/kg of nor-
adrenaline (H&E × 400)

A B

C D



Discussion

The role of CC cardiotoxicity and consequent reversible
and irreversible pathological changes are well established.
Nevertheless, the mechanisms leading to cardiac injury
and irreversible myocardial cellular changes remain elu-
sive [10, 21]. Central and peripheral stimulation of the
sympathetic and renin-angiotensin systems by CC appears
to form a major component of the acute toxicity of this al-
kaloid, which seems to result in the uncontrolled loss of
physiological mechanisms used for normal regulation [22].
Contrary to the general opinion that excess catecholamines
produce cardiotoxicity mainly through binding to adreno-
ceptors, there is increasing evidence that catecholamine-
induced deleterious actions may also occur through oxida-
tive mechanisms [23]. Recent studies have shown that ox-
idation of catecholamines results in the formation of highly
toxic substances such as aminochromes (e.g. adrenochrome)
and free radicals, and by virtue of the latter’s actions on
different types of heart membranes, they cause intracellu-
lar Ca2+ overload and myocardial cell damage (Fig.3) [24,
25].

Cardiac parameters of oxidative stress

Intracellular concentrations of GSH, GSSG and GSH/GSSG
ratios are routinely utilised as indicators of oxidative
stress [26]. The GSH depletion that we observed in the rat
heart may be due to its interaction with adrenochrome de-
rived from auto-oxidation of catecholamine. In fact,
adrenochrome is particularly reactive with several cell nu-
cleophiles, such as GSH, resulting in oxidation, substitu-
tion or reduction products. GSH-depletion may also be
the result of its utilisation in the ascorbic acid cycle due to
the reduction of dehydroascorbate, a reaction catalysed by
a GSH-dependent transhydrogenase. Ascorbic acid levels
were shown to have increased and this is likely to be due
to the increased requirement of antioxidants caused by ox-
idative stress, unfulfilled as a result of GSH deficiency.
Adrenochrome is a likely candidate for such a process of
redox cycling, leading to the formation of oxygen free rad-
icals such as the superoxide anion which, after dismuta-
tion, gives rise to hydrogen peroxide. Hydrogen peroxide
through an iron-catalysed Haber-Weiss mechanism can
produce the hydroxyl radical (OH) and singlet oxygen that
are particularly damaging to DNA and proteins [25].

The enhanced activity of SOD in the heart after re-
peated cocaine administration and the increased lipid per-
oxide measure, MDA, may indicate:
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Fig.3 Proposed mechanism
for cocaine-mediated catheco-
lamine cardiotoxicity



1. A hydrogen peroxide increase as a product of SOD
secondary to the increased activity or,

2. The inadequate transformation of hydrogen peroxide
into water by GSH-Px.

The role of singlet oxygen in myocardial cell damage has
been studied by Ver Donck et al. [27] who observed ultra-
structural injury in isolated myocytes when exposed to
singlet oxygen.

The oxidative stress can thus modify the activity of ion
translocation proteins in the sarcoplasmic reticulum result-
ing in intracellular calcium overload, oscillatory release of
calcium from the sarcoplasmic reticulum and potential os-
cillation in membrane potential, as observed by Vande-
plassche et al. [28]. Itoh et al. [29] demonstrated that there
is an observed reduction of calcium-ATPase activity fol-
lowing ischaemia/reperfusion, and a fivefold increase in free
radical production. Furthermore, Kukreja and Hess [30]
demonstrated that singlet oxygen is responsible for cal-
cium-ATPase impairment in heart sarcoplasmic reticulum.

The final result of these modifications may be a mor-
phological and functional alteration of myocytes and the
formation of contraction band necrosis as a result of im-
paired intracellular calcium regulation due to free radical
production. It has been shown that recovery of cardiac
contractility following reperfusion is more frequent in the
hearts treated with oxygen radical scavengers.

The hypothesis of CC cardiotoxicity can therefore be
related to a catecholamine surplus caused by a CC-pro-
duced re-uptake block. It is evident that catecholamines
are the most important source of free radicals and can po-
tentiate tissue damage through their reaction with GSH,
weakening the intracellular GSH-Px which protects the
membranes from lipid peroxidation.

Our experimental data reveal the following observa-
tions:

1. A decrease in GSH accompanied by an increase in GSSG
in CC-treated hearts indicating that the cellular antiox-
idant system was overwhelmed by reactive oxygen
species.

2. The MDA production as an index of lipid peroxidation
induced by hydrogen peroxide surplus from SOD action,
and inadequately transformed by GSH-Px into water.

Kinetics of cocaine and the cardiac response

Metabolites of CC have effects on the cardiovascular sys-
tem of rats and are directly responsible for CC cardiotox-
icity. Cocaine is rapidly degraded in the liver once admin-
istered where hydrolysis of CC produces BE and EM and
is the major metabolic pathway for CC. In particular, un-
like CC, BE and EM are slowly excreted by the body and
increase blood pressure due to a possible sympathomimetic
effect, creating serious cardiovascular complications. The
fact that both these compounds increase blood pressure
without having a concomitant local anaesthetic effect, may
contribute to the toxicity often observed hours after CC
administration [2, 31].

Morphological findings

In a previous publication, a definition of the different forms
of myocardial cell necrosis was reported [7]. In the pre-
sent study, the only myocardial lesion found corresponded
to “contraction band necrosis” or “coagulative myocytol-
ysis” or “Zenker necrosis”: the two latter terms prove to
be more precise due to the presence of different types of
contraction bands and they indicate a necrosis of the myo-
cardial cells in a hypercontracted state (tetanic death) char-
acterised by rhexis of the myofibrillar apparatus, anom-
alous hypereosinophilic cross-bands formed by segments
of hypercontracted sarcomeres with extremely thickened
Z lines, as shown ultrastructurally [32, 33, 34, 35].

Within chronological limits, the present findings con-
firm the conclusions of the previous human study [7]:

a. Cocaine-related adrenergic overactivity does not induce
extensive myocardial necrosis and thus per se is unable
to explain the cardiac arrest.

b. This lesion is the histological hallmark of an acute
adrenergic stress linked with malignant arrhythmia.

c. The absence of myocardial fibrosis and any other histo-
logically observable myocardial or vascular signs of isch-
emia exclude morphological or functional coronary ob-
struction in the genesis of cocaine-related disorders pos-
sibly due to an episodic adrenergic crisis in some prone
individuals.

A decrease in body weight and an increase of heart weight
were observed both in cocaine and noradrenaline-treated
rats. It is known that CC potentiates catecholamine action
by inhibition of the pre-synaptic uptake carrier and pro-
longed abuse of CC results in myocardial hypertrophy. A
number of human case reports have noted an association
of CC abuse with cardiac hypertrophy [36]. Increases in
left ventricular mass measured with an echocardiogram
were documented in human CC abusers when compared
to age-matched control subjects [37]. Cocaine use is also
known to cause increased plasma concentration of atrial
natriuretic peptide, indicative of circulatory overload and
pump failure [38]. In the present experiment a significant
increase of heart weight and its percentage in relation to
body weight was clearly demonstrated. This may be due
to excessive adrenergic tone triggered by CC rather than
to a primary action of the latter [39].

In conclusion, our data suggest that cocaine administra-
tion in a rat model compromised the antioxidant defence
system of the heart through an adrenergic overstimulation,
which promotes sensitivity to cathecolamines, resulting in
arrhythmogenic dysfunctional disorder [40] and/or typical
myocardial damage.

Acknowledgement We thank Alessandra Masti, MD, Mr. Oliviero
Brogi, Mr. Agostino Pasqualini, and Miss Stefania Paciotti for
technical assistance.

V. Fineschi et al.: Markers of cardiac oxidative stress in rats 329



References

1. Isner JM, Estes NAM, Thompson PD, Costanzo-Nordin MR,
Subramanian R, Miller GK, Sweeney K, Sturner WQ (1986)
Acute cardiac events temporally related to cocaine abuse. N
Engl J Med 315:1438–1443

2.Schindler CW (1996) Cocaine and cardiovascular toxicity. Ad-
dict Biol 1:31–47

3.Zimmerman FH, Gustaffson GM, Kemp HG (1987) Recurrent
myocardial infarction associated with cocaine abuse in a young
man with normal coronary arteries: evidence for coronary
artery spasm culminating in thrombosis. J Am Coll Cardiol 9:
964–968

4.Kolodgie FD, Virmani R, Coruhill FJ, Herderick EE, Smialek J
(1991) Increase in atherosclerosis and adventitial mast cells in
cocaine abusers: an alternative mechanism of cocaine-associ-
ated coronary vasospasm and thrombosis. J Am Coll Cardiol
17:1553–1560

5.Tella SR, Schindler CW, Goldberg SR (1992) Cardiovascular
effects of cocaine in conscious rats: relative significance of cen-
tral sympathetic stimulation and peripheral neuronal monoamine
uptake and release mechanisms. J Pharmacol Exp Ther 262:
602–610

6. Vongpatanasin W, Mansour Y, Chavoshan B, Arbique D, Victor
RG (1999) Cocaine stimulates the human cardiovascular sys-
tem via a central mechanism of action. Circulation 100:497–502

7.Fineschi V, Wetli CV, Di Paolo M, Baroldi G (1997) Myocar-
dial necrosis and cocaine. Int J Legal Med 110:193–198

8.Karch S (1987) Serum catecholamines in cocaine intoxicated
patients with cardiac symptoms. Ann Emerg Med 16:481

9.Ramos V, Valenzuela A, Villanueva E, Miranda MT (1997)
Antioxidant-related enzymes in myocardial zones and human
pericardial fluid in relation to the cause of death. Int J Legal
Med 110:1–4

10.Devi BG, Chan AW (1999) Effect of cocaine on cardiac bio-
chemical functions. J Cardiovasc Pharmacol 33:1–6

11.Tietze F (1969) Enzymatic method for quantitative determina-
tion of nanogram amounts of total and oxidized gluthatione. Ap-
plication to mammalian blood and other tissues. Anal Biochem
27:502–522

12.Griffith OW (1980) Determination of glutathione disulfide us-
ing glutathione reductase and 2-vinylpyridine. Anal Biochem
106:207–212

13.Lowry OH (1951) Protein measurements with the folin phenol
reagent. J Biol Chem 193:255–262

14.Whanger PD, Butler JA (1988) Effects of various dietary levels
of selenium as selenite or selenomethionine on tissue selenium
levels and glutathione peroxidase activity in rats. J Nutr 7:846–
852

15.Paglia DE, Valentine WN (1966) Studies on the quantitative
and qualitative characterization of erythrocyte glutathione per-
oxidase. Anal Biochem 16:359–364

16.Goldberg DM, Spooner RG (1983) Glutathione reductase. In:
Bergmeyer J, Grabl M (eds) Methods of enzymatic analysis.
Chemie, Deerfield Beach, pp 258–265

17.Paoletti F, Aldinucci D, Mocali A, Caparrini A (1986) A sensi-
tive spectrophotometric method for the determination of super-
oxide dismutase activity in tissue extracts. Anal Biochem 154:
536–541

18.Shara MA, Dickson PH, Bagchi D, Stohs SJ (1992) Excretion
of formaldehyde, malondialdehyde, acetaldehyde and acetone
in the urine of rats in response to 2,3,7,8-tetrachlorodibenzo-P-
dioxin, paraquat, endrin and carbon tetrachloride. J Chromatogr
576:221–233

19.Ross MA (1994) Determination of ascorbic acid and uric acid
in plasma by high-performance liquid chromatography. J Chro-
matogr 657:197–200

20.Cardenas S, Gallego M, Valcarcel M (1996) An automated pre-
concentration-derivatization system for the determination of
cocaine and its metabolites in urine and illicit cocaine samples
by gas chromatography/mass spectrometry. Rapid Commun Mass
Spectrom 10:631–636

21.Watanabe C, Yamamoto H, Kobayashi S, Kanaide H (1993)
Extracellular Ca(2+)-dependent potentiation by cocaine of sero-
tonin- and norepinephrine-induced contractions in rat vascular
smooth muscle. Circ Res 72:1191–1201

22.Dhalla KS, Rupp H, Beamish RE, Dhalla NS (1996) Mecha-
nism of alterations in cardiac membrane Ca2+ transport due to
excess catecholamines. Cardiovasc Drugs Ther 10:231–238

23.Rupp H, Dhalla KS, Dhalla NS (1994) Mechanisms of cardiac
cell damage due to catecholamines: significance of drugs regu-
lating central sympathetic outflow. J Cardiovasc Pharmacol 24:
16–24

24.Dhalla NS, Yates JC, Naimark KS (1992) Cardiotoxicity of
catecholamines and related agents. In: Acosta D Jr (ed) Cardio-
vascular toxicology. Raven Press, New York, pp 239–282

25. Bindoli A, Rigobello MP, Galzigna L (1989) Toxicity of amino-
chromes. Toxicol Lett 48:3–20

26.Portoles TM, Catala M, Anton A, Pagani R (1996) Hepatic re-
sponse to the oxidative stress induced by e. coli endotoxin: glu-
tathione as an index of the acute phase during the endotoxic
shock. Mol Cell Biochem 159:115–121

27.Ver Donck L, Van Reempts J, Vandeplassche G, Borgers M
(1988) A new method to study activated oxygen species in-
duced damage in cardiomyocytes and protection by Ca2+ antag-
onists. J Mol Cell Cardiol 20:811–823

28.Vandeplassche G, Bernier M, Kusama BM, Hearse DJ (1990)
Singlet oxygen and myocardial injury: ultrastructural, cyto-
chemical and electrocardiographic consequences of photoacti-
vation of rose bengal. J Mol Cell Cardiol 22:287–301

29. Itoh S, Yanagishita M, Mukae S, Konno N, Katagiri T (1992)
Study on reperfusion injury on sarcoplasmic reticulum in acute
myocardial ischemia. Jpn Circ J 56:384–391

30.Kukreja RC, Hess ML (1992) The oxygen free radical system
from equations through membrane-protein interactions to car-
diovascular injury and protection. Cardiovasc Res 26:641–655

31.Erzouki HK, Baum I, Goldberg SR, Schindler CW (1993)
Comparison of the effects of cocaine and its metabolites on
cardiovascular function in anesthetized rats. J Cardiovasc Phar-
macol 22:557–563

32.Todd GL, Baroldi G, Pieper GM, Clayton FC, Eliot RE (1985)
Experimental catecholamine-induced myocardial necrosis. I.
Morphology, quantification and regional distribution of acute
contraction band lesions. J Mol Cell Cardiol 17:317–338

33.Fineschi V, Agricola E, Baroldi G, Bruni G, Cerretani D,
Mondillo S, Parolini M, Turillazzi E (2000) Myocardial find-
ings in fatal carbon monoxide poisoning: a human and experi-
mental morphometric study. Int J Legal Med 114:276–282

34.Brinkmann B, Sepulchre MA, Fechner G (1993) The applica-
tion of selected histochemical and immunohistochemical mark-
ers and procedures to the diagnosis of early myocardial dam-
age. Int J Legal Med 106:135–141

35.Ortmann C, Pfeiffer H, Brinkmann B (2000) A comparative
study on the immunohistochemical detection of early myocar-
dial damage. Int J Legal Med 113:215–220

36.Karch SB, Green GS, Young S (1995) Myocardial hypertrophy
and coronary artery disease in male cocaine users. J Forensic
Sci 40:591–595

37.Chakko S, Fernandez A, Mellman TA, Milanes FJ, Kessler
KM, Myerburg RJ (1994) Cardiac manifestations of cocaine
abuse: a cross-sectional study of asymptomatic men with a his-
tory of long-term abuse of “crack” cocaine. J Am Coll Cardiol
20:1168–1174

38.Pelkonen M, Luodonpaa M, Vuolteenaho O, Pasanen M,
Ruskoaho H (1996) Cocaine increases circulating levels of
atrial natriuretic peptide and proatrial natriuretic peptide N-ter-
minal fragment in conscious rats. Eur J Pharmacol 304:55–62

39. Inoue H, Zipes DP (1988) Cocaine-induced supersensitivity
and arrhythmogenesis. J Am Coll Cardiol 11:867–874

40. Inoue H, Zipes DP (1996) Results of sympathetic denervation
in the canine heart: supersensitivity that may be arrhythmo-
genic. Circulation 78:877–887

330 V. Fineschi et al.: Markers of cardiac oxidative stress in rats


