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Abstract

Background: To investigate the cardiotoxic role of reactive oxygen species (ROS) and of products derived
from catecholamines auto-oxidation, we studied: (1) the response of antioxidant cardiac cellular defence sys-
tems to oxidative stress induced by norepinephrine (NE) administration, (2) the effect of NE administration on
cardiac B1-adrenergic receptors by means of receptor binding assay, (3) the cellular morphological alterations
related to the biologically cross-talk between the NE administration and cytokines [tumor necrosis factor-alpha
(TNF-«), monocyte chemotactic protein-1 (MCP-1) , interleukins IL6, IL8, IL10] Methods and Results: A total
of 195 male rats was used in the experiment. All animals underwent electrocardiogram (EKG) before being
sacrificed. The results obtained show that NE administration influences the antioxidant cellular defence system
significantly increasing glutathione peroxidase (GPx) activity, glutathione reductase (GR) and superoxide dis-
mutase (SOD). The oxidized glutathione (GSH/GSSQG) ratio significantly decreases and malondialdehyde
(MDA) levels increase showing a state of lipoperoxidation of cardiac tissue. We describe a significant apoptot-
ic process randomly sparse in the damaged myocardium and the effect of ROS on the NE-mediated TNF-q,
MCP-1, and IL6, IL8, IL10 production. Conclusions: Our results support the hypothesis that catecholamines
may induce oxidative damage through reactive intermediates resulting from their auto-oxidation, irrespective
of their interaction with adrenergic receptors, thus representing an important factor in the pathogenesis of cat-
echolamines-induced cardiotoxicity. The rise of the cardioinhibitory cytokines may be interpreted as the adap-
tive response of jeopardized myocardium with respect to the cardiac dysfunction resulting from NE injection.
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pathogenesis of cardiac damage has been ascribed to
intracellular Ca2* overload through catecholamines-
induced oxidative mechanisms [2, 3]. The molecular
mechanisms by which oxidative stress is produced
and affects cells and tissues, the cellular sources of
oxygen free radicals and the role of specific antioxi-
dants are currently under intensive investigation.
Catecholamines can easily undergo oxidation with
production of unstable catecholamines-O-quinones
that in turn give rise to the respective adrenochromes
and subsequent production of oxygen free radicals
like superoxide radicals. The superoxide radicals can
be reduced by superoxide dismutase to hydrogen
peroxide, which damages the membrane integrity.
The superoxide radical was proposed as responsible for
the damage observed in the catecholamine-induced
cardiomyopathy [4, 5]. Catecholamines toxicity
through auto-oxidation enzymatically or metal cat-
alyzed, with the concomitant production of reactive
intermediates and free radicals, seems to involve
particularly cardiac and nervous tissues [6, 7].

To investigate the possible cardiotoxic role of reac-
tive oxygen species (ROS) and of products derived
from catecholamines auto-oxidation, we studied: (1)
the response of antioxidant cardiac cellular defence
systems to oxidative stress induced by norepinephrine
(NE) administration; (2) the effect of NE administration
on cardiac 1-adrenergic receptors by means of recep-
tor binding assay; (3) the cellular morphological alter-
ations related to the biological cross-talk between the
NE administration and cytokines [tumor necrosis fac-
tor-alpha (TNF-a), monocyte chemotactic protein-1
(MCP-1), IL6, IL8, IL10].

Materials and methods

The experimental procedures followed the ‘Principles of
laboratory animal care’ (NIH publication 85-23, revised
1985) and were approved by the University of Siena
Committee for animal experiments.

Animal model and experimental protocol

Male albino Wistar rats (180-200 g) were obtained from
Harlan (Milan, ltaly). They were allowed to acclimatize to
their surrounding conditions (MIL, Morini diet; water ad libi-
tum, room temperature of 22-24°C, alternate 12-hrs
light/dark cycles) for 7 days before experiments. One hun-

© 2007 The Authors

J. Cell. Mol. Med. Vol 11, No 1, 2007

dred and ninety-five male rats (Wistar, Charles River) were
used in the experiment to analyse the effect of NE adminis-
tration, alone and in presence of adrenergic receptors
antagonists—propranolol and prazosin—on rats’ heart. After
the treatment all the animals, controls included, were main-
tained individually in their respective cages for avoiding pos-
sible sources of stress. In the group treated with NE, the ani-
mals were sacrificed by decapitation at the following times:
1, 4,8, 24, 48 hrs, 10 and 30 days after treatment while in the
group treated with adrenergic receptors antagonists the rats
were sacrificed by decapitation 4 hrs after administration. All
samples were used to determine biochemical parameters,
for B1-binding study, and for morphological examination.

Biochemical analysis

Oxidative stress evaluation

NE group: Oxidative stress was evaluated in 72 rats (eight
groups) weighing 200—250 g. NE 3 mg/kg i.p. was adminis-
tered to seven groups of animals consisting of nine rats
each. The eighth group was used as control; for every time
examined, we have sacrificed at least one animal of control
(total nine animals).

Norepinephrine + Propranolol + Prazosin (NEPP)
group: Oxidative stress was evaluated in 36 rats weighing
200-250 g divided in four groups of nine animals each.

Group 1: Treated with propranolol 2mg/kg i.v., with pra-
zosin 0.3 mg/kg i.v. and after 10 min with NE 3 mg/kg i.p.,
sacrificed 4 hrs after treatment (NEPP).

Group 2:Treated with propranolol 2mg/kg i.v. and with pra-
zosin 0.3 mg/kg i.v. and sacrificed 4 hrs after treatment (PP).

Group 3: Treated with NE 3 mg/kg i.p. and sacrificed
4 hrs after treatment (NE).

Group 4: Control group, nine rats were treated with
saline, 0.5 mli.p. and all sacrificed to the same time (4 hrs)
after administration.

All animals were sacrificed at 3-5 p.m. of the day to
avoid possible variations ascribed to circadian rhythms
(e.g. glutathione). The hearts of the treated and control ani-
mals were immediately resected and frozen at —80°C up
to the time of the determination of reduced and oxidized
glutathione (GSH, GSSG), malondialdehyde (MDA) and
ascorbic acid (AA) levels and of superoxide dismutase
(SOD), glutathione peroxidase (GPx) and glutathione
reductase (GR) enzymatic activities.

GSH/GSSG ratio and protein determination
Heart tissue was homogenized in ethylenediaminete-
traacetic acid (EDTA) K*—phosphate buffer, pH 7.4 (1:3,
w/v) at 0°C. Total GSH was analysed as described by
Tietze [8] and GSSG was determined according to Griffith’s
method [9]. Proteins were assayed according to the
Lowry’s method [10].
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SOD, GPx and GR assessment
In order to measure cytosolic enzyme activity, the hearts’
samples were homogenized according to Whanger and
Butler [11]. GPx activity was measured according to Paglia
and Valentine [12]. GR activity was analysed as described
by Goldberg and Spooner [13]. Total superoxide dismutase
(Cu/Zn superoxide dismutase and Mn-superoxide dismu-
tase) was assayed by spectrophotometric method based
on the inhibition of a superoxide-induced reduced nicoti-
namide adenin dinucleotide (NADH) oxidation according to
Paoletti et al. [14].

The cytosolic protein concentration was determined
using the Lowry’s method with bovine serum albumin
(BSA) as standard [10].

MDA assessment
The extent of lipid peroxidation in the rats’ heart was estimated
by calculation of MDA levels as described by Shara et al. [15].

AA assay

Hearts’ tissues were homogenized in EDTA K*- phosphate
buffer pH 7.4 (1:4, w/v) at 0°C and analysed as described
by Ross [16].

Control groups

For every parameter, the values obtained from every con-
trol groups used were not statistically different among
them, therefore they have been united in a pool and the
mean value was used as control value.

B1-binding study

NE group: Cardiac [31-adrenoreceptor density (Bmax) was
determined on 28 rats (eight groups) weighing 200-250 g.
NE 3 mg/kg i.p. was administered to seven groups of animals
of three rats each. The eighth group (seven rats) was used as
control.

The hearts of the treated and control animals were
immediately resected and frozen at —80°C until the
radioreceptor assay (RRA). After thawing at room temper-
ature, myocardium was homogenized, in 10 volumes (w/v)
of ice-cold 50 mM Tris buffer, pH 7.4, containing 150 mM
NaCl and 1 mM MgCl2 Aliquots (0.5 ml) of membrane sus-
pensions were kept at —80°C until use for binding assays
as described by Schwinger [17]. The proteins’ content was
measured according to Lowry et al. with bovine serum
albumin as standard [10].
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Myocardial B1-adrenoreceptor assay

Myocardial [(31-adrenoreceptor density was investigated
using ['2°1] iodocyanopindolol (specific activity 2000
Ci/mmol) as the radiolabelled ligand [18]. The maximum
number of receptor-binding sites (Bmax) and the dissocia-
tion constant (Kd) were calculated using Kell software (ver-
sion 6, Biosoft, Cambridge, UK).

Electrocardiographic (EKG)
measurements

All animals treated with NE, underwent EKG (Cardiette,
Medical & Device SPA, Milano, Italy) 1 hr before being sac-
rificed; all animals treated with NE, propranolol and pra-
zosin underwent EKG 5 min before being sacrificed.

Morphological examination

NE group: The histopathological examination of the heart was
carried out on 40 rats, weighing 200-250 g, divided in eight
groups of five animals each. Seven groups were treated with
NE 3 mg/kg i.p., while one group was used as control.

The hearts of treated and control animals were immedi-
ately resected and weighed and, after removal of the apex,
they were fixed in 10% buffered formalin for 45 hrs and fixed
in paraffin. Paraffin-embedded tissue specimens of hearts
were sectioned at 4 um and stained with haematoxylin and
eosin. In addition, immunohistochemical investigation of
hearts’ samples was performed with an antibody anti-TNF-
a, anti-MCP-1 (Santa Cruz, CA, USA), anti-IL-6, IL-8, IL-
10, and a TUNEL assay (Chemicon, Temecula, CA, USA).
We used 4-pm-thick paraffin sections mounted on slides
covered with 3, amminopropyl-triethoxysilane (Fluka,
Buchs, Switzerland). A pre-treatment was necessary to
facilitate antigen retrieval and to increase membrane per-
meability to antibodies anti-TNF-a boiling in 0.1 M citric
acid buffer, for MCP-1 boiling 0.25 M EDTA buffer, for IL-6-
8-10 (5 min proteolytic enzyme Dako, Copenhagen,
Denmark, 20°C), and for TdT enzyme the sections were
immerged in proteinase K (20 pg/ml of TRIS) for 15 min
at 20°C. The primary antibody was applied in 1:600 ratio
TNF-q, in a 1:2000 ratio IL-6 (Santa Cruz), in a 1:500 ratio
IL-8 (Abcam, Cambridge, UK), and MCP-1 (Santa Cruz) in
a 1:2000 ratio IL-10 (Peprotec, London, UK), and incubat-
ed for 120 min at 20°C. The sections were covered with the
TdT enzyme, diluted in a ratio of 30% in reaction buffer
(Apotag Plus Peroxidase In Situ Apoptosis Detection Kit,
Chemicon) and incubated for 60 min at 38°C. The positive
reaction was visualized by 3,3 diaminobenzidine (DAB)
peroxidation, according to standard methods. The sections
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Fig. 1 Effect of norepinephrine
exposure (3 mg/kg i.p.) on car-
diac antioxidant cellular sys-
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were counterstained with Mayer’'s haematoxylin, dehydrated,
coverslipped and observed in a Leica DM4000B optical
microscope (Leica, Cambridge, UK) .

Using Leica system the total area in mm? was measured
in one superior and one inferior heart sections. By total
screening of the histological area, number of necrotic foci
and myocardial cells were counted and their frequency
referred to 100 mm?2. The hearts of animals dead sponta-
neously were fixed in 10% buffered formalin and examined
as the hearts of sacrificed rats.

The samples were also examined under a confocal
microscope and a three-dimensional reconstruction was
performed (True Confocal Scanner, Leica TCS SP2).

Catecholamines determination

Catecholamines plasma levels were determined by high-
performance liquid chromatography (HPLC) method
according to Ueyama et al. [19].

Statistical analysis

Values are presented as means + S.D. The unpaired 2-way
Student’s t-test was used to compare the results obtained
for treated rats with the control group. A value of p < 0.05
was accepted as indicative of significant difference among
groups.

© 2007 The Authors
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Results

Enzymatic and non-enzymatic
antioxidant cellular defence system
evaluation

NE treatment

The results obtained (Fig. 1) showed that NE admin-
istration influences the antioxidant cellular defence
system significantly increasing, compared to con-
trols, GPx activity starting from 4 hrs up to 30 days
after administration (Fig. 1A).

Also GR (Fig. 1B) and SOD (Fig. 1C) showed after
4 hrs a tendency towards increase, which becomes
statistically significant after 8 hrs, with a maximum
(100%) for SOD after 48 hrs. This increase remains
still significantly high, compared to controls, after 30
days for both the enzymes.

The GSH/GSSG ratio (Fig. 1D) significantly
decreases starting from 1 hr up to 30 days, and AA
(Fig. 1E) is significantly depleted at every time of
examination until 10 days after NE administration.
MDA levels (Fig. 1F) increase starting from 1 hr up to
30 days showing a state of lipoperoxidation of car-
diac tissue.
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Fig. 2 Effect of propranolol (2 mgkg
i.v.), prazosin (0.3 mg/kg i.v.) and norep-
inephrine (3 mg/kg i.p.) exposure on car-
diac antioxidant cellular systems. Values
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NE and adrenergic antagonists treatment

The effect of NE administration on cellular redox
state was further evaluated in presence of an «aq
antagonist (prazosin) and of a g antagonist (propra-
nolol) to check if oxidative stress was produced irre-
spective of adrenergic activation.

The results obtained 4 hrs after propranolol, pra-
zosin and subsequent NE administration (NEPP
group) (Fig. 2) show that also in this case the antiox-
idant cardiac cellular enzymatic defence system was
influenced: in fact GPx (Fig. 2A) and GR (Fig. 2B)
activities were increased compared to controls
(p < 0.001 and p < 0.05, respectively), whereas SOD
activity shows no statistically significant increase (Fig. 2C).

The data obtained in the NEPP group 4 hrs after
treatment (Fig. 2D) show a significant decrease of
GSH/GSSG ratio (p < 0.001) compared to controls
and a statistically significant (p < 0.001) increase
compared to the group treated only with NE (NE
group). Determination of AA concentrations 4 hrs
after treatment (Fig. 2E) shows a significant
decrease compared to controls in the NEPP group
(p < 0.0001) and a significant increase compared to
the NE group (p < 0.05); adrenergic blockers admin-
istration alone does not affect AA levels.

Evaluation of MDA concentrations in the different
treated groups (Fig. 2F) shows an increase in the
NEPP group, which is significantly different com-
pared to controls (p < 0.01) and to PP group
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rats. PP = treated with propranolol and
prazosin, NE = treated with norepineph-
rine, NEPP = treated with norepineph-
rine, propranolol and prazosin.

A =p < 0.05 compared with control group
B =p < 0.01 compared with control group
C =p < 0.001 compared with control group
D = p < 0.05 compared with PP group
E = p < 0.01 compared with PP group
F =p < 0.001 compared with PP group
G = p < 0.05 compared with NE group
H=p < 0.01 compared with NE group
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(p < 0.05) and a statistically significant decrease
compared to NE group (p < 0.05). The analysis of the
results thus obtained shows anyway the presence of
oxidative stress in cardiac cells also after adrenergic
blockers administration.

p1-adrenoceptor binding sites

The iodocyanopindolol-binding assay (Table 1) demon-
strated a saturable and highly specific binding pattern.
Total myocardial B1-adrenoceptor density (Bmax) was
increased after 1 hr (1194 = 111.9 pmol/mg) and 4 hrs
(1279 = 178.4 pmol/mg) compared to control rats (960
+ 31.7 pmol/mg; p < 0.05). The receptor affinity
decreased, i.e. dissociation constant (Kd) increased
after 1 and 4 hrs, Kd in the control was 0.97 + 0.454 pM
compared with 1 hr (5.28 £ 0.116 pM; p < 0.001) and 4
hrs (2.60 + 0.840 pM; p < 0.05).

Cardiac function (EKG)

Basal conditions

In the treated group, baseline EKG showed a base-
line sinus rhythm at a mean rate of 542 = 14
beats/min (Fig. 3A). The control group presented a
baseline sinus rhythm at an average rate of 528 + 16
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Table 1 Mean characteristics of B1-adrenoceptor binding sites in myocardial membranes homogenates from NE

treated and control rats

Bmax Controls 1 hr 4 hrs 8 hrs 24 hrs 48 hrs
Mean 959.67 1194.00 1278.67 1215.00 1089.00 976.00
S.D. 31.660 111.906 178.374 184.724 111.879 30.116
p< 0.025 0.038 0.078 0.126 0.553
Kd Controls 1 hr 4 hrs 8 hrs 24 hrs 48 hrs
Mean 0.97 5.28 2.60 1.55 1.16 1.47
S.D. 0.454 0.116 0.840 1.076 0.799 0.935
p< 0.0001 0.042 0.438 0.743 0.452

Bmax (pmoli/mg membrane protein); Kd (pM); values are the means * S.D. of three animals. t-test: p < 0.05 was consid-

ered significant.

beats/min. No significant difference in heart rate was
present between the two groups.

Time course of EKG changes after NE infusion
After NE administration, we observed a prompt
increase in heart rate reaching progressively maxi-
mal value at the 15" minute (576 + 53 beats/min).
Later on, during the first hour, we found a plateau
phase in which the heart rate remained steadily high-
er than that at baseline (i.e. 570 + 60 at the 30t
minute and 564 + 68 at the 60" minute). Various
ventricular arrhythmias were registered throughout
this period. More in detail, all rats showed frequent
ventricular ectopic beats (VEB) either alone (often in
bigeminism) (Fig. 3B), or coupled, and in three rats
we documented repeated episodes of unsustained
ventricular tachycardia (VT) (Fig. 3C). Blood samples
collected during the first hour after NE infusion
demonstrated very high levels of circulating cate-
cholamines, especially NE (412.1 + 212.98 ng/ml,
with respect to 2.9 £ 1.29 ng/ml in the control group),
presumably responsible for an intense cardiac B-
receptor stimulation, notwithstanding the observed
fivefold reduction in the receptor affinity (Kd = 5.28 +
0.116 versus 0.97 £ 0.454 pM in the controls).

Four hours after NE infusion, EKG tracings demon-
strated an evident reduction in heart rate with bradycar-
dia (480 = 30 beats/min). It must be stressed that one
rat showed a more severe bradycardia because of the
onset of an intermittent sinusal block, and another one

© 2007 The Authors

died after a progressive degree of sinus bradycardia
resulting in a cardiac arrest. In these rats, NE plasma
levels decreased dramatically with respect to the values
detected during the first hour after infusion, ranging in
an order similar to that observed in the controls (9.1 =
2.17 ng/ml). On the other side, the restoration of a nor-
mal B-adrenoceptor affinity proceeded more slowly, as
demonstrated by the high values of Kd also detectable
in this phase (Kd = 2.6 + 0.84 pM). On this basis, it can
be hypothesized that the observed bradycardia may be
related to a transient, functional hypostimulation of car-
diac p-adrenoceptor, as a consequence of the long last-
ing reduction of receptor affinity associated with quite
low NE plasma levels, thus actually mimicking the effect
of a pharmacologic B-blocking.

From the eighth hour, EKG evaluation showed the
restoration of a sinus rhythm at a mean rate similar to
that of baseline (543 £ 30 beats/min). Similar values of
mean heart rate were observed also in the following
records after 24 hrs, 48 hrs, 10 days and 1 month,
respectively. At all of these times, we observed a con-
comitant normalization of both NE plasma levels and
B-adrenoceptor affinity.

Effect of adrenergic antagonists

The EKG tracings performed 4 hrs after the co-admin-
istration of prazosin and propranolol showed sinus
bradycardia (470 + 69 beats/min), similar to that
observed with NE infusion after the fourth hour.
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Table 2 Number of foci and necrotic cardiac myocytes X 100 mm? + S.E. in rats following intraperitoneal injection of

3 mg/kg of norepinephrine

Groups Total rats Number Percentage
Sacrificed Foci Myocytes Apoptosis %
1 hr 5) 205+73 1424+1121 3%1
4 hrs ) 163+£35 2616710 312
8 hrs 5) 15077 2388+1047 1248
1 day 9 110£30 944+281 38+18
2 days ) 145186 924+653 4517
10 days 9 204+20 3645+714 60+18
30 days ) 194+31 2161+228 70£13
Grand total 35 167+20 2015272 33%11 p < 0.0001
Dead spontaneously
<1 hr 11 3319 96168 3%1
1-5 hrs 13 17134 35+12 312
Grand total 24 25%10 66+35 3+1.5
Controls 5 7534 3821105 3+1

Finally, when we evaluated the electrocardiogra-
phy findings of the rats treated concomitantly with
NE, prazosin and propranolol, a more marked brady-
cardia was documented (365 + 33 beats/min). In this
group, a rat had a severe bradycardia due to the
onset of an atrio-ventricular block of second degree
with the Wenckebach’s phenomenon (Fig. 3D). A
possible interpretation of these effects may involve
the concomitant occurrence of the relative hypore-
sponsiveness of B-adrenoceptors observed 4 hrs after
the NE infusion and the actual pharmacological block
of the receptors due to adrenergic antagonists.

Morphology

The heart weight and its percentage of the body
weight were greater in the NE group (0.80 = 0.103 g
and 239 * 23 g) than in the control group (0.78 *
0.107 and 257 * 35, respectively).

Histology
The only lesion found were scattered foci of contraction
band necrosis (CBN), typical of norepinephrine necro-

© 2007 The Authors

sis (NN) [20]. This lesion was already visible in rats sac-
rificed at 1 hr and consisted of foci of few hypercon-
tracted myocardial cells, intensively stained by eosin.
This first change was associated with foci of myocardial
cells with ruptured myofibrils and characterized by
hypereosinophilic bands of hypercontracted sarcom-
eres alternated by clear empty spaces (Fig. 4A-D).
Subsequently, after 8 hrs, a scanty infiltrate of
macrophagic monocytes around the necrotic myocar-
dial cells was observed. Within 24 hrs this infiltrate
became more widespread with an increased number of
elements and an early removal of the necrotic materi-
al. When the latter was completely removed, the
myocardial cell appeared as an empty sarcolemmal
tubes that proved the presence of macrophages,
resulting in an “alveolar pattern”. At 30 days we were
unable to see a clear-cut fibrous repair of the necrotic
foci that maintained the previously described changes.
The number of necrotic foci and myocardial cells x
100 mm? of the histological area are reported in Table 2.

In rats dead spontaneously as well as in controls,
monocytic infiltrates were absent and the number of
foci and myocytes with catecholamine necrosis were
significantly less (p < 0.001) than those found in
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treated and sacrificed animals. No interstitial haemor-

rhages within necrotic foci were observed. Occasionally,
a small subendocardial haemorrhage without relation-
ship with myocardial necrotic foci was present.

In order to obtain the determination of the fraction
of myocyte nuclei labelled by TUNEL, the number of
myocyte nuclei per unit area of tissue was deter-
mined by counting an average of 10 fields, 1.4 mm?2
each, at a magnification of x 10 in each area of
myocardium sampled. The percentage of apoptotic
myocyte nuclei was determined.

The immunohistochemical study revealed an
intensive positive result to TUNEL assay (Fig. 5A-D):
approximately 3+ 1,3+2,12+8,38+ 18,45+ 17,
60 + 18 and 70 + 13% apoptotic cells were observed
after 1, 4, 8, 24, 48 hrs, 10 and 30 days (Table 2).
TNF-a was demonstrated to significantly increase in
heart specimens 4 hrs after NE infusion with the
strongest evidence from the eighth hour to the 48t
hour. On the 10t day, TNF-« significantly decreased
in treated rats (Fig. 6A-D). MCP-1 demonstrated a
gradually strong positive reaction from the first hour
until 24t hour, to decrease until normalization after
48 hrs (Fig. 7A, B, C and D). IL8 was rapidly positive
with a peak of evidence on eighth hour to decrease
on 24t hour. On the 48t hour, both IL6 and IL10
demonstrated the strongest evidence but they dif-
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Fig. 5 Determination of
apoptotic cardiomyocytes
nuclei by TUNEL assay:
(A) control, (B) 8 hrs after
treatment, (C) 24 hrs after
treatment, (D) 10 days
after treatment.

fered among one another with respect to a gradual
decrease for IL6 on 10t day when IL10 was strongly
positive until 30 days (Table 3) (Fig. 8A-D).

Confocal laser scanning microscope

The confocal laser scanning microscope aspect of the
early lesion confirmed the pattern seen histologically
and is already described in dog after intravenous infu-
sion of isoproterenol and NE [21]. Furthermore, in
order to establish morphologically the existence of
apoptosis, in each group of sacrificed rats, nuclei of
normal myocardial cells surrounding foci of necrotic
myocytes were examined. In apoptotic cardiomy-
ocytes, nuclei appeared to be of abnormal shape with
non-linear contours. Condensation of chromatin was
evident in every case, with preferential peripheral
condensation in a circular pattern (in a ‘doughnut-like’
pattern) and intranuclear clumping. Impending
nuclear rupture with detachment of the nuclear mem-
brane was occasionally seen [22].

Catecholamines dosage

The NE plasma levels decreased dramatically with
respect to the values detected during the first hour
after infusion, ranging in an order similar to that
observed in the controls after the fourth hour (Table 4).
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Fig. 6 Immunohistochemical
detection of TNFa with posi-
tive reaction after treatment:
control (A), 4 hrs after treat-
ment (B), 8 hrs after treatment
(C), 24 hrs after treatment (D).

Fig. 7 MCP-1 expression:
control (A), 8 hrs after treat-
ment (B), 24 hrs after treat-
ment (C), and 10 days after
treatment (D).

Discussion

In this study we showed that acute administration of
NE produces alterations of the cellular redox state
and lipoperoxidation in cardiomyocytes, thus sug-
gesting an important role played by intermediates
derived from catecholamines auto-oxidation and by
ROS in the mechanism of cellular damage.

© 2007 The Authors
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NE and oxidative stress

The results obtained in this study support the hypoth-
esis regarding the role of oxidative mechanism in
NE-induced cardiac damage. The analysis of the bio-
chemical parameters examined clearly shows the
involvement of the antioxidant cellular defence sys-
tem in response to an evident oxidative stress. The
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Table 3 Time course of cytokines response in heart specimens

TNF-a MCP-1 IL-6 IL-8 IL-10
1hr + + ++ + + + + _
4 hrs ++ + + + + +++ _
8 hrs ++ + + + + ++ ++ 4+ _
24 hrs + + ++ + + + + + +
48 hrs + + + ++ + + + +
10 days _ + + + + ++ +

GSH/GSSG ratio, which is a good estimation of the
redox state as well as oxidative stress in the cell,
decreases starting from 1 hr up to 30 days after NE
administration showing a GSH depletion which might
be the result of conjugation with the produced o-
quinone and/or of its oxidation to GSSG; the latter
does not seem to undergo the ‘sparing’ effect of AA,
also strongly depleted at every time of examination.
GSH oxidation to GSSG might result, for example,
from reduction of ROS like H202, occurring in the
presence of Cu2* or from direct reduction of Cu2* to
Cu* [23-25]. The increase of GPx activity 4 hrs after
NE administration may contribute, with its action on
H202, to GSH consumption and to the formation of
GSSG. Also SOD and GR increase their activity, but
only 8 hrs after treatment, showing the tendency to
contrast a still operating oxidative stress. This
delayed increase of antioxidant enzymes activity
might explain the accumulation, after 4 hrs, of
02" and GSSG due to its insufficient reduction to
GSH by GR. In vitro studies with purified enzymes
showed that GR activity was inhibited by o-quinones
and aminochromes [2].

Finally, MDA significantly increased in the heart of rats
treated with NE, compared to controls, after 1 hr and at
all times of examination, showing that, despite antioxidant
enzymes increased activityy, ROS were not sufficiently
neutralized, making possible the disproportionate reac-
tion of Oz~ and H20z2 to OH radical and 'Oz (singlet oxy-
gen; Haber-Weiss reaction). Theoretically, OH may result
in vivo also by NE non-enzymatic oxidation [26].
Moreover, singlet oxygen is a highly reactive specie and
may cause damage to membrane lipids and inactivation
of several enzymes. It has been shown [27] that 'Oz is the
ROS responsible of the alteration of Ca2+-ATPase in the
cardiac sarcoplasmic reticulum; also high levels of H202
cause inhibition of Ca2*-ATPase activity [28, 29] and this
is probably related to —SH groups oxidation. The final
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event of these processes may consist in functional and
morphological alterations of myocytes like CBN resulting
from intracellular calcium overload caused by ROS activ-
ity [5]. This is actually the only morphological alteration
detected at the histological and ultrastructural examina-
tion in hearts of rats treated with NE.

NE and gi-adrenoceptor density

In our study, NE increased Kd and myocardial
B1-adrenoceptor density 1 and 4 hrs after treatment. In
two studies, myocardial g1-adrenoceptor density also
increased in the rats infused with NE for 1 week [30] as
in dog after short-term infusion [31]. In contrast, chron-
ic administration of NE for 8 weeks has been shown to
reduce myocardial 1-adrenoceptor density [32, 33].
Previous work demonstrated that the g1-adrenocep-
tor can exist in two affinity states for agonist. The finding
of increase of both g1-adrenoceptor and Kd may be
explained by agonists-induced conversion of g1-adreno-
ceptor from a native form with high affinity for agonists
to a form with much lower affinity for agonists [34].
Haenen et al. reported that oxidative stress
increased B-adrenoceptor number and reduced
cyclic adenosine monophosphate (c-AMP) formation
in the ventricle membrane and reduced g-adreno-
ceptor function [35]. Furthermore, intense exposure
of B-adrenoceptor to an agonist leads to a decrease
in receptor responsiveness, as is the case for most G
protein-coupled receptors. These might represent
physiological mechanisms that protect the heart
against excessive B1-adrenoceptor stimulation.

Cardiac function (EKG)

About the EKG alterations due to NE administration,
we can hypothesize that the observed bradycardia
may be related to a transient, functional hypostimula-
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Fig. 8 Immunohistochemical
detection of the time course of
the cardioinhibitory cytokines:
control (A), IL6 at 1 hrs after
treatment (B), IL8 at 24 hrs
after treatment (C), IL10 at
24 hrs after treatment (D).

tion of cardiac p-adrenoceptor, as a consequence of
the long-lasting reduction of receptor affinity associ-
ated with quite low NE plasma levels, thus actually
mimicking the effect of a pharmacologic g-blocking.
When we evaluated the electrocardiography findings
of the rats treated concomitantly with NE, prazosin,
and propranolol, a more marked bradycardia was
documented. A possible interpretation of these
effects may involve the concomitant occurrence of
the relative hyporesponsiveness of p-adrenoceptors
observed 4 hrs after the NE infusion and the actual
pharmacological block of the receptors due to adren-
ergic antagonists.

NE and morphology

The concept that CBN is a result of direct cate-
cholamine toxicity is based on experimental cate-
cholamine infusion. The lesion is visible within 5—10 min
of perfusion in the presence of normal vessels.
Previous experimental studies and clinical work
demonstrated that the intramyocardial release of cat-
echolamines may result from mechanisms other than
asynergic myocardium any time the cardiac nerves
are involved, e.g. inflammation around nerves of the
tunica media of an atherosclerotic plaque [21]. They
may trigger a catecholamine myotoxicity linked with

© 2007 The Authors
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ventricular fibrillation and acting through free-radical-
mediated lipid peroxidation with intramyocellular
Ca?* influx [36]. Growing evidence demonstrate that
ROS may mediate cardiomyocyte apoptosis [37].
Recently, it has been demonstrated that g-adrenergic
receptor-stimulated apoptosis is mediated by ROS-
dependent pathway in rat cardiomyocytes [38]. Our
results confirm that ROS could act as the upstream
initiators of NE-induced apoptosis in cardiomyocytes
and we demonstrate that ROS are involved in the
regulation of TNF-a production and apoptosis upon
NE treatment [37, 39]. TNF-a has been shown to
evoke decrease in calcium fluxes through a sphingo-
sine signalling intermediate, suppression of mito-
chondrial metabolism, activation of apoptosis and
enhancement of deposition of collagen in transform-
ing growth factor (TGF)-g-mediated pathway [40].
The present study demonstrated a strong reaction in
heart specimens of cytokines with different time
course. The rise of the cardioinhibitory cytokines may
be interpreted as the adaptive response of jeopard-
ized myocardium with respect to the cardiac dysfunc-
tion resulting from NE injection [40].

In conclusion, our results support the hypothesis that
catecholamines may induce oxidative damage through
reactive intermediates resulting from their auto-oxida-
tion, irrespective of their interaction with adrenergic
receptors, thus representing an important factor in the
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Table 4 Norepinephrine and epinephrine plasma levels

Groups Total rats Number Nore. ng/ml Epin. ng/ml
1 7143 41.4
2 364.4 51.4
1 hr 5 3 537.4 52.5
4 215.5 16.4
5 229.1 23.3
6 5.25 71
7 10.26 12.4
4 hrs 5 8 10.01 11.7
9 9.97 11.0
10 10.14 12.1
11 0.48 4.9
12 2.97 6.0
8 hrs 5 13 2.41 7.4
14 4.28 4.8
15 38.0 121
16 6.90 17.2
17 15.1 12.9
24 hrs 5 18 14.8 4.7
19 8.1 8.2
20 4.4 29.3
21 1.53 4.1
22 583 2.5
48 hrs B 23 1.6 1.2
24 1.8 2.5
25 2.8 12.4
26 3.0 1.8
27 3.11 8.1
10 days 5 28 2.2 1.9
29 1.1 8.2
30 1.1 8.9
31 1.63 9.1
32 1.61 15.4
30 days 5 33 2.0 4.8
34 2.1 4.2
35 6.1 33.3
36 4.8 36.8
37 1.2 13.4
Control 5 38 2.6 31.9
39 8.8 21.7
40 2.8 27.0
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pathogenesis of catecholamines induced cardiotoxicity
[41-44]. We describe a significant apoptotic process
randomly sparse in the damaged myocardium and the
effect of ROS on the NE-mediated TNF-o, MCP-1, and
IL6, IL8, IL10 production [45]. The rise of the cardioin-
hibitory cytokines may be interpreted as the adaptive
response of jeopardized myocardium with respect to
the cardiac dysfunction resulting from NE injection [40,
45]. Our findings further suggest that antioxidant thera-
py may be beneficial in congestive heart failure in which
cardiac NE release is increased [43]. Contrary to the
general opinion that excess catecholamines produce
cardiotoxicity mainly through binding to adrenoceptors,
we demonstrate that catecholamine-induced deleteri-
ous actions occur through oxidative mechanisms.
Plasma NE correlates with the severity of the left ven-
tricular dysfunction [46—47].
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