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formed in the cells can also suffer conjugation with cellular GSH, leading to its
depletion, or it can polymerize into several other compounds like melanins.
During ADR oxidation process, the superoxide anion (O2•–) is formed. Through
the

Fenton
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Haber-Weiss

reactions

hydroxyl

(OH•)

is

formed

(intermediaries are not shown for simplification). Furthermore, the reaction
between O2•– and nitric oxide (NO●) generates peroxynitrite (ONOO–). Those
reactive species can oxidize GSH to form oxidized glutathione (GSSG). The
GSSG is extruded from the cardiomyocyte through MRP1 or converted again to
GSH by GSH reductase (GR)..................................................................... - 223 Figure 13 - Postulated mechanism for the cellular signaling pathways altered by
adrenaline (ADR) oxidation in cardiomyocytes in the presence of a superoxide
anion (O2●−) generating system: xanthine and xanthine oxidase (XXO). The
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intermediaries and reactive species (RS) in the cardiomyocytes. The
metabolization by monoaminoxidase (MAO) can also form reactive oxygen
species (ROS) (1). The initial burst of RS and oxidants resulting from ADR
oxidation leads to trimerization of the monomeric HSF-1 (2) that translocates to
the nucleus (3). Afterwards, RS lead to NF-κB activation, presumably through
the action of IκB protein kinases (4) and proteasome activity (5), leading to NFκB translocation to the nucleus (6). In the ADR with XXO group, the continuous
insult by RS and the decrease in HSP90 levels compromise the proteasome
activity (7). Both as a consequence of an initial HSF-1 activation and of
proteasome activity inhibition, HSP70 expression is increased in the cytoplasm
(8). In ADR with XXO group, the HSP70 expression alters the apoptotic
pathways, inhibiting the mitochondrial cytochrome c (cyt c) release and the
caspase 3 activation (9). Finally, the impairment of proteasome activity is
reflected by the lower DNA binding activity of NF-ĸB, and nuclear signal
disappearance (10). ................................................................................... - 248 -
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OUTLINE OF THE DISSERTATION

The present dissertation is divided into four main sections:

•

Part I – General Introduction

In this section, a review on the existing literature on cardiotoxic effects of
catecholamines is presented, in order to provide a good basis for understanding
the objectives and the obtained results of the experimental studies.
Furthermore, and to make it clearer, the general introduction is subdivided in
two subchapters. The general objectives are included in this part I.

•

Part II – Experimental section

In part II, the articles published in the scope of this dissertation are presented.

•

Part III – Discussion and Conclusions

In this section an integration of the results obtained in the scope of this
dissertation is performed. The discussion of their potential relevance and their
connection with existing scientific reports is also addressed here. Moreover,
part III includes the main conclusions taken from the works of the present
dissertation.

•

Part IV – References

In this final part are listed all the references of the literature that were used in
the introduction and discussion sections.
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ABSTRACT
In cardiovascular pathologic conditions, like cardiac ischemia/reperfusion
or heart failure, the sustained elevation of plasma and interstitial catecholamine
levels, namely adrenaline, and the generation of reactive oxygen species (ROS)
are hallmarks. Despite a century of research, the mechanisms underlying
adrenaline-induced cardiotoxicity are still far from being fully elucidated. The
present-dissertation aimed to contribute to increase the knowledge on the
mechanisms by which adrenaline produces cardiotoxicity and the possible
influence of ROS on that cardiotoxicity. Freshly isolated calcium tolerant
cardiomyocytes from adult rats were incubated at 37ºC with adrenaline alone
(ADR group), in the presence of a ROS generating system [xanthine with
xanthine oxidase (XXO group)], or both, (ADR with XXO) during a short period
of time (maximum 3 hours).
The ability of adrenaline to generate by oxidation several reactive
species, namely the hydroxyl and peroxynitrite radicals, was observed in the
cardiomyocyte suspensions. During adrenaline’s oxidation process, it was
oxidized to adrenochrome, which acted as a propagating species in the
catecholamine univalent oxidation, particularly in the presence of a ROS
generating system. On the other hand, the oxidative pathway of catecholamines
generates other highly reactive intermediaries, like o-quinones, which can react
with external nucleophilic groups, especially -SH groups, present in glutathione
(GSH) and proteins that include cysteine. The reactivity of adrenaline oxidation
products enabled the formation of quinoproteins and of a glutathionyl adduct, 5(glutathion-S-yl)adrenaline, which was detected in cells for the first time in the
works here presented. Additionally, the cellular uptake of adrenaline and/or
efflux of the adduct or of other oxidation products may constitute crucial steps
towards cardiotoxicity; however, the knowledge of the mechanisms involved is
very scarce. Thus, it was shown that 5-(glutathion-S-yl)adrenaline and oxidized
glutathione (GSSG) formed within the cardiomyocytes during the incubation
with adrenaline were exported by multidrug resistance protein 1 (MRP1). Also,
the classical uptake2 or extraneuronal monoamine transporter (EMT) was
functional in the freshly isolated cardiomyocytes, and it was demonstrated to be
crucial for the intracellular adduct formation. In fact, when EMT was inhibited by
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the classical EMT inhibitor, corticosterone, or by GF120918, the levels of
intracellular 5-(glutathion-S-yl)adrenaline decreased, thus demonstrating that
the intracellular formation of the adduct is dependent on adrenaline´s
intracellular concentration.
The experiments also revealed that the adrenaline redox behavior altered
the intracellular signaling pathways of cardiomyocytes, either when incubated
alone or in the presence of XXO. The pro-oxidant signal elicited by adrenaline
promoted the translocation to the nucleus of the transcription factors, Heat
Shock Factor-1 (HSF-1) and Nuclear Factor-κB (NF-κB). In addition, the
proteasome activity was compromised in the experimental groups where the
generation of reactive species occurred hence showing its redox sensitivity.
Proteasome activity decrease was prevented by adding the ROS scavenger,
tiron. Proteasome inhibition seemed to have elicited an increase in the levels of
Heat Shock Protein 70 (HSP70) levels, which occurred after HSF-1
translocation to the nucleus. Notwithstanding the several insults inflicted by the
adrenaline redox behavior to cardiomyocytes, namely, GSH depletion,
quinoproteins accumulation, proteasome activity inhibition, and reactive species
formation, all potentially capable of promoting cell death, no change in the
cellular viability was observed. Accordingly, it can be assumed that the
protection provided by HSP70 against the oxidative injury may, at least partially,
explain the absence of cell death. In fact, the increase in the levels of HSP70
was time-dependent in all treatment groups, followed by a decrease in apoptotic
factors, namely caspase 3 activity (in all groups) and cytoplasmatic cytochrome
c levels (in the XXO and ADR with XXO groups). Furthermore, the ADR group
had a delayed outset in HSP70 expression and no significant differences in
mitochondrial or cytoplasmatic cytochrome c content were observed when
compared to control. Presumably, the cardiomyocytes exposed to an initial
burst of ROS generated by XXO may have developed an early “preconditioning
defense”, through proteasome inhibition and HSP70 expression.
Additionally, the incubation with adrenaline or XXO differentially altered
the abundance of several proteins and the activity of several enzymatic
complexes. The majority of protein changes were observed in five functional
groups: (i) the sarcomere and cytoskeleton, notably myosin light chain-2; (ii) the
redox regulation proteins, in particular superoxide dismutase (SOD); (iii)
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energetic metabolism proteins, encompassing ATP synthase alpha chain and
several enzymes of the tricarboxilic acid cycle; (iv) the stress response proteins,
like HSP; and, (v) several regulatory proteins. The ROS generating system
(XXO) had a particular noxious effect to contractile proteins and caused
impairment in glucose metabolism, namely with high lactate production. On the
other hand, the ADR group showed a remarkable increase in the activity of
mitochondrial complexes, known to be accompanied by high “electron leakage”.
This high “electron leakage” was accompanied by an increased in the
expression and activity of SOD. In the ADR group, the ratio of alanine/lactate
and the lactate levels were the lowest, reflecting an increase in cytosolic redox
state (NADH/NAD+) due to high glycolytic activity. The increase in the cytosolic
redox state led to an active transfer of reduced equivalents from the cytosol
towards the mitochondrial matrix and hence high activity of the electron
transport chain complexes in the ADR group.
In conclusion, the discoveries included in this dissertation are important
to clarify adrenaline-induced cardiotoxicity, as well as to highlight its oxidation
pathway in cells and the influence of the microenvironment in this process. The
intracellular signaling pathways in the exposed cardiomyocytes and the redox
behavior of adrenaline were deeply changed when in ADR and ADR with XXO
groups, thus revealing dynamic pathways that can influence cardiotoxicity.
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RESUMO
Os níveis plasmáticos e intersticiais das catecolaminas, entre elas a
adrenalina, assim como a geração de espécies reactivas de oxigénio, estão
aumentados em várias patologias cardíacas, tais como a isquemia/reperfusão e
a insuficiência cardíaca. Todavia, após mais de um século de investigação
nesta área, os mecanismos envolvidos na cardiotoxicidade induzida pela
adrenalina ainda estão longe de estarem plenamente esclarecidos. Desta
forma, esta dissertação pretende contribuir para um melhor conhecimento dos
mecanismos de cardiotoxicidade desencadeados pela adrenalina e a possível
influência da formação de espécies reactivas nessa mesma cardiotoxicidade.
Para a prossecução deste objectivo, suspensões de cardiomiócitos tolerantes
ao cálcio isolados de rato adulto foram incubadas a 37ºC com adrenalina
(grupo ADR), com um sistema gerador de radicais livres de oxigénio [xantina
com xantina oxidase (grupo XXO)] ou com ambos (grupo ADR+XXO) durante
um curto período de tempo (máximo de 3 horas).
Como resultados, observou-se a capacidade da adrenalina de, por
oxidação, dar origem a vários tipos de espécies reactivas, nomeadamente
radicais hidróxilo e peroxinitrito, nas suspensões de cardiomiócitos. Durante o
processo de oxidação da adrenalina, esta foi oxidada a adrenocromo, o qual
actua como uma espécie propagadora na oxidação univalente da catecolamina,
especialmente no grupo de células que inclui o sistema gerador de espécies
reactivas de oxigénio. Por outro lado, a oxidação das catecolaminas origina
igualmente outros intermediários altamente reactivos, nomeadamente, oquinonas, que reagem com grupos nucleofílicos, nos quais sobressaiem os
grupos -SH presentes na glutationa (GSH) e nas proteínas que contenham
cisteína. A reactividade dos produtos de oxidação da adrenalina permitiu a
formação de quinoproteínas e do aducto com a glutationa, a 5-(glutation-Sil)adrenalina, pela primeira vez detectada em células no decurso dos trabalhos
incluídos nesta dissertação. Igualmente, a captação celular da adrenalina e/ou
efluxo do aducto ou de outros produtos de oxidação da catecolamina podem
constituir passos cruciais na cardiotoxicidade; no entanto, o conhecimento dos
mecanismos envolvidos é escasso. Demonstrou-se que a 5-(glutation-Sil)adrenalina e a glutationa oxidada (GSSG) formadas nos cardiomiócitos
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durante a incubação com a adrenalina foram exportadas dos cardiomiócitos
pela proteína de resistência a múltiplos fármacos 1 (MRP1). Igualmente, o
transportador extraneuronal das monoaminas (EMT) mostrou-se funcional nos
cardiomiócitos isolados e demonstrou-se que a sua actividade é determinante
para a formação intracelular do aducto. Quando o EMT foi inibido pelo seu
inibidor clássico, a corticosterona, ou pelo GF120918, os níveis de 5-(glutationS-il)adrenalina diminuíram, confirmando-se que a formação intracelular do
aducto depende da concentração intracelular da adrenalina.
As experiências também revelaram que a capacidade redox da
adrenalina alterou as vias de sinalização celular, tanto no grupo ADR, como no
grupo XXO. O sinal pró-oxidante desencadeado pela adrenalina promoveu a
translocação para o núcleo dos factores de transcrição, factor de choque
térmico (HSF-1) e do factor nuclear kappa B (NF-κB). Além disso, a actividade
do proteasoma ficou comprometida nos grupos experimentais onde a geração
de espécies reactivas ocorreu e tal parece ter sido resultado da sensibilidade
redox do proteosoma, visto que a sua actividade manteve-se inalterada após
adição de um captador de espécies reactivas de oxigénio, o tiron. A inibição do
proteasoma aparentemente desencadeou um aumento na expressão de
proteína de choque térmico 70 (HSP70) após a translocação do HSF-1 para o
núcleo. No entanto, e apesar de todos os insultos potencialmente capazes de
induzir morte celular infligidos aos cardiomiócitos através da capacidade redox
da

adrenalina,

nomeadamente

depleção

de

GSH,

acumulação

de

quinoproteínas, inibição da actividade do proteosoma e formação de espécies
reactivas, não houve alteração da viabilidade celular. Desta forma, poderá
assumir-se que a protecção contra o stress oxidativo fornecida pelo aumento
da HSP70 pode, pelo menos parcialmente, explicar a ausência de morte
celular. De facto, o aumento da expressão de HSP70 deu-se em tempos
diferentes consoante os tratamentos, seguindo-se a diminuição de factores proapoptóticos, nomeadamente da actividade da caspase 3 (em todos os grupos)
e nos níveis de citocromo c citoplasmáticos nos grupos XXO e ADR+XXO.
Acrescente-se que o grupo ADR teve um aumento tardio dos níveis de HSP70
e não apresentou diferenças dos níveis de citocromo c mitocondrial ou
citoplasmático quando comparando com o controlo. Presumivelmente, os
cardiomiócitos expostos a uma formação rápida de espécies reactivas de
- 14 -
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oxigénio

através

do

sistema

XXO

desenvolveram

uma

“defesa

de

precondicionamento” precoce, através da inibição da actividade do proteasoma
e da expressão de HSP70.
Por último, a incubação com adrenalina ou XXO, alterou de forma
diferente a abundância de várias proteínas e a actividade de alguns complexos
enzimáticos. A maioria das alterações proteicas ocorreu em 5 grupos proteicos:
(i) do sarcómero e citoesqueleto, especialmente cadeia leve da miosina-2; (ii)
das proteínas envolvidas na regulação redox, como a dismutase do superóxido;
(iii) das proteínas do metabolismo energético, como a cadeia alfa da ATP
sintetase; (iv) das proteínas envolvidas na resposta ao stress, como as HSP;
(v) e de várias proteínas reguladoras. O sistema gerador de espécies reactivas
de oxigénio (XXO) mostrou ter um efeito particularmente nocivo sobre as
proteínas contrácteis e desencadeou alterações no metabolismo da glucose,
nomeadamente com elevada formação de lactato. Por outro lado, o grupo ADR
mostrou um aumento considerável da actividade dos complexos mitocondriais,
reconhecida por ser acompanhada pela elevada “libertação de electrões”. Essa
“libertação de electrões” foi acompanhada por um aumento de expressão e
actividade da dismutase do superóxido. No grupo ADR, a razão alanina/lactato
e os níveis de lactato foram os mais baixos, reflectindo um aumento do estado
redox citosólico (NADH/NAD+) devido à elevada actividade glicolítica. O
aumento do estado redox citosólico levou a um aumento da transferência activa
de equivalentes redutores do citosol para a matriz mitocondrial e daí a elevada
actividade dos complexos da cadeia mitocondrial no grupo ADR.
Em conclusão, as descobertas incluídas nesta dissertação mostram-se
importantes para clarificar a cardiotoxicidade induzida pela adrenalina, assim
como para esclarecer o seu processo oxidativo nas células e a influência do
micro-ambiente neste processo. As vias de sinalização celular e o
comportamento redox da adrenalina foram profundamente alterados nos
cardiomiócitos expostos à adrenalina e à adrenalina com XXO, revelando
assim as vias dinâmicas que influenciam a cardiotoxicidade.
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I. GENERAL INTRODUCTION

I.1. An Overview On The Role Of Catecholamines: Basic
Physiology And Pharmacology

I.1.1. Historic introduction and background

In 1856, Vulpian applied a solution of ferric chloride to slices of the
adrenal glands and noticed that the medulla stained green while the cortex did
not. He also observed that the same reaction occurred in samples of venous
blood leaving the adrenal, but not in arterial blood entering the gland. To
account for these observations, he assumed that the medulla synthesized a
substance that was released to the circulation (Vulpian, 1856). In 1895, Oliver
and Schäfer demonstrated that injection of extracts of adrenal gland caused the
arterial blood pressure to rise, due to the catecholamines there present (Oliver
and Schäfer, 1895). Soon after these discoveries, the role of catecholamines
became the centre of one of the most endurable and passionate scientific
discussions and research, with tremendous breakthroughs that crossed the
twentieth century. Even in recent years, a remarkable amount of information
about catecholamines and related compounds has accumulated partly because
of the important interactions between the endogenous catecholamines and
many of the drugs used in the treatment of hypertension, mental disorders, and
in a variety of other conditions, namely drug addiction.
Under the general heading are noradrenaline (NA) (also known as
norepinephrine), the principal transmitter of sympathetic postganglionic fibers
and of certain tracts of the central nervous system (CNS); dopamine (DA), the
predominant transmitter of the mammalian extrapyramidal system and of
several mesocortical and mesolimbic neuronal pathways; and adrenaline (ADR)
(also known as epinephrine), the major hormone of the adrenal medulla.
Collectively, these three amines are called biogenic catecholamines (Westfall
and Westfall, 2006) and are involved in the regulation of motor coordination,
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learning and memory, sleep-wake cycle regulation, as well as endocrine and
visceral functions (Wevers et al., 1999).
Many studies have been performed concerning the toxicity of these
molecules, namely cardiotoxicity (Raab et al., 1968; Fluck, 1972; Opie, 1975;
Rona, 1985; Todd et al., 1985; Wheatley et al., 1985; Rupp et al., 1994;
Lameris et al., 2000; Remião et al., 2001b; Remião et al., 2002; Remião et al.,
2004), and neurotoxicity (Fornstedt et al., 1990; Spencer et al., 1995; Spencer
et al., 1998; Segura-Aguilar et al., 2001). Furthermore, the toxicity mechanisms
of illicit drugs, namely 3,4-methylenedioxymethamphetamine (MDMA or
“ecstasy”) (Badon et al., 2002; Carvalho et al., 2004b; Patel et al., 2005; Capela
et al., 2006b), methamphetamine (He et al., 1996; Varner et al., 2002;
Wijetunga et al., 2003), cocaine (Kloner et al., 1992; Rump et al., 1995) involve
and are related to alterations in catecholamine pathways (Newton et al., 2005).
The basic physiological, biochemical, and pharmacological features of
catecholamines will be described here, before a more detailed look into the
heart and the cardiotoxicity of these transmitters.

I.1.2. Structure and main location of catecholamines
NA, ADR, and DA are known to be catecholamines, as they contain a
catechol moiety, an amine side-chain and are all derived from the amino acid
tyrosine (Westfall and Westfall, 2006; Baynes and Dominiczak, 2007; Rang et
al., 2007). In common with other amino groups containing compounds, such as
5-hydroxytryptamine (5-HT; serotonin), they are known as biogenic amines. In
contrast, isoproterenol (ISO) (previously isoprenaline), a synthetic derivative of
NA not present in the body, is a catecholamine but not a biogenic amine (Rang
et al., 2007).
Although many before postulated it, von Euler was the first to show that
NA was the main neurotransmitter of the sympathetic nervous system (von
Euler, 1946). Sympathetic nerves arise from the spinal cord and run to the
ganglia situated close to it, from which postganglionic nerves run to the target
tissues. Stimulation of these nerves is responsible for various features of the
“fight or flight” response, such as stimulation of the heart rate, sweating, and
- 20 -
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vasoconstriction in the skin vessels. NA containing neurons are also present in
the CNS, mainly in the brain stem, the most prominent cluster being the locus
ceruleus. Their axons extend in a wide network throughout the cortex and alter
the overall state of alertness (Westfall and Westfall, 2006).

R1
HO

HO

H

N

R1 – H; R2 – H

Dopamine

R1 – OH; R2 – H

Noradrenaline

R1 – OH; R2 – CH3

Adrenaline

R2

Figure 1 - Chemical structure of biogenic catecholamines.

In both the CNS and peripheral nervous system of mammals, NA is the
principal catecholamine released from noradrenergic neurons (Axelrod and
Kopin, 1969). However, ADR was the first catecholamine isolated (Figure 1). In
1897, Abel and Crawford obtained an extract from the suprarenal gland that
they called “epinephrin” (Abel and Crawford, 1897). The mono-benzoyl
derivative isolated was however less active than the crude extracts, so the
quest for the bioactive compound continued. In 1901, Takamine, an industrial
chemist, isolated the active principle, that he called “adrenalin” (Takamine,
1902). Takamine’s notation was adopted by the Europeans but not by North
American researchers, thus resulting in the different nomenclature still used
today in the opposite sides of the Atlantic Ocean.
ADR, synthesized from NA by norepinephrine N-methyltransferase, best
known as phenylethanolamine N-methyltransferase (PNMT) (Axelrod, 1962) is
released from the adrenal gland as an endocrine hormone by the influence of
acetylcholine

(ACh)-containing

nerves

preganglionic

nerves

and

(Baynes

analogous

Dominiczak,

to

the

2007).

sympathetic

ADR

triggers

coordinated metabolic and physiological processes in response to stress
(Westfall and Westfall, 2006). ADR is more active than NA in the heart and
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lungs, causes redirection of blood from the skin to skeletal muscle, and it has
important stimulatory effects in the glycogen metabolism at the liver (Westfall
and Westfall, 2006; Baynes and Dominiczak, 2007; Rang et al., 2007).
Although generally treated as an endocrine hormone, ADR also acts as a
neurotransmitter being released in central and peripheral adrenergic neurons
(Loewi, 1936; Jarrott, 1970; Fuller, 1982). Indeed, Loewi demonstrated the
presence of “acceleranstoff” released from sympathetic neurons innervating the
frog’s heart (Loewi, 1921), which later was found to reflect the synthesis,
storage, and release of ADR (Loewi, 1936; Azuma et al., 1965; Norberg and
McIsaac, 1967).
The presence of ADR in the mammalian CNS was recognized both in
biochemical and neuroanatomical studies (Lew et al., 1977; Pendleton et al.,
1978; Moore and Bloom, 1979; Armstrong et al., 1982; Goodchild et al., 1984).
The existence and function of ADR-synthesizing neurons are not without
controversy (Mefford, 1987), though that discussion will not be held here. The
confirmation of specific neurons in the CNS that contain ADR occurred after the
development of sensitive enzymatic assays and immunocytochemical staining
techniques for PNMT (Lew et al., 1977; Pendleton et al., 1978). Subsequently,
neuroanatomical studies using antibodies against PNMT established the
presence of ADR-synthesizing neurons in the C1, C2, and C3 cell groups of the
medulla oblongata and the nucleus tractus solitarii in multiple species
(Goodchild et al., 1984; Carlton et al., 1987; Carlton et al., 1991), including
humans (Burke et al., 1986; Halliday et al., 1988; Kitahama et al., 1988). Many
other studies have shown the existence of adrenergic neurons in the medullar
reticular formation making restricted connections to a few pontine and
diencephalic nuclei, eventually coursing as far rostrally as the paraventricular
nucleus of the dorsal midline thalamus (Armstrong et al., 1982; Chamba and
Renaud, 1983; Goodchild et al., 1984; Ross et al., 1984b; Stolk et al., 1984;
Bloom, 2006). It is recognized nowadays that ADR synthesizing neurons are
involved

in

cardiovascular

homeostasis

in

both

physiological

and

pathophysiological conditions (Moore and Bloom, 1979; Goodchild et al., 1984;
Reis et al., 1984; Ross et al., 1984a; Johansson et al., 1997).
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Further down in this dissertation, other tissues in addition to the CNS or
adrenal medulla, where PNMT is expressed and ADR is produced, will be
described in more detail.
DA

(3,4-dihydroxyphenylethylamine)

is

the

immediate

metabolic

precursor of NA and ADR. Although DA originally was regarded only as a
precursor of NA, assays on distinct CNS regions revealed that the distributions
of DA and NA neurons are markedly different. DA is a central neurotransmitter
particularly important in the regulation of movement and with important intrinsic
pharmacological properties (Bloom, 2006). In fact, more than half of the CNS
catecholamine content is DA, and extremely large amounts are found in the
basal ganglia (especially the caudate nucleus), the nucleus accumbens, the
olfactory tubercle, the central nucleus of the amygdala, the median eminence,
and restricted fields of the frontal cortex (Bloom, 2006). Of these myriad
connections, the greatest attention has been given to the long projections
between the major DA-containing nuclei located at the substantia nigra and
ventral tegmentum and their targets in the striatum, and the limbic zones of the
cerebral cortex and in other major limbic regions (but in general not the
hippocampus). In addition, two important central dopaminergic systems are
functionally located peripheral to the blood-brain barrier, in the chemoceptor
trigger zone and in the anterior pituitary. In the periphery, DA is synthesized in
epithelial cells of the proximal tubule and is thought to exert local diuretic and
natriuretic effects in the kidney (Esler et al., 1990; Bloom, 2006). Likewise, DA
receptors are found in the proximal gastrointestinal tract where activation of DA
receptors delays gastric emptying. DA receptors are also present in renal,
mesenteric, coronary and intracerebral arteries, favoring vasodilatation (Bloom,
2006).
At the cellular level, the actions of DA depend on the receptor’s subtype
expression, which are dopaminergic specific, and the contingent convergent
actions of other transmitters to the same target neurons (Bloom, 2006). This
catecholamine will not be deeply addressed in the present dissertation, except
in specific circumstances where the aim is to approach more deeply the
cardiotoxicity of the biogenic amines, namely the adrenergic ones.
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I.1.3. Synthesis of catecholamines

The understanding of the mechanisms of synthesis, storage, release and
binding sites of catecholamines derives mostly from studies of sympathetically
innervated organs and the adrenal medulla (Westfall and Westfall, 2006).
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Figure 2 - Catecholamine biosynthetic pathway. Tyrosine is sequentially 3-hydroxylated
to form L-3,4-dihydroxyphenylalanine (L-dopa) by tyrosine hydroxilase (TH) and then
decarboxylated to form dopamine (DA) by dopa descarboxilase (DD) in the cytoplasm.
Dopamine β-hydroxylase (DbH) β-hydroxylates DA to yield noradrenaline (NA), which
is N-methylated by phenylethanolamine N-methyltransferase (PNMT) to form
adrenaline (ADR) in adrenergic neurons and other ADR producing cells.

The steps in the synthesis of DA, NA, and ADR are shown in Figure 2. In
the cytoplasm, tyrosine is sequentially 3-hydroxylated to form L-3,4dihydroxyphenylalanine (L-dopa) by tyrosine hydroxilase (TH) and then
decarboxylated to form DA by dopa descarboxilase (DD) (also known as
aromatic

L-amino

acid

decarboxylase)

(Axelrod,

1962).

Dopamine

β-

hydroxylase (DbH) β-hydroxylates DA to yield NA, which is N-methylated by
PNMT to give ADR, in adrenergic neurons and other ADR producing cells
(Rang et al., 2007). The enzymes involved in this synthesis have been
identified, cloned, and characterized (Nagatsu, 1991). These enzymes are not
completely specific, as other endogenous substances, as well as certain drugs,
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may also be substrates. For example, 5-HT can be produced from 5-hydroxy-Ltryptophan by DD. DD also converts methyldopa to α-methyldopamine, which,
in turn, is converted by DbH to methylnoradrenaline (Westfall and Westfall,
2006).
The hydroxylation of tyrosine by TH is generally regarded as the ratelimiting step in the biosynthesis of catecholamines (Zigmond et al., 1989). This
enzyme is activated after stimulation of sympathetic nerves or of adrenal
medulla and is tightly regulated. In fact, TH is a substrate for protein kinase A
(PKA), protein kinase C (PKC) and calcium/calmodulin-dependent protein
kinase II (CaMKII). The kinase-catalyzed phosphorylation may be related to
increased hydroxylase activity of TH (Zigmond et al., 1989; Daubner et al.,
1992). This is an important acute mechanism for increasing catecholamine
synthesis in response to elevated nerve stimulation. A delayed response can
also occur, resulting in alteration upon the th gene. The increased production of
TH can occur at multiple levels of regulation, including transcription, RNA
processing, regulation of RNA stability, translation, and enzyme stability (Kumer
and Vrana, 1996). These mechanisms serve to maintain the content of
catecholamines in response to increased transmitter release. Likewise, TH is
subject to feedback inhibition by catechol compounds, which allosterically
modulate the enzyme activity (Kumer and Vrana, 1996).
TH deficiency has been reported in humans and is characterized by
generalized rigidity, hypokinesia, and other extrapyramidal symptoms, with low
cerebrospinal fluid levels of NA and DA metabolites, homovanillic acid (HVA)
and 3-methoxy-4-hydroxy-phenylethylene glycol (MHPG) (Wevers et al., 1999;
Carson and Robertson, 2002). The TH knockout (KO) is unviable in mice as
they die in the embryonic stage, presumably because catecholamine loss
results in altered cardiac function (Zhou et al., 1995). Interestingly, residual
levels of DA are present in these embryonic mice, suggesting that tyrosinase
may be an alternate way to form catecholamines. The amounts of tyrosinasederived catecholamines are clearly not sufficient for mice’s survival (Carson and
Robertson, 2002).
DbH deficiency in humans is characterized by orthostatic hypotension,
ptosis of the eyelids, retrograde ejaculation, and elevated plasma levels of DA
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(Westfall and Westfall, 2006). In the case of DbH-deficient mice, there is about
90% embryonic mortality (Carson and Robertson, 2002).
In adrenergic neurons, the enzymes that participate in NA formation are
synthesized in the cell bodies of neurons and are then transported along the
axon to the terminals. In the course of NA synthesis, both the hydroxylation of
tyrosine to L-dopa and the decarboxylation of L-dopa to DA take place in the
cytoplasm. About half of the DA formed in the cytoplasm is then actively
transported into the DbH-containing storage vesicles, where it is converted to
NA. The remainder escapes active transport to the vesicles and is deaminated
to 3,4-dihydroxyphenylacetic acid (DOPAC) and subsequently O-methylated to
HVA (Westfall and Westfall, 2006).
The NA formed in the vesicles leaves these structures and is methylated
in the cytoplasm to ADR by PNMT. ADR then re-enters the vesicles, where it is
stored and concentrated for subsequent release (Masson et al., 1999; Westfall
and Westfall, 2006).
As stated, the ADR producing cells contain the enzyme PNMT. Although
the adrenal gland and the brain are the most prominent sites of PNMT
expression in the adult mammal, this enzyme has also been detected in the
retina (Hadjiconstantinou et al., 1983; Foster et al., 1985; Park et al., 1986),
spleen (Pendleton et al., 1978), lungs (Pendleton et al., 1978; Kennedy et al.,
1990), and heart (Axelrod, 1962; Pendleton et al., 1978; Culman et al., 1987;
Torda et al., 1987; Kennedy and Ziegler, 1991). The distribution of PNMT
activity in various regions of the rat, monkey, and human brain was already
investigated (Moore and Phillipson, 1975b; Lew et al., 1977). High and
intermediate enzyme activity values were found in the same regions of the
primate and rat brain, namely in the medulla, nucleus reticularis (C1), locus
ceruleus, and periventricular areas of the hypothalamus (Lew et al., 1977).
Intermediate or low activity levels were found in various regions of the primate
brain, e.g., basal ganglia, amygdala, septum, and habenula (Lew et al., 1977).
The PNMT activity is more widely distributed in the primate brain than in the
rat’s brain. The brain’s PNMT has the same substrate specificity and similar
kinetic properties as the PTMN in the adrenal medulla (Lew et al., 1977).
In adults, ADR accounts for approximately 80% of adrenal medulla
catecholamine content, with NA making up most of the remaining (von Euler,
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1972). Glucocorticoids levels are very important in the expression of PMNT.
The glucocorticoids are very relevant in the rate of ADR synthesis, and hence in
the size of the ADR store available for release in the brain (Moore and
Phillipson, 1975b; Moore and Phillipson, 1975a), adrenal medulla (Kelner and
Pollard, 1985; Stachowiak et al., 1988; Wan and Livett, 1989; Ross et al., 1990;
Betito et al., 1992; Wong et al., 1992), heart (Kennedy and Ziegler, 1991;
Krizanova et al., 2001; Kvetnansky et al., 2004) or lungs (Kennedy et al., 1993).
The activities of both TH and DbH are also increased in the adrenal medulla by
the secretion of glucocorticoids (Carroll et al., 1991). Thus, any stress that
persists sufficiently to evoke an enhanced secretion of corticotrophin mobilizes
the appropriate hormones of both the adrenal cortex (predominantly cortisol in
humans) and adrenal medulla, where it influences the synthesis of
catecholamines.

I.1.4. Intracellular storage of catecholamines

Neurotransmission depends mainly on the regulated release of chemical
transmitter molecules. That release requires the packing of these substances
into the specialized secretory vesicles of neurons and neuroendocrine cells.
Accordingly, after their synthesis, biogenic monoamines are accumulated in
vesicles. All the NA content of neurons is confined to vesicles in the
postganglionic sympathetic fibers, while in adrenal medulla catecholamines are
stored in chromaffin granules. These vesicles contain extremely high
concentrations of catecholamines (approximately 21% dry weight), ascorbic
acid, and adenosine-5'-triphosphate (ATP), as well as specific proteins, such as,
chromogranins, DbH, and peptides, including enkephalin and neuropeptide Y
(NPY). Two types of storage vesicles are found in sympathetic nerve terminals:
large dense-core vesicles corresponding to chromaffin granules and small
dense-core vesicles containing NA, ATP, and membrane-bound DbH (Bloom,
2006). The enhanced activity of the sympathetic nervous system is
accompanied by an increased concentration of both DbH and chromogranins in
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the circulation, supporting the argument that the process of release following
adrenergic nerve stimulation involves exocytosis (Westfall and Westfall, 2006).
The storage process decreases intraneuronal metabolism of transmitters
and their leakage outside the cell, thus controlling their concentration gradient
across the plasma membrane and preventing the possible toxic effects of
neurotransmitters that could occur when the catecholamines cytoplasmic
concentration exceeds a critical level (Schuldiner, 1994; Masson et al., 1999).
The storage process is mediated by specific vesicular transporters (Schuldiner
et al., 1978; Erickson et al., 1992; Schuldiner, 1994; Masson et al., 1999). In
mammals, there are two closely related vesicular monoamine transporters
(VMAT) isoforms of the monoamine transporters and they are called VMAT-1
and VMAT-2. VMAT-1 is primarily present in endocrine and paracrine cells, and
VMAT-2 is the predominant monoamine transporter in the nervous system
(Masson et al., 1999). VMAT-2 is expressed mainly in axon terminals in dense
core vesicles (Figure 3) (Nirenberg et al., 1997).
Monoamine transporters are relatively promiscuous and transport DA,
NA, ADR, and 5-HT, as well as meta-iodobenzylguanidine, which can be used
to image chromaffin cell tumors (Schuldiner, 1994), but they differ in their
substrate preferences and affinities. Reserpine inhibits monoamine transport
into storage vesicles and ultimately leads to depletion of catecholamines in
nerve endings (von Euler, 1972; Masson et al., 1999).
The vesicular transport system appears to be driven by pH and potential
gradients that are established by an ATP-dependent proton transporter. The
ATP-driven H+ pump, on one hand, acidifies the vesicular lumen and, on the
other hand, generates a potential gradient (ΔΨ)(Schuldiner et al., 1978;
Johnson and Scarpa, 1979). For every molecule of amine taken in, two internal
H+ ions are extruded by VMAT-2 in an antiporter process (Masson et al., 1999).
The monoamine steady-state concentration gradients are dependent both on
ΔΨ and square ΔpH (Njus et al., 1986; Rottenberg, 1986; Johnson, 1988;
Schuldiner, 1994; Masson et al., 1999). In addition, the monoamine uptake is
modulated by vesicle-associated heterotrimeric guanine nucleotide binding
regulatory proteins (G proteins), Gαo2 and Gαq (Ahnert-Hilger et al., 1998; Holtje
et al., 2000; Holtje et al., 2003). G proteins control transmitter storage and the
monoamines stored inside the vesicles represent the upstream signal that
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mediates the inhibition uptake by G proteins. In fact, the monoamines, with the
exception of ADR, induce G protein-mediated inhibition and VMATs have a
receptor-like function localized in its first luminal loop that senses the
intravesicular concentration of monoamines (Brunk et al., 2006).

▲
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Catecholamine
Cotransmitter
Metabolite
COMT
MAO

VMAT

▲

Axon
Terminal

MAO

▲
Autoreceptor
Synaptic cleft ▲
▲
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EMT
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Postsynaptic cell

Figure 3 - Storage, release and metabolism of catecholamines in the nerve endings of
catecholaminergic neurons. The action potential reaches the axon terminal of neurons.
The axon terminals have neurotransmitter storage vesicles rich in catecholamines and
cotransmitters. The synthesis of catecholamines occurs in the cytoplasm and the
vesicular monoamine transporter (VMAT) is responsible for the transport of
catecholamines to the storage vesicles, maintaining their low cytosolic concentrations.
When catecholamines are released to the synaptic cleft, they are reuptaken to the
presynaptic terminal by noradrenaline transporter (NET), and taken to extraneuronal
cells by the extraneuronal transporters, namely extraneuronal monoamine transporter
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(EMT). Catecholamines are metabolized by intracellular enzymes. Monoamine oxidase
(MAO) is located in the mitochondria, mainly in neurons but also in extraneuronal cells,
while catechol-O-methyl transferase (COMT) is located at extraneuronal cells, either in
the soluble or the membrane bound form. Both enzymes are the main responsible for
the metabolism of catecholamines. From the enzymatic process can result a wide
variety of metabolites, due to the complex and dynamic processes involved. To exert
their actions, the catecholamines and other neurotransmitters in the synaptic cleft bind
to different pre and postsynaptic receptors. Such binding results in alterations of the
postsynaptic cell, but also feed-back responses in their own liberation by the
presynaptic neurons, through the autoreceptors.

Several vesicular transport complementary deoxyribonucleic acid (cDNA)
have been cloned; these cDNAs reveal open reading frames predictive of
proteins with 12 transmembrane domains (Masson et al., 1999). Regulation of
the expression of these vesicular transporters may be important in the
regulation of synaptic transmission (Varoqui and Erickson, 1997).

I.1.5. Release of catecholamines

Depolarization

of

the

axonal

terminal

triggers

the

release

of

catecholamines to the cleft. The vesicles content, including enzyme,
neurotransmitters and hormones, are discharged to the exterior through a
process termed exocytosis (Figure 3). Triggered exocytosis is the most
common cellular mechanism for secretion of polar molecules and is a chain of
complex mechanisms that involve vesicle docking, priming and fusion, and it
can be regulated or constitutive. In the synaptic transmission, a synchronized
secretion provides cells with a mechanism for precisely timed release of
molecules into the extracellular space (Pocock and Richards, 2006). The full
sequence of steps by which the nerve impulse affects the release of NA from
sympathetic neurons is not fully understood.
In the adrenal medulla, the triggering event is the liberation of ACh by the
preganglionic fibers and its interaction with nicotinic receptors on chromaffin
cells to produce a localized depolarization. The extracellular stimuli must be
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translated into an intracellular signal that regulates the fusion rate of the
preformed secretory vesicles will fuse with the plasma membrane. In most types
of cells, regulated exocytosis is triggered by an increase in the concentration of
free calcium ions (Ca2+) within the cytosol (Meir et al., 1999; Pocock and
Richards, 2006). The increase in cytosolic Ca2+ is derived from the extracellular
medium,

through

voltage-gated

Ca2+

channels

which

open

following

depolarization of the plasma membrane, making the Ca2+ able to diffuse into the
cell down its electrochemical gradient. Ca2+ is also mobilized from intracellular
stores (mainly the endoplasmic reticulum) following activation of G proteincoupled receptor systems. As a result, the intracellular free Ca2+ increases and
triggers the fusion of docked secretory vesicles with the plasma membrane.
Ca2+-triggered secretion involves interaction of highly conserved molecular
scaffolding proteins that ultimately lead to docking of granules (Aunis, 1998;
Meir et al., 1999). As fusion proceeds, a pore is formed that connects the
extracellular space with the interior of the vesicle and this pore provides a
pathway for the contents of the vesicle to diffuse into the extracellular space
(Pocock

and

Richards,

2006).

Other

aspects

of

the

modulation

of

catecholamines transmission will be further addressed in a subsequent section
that focuses on the adrenoceptors and their role in augmenting or diminishing
the synaptic release (section I.1.10).

I.1.6. Transporters involved in catecholamine reuptake

Synaptic transmission involves the regulated release of transmitter
molecules to the synaptic cleft, where they interact with receptors that
subsequently transduce the information. Removal of the transmitter, in this case
catecholamines, from the cleft enables termination of the signal, and it usually
occurs by its uptake either back to the presynaptic terminal or into the
postsynaptic cell. A hallmark of catecholaminergic neurons is their use of
presynaptic transporters to clear the extracellular medium from released
neurotransmitters (Iversen et al., 1967; Axelrod and Kopin, 1969). A number of
highly specific neurotransmitter transporters have been identified. High-affinity
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transporters include those for DA, NA, 5-HT, and a variety of aminoacid
transmitters (Masson et al., 1999). These transporters are members of an
extended family sharing common structural motifs, particularly the putative 12transmembrane helices (Bönisch and Brüss, 2006), several similarly configured
intracellular and extracellular loops or regions with respective phosphorylation
and glycosylation sites, and intracellularly located amino- and carboxy-terminal
residues (Eisenhofer, 2001). In mammals, DA, NA and ADR are removed from
extracellular spaces by specialized transporters localized in the plasma
membrane of neuronal terminals, varicosities, and dendrites (Figure 3). DA is
cleared by DA transporter (DAT) whilst NA and ADR by NA transporter (NET)
(Trendelenburg, 1988; Apparsundaram et al., 1997; Eisenhofer, 2001).
These plasma membrane transporters appear to have greater substrate
specificity than do vesicular transporters and may be viewed as targets
(“receptors”) for specific drugs such as cocaine (NET) or fluoxetine (5-HT
transporter) (Bönisch and Brüss, 2006). DAT and NET exhibit overlapping, yet
distinct, substrate selectivity, translocation efficiency, and antagonist sensitivity
(Buck and Amara, 1994; Giros et al., 1994; Pifl et al., 1996; Bönisch and Brüss,
2006). Besides the corresponding neurons, NET is also present in the adrenal
medulla, liver, and placenta, whereas DAT is present in the stomach, pancreas,
and kidney (Eisenhofer, 2001).
The reuptake process aims to assure constant and high levels of
neurotransmitters in the releasing neuron and low concentrations in the cleft
(Eisenhofer, 2001; Bönisch and Brüss, 2006). It works as integrated part of the
neurotransmitters recycling process, since in addition to their de novo synthesis,
the monoamines stores in the terminal portions of the neural fibers are also
replenished by their active transport of neurotransmitters back to the terminals.
Moreover,

the

reuptake

system

contributes

to

the

degradation

of

catecholamines, since the metabolizing enzymes are located intracellularly
(Westfall and Westfall, 2006).
The neuronal NA uptake system was first detected in the spleen and in
the heart (Axelrod et al., 1959; Axelrod et al., 1961). The availability of
radiolabelled catecholamines enabled Axelrod and co-workers to examine the
fate of these amines after intravenous injection in laboratory animals (Axelrod et
al., 1959; Axelrod et al., 1961). They observed a selective accumulation of
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radiolabelled ADR and NA in sympathetically innervated organs, which was
dependent on intact sympathetic nerve terminals and was inhibited by cocaine
(Axelrod et al., 1959; Axelrod et al., 1961). It was discovered afterwards that the
accumulation of catecholamines occurred through NET.
Neurotransmitter transporters, like NET and DAT, are dependent on
sodium ion (Na+) and chloride ion (Cl−) concentrations. The Na+-gradient
(concentration of Na+ outside is high) across the plasma membrane is the main
driving force, dictating the transport direction of the neurotransmitter and cosubstrate ions (in these case Na+), which is normally inwards (Masson et al.,
1999; Sonders et al., 2005; Bönisch and Brüss, 2006). The negative inside
membrane potential created by the potassium ion (K+) gradient also contributes
for the above mentioned driving force (Bönisch and Brüss, 2006).
Transport of the naturally occurring substrate NA by the NET is saturable
and characterized by a half-saturation constant or Michaelis constant (Km) of
about 0.8 μM, while to ADR the Km is 2.8 μM in a maximum velocity (Vmax)
two times lower than that for NA transport (Apparsundaram et al., 1997;
Bönisch and Brüss, 2006). NET has a high affinity for NA and a somewhat
lower affinity for ADR, while the synthetic β-adrenergic agonist ISO is not a
substrate for this system (Eisenhofer, 2001; Bönisch and Brüss, 2006). The
common structural requirement for uptake by NET is the presence of an
ionizable nitrogen not incorporated into the aromatic ring system (Eisenhofer,
2001).
In amphibians, an ADR specific transporter has been identified, with
molecular distinct characteristics from those of DAT or NET (Apparsundaram et
al., 1997). In mammals, the presence of ADR specific transporter was not yet
clarified, however in situ hybridization studies indicate the absence of both DAT
and NET messenger ribonucleic acid (mRNA) in ADR-synthesizing neurons in
the brainstem of adult rats (Lorang et al., 1994). Thus, if ADR is cleared at
these sites by reuptake, these terminals might elaborate a catecholamine
transporter distinct from DAT and NET, or ADR acts as an endocrine regulator
that does not require rapid reuptake (Lorang et al., 1994; Apparsundaram et al.,
1997).
For NA, uptake by the NET is more important for signal termination than
extraneuronal uptake. It has been estimated that the sympathetic nerves
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remove approximately 87% of released NA by NET, while 5% is removed by
extraneuronal monoamine transporter (EMT) (see section I.1.7), and the
remainder 8% is diffused to the circulation (Eisenhofer, 2001).
The importance of neuronal catecholamine transporters in maintaining
vesicular levels of catecholamines is strikingly illustrated in mutant mice lacking
either DAT or NET. In mice lacking DAT, brain tissue stores of DA are severely
decreased to less than 5% of the levels in wild-type animals (Jones et al.,
1998). As a result of the decrease in store size, neuronal release of DA is
substantially reduced by 75%. Thus, despite a 300-fold lower rate of
extracellular DA clearance, the decrease in exocytotic DA release leads to only
a 5-fold increase in the DA extracellular fluid levels. The neuronal reuptake
block and the resulting increase in extracellular fluid levels of DA lead to a
marked enhancement of extraneuronal DA metabolism and an accompanying
2-fold increase in DA synthesis. The minimal increase in transmitter synthesis
occurs not only as a result of the decrease in exocytotic release, but more
importantly, reflects the large contribution of transmitter leakage from storage
vesicles to turnover and intraneuronal metabolism, and the dependence of this
event to the size of vesicular transmitter stores (Floor et al., 1995; Eisenhofer et
al., 1998b).
In summary, the reuptake of neuronal catecholamines into the nerve
terminals maintains the concentration gradient within the vesicles. Two distinct
neuron carrier-mediated transport systems are involved: one across the
axoplasmic membrane from the extracellular fluid to the cytoplasm, NET or
DAT, and the other from the cytoplasm into the storage vesicles, the VMAT-2
(Bloom, 2006). The removal of catecholamine from the cytoplasm into the
storage system by VMAT-2 effectively lowers the concentration gradient across
the neuronal membrane and thus acts as an amplification stage for the overall
process of uptake by NET (Schuldiner, 1994; Sonders et al., 2005). In a broader
sense, catecholamine transporters function as part of integrated systems where
catecholamine synthesis, release, uptake, and metabolism are regulated in a
coordinated fashion (Eisenhofer, 2001). Therefore, neuronal catecholamine
transporters function not only as part of metabolizing systems (as will be
addressed in section I.1.8), but perhaps more importantly, as part of recycling
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systems, operating in series with VMATs to maintain neuronal stores of
catecholamines (Eisenhofer, 2001).

I.1.7. Catecholamine extraneuronal transporters

In addition, catecholamines are taken up by extraneuronal transporters.
A low affinity, high capacity uptake for NA and ADR in the isolated perfused rat
heart was found by Iversen (Iversen, 1963; Iversen, 1965b; Iversen, 1965a),
while in 1967, Malmfors demonstrated, by fluorescence microscopy, that the
myocytes were responsible for this uptake process (Malmfors, 1967). Iversen
interpreted that [3H]-NA in isolated heart entered into at least two intracellular
pools in the tissue and that the rate constants of the two components indicated
that [3H]-NA entered one pool at approximately seven-times the rate at which it
entered the other pool (Iversen, 1963).
After these discoveries, the neuronal NA uptake system was designated
as “uptake1” and the extraneuronal transport system as “uptake2” (Iversen,
1965b). Extraneuronal uptake of catecholamines is mediated by organic cation
transporters (OCTs), including the classic corticosterone-sensitive EMT or
OCT3 traditionally known as “uptake2” (Eisenhofer, 2001; Schömig et al., 2006).
Other members of this family are: OCT1 and OCT2. All three can transport
catecholamines in addition to a wide variety of other organic acids, including 5HT, histamine, choline, spermine, guanidine, and creatinine (Eisenhofer, 2001).
However, the transport efficiency of OCT1 and OCT2 for DA, NA, ADR and, 5HT in genera is rather low, suggesting that they are not primarily dedicated to
transport these monoamine transmitters (Schömig et al., 2006).
OCTs share common functional features. A single positive charge is
required to serve as an OCT substrate, while uncharged, doubly charged or
negatively charged solutes are not transported by OCT. The decrease on
extracellular pH and the depolarization of the plasma membrane reduce the rate
of OCT uptake. The transport mediated by the OCTs is independent of Na+ and
Cl− gradients and all three OCTs are transporters, not just channels, as shown
by trans-stimulation experiments. Transport works in both directions (uptake
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and efflux) thus, depending on substrate gradients across the cell membrane.
OCT1, OCT2 or EMT may mediate electrogenic uniport of a substrate or
electroneutral exchange of two substrates (antiport). Furthermore, the affinity of
EMT and relatives for NA is rather low (Km > 0.5 mM), which is compensated
by their high capacity (high turnover number). The OCTs are relatively resistant
to “neuronal” uptake inhibitors such as desipramine (Schömig et al., 2006), but
are sensitive to inhibition by the O-methylated metabolites of catecholamines,
normetanephrine (NMN) and metanephrine (MN) and steroids, such as
corticosterone (Eisenhofer, 2001).
EMT is expressed in many but not all tissues. Expression levels vary
widely between organs and during organ development (e.g. in placenta).
Consistently, high expression has been reported for placenta and heart
(Eisenhofer, 2001). Recent reports indicate strong expression of EMT in the
area postrema (Haag et al., 2004; Vialou et al., 2004), and very low in the
kidneys (Eisenhofer, 2001). Interestingly, EMT expression has been also
suggested in neurons (Kristufek et al., 2002; Shang et al., 2003).
Neuronal

reuptake

may

remove

far

more

neuronal

released

catecholamines (about 80%) than extraneuronal uptake, but this aspect does
not necessarily reflect the relative importance of the two processes in
terminating the actions of the released transmitter. The closer proximity of
neuronal than of the extraneuronal transporter to sites of neuronal
catecholamine release implies that the transmitter removed by extraneuronal
mechanisms has a longer duration and wider range of action than that removed
by neuronal reuptake. Extraneuronal uptake, therefore, may be particularly
important for removal of neuronal released catecholamines in tissues where
high concentrations of adrenergic receptors exist (Eisenhofer, 2001).
Clearance of circulating catecholamines is primarily mediated by non
neuronal mechanisms, with liver and kidney accounting for over 60% of that
clearance (Eisenhofer, 2001; Westfall and Westfall, 2006). Although most NA
released by sympathetic nerves is removed by neuronal reuptake, this situation
contrasts with that of ADR, which mainly functions as a circulating hormone and
is secreted directly into the bloodstream from the adrenal medulla. Due to the
differing dispositions of neuronal released and circulating catecholamines, ADR,
therefore,
- 36 -

is

predominantly

inactivated

by

extraneuronal

uptake

and

____________________________________________________General Introduction
metabolism, while NA is mainly inactivated by neuronal reuptake and
metabolism. ADR has lower affinity for neuronal uptake than NA and
consequently, is cleared by this process approximately 50% less effectively
than NA (Iversen, 1965a). In contrast, ADR is removed by extraneuronal uptake
2-3 times more effectively than NA (Iversen, 1965b; Eisenhofer et al., 1992b).
The differences in the fate of NA and ADR are further enhanced by appropriate
differences

in

their

relative

affinities

for

neuronal

and

extraneuronal

metabolizing systems (Guimarães, 1975; Paiva and Guimarães, 1978;
Trendelenburg, 1989).
In short, when compared to NET, EMT exhibits lower affinity (i.e. higher
Km) for catecholamines, favors ADR and ISO over NA or DA, and shows a
higher maximum rate of catecholamine uptake (i.e. higher Vmax) (Iversen,
1965a; Iversen, 1965b; Eisenhofer et al., 1992b; Eisenhofer, 2001; Schömig et
al., 2006). EMT is not Na+-dependent and displays a completely different profile
of pharmacological inhibition (Schömig et al., 2006; Westfall and Westfall,
2006). NET is a high-affinity system, relatively selective for NA, with a low
maximum rate of uptake, and it is important in maintaining releasable stores of
NA (Bönisch and Brüss, 2006). Thus, in contrast to the greater quantitative
importance of NET in the clearance of neuronal released catecholamines,
clearance of circulating catecholamines is predominantly made by non-neuronal
mechanisms (Eisenhofer, 2001).

I.1.8. Metabolism and action termination

The actions of NA and ADR are terminated by: (i) reuptake into nerve
terminals by NET; (ii) dilution by diffusion out of the junctional cleft and uptake
at extraneuronal sites by EMT, OCT1, and OCT2; and (iii) metabolic
transformation. Catecholamines undergo a complex metabolic fate, mediated by
several enzymes, including aldehyde reductase, aldose reductase (AR),
aldehyde dehydrogenase (AD), alcohol dehydrogenase (ADH), catechol-Omethyltransferase (COMT), DbH, monoamine oxidase (MAO) types A and B,
monoamine-preferring phenolsulfotransferase (SULT1A3 or m-PST), and PNMT
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in various combinations (Dooley, 1998; Goldstein et al., 2003). In vivo, two of
the most important enzymes responsible for the metabolic transformation of
catecholamines are MAO and COMT (Westfall and Westfall, 2006).

I.1.8.1.

Monoaminoxidase metabolism

MAO was first described as tyramine oxidase by Mary Hare-Bernheim in
1928, since it catalyzed the oxidative deamination of tyramine. This enzyme
was then found to oxidize various monoamines, including catecholamines, i.e.
DA, NA, and ADR, and also 5-HT. MAO [amine:oxygen oxidoreductase
(deaminating)] catalyzes the following reaction: RCH2NH2 + H2O + O2 → RCHO
+ NH3 + H2O2. It acts on primary amines, and also on some secondary and
tertiary amines (Nagatsu, 1991) and is localized in the outer membrane of the
mitochondria (Schnaitman et al., 1967) both intra and extraneuronally
(Trendelenburg, 1988). It is a flavo-protein, with flavin adenine dinucleotide
(FAD) as the cofactor (Kearney et al., 1971) and two forms of MAO exist, i.e.
MAO-A and MAO-B (Johnston, 1968). In humans, MAO-A is abundant in the
brain, liver, and in the syncytiotrophoblast layer of term placenta, whereas liver,
lungs, platelets, lymphocytes, and intestine are rich in MAO-B (Abell and Kwan,
2001). In the human brain, MAO-A is located in all regions containing
catecholamines, with the highest levels being located at locus ceruleus. MAO-B
is most prominent in the nucleus raphe dorsalis, regions that are known to have
serotonergic neurons, but also present in the posterior hypothalamus and in
glial cells. MAO-B is also present in osteocytes around blood vessels (Abell and
Kwan, 2001; Nagatsu, 2004).
For MAO-A, 5-HT, NA, and ADR are preferential substrates, and
clorgyline is a selective MAO-A inhibitor (Johnston, 1968); MAO-B prefers βphenylethylamine as a substrate, and is selectively inhibited by deprenyl (Knoll
et al., 1978). DA, tyramine, and tryptamine are oxidized with equal affinity by
both MAO-A and MAO-B (Glover et al., 1977). MAO-A appears to be the main
enzyme for metabolizing the neurotransmitters 5-HT and NA, while the function
of MAO-B, which is abundant in the brain and present in serotonergic neurons,
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but not in catecholaminergic neurons, remains an intriguing issue (Abell and
Kwan, 2001).
I.1.8.2.

Catechol-O-methyl transferase metabolism

The other most important catecholamine-metabolizing enzyme, COMT
was first described and purified by Axelrod (Axelrod, 1958; Axelrod and
Tomchick, 1958). There is one single gene for COMT, which codes for both
soluble COMT (S-COMT) and membrane-bound COMT (MB-COMT) with
different transcription starting sites. COMT is an intracellular enzyme, which
appears mostly in as S-COMT with a minor fraction as MB-COMT (Mannisto
and Kaakkola, 1999). COMT catalyzes the transfer of the methyl group of Sadenosyl-L-methionine to one of the hydroxyl groups of the catechol substrate
in the presence of magnesium ion (Mg2+) (Mannisto and Kaakkola, 1999).
COMT is widely distributed throughout the body. High levels of COMT are found
in the liver, kidneys, and other extraneuronal cells, as well as in
adrenomedullary chromaffin cells (Eisenhofer et al., 1998a; Mannisto and
Kaakkola, 1999). However, little or no COMT is found in sympathetic neurons.
In the brain, there is also no significant COMT in presynaptic terminals, but it is
found in some postsynaptic neurons and glial cells. In the kidney, COMT is
localized in proximal tubular epithelial cells. The physiological substrates for
COMT include L-dopa, all three endogenous catecholamines (DA, NA, and
ADR), their hydroxylated metabolites, catecholestrogens, ascorbic acid, and
dihydroxyindolic intermediates of melanin (Mannisto and Kaakkola, 1999).
Complex and dynamic processes are involved in the metabolism of
catecholamines, before and after their release into extracellular fluid and
circulation. The overall metabolizing reactions taken by the enzymes are
complex and will be briefly approached in the next subsection [for further detail
see (Goldstein et al., 2003)].
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I.1.8.3.

Catecholamine metabolites

For both neuronal and extraneuronal metabolizing systems, inactivation
of catecholamines occurs in a coordinated fashion, with uptake followed by
metabolism (Graefe and Henseling, 1983).
Most of the catecholamine metabolism takes place in the same cells
where they are produced, before their exocytotic release (Figure 4).
Dihydroxyphenylglycol (DHPG, 3,4-dihydroxyphenylethylene glycol) constitutes
the main metabolite of NA before its release into extracellular fluid or its
reuptake, and it is also an deaminated metabolite of ADR (Eisenhofer and
Finberg, 1994; Goldstein et al., 2003). DHPG is formed from NA in the
cytoplasm of sympathetic nerves by sequential deamination of NA by MAO to
form dihydroxyphenylglycoaldehyde (DOPEGAL, DHPGALD). This aldehyde is
reduced by AR to DHPG or is oxidized by AR or aldose reductase to form 3,4dihydroxymandelic acid (DOMA). DHPG diffuses rapidly across the cell
membrane into the extracellular fluid and from there into extraneuronal cells,
where it is metabolized by COMT to form methoxyhydroxyphenylglycol (MHPG),
or it overflows into the bloodstream (Eisenhofer and Finberg, 1994; Goldstein et
al., 2003). COMT has a considerable importance in the metabolism of the
deaminated metabolites of NA and DA, as can be seen by the increases in
plasma DOPAC and DHPG after inhibition of COMT (Eisenhofer and Finberg,
1994).
Furthermore, COMT catalyzes the O-methylation of NA to NMN, of ADR
to MN, of L-dopa to 3-methoxytyrosine, and of DA mainly to 3-methoxytyramine
(Eisenhofer and Finberg, 1994; Goldstein et al., 2003). Adrenal chromaffin cells
contain both MAO and COMT. The COMT present in chromaffin cells is mainly
MB-COMT that has a much higher affinity for catecholamines than the soluble
form found in most other tissues, as liver and kidneys (Roth, 1992). As a result,
in adrenal chromaffin cells, leakage of NA and ADR from storage granules
leads to substantial intracellular production of the O-methylated metabolites,
NMN and MN. In humans, about 93% of circulating MN and between 25% to
40% of circulating NMN arise from catecholamines metabolized within adrenal
chromaffin cells (Eisenhofer et al., 2004).
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NA

is

metabolized

preferably

by

monoamine

oxidase

(MAO)

to

dihydroxyphenylglycoaldehyde (DOPEGAL) that is reduced by aldehyde reductase
(AR) to dihydroxyphenylglycol (DHPG). ADR and NA can be metabolized by catecholO-methyltransferase (COMT) resulting in metanephrine (MN) and normetanephrine
(NMN), respectively. Both MN and NMN can be further metabolized by MAO to 3methoxy-4-hydroxyphenyl-glycoaldehyde

(MOPGAL)

and

by

AR

to

form

methoxyhydroxyphenylglycol (MHPG). MHPG is further metabolized and can be
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transformed to vanillylmandelic acid (VMA) by alcohol dehydrogenase (ADH) or
aldehyde dehydrogenase (AD). VMA is the main catecholamine metabolite in urine
(adapted from Goldstein 2003).

In most cells, the O-methylated compounds that contain amine groups
undergo

further

metabolic

breakdown

by

MAO.

Deamination

of

3-

methoxytyramine yields HVA and deamination of NMN and MN yields MHPG.
MHPG in human plasma is a very important metabolite that is derived from
multiple sources, including (i) deamination of NMN after its cellular uptake; (ii)
O-methylation of DHPG after its uptake from the circulation; and (iii) Omethylation of DHPG after its uptake from the interstitial fluid but before its entry
into the circulation. Of these sources, the most relevant is the last (Eisenhofer
and Finberg, 1994). The fate of circulating MHPG is also complex and includes
sulfation, glucuronidation, urinary excretion, and specially conversion to
methoxy-4-hydroxymandelic acid [generally, called vanillylmandelic acid (VMA)]
in the liver (Goldstein et al., 2003). The major product of urinary excretion and
also plasma metabolite of adrenergic catecholamines is VMA (Goldstein et al.,
2003). It results from liver sequential oxidation of circulating MHPG by ADH and
AD.
In cells that contain SULT1A3 activity, the nonacidic metabolites,
methoxytyramine,

NMN,

MN,

and

MHPG

undergo

extensive

sulfate-

conjugation. The urinary metabolites, resulting from SULT1A3 metabolization,
are usually MHPG-SO4, NMN-SO4 and MN-SO4 Also, glucuronides of
methoxytyramine, NMN, MN, and MHPG may be excreted in the bile or, via
entry into the circulation, in the urine (Eisenhofer et al., 2004).
The formation of NMN in the body occurs after extraneuronal uptake and
metabolism of NA released from sympathetic terminals and also after Omethylation within the adrenal gland. Because of the importance of reuptake
and intraneuronal deamination of endogenously released NA, plasma levels of
NMN are much lower than those of DHPG, despite similar clearances of these
compounds from the plasma. The rate of extra adrenal production of NMN,
though low, provides an unique marker of extraneuronal metabolism of NA.
Also, the decrease in plasma concentrations of endogenous DHPG and
DOPAC after inhibition of MAO-A, but not MAO-B, is consistent with the
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established view that NA is a better substrate for the A isoform (Eisenhofer and
Finberg, 1994). During MAO-A inhibition, NMN and MN values increase as
COMT gains more relevance in NA metabolism (Eisenhofer and Finberg, 1994).
Since adrenomedullary chromaffin cells contain both MAO and COMT,
MN constitutes a major metabolite of ADR (Axelrod et al., 1959; Goldstein et al.,
2003). In agreement with the different affinities between extraneuronal and
neuronal uptake, ADR is less readily metabolized by MAO than NA, but it is a
better substrate than NA for COMT (Paiva and Guimarães, 1978; Eisenhofer
and Finberg, 1994). Because of these differences, extraneuronal uptake and Omethylation clear more circulating ADR than NA (Axelrod et al., 1959;
Eisenhofer, 2001; Goldstein et al., 2003).
Furthermore, the oxidative deamination of catecholamines by MAO
produces

another

relevant

product,

hydrogen

peroxide

(H2O2)

which

subsequently may be converted into the highly reactive hydroxyl radical (OH●)
(Valko et al., 2007), that possibility causes oxidative stress-related damage.
I.1.8.4.

The overall metabolism and action termination of

catecholamines

The primary mechanism limiting the life span of the catecholamines in
the extracellular space is uptake by active transport and not enzymatic
metabolism. This has been shown by the observation that NET inhibitors (e.g.,
cocaine and imipramine) potentiate the effects of the neurotransmitter, while
inhibitors of MAO and COMT have relatively little immediate effect (Eisenhofer,
1994; Eisenhofer and Finberg, 1994; Friedgen et al., 1994; Blaha et al., 1996;
Friedgen et al., 1996). Also, VMAT-2 has higher affinity for NA than MAO, which
results in over 70% of recaptured NA being sequestered into storage vesicles
before metabolization (Bloom, 2006).
Nevertheless, Trendelenburg (Trendelenburg, 1988; Trendelenburg,
1990) stated that it is very relevant to understand the interactions and relative
functions of these active transport and metabolizing processes as “pump and
leak systems with enzyme(s) inside”. Under some conditions, the activity of the
metabolizing enzymes can influence net catecholamine transport and the
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extracellular concentrations of catecholamines. Moreover, the additional actions
of metabolizing enzymes are always required for the irreversible inactivation of
catecholamines following neuronal or extraneuronal uptake.
Early studies in isolated tissues showed that inhibition of MAO or COMT
could limit the ability of neuronal and extraneuronal uptake to clear extracellular
catecholamines (Furchgott and Garcia, 1968; Belfrage et al., 1977). Moreover,
more recent in vivo studies indicate that inhibition of one enzyme under normal
physiological conditions has little effect on catecholamine clearance and
extracellular or circulating levels of catecholamines (Eisenhofer, 1994;
Eisenhofer and Finberg, 1994; Friedgen et al., 1994; Blaha et al., 1996;
Friedgen et al., 1996). In extraneuronal metabolizing systems, this occurs
because of the presence of metabolic redundancy, meaning that one enzyme
takes over when the other is inhibited. Only when MAO and COMT are both
inhibited or subjected to saturating concentrations of substrate, the clearance of
catecholamines is significantly impaired (Eisenhofer, 1994; Friedgen et al.,
1996).
The presence of only one catecholamine-metabolizing enzyme, MAO, in
neuronal systems might suggest that inhibition of this enzyme would impair the
neuronal uptake of catecholamines. However, the additional presence of VMAT2 maintains low axoplasmic concentrations of catecholamines so that, under
normal physiological conditions, inhibition of MAO has little effect on neuronal
transporter function (Graefe and Trendelenburg, 1970; Graefe and Henseling,
1983). Rather than impairing catecholamine uptake, short-term inhibition of
intraneuronal MAO leads to higher retention of recaptured transmitter by nerve
cell storage mechanisms and, thus, an apparent increase in the net uptake of
the transmitter (Furchgott and Garcia, 1968). In the long term, and if vesicular
storage capacity is overwhelmed, inhibition or saturation of intraneuronal MAO
can lead to a decrease in net transmitter uptake (Trendelenburg et al., 1972).
Through gene KO models, MAO-A-deficient mice (Cases et al., 1995)
and MAO-B-deficient mice (Grimsby et al., 1997) were produced and further
information was given. In the brains of MAO-A-deficient mouse pups, 5-HT
concentrations were increased up to nine-fold compared with the levels of wildtype mice. In adult brains, however, the 5-HT levels were increased only twofold because of increased MAO-B, reflecting adaptation responses. NA
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concentrations increased up to two-fold, while a small increase in DA levels was
observed in the brains of MAO-A-deficient mouse pups. Borderline mental
retardation and abnormal behavioral phenotype is observed in human with
selective MAO-A deficiency. Severe mental retardation in patients with
combined MAO-A/MAO-B deficiency and Norrie disease is also seen (Lenders
et al., 1996). MAO-A-deficient adult male mice show enhanced aggressive
behavior and enhanced emotional learning, probably due to elevated levels of
5-HT in the brain in the pup stage (Cases et al., 1995; Kim et al., 1997). Human
males from a Dutch family with a complete MAO-A-deficiency in the Xchromosomal deletion of the mao-a gene were reported to show abnormal
aggressive behavior (Brunner et al., 1993), as observed in adult mice (Cases et
al., 1995).
In the brain of MAO-B-deficient mouse pups only the levels of βphenylethylamine were increased with no apparent behavioral disturbances
(Lenders et al., 1996), except increased reactivity to stress (Grimsby et al.,
1997). In contrast to the borderline mental retardation and abnormal behavioral
phenotype in subjects with selective MAO-A deficiency and the severe mental
retardation in patients with combined MAO-A/MAO-B deficiency and Norrie
disease, the MAO-B-deficient subjects neither exhibited abnormal behavior nor
mental retardation. The only biochemical abnormalities detected in subjects with
the MAO-B gene deletion are a complete absence of platelet MAO-B activity
and an increased urinary excretion of β-phenylethylamine (Lenders et al.,
1996). In fact, the inhibition of MAO-B indicates that this form of MAO
contributes poorly to the metabolism of endogenous catecholamines and their
O-methylated metabolites (Eisenhofer and Finberg, 1994).
To confirm the redundancy of metabolizing systems, in MAO-A-deficient
humans (Lenders et al., 1996) or rats where MAO-A metabolism was inhibited,
there is a marked decrease in deaminated catecholamine metabolites and a
concomitant marked elevation of O-methylated amine metabolites (Eisenhofer
and Finberg, 1994; Lenders et al., 1996). These neurochemical changes are
only slightly exaggerated in patients with combined lack of MAO-A and MAO-B.
Referring to COMT KO mice only minor changes in their behavior were
detected and the brain neurochemistry of catecholamines is virtually unaltered
(Gogos et al., 1998). Mutant mice demonstrated sexually dimorphic and region- 45 -
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specific changes of DA levels, notably in the frontal cortex, where mutant male
mice had an almost three-fold increase of DA levels in the frontal cortex, while
no changes were observed in the striatum or hypothalamus. In mutant female
mice no alterations in DA levels were observed when compared to the wild
types (Gogos et al., 1998). Despite the complete lack of comt gene in
homozygous mice, residual HVA levels were detectable in several brain areas,
revealing a possible and still unidentified methylation pathway in the brain
(Gogos et al., 1998). Female KO mice had impaired emotional reactivity, while
heterozygous males were more aggressive (Gogos et al., 1998). The work by
Gogos and colleagues suggests that the importance of COMT in the emotional
and social behavior has probably been undervalued and a complete lack of
COMT can be effectively compensated, at least in mice (Gogos et al., 1998).
I.1.8.5.

Another pathway to destroy catecholamines

Catecholamines

metabolization

is

generally

attained

either

by

deamination via MAO or O-methylation by COMT. However, the chemical
alteration of catecholamines by other enzymes or oxidative processes is also a
pathway through which these chemical transmitters may be destroyed (Figure
5). In fact, the o-diphenolic structure of catecholamines is easily oxidized by
reactive oxygen species (ROS) or enzymatic actions to produce a family of
indole semiquinonic/quinonic species usually termed catecholaminochromes
because of their orange-reddish color. The oxidation of aqueous extracts of
mammal suprarenal capsules was reported by Vulpian, when he verified that in
contact with air those extracts became rose-carmine, and it was favored in the
presence of oxidizing agents and alkalis (Vulpian, 1856). These observations
were the basis for the ADR quantification for many years.
In a physiological or pathological environment, when the enzymes
dealing with catecholamines catabolism are unable to cope efficiently, their
levels rise and catecholamines can undergo oxidation. Although at physiological
pH, the oxidation of catecholamines seems to occur very slowly, the oxidation
rate is faster under enzymatic or metal catalysis (Heacock, 1959; Bindoli et al.,
1992; Foppoli et al., 1997) or in the presence of the superoxide anion (O2•–)
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(Spencer et al., 1995). The oxidation of catecholamines proceeds through twostages whereby a total of four electrons are removed and an indole is formed by
cyclization, which is often represented as a zwitterionic structure in aqueous
solutions, the aminochrome (Heacock and Mahon, 1958).
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electrons are removed and leucoaminochrome semiquinone is the intermediary with
O2●– as a by-product. Aminochrome formed in the cells can lead to the formation of
aminolutin.

Generally speaking, catecholamine may be oxidized to an unstable osemiquinone that, after deprotonation and loss of a second electron, gives rise
to the corresponding o-quinone. For ADR, at physiological pH, partial
deprotonation of the amine group of the side chain leads to an irreversible 1,4intramolecular cyclization, a reaction that occurs through nucleophilic attack of
the nitrogen atom at the 6 position of the quinone ring, to give
“leucoadrenochrome”, which is then further oxidized to adrenochrome (Heacock
and Mahon, 1958; Bindoli et al., 1992; Bindoli et al., 1999).
Adrenochrome is the most studied aminochrome, due to its stability
(Heacock, 1959; Rupp et al., 1994). When adrenochrome is generated and
ADR still exists in solution, adrenochrome accelerates the oxidation process of
the remaining ADR (Bindoli et al., 1999). This seems to be a general
phenomenon of aminochromes, since it occurs also with the other
catecholamines. Once formed, the aminochromes can be transformed into
melanins, since these aminochromes are reactive compounds that easily
undergo a series of reactions among them or suffer nucleophilic attack from
other biomolecules (Bindoli et al., 1999). In vivo, this oxidation pathway may be
more complex, since other factors, such as metal ions or other nucleophilic
groups, can be involved (Spencer et al., 1998; Spencer et al., 2002).
The extent of oxidation at physiological pH of NA and ADR is similar, but
the subsequent process is quite different since the stability of the intermediates
is different (Rupp et al., 1994). The rate of internal cyclization (1,4 Michael
addition) determines the probability of nucleophilic attack in the quinone
intermediates (Rupp et al., 1994; Spencer et al., 1995). Thus, if the internal
cyclization rate is low, the quinone is likely to be attacked by external
nucleophilic groups such as sulfhydril (-SH), hydroxyl (-OH), and amine (-NH2).
The slowest cyclization rate is observed for DA, while ADR has the higher
cyclization rate, 140 times higher than NA. Thus, the most likely external
nucleophilic attack is made to DA > NA > ADR (Rupp et al., 1994). In fact, DA
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oxidized forms were found bound to proteins, as well as to other nucleophilic
groups, as cysteine or GSH (Fornstedt et al., 1990; Patel et al., 1991; SeguraAguilar et al., 1997; Byington, 1998; Spencer et al., 1998; Spencer et al., 2002;
Miyazaki et al., 2006). In contrast, the most probable catecholamine to undergo
the oxidation into aminochrome is ADR (Bindoli et al., 1992).
I.1.8.6.

Catecholamines and their metabolites in the plasma

and urine

Catecholamines enter the plasma mainly after neurotransmitter release
to the circulation or after secretion by the adrenal medulla (Esler et al., 1990;
Goldstein et al., 2003). The bulk of NA in the plasma is derived from
sympathetic overflow, while plasma ADR is mainly released from adrenal
medulla stimulation (Esler et al., 1990; Goldstein et al., 2003). Metabolites of
DA, NA, and ADR also spill into plasma after intraneuronal metabolism
(oxidative deamination by MAO) or extraneuronal metabolism (preferentially
COMT-methylation) (Goldstein et al., 2003), since most of the metabolism
occurs even before the catecholamines reach the circulation. The most
abundant human plasma metabolites are VMA, MHPG and its sulfate
metabolite (Goldstein et al., 2003). The main human plasma catechols are the
three

catecholamines,

their

precursor,

L-dopa,

and

their

deaminated

metabolites, DOPAC from DA, and DHPG from NA (Goldstein et al., 2003).
In humans, the sympathetic nerves in the kidneys and skeletal muscle
are the major sources of plasmatic NA, each contributing with approximately
25% of the total (Esler et al., 1984a; Esler et al., 1984b). The sympathetic
innervations of the human heart, skin, gastrointestinal tract, lungs and liver are
responsible for a minor percentage of total plasma NA, but equally important
(Esler et al., 1984a; Esler et al., 1984b; Goldstein et al., 1988; Esler and Kaye,
2000).
The rate of NA entrance into the arterial plasma (“total body spillover”)
can be measured and in healthy people averages 0.3 to 0.5 μg/min (1.8-3.0
nmol/min) (Goldstein et al., 2003). Key players in the rate of NA spillover
include the rate of NA release, and consequently nerve firing velocity and
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density, but also other factors, such as regional blood flow, capillary
permeability, neuronal NA uptake, and metabolism (Esler et al., 1990). These
considerations have to be held when interpreting NA overflow as an index of
sympathetic activity. In fact, when comparing the levels of NA spillover to
circulation with NA neuronal release, in the kidneys NA release into interstitial
fluid averages 3 times, in skeletal muscle 12 times, and in the heart over 20
times, due to efficient local neuronal reuptake of NA from the interstitial fluid
(Goldstein et al., 2003). Moreover, presynaptic activation of α2-receptors can
regulate the release of catecholamines (Westfall and Westfall, 2006), as well as
nonexocytotic mechanisms that occur, e.g. in myocardial ischemia (Lameris et
al., 2000), that in the overall can influence the catecholamine levels,
independently of neuron firing.
The majority of plasma ADR in physiological conditions is derived from
the adrenal medulla, since it is assumed that ADR overflow from adrenergic
nerves is not very relevant (Esler et al., 1990). The only exception is the heart,
which at very high rates of stimulation can contribute significantly for ADR
spillover into the plasma (Peronnet et al., 1988; Johansson et al., 1997).
Plasma levels of ADR in healthy volunteers at rest are as low as 30 pM,
while NA reaches 1 nM (Wheatley et al., 1985; Goldstein et al., 2003). Spillover
of ADR in arterial plasma in healthy resting humans is typically 30-100 pg/mL
(5.5-18.3 nmol/mL), while it can reach 200-600 ng/mL (33.8-102 μmol/mL) for
NA (Esler et al., 1990). However, any alteration in the metabolism of
catecholamines or disruption of their transport mechanisms might lead to
anomalously high concentrations of these substances (Lameris et al., 2000).
The ADR concentration in plasma greatly increase as a result of adrenal stimuli
(Goldstein et al., 2003). Elevated levels of circulating and interstitial
catecholamines are found in arrhythmias, myocardial necrosis (Lameris et al.,
2000; Behonick et al., 2001), heart failure (HF), (Esler and Kaye, 2000),
myocardial ischemia (Lameris et al., 2000; Akiyama and Yamazaki, 2001;
Killingsworth et al., 2004; Kuroko et al., 2007), exercise (Kjaer, 1998),
pheochromocytoma (Gerlo and Sevens, 1994), hypoglycemia, hemorrhagic
hypotension, circulatory collapse, distress (Goldstein et al., 2003), and cirrhosis
(Esler et al., 1990). The administration of amphetamines can also lead to huge
increases in plasmatic levels of biogenic catecholamines. In fact, after high
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doses of d-amphetamine in rats, levels of plasmatic ADR and NA reached 146
nM and 418 nM, respectively (Carvalho et al., 1997).
The measurement of the levels of catecholamines and their metabolites
in blood and urine is useful in the diagnosis of pheochromocytoma (Gerlo and
Sevens, 1994; Eisenhofer et al., 1998a), a catecholamine-secreting tumor of the
adrenal medulla, but can also give indication of higher sympathetic overflow or
metabolism impairment (Esler et al., 1990; Brunner et al., 1993; Lenders et al.,
1996; Behonick et al., 2001; Goldstein, 2003). In pheochromocytoma patients
plasma concentrations of ADR were shown to range from 0.3 to 3.6 µM, while
NA concentrations can reach 50 µM (1.5 - 50 µM) (Gerlo and Sevens, 1994).
Most pheochromocytomas secrete predominantly NA, thus NMN levels can
exceed those of NA, since the catecholamines produced in the tumor undergo
metabolism continuously by COMT (Lenders et al., 1995; Eisenhofer et al.,
1998a).
Measurements of DHPG formation and its overflow give important
information of sympathetic nerve neuronal uptake of NA and the NA turnover
(Esler et al., 1990; Goldstein et al., 2003). Increases in plasma NA levels
resulted from diminished reuptake may not reflected by increases in DHPG
plasma levels (Goldstein et al., 2003), since the DHPG values reflect the sum of
the vesicular leakage, NA deamination (which is mainly neuronal) and reuptake
(Eisenhofer et al., 1992a). DHPG plasma levels can reach 4.7 nM (Goldstein et
al., 2003).
Formation of NMN in the body occurs after extraneuronal uptake and NA
metabolism in the sympathetic terminals, as well as from NA O-methylation
within the adrenal medulla by COMT. Because of the importance of reuptake
and intraneuronal deamination of endogenously released NA, plasma levels of
NMN (about 0.3 nM) are much lower than those of DHPG (Goldstein et al.,
2003).
O-Methylation is the principal metabolism pathway of ADR in man
(Labrosse et al., 1958). MN constitutes a major metabolite of ADR before its
release into the extracellular fluid (Labrosse et al., 1958; Axelrod et al., 1959).
Plasma MN levels are roughly the same as plasma NMN levels, in spite of
plasmatic NA being about 5- to 10-fold higher than ADR. MN concentration
results from a much higher rate of production of ADR in adrenomedullary
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chromaffin cells, the metabolism of adrenomedullary catecholamines by COMT
(Goldstein et al., 2003), and the relatively higher affinity of COMT for circulating
ADR (Paiva and Guimarães, 1978; Eisenhofer and Finberg, 1994).
As already described, MHPG in human plasma is derived from multiple
sources, mainly O-methylation of DHPG after its uptake from the interstitial fluid
but before its entry into the circulation. The metabolic fate of circulating MHPG
is complex and includes sulfation, glucuronidation, urinary excretion, and
specially conversion to VMA (Goldstein et al., 2003). MHPG and VMA constitute
the major non sulfate catecholamine metabolites, reaching plasmatic values of
30 and 20 nM, respectively (Goldstein et al., 2003).
L-dopa is the precursor of catecholamines and the immediate product of
the rate-limiting step of catecholamine biosynthesis. L-dopa therefore occupies
a crucial role in the catecholamines system. In humans, plasma levels of L-dopa
exceed those of NA about 10-fold (8.9 nM) (Goldstein et al., 2003).
Also, some catecholamine storage vesicle elements are released during
exocytosis like chromogranin A, DhB and neuropeptide Y and their plasma
values can be used as an index of the neuroendrocrine system activation (Esler
et al., 1990).
All catecholamines are ultimately excreted in urine, either in their native
form or as metabolites (Esler et al., 1990; Goldstein et al., 2003). Nevertheless,
in urine, only a small fraction of catecholamines is present (Esler et al., 1990)
and NA excretion represents only 1-2% of the total NA synthesis. VMA is the
major catecholamine metabolite excreted in the urine, and 33 μM of VMA can
be eliminated in 24 h (Gerlo and Sevens, 1994). The sulfate derivatives of
MHPG, NMN and MN are the bulk of the other urinary metabolites (Eisenhofer
et al., 2004). The determination of the levels of the urinary excretion of
catecholamines and/or their metabolites to estimate total body catecholamine
turnover and plasma levels has to be very cautious. Urinary excretion depends
on renal blood flow and renal function, thus it has some inter-individual
variations (Fluck, 1972).
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I.1.9. Adrenergic receptors

I.1.9.1.

Historic introduction and background

More than one hundred years ago, Langley proposed, for the first time,
the idea of transmitter receptors, by stating “(…) neither the poisons nor the
nervous impulse act directly on the contractile substance of the muscle but on
some accessory substance. Since this accessory substance is the recipient of
stimuli which it transfers to the contractile material, we may speak of it as the
receptive substance (…)” (Langley, 1905). Catecholamines were soon
addressed in light of this concept, with ADR taking the lead on experiments
taken by Langley and his student Elliott on the autonomic systems. Elliott
suggested that ADR might be the chemical stimulant released upon the
receptors when the nerve impulse arrives (Elliott, 1904) [on a later work, it was
revealed to be NA (von Euler, 1946)].
Elucidation of the characteristics of adrenergic receptors and the
biochemical and physiological pathways they regulate has increased our
understanding of the seemingly contradictory and variable effects of
catecholamines on the various organs. Although structurally related, different
receptors regulate distinct physiological processes by controlling the synthesis
or release of a variety of second messengers.
The receptors for NA and ADR are called adrenoceptors. The
adrenoceptors are the cell membrane sites where NA and ADR act to transduce
information in the periphery and in the CNS. Several discoveries were
performed before the concept of adrenoceptors was fully accepted. Dale in
1905 verified that the pressor effect of ADR was reversed by ergotoxine into a
depressor effect, and, latter on, Barger and Dale verified that ADR when
injected managed to dilate some vascular beds while constricting others (Barger
and Dale, 1910). These facts were ignored until 1948, when Ahlquist performed
a series of experiments with several sympathomimetic amines making another
tremendous discovery in this field. He concluded that the variations in the
pharmacological responses of several sympathomimetic agonists in different
organs were related to the different types of receptors involved (Ahlquist, 1948).
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The first type of adrenoceptors, he called α and the second β (Ahlquist, 1948).
The scientific contemporary community was not prompt to accept this idea, and
the theory of two different “sympathins” remained (Cannon and Rosenblueth,
1933). Ten years later other works confirmed Ahlquist theory by the
identification of selective antagonists for these two receptor families:
phentolamine and ergotamine for α-adrenoceptors; dichloroisoprenaline (Powell
et al., 1958) and propranolol for β-adrenoceptors (Black et al., 1964).
The development of more selective drugs and the use of molecular
cloning technology showed that there are even more adrenoceptor subtypes
than previously presumed. As Ahlquist stated, two main classes are known, αand β-adrenoceptors. Each group is further subdivided so that five subtypes are
presently recognized: two main α-receptor subtypes (α1 and α2) and three βreceptor subtypes (β1, β2 and β3) (Alexander et al., 2008). The α-receptor
subtypes are nowadays accepted to be nine subtypes in total (α1A, α1B, α1D,
α2A/D, α2B, α2C). Other two adrenoceptors candidates were described (α1L and
β4), that may be conformational states of α1A and β1-adrenoceptors, respectively
(Guimarães and Moura, 2001; Alexander et al., 2008) .
The characterization of adrenoceptors without the use of antagonists
took longer, and in 1972 von Euler stated that …”many of these (effects) are
assumed to take place at the receptors areas on the cell surface, they form part
of the increasingly studied subject, molecular pharmacology. This branch of
macromolecular chemistry still awaits a breakthrough…”(von Euler, 1972).
The adrenoceptors are coupled to second-messenger systems via a G
proteins, meaning that the responses that follow activation of all types of
adrenergic receptors result from G protein-mediated effects with the generation
of second messengers and/or the activity of ion channels (Guimarães and
Moura, 2001).
I.1.9.2.

Alpha (α)-adrenoceptors

α1-Adrenoceptors are found in the smooth muscle of the blood vessels,
bronchi, gastrointestinal tract, uterus, and bladder. Activation of these receptors
is mainly excitatory and results in the contraction of smooth muscle. However,
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the smooth muscle of the gut wall (but not that of the sphincters) becomes
relaxed after activation of α1 receptors. Overall, they cause vasoconstriction,
relaxation of gastrointestinal smooth muscle, salivary secretion, and hepatic
glycogenolysis (Pocock and Richards, 2006; Rang et al., 2007). α1Adrenoceptors

are

mainly

coupled

to

Gq/11

protein

with

stimulation

phospholipase C activity. Phospholipase C promotes the hydrolysis of
phosphatidylinositol bisphosphate producing inositol trisphosphate (IP3) and
diacylglycerol (DAG) (Docherty, 1998; Zhong and Minneman, 1999; GarcíaSáinz et al., 2000; Guimarães and Moura, 2001), which act as second
messengers. IP3 mediates intracellular Ca2+ release from non mitochondrial
pools and, consequently, the activation of other Ca2+ and calmodulin sensitive
pathways such as CaMKII, whilst DAG activates PKC (Guimarães and Moura,
2001; Westfall and Westfall, 2006). The three cloned α1-adrenoceptor subtypes
have significant differences in G protein coupling efficiency (α1A > α1B > α1D)
(Docherty, 1998; Zhong and Minneman, 1999; Guimarães and Moura, 2001).
Other signaling pathways have also been shown to be activated by α1adrenoceptors: stimulation of phospholipase A2 leading to the release of free
arachidonate, which is degraded by cyclooxygenase and lipoxygenase
pathways to form the bioactive prostaglandins and leukotrienes; Ca2+ influx via
protein G and phospholipase D activation (Docherty, 1998; Zhong and
Minneman, 1999; Guimarães and Moura, 2001; Westfall and Westfall, 2006).
Some of these α1-adrenoceptor induced-responses are independent of Ca2+
and PKC but involve small G proteins and tyrosine kinases (Zhong and
Minneman, 1999). α1-Adrenoceptors are able to activate mitogen-activated
protein kinase (MAPK) pathways in many cells (Della Rocca et al., 1997). The
MAPK superfamily, which consists of extracellular signal-regulated kinases
(ERK) 1/2 and three stress-responsive subfamilies, the c-Jun NH2-terminal
kinases (JNKs), p38-mitogen-activated protein kinase (p38 MAPK) and ERK, is
normally stimulated by growth factors and cellular stress or inflammatory
cytokines (Zhang et al., 2005). The stress-activated protein kinases play key
roles in regulating cardiac hypertrophy by activation of different transcription
factors (Zhang et al., 2005).
α2-Adrenoceptors when located presynaptically are responsible for the
inhibition of transmitter release (including NA and ACh release from autonomic
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nerves), and are considered modulators of neurotransmission. Additionally, they
cause platelet aggregation, contraction of vascular smooth muscle, and
inhibition of insulin release (Aantaa et al., 1995; Pocock and Richards, 2006;
Rang et al., 2007). The different α2-receptors couple to a variety of effectors
(Aantaa et al., 1995; Guimarães and Moura, 2001) and share about 50% in
amino acid sequence in important domains (Aantaa et al., 1995).
α2-Adrenoceptors are predominantly coupled to the inhibitory G proteins
Gi and G(o), inhibiting the activity of adenylyl cyclase (Rouot et al., 1987;
Cotecchia et al., 1990; Surprenant et al., 1992; Aantaa et al., 1995; Wise et al.,
1997). The α2 stimulation activates Na+/H+ exchange (Limbird, 1988), inhibits
the opening of voltage-gated Ca2+ channels (Cotecchia et al., 1990) or activates
K+

channels

(Surprenant

et

al.,

1992),

all

resulting

in

membrane

hyperpolarization.
α2-Adrenoceptors are also found at post-junctional or nonjunctional sites
in several tissues, and thus their activation may also lead to other intracellular
pathways. Intracellular pathways of postjunctional α2-receptors are varied, with
the activation of phospholipase A2, C, and D, with arachidonic acid mobilization,
increase in phosphoinositide hydrolysis, and increase in the intracellular
availability of Ca2+ (Limbird, 1988; Cotecchia et al., 1990; MacNulty et al., 1992;
Kukkonen et al., 1998). In addition, α2-adrenoceptors can activate MAPKs
(Della Rocca et al., 1997; Richman and Regan, 1998).
I.1.9.3.

Beta (β)-adrenoceptors

The three β-adrenoceptors subtypes are encoded by three different
genes located on human chromosomes 10 (β1), 5 (β2), and 8 (β3).
Approximately 60% of the amino acid sequence identity in the acknowledged
membrane-spanning domains is the ligand-binding pocket for ADR and NA
(Kobilka et al., 1987; Emorine et al., 1989; Guimarães and Moura, 2001).
β1-Adrenoceptors are found in the heart where their activation results in
an increased rate and force of contraction. They are also present in the
sphincter muscle of the gut where their activation leads to relaxation (Pocock
and Richards, 2006; Westfall and Westfall, 2006; Rang et al., 2007).
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β2-Adrenoceptors activation in the smooth muscle of certain blood
vessels leads to vasodilatation. They are also present in the bronchial smooth
muscle where they mediate bronchodilatation. Relaxation of visceral smooth
muscle, hepatic glycogenolysis and muscle tremor are also observed effects
upon β2-adrenoceptors activation (Gauthier et al., 1996; Gauthier et al., 2000;
Pocock and Richards, 2006; Rang et al., 2007).
β3-Adrenoceptors are present in adipose tissue, where they initiate
lipolysis in white adipose tissues with the release of free fatty acids and glycerol
into the circulation (Pocock and Richards, 2006; Rang et al., 2007). They are
involved in the thermogenesis process that takes place in the brown adipose
tissues (Gauthier et al., 1996). β3-Adrenoceptors are also present in the heart
although their functions are not fully understood (Gauthier et al., 1996; Gauthier
et al., 2000).
All β-receptor subtypes (β1, β2, and β3) are coupled to the stimulatory Gprotein (Gs) leading to the activation of adenylyl cyclase and accumulation of
the second messenger, cyclic adenosine monophosphate (cAMP) (Frielle et al.,
1987; Emorine et al., 1989; Brown, 1990; Westfall and Westfall, 2006).
Accumulation of cAMP leads to PKA activation with phosphorylation of several
proteins, whose function is changed as a result.
Intracellular events following β-adrenoceptor activation are also linked to
ion transport. PKA is activated by cAMP and phosphorylates L-type Ca2+
channels. Phosphorylation facilitates Ca2+ entry and produces the positive
inotropic effect in atria and ventricles, increasing heart rate in the sino-auricular
(SA) node, and accelerating the conduction in the atrio-ventricular (AV) node
(Guimarães and Moura, 2001). Furthermore, β-adrenoceptor stimulation is able
to activate L-type Ca2+ or Na+ channels via G proteins (Brown, 1990). In airway
smooth muscle, β-adrenoceptor activation opens Ca2+-dependent K+ channels
(Jones et al., 1990).
Curiously, several works indicate that, under certain circumstances, βadrenoceptors can couple to Gi in addition to Gs. In fact, β3-receptors interact
with both Gs and Gi, whereas β1-receptors couple predominantly to Gs (Asano
et al., 1984; Chaudhry et al., 1994; Gauthier et al., 1996). β2-receptors can bind
to Gs and can also couple to Gi with MAPKs activation (Xiao et al., 1995;
Lefkowitz et al., 2002).
- 57 -

General Introduction____________________________________________________
The rank order of potency for β-agonists is ISO > ADR > NA for βadrenergic receptors and ADR > NA >> ISO for α adrenergic receptors
(Guimarães, 1975; Westfall and Westfall, 2006; Rang et al., 2007).
The pharmacological actions of NA and ADR have been extensively
compared in vivo and in vitro. Both drugs are direct agonists on effector cells,
and their actions differ mainly in the ratio of their effectiveness in stimulating α
and β2 receptors. They are approximately equipotent in stimulating β1 receptors.
NA is a potent α agonist and has relatively little action on β2 receptors; however,
NA is somewhat less potent than ADR on α receptors in most organs (Westfall
and Westfall, 2006).
The adrenoceptors are targets for many therapeutically important drugs,
including those used for treatment of cardiovascular diseases, asthma, prostatic
hypertrophy, nasal congestion, obesity, and pain (Guimarães and Moura, 2001;
Pocock and Richards, 2006). From a therapeutic standpoint, there are many
occasions where the β-adrenoceptor-subtype selective stimulation (asthma,
atrioventricular

block,

obesity)

or

blockage

(hypertension,

coronary

insufficiency) is desired. The same occurs in α2 agonists that are used in
hypertension, while α1 in nasal congestion (Aantaa et al., 1995; Guimarães and
Moura, 2001; Westfall and Westfall, 2006; Rang et al., 2007). Inhibition of α1
was also proven useful to treat hypertension and prostate hypertrophy (Zhong
and Minneman, 1999; Westfall and Westfall, 2006).
I.1.9.4.

Dopamine receptors

As mentioned before, DA receptors will be only briefly mentioned. DA
and its agonists play an important role in cardiovascular, renal, hormonal, and
CNS regulation through stimulation of α and β adrenergic and dopaminergic
receptors.
Initial pharmacological studies discriminated between two subtypes of DA
receptors: D1 (which couples to Gs and stimulates adenylyl cyclase) and D2
(which couples to Gi to inhibit adenylyl cyclase). Subsequent cloning studies
identified three additional genes encoding subtypes of DA receptors: one
resembling the D1 receptor, D5 and two resembling the D2 receptor, D3 and D4,
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as well as two isoforms of the D2 receptor that differ in the predicted length of
the third intracellular loops, D2 short (D2s) and D2 long (D2L) (Bloom, 2006). The
D1 and D5 receptors activate adenylyl cyclase. The D2 receptors couple to
multiple effector systems, including the inhibition of adenylyl cyclase activity,
suppression of Ca2+ currents, and activation of K+ currents. The effector
systems to which D3 and D4 receptors couple have not been unequivocally
defined yet (Greengard, 2001). DA receptors have been implicated in the
pathophysiology of schizophrenia and Parkinson's disease (Olanow et al., 2006;
Strange, 2008).
I.1.9.5.

Location and regulation of adrenoceptors

The α1- and β1-receptors appear to be located postsynaptically, mainly in
the immediate vicinity of sympathetic adrenergic nerve terminals in peripheral
target organs, or distributed in the mammalian brain (Westfall and Westfall,
2006). The α2- and β2-receptors are more heterogeneous distributed. Both α2and β2-receptors are found at postsynaptic sites. In peripheral tissues,
postsynaptic α2 receptors are found in vascular and other smooth muscle cells,
in adipocytes, and in many types of secretory epithelial cells (intestinal, renal,
endocrine). Postsynaptic β2-receptors can be found in the myocardium, as well
as on vascular and other smooth muscle cells. Both α2- and β2- receptors may
be situated at sites (vascular smooth muscle, platelets and leukocytes) that are
relatively remote from nerve terminals and may be activated preferentially by
circulating catecholamines, particularly ADR (Westfall and Westfall, 2006). On
the other hand, presynaptically located α2- and β2-adrenoceptors fulfill important
roles in the modulation of neurotransmitter release from sympathetic nerve
endings.
Responses mediated by adrenoceptors are not fixed and static, as they
can be modulated and adapted. The release of the neurotransmitters can be
modulated by prejunctional autoreceptors. NA or ADR, NPY, and ATP (the last
two are frequent cotransmitters in the adrenergic transmission) elicit a feedback
response on prejunctional receptors to inhibit their own release (Boehm and
Kubista, 2002; Westfall et al., 2002). The most studied autoreceptors have been
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the prejunctional α2-adrenergic receptors (Aantaa et al., 1995). The α2A (or α2D,
depending on the species investigated) and α2C-adrenergic receptors are the
principal prejunctional receptors that inhibit sympathetic neurotransmitter
release, whereas the α2B-adrenergic receptors may also inhibit transmitter
release at selected sites (Boehm and Kubista, 2002). Antagonists of this
receptor, in turn, can enhance the electrically evoked release of sympathetic
neurotransmitters. NPY, acting on Y2 receptors (Chen et al., 1997), and ATPderived adenosine, acting on P1 (A1) receptors, can also inhibit sympathetic
neurotransmitter release, while nucleotides, acting on P2 receptors have
inhibitory or facilitator effects, depending on the tissue evaluated (Driessen et
al., 1994; Boehm and Kubista, 2002; Hoffmann, 2004). Other heteroreceptors
present on sympathetic nerve varicosities can likewise inhibit the release of
sympathetic

neurotransmitters,

namely

M2

and

M4

muscarinic,

5-HT,

prostaglandin E2, histamine, enkephalin, and DA receptors.
Enhancement of sympathetic neurotransmitter release can be produced
by activation of β2-adrenergic, angiotensin II, and nicotinic ACh receptors. All
these receptors can be targets for agonists and antagonists (Boehm and
Kubista, 2002).
The number and function of adrenoceptors on the cell’s surface and their
elicited responses may be altered by catecholamines themselves, by other
hormones and drugs, with age, and in several diseases. The modulation of
synaptic transmission is a crucial step in homeostasis, where receptors are
keystones. The continuous exposure to adrenergic agonists of catecholaminesensitive cells and tissues causes a progressive decrease in their capacity to
respond to those agents. This phenomenon, often termed refractoriness, or
desensitization, is another “check point” in neuroendrocrine regulation (GarcíaSáinz et al., 2000; Hoffmann, 2004).
Two major types of desensitization have been distinguished: homologous
and heterologous. In the homologous, reduced responsiveness is observed
exclusively in the receptor that originally stimulates the cells. In heterologous
desensitization a decreased responsiveness is observed in an agent or agents
unrelated to the initial stimulus. Certainly, this classification is only operational
and both desensitization processes may occur simultaneously in the cells
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(García-Sáinz et al., 2000). Even so, the mechanisms are equally complex and
need further characterization.
β-Adrenoceptor feedback regulation is common; however, β-receptors
differ in the extent to which they undergo such regulation, with the β2-receptor
being the most susceptible. Upon challenge with an agonist, the β2-receptor
couples to Gs and activates adenylyl cyclase to form cAMP. cAMP leads to
stimulation of cyclic AMP-dependent protein kinases, like PKA, with consequent
phosphorylation of the receptor, and providing the signal for β-arrestin
recruitment. Arrestins constitute a large family of widely expressed proteins
(Baillie and Houslay, 2005; Westfall and Westfall, 2006). β-arrestin translocation
from the cytosol to link to the activated β-receptor physically blocks the
interaction of the receptor with its cellular effectors, presumably due to steric
hindrance (Lefkowitz and Shenoy, 2005).
The receptor phosphorylation followed by β-arrestin binding has been
linked to subsequent endocytosis of the receptor. This response may be
facilitated by the capacity of β-arrestins to bind to the structural protein clathrin,
initiating the internalization of phosphorylated receptors into vesicles (Goodman
et al., 1996; Nelson et al., 2008). In addition to blunting responses that require
the presence of the receptor on the cell surface, these regulatory processes
may also contribute to novel mechanisms of receptor signaling via intracellular
pathways (Baillie and Houslay, 2005).
Receptor desensitization may also be mediated by second-messenger
feedback. For example, β-adrenoceptors mediated cAMP accumulation, leads
to activation of PKA, which can phosphorylate residues of β-receptors, resulting
by itself in the inhibition of the receptor function. For the β2-receptor,
phosphorylation occurs on serine residues both in the third cytoplasmic loop
and in the carboxyl terminal tail of the receptor. Similarly, activation of PKC by
Gq-coupled receptors may lead to phosphorylation of this class of G proteincoupled receptors. Activated PKA or PKC may phosphorylate any structurally
similar receptor with the appropriate consensus sites for phosphorylation, a
process which is considered a heterologous desensitization (Gainetdinov et al.,
2004; Hoffmann, 2004).
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β3-Receptor does not suffer down regulation, since it lacks recognition
sites for the cAMP dependent kinases activated by β stimulation (Gauthier et
al., 1996).
Although less addressed, α-receptors desensitization has revealed a new
angle, with increased interest (García-Sáinz et al., 2000). Current data indicate
that

the

decrease

in

receptor

activity

is

associated

with

receptor

phosphorylation in a homologous desensitization mechanism. The receptor‘s
phosphorylation seems to involve G protein-receptor kinases interaction with
the receptors and that phosphorylation constitutes a very substantial sterical
impediment for the effective interaction of receptors with G proteins. Receptor
phosphorylation is associated with internalization and β-arrestins are involved.
In the case of heterologous desensitization, it is not completely clear whether
kinases, arrestins, or other molecules play any role (García-Sáinz et al., 2000).

I.1.10.

Summary

on

the

basic

physiology

and

pharmacology of catecholamines

Although not always sufficiently highlighted, the neuroendrocrine system
is nowadays seen as a unity, with common points and interactions which
combine towards a similar objective: the maintenance of homeostasis.
However, sympathetic nervous and adrenomedullary hormonal systems are
regulated differentially in response to different stressors (Goldstein, 2003). The
autonomic nervous system is considered responsible for the rapid adjustments
to the environment’s alterations, while the endocrine system regulates slower,
more generalized adaptations by releasing hormones into the systemic
circulation to act in distant places (Westfall and Westfall, 2006). It is in the
hypothalamus that both systems are unified and revised.
In short, it is absolutely certain that, as it happened during the twentieth
century, the new century will bring new and fascinating discoveries in this area,
which will challenge existing preconceptions.
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I.2. Heart, Reactive Oxygen Species And Catecholamines:
Clinical And Pathological Features

I.2.1. Heart and cardiovascular system

With a romantic nuance, the human heart was always seen with
reverence throughout history. For the ancient Egyptians, the heart was the
source of intelligence, feelings, and actions. Before entering the afterlife, a dead
person was arraigned in the Hall of Truth, having to meet before Maat, the
goddess of truth and justice. The heart of the dead was subjected to “The
Weighing of the Heart” where it was placed on one side of a weight, while
Maats feather was placed on the other. If the heart was found heavier, Ammut
(“The Devourer”, part crocodile, part lion, part hippo) would devour it. If, on the
other hand, the heart did balance, then the deceased would pass into paradise.
In the Roman culture, Galen stated that the heart enriched the blood with
the spirito vitale (vital spirit), starting a series of wrong ideas that crossed
medicine’s history. William Harvey (1578-1657) broke one barrier when he
postulated that the heart is a pump which makes the blood flow from the
arteries to the veins, and he finally set the quest for the heart’s function in the
right direction.
I.2.1.1.

General anatomophysiology of the heart

The human heart is located in the mediastinum of the thoracic cavity, as
the central piece of this region (Seeley et al., 2003; Phibbs, 2007). The main
purpose of the heart is to pump blood to the lungs and to the systemic arteries,
therefore providing oxygen and nutrients to all tissues of the body. The heart
internally consists of four pumping chambers: the right and left atria and the
right and left ventricles, which communicate with the vascular system by veins
and arteries (Figure 6). The right atrium has three openings: two from the
superior and inferior vena cava and the third of the coronary sinus, a structure
that receives blood from the coronary veins. The right atrium communicates
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with the right ventricle through the tricuspid valve. The left atrium has four
similar openings reporting to the four pulmonary veins. The left atrium pumps
the blood to the left ventricle through the mitral valve. The right and the left
ventricles are separated of the pulmonary and aorta arteries by lunar shaped
pulmonary and aortic valves, respectively (Seeley et al., 2003; Phibbs, 2007).

Figure 6 - The human heart is represented with its four internal chambers: two atria and
two ventricles. The right atrium communicates to the right ventricle through the
tricuspid valve. The left atrium communicates to the left ventricle through the mitral
valve (Adapted from Seeley 2003).

The heart, like every other organ or tissue in the body, needs oxygen-rich
blood to survive. Blood is supplied to the heart by its own vascular system,
through the coronary circulation (Figure 7). The main coronary arteries, left and
right coronaries, arise from the aorta and are lodged within the coronary and
interventricular sulcus in the heart’s surface (Figure 7). These coronary arteries
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branch off into smaller arteries, which supply oxygen-rich blood to the entire
heart (Seeley et al., 2003; Phibbs, 2007). The right coronary artery supplies
blood mainly to the right side of the heart, which is smaller since it pumps blood
only to the lungs. The left coronary artery, which branches into the left anterior
descending artery and the circumflex artery, supplies blood to the left side of the
heart. The left side of the heart is larger and more prominent because it pumps
blood to the entire body (Seeley et al., 2003; Bootman et al., 2006).

Figure 7 - Representation of the main coronary vascular system of the heart. Note the
greatest area of the heart irrigated by the left coronary artery (adapted from Seeley,
2003).

The cardiac wall is formed by three layers of tissue: epicardium,
myocardium and endocardium. The epicardium is a thin membrane that
constitutes the lining of the exterior surface of the heart. The thick middle wall is
the myocardium that is mainly formed by the muscle cardiac cells. The thin
internal membrane of epithelial tissue is the endocardium that covers a layer of
conjunctive tissue, allowing the blood to move smoothly inside the heart’s
chambers (Seeley et al., 2003; Phibbs, 2007).
Cardiac fibroblasts, vascular cells, Purkinje cells, and other connective
tissue cells make up the majority of cells in the heart. Cardiac fibroblasts
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represent approximately 90 percent of the “nonmuscle” cells (Klabunde, 2005a)
and are the main responsible for the synthesis of major extracellular matrix
proteins, including fibrillar collagen types I and III, and fibronectin. Interestingly,
the cardiac fibroblasts of rabbits can be made to differentiate into cells with
cardiac muscle characteristics, like the muscle-specific actin (Eghbali et al.,
1991).

Figure 8 - Image obtained by optic microscopy of the cardiac muscle cell: the
cardiomyocyte.

The major cellular phenotype in the heart is the cardiac myocyte or
cardiac muscle cell or cardiomyocyte, which is the largest cell in the heart and it
contributes to the majority of the cardiac mass (Figure 8) (Eghbali et al., 1991).
However, cardiac myocytes only make up to about one-quarter of total heart
cells (Meiss, 2003). Cardiac myocytes have been traditionally regarded as
terminally differentiated cells (Rumyantsev, 1963) that adapt to increased work
and are able to compensate it exclusively through hypertrophy (Thum and
Borlak, 2000b). However, in the past few years, compelling evidence has
accumulated suggesting that the heart has some regenerative potential. Recent
studies have showed the existence of resident cardiac stem cells that can be
endothelial cells capable of generating cardiomyocytes by cell contact or
extracardiac progenitors for cardiomyocytes (Messina et al., 2004). These
findings are still controversial.
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The cardiac muscle cells are smaller than the skeletal muscle cells. This
smaller size is one of the critical aspects in determining the function of the
myocardial muscle. The cardiomyocytes are rod-shaped with diameter of 10 to
25 μm and about 50-100 μm long (Figure 8). Cardiac myocytes have a single,
centrally located nucleus, although many cells may contain two nuclei. The cell
membrane and associated fine connective tissue structures constitute the
sarcolemma of the myocytes. The sarcolemma of the cardiomyocytes supports
the resting and action potentials (Klabunde, 2005a; Song et al., 2005). Just
inside the sarcolemma are the components of the sarcoplasmic reticulum (SR)
where significant amounts of Ca2+ may be bound and be kept away from the
general access of the cytosol. This bound Ca2+ can be exchange quickly with
the extracellular space and can be rapidly released from its binding sites by an
action potential.
Transverse tubules (TT) are physical invaginations that run deep into the
cell. These narrow (average diameter of 200 nm) inwardly directed projections
of the sarcolemma arise at each of the Z-lines within cardiac muscle and have a
regular spacing (about 1.8 μm) (Bootman et al., 2006). The principal TT running
perpendicularly into the cells can also bear branches, giving rise to a complex
network of longitudinal and axial tunnels (Ayettey and Navaratnam, 1978). This
network allows the TT to conduct the cardiac action potential into the depths of
the cell, and this extension of the surface of the sarcolemma contains many of
the channels and transporters involved in generating and reversing Ca2+ signals
(Stromer, 1998; Song et al., 2005).
TT and SR are not as extensive in cardiac muscle as in skeletal muscle,
together constituting less than 2% of the cellular volume (Song et al., 2005).
Where the TTs and the SR come into contact, the SR is enlarged to form the
terminal cisternae. The contact in the cardiac cell between a TT and the SR is
called a dyad, composed of the TT and the terminal cisternae of the SR of only
one sarcomere (Pocock and Richards, 2006). The small size of the cardiac SR
also limits its Ca2+ storage capacity, meaning that the other source of Ca2+, the
extracellular medium, has an important role in the excitation-contraction (EC)
coupling process in the cardiac muscle (Meiss, 2003) .
Although the majority of the cardiomyocytes is occupied by structural
proteins, numerous mitochondria comprise 30 to 40% of the cardiomyocytes
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volume, reflecting the highly aerobic nature of the cardiac muscle metabolism.
The remaining cell volume, about 15%, consists of the cytosol, which contains
numerous enzymes, metabolic products, and substrates (Meiss, 2003).
The cardiac muscle cells are organized in spiral-shaped bundles or
sheaths. Cardiac muscle tissue is a branching network of cells joined together
at intercalated disks, as can be observed by electron microscopy. In the region
of the intercalated disk, each cardiac myocyte communicates with its
neighboring cell to form an interdigitating junction with a large surface area. Gap
junctions in the intercalated disks allow close electrical communication between
cells, allowing small ions to move freely from one cell to the next, and action
potentials can be propagated from cell to cell (Rooke and Sparks, 2003; Seeley
et al., 2003). Also the intercalated disk region has several desmosomes that
promote a firm mechanical connection between cells. This mode of attachment,
rather than an extensive extracellular connective tissue matrix, allows the
transmission of force from cell to cell, aiding in the spread of electrical activity
(Rooke and Sparks, 2003; Seeley et al., 2003). The intercalated disk, therefore,
allows the cardiac muscle to form a functional syncytium, with cells coordinated
both mechanically and electrically.
I.2.1.1.1.

Cardiomyocytes

contractile

and

cytoskeleton

characteristics

The ultrastructure of the cardiac cell adopts an architecture that
determines its function. The unique cytoarchitecture of the cardiomyocytes
arises from the complex interactions of the different structures of the
cytoskeleton and contractile elements.
The cardiomyocyte contractile elements are organized into myofibrils that
altogether give the fibers the striated appearance with alternating light and dark
bands (Rooke and Sparks, 2003). The basic unit of the myofibril is the
sarcomere, which is defined as the region in-between and including two
neighboring Z-disks or Z-lines (Figure 9) (Ehler and Perriard, 2000). The most
prominent band is a dark band called A band. It is divided at its centre by a
narrow, lighter-color region called H band. In the middle of the H band, the
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sarcomere has the M line. Between the A bands lie the less dense I bands
(letters A and I stand for anisotropic and isotropic referring to their appearance
when viewed with polarized light) (Pocock and Richards, 2006). The filaments
of the I band attach to the Z line and extend in both directions into the adjacent
A bands (Ehler and Perriard, 2000; Solaro, 2005). The Z line (sometimes
termed Z-disk to emphasize its three-dimensional nature) is located in the
centre of I band. Z-disks, which demarcate the sarcomere, cross-link the
myofilaments into a highly ordered, three-dimensional lattice and occupy a
unique position at the interface of the sarcomere, the cytoskeleton, the SR, and
the sarcolemma (Goldstein et al., 1991; Pyle and Solaro, 2004). This pattern of
alternating bands is repeated over the entire length of the muscle fibers.
A band
I band

H band

Z disk
Myosin
tail
Cap Z

Myosin
head

Actin

Titin

M line

Figure 9 - Representative figure of the structure of the muscle’s sarcomere. The
sarcomere is divided into several bands according to the main contractile proteins that
form it.

The I band (and a part of A band) contains thin filaments, mainly
composed of actin, that are anchored with their barbed ends at Z disk, while A
bands contain thick filaments of myosin (Pyle and Solaro, 2004).
Structurally,

actin

strands

are

composed

of

repeating

subunits

(monomers) of the globular protein G-actin (molecular weight, 41.700), joined
together into long chains and forming a helical structure by F-actin (or
filamentous actin) that undergoes a half-turn every seven G-actin monomers
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(Hoshijima, 2006; Pocock and Richards, 2006). At the barbed ends of actin
filaments is the capping protein CapZ, a widely distributed and highly conserved
heterodimeric protein, that nucleates actin polymerization, preventing the
addition or loss of actin monomers (Papa et al., 1999; Solaro, 2005). In the
groove formed down the length of the actin helix, there is an end-to-end series
of fibrous protein molecules called tropomyosin (molecular weight, 50.000)
(Metzger and Westfall, 2004). Tropomyosin is polymerized head-to-tail along
the actin filament and is also associated to troponin, a globular protein complex
consisting of three subunits: (i) troponin C, the Ca2+ binding subunit; (ii) troponin
I, the inhibitory subunit; and (iii) troponin T, the subunit that effectively binds to
tropomyosin (Klabunde, 2005a).
Thick (myosin-containing) filaments are composed by several hundred of
myosin molecules (molecular weight of approximately 500.000) and are located
in the H band (and part of A band). Each thick filament consists of two heavy
chains, each of which has two light chains associated with their globular head
region. The junction between the head region and the long tail contains the
hinge that allows the myosin to generate the force required for muscle
contraction (Pocock and Richards, 2006). It is the M line that keeps the thick
filaments in their position and also bridge’s them together (Stromer, 1998).
The muscle cell cytoskeleton consists of proteins or structures whose
primary function is to link, anchor or tether structural components inside the cell.
Two important attributes of the cytoskeleton are the strength of the various
attachments and the flexibility to accommodate the changes in cell’s geometry
that occur during contraction (Stromer, 1998). Z disks are involved in the
stabilization of cytoskeleton with other proteins. Actin-containing thin filaments
from neighboring sarcomeres overlap at the Z-disk and are cross-linked by tight
interactions with α-actinin. The Z disk itself contains also other proteins, like
desmin, which links adjacent Z disk and keeps them in register (Pocock and
Richards, 2006). α-Actinin (Takahashi and Hattori, 1989), titin (Furst et al.,
1988), actin, nebulin (Wang and Wright, 1988) and CapZ (Casella et al., 1987)
are among the numerous proteins described to organize the cytoskeleton matrix
in Z-disks (Solaro, 2005).
Extramyofibrillar and intramyofibrillar domains of the cytoskeleton have
been identified. Evidence of the extramyofibrillar cytoskeleton is seen at the
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cytoplasm face of the sarcolemma in striated muscle. Costamers are rib like
perisarcolemmal subcellular structures aligned predominantly with Z disks, with
several proteins (Anastasi et al., 1998). They function as a striated muscle
adhesion plaque to extracellular matrix (Hoshijima, 2006). Vinculin- and
dystrophin-rich costameres adjacent to sarcomere Z disks anchor intermediate
filaments that span from peripheral myofibrils to the sarcolemma (Anastasi et
al., 1998).
The intramyofibrillar cytoskeleton domain includes elastic titin filaments
from adjacent sarcomeres that are anchored in the Z-disk and continue through
the M line at the centre of the sarcomere (Furst et al., 1988; Nave et al., 1989).
Intermediate filaments composed of tissue-type specific proteins are
attached to membrane sites at desmosomal structures and are thought to be
important for the maintenance of the structural integrity (Ehler and Perriard,
2000). Within muscle fibers, desmin intermediate filaments are major
constituents of the extrasarcomeric cytoskeleton. Intermediate filaments also
link Z disks of adjacent myofibrils and may link successive Z disks within a
myofibril. Intermediate filaments are most extensively developed in regions that
are more subjected to mechanical stress (Ehler and Perriard, 2000).
Intercardiomyocyte adhesion structures formed at the intercalated disks
may function as mechanical stress sensors. “Fascia adherens junctions” are
present where N-cadherin forms cell to cell contacts and scaffolds the multimolecular complexes anchor actin cytoskeleton. Desmosomes are constituted
by desmosomal cadherins, including desmogleins and desmocollins (Hoshijima,
2006). Cadherins are the responsible for Ca2+ dependent cell to cell adhesion in
vertebrate tissues (Zuppinger et al., 2000).
In the present days, Z-disks are considered to be the centre piece of the
sarcomeres, for their structural and sensor capability (Hoshijima, 2006). Z-disk
is not a simple mechanical joint but a yet incompletely understood functional
structure (Hoshijima, 2006).
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I.2.1.2.

Action potential and conduction system of the heart

The heart normally contracts in a coordinated manner, pumping blood
efficiently. Each contraction cycle consists of an orchestrated series of events
that result in the blood-pumping action of the heart (Kobayashi and Solaro,
2005). Contraction coordination is achieved by a specialized generating and
conducting system of action potentials. To fully achieve its function, the heart is
formed by several varieties of cardiac muscle tissue. The atrial and ventricular
myocardia, so named for their location, are structurally similar, although the
electrical properties of these two areas differ significantly. The highly
specialized tissues of the SA and AV nodes were greatly modified into
structures responsible for the initiation and conduction of the heartbeat (Seeley
et al., 2003). The conducting tissues (e.g., Purkinje fibers) of the heart have a
communicating function similar to nerve tissue, but they actually consist of
highly adapted muscle tissue for the rapid and efficient conduction of action
potentials, at the same time as their contractile ability is greatly reduced
(Bootman et al., 2006).
The generation of an action potential begins with spontaneous
depolarization. This spontaneous depolarization ability can be found in various
regions throughout the heart: the SA node, the AV node, the bundle of His
(atrioventricular bundle), and Purkinje fibers. Under physiologic conditions, SA
nodal cells exhibit the fastest rate of action potential discharge and thus set the
pace to the heart (hence the term pacemaker). Pacemaker cells do not contract
but are responsible for initiating and conducting action potentials to the cardiac
myocytes. If the SA node is damaged or inhibited, the next fastest depolarizing
cells of the AV node assume the pacemaking activity (Rooke and Sparks, 2003;
Bootman et al., 2006). The bundle of His and Purkinje fibers spontaneously fire
at yet a slower rate. The non-SA pacemaker cells are referred to as latent
pacemakers and can take over to set the cardiac pace if the normal pacemaker
cells fail. However, as a result of slower rates of firing in the latent pacemaker
cells, normal cardiac function is compromised as a result of slower spontaneous
depolarization rates (Vander et al., 2001).
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In physiological conditions, the sinus rhythm is characterized by impulses
arising in the SA node that pass the depolarizing electrical current to
neighboring cells. The electrical activity spreads throughout the atrial muscle in
an orderly fashion due to the functional syncytium that characterizes the heart
and converges on the AV node. In the AV node, the electrical impulse slows
due to the dense fibrous tissue. This delayed transfer of current between the
atria and the ventricles allows the atria to complete its contraction before the
depolarization of the ventricles. The AV node impulse is then sent down to the
bundle of His, and when the bundle branches it reaches the Purkinje network,
causing depolarization and contraction of muscle cells in the ventricles (Vander
et al., 2001; Rooke and Sparks, 2003; Song et al., 2005; Bootman et al., 2006).

Figure 10 - The graphic above represents the 5 phases in the membrane potential
during the action potential of a cardiac cell (phase 0, rapid depolarization; phase 1,
partial repolarization; phase 2, the plateau; phase 3, repolarization; and phase 4, the
pacemaker potential). In the graphic below is presented the different conductivity of the
ion channels involved in the generation, maintenance and termination of the action
potential in cardiac muscle cells (adapted from Rang, 2007).

The cardiac myocytes share characteristics with other electrically
excitable cells, namely a membrane potential. The electrical activity of cardiac
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cells depends on the ionic gradients across their plasma membranes and on the
changes in sarcolemma’s permeability to selected ions through the opening and
closing of cation channels. The resting cardiac membrane potential depends on
a low permeability of the plasmatic membrane to Na+ and Ca2+ and a greater
permeability to K+. The resting membrane potential is close to the potential that
would exist if the membrane was only permeable to K+ (K+ equilibrium potential)
since most K+ channels are open. The ion concentration gradients that
determine transmembrane potential are created and maintained by active
transport (Vander et al., 2001; Rooke and Sparks, 2003). The extrusion of Na+
and influx of K+ in the cell are accomplished by the plasma membrane Na+/K+adenosine triphosphatase (ATPase). Ca2+ is removed mainly by a Ca2+ ATPase
and also partially by an antiporter that uses the energy derived from the Na+
electrochemical gradient, the Na+/Ca2+ ATPase (Vander et al., 2001; Rooke and
Sparks, 2003).
The cardiac membrane potential is divided into 5 phases, phases 0 to 4
(Figure 10). Phase 0 is the rapid upswing of the action potential; phase 1 is the
small repolarization adjustment after the rapid depolarization; phase 2 is the
plateau of the action potential; phase 3 is the repolarization to the resting
membrane potential; and phase 4 is the resting membrane potential in atrial,
ventricular, and Purkinje cells and the pacemaker potential in nodal cells. In
resting ventricular muscle cells, the potential inside the membrane is stable at
approximately -90 mV relative to the outside of the cell, while in SA and AV cells
it is -60 mV. When the cell is brought to threshold, an action potential occurs
(Rooke and Sparks, 2003). First, there is a rapid depolarization from -90 mV to
+20 mV (phase 0). This is followed by a slight decline in membrane potential
(phase 1) to a plateau (phase 2), at which time the membrane potential is close
to 0 mV. Next, the rapid repolarization (phase 3) returns the membrane
potential to its resting value (phase 4) (Vander et al., 2001; Rooke and Sparks,
2003).
The action potential involves many channels (Figure 10). Depolarization
occurs when the membrane potential moves away from the K+ equilibrium
potential and toward the Na+ equilibrium potential. In ventricular cell
membranes, this occurs passively at first, in response to the depolarization of
adjacent membranes. Once the ventricular cell membrane is brought to
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threshold, voltage-gated Na+ channels open and generate the initial rapid
upswing of the action potential (phase 0). As permeability to Na+ exceeds
permeability to K+, the inside of the cell becomes more positively charged when
compared to the outside. Phase 1 of the ventricular action potential is caused
by a decrease in the number of open Na+ channels and the opening of K+
channels (Vander et al., 2001; Rooke and Sparks, 2003). These changes tend
to repolarize the membrane slightly. The plateau of phase 2 results from a
combination of the closing of K+ channels and the opening of sarcolemma
voltage-gated Ca2+ channels, the dihydropyridine receptor (DHPR) L-type Ca2+
channels (Eisenberg et al., 1983; Rios and Brum, 1987; Dulhunty and Gage,
1988). These channels open more slowly than voltage-gated Na+ channels and
do not contribute to the rapid upswing of the ventricular action potential. The
return to the resting membrane potential (phase 3, or repolarization) is caused
by the closing of Ca2+ channels. The relative increase in permeability to K+
drives the membrane potential back toward the K+ equilibrium potential. The
resting (diastolic) membrane potential (phase 4) of ventricular cells is
maintained primarily by K+ channels that are open at highly negative membrane
potentials. They are called inward rectifying K+ channels because, when the
membrane is depolarized (e.g., by the opening of voltage-gated Na+ channels),
they do not permit outward movement of K+.
Spontaneous depolarization is different in nerve and muscle as
pacemaker cells do not remain at a constant resting potential. Instead, a
pacemaker cell membrane potential slowly depolarizes toward threshold as a
result of a decreased K+ efflux that is superimposed on a slow inward leak of
Na+ and Ca2+. Overall, there is a gradual accumulation of positive ions inside
the cells, causing the intracellular space to become less negative than the
extracellular space. This gradual depolarization toward threshold eventually
gives rise to an action potential. Once threshold is reached, first the Na+
channels open and then the Ca2+ channels, leading to a rapid influx of Na+ and
Ca2+ and the production of the characteristic action potential of pacemaker cells
(Vander et al., 2001; Rooke and Sparks, 2003).
Electrophysiological features of cardiac muscle cells that distinguish
them from other excitable cells include the absence of fast Na+ current in SA
and AV nodes, where slow inward Ca2+ currents initiate action potentials and a
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long action potential (“plateau”) with a refractory period of Ca2+ influx during the
plateau (Vander et al., 2001; Rooke and Sparks, 2003).
I.2.1.3.

General characterization of excitation-contraction (EC)

coupling

The action potential in the heart is translated into mechanical work,
through Ca2+ and ATP. The physiological processes that begin with cardiac
sarcolemma membrane depolarization and culminate in contraction are
collectively defined as myocardial EC coupling (Dulhunty, 2006). Overall it
consists of all the processes linking the action potentials to the contraction in
the striated muscle (Bers, 2002).
The EC coupling depends on several proteins, all related to Ca2+, that
Dulhunty elegantly called “Ca2+ release unit” (Dulhunty, 2006). The Ca2+ release
unit extends through the extracellular space within the TT invaginations of the
surface membrane, across the TT membrane into the cytoplasm and then
across the SR membrane and into the lumen of the SR (Dulhunty, 2006).
At the beginning in phase 0 (rapid depolarization) and in the plateau of
the action potential (phase 2), DHPR L-type Ca2+ channels are open, as they
are voltage dependent, allowing the influx of extracellular Ca2+ down the
electrochemical gradient and across the sarcolemma and into the cytoplasm
(Eisenberg et al., 1983; Rios and Brum, 1987; Dulhunty and Gage, 1988;
Bootman et al., 2006). Furthermore, some extracellular Ca2+, albeit a small
amount, enters the cell through the Na+/Ca2+ exchanger (in reverse mode)
during depolarization. This Ca2+ influx occurs into a narrow (about 10 nm) cleft,
often referred to as the “dyadic” cleft in the heart (Ayettey and Navaratnam,
1978), which is formed by the sarcolemma and the membrane of the internal
Ca2+ store, the SR (Figure 11).
When ventricular myocytes are depolarized, the action potential is
relayed to DHPR L-type Ca2+ channels within the TTs network. The increase in
the Ca2+ intracellular concentration due to the action of DHPR L-type Ca2+
channels, causes the release of the large reservoir of Ca2+ stored in the SR via
the SR Ca2+ release channels, type 2 ryanodine receptors (RyR2) (Fleischer et

- 76 -

____________________________________________________General Introduction
al., 1985; Smith et al., 1985; Meissner, 1986; Inui et al., 1987). This
phenomenon leads to Ca2+ sparks within the cell. The TT promotes the close
proximity between DHPR L-type Ca2+ channels and SR RyR2 (Dulhunty, 2006)
and the clusters of DHPR L-type Ca2+ channels and RyR2 have substantially
overlapping distributions (Scriven et al., 2002).
DHPR L-type
Ca2+ channels

SR

Z disk

Thick filaments
(myosin)

Mitochondrion
T tubule

RyR

Thin filaments
(actin)

Figure 11 - The structure of the cardiomyocyte illustrating some of the key elements
involving excitation contraction (EC) coupling. The network of the sarcoplasmatic
reticulum (SR) wraps both mitocondria and myofibrils and contains the ryanodine
receptors (RyR). Note the overlapping locations of RyR and dihydropyridine receptor
(DHPR) L-type Ca2+ channels in the transverse tubules (T tubule).

The RyR2 acts as a surface membrane sensitive L-type Ca2+ channel
with a “voltage sensor” to detect the influx of Ca2+ brought by the action
potential. Another regulatory protein Ca2+-binding protein calsequestrin detects
the Ca2+ in the environment within the SR (Dulhunty, 2006). The sensitivity of
RyR2 can be changed as phosphorylation of the RyR by PKA increases its
sensitivity to be activated by local Ca2+ concentration (Song et al., 2005). In
cardiac muscle, the RyR is a tetramer comprised by four 565.000 dalton RyR2
polypeptides and four 12.000 dalton FK-506 binding proteins (FKBP12.6 or
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calstabin2) (Marx et al., 2000). One FKBP12.6 molecule is bound to each RyR
subunit and dissociation of FKBP12.6 significantly alters the biophysical
properties of the channels. The dissociation results in a subconductance state
and opens the channel, probability due to an increased sensitivity to Ca2+dependent activation (Brillantes et al., 1994; Kaftan et al., 1996). FKBP12s are
regulatory subunits that stabilize RyR channel function (Brillantes et al., 1994)
and facilitate coupled gating between neighboring RyR channels (Marx et al.,
1998).
Several of the special features of cardiac rhythm are related to Ca2+
currents. The heart intracellular Ca2+ channels (i.e. RyR2s and the smaller IP3
activated Ca2+ channels and DHPR L-type Ca2+ channels in the plasma
membrane are important in controlling cardiac rate and rhythm. Although uptake
of external Ca2+ during the depolarization is necessary and contributes to
contraction and in some cases may be sufficient, the majority of Ca2+ required
for contraction comes from the Ca2+ release channels in SR, the RyR2 and the
closely related IP3 receptors (Bootman et al., 2006). Even if IP3 receptors may
release some of the Ca2+ required for contraction (Krizanova et al., 2007), RyRs
are high capacity channels, which are able to release huge amounts of Ca2+
and participate directly in the process of EC coupling (Krizanova et al., 2007).
When intracellular free Ca2+ rises after the opening of DHPR L-type Ca2+
channels, RyRs are activated to release Ca2+ from the SR, thus greatly
amplifying the Ca2+ signal (Bootman et al., 2006). This process is known as
Ca2+-induced Ca2+ release (CICR) and contributes to the majority of Ca2+
necessary for contraction (Bootman et al., 2006; Dulhunty, 2006).
Within cardiomyocytes, IP3 receptor mRNA levels are approximately 50fold lower than levels of the cardiac RyR mRNA (Moschella and Marks, 1993).
The relevance of the Ca2+ release by IP3 receptors is not yet clarified
(Krizanova et al., 2007), although several hormones can activate IP3 production
in cardiomyocytes and some of the inotropic, chronotropic and arrhythmogenic
effects of hormones may be due to the Ca2+ release mediated by IP3 receptors
(Lipp et al., 2000).
The main effect of CICR in the dyadic cleft is to cause microscopic Ca2+release events termed “Ca2+ sparks” (Cannell et al., 1995; Cheng et al., 1993),
formed by the concerted activation of a cluster of RyRs. Due to TT, the Ca2+
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sparks deep within a ventricular cell are recruited during EC coupling, thereby
giving rise to a synchronized global Ca2+ signal in the cardiomyocyte (Song et
al., 2005) (Figure 11). After CICR, a transient increase in intracellular free Ca2+
concentration occurs, allowing contraction to proceed. The mechanism of
contraction involves the cooperative movement of contractile and elastic
components of the sarcomere, with Z-disks playing a leading role (Goldstein et
al., 1991).
In cardiac myocytes, mechanical contraction takes place when Ca2+
binds to the complex troponin C and tropomyosin. In the absence of Ca2+,
tropomyosin is thought to sterically hinder strong, force-producing interactions
between actin and myosin (Papa et al., 1999; Metzger and Westfall, 2004;
Bootman et al., 2006). Following a Ca2+-induced conformational change in
troponin C and tropomyosin, the ATPase catalytic site and myosin binding site
on actin are exposed. ATP is hydrolyzed, inducing a conformational change in
myosin and subsequently allowing it to bind to actin, producing “cross-bridge
cycling” and contraction (Papa et al., 1999). Not enough Ca2+ is released to
occupy all the troponin molecules, and not all potentially available cross-bridges
can attach and cycle. This means that an increase in the availability of Ca2+,
namely by pharmacological activation, would increase the number of cross
bridges, and hence increase contractility (Meiss, 2003).
After contraction, there is a period of diastolic relaxation, which results
from the resequestration of Ca2+ back into the SR through the cardiac Mg2+dependent Ca2+ activated ATPase pump, named sarcoendoplasmic reticulum
calcium ATPase (SERCA) (Bers, 2002). The work of SERCA requires energy in
the form of ATP; therefore, ATP is required for both contraction and relaxation
(Wehrens et al., 2004a). As SERCA reduces cytoplasmic free Ca2+, and
consequently the Ca2+ available for interaction with troponin C, the actin-myosin
interaction ceases and the cell relaxes. SERCA activity is regulated by
phospholamban, a protein also located in the membrane of SR (Tada et al.,
1982; Suzuki and Wang, 1986). Phospholamban, which normally bound to
SERCA and inhibiting its function, is critically involved in the regulation of
cardiac contraction and relaxation. Phosphorylation of phospholamban by either
cAMP-dependent PKA or CaMKII causes dissociation of phospholamban from
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the pump, thus increasing SERCA activity and the rate of Ca2+ uptake (Tada et
al., 1982; Suzuki and Wang, 1986).
For the decrease in Ca2+ intracellular levels also contributes the transport
across the sarcolemma via the action of a Na+/Ca2+ exchanger and the
sarcolemma Ca2+ ATPase, although the later is believe to make a minor
contribution for Ca2+ extrusion (Eisner and Sipido, 2004). In addition, a uniporter
exists on the mitochondrial membrane, which acts to sequester Ca2+ into that
organelle (Rooke and Sparks, 2003).
The cardiomyocytes of the different regions of the heart vary in
morphology, ultrastructure and molecular composition, thus this variation can
give rise to some dissimilar spatial and temporal properties of Ca2+ signals
(Bootman et al., 2006).
I.2.1.3.1.

Control of heart function

The heart beats in the absence of any nervous connections because the
electrical (pacemaker) activity that generates the heartbeat resides within the
cardiac muscle. Although the heart has that ability, its electrical cardiac activity
may be regulated by the autonomic nervous system and other systems in
accordance to the body demands (Klabunde, 2005b; Rang et al., 2007).
One of the most powerful system controlling cardiac function is the
autonomous nervous system, via the sympathetic and parasympathetic nervous
systems that interact with α- and β-adrenergic and muscarinic receptors (mainly
M2) (Brodde et al., 2001).
Sympathetic stimulation has become a central tenet in the understanding
of how cardiac contractility is dynamically altered to accommodate the changing
demands of the organism. Postganglionic noradrenergic fibers from the stellate
and inferior cervical ganglia innervate the SA and AV nodes, the coronary
vases, and myocardial tissues of the atria and ventricles (Finkel and Mirza,
2003). Sympathetic activation alters SA and AV nodal function, as well as atrial
and ventricular contractility. Activation of the sympathetic outflow to the heart
results in: (i) accelerate contraction (positive chronotropic effect); (ii) relaxation
(positive lusotropic effect); (iii) increase in the force of contraction (positive
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inotropic effect); and (iv) increase on conductivity of the AV conduction tissue
(positive dromotropic effect) (Finkel and Mirza, 2003; Lim and Sawyer, 2005).
NA or ADR released in the sympathetic neurons or in the adrenal medulla
increase the frequency of the action potentials through the β-adrenoceptor, with
several proteins being involved. These proteins include Ca2+ handling proteins,
myofibril proteins, G proteins, regulators of myocardial metabolism (Bers, 2002),
and titin, the giant myofilament protein that serves as an entropic spring that
imparts both the passive and the restoring forces during diastole and systole,
respectively (Lim and Sawyer, 2005).
The vagal nerves terminals of the postganglionic cholinergic fibers of the
parasympathetic nervous system are found in the SA and AV nodes, as well as
in atrial muscle and the coronary vases. Cholinergic fibers do not innervate the
ventricular muscle to a significant degree. Activation of the parasympathetic
outflow to the heart results in: (i) a decrease in rate (negative chronotropic
effect); (ii) prolongation of AV conduction time (negative dromotropic effect);
and (iii) a decrease in the contractile force of the atria but little effect on
ventricular contractile force (Meiss, 2003; Seeley et al., 2003). This may result
of the fact that the M2-muscarinic receptors present in the heart are
heterogeneously distributed, existing more in the atria than in the ventricles
(Brodde et al., 2001). The chemical transmitter of the parasympathetic system
is ACh. ACh exerts its effect by increasing the number of open K+ channels and
decreasing the number of open channels carrying Na+ and Ca2+. Both actions
hold the pacemaker potential closer to the K+ equilibrium potential and to the
hyperpolarization of the membrane, promoting the decrease in cardiac
frequency. Although ACh has no effect on the basal Ca2+ currents in ventricular
myocytes, it antagonizes the catecholamine- or forskolin (adenylyl cyclase
stimulator) stimulated currents, possibly by muscarinic receptor-mediated
activation of Gi with adenylyl cyclase inhibition (Fischmeister and Hartzell, 1986;
Hescheler et al., 1986).
The parasympathetic innervation influence in the function of the heart is
far to small when compared to the sympathetic. In fact, the sympathetic
stimulation can increase heart flow up to 50 or 100% above rest values,
whereas parasympathetic can only decrease it by 10 or 20% (Meiss, 2003).
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Other factors and systems can also control cardiac function and
contractility. Binding of angiotensin II to its cardiac myocyte receptor acutely
increases Ca2+ influx through DHPR L-type Ca2+ channels. The long-term
effects of chronic angiotensin II receptor stimulation include cardiac myocyte
hypertrophy through enhanced expression of growth factor genes (Meiss,
2003).
I.2.1.4.

The energetic metabolism of the heart

Another particular feature of the heart resides in its particular metabolism
system. Cardiac muscle does not have the opportunity to rest from a period of
intense activity to “pay back” an oxygen debt. Moreover, the cardiac ATP stores
are limited and can assure only a few seconds of beating (Klabunde, 2005a).
The heart has a relatively low ATP content (5 μmol/g wet weight) and a high
rate of ATP hydrolysis (about 0.5 μmol/g wet weight/s at rest), thus there is
complete turnover of the myocardial ATP pool approximately every 10 s under
normal conditions (Stanley et al., 2005). Approximately 60-70% of ATP
hydrolysis fuels contractile shortening and the remaining 30-40% is primarily
used for the SR Ca2+-ATPase and other ion pumps (Stanley et al., 2005).
The metabolism of cardiac muscle is almost entirely aerobic under basal
conditions. Under nonischemic conditions almost all (>95%) of ATP formation in
the heart comes from oxidative phosphorylation in the mitochondria, with the
remainder derived from glycolysis and guanine-5'-triphosphate (GTP) formation
in the citric acid cycle (Stanley et al., 2005). In the healthy heart, the rate of
oxidative phosphorylation is exquisitely linked to the rate of ATP hydrolysis so
that ATP content remains constant even with large increases in cardiac power,
as it occurs during intense exercise or acute catecholamine stress (Stanley et
al., 2005). This correlates with the high content of mitochondria in the cells and
with the high cellular content of myoglobin. Under conditions of hypoxia (lack of
oxygen), the anaerobic component of the metabolism may reach up to 10% of
the total, but beyond that limit, the supply of metabolic energy is insufficient to
sustain adequate function (Klabunde, 2005a).
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The heart is known for its ability to produce energy from fatty acids
because of its important β-oxidation equipment, but it can also derive energy
from several other substrates including carbohydrates (mostly glucose),
pyruvate and lactate and, to a small degree, ketone bodies (β-hydroxybutyrate
and acetoacetate) and amino acids (Carvajal and Moreno-Sánchez, 2003;
Stanley et al., 2005). The reducing equivalents produced in these oxidation
reactions, reduced nicotinamide dinucleotide (NADH) and reduced flavin
dinucleotide (FADH2,) fuel mitochondrial oxidative phosphorylation, driving ATP
synthesis.
Fatty acid oxidation is normally the primary source of ATP in the
aerobically perfused heart, contributing with 60-70% of ATP production. In the
presence of high levels of fatty acid, up to 90% of the ATP production comes
from the fatty acid oxidation (Saddik and Lopaschuk, 1991). The rate of fatty
acid uptake by the heart is primarily determined by the concentration of
nonesterified fatty acids in the plasma, which can vary over a fourfold range in
healthy humans during the course of the day (from about 0.2 to 0.8 mM)
(Stanley et al., 2005). Fatty acid β-oxidation occurs primarily in the mitochondria
and to a small extent in peroxisomes. The primary products of fatty acid
oxidation are NADH, FADH2, and acetyl-CoA. Before mitochondrial β-oxidation,
the long-chain acyl-CoA must first be transported into the mitochondrial matrix.
Because the inner mitochondrial membrane is not permeable to long-chain acylCoA, the long-chain fatty acyl moiety is transferred from the cytosol into the
matrix by a carnitine-dependent transport system (Stanley et al., 2005).
Glycolytic substrate is derived from exogenous glucose and glycogen
stores.

Glucose

transport

into

cardiomyocytes

is

regulated

by

the

transmembrane glucose gradient and the content of glucose transporters
(GLUT) in the sarcolemma. The main GLUT is GLUT-4 and to a lesser extent
GLUT-1 (Stanley et al., 2005). The glycolytic pathway converts glucose 6phosphate and oxidized nicotinamide adenine dinucleotide (NAD+) to pyruvate
and NADH and generates two ATP for each molecule of glucose. The NADH
and pyruvate formed in glycolysis are either shuttled into the mitochondrial
matrix to generate CO2 and NAD+ and complete the process of aerobic
oxidative glycolysis or converted to lactate and NAD+ in the cytosol
(nonoxidative glycolysis). The pyruvate formed from glycolysis has three main
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fates: conversion to lactate, decarboxylation to acetyl-CoA, or carboxylation to
oxaloacetate or malate (Carvalho et al., 2004c; Stanley et al., 2005).
An additional source of glucose 6-phosphate for the heart is intracellular
glycogen stores. The glycogen pool in the heart is relatively small (about 30
μmol/g wet weight) and has a relatively rapid turnover despite stable tissue
concentrations. Glycogen concentrations are increased by an elevated supply
of exogenous substrate and/or hyperinsulinemia, and glycogenolysis is
activated by adrenergic stimulation, a fall in the tissue content of ATP, and a
rise in inorganic phosphate as the one that occurs with ischemia or intense
exercise (Stanley et al., 2005). Glycolytic enzymes are clustered near the SR
and sarcolemma, suggesting that glycolytic reactions are not distributed
throughout the cytosol, but rather occur in a subdomain around the perimeter of
the cardiomyocyte (Stanley et al., 2005).
The healthy nonischemic heart is a net consumer of lactate even under
conditions of near-maximal cardiac power. The myocardium becomes a net
lactate producer only when there is accelerated glycolysis and impaired
pyruvate oxidation. There is a high rate of bidirectional lactate transmembrane
flux and conversion to pyruvate. Lactate transport across the cardiac
sarcolemma is facilitated by the monocarboxylic acid transporter-1 (Stanley et
al., 2005).
The heart extracts and oxidizes ketone bodies (β-hydroxybutyrate and
acetoacetate) in a concentration-dependent manner. Plasma ketone bodies are
formed from fatty acids in the liver, and their arterial plasma concentration is
normally very low, thus they are normally a minor energy source for the
myocardium (Stanley et al., 2005).
Because of the highly aerobic nature of cardiac muscle metabolism,
there is a strong correlation between the amount of work performed and the
amount of oxygen consumed. Under most conditions, the contraction of cardiac
muscle in the intact heart is approximately 20% efficient, with the remainder of
the energy going to other cellular processes or lost as heat (Carvajal and
Moreno-Sánchez, 2003). The flux rates through the various metabolic pathways
are controlled by both the expression of key metabolic proteins (enzymes and
transporters) and by the complex regulation pathway that is exerted by both
allosteric regulation of enzymes, the substrate/metabolites relationships and the
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translocation of metabolic proteins of their site of function (Stanley et al., 2005).
The metabolic machinery in the heart is designed to generate large amounts of
ATP to support high rates of cardiac work. At maximal cardiac work loads in
vivo, the heart metabolic machinery consumes oxygen at 80-90% of the
mitochondrial capacity for electron transport chain flux and oxygen consumption
(Mootha et al., 1997). Thus, the expression or maximal activity of a key
metabolic enzyme can be greatly reduced or increased without necessarily
affecting ATP production or flux of the relevant pathway under resting
conditions.
Regardless of the dietary or metabolic source of energy, ATP (as in all
other

muscle

types)

provides

the

immediate

energy

for

contraction.

Furthermore, cardiac muscle contains a “rechargeable” creatine phosphate
buffering system that supplies the short-term ATP demands of the contractile
system (Carvajal and Moreno-Sánchez, 2003).
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I.2.2. Physiological actions and pathological features of
catecholamines in the heart

ADR and NA, the primary peripheral catecholamines in most vertebrates,
are neurotransmitters and hormones that have profound influences on cardiac
functions. Those functions begin almost as soon as the heart starts to beat and
continue throughout all the remaining stages of human development.
Considerable interest is focused in the functions and pathologies of those
catecholamines in the human heart, specially in the event of HF (Kaye et al.,
1995a; Esler and Kaye, 2000; Kaye and Esler, 2005), ischemia reperfusion (I/R)
injury (Lameris et al., 2000; Kuroko et al., 2007), ageing, (Kaye and Esler, 2005)
embryonic development (Ebert et al., 1996; Ebert and Taylor, 2006) or stress
(Kvetnansky et al., 2004; Micutkova et al., 2004; Santos and Spadari-Bratfisch,
2006).
This

section

will

address

some

of

the

physiological

and

pathophysiological features where catecholamines levels are very relevant,
mainly to the heart. Special interest will be given to some pathologies or
situations where high mortality or morbidity is registered, or for those where a
close connection to catecholamines is mechanistically relevant. Once again, to
ADR and NA will have attention.
I.2.2.1.

Characterization of adrenergic receptors in the heart

Catecholamines have particularly prominent actions on the heart, on the
vascular system and other smooth muscles. The heart most obvious function is
to contract rhythmically and in a controlled manner. The heart however must be
able also to increase rate, contractility or size to adjust to changes during
development, chronic exercise or when faced with a pathological stimulus
(Woodcock, 2007). Both contractility and growth are influenced by the
autonomic and hormonal mechanisms, namely by NA and ADR, which modify
heart function through activation of adrenoceptors.
Furthermore, catecholamines are indispensable to the embryogenesis
(Zhou et al., 1995). PNMT is present, inclusively, during early embryonic stages
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in the heart (Ebert et al., 1996; Ebert and Thompson, 2001; Ziegler et al., 2002)
and is highly expressed in response to stress (Huang et al., 2005; Bao et al.,
2007). In addition, studies have implicated brainstem ADR-synthesizing
neurons in cardiovascular homeostasis (Fuller, 1982; Reis et al., 1984; Ross et
al., 1984; Tucker et al., 1987; Carlton et al., 1991).
Cardiac myocytes express at least six types of adrenoceptors, including
the three types of β-adrenoceptors (β1, β2, and β3) and three subtypes of α1adrenoceptors (α1A, α1B, and α1D). The adrenoceptors in the heart are dynamic
entities and an individual adrenoceptor can couple to multiple G proteins and
other signaling or scaffold proteins in a temporally and spatially regulated
manner. Adrenoceptors can also form homodimers or heterodimers, resulting in
pharmacologically and functionally distinct receptor populations. For instance,
there are various functional and intermolecular interactions among α1adrenoceptor and β-adrenoceptor subtypes involved in the regulation of cardiac
cell growth and contractility (Xiao et al., 2006). A long path is still ahead for the
full understanding of adrenoceptors pharmacology.
Most intriguing is how just two catecholamines (ADR, NA) have so many
“target”-receptors with a wide variety of functional consequences upon
activation. While β1- and β2-adrenoceptors cause cardiostimulation, β3adrenoceptors are responsible for cardioinhibition (Gauthier et al., 1996). α1Adrenoceptors contribute to enhanced inotropy (Xiao et al., 2006), while the role
of α2-adrenoceptors in the regulation of catecholamine release is undisputed
(Docherty, 1998). Moreover, the heart is equipped with a very efficient system
of receptors which transmitters bind and activate different intracellular signaling
pathway as a consequence of differences in affinity, coupling, signaling and
regulatory events even when occurring in the same receptors (Krizanova et al.,
2007). Possibly, catecholamines first activate β1-adrenoceptors, than the less
expressed

β2-adrenoceptors

and

α1-adrenoceptors.

Additionally,

the

catecholamines have different affinities, as ADR has a higher affinity to β2, while
NA for β1 (Lyon et al., 2008). Furthermore, if the presence of catecholamines
persists, a mechanism of cardioinhibition through β3-adrenoceptors or by β2adrenoceptors Gi stimulation may then be activated (Xiao et al., 1999a; Kilts et
al., 2000; Krizanova et al., 2007), setting the pace for a very complex regulation.
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I.2.2.1.1.

α-Adrenoceptors subtypes in the heart

In the heart, activation of α-adrenoceptors has a number of physiological
effects, including heart-beating rate and contraction strength, and/or vascular
and smooth muscle tone (Xiao et al., 2006). The α-adrenoceptors stimulation
results in the rapid regulation of contractile activity through changes in inotropy
and chronotropy. Additionally, stimulation of this receptor induces long term
effects on cardiac function through regulation of gene expression and cell
growth (Xiang and Kobilka, 2003).
α1-Adrenoceptors are not generally considered the major regulators of
cardiac function under physiological conditions, but they exert great influence
under some pathological circumstances (Woodcock, 2007). The acute effects of
α1-adrenoceptors stimulation on the contractile properties of the heart are
complex and dependent on the animals species being studied (Docherty, 1998;
Civantos Calzada and Aleixandre de Artiñano, 2001; Xiang and Kobilka, 2003).
Despite the lower density of α1-adrenoreceptors in the human heart, when
compared with β-adrenoceptors, these receptors are responsible for enhanced
inotropy under the majority of circumstances, but opposite effects are also
possible.

In

addition,

stimulation

of

α1-adrenoceptors

increases

the

2+

myofilaments Ca sensitivity (Krizanova et al., 2007).
Three α1-adrenoceptors subtypes have been identified by molecular
cloning techniques: the α1a-adrenoceptors subtypes (Schwinn et al., 1990;
Stewart et al., 1994), the α1b (Cotecchia et al., 1988; Voigt et al., 1990) and the
α1d (Lomasney et al., 1991; Perez et al., 1991). At the mRNA level, all three
appear to be present in the myocytes of the heart (Stewart et al., 1994; Rokosh
et al., 1996; Wenham et al., 1997). As proteins, however, only the α1A and α1Badrenoceptors subtypes have been found, upon using selective receptor
antagonists and radioligand binding analysis (Hanft et al., 1989; Lazou et al.,
1994; Michel and Insel, 1994). Both appear to play important roles in regulating
myocyte function (Xiang and Kobilka, 2003; Woodcock, 2007). The α1Dadrenoceptors controls contractility of major vessels, like the aorta which
indirectly influences the heart’s function. This receptor has not been identified in
the cardiac muscle cells (Tanoue et al., 2003).
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The α1B-adrenoceptor subtype predominates in rodents, whereas the α1Aadrenoceptor is the major subtype in human heart (Tanoue et al., 2003;
Woodcock, 2007). Increased activity of α1B-adrenoceptors in the heart was
shown to exacerbate hypertrophic responses to pressure overload, leading to
HF and premature death when a hypertrophic stimulus occurs (Wang et al.,
2000). Cardiac hypertrophy normally observed with chronic administration of NA
is absent in α1B-adrenoceptors KO mice (Woodcock, 2007). The lack of α1badrenoceptors protects these mice from the chronic increase of arterial blood
pressure induced by NA, but concomitantly prevents cardiovascular remodeling
evoked by adrenergic activation independent of blood pressure levels
(Vecchione et al., 2002). Instead, α1A-adrenoceptors overexpression does not
increase heart size, instead enhances pressure overload hypertrophy and
hastens the development of HF (Du et al., 2004), although it increases
contractility (Lin et al., 2001).
α1A- and α1B-Adrenoceptors double-KO mice exhibit a small-heart
phenotype during their development with increased vulnerability to apoptotic
insults. Moreover, mice lacking both α1A- and α1B-adrenoceptors have been
reported to have abnormal post-natal cardiac development (Tanoue et al.,
2003). KO strains currently available involve total body absence of the
adrenoceptors subtypes and, thus, many of the cardiac changes observed in
these animals may relate to loss of vascular or central α1A-adrenoceptors. The
former, as well as other problems occur in overexpressing strains. In spite of
this, data show that the two α1-adrenoceptors subtypes expressed in the heart
are functionally distinct (Woodcock, 2007). In fact, to date, the reported data
imply that α1B- adrenoceptors are associated with growth and α1A-adrenoceptors
with contractility and possibly cardioprotection (Woodcock, 2007). The
underlying mechanisms are poorly understood, but suggest that the coexistence
of α1A- and α1B-adrenoceptors subtypes is required for development-associated
physiological cardiac hypertrophy and salutary adaptive responses to insults or
stress (Xiao et al., 2006).
As referred in detail in subsection I.1.10.2 , all α1 subtypes couple to Gq/11
signaling

pathway,

with

phospholipase

C-mediated

breakdown

of

phosphatidylcholine to IP3 and DAG, the second messengers, and mobilization
of intracellular Ca2+ and PKC activation. Despite this common activation, the
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downstream signaling components and pathways activated can be quite
different (Xiang and Kobilka, 2003). α1-Adrenoceptors also couple to a broad
spectrum of signaling pathways, including phospholipases D, and A2, Ca2+
channels, and MAPK by activating G proteins of the Gq family, as well as of the
pertussis toxin-sensitive G proteins (Wenham et al., 1997; Xiang and Kobilka,
2003). It has been also reported that coupling to Gq by α1-adrenoceptors can
activate nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and
form ROS that are intracellular signals that lead to hypertrophy in adult rat
cardiomyocytes via activation of the MAPK ERK 1/2 pathway (Xiao et al., 2002).
Myocytes do not appear to express α2-adrenoceptors in most species
(Xiang and Kobilka, 2003; Woodcock, 2007). Nevertheless, both the α2A- and
α2C-subtypes are required for normal presynaptic control of transmitter release
from sympathetic nerves in the heart and central noradrenergic neurons. α2Aadrenergic receptors inhibit transmitter release at high stimulation frequencies,
whereas the α2C-subtype modulates neurotransmission at lower levels of nerve
activity (Hein et al., 1999). Both low- and high-frequency regulation seem to be
physiologically important, as double KO mice to α2A and α2C-receptors subtypes
have elevated plasma NA concentrations and develop cardiac hypertrophy with
decreased left ventricular contractility, as early as four months of age (Hein et
al., 1999).
I.2.2.1.2.

β-Adrenoceptors in the heart

At present, three β-adrenoceptors subtypes have been identified in
mammal hearts, β1-, β2-, and β3-adrenoceptors (Alexander et al., 2008). In the
human heart, β1- and β2-adrenoceptors coexist, whereby β1-adrenoceptors
predominate; in general, the ratio β1:β2-adrenoceptors is about 70%:30% in the
atria and 80%:20% in the ventricles. On the other hand, the total number of βadrenoceptors appears to be equally distributed over atria and ventricles
(Brodde et al., 2006). Cardiac contractility and rate are modulated by activating
mainly β1 and β2-adrenergic receptors expressed on cardiac myocytes and in
the SA node and the conduction system (Devic et al., 2001; Brodde et al.,
2006). In healthy human heart, activation of β1- and β2-adrenoceptors by
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catecholamines

induces

positive

inotropic,

chronotropic,

and

lusitropic

responses (Steinberg, 1999; Brodde et al., 2001; Brodde et al., 2006).
Both β1- and β2-adrenoceptors couple to the Gs protein with cAMP as
second

messenger

(Xiang

and

Kobilka,

2003).

The

activated

PKA

phosphorylates various substrates, namely regulatory proteins involved in
cardiac EC coupling and energetic metabolism, including DHPR L-type Ca2+
channels, the SR membrane protein phospholamban (Bidlack et al., 1982;
Ambudkar and Shamoo, 1984; Xiao and Lakatta, 1993), myofilament proteins,
and glycogen phosphorylase kinase (Xiao et al., 1999b).
An increase in sarcolemma Ca2+ influx during phase 2 (the plateau
phase) in the cardiac muscle action potential occurs through the action of βadrenergic

agonists

(Reuter,

1967).

That

increase

results

from

the

phosphorylation of DHPR L-type Ca2+ channels, through PKA, which results in a
two to four fold increase in Ca2+ basal currents and shifting the voltage
dependent of DHPR L-type Ca2+ channels to more negative membrane
potential (Cachelin et al., 1983; Tsien et al., 1986), thus increasing the
probability of the channel to be in the open state (Xiao et al., 2006).
In vivo and in vitro assays show that β1-adrenoceptors play a
predominant role in modulating the heart’s rate and the force of contraction
(Devic et al., 2001; Xiang and Kobilka, 2003). FKBP12.6 and many other
interacting components are phosphorylated by PKA leading to the dissociation
of FKBP12.6 from the complex with RyR2. That dissociation increases the
probability of the RyR2 channels to open, with a inotropic positive effects (Marx
et al., 2000; Marks et al., 2002; Reiken et al., 2003).
The hastening of muscle relaxation (positive lusotropic effect) occurs by
β1-stimulation (Devic et al., 2001), since PKA phosphorylates phospholamban
and troponin I and C. Phospholamban phosphorylation accelerates Ca2+
sequestration into the SR (Mundina-Weilenmann et al., 1996) (Wegener et al.,
1989; Xiao and Lakatta, 1993), while phosphorylation of both troponin I and C
reduces the myofilaments sensitivity to Ca2+ (Kaumann et al., 1999; Xiao, 2000;
Molenaar et al., 2007).
Furthermore,

persistent

β1-adrenoceptor

stimulation

changes

the

receptor signaling pathway from PKA to CaMKII (Wang et al., 2004). That
kinase can act on many targets. RyR2 phosphorylation by CaMKII increases
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RyR2 Ca2+ sensitivity and the probability of the channel to open (Wehrens et al.,
2004b; Curran et al., 2007). CaMKII also phosphorylates phospholamban, in a
second aminoacid, which results in a dually phosphorylated protein, and further
hastening of the relaxation (Ambudkar and Shamoo, 1984; Molenaar et al.,
2007).
Stimulation of either β-adrenoceptor subtype by NA or ADR regulates
Ca2+ influx across the sarcolemma of the cardiomyocytes and modifies basal
contractility by increasing contractile force and hastening relaxation (Molenaar
et al., 2007). Recently, it has been suggested two distinct states of the β1adrenoceptors in the heart: the classical β1-adrenoceptor as “β1H” and the “low
affinity state” of the β1-adrenoceptor as “β1L” [the previous “putative β4adrenoceptor (Kaumann et al., 1998)], this last is insensitive to the classical βadrenoceptor antagonists, such as propranolol, and potently activated by CGP
12177 (a potent antagonist at classical β1- and β2-adrenoceptors) (Brodde et al.,
2006).
The persistent β1-adrenoceptor stimulation and the CaMKII activation
lead to increased contractility and Ca2+ concentrations in the myocyte, resulting
in maladaptive remodeling and apoptosis (Communal et al., 1998; Communal et
al., 1999; Wang et al., 2004; Xiao et al., 2006). In murine transgenic models,
overexpression of cardiac β1-adrenoceptors by 5- to 46-fold induces cardiac
hypertrophy, apoptosis, and fibrosis within a few weeks after birth and HF within
several months (Engelhardt et al., 1999).
Whereas the classical linear Gs-adenylyl cyclase-cAMP-PKA signaling
cascade has been corroborated for β1-adrenoceptor stimulation, with CaMKII
involvement, the β2-adrenoceptor signaling pathway bifurcates at the very first
step, the G protein. In addition to Gs (Xiao et al., 1995; Kilts et al., 2000), β2adrenoceptor couples to pertussis toxin-sensitive Gi proteins (Xiao et al., 1999a;
Xiao et al., 1999b). The coupling of β2- adrenoceptor to Gi proteins mediates, in
a large extent, the differential actions of the β-adrenoceptor subtypes on cardiac
Ca2+ handling, contractility, cAMP accumulation, and PKA-mediated protein
phosphorylation. The signaling pathway mediating the contractile effect and
pathological consequences of β2-adrenergic receptors in the heart is, however,
still a matter of debate. In fact, prolonged β2-adrenoceptor activation switches
the receptor G protein coupling from Gs to Gi (Devic et al., 2001; Pavoine et al.,
- 92 -

____________________________________________________General Introduction
2003), with PKA-mediated β2-adrenoceptor phosphorylation as a prerequisite
(Zou et al., 1999). PKA-dependent β2-adrenoceptor-Gi signaling activates
phosphoinositide 3-kinase, which, in turn, functionally inhibits the binding to Gs,
and consequently the pathway elicited by it, inhibiting apoptosis (Xiao et al.,
2006). This alternating pattern results in cardioprotection which is opposite to
the β1 persistent stimulation (Communal et al., 1999). Gi activation is crucial for
β2 selectivity and spatial containment (Kuschel et al., 1999a). Whereas β1adrenoceptor-activated

cAMP

signaling

is

widely

broadcasted

within

cardiomyocytes and elicits a full contractile response, (Xiao et al., 2006) β2adrenoceptor

stimulated

cAMP

signaling

is

spatially

and

functionally

compartmentalized (Kuschel et al., 1999a), resulting in a smaller positive
inotropic effect (Devic et al., 2001; Xiao et al., 2006). In adult mouse and dog
cardiac myocytes, stimulation of the β2-adrenoceptors selectively modulates the
activity of adjacent DHPR L-type Ca2+ channels, bypassing the intracellular
regulatory proteins, phospholamban, and troponins I and C (Kuschel et al.,
1999b; Xiao, 2000). In myocytes treated with pertussis toxin in order to disrupt
Gi function, stimulation of β2-adrenoceptors leads to a more generalized
activation of DHPR L-type Ca2+ channels, producing a robust increase in
phospholamban phosphorylation, similar to what is observed after stimulation of
the β1-adrenoceptors (Xiao, 2000). To date there is little evidence for
functionally relevant β2-adrenoceptor Gi protein coupling in human heart
(Molenaar et al., 2007). However, in human failing heart, it has been suggested
that this pathway could be a substitute for a deficient Gs-adenylyl cyclase
pathway (Pavoine et al., 2003).
It has been described that additional pathways can be involved in β2
mediated responses, which will depend on the animal species, the
developmental and pathophysiological states (Pavoine and Defer, 2005). At low
β agonist concentrations, β2-adrenoceptor can couple to pertussis toxinsensitive Gi proteins and activate the cytosolic phospholipase A2/arachidonic
acid pathway, eliciting a positive inotropic effect (Pavoine et al., 1999; Pavoine
and Defer, 2005). Finally, a direct agonist-promoted association of the β2adrenoceptor with the Na+/H+ exchanger regulatory factor, a protein that
regulates the activity of the Na+/H+ exchanger type 3, has been reported (Hall et

- 93 -

General Introduction____________________________________________________
al., 1998). This interaction may be critical for a rapid and specific signal
transduction from the receptor to its effectors in a compartmentalized fashion.
Overexpression of cardiac β2-adrenoceptors in transgenic mice by 100to 200-fold does not induce hypertrophy or HF at least up to the age of 1 year
(Milano et al., 1994). However, overwhelming expression of β2-adrenoceptors
(e.g. 350- to 1000-fold) induces pathological phenotypes perhaps caused by a
mechanic and metabolic overload (markedly enhanced baseline adenylyl
cyclase activity and cardiac contractility) due to spontaneous β2-adrenoceptors
activation (Dorn et al., 1999; Liggett et al., 2000). Although activation of β2adrenoceptors coupled to Gi can protect cardiac myocytes against apoptosis
(Communal et al., 1999), an imbalance of β2-adrenoceptors initiated Gs and Gi
signaling pathways may induce pathological consequences.
β1- and β2-adrenoceptors play a pivotal role in the regulation of the
sympathetic nervous system activity. Agonists and antagonists of both βadrenoceptors subtypes are frequently used in the treatment of cardiovascular
diseases (Brodde, 2008). Both β1- and β2-adrenoceptors genes have several
polymorphisms. With the data available, it appears that, for cardiovascular
diseases, β1- and β2-adrenoceptors polymorphisms do not play a relevant role
as disease-causing genes. However, they may be associated with diseaserelated phenotypes and could influence adrenergic drug responses (Brodde,
2008).
Finally, the β3-adrenoceptors are also a G protein coupled seventransmembrane domain receptor activated by catecholamines detected in both
human and murine hearts, although at lower levels than β1- and β2adrenoceptors (Gauthier et al., 2000). The physiological role of

β3

adrenoceptors in regulating cardiac function is poorly understood (Xiang and
Kobilka, 2003) and shows great variability between species (Gauthier et al.,
2000). In humans, the positive chronotropic effects mediated by the β3adrenoceptors are prevented by β1- or β2-adrenoceptor antagonists (Wheeldon
et al., 1994) and are probably a result of baroreflex activation secondary to the
vasodilatation induced by the β3-adrenoceptor agonist (Gauthier et al., 2000).
Presently, it is accepted that in the human heart, β3-adrenoceptors stimulation
leads to a negative inotropic effect (Gauthier et al., 2000). Stimulation of this
receptor reduces the strength of human ventricular muscle by a Gi/nitric oxid
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(NO●) pathway through an isoform of NO● synthase (NOS) constitutively
expressed in ventricular tissue (Gauthier et al., 1996; Gauthier et al., 1998).
Similarly, in cultured neonatal cardiac myocytes from β1- and β2-adrenoceptors
KO mice, stimulation of β3-adrenoceptors results in a Gi-dependent decrease in
the spontaneous contraction rate (Devic et al., 2001). In contrast, stimulation of
human β3-adrenoceptors overexpressed in hearts of transgenic mice leads to
an increase in the strength of contraction (Kohout et al., 2001).
I.2.2.2.

The catecholamines and the heart: physiological and

clinical signals

I.2.2.2.1.

Adrenaline (ADR)

ADR is a powerful cardiac stimulant of both α and β adrenergic
receptors. Direct responses to ADR include increases in contractile force,
accelerated rate in the rise of isometric tension, enhanced rate of relaxation,
decreased time to peak tension, increased excitability, acceleration of the rate
of spontaneous beating, and induction of automaticity in specialized regions of
the heart (Hoffmann, 2004; Klabunde, 2005b; Westfall and Westfall, 2006).
ADR accelerates the heart, preferentially by shortening the systole while
the duration of diastole usually is not reduced. Indeed, activation of βadrenoceptors increases the ventricular muscle rate of relaxation. ADR speeds
the heart by accelerating the slow depolarization of SA nodal cells that takes
place during diastole, i.e., during phase 4 of the action potential. Consequently,
the transmembrane potential of the pacemaker cells rises more rapidly to the
threshold level that leads to the action potential. The amplitude of the action
potential and the maximal rate of depolarization (phase 0) are also increased.
Some effects of ADR on cardiac tissues are largely secondary to the increase in
heart rate and are small or inconsistent when the heart rate is kept constant
(Westfall and Westfall, 2006; Phibbs, 2007).
In Purkinje fibers, ADR also accelerates diastolic depolarization and may
activate latent pacemaker cells. These changes do not occur in atrial and
ventricular muscle fibers, where ADR has little effect on the stable phase 4
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membrane potential. If large doses of ADR are given, premature ventricular
contractions occur and may herald more serious ventricular arrhythmias. This
rarely is seen with conventional doses in humans, but ventricular extrasystoles,
tachycardia, or even fibrillation may be precipitated by release of endogenous
ADR when the heart has been sensitized by certain anesthetics or by
myocardial ischemia (Hoffmann, 2004; Westfall and Westfall, 2006).
ADR increases the blood pressure by multiple mechanisms: (i) a direct
myocardial stimulation that increases the strength of ventricular contraction
(positive inotropic action); (ii) an increased heart rate (positive chronotropic
action); and (iii) vasoconstriction in many vascular beds specially in the
precapillary resistance vessels of skin, mucosa, and kidney along with marked
constriction of the veins. Since the mean blood pressure is not, as a rule,
greatly elevated, compensatory baroreceptor reflexes do not appreciably
antagonize the direct cardiac actions of ADR. Heart rate, cardiac output, stroke
volume, and left ventricular work per beat are increased, as a result of direct
ADR cardiac stimulation, as well as increased venous return to the heart, which
is reflected by an increase in right atrial pressure (Westfall and Westfall, 2006).
The clinical uses of ADR are based on its actions on blood vessels,
heart, and bronchial muscle. A major use of ADR is to provide rapid relief of
hypersensitivity reactions, including anaphylaxis, to drugs and other allergens.
ADR is also used to prolong the action of local anesthetics, presumably by
decreasing local blood flow. ADR cardiac effects may be used in restoring
cardiac rhythm in patients with cardiac arrest from multiple causes (Hoffmann,
2004; Westfall and Westfall, 2006).
I.2.2.2.2.

NA

is

the

Noradrenaline (NA)

major

chemical

mediator

released

by

mammalian

postganglionic sympathetic nerves. NA constitutes 10% to 20% of the
catecholamine content of human adrenal medulla and as much as 97% in some
pheochromocytomas, which may not express the enzyme PMNT (Goldstein et
al., 2003).
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The pharmacological actions of NA and ADR have been extensively
compared in vivo and in vitro. Both drugs are direct agonists on effector cells,
and their actions differ mainly in the ratio of their effectiveness in stimulating αand β2-adrenoceptors. They are approximately equipotent in stimulating β1receptors. NA is a potent α agonist, although less potent than ADR. Also, NA
has relatively little action on β2-receptors (Klabunde, 2005b).
In humans, the cardiovascular effects of an intravenous infusion of NA
consist in increased systolic, diastolic, and pulse pressures. However, the
cardiac output is unchanged or decreased due to compensatory vagal reflex
activity that slows the heart, overcoming a direct cardio accelerator action of
NA, and stroke volume is increased. The peripheral vascular resistance
increases in most vascular beds. Although generally a poor β2-receptor agonist,
NA may increase coronary blood flow directly by stimulating β2-receptors on
coronary vessels (Sun et al., 2002). The physiological significance of this is not
yet established. Excessive doses of NA can cause severe hypertension, so
careful blood pressure monitoring is generally indicated during systemic
administration of this agent (Hoffmann, 2004; Westfall and Westfall, 2006).
I.2.2.2.3.

Dopamine (DA)

The cardiovascular effects of DA are mediated by several distinct types
of receptors with varying affinities. At low concentrations, the primary interaction
of DA is with vascular D1 receptors, especially in the renal, mesenteric, and
coronary beds. D1 receptor stimulation leads to vasodilatation (Missale et al.,
1998).
At somewhat higher concentrations, DA exerts a positive inotropic effect
on the myocardium, acting on β1 adrenergic receptors. DA also causes the
release of NA from nerve terminals, which contributes to its effects on the heart.
DA usually increases systolic blood pressure and pulse pressure and either has
no effect on diastolic blood pressure or increases it slightly. Total peripheral
resistance usually is unchanged when low or intermediate doses of DA are
given. At high concentrations, DA activates vascular α1-adrenoceptors, leading
to more general vasoconstriction.
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DA is used in the treatment of severe congestive failure, particularly in
patients with oliguria and low or normal peripheral vascular resistance. The drug
also may improve physiological parameters in the treatment of cardiogenic and
septic shock. While DA may acutely improve cardiac and renal function in
severely ill patients with chronic heart disease or renal failure, there is relatively
little evidence supporting long-term benefit (Marik and Iglesias, 1999).
I.2.2.3.

Embryonic heart development and catecholamines

extraneuronal and extra-adrenal formation

The embryonic heart seems to have the capability of producing
catecholamines at stages of development that precede production of
catecholamines in the adrenal gland and cardiac sympathetic nerves (Ebert et
al., 1996; Huang et al., 1996). The vital role of catecholamines in fetal cardiac
development has been underscored when KO embryo mice to the genes of
enzymes responsible for catecholamine synthesis die in uterus due to cardiac
failure at an early developmental stage (Thomas et al., 1995; Zhou et al., 1995).
Disruption of th gene reveals that catecholamines are crucial for fetal mouse
development (Zhou et al., 1995). Further studies were conducted confirming
that NA is decisive during embryonic development since almost all homozygous
mice lacking DbH died in uterus (Thomas et al., 1995). Nevertheless, 12
humans worldwide that have DbH congenital deficiencies survived (Timmers et
al., 2004).
The embryonic heart, at a very early stage, is able to organize its adrenal
gland and sympathetic system. In rats, for example, the ADR biosynthetic
enzyme PNMT is expressed in the heart as early as the embryonic day 9.5
(E9.5), whereas in the adrenal gland this enzyme is only detected at E15.5 to
E16.5 (Ebert et al., 1996), and in sympathetic nerves it does not appear in the
developing rat heart until E16 to E17.4 (Shigenobu et al., 1988). According to
Huang and colleagues, intrinsic cardiac adrenergic (ICA) cells in the developing
rat heart constitute the adrenergic signaling system involved in cardiac
regulation. ICA cells are capable of catecholamine synthesis, release, and
uptake. They generate spontaneous Ca2+ transients that can be regulated by
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oxygen tension (Huang et al., 2005). Ebert and Thompson have shown that
cardiac cells expressing catecholamine biosynthetic enzymes are present in the
rat embryonic heart, where they seem to be progressively associated with
regions of the cardiac conduction system (Ebert and Thompson, 2001).
However, there was no embryonic or postnatal lethality associated with
disruption of the PNMT gene in mice. After maturing into adults, KO mice
appeared grossly normal and did not exhibit any obvious abnormal behavior
(Bao et al., 2007).
In adult animals, PNMT activity is largely restricted to the adrenal
medulla, where the majority of ADR is synthesized, but low PNMT activity in the
rat adult heart has been reported by several authors (Axelrod, 1962; Culman et
al., 1987; Torda et al., 1987; Kennedy and Ziegler, 1991; Ebert et al., 1996).
PNMT activity in the adult rat heart was found to be highest in the left atrium
and many times lower in the ventricles (Culman et al., 1987; Torda et al., 1987).
In adrenal medullectomized rats, plasma ADR suggest an extra-adrenal source
of ADR (Kvetnansky et al., 1979). In accordance, it has been demonstrated that
ADR is released in the human heart in vivo (Esler et al., 1991) and ADR is
present in human plasma and urine after bilateral adrenalectomy (Shah et al.,
1984). Moreover, patients with heart transplants maintain adequate cardiac
function even before sympathetic reinnervation (Rowan and Billingham, 1988;
Beckers et al., 2004). In patients with chronic congestive HF, the prognosis is
dismal without a heart transplant. This procedure results in the total interruption
of afferent and efferent innervations of the graft (Goncalvesova et al., 2004).
Goncalvesova and co-workers showed that heart function and activity does not
depend exclusively on hemodynamic loading conditions (preload and after load)
and circulating catecholamines (of adrenal medulla) (Goncalvesova et al.,
2004). One of the alternatives proposed for cardiac regulation is the
autonomous production of ADR in the myocardium, by PNMT (Goncalvesova et
al., 2004). ADR has positive chronotropic, dromotropic, inotropic, and lusotropic
effects and is a key transmitter in the body’s adaptation to stress. The presence
of PNMT mRNA in deinnervated human myocardium was the confirmation on
the ability of local production of ADR (Goncalvesova et al., 2004).
The presence of the PNMT mRNA in the heart has been confirmed by
many authors (Ebert et al., 1996; Krizanova et al., 2001; Slavíková et al., 2003;
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Micutkova et al., 2004), however the kind of cells that are able to express the
PNMT in the heart is still a matter of debate. Huang and colleagues identified
the special cardiac cells capable of adrenergic paracrine signaling in
mammalian hearts, as ICA. These cells do not have neuronal or chromaffin cell
ultrastructuralmorphology (Esler et al., 1995a; Huang et al., 1996; Huang et al.,
2005). Two types of catecholamine handling intrinsic ganglion neurons were
identified: small intensely fluorescent cells and large diameter neurons
(Slavíková et al., 2003). PNMT gene expression was found in isolated
cardiomyocytes and also in primary culture of isolated cardiomyocytes (Tillinger
et al., 2006a). These results were confirmed by demonstrating PNMTimmunoreactivity in isolated cardiomyocytes (Tillinger et al., 2006b). Taken
together, it becomes clear that PNMT is expressed in several different types of
cells in the heart.
I.2.2.4.

Pathologies and catecholamines

I.2.2.4.1.

Heart failure (HF) and other cardiomyopathies

HF is a great cause of morbidity and mortality mainly in the western world
(Lymperopoulos et al., 2007). The main causes for HF are the ischemic heart
disease and hypertension. In HF, the heart rate increases, and the rhythm is
often altered, with a possible loss of myocardium contractility (Hill and Singal,
1996). This loss results in a substantial increase in the work load of the
remaining cardiac muscle, which the heart responds with increase muscle
mass. This hypertrophy compensates and allows to sustain the normal
perfusion pressure for some time (Hill and Singal, 1996). During this phase,
cardiac systole becomes shorter and more powerful, cardiac output is
enhanced, and the work of the heart and its oxygen consumption are markedly
increased. However, the cardiac efficiency (work done relative to oxygen
consumption) is decreased. If this excessive work load is maintained for long
periods, the cardiac pumping function is compromised and HF supervenes
despite the presence of hypertrophy (Hill and Singal, 1996).
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A variety of pathophysiologic processes are activated in patients with HF,
and some of these have been implicated in the progression of the disease. The
most important process activated in HF is the neurohormonal systems, which
include the renin-angiotensin system, the sympathetic nervous system, and the
endothelin systems (Esler and Kaye, 2000). Oxidative stress is also involved in
the progression of HF and this particular aspect will be addressed later on
(Mallat et al., 1998; Ferrari et al., 2004; Lymperopoulos et al., 2007).
The cardiac sympathetic nerves are preferentially stimulated in severe
HF (Esler and Kaye, 2000). The level of sympathetic nervous drive to the failing
heart in patients with severe HF is a major determinant of prognosis, while the
mortality in those patients is reduced with β blockers (Hasking et al., 1986;
Waagstein et al., 1993; Packer et al., 1996; Esler and Kaye, 2000). In patients
with

HF,

coronary

sinus

plasma

NA

levels

were

reported

to

be

disproportionately elevated, suggesting that cardiac sympathetic tone was
inordinately high (Hasking et al., 1986; Kaye et al., 1995b; Eisenhofer et al.,
1996; Esler and Kaye, 2000). Rates of NA spillover from the failing human heart
to plasma are up to 50 times higher than normal (Kaye et al., 1995b) and
plasma NA levels can reach in a short period of time 600 to 1300 pg/mL (101 to
220 nmol/mL) (Cohn et al., 1984). This increased heart spillover of the
neurotransmitter is largely attributable to increased rates of sympathetic nerve
firing, since it is accompanied by increased heart overflow of the NA precursor,
DOPA (indicating that NA synthesis is increased), and of the sympathetic
cotransmitter, NPY (Kaye et al., 1994) which, unlike NA, is not subjected to
neuronal reuptake. Furthermore, in rodent models of the disease, adrenal
function is upregulated in chronic HF, both in terms of catecholamine
biosynthesis, as indicated by upregulation of TH, the enzyme that catalyzes the
rate-limiting step of this process, and in terms of catecholamine secretion
(Lymperopoulos et al., 2007).
Although increased sympathetic (and possible adrenal) outflow to the
peripheral circulation and kidneys in cardiac failure may have adverse effects,
by causing vasoconstriction and increasing the work of the heart, and by
promoting Na+ retention and ventricular overfilling, it is the sympathetic
overactivity in the heart that is potentially most damaging. A strong link has
been demonstrated between cardiac sympathetic nervous stimulation and the
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development of clinical ventricular arrhythmias (Penny, 1984; Meredith et al.,
1991). Further, NA at high concentrations, similar to those thought to exist in the
myocardium in HF, exerts a direct toxic effect on cardiac myocytes growth in
cell culture, suggesting that chronic cardiac sympathetic nervous activation in
HF patients may cause progressive damage to the myocardium (Mann et al.,
1992; Communal et al., 1998).
Additional neurophysiologic abnormalities are present in the failing
human heart. They include the release of the sympathetic cotransmitters, ADR
and NPY, and the possible presynaptic augmentation of NA release from the
cardiac sympathetic nerves by the regionally released ADR (Majewski et al.,
1980). In patients with HF the levels of cardiac sympathetic activity at rest are
similar to those present in healthy people, while during exercise the high
release of NPY and other cotransmitters from the heart takes place (Kaye et al.,
1994; Morris et al., 1997; Kaye et al., 1998). Additionally, in healthy subjects,
regional ADR release to plasma is only detectable in the heart at extreme level
of firing, which accompanies aerobic exercise (Rundqvist et al., 1997). In
contrast, in patients with cardiac failure, ADR release from the heart is present
even at rest (Kaye et al., 1995a; Johansson et al., 1997). Cardiac release of
ADR in the failing human heart occurs from sympathetic nerves or perhaps from
an extraneuronal myocardial source (Kaye et al., 1995a; Johansson et al.,
1997). Neuronal release of ADR from cardiac sympathetic nerves in HF could
augment even more the NA release by activation of the cardiac facilitatory β2adrenoceptors (Majewski et al., 1980), further contributing to catecholamine
myocardial toxicity and the development of ventricular arrhythmias (Penny,
1984; Meredith et al., 1991; Mann et al., 1992; Communal et al., 1998). Direct
measurement of NA spillover in HF patients before and after acute
pharmacological adrenergic blockade does support this mechanistic hypothesis
that there is presynaptic facilitation of NA release by β2-adrenoceptors
activation (Newton et al., 1999).
The heart becomes progressively unresponsive to the stimulatory effects
of catecholamines, as chronic stimulation leads to a vicious circle that actually
worsens the clinical condition and contributes to the morbidity and mortality of
HF (Lymperopoulos et al., 2007). Inhibitory presynaptic α2-adrenoceptors in the
sympathetic nerves and adrenal glands are crucial regulators of CNS activity
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and/or outflow and of the circulating catecholamines levels in HF. The α2adrenoceptors have the potential to make a major impact on the progression
and outcome of the disease (Lymperopoulos et al., 2007). The crucial role of
the inhibitory presynaptic α2-adrenoceptors (i.e. of α2A and α2C) in this process
has been well documented in mice with genetic deletions of these receptor subtypes or in patients with deletions in the genes for α2-adrenoceptors
(Lymperopoulos et al., 2007). In particular, mice lacking the α2A- or α2Cadrenoceptors subtypes showed enhanced CNS activity and increased
circulating catecholamine levels, which have worsen the heart function and
clinical indices, during HF induced by surgical pressure overload, when
compared with age-matched wild-type mice in which HF was induced in the
same way (Brede et al., 2002). Moreover, double α2A/α2C-adrenoceptors KO
mice exhibit an even worse cardiac phenotype and, at the age of 4 months, they
develop cardiomyopathy without stress (Brum et al., 2002). Accordingly, the
humans who carry an in-frame deletion of the α2C-adrenoceptors, the α2C
Del322–325 polymorphism, have an increased risk of HF (Small et al., 2002).
These studies suggest that non-functional α2-adrenoceptors (either owing to
genetic deletion or enhanced receptor desensitization and/or downregulation) or
even hypofunctional α2-adrenoceptors polymorphic variants (owing to genetic
mutations such as the α2C Del322–325) increase the morbidity and mortality
associated with HF and the risk of developing the disease, respectively
(Lymperopoulos et al., 2007).
In spite of the increase in sympathetic cardiac activity and outflow, the
functional responsiveness of cardiac β-adrenoceptors is diminished. In HF, this
reduction is due to a decrease in β1-adrenoceptors density (Port and Bristow,
2001).
In HF there is uncoupling of β2-adrenoceptors from the Gs proteinadenylyl cyclase pathway (Port and Bristow, 2001). Although the evidence so
far makes it rather doubtful whether, in human healthy heart, β2-adrenoceptors
can couple to Gi protein (Xiao et al., 1999a), it is interesting, however, to
observe that ventricular cardiomyocytes from patients with HF exhibit increased
ventricular Gi protein activity (Gong et al., 2002). This effect may be
responsible, at least in part, for the negative inotropy in those patients (Brodde
et al., 2006).
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Overexpression of β1-adrenergic receptors in the heart of transgenic
mice may lead to a short-lived improvement of cardiac function, but that
increased β1-adrenergic receptor signaling is ultimately detrimental, with
marked myocyte hypertrophy, decreased contractility, and ejection fraction, all
described as functional features of the human HF (Engelhardt et al., 1999).
While in the failing heart, β1- and β2-adrenoceptors are either
downregulated or desensitized (Brodde et al., 2006), the abundance of β3adrenoceptors appears to increase in human HF (Cheng et al., 2001). This
compensatory upregulation of the β3-adrenoceptor could be viewed as a
mechanism to prevent further myocyte damage. Alternatively, as HF progresses
to a later stage, this compensatory mechanism might become maladaptive, with
a persistent negative inotropic effect leading to further myocardial depression.
In both cases, the relative resistance of β3-adrenoceptors to desensitization
would support its predominant influence in the presence of increased
catecholamines levels. In addition to direct influences on inotropy, the effect of
β3-adrenoceptors on vessel tone might contribute to the decrease in peripheral
vascular resistance and the after load of the failing heart (Gauthier et al., 2000).
Intracellular Ca2+ channels are also modified in HF (Marx et al., 2000).
The HF is characterized by chronic activation of the adrenergic system, with
RyR2 channels hyperphosphorylated, making them “leaky”, i.e., more sensitive
to induction of CICR (Lahat et al., 2001; Marks et al., 2002). The PKA
hyperphosphorylation in HF patients leads to the depletion of FKBP12.6 from
the RyR2 channels causing aberrant SR Ca2+ release (Marx et al., 2000; Marks
et al., 2002; Wehrens et al., 2004a; Wehrens et al., 2004b), causing fatal
ventricular arrhythmias.
Apart from the localization of IP3 receptors in normal atrial tissue, several
reports pointed out an upregulation of IP3 receptor mRNAs in hearts with
hypertrophy and in end-stage HF patients (Gutstein and Marks 1997), while
mRNA for RyR was down-regulated in the same tissue (Marks 2000). Chronic
mechanical overload of the atrial myocardium increases IP3 receptor
expression especially in patients with chronic atrial fibrillation (Yamada et al.
2002).These alterations suggest altered Ca2+ mechanisms.
Furthermore, the high catecholamine surge in HF can led to the
activation of the MAPK family as observed in the myocytes hypertrophy (Clerk
- 104 -

____________________________________________________General Introduction
et al., 1998; Sano et al., 2001). The α-adrenoceptor stimulation leads to the
formation of ROS that activate MAPKs ERK1/2 pathways in isolated
cardiomyocytes (Tanaka et al., 2001; Xiao et al., 2002). Acute administrations
of ISO to conscious rats induced dose-dependent increases in cardiac lipid
peroxidation and ERK1/2, p38 and JNK MAPK phosphorylation was blocked by
pre-treatment with tempol, 4-hydroxy-2,2,6,6-tetramethyl piperidinoxyl, a
membrane-permeable radical scavenger, or propranolol, a β-antagonist (Zhang
et al., 2005). ISO chronic infusion (3 mg/kg/day, s.c. for 10 days), led to cardiac
remodeling, especially in respect to wall stiffness, based on fibrogenesis. The
stress-activated protein kinases play key roles in regulating cardiac hypertrophy
by the activation of different transcription factors (Zhang et al., 2005).
Catecholamine incubation led to the activation of stress inducible MAPKs, such
as both p38 and JNKs (Bogoyevitch et al., 1996; Takemoto et al., 1999; Zhang
et al., 2005), that are apparently related to the catecholamine induced
hypertrophy in the heart (Ramirez et al., 1997; Takemoto et al., 1999).
In spite of several efforts, little is known about the capacity of the cardiac
nervous system to support myocyte function in the presence of HF, as the data
on changes in cardiomyocyte adenosine receptor, ion channels (Armour, 1999),
second messengers and β-adrenoceptors (Calderone et al., 1991) is still very
scarce.

I.2.2.4.2.

Stress cardiomyopathy

Stress cardiomyopathy, also referred to as “Takotsubo cardiomyopathy”
or left ventricular apical ballooning, is an increasingly recognized clinical
syndrome characterized by acute left ventricular dysfunction, usually after a
sudden emotional or physical stress (Lyon et al., 2008). Patients typically
present cardiac chest pain, which can mimic an acute coronary syndrome.
Although the coronary arteries have no flow-limiting lesions or stenosis, acute
changes on the electrocardiogram, suggesting ischemia, and raised levels of
cardiac enzymes, reflecting acute myocardial injury, are usually found (Lyon et
al., 2008). In addition, endomyocardial biopsy shows mononuclear infiltrates
and contraction-band necrosis (Wittstein et al., 2005).
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The stress cardiomyopathy ethiology is still controversial, but it is often
suggested to be due to catecholamines overload, as their plasma levels are
increased, and also because pheochromocytoma patients have the same
features (Sanchez-Recalde et al., 2006; Takizawa et al., 2007). Serum
catecholamine levels are not usually measured in routine clinical practice, but,
when measured in this syndrome, they are significantly higher than those found
in conditions such as acute myocardial infarction or cardiac failure and up to 34
times higher than normal resting values (Goldstein et al., 2003; Wittstein et al.,
2005). Plasma catecholamine levels in the first days of hospitalization are
markedly higher among patients with stress induced cardiomyopathy (1.3 ng/mL
of ADR and 2.2 ng/mL NA at day 1 or 2) and remained markedly elevated even
a week after the symptoms onset (0.35 ng/mL ADR and 1.1 ng/mL NA)
(Wittstein et al., 2005) compared to the normal mean values of 37 pg/mL ADR
and 169 pg/mL NA (Goldstein et al., 2003). The plasma half-life of ADR is
approximately 3 min (Ferreira and Vane, 1967) and most patients are present to
the emergency departments at least 30 min (>10 half-lives), and in some cases
several hours, after symptom onset (Lyon et al., 2008). Thus the peak ADR
level to which the myocardium is exposed at the point of stress will be several
log fold higher than any measurement of plasma ADR levels taken on
admission to an emergency department (Lyon et al., 2008).
The rise in catecholamine levels results in cardiac dysfunction similar to
what is often classified as “stunning with normal coronary blood flow”, meaning
that there is a reversible alteration in the contractile function even with no
alteration in blood flow (Halliwell and Gutteridge, 1998c).
I.2.2.4.3.

Ischemia-reperfusion (I/R) in the heart

I.2.2.4.3.1.

Introductory remarks of I/R in the heart

Due to the heart’s large metabolic needs, when compared with other
organs, it is one of the most poorly perfused tissues in the body. Coronary flow
is, under normal circumstances, closely related to myocardial oxygen
consumption, and both change over a nearly 10-fold range between conditions
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of rest and maximal exercise (Selwyn and Braunwald, 2005). This is only
possible due to the ability of the coronary vascular bed to vary considerably its
resistance (and therefore blood flow) while the myocardium extracts a high and
relatively fixed percentage of oxygen. Normally, intramyocardial vessels
demonstrate an immense capacity for dilation. For example, changing oxygen
needs of the heart with exercise and emotional stress affects coronary vascular
resistance, while it regulates the supply of oxygen and substrate to the
myocardium (metabolic regulation) (Selwyn and Braunwald, 2005). The
coronary vessels resistance adapts also to physiologic alterations in blood
pressure in order to maintain coronary blood flow at levels appropriate to
myocardial needs (autoregulation). Imbalance can be caused by an increase in
myocardial oxygen demand or by a decrease in myocardial oxygen supply or
sometimes by both (Selwyn and Braunwald, 2005).
By reducing the lumen of the coronary arteries, atherosclerosis limits the
appropriate vasodilatation in perfusion when the demand for flow is augmented,
as in physical activity, emotional stress and/or tachycardia. Changes in the
caliber of the stenosed coronary artery due to physiologic vasomotion, loss of
endothelial control of dilation, pathologic spasm (Prinzmetal's angina), or small
platelet plugs can also upset the critical balance between oxygen supply and
demand and thus precipitate myocardial ischemia (Selwyn and Braunwald,
2005). If the reduction in myocardial blood flow is sufficiently prolonged or
severe as to produce myocardial cell injury and death, it can, ultimately, lead to
diminished (and possibly fatal) cardiac function.
The current treatment of acute myocardial ischemia involves the use of
thrombolytic agents [i.e., tissue plasminogen activator, streptokinase (Koren et
al., 1985)] or percutaneous transluminal coronary balloon angioplasty, which
effectively restores blood flow in the ischemic myocardium (de Boer et al.,
1994). Although reperfusion of an occluded human coronary artery is known to
reduce infarct size, preserve left ventricular function, and reduce overall
mortality (Koren et al., 1985; de Boer et al., 1994), it is now recognized that the
readmission of oxygenated blood into previously ischemic myocardium can
initiate a cascade of events that will paradoxically produce additional myocardial
cell dysfunction and cell death (Flaherty and Weisfeldt, 1988; Ferrari et al.,
1993; Zweier and Talukder, 2006). This phenomenon, termed “reperfusion
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injury”, can be manifested either by a reversible cardiac contractile dysfunction
(“myocardial stunning”) (Bolli et al., 1989a; Bolli et al., 1989b), irregular
contractions (arrhythmias) (Bernier et al., 1986; Bernier and Hearse, 1988) or
even causing an irreversible damage (e.g., “myocardial infarction”) (Deloche et
al., 1977; Hochman and Choo, 1987). The reoxygenation after a 15-20 min
ischemia in the heart of pigs can result in a delayed return to contractile
function, by the phenomenon of myocardial stunning, as the heart refuses to
contract. However the stunned myocardium is not irreversibly injured, and
recovers normal function after hours or days (Sun et al., 1996). The myocardial
infarction, on the other hand, is irreversible. The severity and duration of the
imbalance between myocardial oxygen supply and demand determine whether
the damage is reversible or not (Selwyn and Braunwald, 2005).
After I/R a sequence of events leading to cell death (by necrosis or
apoptosis) ensues. Despite the recovery of blood circulation, many affected
cells will die afterwards through reperfusion injury and stimulation of the
apoptotic pathways, as shown in animal models (Sunnergren and Rovetto,
1987; Gottlieb et al., 1994; Fliss and Gattinger, 1996; Scarabelli et al., 2001;
Scarabelli et al., 2002).
The relative importance of necrosis and apoptosis in myocardial cell
death in clinically distinct settings is unknown, but it has been suggested that
apoptosis may be an adaptative process in hypoperfused regions, sacrificing
some jeopardized myocytes but thereby avoiding the disturbance of membrane
function and risk of dysrhythmia inherent to necrosis. Consequently, it is
currently unknown if pharmacological approaches to promote or inhibit this
pathway could be clinically beneficial (Selwyn and Braunwald, 2005).
A wide range of abnormalities in cell metabolism, function, and structure
underlie mechanical disturbances during ischemia (Reimer et al., 1983). The
normal myocardium metabolizes fatty acids and glucose to carbon dioxide and
water. With severe oxygen deprivation, fatty acids cannot be oxidized, and
glucose is broken down to lactate; intracellular pH is reduced, as are the
myocardial stores of high-energy phosphates, i.e., ATP and creatine phosphate.
Impaired cell membrane function leads to the leakage of K+ and the uptake of
Na+ by myocytes (Selwyn and Braunwald, 2005).
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The histopathological recognition of myocardial contractile damage in
human acute ischemia is still very scarce, notwithstanding the impressive
advances in the inherent clinical diagnostic technology and concepts. The first
and foremost inotropic abnormality ensuing ischemia consists on a pathologic
contracture of the injured myocardium, depending upon abrupt fall of ATP, and
defective extrusion Ca2+ pump with persistence of actomyosin rigor-complexes
(Rossi and Matturri, 1986). In sustained ischemia, a larger membrane damage
exposes the cardiomyocyte to massive Ca2+ intrusion, with eventual
precipitation of that ion and cell death (Rossi and Matturri, 1986). In case of
transient, “hit and run” ischemia, the "stunned" myocardium undergoes
prolonged contractile abnormalities. According to the fundamentals of the
pathophysiology of contraction, ischemic myofibrils in human hyperacute infarct,
show spare I bands, accounting for contracture, followed by loss of the regular
cross-striation register; then, groups of adjacent sarcomeres were seen to join
into true "contraction" bands, with Z disks impinging upon A bands and
obliterating the I bands. Coagulate denaturation of contractile proteins follows,
being presented with irregular features (Rossi and Matturri, 1986).
Several mechanisms have been proposed to explain the lesions
associated with I/R injury, including low oxygen tension (Opie, 1975), activation
of intracellular proteases (Ceriana, 1992) or leucocytes (Mullane et al., 1984;
Crawford et al., 1988; Mehta et al., 1989; Ceriana, 1992; Vaddi et al., 1994),
acidosis (Levitsky and Feinberg, 1975; Opie, 1975; Bond et al., 1993) with
lactate production (Levitsky and Feinberg, 1975; Opie, 1975), ROS and reactive
nitrogen species (RNS) formation (Vaddi et al., 1994; Valko et al., 2007),
release of histamine (Griffiths and Leung, 1971) or catecholamines (Schömig et
al., 1987; Kurz et al., 1995b; Lameris et al., 2000; Kuroko et al., 2007),
intracellular Na+ and Ca2+ overload (Smith et al., 1975; Tani and Neely, 1989),
increased lipid peroxidation (Meerson et al., 1982; Chahine and Feng, 1998;
Senthil et al., 2007), low energy state (Reimer et al., 1983), and loss of cell
structure (Reimer et al., 1983).
I/R may be fatal and is a common cause of death, usually as a result of
mechanical failure of the ventricle or from dysrhythmia. In fact, I/R injury is
characterized by reperfusion arrhythmias (Manning et al., 1984; Manning and
Hearse, 1984), depressed contractile function/myocardial stunning (Braunwald
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and Kloner, 1982; Bolli et al., 1989a; Bolli et al., 1989b) or myocardial infarction.
In the present dissertation, the role of catecholamines in I/R will be
reported and later on, the role of oxidative stress in this cardiac pathology
(section I.3.2.2.).
I.2.2.4.3.2.

I/R and catecholamines

It is generally accepted that myocardial ischemia evokes an excessive
catecholamine accumulation in the myocardial interstitial space (Schömig et al.,
1984; Lameris et al., 2000; Kuroko et al., 2007). The high catecholamine levels
in the myocardial interstitial fluid aggravate the progression of myocardial cell
injury and the incidence of malignant arrhythmia (Penny, 1984; Meredith et al.,
1991) or the development of HF (Kaye and Esler, 2005).
In accordance to in vitro and in vivo studies, several mechanisms are
presently suggested to induce release of NA from the nerve endings (Schömig
et al., 1984; Lameris et al., 2000; Akiyama and Yamazaki, 2001), even by
nonexocytotic release phenomena (Schömig et al., 1987; Kurz et al., 1995a;
Lameris et al., 2000).
The three endogenous catecholamine levels were evaluated in the
myocardial interstitial fluid of the left descending coronary artery of pigs during
I/R, demonstrating that myocardial ischemia is associated with a rapid and
massive increase in the concentration of NA, ADR, and DA, as measured by the
microdialysis technique in vivo (Lameris et al., 2000). Indeed, after 60 min of
ischemia in pig’s heart, NA in myocardial interstitial fluid increased about 550
fold (524 ± 125 nmol/L) when compared to baseline 0.97 ± 0.11 nmol/L, while
ADR (barely detected in baseline) reached 4.74 ± 0.71 nmol/L. DA also raised
from 0.40 ± 0.12 nmol/L to 43.9 ± 9.5 nmol/L (Lameris et al., 2000). Coronary
vein plasma was also evaluated and showed increases in all catecholamines in
ischemia, although not as pronounced as in the myocardial interstitial fluid
(Lameris et al., 2000). Furthermore, occlusion for 60 min of left descending
coronary artery in pigs resulted in a massive myocardium infarction with 3
phases of NA release. During the early phase of ischemia, the release of NA
may occur and is exocytotic and depends on the activation of efferent
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sympathetic neurons (Lameris et al., 2000; Akiyama and Yamazaki, 2001).
During the second phase of ischemia, the release of NA becomes
nonexocytotic and is thought to involve the carrier-mediated efflux of NA via
NET, in the reverse mode of its normal transport direction (Schömig et al., 1987;
Kurz et al., 1995a; Kurz et al., 1995b; Lameris et al., 2000). In the third phase,
the release of NA is no longer attenuated by NET inhibitors, probably due to
severe structural changes in the neuronal membrane of the myocardial neurons
(Lameris et al., 2000). The nonexocytotic NA liberation from the sympathetic
nerve endings is a two-step process induced by energy deficiency in the
sympathetic varicosity. In a first step, NA is lost from storage vesicles, which
results in increasing axoplasmic concentrations (Schömig et al., 1988; Kurz et
al., 1995b). The second step is the rate-limiting transport of intracellular NA
across the cell membrane by the NET carrier that has its normal transport
direction reversed (Schömig et al., 1987; Lameris et al., 2000). In contrast to the
normally occurring exocytotic NA release, this nonexocytotic NA release is Ca2+
independent, not under the influence of local or central sympathetic stimulation,
and not affected by presynaptic inhibition (Schömig et al., 1988; Kurz et al.,
1995a; Lameris et al., 2000). The outward NA transport through NET has been
proposed as an important mechanism responsible for the ischemia-induced NA
release (Lameris et al., 2000).
Although ADR is a cotransmitter in sympathetic nerves, its increase in
ischemia is often underestimated. Lameris and co-workers suggested that ADR
increase during ischemia results from ADR release in the heart (Lameris et al.,
2000). Kuroko and colleagues however tried to better clarify the ADR role in
ischemia in the heart of rabbits. Coronary occlusion induces progressive higher
ADR dialysate levels, thus increasing the ratio of ADR/NA (Kuroko et al., 2007).
This is in accordance with NET inhibition (Lameris et al., 2000) and to the
increased formation of ADR metabolites, NMN and MHPG (Fujii et al., 2004;
Kuroko et al., 2007) via EMT (and COMT) during heart ischemia. Moreover,
during the ischemic period, PNMT activity plays an important physiological role
in NA degradation and ADR synthesis, further increasing the ratio of ADR/NA
(Kuroko et al., 2007). The PNMT activity in the ischemic left ventricle in the
heart of cats augmented ADR production because of an substrate excess (NA)
(Kuroko et al., 2007). Also, ADR itself would promote exocytotic NA release by
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activating presynaptic β2-adrenergic receptors (Majewski et al., 1980). All these
factors, further increase catecholamines concentration in the interstitial space of
the myocardium (Kuroko et al., 2007).
Other processes were determined during the in vivo ischemia, namely
the kinetics of metabolism. The increased PNMT activity in cats heart might
reflect compensatory or adaptation processes secondary to impairments of the
catecholamine uptake system and its degradation via MAO (Akiyama and
Yamazaki, 2001). MAO is an oxygen-requiring enzyme (Fowler and Oreland,
1980) whose activity is apparently impaired in ischemia (Akiyama and
Yamazaki, 2001). However the substantial increase in axoplasmic free NA
provides more substrate to MAO in I/R (Akiyama and Yamazaki, 2001), which
compensates its reduced activity (Stefano and Trendelenburg, 1984; Akiyama
and Yamazaki, 2001; Fujii et al., 2004). Thus, there is an increase in DHPG
levels the heart of cats and rabbits (Akiyama and Yamazaki, 2001; Fujii et al.,
2004), that passively diffuses from the intracellular space (Kurz et al., 1995b).
NET in the inward function is Na+ gradient dependent, its activity being
compromised during ischemia (Schömig et al., 1984; Schömig et al., 1988),
while the non-neuronal uptake, EMT, is independent of Na+ gradient, which is
low in ischemia, and EMT is operational during metabolic distress (Burgdorf et
al., 2004). This allows NA and ADR to enter the extraneuronal cell and be
metabolized mainly by COMT (Fujii et al., 2004), thus resulting in increased Omethylated metabolites. In normal circumstances, NA degradation by COMT is
a minor pathway however during I/R the NA spills over into the bloodstream,
increasing its concentration, and since NET transport is impaired, the action of
MAO upon the catecholamines is more limited. In summary, in the ischemic
heart, NMN accompanies the rise of NA, showing that COMT has an important
role in the ischemic heart through the removal of accumulated NA via EMT (Fujii
et al., 2004).
Reoxygenation after ischemia is a crucial process where the heart must
quickly maximize cardiac output to restore adequate oxygen tension.
Killingsworth and collaborators quantified in pigs the myocardial interstitial
catecholamines levels during global ischemia induced by prolonged ventricular
fibrillation (VF), defibrillation, and resuscitation, where reoxygenation was reestablished (Killingsworth et al., 2004). Huge increases in arterial NA levels of
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4000 times and of ADR of 1000 times over baseline indicate a massive increase
in sympathetic nervous activity and huge adrenomedullary neuroendocrine
activation after 8 minutes of hypoxia, hypotension, and global ischemia caused
by VF (Killingsworth et al., 2004). Also, the marked increases in NA and ADR
plasma coronary sinus levels were observed and were probably the end result
of neuronal co-release and spillover because of the decrease functionality in the
extraction and reuptake mechanisms of the heart (Killingsworth et al., 2004).
Reoxygenation compared with hypoxia, is a much more potent stimulant of
myocardial catecholamine surge (Killingsworth et al., 2004) at least during
cardiopulmonary resuscitation. Myocardial interstitial NA and ADR levels
increase by several fold during VF-induced hypoxia but peak to 150 times
baseline levels at the early reperfusion phase in anesthetized pigs (Killingsworth
et al., 2004). By 4 minutes of VF, NA presented in the myocardial interstitial fluid
increased significantly from 1.3±0.3 to 7.4±2.4 ng/mL. Also, ADR levels
increased significantly from 0.4±0.2 to 1.5±0.7 ng/mL. In reperfusion those
values were overcome. Myocardial interstitial fluid NA and ADR levels peaked
at 219.2 ± 92.1 and 63.7 ± 25.1 ng/mL after defibrillation and decreased
significantly to 12.2 ± 3.5 and 6.7 ± 3.1 ng/mL 23 minutes after defibrillation,
respectively (Killingsworth et al., 2004). The origin of this powerful
catecholamine surge induced by reperfusion cannot be fully explained by
sympathetic activation in anesthetized pigs, since electrical stimulation of
cardiac sympathetic trunks only induces a relatively small increase in
catecholamine levels, in a magnitude similar to that induced by hypoxia
(Killingsworth et al., 2004). Also in this model, during reperfusion the levels of
catecholamines in the plasma decreased suddenly while in myocardial
interstitial fluid they are still high for longer periods (Killingsworth et al., 2004). In
fact, in myocardial interstitial fluid baseline, NA and ADR concentrations in that
same study were several fold higher than arterial and coronary sinus plasma
catecholamine levels (Killingsworth et al., 2004). Myocardial interstitial fluid
levels therefore better characterize the levels of catecholamines in the heart
(Eisenhofer, 1993; Lameris et al., 1999; Farrell et al., 2001).
Other works evaluated also the catecholamines and metabolites in
reperfusion after longer periods. After 15 or 20 min of reperfusion in rabbit
hearts, myocardial interstitial NA levels were higher than those in control
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(Akiyama and Yamazaki, 2001; Fujii et al., 2004), but not as high as those
described by Killingsworth and co-workers (Killingsworth et al., 2004).
After reperfusion, myocardial interstitial DHPG levels increase greatly
(Akiyama and Yamazaki, 2001; Fujii et al., 2004) and the NET carrier resumes
normal transport function (Shindo et al., 1996; Akiyama and Yamazaki, 2001).
Also, there is a recovery of MAO activity (Shindo et al., 1996; Akiyama and
Yamazaki, 2001), hence contributing to a decrease in myocardial interstitial NE
and increase in DHPG levels (Akiyama and Yamazaki, 2001).
Ischemia studies in humans are obviously hampered by ethical and
methodological difficulties. It is impossible to determine the myocardial
interstitial

fluid

levels

of

catecholamines.

However,

determining

the

catecholamines and metabolites levels in the plasma of patients is possible,
namely in patients who suffered myocardial infarction, one of the most important
consequences for the survivors of an ischemic episode. In seven patients in the
Killip class III (with pulmonary edema) measurements were made in the first or
second day after myocardial infarction. ADR median levels reached 376 pg/mL
(Wittstein et al., 2005) when compared to a normal value of 37 pg/mL
(Goldstein et al., 2003). In the same conditions, NA reached 1100 pg/mL
(Wittstein et al., 2005) when compared to a normal value of 169 pg/mL
(Goldstein et al., 2003). DA had a median value of 61 pg/mL (Wittstein et al.,
2005) when compared to a normal value of 15 pg/mL (Goldstein et al., 2003).
Catecholamines metabolites values were also altered: DHPG doubled, NMN
increased almost three fold and MN values increased significantly (Wittstein et
al., 2005), when comparing to the normal values (Goldstein et al., 2003).
Although these plasma values do not directly correlate to the values in the heart
(Lameris et al., 2000; Killingsworth et al., 2004), they show an activation of the
neuroendrocrine system days after the myocardial infarction (Wittstein et al.,
2005). Excessive activation of the central neurohumoral system after
myocardial infarction is thought to play a crucial role in the pathogenesis of a
possible future HF (Lindley et al., 2004).
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I.2.2.4.4.

Ageing

During ageing in healthy human, sympathetic nervous system and
adrenal medulla change, however how and when are still matters of dispute. It
is known that cardiovascular disorders increase with age, and include essential
hypertension, cardiac failure, and ventricular arrhythmias. Furthermore, the
sympathoendocrine system has been intensely studied and discussed in ageing
(Kaye and Esler, 2005).
It is found consensual that progressive sympathetic activation occurs with
ageing, notwithstanding it does not uniformly affect all sympathetic outflows
(Brodde et al., 2006). The increase in sympathetic activity develops slowly, as
plasma NA levels (an index for sympathetic activity) increase 10% to 15% per
decade (Brodde et al., 2006). However, both renal sympathetic nervous tone
and the neural outflow to the adrenal medulla do not seem to be enhanced in
ageing (Kaye and Esler, 2005).
The NA spillover in the heart doubles in older men (Esler et al., 1995b).
The extraction of tritiated NA of the heart and the intraneuronal metabolism of
the tracer to DHPG after uptake are reduced, documenting that neuronal NA
uptake is reduced, in addition to increased cardiac sympathetic traffic (Esler et
al., 1995a; Esler et al., 1995b). When studying the response to stress
associated with ageing, it was observed that the increase in total NA spillover to
plasma with mental stress and isometric exercise was unaffected by age, while
in contrast, the increase in cardiac NA spillover was 2- to 3-fold higher in the
older subjects (Esler et al., 1995b). Also here, the reduced neuronal NA uptake
seems to be responsible.
In ageing, there is a decrease in functional responsiveness of βadrenoceptors, although it is not clear whether the reduced β-function is due to
a decrease in β1-adrenoceptors density [as found in ventricular myocardium
(White et al., 1994)] or due to a decrease in the catalytic unit of the adenylyl
cyclase [as found in atria (Brodde et al., 1995)]. However, both settings result in
a diminished cAMP formation upon β-adrenoceptor stimulation.
ADR responsiveness in ageing is altered in some situations. In the
younger men, ADR secretion is double or threefold in mental stress, isometric
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exercise and dynamic exercise when compared with elderly man (Esler et al.,
1995a).
I.2.2.4.5.

Stress

Stress responses are show to have specificity, with differentiated
responses of the sympathetic nervous and adrenomedullary hormonal systems
depending on the type and intensity of the stressor, how it is sensed by the
organism and interpreted in light of the previous experience (Marcondes et al.,
1996; Goldstein, 2003). At the present time, stress is recognized not as a
disease, but as a triggering factor for the majority of diseases when allostatic
overload is generated (Santos and Spadari-Bratfisch, 2006).
During stress, the glucocorticoids and catecholamines play a key role in
the regulation of physiological parameters and homeostasis, as the activation of
sympathetic nervous system and hypothalamus-pituitary-adrenal cortex axis
takes place (Axelrod and Reisine, 1984). Regardless of the general notion that
the response to stress is primitive and unspecific, currently it is accepted that
each stressor unchains its own neurochemical profile (Santos and SpadariBratfisch, 2006). The different patterns serve different needs, and the
sympathetic nervous and adrenomedullary hormonal systems play crucial roles
in many of them (Axelrod and Reisine, 1984). For instance, sympathetic
nervous system activation predominates in response to orthostasis, moderate
exercise, and exposure to cold, whereas adrenomedullary hormonal system
activation predominates in response to glucoprivation and emotional distress
(Goldstein, 2003). As such, NA levels, and thereby overall sympathetic nervous
“activity” would play key roles in the appropriate distribution of blood volume
and in the homeostasis of blood pressure (or blood delivery to the brain), during
orthostasis, cold exposure, mild blood loss, locomotion, exercise, altered salt
intake, and water immersion. ADR levels, and thereby adrenomedullary
hormonal system activation, would change in response to global or metabolic
threats, such as hypoglycemia, hemorrhagic hypotension, heavy exercise,
asphyxiation, emotional distress, and shock (Goldstein, 2003).
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Kvetnansky and collaborators using the immobilization stress model
demonstrated that it induces activation of the sympathoadrenal medullar system
(Kvetnansky and Mikulaj, 1970). Rats exposed to immobilization stress showed
increased synthesis of catecholamines, namely a marked rise in adrenal
medullar PNMT mRNA expression, which was both time and stress dependent
(Kubovcakova et al., 2004; Wong et al., 2004). Also, single immobilization
stress significantly increased adrenomedullary TH, DbH mRNA levels, even in
corticotropin-releasing hormone KO mice, while the glucocorticoids seem
indispensable for the same response in adrenomedullary PNMT mRNA levels
(Kubovcakova et al., 2004). In repeated immobilization (seven times),
adrenomedullary PNMT mRNA increases even in the corticotropin-releasing
hormone KO mice (Kubovcakova et al., 2004). Specifically in the heart,
significantly increased PNMT mRNA levels compared with unstressed control
animals were observed (Micutkova et al., 2004). According to the authors, the
high PMNT expression may be involved in the increased risk of cardiovascular
diseases, namely hypertension and myocardial infarction in stress situations
(Micutkova et al., 2004).
Recently, PNMT KO mice have shown that normal blood pressure and
cardiac filling responses to stress were compromised (Bao et al., 2007). Also,
ADR deficiency was shown to have no impact on basal cardiovascular functions
at rest (Bao et al., 2007).
Stress can affect not only the production of catecholamines, but also the
function of cardiac adrenoceptors and IP3 receptors (Krizanova et al., 2007). In
fact, the transmitters secreted during the stress reaction are determinant in a
series of alterations, which include inhibition of the extra-neuronal uptake of
catecholamines, desensitization in the response to catecholamines mediated by
β1-adrenoceptors and sensitization in the response to catecholamines mediated
by β2-adrenoceptors (Marcondes et al., 1996; Santos and Spadari-Bratfisch,
2006). Sub- or super sensitivity of the response mediated by β-adrenoceptors
may be due to various mechanisms including, respectively, down- or
upregulation of the receptors. These mechanisms were already mentioned
previously in this dissertation (section I.1.10.).
IP3 is a second messenger that triggers Ca2+ release from intracellular
pools via β-adrenoceptors (Krizanova et al., 2005). IP3 receptors are able to
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release Ca2+ from the intracellular stores and its expression can be altered by
different types of stress. In single immobilization stress, gene expression of the
type 1 IP3 receptor was increased (Lencesova et al., 2002; Krizanova et al.,
2005), while after repeated immobilization stress (seven times), both gene and
protein expression of the type 1 IP3 receptor were decreased significantly in the
left atrium of rats (Krepsova et al., 2004). Exposure to a relatively weak
stressor, namely cold (4ºC) for 24 hours, was not able to increase gene
expression of IP3 receptors (Krizanova et al., 2005). However, when rats were
exposed to cold for 7 days, gene expression of the type 1 IP3 receptor was
significantly upregulated. Animals exposed to cold for 28 days became coldadapted and did not show any difference in the type 1 IP3 receptor mRNA level
compared to non-stressed controls (Krizanova et al., 2005).
Catecholamine characteristic contraction-band necrosis has been
observed post-mortem in people who died under terrifying circumstances such
as fatal asthma (Drislane et al., 1987) and violent assault (Cebelin and Hirsch,
1980), suggesting that catecholamines elevated levels may be an important link
between emotional stress and cardiac injury.
I.2.2.4.6.

Pheochromocytoma

Pheochromocytomas are rare catecholamine secreting tumors of
chromaffin cells, more frequently arising from the adrenal medulla. Most
pheochromocytomas secrete predominantly NA, many produce both NA and
ADR, and more rarely others secrete predominantly ADR (Goldstein et al.,
2003). The dissimilarities in catecholamine secretion reflect alterations in the
expression of catecholamine biosynthetic enzymes and lead to different
presenting symptoms (Goldstein et al., 2003).
In human pheochromocytoma patients, ADR plasma levels can reach 3.6
μM, while NA can be found at 57 μM (Gerlo and Sevens, 1994). The underlying
high concentration of catecholamines can lead to various cardiovascular
problems. In fact, pheochromocytoma is responsible for about 0.04% of all
hypertension cases, specially when it is a NA-secreting tumor (Imperadore et
al., 2002). Other less common cardiovascular manifestations occur in
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pheochromocytoma patients, such as arrhythmias, angina pectoris, acute
myocardial infarction, dilated cardiomyopathy, acute HF, and cardiogenic shock
(Warembourg et al., 1976; Scott et al., 1988; Aragona and Aragona, 1992;
Salathe et al., 1992; Wilkenfeld et al., 1992; Nanda et al., 1995; Weickert et al.,
1997; Alvarez et al., 1998; Imperadore et al., 2002; Koeth et al., 2007).
Paroxysmal hypertension and symptoms such as palpitations, anxiety, and
hyperglycemias

are

common

in

patients

with

ADR-producing

pheochromocytomas (Goldstein et al., 2003). Cardiomyopathies related with
pheochromocytoma are also described in the literature (Warembourg et al.,
1976; Scott et al., 1988; Sardesai et al., 1990; Aragona and Aragona, 1992;
Salathe et al., 1992; Wilkenfeld et al., 1992; Nanda et al., 1995; Weickert et al.,
1997; Alvarez et al., 1998; Imperadore et al., 2002; Koeth et al., 2007). Postmortem examination of histological and immunohistological preparations of the
heart showed that the high catecholamine levels are responsible for the
pheochromocytoma

induced

cardiomyopathy

(Neil-Dwyer

et

al.,

1978;

Imperato-McGinley et al., 1987; Shaw et al., 1987; Frustaci et al., 1991;
Weickert et al., 1997). The cardiomyopathy and consequent HF can be
progressive and fatal, or reversible, if the source of the catecholamines surge is
removed

(Sardesai

et

al.,

1990;

Wilkenfeld

et

al.,

1992).

Dilated

cardiomyopathy, for example, is potentially reversible, and its catecholamineinduced origin is multifactorial, whereas the overload of the hypertensive state
and the myocardial lesion due to catecholamines toxicity can be very
deleterious (Quezado et al., 1992).
Severe generalized hypokinesis and “Takotsubo” left ventricular
dysfunction

have

been

described

in

pheochromocytoma-related

cardiomyopathy (Sanchez-Recalde et al., 2006; Takizawa et al., 2007). The
physiopathology of stress-induced cardiomyopathy and pheochromocytomainduced cardiomyopathy, are believed to be similar and mediated by
catecholamines (Wittstein et al., 2005).
Some tumors do not secrete catecholamines or secrete them
episodically, and, in addition, several illnesses are known to show high
catecholamine levels. Thus, the determination of catecholamine levels for the
diagnosis of pheochromocytoma can lead to false positive or negative results
(Lenders et al., 1995). On the other hand, as free metanephrines (NMN and
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MN) are produced mainly from catecholamine metabolism within the tumor, and
not of catecholamines metabolized after their secretion into the circulation
(Mannisto and Kaakkola, 1999). Thus MNN and NM can be used for diagnostic
purposes. In fact, pheochromocytomas were associated with increased plasma
concentrations of metanephrines that are higher and more consistent than
plasmatic catecholamine levels (Gerlo and Sevens, 1994; Lenders et al., 1995;
Eisenhofer et al., 1998a).

I.2.2.5.

Toxic features of catecholamines in the heart

The injurious effects of catecholamines on the heart have been known
since the beginning of the twentieth century, when adrenal medulla extracts
were available and numerous investigators studied the pathologic effects of that
extract in the heart. In 1905, Ziegler reported intramyocardial hemorrhage,
edema, patchy areas of myofibrilar damage, round cell infiltration, and
proliferation of tissue in the heart of rabbits subjected to repeated injections of
adrenal extracts (Ziegler, 1905). Pearce in 1906 found similar lesions with
myofibril edema, loss of striations, and increased fibrous tissue (Pearce, 1906).
Not only high dose doses of catecholamines but also prolonged low level
infusions of NA and ADR cause cardiac lesions in animals (Samson, 1932;
Szakacs and Mehlman, 1960).
Despite many years of research, catecholamines myocardial toxicity is
not yet fully clarified. Cardiotoxicity induced by ISO, NA and ADR has been
studied for many years (Ziegler, 1905; Pearce, 1906; Samson, 1932; Szakacs
and Mehlman, 1960; Rona, 1985; Bindoli et al., 1989; Dhalla et al., 2001;
Remião et al., 2001b; Remião et al., 2002; Remião et al., 2004; Neri et al.,
2007). Several mechanisms have been postulated to explain for the toxic
effects of catecholamines, including relative hypoxia, increased sarcolemma
permeability, Ca2+ overload, elevation of cAMP, activation of α-adrenergic
receptors, activation of β-adrenergic receptors, and the formation of oxidative
catecholamine metabolites (Rona, 1985; Opie et al., 1986; Mann et al., 1992;
Communal et al., 1998; Behonick et al., 2001).
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Catecholamine induced cardiomyopathy presents characteristic focal
myocarditis and contraction band necrosis in experimental animals (Wilkenfeld
et al., 1992). On gross examination, the severity and extent of cardiac lesions
varies directly with the dose and rate of administration, but is also a dynamic
issue, as the pathognomonic signs of the lesions diverges accordingly to the
time elapsed after the administration (Haft, 1974). Immediately after infusion, in
addition to vascular injury, focal myofibrilar degeneration with loss of striations
of individual muscle fibers, vacuolization, and accumulation of lipid droplets in
the fibers are seen (Dhalla et al., 2001). At cellular level the effects of NA, ADR
and ISO are qualitatively identical, namely the disruptive effects upon contractile
myofilaments, however, glycogen depletion and fat deposition are much more
extensive with ADR (Ferrans et al., 1969; Ferrans et al., 1970). Within hours,
interstitial edema and infiltration of polymorphonuclear leucocytes and
mononuclear cells in perivascular areas of surrounding necrotic myocardial cells
are observed (Haft, 1974; Dhalla et al., 2001). Interstitial edema is usually
associated with subendocardial and subepicardial hemorrhages following the
administration of catecholamines, being more prominent in ADR and NA
(Rosenblum et al., 1965; Schenk and Moss, 1966; Ferrans et al., 1969). NA,
ADR and ISO have been shown to produce biphasic changes in the activity of
different oxidative enzymes, since there is a rapid increase in their activities
followed by a gradual decline after 6-12 hours (Dhalla et al., 2001). Three days
after catecholamine-administration, necrotic distinct foci with dissolution of
myofibrils, and sarcoplasmic fragmentation, and fibrotic bands start to appear.
In the following weeks, acute inflammation decreases, as necrotic debris are
removed and replacement with collagen occurs (Haft, 1974).
On electron microscopic examination, the myocardial cells show distinct
changes in myofibrils, mitochondria, and SR (Dhalla et al., 2001). Minutes after
exposure to catecholamines, areas of myofibril damage contain sarcomeres
that are hypercontracted with wide Z disks. The mitochondria are enlarged and
swollen with increased intracristal space, while glycogen granules are
decreased. Dilatation of SR and TT are also one of the multiple features
reported in cardiomyocytes exposed to high doses of catecholamines (Haft,
1974).
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Catecholamine-induced necrosis and fibrosis in the myocardium of
human patients was described as early as 1937 in a reported overdose case
with ADR in the treatment of asthma (Haft, 1974). Also, NA was described to
cause death after its prolonged infusion for treatment of shock, showing focal
myocarditis with degeneration of myofibrils and infiltration of leucocytes in the
patients heart (Szakacs and Cannon, 1958). Pheochromocytoma patients show
similar lesions. Van Vliet and co-workers examined the myocardial structure in
26 necropsy cases of pheochromocytoma. Fifteen showed evidence of “active
catecholamine myocarditis”, with the following histological features: (i) focal
degeneration and necrosis of myocardial fibers; (ii) foci of inflammatory cells;
(iii) diffuse edema; and (iv) increase in fibrous tissue. Most (24 cases) also
showed left ventricular hypertrophy (Van Vliet et al., 1966).
Studies in human patients have shown that high levels of catecholamines
alter the sarcolemma function and Ca2+ homeostasis (Frustaci et al., 1991;
Hicks et al., 1991), cause vasospasm and reduction of β myocardial receptors
(Sardesai et al., 1990), histological injuries with focal necrosis, myocarditis and
secondary fibrosis (Neil-Dwyer et al., 1978; Imperato-McGinley et al., 1987;
Shaw et al., 1987; Frustaci et al., 1991). Altogether, these damages explain the
reduction in heart function caused by elevated levels of catecholamines in
humans.
In addition to studies in humans and animals, in vitro studies indicate that
NA

stimulation

resulted

in

a

concentration-dependent

decrease

in

cardiomyocytes viability, as demonstrated by a significant decrease in viable
rod-shaped cells and a significant release of creatine kinase from cells in NAtreated cultures, through β-stimulation and increased intracellular Ca2+ (Opie et
al., 1986; Mann et al., 1992). In adult rat cardiac (ventricular) myocytes,
Communal and co-workers indicated that the stimulation of apoptosis results of
the overactivity of the cardiac β-adrenergic pathway leading to the loss of
myocytes (Communal et al., 1998). The persistent β1 stimulation results in
apoptosis through activation of CaMKII and Ca2+ overload (Wang et al., 2004)
whereas β2 stimulation has antiapoptotic properties in adult isolated
cardiomyocytes (Communal et al., 1999). Ca2+ overload leads to myofilaments
overstimulation, increase contractile force and oxygen requirement, as well as
ATP breakdown, with cell death (Rona, 1985).
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Although the noxious effects of catecholamine excess have traditionally
been linked to adrenoceptors, increasing evidence indicates that oxidation of
catecholamines can also lead to oxidative stress and toxicity. The oxidative
pathway of catecholamines generates various highly reactive intermediaries,
like o-quinones, aminochromes, aminolutins, melanins, and ROS (Bindoli et al.,
1992). The toxic effects of these highly reactive compounds will be addressed in
the next section where oxidative stress will be approached (section I.3.).
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I.3. The Heart And Oxidative Stress

I.3.1. Reactive oxygen and nitrogen species

I.3.1.1.

Sources and types of oxidant species

Free radicals can be defined as molecules or molecular fragments
containing one or more unpaired electrons in atomic or molecular orbitals (Valko
et al., 2007). This unpaired electrons usually give a considerable degree of
reactivity and instability to the free radical (Valko et al., 2007), which tend to
initiate chain reactions that result in irreversible chemical changes in lipids or
proteins. These potentially deleterious reactions can result in profound cellular
dysfunction and finally cell death (Valko et al., 2007).
Oxygen free radicals or, more generally, ROS, as well as RNS, are
products of normal cellular metabolism. An increasingly complex behavior of
ROS and RNS has been discovered within biological systems. ROS and RNS
are well recognized for playing a dual role as both deleterious and beneficial
species (Valko et al., 2006). Classically, ROS and RNS were considered
harmful species (Commoner et al., 1954); however, current knowledge
describes them as having both protective and deleterious effects and
additionally they are considered to take part in the cellular signaling pathways
(Suzuki et al., 1997; Droge, 2002). Beneficial effects of ROS occur at
low/moderate concentrations and involve physiological roles in defense against
infectious agents and in the function of several cellular signaling systems (Valko
et al., 2007). Balanced ROS production can, in fact, have subtle but crucial
effects on adaptation mechanisms (Finkel, 2000). A growing body of literature
based on myocytes in primary culture shows that ROS and oxidative stress can
cause changes in myocyte structure that can be associated with the failing heart
(Xiao et al., 2002). The harmful effect of ROS and RNS is termed oxidative
stress and nitrosative stress (Valko et al., 2007). In the present dissertation, the
general term used will be oxidative stress, and the deleterious effects
associated with it will be discussed, as well as the ROS cell signaling capability.
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Oxidative stress, an imbalance between oxidant production and
antioxidant defenses in favor of the first, leads to tissue injury and is thought to
contribute to the pathophysiology of several diseases (McCord and Fridovich,
1978; Sies, 1999).

Main reactive species
Reactive Oxygen Species
Reactive Nitrogen Species
Name

Notation

Name

Notation

Molecular oxygen

O2
O2●–
H2O2
OH●
HOO●
ROO●
HOCl
CO3●–

Nitric oxide

NO●
NO2●
ONOO–
ONOOCO2−

Superoxide anion
Hydrogen peroxide
Hydroxyl radical
Perhydroxyl radical
Peroxyl radical
Hypochlorous acid
Carbonate ion radical

Nitrogen dioxide radical
Peroxynitrite
Nitrosoperoxocarboxylate

Table 1 - The main reactive oxygen and nitrogen species.

Under normal conditions, oxygen is reduced in the myocardium via two
distinct pathways. The first, involves mitochondrial electron chain transport
which reduces 95% of O2 by tetravalent reduction to H2O without any free
radical intermediates. However, the remaining 5% of oxygen is reduced via a
second route, the univalent pathway in which free radicals are produced (Lefer
and Granger, 2000; Becker, 2004). The addition of one electron to molecular
oxygen forms the superoxide anion radical (O2●−) (Valko et al., 2007). These
ROS generated at basal levels are efficiently detoxified by endogenous
enzymatic free radical scavengers, such as superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase (Lefer and Granger, 2000).
The generation of various ROS and/or RNS is also closely linked with
redox-active metals (Valko et al., 2007). The redox state of the cell is largely
linked to an iron (and copper) that is maintained within strict physiological limits
(Valko et al., 2007). It has been suggested that iron regulation ensures that
there is no free intracellular iron. However, during cell lesion or activation of
phagocytic cells, transition metal ions can be released. Also, in vivo, under
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oxidative stress conditions, an excess of O2●− releases “free iron” from ironcontaining molecules (Valko et al., 2007). The released iron [Fe(II)] can
participate in the Fenton reaction, generating the highly reactive hydroxyl
radical, (OH●).
Fe(II) +H2O2 →Fe(III) + OH●+OH−
Therefore under oxidative stress conditions, O2●− acts as an oxidant of
the [4Fe–4S] cluster-containing enzymes and facilitates OH● production from
H2O2 by making Fe(II) available for the Fenton reaction (Valko et al., 2007). The
O2●− participates in the Haber-Weiss reaction.
O2●− +H2O2 →O2 + OH●+OH−
The Haber-Weiss reaction combines a Fenton reaction and the reduction
of Fe(III) by O2●−, yielding Fe(II) and oxygen (Valko et al., 2007).
Fe(III) +O2●− →Fe(II) +O2
These reactions thus amplify the oxidative stress and create highly
cytotoxic species.
The OH● has a high reactivity, making it a very dangerous radical with a
very short in vivo half-life of about 10−9 s (Pastor et al., 2000). Thus, when
produced in vivo, OH● reacts close to its formation site. The majority of the OH●
generated in vivo comes from the metal-catalyzed breakdown of H2O2,
according to the Fenton reaction (Valko et al., 2007)
Other reactive radicals derived from oxygen can be formed in living
systems, like peroxyl radicals (ROO●). The simplest peroxyl radical is HOO●,
which is the protonated form and is usually termed either hydroperoxyl radical or
perhydroxyl radical (Valko et al., 2007). HOO● initiates fatty acid peroxidation by
two parallel pathways: fatty acid hydroperoxide (LOOH)-independent and
LOOH-dependent (Aikens and Dix, 1991). The LOOH-dependent pathway of
fatty acid peroxidation may be relevant to lipid peroxidation initiation in vivo
(Valko et al., 2007).
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Nitric oxide (NO●) is a small and abundant reactive radical that contains
one unpaired electron. NO● is formed enzymatically from L-arginine and
molecular oxygen in endothelial cells or neurons (Goldstein et al., 2008). NO●
acts as an important biological signaling molecule in a large variety of
physiological

processes,

including

neurotransmission,

blood

pressure

regulation, defense mechanisms, smooth muscle relaxation and immune
regulation (Bergendi et al., 1999). NO● and O2●− may react to produce
significant amounts of a much more oxidatively active molecule, the
peroxynitrite anion (ONOO−) (Bonini et al., 1999; Valko et al., 2007). ONOO− is
essentially stable, but its protonated form (ONOOH, pKa = 6.5 to 6.8)
decomposes rapidly via homolysis of the O-O bond to form about 28% free
nitrogen dioxide radicals (NO2●) and OH● radicals. ONOO− reacts rapidly with
carbon dioxide, forming an adduct, nitrosoperoxocarboxylate (ONOOCO2–)
whose decomposition has been proposed to produce reactive intermediates
such as the carbonate radical (CO3•−) and NO2● (Bonini et al., 1999). This
reaction occurs at physiological pH in the presence of large amounts of carbon
dioxide, which is present in the intra- and extracellular compartments in the form
of bicarbonate (Goldstein et al., 2008).
An important area of investigation addresses the sources of ROS and
RNS generation in heart disease and the factors responsible for their regulation,
particularly in relation to redox signaling events. In fact, ROS or other reactive
species are able to modulate the activity of diverse intracellular signaling
pathways and molecules (a mechanism commonly termed “redox signaling”),
with the potential of inducing acute or chronic effects (Suzuki et al., 1997;
Finkel, 2000; Droge, 2002).
I.3.1.1.1.

Different sources of reactive oxygen and nitrogen

species

Inside the cells, several organelles or enzymes are able to contribute to
the formation of ROS or RNS, namely mitochondria, peroxissomes, P450
cytochrome enzymes, NADPH oxidase, xanthine oxidase (XO), nitric oxide
synthase (NOS), and prostaglandin biosynthetic enzymes. The oxidation of
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molecules, such as, the haem group or catecholamines may also contribute to
ROS formation.
Mitochondria have long been recognized as a major source of ROS due
to electron leakage from the respiratory chain (Cadenas and Sies, 1998). The
mitochondrial electron transport chain is the main source of ATP in the
mammalian cell and is essential for life. During energy transduction, a small
number of electrons “leak” to oxygen prematurely, forming the O2●− (Valko et al.,
2007). O2●− is produced by both complexes I and III of the electron transport
chain, and once in its anionic form it is too strongly charged to be able to cross
the inner mitochondrial membrane. Recently, it has been demonstrated that
complex I-formed O2●− is exclusively released into the matrix and that no
detectable levels escape from intact mitochondria (Muller et al., 2004). This
finding fits well with the proposed site of electron leak to cytosol at complex I,
namely within the iron–sulphur clusters of the (matrix-protruding) hydrophilic
arm. On the other hand, experiments on complex III about direct
extramitochondrial release of O2●−, through measurements of H2O2 production
revealed that this pathway could only account for less than 50% of the total
electron leak. It has been proposed that the remaining 50% of the electron leak
must be due to NO● released to the matrix (Valko et al., 2007) and not to the
exterior.
Recently, a new concept has aroused. When exposed to oxidative stress,
mitochondria can reach a threshold level that triggers the opening of one of the
mitochondrial channels, known as mitochondrial permeability transition pore or
the inner membrane anion channels. That opening leads to the simultaneous
collapse of mitochondrial ΔΨ and a transient increased ROS generation by the
electron transport chain (Zorov et al., 2000; Zorov et al., 2006). Release of this
ROS burst to the cytosol could potentially function as a “second messenger” to
activate “ROS-induced ROS-release” (RIRR), in neighboring mitochondrion
(Zorov et al., 2000). Thus, mitochondrion-to-mitochondrion RIRR constitutes a
positive feedback mechanism for enhanced ROS production leading to
potentially significant mitochondrial and cellular injury. This phenomenon has
been reported to play an important role in I/R, where unstable mitochondrial
membrane potential and redox transitions can occur following insults with
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negative consequences for mitochondrial integrity and cellular survival (Zorov et
al., 2006).
Peroxisomes contain many of the cellular enzymes known to produce
H2O2, but not O2●−, under physiologic conditions (Halliwell and Gutteridge,
1998a; Valko et al., 2007). Peroxisomes contain flavoproteins dehydrogenases
involved in the β-oxidation of fatty acids, a metabolic pathway that operates in
both mitochondria and peroxissomes. In the mitochondria, the flavoproteins
involved in β-oxidation donate electrons to the electron transport chain, but in
peroxisomes they react with molecular oxygen to produce H2O2 without O2●−
formation. Peroxisomes are present in the heart of several species (Herzog and
Fahimi, 1974; Hicks and Fahimi, 1977), where they are major sites of oxygen
consumption and participate in several metabolic functions that use oxygen
(Schrader and Fahimi, 2006). When peroxisomes are damaged and their H2O2
consuming enzymes downregulated, even more H2O2 is released into the
cytosol with significantly contribution to oxidative stress (Ferrari et al., 1991).
Increased myocardial ROS levels might reflect increased activity of
intracellular oxidase complexes, such as XO, cytochrome P450, NOS, NADPH
oxidase, myeloperoxidase, and prostaglandin biosynthetic enzymes, but also
the presence of transition metals or other reactive compounds (Lefer and
Granger, 2000; Valko et al., 2007).
During the ischemic period, ATP is catabolized to hypoxanthine that
accumulates in the tissues. Furthermore, as a result of the low-energy state,
there is an influx of Ca2+ into the cells that triggers the conversion of the
enzyme xanthine dehydrogenase (XD) to XO, through a proteolytic pathway
and by oxidation of -SH groups (Halliwell and Gutteridge, 1998c). XD transfers
electrons from the substrates on to NAD+, while XO transfers them to molecular
oxygen (Halliwell and Gutteridge, 1998d). Thus, XO is an O2●− producing
enzyme (Dhalla et al., 2000). In the heart, the conversion of XD to XO occurs
after a 15 min ischemia (McCord and Roy, 1982). When reperfusion occurs,
molecular oxygen is reintroduced and reacts with XO and hypoxanthine to
produce a burst of O2●− and H2O2 (Kuppusamy and Zweiert, 1989; Britigan et
al., 1990). Although XD has never been found in the cardiomyocytes, a
considerable amount of this enzyme is present in the cardiac vascular cells
(Eddy et al., 1987). Ten percent of the total enzyme is in the form of XO in
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healthy tissues (Ferrari et al., 1991) and XO activity is increased in failing
myocardium and may contribute to cardiac dysfunction (Sawyer et al., 2002;
Baldus et al., 2006).
ROS can also be formed as a consequence of the intracellular
metabolism of foreign compounds, toxins or drugs by cytochrome P450 or
monoxygenases (Masella et al., 2005). Cytochrome P450 is present in the
cardiomyocytes (Thum and Borlak, 2000a), and it may generate of oxygen
radicals. In the heart, the amount of cytochrome P450 present is often not
considered very relevant to create great amounts of ROS, nevertheless, its role
should not be neglected, especially in cases where the induction of cytochrome
P450 takes place (Bast et al., 1991).
NOS enzymes are central in the control of NO● biosynthesis (Goldstein et
al., 2008). There are three known isoforms: an inducible form (previously known
as inducible NOS; iNOS or NOS-II), that is expressed in macrophages, Kupffer
cells, neutrophils, fibroblasts, vascular smooth muscle, and endothelial cells in
response to pathological stimuli such as invading microorganisms; and two socalled constitutive forms, which are present under physiological conditions in
endothelium (previously known as endothelial NOS; eNOS or NOS-III) and in
neurons (previously known as neuronal NOS; nNOS or NOS-I). eNOS is not
restricted to the endothelium, as it is also present in cardiac myocytes, renal
mesangial cells, osteoblasts, osteoclasts, airway epithelium, and in small
amounts in platelets. The constitutive enzymes generate small quantities of
NO●, whereas iNOS produces higher levels of NO●, because of its higher
activity and the larger amounts of iNOS present in pathological states (Rang et
al., 2007; Goldstein et al., 2008).
Phagocytic cells, such as the neutrophils, when exposed to a stimulus
have the ability to recognize the foreign particle and form high levels of ROS in
a phenomenon called “respiratory burst” (Semb et al., 1989; Decoursey and
Ligeti, 2005). NADPH oxidase is an enzyme that is best characterized in
neutrophils, where it produces the O2●− necessary for bacterial destruction by
fagocytosis. The nonphagocytic oxidases produce only 1 to 10% of the O2●−
produced in neutrophils and this O2●− is thought to be related to intracellular
signaling pathways (Valko et al., 2007). NADPH oxidase is also present in
vascular smooth muscle where it mediates the ROS-dependent effects of
- 130 -

____________________________________________________General Introduction
angiotensin in vascular smooth muscle cells (Griendling et al., 1994; Griendling
et al., 2000).
The phagocytic cells, namely activated neutrophils, are also capable of
forming the highly reactive hypochlorous acid (HOCl). This reaction involves the
myeloperoxidase-catalyzed oxidation of Cl– ions by H2O2 (Halliwell and
Gutteridge, 1998b; Gomes et al., 2006).
The prostaglandin hydroperoxydase has a great importance in
pathologies where the arachidonic acid pathway is activated. In fact, induced
ischemia in heart of rats leads to the accumulation of arachidonic acid (Burton
et al., 1986; Engels et al., 1990). The increase of free arachidonic acid levels
leads to higher levels of prostaglandins and thromboxane during myocardial
ischemia in dog hearts (Sakai et al., 1982) and in patients with recent episodes
of angina pectoris (Hirsh et al., 1981). The formation of prostaglandins and
thromboxane

occurs

through

several

enzymatic

reactions

where

the

prostaglandin hydroperoxydase converts prostaglandin G2 to prostaglandin H2
with O2●− formation, that may result in a supplementary source of oxidative
stress (Kontos et al., 1980).
The iron in the haem rings of haemoglobin and myoglobin is in the Fe(II)
state and essentially remains so when O2 binds. However, some delocalization
of the electron may occur and Fe(III) and O2●− may be formed (Halliwell and
Gutteridge, 1998b). Furthermore, myoglobin can act as catalyst in oxidation
reactions as it possesses iron that can be involved in the Fenton reaction (Valko
et al., 2007).
The toxicity of catecholamine oxidation products and their ability to
generate oxidative stress are controversial. The oxidation of catecholamines is
a very complex process, mainly catalyzed by transition metals or ROS, which
has been intensively studied, specially due to its relevance in some pathological
processes, namely in the heart diseases, Parkinson’s disease and ageing
(Fornstedt et al., 1990; Rupp et al., 1994; Segura-Aguilar et al., 2001; Zoccarato
et al., 2005). The oxidation of catecholamines can occur by autoxidation,
enzymatic, or metal catalysis, and these pathways may involve the formation of
ROS. The oxidative stress induced by catecholamines results at least partially
from their capacity to oxidize into o-quinones (Remião et al., 2004). These
quinones are reactive intermediates that undergo irreversible 1,4-intramolecular
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cyclization

into

leucoaminochromes

that

can

further

oxidize

to

form

aminochromes (2,3-dihydroindole-5,6-diones) (Bindoli et al., 1989; Bindoli et al.,
1990; Remião et al., 2003). During this process, two catecholamine radicals can
be

formed:

catecholamine-o-semiquinone

and

leucoaminochrome-o-

semiquinone (Bindoli et al., 1992; Remião et al., 2004). Furthermore, oxygenconsuming metabolic processes induced by catecholamines in the cells (e.g.
the mitochondrial electron transport chain and the oxidative deamination of
catecholamines by

MAO), as well as

non-enzymatic autoxidation of

catecholamine neurotransmitters may result in intraneuronal formation of O2●−,
H2O2 and other reactive intermediates (Graham et al., 1978; Bindoli et al.,
1992).
I.3.1.2.

Endogenous or exogenous defenses to oxidative stress

Exposure to free radicals and related “reactive species” (e.g. H2O2 and
HOCl) from a variety of sources has led organisms to develop a series of
defenses, which involve prevention and repair mechanisms, physical and
antioxidant defenses (Valko et al., 2007). Antioxidant defenses comprise: (i)
non-enzymatic antioxidant agents with low molecular mass that scavenge ROS
and RNS (Halliwell and Gutteridge, 1998a; Masella et al., 2005; Valko et al.,
2007); (ii) agents that catalytically remove ROS and enzymatic antioxidant
defenses include SOD, GPx, and catalase; (iii) proteins that protect
biomolecules against oxidative damage, like heat shock proteins (HSP); and,
(iv) proteins that minimize the availability of the pro-oxidants transition metals
iron and copper (Halliwell and Gutteridge, 1998a; Valko et al., 2007).
Furthermore, efflux pumps, like ATP-binding cassette (ABC) transporters, can
have a protective role against oxidative stress, as they can favor the extrusion
of the toxic compounds generated (Schinkel and Jonker, 2003).
Under normal conditions, there is a balance between the activities and
the intracellular levels of these antioxidants and ROS and/or RNS levels (Valko
et al., 2007). This balance is essential for the survival of the organisms and their
health. During pathophysiological conditions, however, the balance between
ROS/RNS and antioxidants may shift in favor of a relative increase of the first,
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resulting in increased oxidative stress. Only when an imbalance in favor of
oxidants occurs (Masella et al., 2005).
I.3.1.2.1.

Antioxidant molecules

The cells are equipped with a variety of endogenous enzymatic and
nonenzymatic antioxidant systems that are sufficient to metabolize or scavenge
the ROS and RNS generated during normal cellular activity (Flaherty, 1991;
Dhalla et al., 2000) and prevent the propagation of radical reactions, which
damage cellular components.
Low molecular mass agents exist in all tissues to scavenge ROS and
RNS.

The

tripeptide

γ-glutamylcysteinylglycine

or

GSH

is

the

major

nonenzymatic regulator of intracellular redox homeostasis (Sies, 1999; Masella
et al., 2005). This cysteine-containing tripeptide exists either in reduced (GSH)
or oxidized (GSSG) form, better referred to as glutathione disulfide, and
participates in redox reactions by the reversible oxidation of its active thiol
(Masella et al., 2005). Most intracellular glutathione in vivo is present as GSH
rather than GSSG. Some glutathione may be present as “mixed” disulphides
with other compounds that contain -SH groups, like cysteine, coenzyme A, and
the -SH group of the cysteine residues of several proteins (Halliwell and
Gutteridge, 1998a).
GSH can directly scavenge free radicals or act as a cofactor for GPx and
glutathione-S-transferase (GST) during the detoxification of H2O2, LOOH and
electrophilic compounds (Bast et al., 1991; Masella et al., 2005). In vitro, GSH
reacts with several reactive species, namely OH● and HOO●, ONOO− and O2●−
(Halliwell and Gutteridge, 1998a).
GSH is highly abundant in the cytosol (1-11 mM), nuclei (3-15 mM), and
mitochondria (5-11 mM) and is the major soluble antioxidant in these cell
compartments. In rat heart, GSH concentration reaches 2 mM (Halliwell and
Gutteridge, 1998a). GSH is synthesized in the cytosol by the sequential action
of

glutamate-cysteine

ligase

and

glutathione

synthetase.

Thus,

the

mitochondrial presence of GSH requires inner membrane transport. Two
mitochondrial electroneutral antiport carrier proteins have been shown to have
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the capacity to transport GSH, the dicarboxylate carrier protein and the 2oxoglutarate carrier protein. Recently, it has been shown that externally added
GSH is readily taken up by mitochondria of mice, despite the about 8 mM GSH
present in the mitochondrial matrix (Shen et al., 2005). It appears therefore that
GSH is taken up against a concentration gradient (Masella et al., 2005). In the
nucleus, GSH maintains the redox state of critical protein -SH groups that are
necessary for DNA repair and expression (Masella et al., 2005).
The main protective roles of GSH against oxidative stress are: (i) cofactor
of several detoxifying enzymes against oxidative stress, e.g. GPx, GST and
others; (ii) participant in amino acid transport through the plasma membrane;
(iii) direct scavenger of OH● radical and O2●−, (Masella et al., 2005); and (iv)
regenerator of important antioxidants, vitamins C and E, back to their active
forms. GSH can reduce the tocopherol radical of vitamin E directly, or indirectly,
via reduction of semidehydroascorbate to ascorbate (Packer et al., 1979).
Under enhanced oxidative stress conditions, GSSG content increases
hence increasing the content of protein mixed disulphides. GSSG is potentially
cytotoxic and increases as a result of peroxides reduction, free radical
scavenging proprieties or also as a consequence of decreased glutathione
reductase (GR) activity (Remião et al., 2000; Masella et al., 2005). Changes in
GSH status provide important information on cellular oxidative events, and
tissue accumulation and/or release of GSSG is an indicator of oxidative stress
(Ferrari et al., 1991; Pastore et al., 2003). A significant number of proteins
involved in signaling have critical thiols, namely receptors, protein kinases, and
some transcription factors. They can have their function altered by formation of
mixed disulphides (Valko et al., 2007).
Other nonenzymatic antioxidant systems include hydrophilic antioxidants
and also lipophilic antioxidants, with important interrelationships, namely αtocopherol (vitamin E), ascorbic acid (vitamin C), carotenoids, flavonoids,
thioredoxin and other antioxidants (Masella et al., 2005). Endogenous
antioxidants including vitamin E, vitamin C, and vitamin A are present in the
myocardium (Keaney et al., 1999; Palace et al., 1999).
Vitamin E is a fat soluble antioxidant and is mainly associated with
plasma lipoproteins. It acts as a potent ROO● scavenger via breaking the lipid
peroxidation chain reaction, which makes vitamin E a relevant antioxidant to
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membrane lipids (Ferrari et al., 1991; Halliwell and Gutteridge, 1998a). Vitamin
E and related tocopherols inhibit lipid peroxidation because they scavenge lipid
ROO● much faster than these radicals can react with adjacent fatty acid sidechains or with membrane proteins (Halliwell and Gutteridge, 1998a). There are
significant amounts of vitamin E in the myocardial, cytosolic, and mitochondrial
membranes (Ferrari et al., 1991). It functions synergistically with ascorbic acid
(vitamin C), which reacts with vitamin E radicals to regenerate them. Vitamins C
radicals are reduced by NADH reductase and GSH (Packer et al., 1979).
Vitamin C serves as a water-soluble electron-transport system in the cytosol or
in the extracellular fluid (Ferrari et al., 1991). Ascorbate in vitro is able to
scavenge a wide variety of radicals, specifically O2●−, ROO●, NO● and OH●,
preventing the damage that could be produced by them (Halliwell and
Gutteridge, 1998a).
Vitamin A or retinol is essential for cell growth, differentiation and vision.
Is has been suggested that vitamin A has the ability to scavenge some free
radicals in vitro (Halliwell and Gutteridge, 1998a) and inhibit lipid peroxidation,
either alone (Helen and Vijayammal, 1997) or with other vitamins (Tesoriere et
al., 1996). However, it is the scavenging ability of β-carotene, the most relevant
vitamin A generating carotenoid, that is most reported (Manda and Bhatia,
2003; Fujisawa et al., 2004; Muzandu et al., 2006).
Thioredoxin is a polypeptide widely distributed in mammalian cells, being
specially concentrated in endoplasmatic reticulum, but some is also found on
the cell surface (Halliwell and Gutteridge, 1998a). Thioredoxin contains two
adjacent -SH groups in their reduced form that are converted to a disulphide in
oxidized thioredoxin when undergoing redox reactions with multiple proteins
(Halliwell and Gutteridge, 1998a). Thioredoxin binds to its target protein and, via
intermediate formation of a mixed disulphide, reduces the protein bridge whilst
oxidizing its two cysteine -SH’s to a cystine (disulphide). Thioredoxin can also
catalyze thiol-disulphide exchange between a protein dithiol and another protein
disulphide (Halliwell and Gutteridge, 1998a).
Other therapeutically useful antioxidant agents that have been shown to
exert some cardioprotective action in animal models of myocardial infarction
include N-acetylcysteine (Forman et al., 1988), dimethylthiourea (Carrea et al.,
1991), and desferrioxamine (Bernier et al., 1986; Williams et al., 1991). The
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cardioprotective effects of these agents have been used to support the role of
catalytically active iron (chelated by desferrioxamine) and of the OH●
(scavenged by dimethylthiourea and N-acetylcysteine) on myocardial I/R injury.
I.3.1.2.2.

Antioxidant enzymes

In the myocardium, as in other tissues, antioxidant enzymes protect cells
by maintaining O2●− and H2O2 at low levels. In particular, dismutation of
superoxide anion by cytosolic copper/zinc- and mitochondrial manganese
containing SOD (CuZnSOD and MnSOD, respectively) and the degradation of
H2O2 by GPx and catalase limit the cytotoxic effects of reactive oxygen
metabolites (Dhalla and Singal, 1994; Masella et al., 2005). Collectively, these
enzymes provide a first line of defense against O2●−and hydrogen peroxides
(Masella et al., 2005). It is then mandatory to detoxify these secondary products
in order to prevent further intracellular damage, degradation of cell components
and eventual cell death (Masella et al., 2005).
SOD catalyzes the dismutation of O2●− to H2O2 and molecular oxygen
(McCord and Fridovich, 1969). Three known types of SOD are present in
mammalian tissues. MnSOD is encoded on the nuclear genome but is found in
the mitochondria via a mitochondrial targeting sequence. It makes up to 70% of
the SOD activity in the heart and up to 90% of the activity in cardiac myocytes
(Assem et al., 1997; Sawyer et al., 2002). The remaining SOD consists primarily
of cytosolic CuZnSOD. Extracellular SOD is encoded by a different gene and is
located outside the cells and is very scarce (Sawyer et al., 2002).
MnSOD has a crucial role in controlling mitochondrial O2●− generation
during oxidative phosphorylation, the main source of energetic metabolism in
the heart (Sawyer et al., 2002). In fact, while CuZnSOD or extracellular SOD
homozygous KO mice demonstrate no significant cardiac pathologic phenotype,
homozygous KO mice of MnSOD die soon after birth with cardiomyopathy (Li et
al., 1995). However, CuZnSOD or extracellular SOD homozygous KO mice
show more vulnerability to hyperoxia (Carlsson et al., 1995) and I/R lesions
(Yoshida et al., 2000).
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Although SOD is the first line of defense against oxygen free radicalmediated damage, it increases the levels of H2O2 while catalyzing the
dismutation of O2●− to H2O2. The major danger of H2O2 accumulation is the
production of highly reactive OH● radical, for which no physiological defense
system exists. As a result, catalase and GPx become more crucial antioxidant
enzymes as they act to detoxify H2O2 into water (Valko et al., 2007).
GPx is a selenium-containing enzyme that catalyzes the removal of H2O2
and lipid peroxides through the oxidation of GSH to form GSSG. GPx is found
mainly in the cytosol but also in the matrix of mitochondria (10% of the total) in a
similar distribution as GSH (Halliwell and Gutteridge, 1998a). GPx is an
important antioxidant enzyme that performs several vital functions, including the
detoxification of lipid and nonlipid hydroperoxides, as well as of H2O2 (Valko et
al., 2007), using GSH as a cofactor. GPx is present at a significant amount in
the human heart (Marklund et al., 1982), thus playing a significant role as an
ROO● detoxifier. Transgenic mice that overexpress GPx appear to be more
resistant to myocardial I/R injury (Yoshida et al., 1996), whereas GPx KO mice
are more susceptible to myocardial reperfusion injury compared with wild-type
counterparts (Yoshida et al., 1997). In the reactions catalyzed by GPx, the
exaggerated production of GSSG can lead to the formation of mixed disulfides
in cellular proteins or to the efflux of GSSG of the cell, to maintain the
intracellular GSH/GSSG ratio.
GSTs are three enzyme families - cytosolic, mitochondrial, and
microsomal - that catalyze the conjugation of GSH with electrophilic xenobiotics,
or endogenous unsaturated aldehydes, quinones, epoxides, and HOO●, all of
which are produced intracellularly after oxidative stress (Masella et al., 2005).
During the GST-mediated reactions, GSH is conjugated with various
electrophilic compounds and the GSH adducts can be actively secreted by the
cell. The formation of mixed disulfide together with GSSG or GSH-conjugated
efflux by multidrug resistance proteins (MRP) can result in the depletion of
cellular GSH, which can be opposed by de novo synthesis or by reducing the
formed GSSG by the action of GR (Masella et al., 2005).
GR reduces GSSG utilizing NADPH as a reducing factor (Masella et al.,
2005). GR contains two protein subunits, each with the flavin adenine
dinucleotide (FAD) at its active site (Thieme et al., 1981). NADPH reduces the
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FAD unit of GR, passing the electrons onto the disulphide bridge between two
cysteine residues in the active site of the enzyme (Halliwell and Gutteridge,
1998a). The two -SH groups formed interact with GSSG and reduce it to 2GSH
(Halliwell and Gutteridge, 1998a). Thus, GR maintains the ratio of reduced to
oxidized glutathione (GSH/GSSG) high in the cells (Halliwell and Gutteridge,
1998a). The levels of GR in rat heart are moderate when compared to the liver
(Halliwell and Gutteridge, 1998a).
Catalase catalyses the reduction of H2O2 to water (Halliwell and
Gutteridge, 1998a). Catalase activity is present in many human tissues, with
higher levels are found in the liver and erythrocytes (Marklund et al., 1982). In
the human heart, catalase activity is reduced (Marklund et al., 1982).
Intracellularly, catalase is present in elevated quantities in peroxisomes
(Schrader and Fahimi, 2006). Mitochondria usually do not posses catalase, but
it has been described in the mitochondria of rats heart (Radi et al., 1991c).
The subcellular compartmentalization of the antioxidant enzymes will
obviously affect the H2O2 removal mechanisms in vivo. Thus, H2O2 produced by
peroxisomal enzymes is largely disposed by catalase, whereas H2O2 arising
from mitochondria, the endoplasmic reticulum or cytosolic enzymes is removed
by GPx (Halliwell and Gutteridge, 1998a). The heart has low catalase activity
and heart catalase has a lower affinity for H2O2, thus it is believed that the GSH
redox system acts is the major route for the metabolism of H2O2 in the heart
(Janssen et al., 1993). However, catalase enables the cell to decompose H2O2
regardless of the cellular concentration of GSH. This fact may be important in
high plasma levels of tumor necrosis factor-α (TNF-α), which are found in
patients with HF, since TNF-α reduce tissue GSH levels (Ishii et al., 1992;
Phelps et al., 1995). Thus, catalase may be of particular relevance in the failing
myocardium (Dieterich et al., 2000). Furthermore, a number of studies do
suggest a significant role for catalase, and catalase mRNA is reported to be
upregulated in the mammalian heart after a stress insult (Das et al., 1995). For
example, it is well known that reperfusion after ischemia causes generation of
ROS and induces oxidative stress. It has been shown that repeated ischemia
and reperfusion enhanced catalase expression (Das et al., 1995) and there is
evidence that, in addition to HSP, catalase is implicated in the cardioprotective
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effect of heat stress against reperfusion arrhythmia (Joyeux et al., 1997) and
oxidative stress (Erzurum et al., 1993).
In spite of the protective enzymes and other antioxidant molecules, it is
relevant to state that the myocardium presents some antioxidant defenses
limitations, when compared to other organs. In normal conditions, the heart can
have 150 times less catalase and 4 times less SOD than the liver (Doroshow et
al., 1980). The cardiac GPx activity can be almost 2 times lower than in the liver
(Marklund et al., 1982). Also, GSH levels are lower than in the liver and kidney
(Doroshow et al., 1980). Although the heart contains only 2-4% of the catalase
found in liver (Thayer, 1977), it produces a greater amount of H2O2 per gram of
tissue than any other organ. Therefore, the heart can be regarded as a
susceptible organ to H2O2 mediated-oxidative attack.
I.3.1.2.3.

Heat shock proteins (HSPs)

Cells respond to stressful conditions by activating genetic programs
whose evolutionarily conserved mechanisms have common ancestral origins
(Cristians et al., 2002). In recent years, one of those genetic program that has
gained increased attention involves the families of HSP and their regulatory
partners, the heat shock transcription factors (HSF) (Cristians et al., 2002). HSP
represent a basic defense mechanism employed by cells to protect themselves
against injurious conditions, namely oxidative stress (Pirkkala et al., 2001;
Cristians et al., 2002; Liao et al., 2006). Elevation of ROS levels can have
damaging effects on macromolecules, including lipids, DNA, and proteins. The
HSPs show multiple roles, with pivotal importance in cellular homeostasis and
protection, but most importantly the capacity to act as protein chaperones
(Pirkkala et al., 2001; Cristians et al., 2002). Chaperones are involved in the
folding, assembly, and degradation of proteins. Therefore, HSP play essential
roles in preventing the intracellular accumulation of aggregated, misfolded, or
damaged proteins (Pirkkala et al., 2001; Malhotra and Wong, 2002; Liao et al.,
2006).
HSP are classified according to their molecular weight: in HSP25,
HSP47, HSP60, HSP70/72, HSP90, and HSP110 (Cristians et al., 2002). HSPs

- 139 -

General Introduction____________________________________________________
are expressed either constitutively or inductively, and/or targeted to different
sub-cellular compartments. For example HSP60, heat shock cognate 70 or
HSP90 are constitutively expressed in mammalian cells while others, HSP27
and HSP70 are strongly induced by different kind of stimuli, such as heat,
oxidative stress, or anticancer drugs (Garrido et al., 2001). Some of the
important house keeping functions attributed to the molecular chaperones
include: (i) import of proteins into cellular compartments; (ii) folding of proteins
in the cytosol, endoplasmic reticulum and mitochondria; (iii) degradation of
unstable proteins; (iv) dissolution of protein complexes; (v) prevention of protein
aggregation; (vi) control of regulatory proteins; and (vii) refolding of misfolded
proteins (Garrido et al., 2001). The factors that define the specificity of the
chaperone activity are the structure of the chaperone and the size and
localization of the protein to be chaperoned. Two events, cell stress and cell
death, are linked to the induced HSP response, which appear to function at key
regulatory points in the control of apoptosis (Garrido et al., 2001; Garrido et al.,
2006). HSPs include anti-apoptotic and pro-apoptotic proteins that interact with
a variety of cellular proteins. HSP27 and HSP70 are anti-apoptotic, while
HSP60 and HSP10 are pro-apoptotic (Garrido et al., 2001; Garrido et al., 2006).
HSP are under the transcriptional control of HSFs. Among the three
known mammalian HSFs (HSF-1, HSF-2, and HSF-4), HSF-1 mediates the
stress response induced by heat, heavy metals, TNF-α, I/R, and oxidants (Polla
et al., 1996; Pirkkala et al., 2001). HSF-2 has been suggested to be a
developmental regulator, while the role of HSF-4 is still unknown (Pirkkala et al.,
2001). In general, activation of HSF-1 does not involve new protein synthesis,
but rather the assembly of homotrimers (Freeman et al., 1999). Under stress,
HSF-1 undergoes trimerization, gaining DNA binding activity with subsequent
translocation to the nucleus and activation of a transcriptional competence
domain, the heat shock response element (HSE) (Zhong et al., 1998; Freeman
et al., 1999). HSE can activate stress-inducible transcription of HSPs genes
(Bruce et al., 1993; Pirkkala et al., 2001; Cristians et al., 2002; Malhotra and
Wong, 2002; Santos-Marques et al., 2006). Thus, HSF-1 and HSPs are critical
partners in a rapid response to cellular stress (Cristians et al., 2002).
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I.3.1.2.4.

Proteins that minimize the availability of the pro-

oxidant transition metals iron and copper

Iron and copper are essential in the human body. Yet these metals are
potentially dangerous since in the form of Fe(II) and Cu(I), they can be powerful
catalysts to oxidation reactions, namely oxidation of catecholamines (Green et
al., 1956; Mazur et al., 1956; Remião et al., 2001b; Remião et al., 2002),
conversion of H2O2 to OH● and decomposition of LOOH to reactive ROO●
(Chan et al., 1982; Dasgupta et al., 1992; Lynch and Frei, 1993; Halliwell and
Gutteridge, 1998a). Hence these essential metals are kept in tight control,
mainly by metal-ion sequestration. Most metal-ion sequestration diminishes the
metals ability to cause damaging free-radical reactions, as in most metal-protein
bound, metal ions are less effective as free-radical catalysts (Halliwell and
Gutteridge, 1998a).
The average adult male contains about 4.5 g of iron, and about two-thirds
is bound to haemoglobin. The bound iron is less prone to be a catalyst of
oxidation reactions, however, haem and certain haem proteins are capable to
interact with LOOH and H2O2 with noxious consequences (Halliwell and
Gutteridge, 1990; Miller et al., 1995b). Transferrin is the other important
circulating protein that binds to iron, making it less prone to suffer one-electron
transfers (Halliwell and Gutteridge, 1998a).
The concentration of copper in the body of a healthy individual can reach
24 μM, and is present as bound or free copper. The free cooper ions are
powerful catalysts and are able to convert H2O2 to OH●, decompose LOOH, and
catalyze oxidation reactions (Halliwell and Gutteridge, 1998a). However, most
of the body copper (up to 90%) is attached to caeruloplasmin and while bound
to caeruplasmin, copper is less available to catalyse oxidation reactions. The
remainder body copper is bound to albumin or amino acids and is redox active
(Powell and Tortolani, 1992).
In I/R, for example, due to the protein degradation, the levels of free
copper and iron in the heart increase up to 9 times. Accordingly the transition
metals function as pro-oxidant factor in that phenomenon (Chevion et al., 1993).
The imbalance in the metal ions pools, namely bound or free metals, like what
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occurs in I/R, in the copper overload in Wilson’s disease, or in the iron overload
in thalassaemias, mobilizes huge amounts of pro-oxidant metal ions and leads
to cell injury.

I.3.1.2.5.

ATP-binding cassette (ABC) transporters

The various metabolites produced during oxidative stress can be
eliminated from the cell by efflux pumps, leading to a decrease in their
intracellular concentration (Schinkel and Jonker, 2003; Ghosh et al., 2004;
Leslie et al., 2007). In 1976, a membrane bound transporter, responsible for the
efflux of anticancer drugs in cancer cells, was found and termed permeability
glycoprotein (P-glycoprotein, P-gp) (Juliano and Ling, 1976). P-gp conferred
cancer cells the phenotype of “multidrug resistance”. The multidrug resistance
cell phenotype is classically referred to tumors that are refractory to chemically
unrelated cytotoxic agents, due to active outward transport. The P-gp
expression does not fully account for all spectra of multidrug resistance. There
are several ABC transporters involved in multidrug resistance, including P-gp
[MDR1/ABCB1 (Juliano and Ling, 1976)], the multidrug resistance protein 1
[MRP1/ABCC1 (Cole et al., 1992)], and the breast cancer resistance protein
[ABCG2/ BCRP/MXR/ABCP (Allikmets et al., 1998)]. These transporters are
located in the plasma membrane and extrude a variety of drugs by using ATP
as a energy source (Borst and Elferink, 2002; Schinkel and Jonker, 2003;
Ballatori et al., 2005; Leslie et al., 2007; McDevitt and Callaghan, 2007).
Several efflux transporters are present in the heart. In the normal heart,
P-gp is absent in cardiomyocytes, being only expressed in endothelial cells of
capillaries and arterioles (Meissner et al., 2002; Lazarowski et al., 2005;
Laguens et al., 2007). MRP1 is expressed at moderate levels in most normal
tissues, except the liver where it is barely detectable (Cole and Deeley, 2006;
Leslie et al., 2007). The MRP1 can transport a wide spectrum of drugs, namely
anticancer drugs, namely Vinca alkaloids, anthracyclines, epipodophyllotoxins,
mitoxantrone and methotrexate (Schinkel and Jonker, 2003). MRP1 functions
mainly as a (co)transporter of amphipathic organic anions. It can transport
hydrophobic drugs or other compounds that are conjugated or complexed to the
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anionic GSH, to glucuronic acid, or to sulfate (Schinkel and Jonker, 2003). In
addition, MRP1 can also export GSSG (Cole and Deeley, 2006).

I.3.2. Pathologies associated with oxidative stress

I.3.2.1.

Heart failure (HF)

In addition to the activation of neurohormonal systems, the formation of
ROS radicals is increased in patients with HF (Sawyer et al., 2002). It is now
accepted that many of the deleterious cellular phenotypes present in
hypertrophied and failing myocardium may be attributed to ROS and oxidative
stress (Ferrari et al., 1998; Sawyer et al., 2002). Even though lower
concentrations (or the type) of ROS may not precipitate cellular death (Siwik et
al., 1999), they can activate hypertrophic signaling pathways (Bendall et al.,
2002; Sawyer et al., 2002). Increased oxidative stress may contribute to
contractile

dysfunction,

endothelial

dysfunction,

myocyte

apoptosis,

hyperthrophy or necrosis, remodeling of the extracellular matrix, and the
progressive downward spiral of HF (McMurray et al., 1993; Siwik et al., 1999;
Kinugawa et al., 2000; Sawyer et al., 2002; Kaye and Esler, 2005).
Definitive and direct demonstration of enhanced ROS formation was
made in the failing dog myocardium (Ide et al., 2000), while multiple enzyme
systems emerge as potential candidates for generation of ROS in the failing
human heart, such as the leukocyte-derived NAD(P)H oxidase, uncoupled
NOS, mitochondrial respiratory chain-generated superoxide, and XO (Ide et al.,
1999a; Aslan et al., 2001; Sorescu et al., 2002; Dixon et al., 2003). NADPH
oxidase expression increases in human HF (Heymes et al., 2003) and NADPH
oxidase is activated by NA (Xiao et al., 2002) but also by angiotensin II, TNF-α,
and increased mechanical forces (Griendling et al., 2000), all of which may be
implicated in HF pathology (Sawyer et al., 2002). The enhanced production of
NO in the failing heart originate from iNOS (Haywood et al., 1996; Yamamoto et
al., 1997). Both OH● and O2●− are found in HF (Ide et al., 2000), and they
diminish myocardial contractile function (Josephson et al., 1991) and also cause
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lipid peroxidation of membrane phospholipids, which ultimately leads to
myocyte structural damage (Ide et al., 1999b). The OH● radical is produced as a
reactive product of O2●−and H2O2 (Ide et al., 2000). Most of the O2●− involved
probably arises from the mitochondrial complex I (Ide et al., 2000).
Patients with HF have elevated plasma levels of thiobarbituric acidreactive substances (TBARS) (Belch et al., 1991; Díaz-Vélez et al., 1996) and
pericardial levels of 8-isoprostaglandin F2-alpha (Mallat et al., 1998; Kameda et
al., 2003), markers of increased oxidative stress. Also, plasma thiols, an index
of the oxidative status of the extracellular environment, as well as plasmatic
antioxidative enzyme activities are decreased in humans with HF (Belch et al.,
1991; Ghatak et al., 1996). However, in human end-stage HF, the upregulation
of catalase gene expression was observed in myocardium as a compensatory
mechanism of increased oxidative stress, while SOD and GPx gene expression
remained unaffected (Dieterich et al., 2000).
I.3.2.1.1.

Some redox sensitive signaling pathways activated

in HF

It has been postulated that stimulation of neurohormonal pathways and
the formation of ROS ultimately lead to the activation of a family of redox
sensitive signaling pathways, like the MAPK ERR 1/2 pathways (Xiao et al.,
2002) or p38 and JNK (Clerk et al., 1998; Sano et al., 2001). Transcription
factors, like NF-ĸB and HSF-1 are activated by ROS and are involved in the
cardiac remodeling, which is indeed the hallmark of HF (Gupta et al., 2008;
Toko et al., 2008).
NF-κB is a transcription factor that plays a critical role in the coordination
of both innate and adaptive responses. A brief introduction to this particular
transcription factor will be held here, for its relevance in heart pathologies where
oxidative stress is determinant. NF-κB regulates the expression of a wide
variety of genes involved in the adaptation of many cellular mediators of
immune, inflammatory factors or other stressful situations that require rapid
reprogramming of gene expression (Karin and Ben-Neriah, 2000; Senfteben
and Karin, 2002; Zingarelli, 2005; Dinis-Oliveira et al., 2007). NF-κB is
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ubiquitously expressed in most cell types and can comprise five subunits of the
Rel family that include p50, p52, p65 (Rel A), c-Rel, and Rel-B (Karin and BenNeriah, 2000; Zingarelli, 2005). Most commonly, NF-κB consists of the
combination of two polypeptides, 50 kDa (p50) and 65 kDa (p65) (Karin and
Ben-Neriah, 2000; Senfteben and Karin, 2002; Jones et al., 2003). In nonstimulated cells, NF-κB resides in the cytoplasm as an inactive trimmer,
consisting of p65, p50 and the inhibitor protein, known as inhibitory κB (IκB)
(Suzuki et al., 1997; Zingarelli et al., 2003). In response to various signals,
activation of NF-κB results from the phosphorylation of IκB protein, mediated via
IκB protein kinases (Suzuki et al., 1997). The phosphorylated IκB is then rapidly
polyubiquitated and the polyubiquitinated IκB is then targeted for a rapid
degradation by the 26S proteasome (Alkalay et al., 1995; Senfteben and Karin,
2002; Zingarelli et al., 2003), allowing the activated p65/p50 dimmer to migrate
to the nucleus with DNA binding activity (Alkalay et al., 1995; Lin et al., 1995;
Karin and Ben-Neriah, 2000; Senfteben and Karin, 2002; Zingarelli et al., 2003).
The list of NF-κB activators includes, but is not limited to, bacterial and viral
infections, cytokines (TNF-α), free radicals and oxidants (Suzuki et al., 1997;
Zingarelli et al., 2003).
Clinical studies show that NF-κB activation occurs in human HF patients
and that there is a beneficial reverse remodeling when NF-κB activity is reduced
(Wong et al., 1998; Grabellus et al., 2002). Purcell and colleagues
demonstrated that activation of NF-κB is both necessary and sufficient to elicit
the hypertrophic response to G protein-coupled receptor agonists in isolated
neonatal cardiomyocytes (Purcell et al., 2001).
HF is characterized by a maladaptive cardiac hypertrophy. This
pathologic cardiac hypertrophy is induced by persistent stress, such as
pressure overload and volume overload caused by hypertension or valvular
heart disease, whereas physiologic cardiac hypertrophy is induced by an
intermittent stress such as exercise (Toko et al., 2008). HSF-1 and HSP were
considered recently key factors involved in the adaptive mechanism of cardiac
hypertrophy, however, their roles are far from being fully understood (Toko et
al., 2008).
A growing body of evidence based on myocytes in primary culture shows
that ROS and oxidative stress can cause multiple changes in myocyte structure
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and function that are associated with the failing heart (Xiao et al., 2002). In the
course of oxidative damage to cellular proteins, dysfunction of cellular
membranes or cellular death may occur or, instead, ROS-mediated myocyte
hypertrophy (Aikawa et al., 1997). Heart hypertrophy in rats and guinea pigs is
associated with a decrease in oxidative stress and an increase in antioxidant
reserve, whereas HF under both acute and chronic conditions is associated with
increased oxidative stress and a reduced antioxidant reserve (Dieterich et al.,
2000).
In summary, there is a large body of evidence supporting the role of ROS
in HF.
I.3.2.2.

Ischemia-reperfusion (I/R)

There are two main hypothesis proposed to explain the pathogenesis of
I/R injury, namely oxidative stress and Ca2+ overload. Both mechanisms are
most likely related to each other (Dhalla et al., 2000).
ROS have long been implicated as major initiators of myocardial injury
during reperfusion based on the following findings: (i) ROS are rapidly detected
in the ischemic myocardium during the first minutes after reperfusion (Duilio et
al., 2001); (ii) experimental applications of ROS equivalents cause alterations in
the myocardium that are similar to those resulting from reperfusion (Rothstein et
al., 2002); and (iii) treatment with antioxidant agents or upregulation of
endogenous antioxidant enzymes, such as SOD and GPx provides protection
against reperfusion injury in animals (Zhao, 2004).
The mechanism underlying the depressed myocardial contractility after
I/R remains poorly understood. However, membranous components of
mitochondria, SR, and sarcolemma may represent the most critical targets of
ROS-mediated myocardial dysfunction.
Formation of ROS during reperfusion is widely accepted (Zweier et al.,
1989; Zweier and Talukder, 2006), while their formation during ischemia is more
questioned (Dhalla et al., 2000). Using sophisticated techniques of electron
paramagnetic resonance spectroscopy, studies have provided direct evidence
for elevated levels of ROS during I/R in in vivo studies with dogs (Bolli et al.,
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1989b) and in vitro heart models with rats and rabbits (Arroyo et al., 1987;
Zweier et al., 1989). The peak generation of oxygen radicals occurs in the first
minutes of reperfusion and is maintained at a detectable level over later phases.
The question if those ROS are sufficient to cause the lesion in I/R, still remains
unanswered.
In ischemia, despite a 90% reduction in oxygen delivery would render the
heart ischemic (i.e. insufficient oxygen delivery to meet metabolic demands),
considerable molecular oxygen is still present (Kevin et al., 2003). Total anoxia
is unlikely to exist even with clinically important ischemia. With ischemia the
respiratory cytochromes become redox-reduced allowing them to directly
transfer (i.e. “leak”) electrons to oxygen (Nohl and Jordan, 1986). A redoxreduced cell in the presence of molecular oxygen appears capable of producing
large amounts of O2●−(Kevin et al., 2003; Becker, 2004). The studies point out
that mitochondria is probably the main source of ROS in ischemia, through the
already mentioned RIRC phenomenon (Zorov et al., 2000). Also, ischemia can
impair mitochondrial SOD, while in reperfusion lipid peroxidation and GSSG
formation occurs. As GSH is a cofactor for GPx that removes H2O2 and lipid
peroxides, the oxidant stress can be further amplified in I/R (Ferrari et al.,
1991).
The ischemia-generated ROS can have a great importance, since they
appear to play an important signaling role (Suzuki et al., 1997) and may
contribute to direct cellular oxidant damage. Also, they are likely to be the same
source of ROS that has been reported to trigger the protective preconditioning
state (Kevin et al., 2003).
The origin of the ROS burst in reperfusion is yet to be fully identified but it
seems to arise from multiple sources (Chambers et al., 1985; McCord et al.,
1985; Ferrari et al., 1992; Ferrari et al., 1993; Lefer and Granger, 2000;
Frangogiannis et al., 2002; Ceconi et al., 2003; Becker, 2004; Ferrari et al.,
2004; Kawahara et al., 2006; Zweier and Talukder, 2006). Mitochondria can be
a source of ROS, as referred previously (Flaherty, 1991). During ischemia, the
components of mitochondria electron transport chain become reduced,
increasing electron leakage from the respiratory chain, which reacts with
residual molecular oxygen and forms O2●− (Zorov et al., 2006). Endothelial cells,
inflammatory cells (i.e. neutrophils and macrophages) and cardiomyocytes are
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all capable of generating ROS through several enzymatic reactions (Lefer and
Granger, 2000; Zhao, 2004). Among the enzymatic sources, XO in endothelial
cells has received a lot of attention (Chambers et al., 1985; Flaherty, 1991;
Baldus et al., 2006). XO has been proposed for a long time to be one of the
sources of ROS in reperfusion (McCord et al., 1985), although reports are not
always consistent (Manning et al., 1984; Chambers et al., 1985; Kehrer et al.,
1987; Baldus et al., 2006). Additionally, ONOO−, although not a ROS, is a highly
reactive specie that is formed in I/R in rat heart (Liu et al., 1997; Yasmin et al.,
1997), mainly in the myocytes, endothelium, and neutrophils (Zweier et al.,
1989; Dhalla et al., 2000; Lefer and Granger, 2000; Duilio et al., 2001).
It has been proposed that the burst of ROS and RNS from endothelial
cells and cardiomyocytes during early reperfusion can lead to transendothelial
migration of neutrophils and macrophages that participate in a delayed and
amplified ROS generation (Romson et al., 1983; Crawford et al., 1988; Mehta et
al., 1989; Duilio et al., 2001; Cooper et al., 2002; Frangogiannis et al., 2002). In
vitro models of I/R injury using monolayers of cultured endothelial cells suggest
that vascular endothelium not only can generate extensive amounts of ROS
detected in postischemic tissues but can also adopt an inflammatory phenotype
that promotes the recruitment and activation of leukocytes in postischemic
tissue (Granger, 1999). A reduction in I/R induced myocardial necrosis in
experimental animals, namely dogs, that are either rendered neutropenic or that
received antibodies to immunoneutralize adhesion molecules critical for
neutrophils recruitment, was observed (Romson et al., 1983; Lefer and Lefer,
1996; Lefer et al., 1996). Similarly, mutant mice that are genetically deficient in
certain leukocyte or endothelial cell adhesion molecules also exhibit smaller
infarcts after myocardial I/R (Palazzo et al., 1998a; Palazzo et al., 1998b).
The inflammatory response during I/R leads to increased synthesis of
prostaglandins and leukotrienes from arachidonic acid (Frangogiannis et al.,
2002). The first experimental evidence that inflammation could extend
myocardial injury came as the result of implementing anti-inflammatory
strategies in animal models of myocardial I/R. The systemic administration of
corticosteroids was shown to decrease infarct size in a canine model of
experimental myocardial infarction (Libby et al., 1973). This early evidence led
to a clinical study using methylprednisolone in human patients with acute
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myocardial infarction, which resulted in the increasing of the incidence of
ventricular arrhythmias and infarct size (Roberts et al., 1976). Subsequent
investigations suggested that corticosteroids inhibit the inflammatory process
decreasing the number of infiltrating leukocytes (and consequently ROS), but
also they promote delay healing and collagen deposition (Kloner et al., 1978).
Although during I/R, prostaglandin hydroperoxydase converts prostaglandin G2
to prostaglandin H2, with O2●− formation, and activated leucocytes are
responsible for the formation of ROS as a supplementary source of oxidative
stress (Kontos et al., 1980), the reperfusion injury allows tissue repair and this
effect is also mediated by the enhancement of the inflammatory response
(Richard et al., 1995; Jugdutt, 1997).
The histology of catecholamine-induced myocardial injury is similar to
that seen in reperfused hearts (Flaherty, 1991) (see section I.2.2.5). During I/R,
catecholamines are abundantly released and O2●− is formed as a by-product of
catecholamines

oxidation

(Wolin

and

Belloni,

1985),

namely

through

adrenochrome formation (Ferrari et al., 1991; Flaherty, 1991). Consequently,
the reactive oxidation products arisen from catecholamine oxidation can
contribute to the damage seen in I/R.
In humans, an enhanced production of ROS after myocardial I/R has
been also supported by different indirect measures of oxidative stress, such as
reduced serum levels of vitamin E, whereas serum conjugated dienes and
TBARS are elevated in patients undergoing coronary artery bypass graft
surgery (Coghlan et al., 1993). Similarly, in humans patients undergoing
coronary artery operations no significant changes in ROS levels during the
ischemic periods were observed, but after cessation of bypass, ROS increased
significantly, accompanied with an increase in lipid peroxidation and diene
conjugation (Davies et al., 1993). Furthermore, in human patients, there is a
significant myocardial release of non-transferrin-bound iron during cardiopulmonary bypass surgery (Ambrus et al., 1999). However, other data shows
that isomerized and peroxidized lipids originate from tissues other than the
myocardium in patients shortly after the cessation of cardiopulmonary bypass
(Davies et al., 1990). These divergent data may result of different injury severity
in the perioperative status of the patients (Davies et al., 1990).
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The antioxidant “therapy” used to decrease the injury caused by I/R
originates controversial results since many studies report no alteration in the
lesions with antioxidant treatment. While many reasons can be given, the lesion
extension caused must be determinant, since the viable myocytes are the ones
capable to provide metabolic requirements for the functionality of the remaining
heart. Also, a problem with the use of exogenously given enzymes is that they
do not cross the lipid membrane of the cells. Nevertheless, in favor of inducedROS lesion, myocardial contractility is preserved in isolated, perfused hearts
derived from mice that genetically overexpress SOD in endothelial cells (Chen
et al., 1996). Similarly, mice that overexpress mitochondrial MnSOD are also
protected against myocardial I/R (Chen et al., 1998). Transgenic mice that
overexpress GPx are more resistant to myocardial I/R injury (Yoshida et al.,
1996), whereas GPx KO mice are more susceptible to myocardial reperfusion
injury (Yoshida et al., 1997). Overall, the studies of myocardial reperfusion
injury performed to date in mice with genetically altered levels of antioxidant
enzymes yield more consistent results that support ROS role in myocardial I/R
than animal studies that involve exogenous administration of antioxidant
enzymes. Conversely, the compensatory features in KO animals should never
be neglected.
The transition metal can function as a catalyst for oxygen radical
formation and they have been implicated in the reperfusion injury. That injury
has decreased when desferrioxamine is used in animal models of I/R (Ambrosio
et al., 1987b; Reddy et al., 1989), however, this biological demonstration has
not been translated into improved postoperative patient outcome (Bel et al.,
1996).
The contribution of ROS to the I/R pathologic features is undoubted in
animal models and in human patients.
I.3.2.2.1.

Some redox sensitive signaling pathways activated in

I/R

The activation of NF-κB in the heart has been shown to occur after I/R
injury (Canty et al., 1999; Li et al., 1999; Maulik et al., 2000; Li et al., 2001).
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Several lines of evidence suggest that a major pathway in reperfusion injury is
mediated by the activation of NF-ĸB. NF-ĸB binds to particular promoter
sequences, regulates gene expression, including those involved in the
inflammation and likely reperfusion injury (Maulik et al., 1998; Li et al., 1999; Li
et al., 2001; Malhotra et al., 2002; Malhotra and Wong, 2002). The release of
ROS in I/R leads to NF-ĸB activation and translocation to the nucleus. NF-κB is
implicated in the regulation of many genes that play pivotal roles in I/R injury,
such as intracellular adhesion molecules, molecules involved in cardiac
remodeling, NO● production (through iNOS), prostaglandin biosynthesis, Ca2+
handling, cardiomyocyte’s function, cell death/survival, stress responses,
growth factors, antioxidant proteins, C-reactive protein, gene encoding
angiotensinogen, chemoattractant molecules, Fas ligand, and inflammatory
cytokines (IL-1β, IL-6, IL-8, and TNF-α) (Jones et al., 2003; Pye et al., 2003).
MAPKs, namely, p38 MAPK, ERK1/2, and JNK, in different cell systems
are activated by stress, including I/R (Ma et al., 1999; Saurin et al., 2000; Yue et
al., 2000; Engelbrecht et al., 2004). Recently, some studies demonstrate the
involvement of MAPKs in the induction of apoptosis in myocytes exposed to I/R
(Mackay and Mochly-Rosen, 1999; Saurin et al., 2000). ERK1/2 is activated in
the first few minutes of reperfusion and offers cardioprotection against oxidative
stress by blocking apoptosis (Yue et al., 2000). Despite of the early activation of
the prosurvival kinases, the activation of p38 MAPK surpasses that of the
prosurvival kinases, and mediates myocardial apoptosis and necrosis in I/R
(Mackay and Mochly-Rosen, 1999; Saurin et al., 2000).

I.3.3. Direct toxic effects of ROS and RNS

Under conditions associated with excess production of ROS, such as
inflammation or I/R, the amount of ROS generated by tissues can exceed the
capacity of endogenous antioxidants to detoxify ROS and prevent deleterious
radical-mediated reactions (Lefer and Granger, 2000). ROS and RNS have an
extremely short half-life and high reactivity and are known to cause electrical,
subcellular and contractile abnormalities in the heart (Hess et al., 1982;
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Beresewicz and Horackova, 1991). At high concentrations, ROS can be
extremely noxious to cell structures, nucleic acids, lipids, and proteins (Valko et
al., 2006).
Oxidative stress, which is usually associated with increased formation of
ROS, modifies phospholipids and proteins, leading to lipid peroxidation and
oxidation of thiol groups. These changes are considered to alter membrane
permeability and configuration, in addition to producing functional modification
of various cellular proteins (Dhalla et al., 2000).
Oxidative stress causes modification of various cellular proteins, namely
those related with Ca2+ (Dixon et al., 1990; Dixon et al., 1992; Campbell et al.,
1996; Smart et al., 1997; Xu et al., 1998; Dhalla et al., 2000). Oxidative stress
may lead to the inhibition of the sarcolemma Ca2+-pump ATPase and Na+-K+
ATPase activities, to the decrease in the activity of SERCA and the inhibition of
Ca2+ sequestration in rats (Dixon et al., 1990; Dixon et al., 1992) and dogs heart
(Smart et al., 1997). These changes lead to decreased Ca2+-efflux and
increased Ca2+-influx in the rats heart (Dixon et al., 1990; Dixon et al., 1992).
O2●− and H2O2 lower Ca2+ responsiveness of stunned cardiac myofilaments by
modifying redox sensitive proteins like the DHPR L-type Ca2+ channel, the RyR
receptor, the Ca2+ ATPase, and mitochondrial respiratory complexes (Campbell
et al., 1996; Xu et al., 1998). The consequence of massive intracellular Ca2+
accumulation is a Ca2+ concentration-dependent opening of the mitochondrial
membrane permeability transition pore, with a subsequent release of
intermembrane proteins into the cytoplasm, including cytochrome c or
apoptosis-inducing factor (AIF) (Pacher et al., 2001; Mukherjee et al., 2002).
The released cytochrome c forms an intermediary complex with apoptosis
protease-activating factor-1 (Apaf-1) and pro-caspase-9 and indirectly activates
downstream “execution” caspases (e.g. caspase-3), which then initiate death
receptor-independent apoptosis (Fleury et al., 2002). Furthermore, the
mitochondrial ROS generation during the apoptotic process can positively
feedback and promote even more apoptosis (Fleury et al., 2002). The loss of
cytochrome c, a scavenger of mitochondrial O2●−, has been reported to enhance
mitochondrial ROS production (RIRC) (Zorov et al., 2000; Zhao, 2004).
The effects of oxidative stress can be evidenced by cellular accumulation
of peroxides (e.g., lipid peroxides) (Davies et al., 1993) or by-products, such as
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malondialdehyde (MDA) or isomerized lipids (Davies et al., 1990; Gerritsen et
al., 2006; van Boven et al., 2008), and by GSSG (Ferrari et al., 1989; Ferrari et
al., 1990) in patients submitted to coronary bypass. Also, the exposure of the
normal myocardium to ROS-generating systems or H2O2 alters myocardial
function in a fashion that mimics reperfusion injury, including persistent cellular
loss of K+, depletion of high-energy phosphates, elevated intracellular Ca2+
concentration, loss of systolic force development, a progressive increase in
diastolic tension, depressed metabolic function, and arrhythmias (Lefer and
Granger, 2000).
Metal-induced generation of ROS in rats results in the attack of cellular
components involving polyunsaturated fatty acid residues of phospholipids,
which are extremely sensitive to oxidation (Siems et al., 1995). Once formed,
ROO• can be rearranged via a cyclization reaction to endoperoxides with the
major final product of the peroxidation process being MDA (Wang et al., 1996;
Fink et al., 1997; Mao et al., 1999; Marnett, 1999). The other major aldehyde
product of lipid peroxidation is 4-hydroxy-2-nonenal (Siems et al., 1995). These
species are the main responsible for the peroxidation of polyunsaturated fatty
acid components of cell membranes and affect a wide number of cell functions.
They can alter the membranar permeability and selectivity to specific ions and
alter receptor function (Kramer et al., 1984; Romaschin et al., 1987).
ROS-mediated reactions with proteins can result in the inactivation of key
enzymes and ion transporters. The amino acid residues of proteins, in particular
cysteine, methionine, tyrosine, and tryptophan are susceptible to oxidation by
the action of ROS/RNS (Radi et al., 1991b; Samdani et al., 1997; Levine et al.,
1999; Stadtman, 2004; Szuchman-Sapir et al., 2008). Oxidation of cysteine
residues may lead to the reversible formation of mixed disulphides between
protein thiol groups (-SH) and low molecular weight thiols, in particular with
GSH (through S-glutathiolation) (Valko et al., 2007). Therefore, the combined
actions of lipid peroxidation and protein oxidation could explain well the cellular
alterations that lead to the depressed cardiac function in conditions associated
with excessive ROS production.
Additionally, ROS have been shown to impair the function of isolated
mitochondria of cultured cells and subsequently result in ATP depletion, even
after 2-3 min exposure (Spragg et al., 1985). This response can be due to the
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decrease in ATP synthesis, as glycolytic and mitochondrial pathways are
profoundly affected in culture cells exposed to H2O2, O2●−, and HOCl (Guarnieri
et al., 1983; Hyslop et al., 1988). In particular, H2O2 inactivates glyceraldehyde3-phosphate dehydrogenase, decreases NADH and slightly decreases pH, and
with inhibition of the glycolytic pathway (Hyslop et al., 1988).
The OH● radical is known to react with all DNA components, damaging
both the purine and pyrimidine bases and also the deoxyribose backbone
(Halliwell and Gutteridge, 1998c). Poly(ADP-ribose) polymerase is activated
under DNA strand breakage, and is activated upon cell exposure to oxidants
(Schraufstatter et al., 1986). Also, direct lesion to isolated DNA was observed
when exposed to HOCl, H2O2 and O2●−. H2O2 is a highly deleterious species to
the DNA (Cochrane, 1991), as its reaction with Fe(II) leads to OH● radical
formation (Floyd, 1981; Aruoma et al., 1989). Also, LOOH can cause DNA
strand breakage (Cochrane, 1991). DNA damage is not limited to DNA strand
breakage, and hydroxylation was found in several DNA bases in presence of
ROS generating systems (Aruoma et al., 1989).
HOCl has attracted much attention because of its high reactivity and
ability to damage biomolecules, both directly and by decomposing to form Cl–
(Halliwell and Gutteridge, 1998b). HOCl is a powerful two-electron oxidizing
agent that is able to cross membranes, causing damage to membrane proteins
while passing through it (specially to -SH groups and methionine residues).
HOCl when reaches the cytoplasm causes lesion to in the intracellular
constituents (Halliwell and Gutteridge, 1998b). HOCl reacts readily with free
amino groups to form N-chloramines (Carr et al., 2001) and it can oxidize thiols,
ascorbate, NADPH and lead to chlorination of DNA bases (specially
pyrimidines) and tyrosine residues in proteins (Halliwell and Gutteridge, 1998b).
HOCl is known to inhibit ATP synthesis in bacteria (Hannum et al., 1995) and to
attack also many human targets, namely α1-antiproteinase (Wasil et al., 1987)
and thrombomodulin (Glaser et al., 1992). HOCl at 10-20 μM is able to oxidize
plasma membrane -SH groups and disturb various proteins in the external
membrane, inactivating GLUT and leading to the loss of K+ pumping capacity
(Schraufstätter et al., 1990). Higher doses (> 50 μM) of HOCl induce
generalized -SH oxidation and protein carbonyl formation with cell lyses
(Schraufstätter et al., 1990).
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ONOO− is also a highly reactive radical. ONOO− reactions can be
classified into direct reactions and those occurring via the highly reactive
radicals formed during its decomposition. In fact, ONOO− indirectly oxidizes any
substrate due to its decomposition into NO2● and OH● radicals, as the latter
radical is very reactive and noxious (Goldstein et al., 2008). ONOO− can nitrate
and

hydroxylate

phenolic

compounds,

namely

tyrosine

residues

with

compromise activity of essential proteins (Radi et al., 1991b; Samdani et al.,
1997). ONOO− is a potent oxidizing agent that can cause DNA fragmentation
and lipid peroxidation (Radi et al., 1991a) and also has been shown to activate
metalloproteinases, which cause myocardial injury by degradation of troponin I
(Rajagopalan et al., 1996; Cheung et al., 2000). Reaction of NO● with O2●−
decreases the availability of NO●, which causes endothelial impairment and
attenuates vasodilatation (Bauersachs and Schäfer, 2004). Also, as previously
described, ONOO− can suffer several other reactions leading to the formation of
reactive species, like OH●, NO2●, and CO3●– , all capable of causing possible
noxious effects (Goldstein et al., 2008).
I.3.3.1.

Toxicity of catecholamine oxidation products

In vivo and in vitro studies showed that catecholamines are also a
potential source of oxygen-derived free radicals and, in animal models, they
cause myocyte injury that is attenuated by antioxidants (Rump and Klaus,
1994a; Remião et al., 2001b; Remião et al., 2002; Rump et al., 2002; Zhang et
al., 2005; Neri et al., 2007). Free radicals generated by catecholamines can
interfere with Na+ and Ca2+ transporters, possibly resulting in myocyte
dysfunction through increased sarcolemma Ca2+ influx and cellular Ca2+
overload (Rupp et al., 1994; Wittstein et al., 2005). Catecholamine-induced
oxidative stress leads to lipid peroxidation (Rupp et al., 1994; Zhang et al.,
2005; Neri et al., 2007) and increased GSSG (Remião et al., 2002; Neri et al.,
2007). Moreover, oxidation products of catecholamines, such as the highly
reactive aminochromes or quinones, can be directly deleterious to cell
constituents (Rump and Klaus, 1994a; Rump and Klaus, 1995; LaVoie and
Hastings, 1999; Remião et al., 2000; Behonick et al., 2001; Spencer et al.,
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2002; Remião et al., 2003; Remião et al., 2004; Zoccarato et al., 2005; Genova
et al., 2006; Miyazaki et al., 2006; Tsuji-Naito et al., 2006). The orthosemiquinones formed by chemically- or enzymatically-induced catecholamine
oxidation are detected by electron spin resonance stabilization techniques and
can irreversibly bind to nucleophiles, such as amino acids, peptides or proteins
(Graham, 1978; Graham et al., 1978; Kalyanaraman et al., 1987).
Glutathionyl adducts of catecholamines are found in in vivo and in vitro
experiments, thus demonstrating the ability of catecholamine-quinones to bind
to a very important cellular antioxidant defense, the GSH (Rosengren et al.,
1985; Fornstedt et al., 1986; Fornstedt et al., 1990; Olanow, 1990; Patel et al.,
1991; Zhang and Dryhurst, 1995; Rabinovic and Hastings, 1998; Spencer et al.,
1998; Spencer et al., 2002) resulting in glutathionyl adducts formation or, after
peptidase metabolism, 5-cystein-S-yl metabolites. These cysteinyl derivatives
have been detected in mammalian brain tissue (Rosengren et al., 1985;
Fornstedt et al., 1986; Fornstedt and Carlsson, 1989) and are elevated in postmortem brain tissue from patients with Parkinson's disease (Spencer et al.,
1998). 5-S-cysteinyl-catecholamine adducts are shown to be highly toxic in
dopaminergic isolated neurons (Spencer et al., 2002).
The glutathionyl adducts have been linked to the toxicity of illicit drugs
namely MDMA. In fact, the two main MDMA catechol metabolites, N-methyl-αmethyldopamine and α-methyldopamine, can undergo conjugation with GSH
(Hiramatsu et al., 1990) and the redox-active adducts formed have been
recently in the mechanisms underlying MDMA-induced neurotoxicity (Miller et
al., 1995a; Miller et al., 1996; Miller et al., 1997; Bai et al., 1999; Capela et al.,
2006a; Capela et al., 2007) and nephrotoxicity (Carvalho et al., 2002).
Aminochromes formed by oxidation of catecholamines are also very
prone, in virtue of their indolinequinone ring, to bind or oxidize various
nucleophiles in the cells, namely GSH, cysteine, protein -SH groups (Heacock
and Mattok, 1964; Mattok, 1965; Graham, 1978), which can impair the action of
several enzymes or affect the biological membranes (Bindoli et al., 1989;
Bindoli et al., 1992).
In short, oxidative stress can lead to noxious effects in several organelles
and other cellular structures, which can play a critical role in cardiotoxic events.
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I.4. OBJECTIVES

The toxicity of catecholamines towards the cardiovascular system is well
known since the nineteenth century. However, the full characterization of the
mechanisms involved is far from being elucidated. Despite all the years of
intensive research in this subject, more studies are vital to reveal the
mechanisms involved in the cardiotoxicity induced by catecholamines. The full
understanding of the cardiotoxic effects induced by catecholamines is relevant
not only to reveal the underlying mechanisms, but also to pursue new treatment
strategies in pathologies where the levels of catecholamines are increased.
The main aim of this dissertation was to study and clarify the underlying
mechanisms by which catecholamines, namely ADR, elicit cardiotoxicity.
The following specific objectives were pursued:
• Evaluation

of

ADR

cardiotoxic

effects

on

freshly

isolated

rat

cardiomyocytes and characterization of the main ADR reactive species and
metabolites involved.
• Investigation of ADR and 5-(glutathion-S-yl)adrenaline membrane
transport in freshly isolated cardiomyocytes.
• Evaluation of the intracellular pathways elicited by ADR, namely
transcription factors, energetic metabolism, protein turnover, and proteins
involved in cell death mechanisms.
• Evaluation of the intracellular pathways altered by a ROS generating
system on freshly isolated rat cardiomyocytes.
• Investigation of the influence of a ROS generating system in ADR
oxidation pathways and subsequent cardiotoxic effects.
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II. EXPERIMENTAL SECTION

II.1. Brief considerations on the experimental model and
concentrations used in the studies
In the studies presented in this dissertation, several techniques were
used and they are described in the publicated articles in this section. However,
some remarks are considered pertinent and will be addressed briefly here.
II.1.1.

The in vitro model

In the present dissertation, suspensions of freshly isolated calcium
tolerant rat cardiomyocytes were used as the in vitro model to study the
cardiotoxicity of catecholamines. This model has the ethic advantages of the in
vitro studies, thus allowing the use of fewer animals while studying more
compounds and/or concentrations with one single animal (Chacon et al., 2001).
Furthermore, the use of the isolated cells allows a better control of the
surrounding environment, since the use of cardiomyocyte suspensions allows
the determination of a great variety of biochemical parameters, dodging
vascular or hormonal influence (Chacon et al., 2001). In particular, isolated
cardiac cells were useful to obtain a more wide understanding of the cellular
and molecular basis of myocardial cell injury.
During the present dissertation, freshly isolated cardiomyocytes from
adult rat were used, instead of cell lines. Presently, permanent cell lines are
commonly used as model for many cell types, however it is difficult to establish
such a cell line for cardiac cells. Freshly isolated differentiated cells are unable
to multiply in culture and cardiac tumors are extremely rare (Hescheler et al.,
1991). Nevertheless, Kimes and Brandt succeeded in breeding cells of cardiac
origin, establishing the H9c2 cell line (Kimes and Brandt, 1976). The H9c2 cells
have features of skeletal muscle as they express nicotinic receptors and
synthesize a muscle-specific creatine phosphokinase isoenzyme (Kimes and
Brandt, 1976). On the other hand, the H9c2 cell line conserves properties of
cardiac calcium channels and all heart-specific 1,4-dihydropyridine binding
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sites; however they lack morphological properties of adult cardiomyocytes
(Kimes and Brandt, 1976; Hescheler et al., 1991) and the pattern of G proteins
shows the characteristics of the striated muscle (Hescheler et al., 1991), which
can

obviously

influence

their

responses

to

neurotransmitters

like

catecholamines.
The

enzymatically

dispersed

cardiomyocytes

have

gained

great

importance for electrophysiological and biochemical studies for their similarities
to the cardiac cells. However, they are more difficult to obtain and demand
isolation and purification procedures. The cardiomyocytes physiology is largely
dependent on the ion homeostasis, in particular calcium. The use of calcium
tolerant cardiomyocytes was adopted due to the importance of calcium to the
physiology of the heart and to toxicity mechanisms. The cardiomyocytes used
during the studies included in this dissertation are held in physiologic calcium
concentrations and thus the results obtained are more similar to those in vivo
(Melchert et al., 2001). However, it has been argued that isolated cells rely
predominantly on glucose as their energy supply, which is different from the
characteristic fatty acid β-oxidation of cardiac muscle cells in vivo.
The source of the cardiomyocytes was also considered. Nowadays, the
isolation and culture of cardiomyocytes is a usual procedure, and the isolated
cells resulting from fetal, perinatal or neonatal animals are more common due to
the difficulties in working with adult heart tissues. In fact, those cardiomyocytes
are easier to obtain, since the calcium paradox is not so exacerbated in them
(Melchert et al., 2001). Hearts from fetal or newborn animals are able to form
confluent cardiomyocyte cell layers and maintain cell cultures for long periods
(Thum

and

Borlak,

morphologically

and

2000b).

Nevertheless,

biochemically

from

fetal

adult

cardiomyocytes

and

fully

differ

differentiated

cardiomyocytes and the conclusions obtained with these fetal cardiomyocytes
have to be regarded with caution (Pin and Merrifield, 1993; Kato et al., 1996).
The differences of fetal, perinatal or neonatal cardiomyocytes to the adult cell
include developmental changes in action potential, membrane currents (Kato et
al., 1996), expression of different contractile proteins (Pin and Merrifield, 1993),
fast redifferentiation in neonatal cardiomyocytes, with pseudopodial extensions
and changes in myosin expression (Ghanbari and McCarl, 1980; Nag et al.,
1985). Furthermore, the levels of taurine, a protective amino acid are higher in
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perinatal or neonatal cardiomyocytes (Kramer et al., 1981; Takihara et al.,
1985). The differences are also reflected in pharmacological responses (Singh
et al., 2001), since β-stimulation in neonatal cardiomyocytes gives rise to
hypertrophic responses (Long et al., 1992; Morisco et al., 2001), while in adult
cardiomyocytes leads to apoptosis (Communal et al., 1998; Communal et al.,
1999). Furthermore, the β2-adrenoceptor subtype is predominant in neonatal rat
cardiac myocytes (β1 with 36% vs β2 with 64%), while the β1-adrenoceptor
subtype predominates in the adult rat heart (59% vs 41%) (Morisco et al.,
2001). The distribuition of β-receptors in adult rat heart is actually more similar
to the human (Brodde et al., 2006). Additionally, for the study of catecholamines
or ROS toxicity, it seemed more reasonable to adopt the adult cells, as the
majority of the pathologies whith high levels of ROS or catecholamines occur
primarily in adult individuals (Melchert et al., 2001). Consequently, during all the
experiments of this dissertation, suspensions of freshly isolated cardiomyocytes
from adult rats were used, as a robust model for studying cardiotoxicity.
Two models of isolated adult cardiomyocytes are mainly reported: i)
beating cardiomyocytes, which are either electrically driven or spontaneously
beating, and ii) quiescent cardiomyocytes. Beating cardiomyocytes are often
considered a more physiological model, because cardiomyocytes beat in vivo,
however, the question of whether a hormonal stimulus acts independently of
mechanical effects can be better addressed in non-beating cultures (Schluter et
al., 1995). Thus, in the studies performed in the present dissertation, quiescent
cardiomyocytes isolated from adult rats were employed.
The long term culture of primary isolated cardiomyocytes is a valuable
tool for studying the pharmacological and toxicological proprieties of drugs and
chemicals (Thum and Borlak, 2000b). It requires the use of complex mediums
and antioxidants that can interfere with the oxidative status of the substances to
be studied (Clement et al., 2002), and difficult the conclusions, in particular
when one of the objectives is to study the redox ability of compounds.
Consequently, after enzymatic isolation, the isolated cells used in this
dissertation were calcium tolerant and were kept in minimum medium with no
antioxidants of any kind that would interfere in the oxidation of catecholamines.
However, this medium guaranties the good conditions of the cardiomyocytes up
to 4 hours (Remião et al., 2001a; Remião et al., 2001c).
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II.1.2.

Concentrations and adrenaline’s model of oxidation

Plasma levels of ADR in healthy volunteers at rest are as low as 30 pM,
while NA reaches 1 nM (Wheatley et al., 1985; Goldstein et al., 2003). However,
any alteration in the metabolism of catecholamines or disruption of their
transport mechanisms might lead to anomalously high concentrations (Lameris
et al., 2000). The ADR concentrations in plasma greatly increase as a result of
adrenal stimuli (Goldstein et al., 2003). Namely, in pheochromocytoma patients
plasma concentrations of ADR were shown to range from 0.3 to 3.6 µM, while
NA concentrations can reach up to 50 µM (1.5-50 µM) (Gerlo and Sevens,
1994). Moreover, extra-adrenal ADR synthesis and PTMN have been reported
in the heart and an extensive uptake of ADR from the plasma occurs in some
pathologic conditions (Goldstein et al., 2003). Therefore, higher concentrations
are expected to be found in the heart tissue than the ones reported in the
plasma, which presents a higher clearance capability. In fact, plasmatic values
of catecholamines do not directly correlate to the values found in the heart
(Lameris et al., 2000; Killingsworth et al., 2004) and represent only an indirect
measurement. High levels of catecholamines are found in the heart in several
pathologies, such as HF or I/R. The most accurate way of assessing those
concentrations is by the evaluation of the interstitial heart fluid. In pigs subjected
to ventricular fibrillation, defibrillation, and reperfusion, the values in myocardial
interstitial fluid of NA and ADR peaked at 219.2 ± 92.1 (1.3 μM) and 63.7 ± 25.1
ng/mL (0.35 μM) after defibrillation, respectively (Killingsworth et al., 2004).
In the works presented in this dissertation, the concentrations of ADR
were in the range of 10 to 500 μM. Several other in vitro studies, namely with
cell cultures, that evaluated the toxicity of catecholamines and the intracellular
pathways elicited, used similar concentrations. Several studies conducted with
DA used concentrations in the range of 0.1 to 1000 μM (Spencer et al., 2002),
50 to 600 μM (Jia et al., 2008), or 100 μM (Paris et al., 2005; Ding et al., 2008);
ISO was used in the range 0.2 to 20 μM (Simpson, 1983), 0 to 10 μM (Pinson et
al., 1993) or at 1 mM (Remião et al., 2001b; Remião et al., 2002); NA was used
in the range 0.002 to 20 μM (Simpson, 1983), 1 to 50 μM (Singal et al., 2006), 5
to 200 μM (Fu et al., 2004b), 1 to 200 μM (Fu et al., 2004a), 2 and 100 μM
(Gupta et al., 2006); and finally, ADR was used in the range of 1 nM to 1 mM
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(Wahle et al., 2005), 1 to 50 μM (Aninat et al., 2008) and 0.01 to 100 μM
(Henaff et al., 2000) or 100 μM (Seraskeris and Lazou, 2001).
Most of the in vitro studies, when using μM concentrations are performed
with incubations of several hours, or even days (24-96 hours) (Communal et al.,
1998; Communal et al., 1999; Amin et al., 2001; Spencer et al., 2002; Fu et al.,
2004a). Thus, the maximum concentration (500 μM) used in the studies of this
dissertation is adequate according to previous in vitro studies, and because
shorter term incubation studies were conducted (maximum 3 hours).
In the studies presented in this dissertation, XXO was applied to freshly
isolated cardiomyocytes, since it is a suitable system of generating ROS in
order to mimic the in vivo situation (Spencer et al., 1995; Spencer et al., 1998;
Durot et al., 2000), namely in HF and I/R phenomena. The O2●− generating
system can be used in cell models to mimic a pathological oxidative stress
condition (Spencer et al., 1998; Durot et al., 2000). Also, there are several
works reporting an important role of XO in the pathogenesis of I/R and other
diseases (Chambers et al., 1985; Baldus et al., 2006). In cultured
cardiomyocytes, Durot and co-workers used XXO concentrations of 0.1 mM/
0.01 IU/mL, which are reported to be found in pathophysiological conditions
(Durot et al., 2000). In the studies presented in this dissertation, those
concentrations were adopted for the XXO.
In conclusion, in most of the studies conducted in the present
dissertation, an O2●− generating system was used (XXO) in the presence or
absence of ADR during a short term (3 hours maximum incubation period) in
vitro study using freshly isolated calcium tolerant cardiomyocytes from adult rat.
As such, in the majority of the works presented, four groups were used: the
control, the ADR, the ADR with XXO and the XXO group. The final
concentrations were: 500 μM ADR, 100 μM xanthine and 0.01 U/mL XO, unless
otherwise mentioned.
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formation of adrenochrome, quinoproteins, and GSH adduct
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High concentrations of circulating biogenic catecholamines often exist during the course of several
cardiovascular disorders. Additionally, coronary dysfunctions are prominent and frequently related to
the ischemic and reperfusion phenomenon (I/R) in the heart, which leads to the release of large amounts
of catecholamines, namely adrenaline, and to a sustained generation of reactive oxygen species (ROS).
Thus, this work aimed to study the toxicity of adrenaline either alone or in the presence of a system
capable of generating ROS [xanthine with xanthine oxidase (X/XO)], in freshly isolated, calcium tolerant
cardiomyocytes from adult rats. Studies were performed for 3 h, and cardiomyocyte viability, ATP level,
lipid peroxidation, protein carbonylation content, and glutathione status were evaluated, in addition to
the formation of adrenaline’s oxidation products and quinoproteins. Intracellular GSH levels were timedependently depleted with no GSSG formation when cardiomyocytes were exposed to adrenaline or to
adrenaline with X/XO. Meanwhile, a time-dependent increase in the rate of formation of adrenochrome
and quinoproteins was observed. Additionally, as a new outcome, 5-(glutathion-S-yl)adrenaline, an
adrenaline adduct of glutathione, was identiﬁed and quantiﬁed. Noteworthy is the fact that the exposure
to adrenaline alone promotes a higher rate of formation of quinoproteins and glutathione adduct, while
adrenochrome formation is favored where ROS production is stimulated. This study shows that the redox
status of the surrounding environment greatly inﬂuences adrenaline’s oxidation pathway, which may
trigger cellular changes responsible for cardiotoxicity.
Introduction
An estimated one-third of total global deaths result from the
various forms of cardiovascular diseases, ischemic heart disease
being the main cause (1). Although they were considered
diseases of developed countries, since half of all deaths in the
United States are related to cardiovascular diseases (2), a new
reality is emerging, and it is estimated that by 2010 cardiovascular diseases will be the leading cause of death in developing
countries (1).
When a stressful stimulus occurs, adrenaline and noradrenaline are released, throughout the nervous system and adrenal
medulla (3). The cardiac sympathetic nerves are preferentially
stimulated in severe heart failure, which includes a 50-fold
increase in the rate of spillover of noradrenaline, but also a large
release of the sympathetic co-transmitters, adrenaline and
neuropeptide Y (4). During an ischemic phenomenon, the
* To whom correspondence should be addressed: REQUIMTE, Departamento de Toxicologia, Faculdade de Farmácia, Universidade do Porto,
Rua Aníbal Cunha, 164 4099-030 Porto, Portugal. Phone: 00351-222078979.
Fax: 00351-222003977. V.M.C.: e-mail, veramcosta@ff.up.pt. F.R.: e-mail,
remiao@ff.up.pt.
†
University of Porto.
‡
University Nova de Lisboa.
§
University of Coimbra.
|
University Fernando Pessoa.

concentrations of noradrenaline and adrenaline rise progressively
in the interstitial myocardial ﬂuid (3, 5). Elevated concentrations
of circulating catecholamines are also found in arrhythmias,
myocardial necrosis (3, 5), heart failure (4), exercise (6),
pheochromocytoma (7), hypoglycemia, hemorrhagic hypotension, circulatory collapse, and distress (8). Additionally, catecholamines have been widely used for decades in cardiovascular
therapy (adrenaline has been used for cardiopulmonary resuscitation for more than 100 years) (9, 10).
Ischemic and reperfusion phenomenon (I/R), a coronary
dysfunction, is associated with oxidative stress. In fact, in postischemic myocardium, ROS 1 are formed at an accelerated rate
(11–13), playing a major role in pathogenesis. Cardiac myocytes,
endothelial cells, and inﬁltrating neutrophils contribute to ROS
production (2). High levels of ROS are also found in exercise
(14), and in many pathological conditions, such as inﬂammation
(15, 16), neurodegeneration (17), and aging (18).
Although the toxicity of catecholamines is mainly related to
the stimulation of adrenoreceptors, there is a growing body of
evidence which shows that their oxidation is also responsible
1
Abbreviations: ADR, adrenaline; X/XO, xanthine and xanthine oxidase;
GSH, reduced glutathione; GSSG, oxidized glutathione; GSHt, total
glutathione; ROS, reactive oxygen species; I/R, ischemia and reperfusion;
LDH, lactate dehydrogenase; GR, glutathione redutase; GPx, glutathione
peroxidase; GST, glutathione S-transferase.
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for cardiotoxicity (13, 19, 20). The oxidation of catecholamines
at physiological pH seems to occur very slowly; however, it
increases considerably by enzymatic or metal catalysis (19, 21, 22)
or in the presence of superoxide anion (O2•-) (23). Therefore,
oxidation of adrenaline in vivo is possible in some circumstances, as in I/R. In accordance, products of this oxidation have
been described in the heart, skeletal muscle, liver, and blood
(20). The oxidative pathway of catecholamines generates various
highly reactive intermediaries, like o-quinones, aminochromes,
aminolutins, and melanins (19), which can react with external
nucleophilic groups, especially SH groups, present in cysteine,
glutathione, and proteins (24–26) or OH and NH2 groups also
in proteins (27). For instance, adrenochrome is capable of
inhibiting the activity of several enzymes (19, 28), thus greatly
modifying cellular metabolism (20). The interaction of adrenochrome with SH groups and the induced depletion of oxygen,
ascorbate, and glutathione may cause noxious effects toward
the cellular function and defenses (28).
In addition, the conjugation of oxidation products of catecholamines with GSH is no longer considered a simple
detoxiﬁcation route. In fact, these adducts have been reported
to induce toxicity. Actually, they seem to be involved in the
pathogenesis of Parkinson’s disease (24, 29) and in the toxicity
of the illicit drugs MDMA (3,4-methylenedioxymethamphetamine) (30, 31) or methamphetamine (26).
Our work aimed to provide new insight into the toxicity
induced by adrenaline, ROS, and their concomitant effects in
freshly isolated calcium tolerant cardiomyocytes obtained from
adult rat, a suitable in vitro model for evaluating the mechanisms
involved in the toxicity toward these muscle cells (32, 33). The
X/XO system was used to mimic an oxidative stress environment, which, as stated above, is present in several pathologies,
some of those with concomitant release of large quantities of
catecholamines.
The studies on tolerant calcium cardiomyocytes were performed for a maximum period of 3 h, and cellular viability,
oxidation products of adrenaline, glutathione status, quinoproteins, and glutathione adduct were evaluated during the time
course of the experiments to determine the mechanistic pathway
of adrenaline’s oxidation when alone and compare it with that
in the presence of ROS.

Materials and Methods
Animals. Adult male Sprague-Dawley rats (Charles River
Laboratories, Barcelona, Spain) weighing 250–350 g were used.
The animals were housed in cages with a temperature- and
humidity-controlled environment. Food and water were provided
ad libitum, and animals were subjected to a 12 h light–dark cycle.
Animal experiments were licensed by the Portuguese General
Directory of Veterinary Medicine. Housing and experimental
treatment of the animals were in accordance with the Guide for
the Care and Use of Laboratory Animals from the Institute for
Laboratory Animal Research (ILAR 1996). The experiments
complied with current Portuguese laws.
Chemicals. All reagents used in this study were of analytical
grade. Collagenase type II was obtained from Worthington (Lakewood, NJ). Collagenase (type IA), bovine serum albumin (fraction
V), N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid) (HEPES),
reduced glutathione (GSH), oxidized glutathione (GSSG), glutathione redutase (GR, EC 1.6.4.2), 2-vinylpyridine, reduced
β-nicotinamide adenine dinucleotide phosphate (β-NADPH), reduced β-nicotinamide adenine dinucleotide (β-NADH), 5,5-dithiobis(2-nitrobenzoic acid) (DTNB), adenosine triphosphate (ATP),
pyruvic acid, phenylmethanesulfonyl (PMSF), nitroblue tetrazolium
(NBT), 1-chloro-2,4-dinitrobenzene, 1-octanesulfonic acid, mushroom tyrosinase, γ-glutamyltranspeptidase (γ-GT, EC 2.3.2.2),
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luciferase, luciferin, and all reagents for enzymatic determinations
were obtained from Sigma-Aldrich (St. Louis, MO). Citric acid,
methanol (gradient grade), perchloric acid, and all other chemicals
were purchased from Merck (Darmstadt, Germany).
5-(Glutathion-S-yl)adrenaline Synthesis and RMN Analysis. The synthesis of the adduct of adrenaline with GSH followed
previously published methods (34) for other catecholamine–GSH
adducts.
To a solution of (-)-adrenaline (0.010 g, 5.46 × 10-5 mol) in
sodium phosphate buffer (20 mL, pH 7.4, 50 mM) at 25 qC was
added mushroom tyrosinase (4000 units, 200 units/mL of buffer).
The solution became red, indicating the formation of o-quinone.
GSH (0.0335 g, 1.09 × 10-4 mol) was added, and the red-colored
solution changed with time to yellow (19 h). At the terminus of
the reaction, 1 mL of 88% formic acid was added, and the solution
was carefully concentrated by rotary evaporation without heating.
The puriﬁcation of the product was performed by reverse-phase
RP-18 modiﬁed silica column chromatography (Merck KGaA) ﬁrst
with water (150 mL) and then 10 × 10 mL of 10% methanol
followed by 10 × 10 mL of 20% methanol. Each fraction was
checked for the presence of adduct using a UV–vis detector.
Fractions containing maxima at 260 and 292 nm were separated
and carefully evaporated to dryness. Due to the fact that glutathione
was difﬁcult to separate from the adrenaline adduct, further
puriﬁcation by HPLC was necessary using a LiChrospher 100 RP18 column (Merck KGaA), with two mobile-phase solvents. Solvent
A was prepared by adding concentrated triﬂuoroacetic acid (TFA)
to deionized water until the pH reached 2.5. Solvent B was prepared
by adding TFA to a 1:1 mixture of acetonitrile (MeCN) and
deionized water until the pH reached 2.6. The mobile phase was
made of solvents A and B, and the following gradient was used:
100 to 85% solvent A from 0 to 25 min, 85 to 65% solvent A from
25 to 32 min, 65 to 0% solvent A from 32 to 37 min, and 100%
solvent A from 37 to 42 min. The compounds eluted within 10
min. The peaks were monitored at 290 nm. 5-(Glutathion-Syl)adrenaline (0.006 g) was obtained as an oil in 22.5% yield: 1H
NMR (D2O) δ 2.07 (2H, m, Glu-β), 2.41 (2H, m, Glu-γ), 2.67
(3H, s, N-CH3), 3.14 (3H, m, Cys-β, CH2), 3.28 (1H, m, Cys-β),
3.75 (1H, s, Gly-R), 3.91 (2H, m, Glu-R), 6.83 (1H, s, ArH2c/6c),
6.93 (1H, s, ArH2c/6c); MALDI-TOF (sinapinic acid) m/z 489.5
[MH]+, 511.5 [M + Na]+.
Calcium Tolerant Cardiomyocytes Isolated from Adult
Rat. Calcium tolerant cardiomyocytes were isolated by Langendorff
retro perfusion of adult rat heart as previously described (35, 36),
with some modiﬁcations. The procedure was based on (i) successive
treatments with calcium free medium and (ii) digestion with
collagenases (collagenase type II and collagenase type IA in a 200
μM calcium-modiﬁed Krebs–Henseleit buffer solution), followed
by (iii) gentle mechanical disaggregation. Calcium tolerant cardiomyocytes were obtained by gradual re-introduction of calcium until
a ﬁnal concentration of 1 mM. All steps were performed in modiﬁed
Krebs–Henseleit buffer containing 102 mM NaCl, 4 mM KCl, 1
mM MgSO4, 10 mM glucose, 5.5 mM NaHCO3, 0.9 mM KH2PO4,
and 22 mM HEPES (pH adjusted to 7.2–7.4) saturated with a
gaseous stream of carbogen (95% O2 and 5% CO2). At the
beginning of the experiments, cell viability was always greater than
60%, evaluated by the lactate dehydrogenase (LDH) leakage assay
and by microscopic evaluation of cardiomyocyte morphology. The
obtained viability is in accordance with previous reports for calcium
tolerant cardiomyocytes (37–39). This viability was obtained after
a 5 min preincubation at 37 qC to guarantee the correspondence
between values obtained via manual counting and a LDH leakage
assay. Incubations were performed in a water bath at 37 qC, using
a density of 2.5 × 105 viable cells/mL in the modiﬁed Krebs–
Henseleit buffer supplemented with 1 mM CaCl2 (pH 7.4) and
saturated with an air stream of carbogen, every hour. After a
preincubation for 30 min at 37 qC, the compounds were tested using
the following protocol: (i) control cells, with no treatment; (ii) cells
incubated with adrenaline (ADR) alone; (iii) cells incubated with
ADR and X/XO; and (iv) cells exposed to the X/XO system alone.

Adrenaline Oxidation Products and Cardiotoxicity
The ﬁnal concentrations were as follows: 0.5 mM ADR (unless
otherwise mentioned), 0.1 mM xanthine, and 0.01 unit/mL xanthine
oxidase.
Sample Treatment. At incubation times of 0, 1, 2, and 3 h,
determinations were performed directly using the cardiomyocyte
suspension or after centrifugation at 18g for 2 min, for separation
of supernatant and pellet, as previously described (38). The
supernatant is termed the incubation medium. The pellet was washed
two times with 1 mL of modiﬁed Krebs–Henseleit buffer supplemented with 1 mM CaCl2, centrifuged at 18g for 2 min, and ﬁnally
treated according to the chemical and biochemical determinations
for cardiomyocytes. Washing solutions obtained after centrifugation
were rejected.
Cell Viability Assays. 1. Lactate Dehydrogenase Leakage
Assay. The LDH leakage assay was directly performed in the
cardiomyocyte suspensions to evaluate the level of cell injury at
time zero (immediately after addition of the compounds) and after
incubation for 3 h in all treatments, as previously described (38).
2. Morphology. The percentage of rod-shaped cells was
determined using a Neubauer chamber, as previously described (40).
Cells with a length/width ratio of >4 were considered rod-shaped
cells.
Measurement of Total GSH (GSHt), GSH, and GSSG
Levels. The cardiomyocyte and incubation medium levels of GSH
and GSSG were measured by the DTNB–GSSG redutase recycling
assay, as previously described (41). Both the incubation medium
and cardiomyocytes were acidiﬁed to a ﬁnal concentration of 5%
HClO4 and centrifuged, and the supernatant obtained was used for
the measurements.
Determination of GPx, GR, and GST Intracellular Activities. For the determination of glutathione peroxidase (GPx),
glutathione redutase (GR), and glutathione S-transferase (GST)
activities, aliquots of the cell suspension were sonicated for 12 s at
intensity 4 in a VibraCell sonicater (Sonics & Materials Inc.,
Danbury, CT) and then centrifuged at 16000g for 10 min. The GPx,
GR, and GST activities were determined in the supernatant that
was obtained, as previously described (42). Brieﬂy, GR activity
was determined by following NADPH oxidation at 340 nm during
the reduction of GSSG to GSH. Selenium-dependent GPx activity
was determined by following NADPH oxidation at 340 nm after
reduction of GSSG by GR. Finally, GST activity was determined
by following the formation of the GSH conjugate with 1-chloro2,4-dinitrobenzene, which was monitored at 340 nm. All measurements were performed in triplicate in a 96-well plate reader.
Measurement of Cellular and Extracellular ATP Levels. The
incubation medium and cardiomyocytes were acidiﬁed to a ﬁnal
concentration of 5% HClO4 and centrifuged, and the supernatant
obtained was used for the measurements. The level of ATP was
measured by the bioluminescence test based on the work of De
Luca et al. (43).
Assessment of Protein Carbonylation. Protein carbonyl groups
were quantiﬁed in cardiomyocytes, as described by Levine et al.
(44), by reaction with 2,4-dinitrophenylhydrazine (DNPH).
Protein Determination. The protein levels were determined as
previously described by Lowry (45). Protein content for quinoproteins was determined by the method described by Bradford (46).
Assessment of Lipid Peroxidation. The extent of lipid peroxidation in suspension cells was measured by the assay for thiobarbituric acid reactive substances (TBARS) at 535 nm, as previously
described (42).
Assessment of Protein-Bound Quinones (Quinoproteins). For
the assessment of protein–bound quinones in cardiomyocytes, the
NBT/glycinate colorimetric assay was performed, which is based
on the method described by Paz et al. (47), with a few adaptations.
The cardiomyocytes were lysed in 200 μL of ice-cold RIPA buffer,
supplemented with 5 mM PMSF. The samples were sonicated at
intensity 4 in the VibraCell sonicater for 3 s, and the whole protein
content was quantiﬁed by the Bradford method (46), using BSA
as a protein standard. Twenty-ﬁve micrograms of the lysates in
RIPA buffer was added to 240 μL of a 2 M potassium glycinate
(pH 10) solution. To this last solution was added 500 μL of NBT
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reagent [0.24 mM NBT in 2 M potassium glycinate (pH 10)]. The
reaction was performed for 3 h at room temperature in the dark,
after which the absorbance was read at 530 nm in a 96-well plate
reader.
HPLC-DAD/EC Analysis. Adrenochrome and adrenaline in the
incubation medium were quantiﬁed by HPLC (Waters model 2690)
with a photodiode array detector (DAD), at 279 nm (for catecholamine) and 300 nm (for aminochrome), as previously described (40).
The quantiﬁcation of adrenaline levels in the cardiomyocytes and
of adrenaline–GSH adduct was performed with the same HPLC
instrument equipped with an electrochemical detector (EC), as
previously described (48).
The incubation medium and cardiomyocytes, these last after being
washed two times as described in Sample Treatment, were acidiﬁed
to a ﬁnal concentration of 5% HClO4 and centrifuged, and the
supernatant obtained was used for the measurements. After
sampling, the acidic samples were supplemented with ascorbic acid
(5 mM, ﬁnal concentration), to avoid further formation of the GSH
adduct. Storage was at -80 qC, with HPLC-EC analysis being
performed within 24 h of treatment. Previous studies were
performed to guarantee the stability of the adduct and to avoid
chemical formation of the adduct during storage.
Quantitative measurements of adrenaline content (in the cells),
as well as of the GSH–adrenaline adduct (in the cells and incubation
medium), were carried out by interpolation of standard curves
obtained by injection of standard solutions of adrenaline and the
GSH–adrenaline adduct, by a previously validated method (48).
To conﬁrm the presence of the GSH adduct, cardiomyocytes and
incubation medium aliquots were spiked with 5-(glutathion-Syl)adrenaline standard. Moreover, to strengthen identiﬁcation of the
GSH conjugate, aliquots were treated with γ-glutamyltranspeptidase
(γ-GT), according to the method of Carvalho et al. (41), with minor
modiﬁcations. This procedure allowed the identiﬁcation of GSH
adducts, since γ-GT cleaves the γ-glutamyl bond of GSH (49).
The cardiomyocytes were sonicated (12 s at intensity 4 in the device
described above) and then treated with γ-GT (ﬁnal concentration
of 4 IU in Krebs–Henseleit buffer) for 5 min before protein
precipitation with 5% HClO4 (ﬁnal concentration). Incubation
medium samples were placed in contact with γ-GT (ﬁnal concentration of 4 IU in Krebs–Henseleit buffer) for 5 min at room
temperature before protein precipitation with 5% HClO4 (ﬁnal
concentration). Both samples were then centrifuged for 10 min at
16000g, and the supernatant obtained was injected into the HPLCEC system.
Statistical Analysis. Results are given as means ( the standard
deviation (SD) from six independent experiments with suspensions
of cardiomyocytes proceeding from six different rats. Nonparametric
tests were used. Statistical comparisons between groups were
performed with a Kruskal–Wallis test (one-way ANOVA on Ranks)
followed by the Student–Newman–Keuls post hoc test, once a
signiﬁcant p had been obtained.
When only two treatment groups were compared, the Mann–
Whitney Rank Sum test was used. Details of the statistical analysis
are described in each ﬁgure legend. Signiﬁcance was accepted at p
values of <0.05.

Results
Changes in the Concentration of Adrenaline and
Adrenochrome. The measurement of adrenaline and adrenochrome levels was performed in cardiomyocytes and incubation
medium of cell suspensions incubated with ADR or with ADR
and X/XO. In control or X/XO cells, no adrenaline or adrenochrome was detected.
In cardiomyocytes after incubation for 3 h, a signiﬁcantly
higher concentration of adrenaline was found in the ADR group
(12 ( 1 nmol of ADR/2.5 × 105 cardiomyocytes) when
compared with the group with ADR and X/XO (8 ( 1 nmol of
ADR/2.5 × 105 cardiomyocytes).
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Figure 1. Levels of adrenaline (A) and adrenochrome (B) in incubation
medium and of quinoproteins in cardiomyocytes (C) of cell suspensions
incubated with 0.5 mM ADR and 0.5 mM ADR with X/XO. Results
are presented as means ( SD from six different experiments. Statistical
comparisons were made using Kruskal–Wallis test followed by the
Student–Newman–Keuls post hoc test: *p < 0.05 and **p < 0.01 vs
control; #p < 0.05 and ##p < 0.01 for ADR vs ADR and X/XO groups;
and δp < 0.05 and δδp < 0.01 vs time zero.

In the incubation medium, adrenaline was quantiﬁed each
hour during the 3 h incubation. The concentration of adrenaline
decreased rapidly from its initial value of 0.5 mM in both
treatments, although more rapidly in suspensions exposed to
ADR and X/XO (Figure 1A). The difference between treatments
was statistically signiﬁcant as early as 1 h. After incubation for
3 h, the concentration of adrenaline was 321 ( 52 and 222 (
80 μM in suspensions with ADR and with ADR and X/XO,
respectively.
In the incubation medium, the decrease in adrenaline levels
was accompanied by a time-dependent increase in the adrenochrome levels. This result was more evident in the group with
ADR and X/XO, where values of adrenochrome reached 155
μM, at 3 h (Figure 1B).
The adrenochrome peak was not detected in the cardiomyocytes in ADR group or ADR and X/XO group.
Adrenaline Oxidation Products Bind to Intracellular
Proteins. The protein-bound quinone products (quinoproteins)
present in cardiomyocytes were evaluated hourly, for all the
treatments (Figure 1C). The measurements showed no signiﬁcant
differences between control cells and the X/XO group, at all
time points (data not shown). Moreover, in the presence of ADR
and ADR with X/XO, quinoprotein levels increased steadily in
a time-dependent manner (Figure 1C). Quinoprotein levels in
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Figure 2. Intracellular glutathione levels [total (A), reduced (B), and
oxidized (C)] in calcium tolerant rat cardiomyocytes: control, 0.5 mM
ADR, and 0.5 mM ADR with X/XO for 3 h. No statistical differences
were found for the X/XO system as an isolated treatment, when
compared with control (data not shown). Results are presented as means
( SD from six different experiments. Statistical comparisons were made
using Kruskal–Wallis test, followed by the Student–Newman–Keuls
post hoc test: *p < 0.05 and **p < 0.01 vs control; and #p < 0.05 and
##
p < 0.01 for ADR vs ADR and X/XO groups.

the ADR cells at 2 and 3 h were 2 and 3 times higher,
respectively, than in control. In the cells with ADR and X/XO,
at 3 h, the quinoprotein content was double control levels.
Alteration in Glutathione Status. In Figure 2, the levels of
GSHt (Figure 2A), GSH (Figure 2B), and GSSG (Figure 2C)
in cardiomyocytes, during the time course of a 3 h incubation
in control, ADR, and ADR and X/XO cells, can be observed.
There were no signiﬁcant differences between the X/XO group
and control (data not shown). However, the exposure to ADR
caused a decrease in GSHt levels (Figure 2A), when compared
to control. Additionally, the group with ADR and X/XO showed
a more prominent decline in the content of both GSHt (Figure
2A) and GSH (Figure 2B). The differences between ADR and
ADR with X/XO became signiﬁcant as early as 1 h for GSHt
(Figure 2A) and 2 h for GSH (Figure 2B). It is worth mentioning
that the levels of GSSG in cardiomyocytes did not suffer any
alteration (Figure 2C) at any time point or group that was
analyzed.
In addition, in the incubation medium, the levels of GSH and
GSSG measured for all treatments showed no signiﬁcant
differences among them (data not shown).
Lower concentrations of ADR (0.25 and 0.1 mM) were also
tested to determine variations of GSH and GSSG levels. No
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Figure 4. Levels of 5-(glutathion-S-yl)adrenaline formed within the
myocytes and incubation medium of cardiomyocyte suspensions
incubated with 0.5 mM ADR and 0.5 mM ADR with X/XO. Statistical
comparisons, at 3 h, were made using the Mann–Whitney Ram Sum
test: ##p < 0.01 for ADR vs ADR and X/XO groups.

Figure 3. HPLC-EC chromatograms showing the peak corresponding
to the 5-(glutathion-S-yl)adrenaline formed within the cells incubated
with 0.5 mM ADR and X/XO for 3 h (A). The sample was injected
with and without addition of the 5-(glutathion-S-yl)adrenaline standard
(A), showing that the peaks have the same retention time. The peaks
were obtained from cells incubated with 0.5 mM ADR (B) before and
after treatment with γ-GT for 3 h. Treatment in control or in X/XO
groups with γ-GT showed no interfering peaks (data not shown).

differences were registered among the groups when compared
to control groups (data not shown), at a maximum incubation
of 3 h.
The sampling homogeneity was conﬁrmed by protein levels,
which remained fairly constant at all experimental times in each
assay (data not shown).
Adrenaline Conjugated with Glutathione: Formation of
5-(Glutathion-S-yl)adrenaline. The depletion of GSHt and
GSH with no GSSG formation may be explained by the
conjugation between GSH and oxidation products of adrenaline.
Thus, cardiomyocytes and incubation medium samples were
collected and analyzed by HPLC-EC for GSH–adrenaline adduct
detection, by a previously described method (48).
The 5-(glutathion-S-yl)adrenaline adduct was found in cardiomyocytes and in the incubation medium in ADR group and
in ADR and X/XO group. The chromatographic peak was
conﬁrmed as being 5-(glutathion-S-yl)adrenaline after co-elution
with a 5-(glutathion-S-yl)adrenaline standard. The sample was
also injected with and without addition of the 5-(glutathion-Syl)adrenaline standard, showing that the peaks have the same
retention time (Figure 3A). Additionally, the chromatographic
peak of this adduct completely disappeared when samples
(cardiomyocytes and incubation medium) were treated with
γ-GT, which can be observed in Figure 3B. Treatment with
γ-GT of the control or X/XO group showed no interfering peaks,
either in the incubation medium or in cardiomyocytes (data not
shown).
The levels of 5-(glutathion-S-yl)adrenaline were evaluated,
and a higher level of formation of the GSH adduct was observed
in cells incubated for 3 h with ADR [378 ( 48 pmol of
5-(glutathion-S-yl)adrenaline/2.5 × 105 cardiomyocytes] when
compared with ADR and X/XO [115 ( 32 pmol of 5-(glutathion-S-yl)adrenaline/2.5 × 105 cardiomyocytes] (Figure 4),
which represents an increase of more than 3-fold in the ﬁrst
group compared to the latter.

In the incubation medium, the same trend was also found,
since higher values of adduct were measured in the ADR group
(830 ( 139 pmol/mL), which represents around twice the levels
observed in the group with ADR and X/XO (433 ( 130 pmol/
mL) (Figure 4).
Of note, the presence of the referred adduct with lower
concentrations of adrenaline was also evaluated, after a 3 h
incubation of the cardiomyocyte suspensions. In both groups,
the lowest concentration of adrenaline that enabled the detection
of adduct in the cardiomyocytes was 25 μM.
Adrenaline Treatment Did Not Induce Changes in
Lipid Peroxidation, Protein Carbonylation, Activity of
Antioxidant Enzymes, or ATP Concentration. Incubation of
cardiomyocyte suspensions for 3 h with ADR, ADR and X/XO,
or just X/XO did not induce signiﬁcant changes in cellular
viability or ATP content (data not shown). No differences were
found for lipid peroxidation and protein carbonylation.
The activity of three antioxidant enzymes, GR, seleniumdependent GPx, and GST, was evaluated for all the treatments
after incubation for 3 h with no signiﬁcant differences being
observed (data not shown).

Discussion
The ﬁndings of this work showed the ability of adrenaline to
undergo a complex oxidation process, which is inﬂuenced by
the presence of ROS. This oxidation process affects cardiomyocyte homeostasis, contributing to adrenaline-induced cardiotoxic
effects. New insights concerning the toxicity of adrenaline can
be drawn from this study: (1) reactive oxidative products of
adrenaline were formed, speciﬁcally, adrenochrome; (2) adrenaline exposure decreased the GSH levels in cardiomyocytes; (3)
the reactivity of adrenaline oxidation products enabled the
formation of quinoproteins and of a GSH–adrenaline adduct,
this last, for the ﬁrst time detected in cells; and (4) the stability
of the intermediary quinone was intimately related to the
formation of the reactive products mentioned before and to the
microenvironment where the oxidation occurs.
Plasma levels of adrenaline in healthy volunteers at rest are
as low as 30 pM, while the level of noradrenaline reaches 1
nM (8, 50). However, any alteration in the metabolism of
catecholamines or disruption of their transport mechanisms
might lead to anomalously high concentrations of these substances (5). The concentrations of adrenaline in plasma greatly
increase as a result of adrenal stimuli (8). Namely, in pheochromocytoma patients, plasma concentrations of adrenaline
were shown to range from 0.3 to 3.6 μM, while noradrenaline
concentrations can reach 50 μM (1.5-50 μM) (7).
Moreover, extra-adrenal adrenaline synthesis and phenylethanolamine N-methyltransferase have been reported in the
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Figure 5. Postulated pathway for the oxidation of adrenaline in cardiomyocytes and incubation medium (not all intermediates are shown, for
simpliﬁcation). The oxidation process of adrenaline initially involves its conversion to o-quinone with an o-semiquinone intermediary in cardiomyocytes.
The o-quinone can react with GSH, to form the corresponding GSH conjugate, or react with other nucleophilic groups in the cells. Thus, the higher
stability of o-quinone where only adrenaline is present favors the formation of the GSH adduct and quinoproteins. The GSH adduct seems to be
transported out of the cells. Meanwhile, the o-quinone can undergo an irreversible 1,4-intramolecular cyclization, forming leucoadrenochrome. The
oxidation to adrenochrome of the unstable leucoadrenochrome is rapid, especially in the group where a ROS generating system (O2•-) is present.
The formation of adrenochrome is a reaction in which a total of two electrons are removed and adrenochrome semiquinone is the intermediate.
Adrenochrome formed in the cells can also suffer conjugation with cellular GSH, leading to its depletion, or polymerize into several other compounds.

heart, and an extensive uptake of adrenaline from the plasma
occurs in some pathologic conditions (8). Concentrations are
expected to be higher in the heart tissue than the ones reported
in the plasma, where the rate of clearance is higher.
In particular, it has been shown that, during heart ischemia,
the release of catecholamines becomes non-exocytotoxic and
is thought to involve the uptake of carrier-mediated efﬂux in
reverse of its normal transport direction (5), largely increasing
the concentration of those biogenic amines in the interstitial
space, where they can reach values of 4.7 nM (5). Furthermore,
sympathetic neurons can take up adrenaline from circulation
and release it upon stimulation in the heart (5). When the
enzymes responsible for their catabolism (monoamino oxidase
and catechol-o-methyltransferase) are unable to cope efﬁciently,
the catecholamine levels in the heart rise and the catecholamine
can undergo oxidation, which is catalyzed by trace metals and
several enzymes (19, 21, 22). The oxidation pathway of
adrenaline involves multiple steps (Figure 5). Adrenaline may
be converted to an unstable o-semiquinone that, after deprotonation and loss of a second electron, gives rise to the corresponding o-quinone. At physiological pH, partial deprotonation
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of the amine group of the side chain of adrenaline leads to an
irreversible 1,4-intramolecular cyclization, a reaction that occurs
through nucleophilic attack of the nitrogen atom at the 6 position
of the quinone ring, to give leucoadrenochrome, which is then
further oxidized to adrenochrome (19, 51). In vivo, this oxidation
pathway may be more complex, since other factors, such as
metal ions or other nucleophilic groups, can be involved (24).
Oxidative stress is a condition in which pro-oxidant metabolites exert toxic effects due to their enhanced production and/
or an exhaustion in cellular protection mechanisms (52). There
is a growing body of evidence which shows that prolonged
ischemia reduces the defense mechanisms within the heart
against free radicals (53). Meanwhile, during reperfusion, ROS
can be formed above the neutralizing capability of the cells,
playing a major role in the pathogenesis of post-ischemic
reperfusion injury (11).
Since ROS are formed in I/R phenomena in vivo, an O2•-generating system can be used to mimic an oxidative stress
condition (24, 54). In our work, X/XO was applied to freshly
isolated cardiomyocytes, since it is a system suitable for
generating ROS. This system was used to mimic the in vivo
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situation, as there are several works reporting an important role
of XO in the pathogenesis of I/R phenomena and other diseases
of the heart (55, 56). In cultured cardiomyocytes, Durot et al.
(54) used X/XO concentrations 0.1 mM per 0.01 unit/mL
reported to be found under pathophysiological conditions. At
those concentrations, X/XO produced O2•- for 10 min and also
small amounts of •OH radical. The GSH levels are not greatly
affected in our work by the presence of the X/XO system, since
thiols react slowly with O2•-, as previously reported in the
nervous system (24).
The functional consequences of the exposure to ROS largely
depend of the species that are present (54). Catecholamines react
amazingly fast with O2•- (23). The burst of ROS caused by
X/XO determines formation of adrenaline oxidation products,
resulting in the formation of semiquinone radicals, o-quinones,
and later adrenochrome (51) (Figure 5). Moreover, O2•- seems
to catalyze the conversion of adrenaline to adrenochrome by
acting as a propagating species in a cascade reaction during the
univalent oxidation of the catecholamine (57). Our results show
that adrenaline depletion was more enhanced in the group ADR
with X/XO both in the cardiomyocytes and in the incubation
medium (Figure 1A). In the incubation medium, the decrease
in adrenaline levels was accompanied by the evident increase
in adrenochrome concentration (Figure 1B), this effect being
more pronounced in cells incubated with ADR and X/XO. As
observed in a previous work (51), when adrenochrome is
generated and adrenaline still exists in solution, adrenochrome
seems to accelerate the oxidation of the remaining adrenaline.
The formation of adrenochrome has been reported in cardiac
diseases, such as those accompanied by leukocytic inﬁltration
(58), myocardial infarction, and cardiomyopathy (3). Unexpectedly, we could not ﬁnd adrenochrome in the cardiomyocytes.
The high reactivity of adrenochrome toward various cellular
nucleophiles, such as GSH or proteins (28, 59), of the cardiomyocytes may explain its rapid disappearance and also the lower
values for GSH observed in cells with ADR and X/XO. Previous
results in isolated heart seem to corroborate this binding ability,
since when heart is reperfused with radioactive adrenochrome,
approximately 50% of adrenochrome radioactivity remains in
the organ, indicating an irreversible binding to the tissues (19).
In addition, adrenochrome can undergo further structural
modiﬁcations throughout the oxidative pathway or rearrange
to other substances, forming adrenolutin or polymers (19).
Notwithstanding its toxicity, adrenochrome is reported to
inhibit lipid peroxidation (19). A reduced form of adrenochrome
(leucoadrenochrome or the corresponding semiquinone) can also
act as a particularly efﬁcient antioxidant (19). Thus, it is not
surprising that no differences between groups were found in
lipid peroxidation. Also, X/XO does not seem to be responsible
for any kind of lipid peroxidation (54). The same perspective
can justify the observed absence in our work of signiﬁcant
differences in protein carbonylation. The oxidation products of
adrenaline are thought to directly react with the nucleophilic
compounds and remain bound.
The oxidation of adrenaline will form products other than
adrenochrome (Figure 5) (19, 28). It seems, in the model adopted
in this work, that the amount and nature of adrenaline oxidation
products formed were related to the stability of the intermediary
quinone (Figure 5). Thus, a less oxidizing medium favored the
existence of quinones and their products, while in an oxidizing
medium (created by X/XO), the formation of adrenochrome is
favored, since the oxidative pathway of leucoadrenochrome is
faster (60).
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The work of Miyazaki et al. (25) using tyrosinase null mice
strengthens our hypothesis. Tyrosinase present in wild mice
induces rapid oxidation of dopamine to form stable melanin,
with dopamine quinone as an intermediate. In contrast, in
tyrosinase null mice, the values for quinoproteins are higher,
since, in these animals, quinones are more stable (25).
In our work, levels of quinoproteins in ADR cells are superior
to those treated with ADR and X/XO (Figure 1C). These results
suggest that the stability of the quinone intermediate is higher
in the absence of ROS, allowing the quinone to further react
with cellular groups, while in the presence of ROS, adrenaline
is rapidly converted into more oxidized species, namely,
adrenochrome and its metabolites. Quinones, by themselves, are
reported to induce cytotoxicity, immunotoxicity, and carcinogenesis in vivo (61, 62). The mechanisms of toxicity are diverse,
depending on their chemical structure and the cellular environment in which they are formed. In addition, alkylation of cellular
nucleophiles (GSH, proteins, and DNA) by these species may
occur to a signiﬁcant extent, forming covalent adducts that can
signiﬁcantly compromise cellular integrity and function (25, 38,
61). Thus, the reactivity of adrenaline toward glutathione was
evaluated. We observed a time-dependent decline in the level
of GSH in cells exposed to ADR, which was potentiated in cells
treated with ADR and X/XO (Figure 2). In both groups, the
decrease in GSH levels was not accompanied by changes in
the activities of the enzymes involved in GSH metabolism or
in the GSSG levels, leading to the hypothesis of the occurrence
of GSH conjugation with electrophilic compounds. The depletion of intracellular GSH as a result of the catecholamine
oxidation process has been previously described (28, 36, 40),
and it increases the cellular vulnerability to further oxidative
injury. This fact can be of relevance during cardiopathologic
events in humans, since GSH is the major nonproteic antioxidant
present in the cells and reacts with several electrophilic
compounds.
Although adducts of GSH and dopamine or catechol metabolites of MDMA have already been described (24, 41), until
now no GSH–adrenaline adducts had been reported in cells.
The rate of cyclization of adrenaline o-quinone was probably
considered to be too fast for that to occur (27). We report, for
the ﬁrst time, the detection of 5-(glutathion-S-yl)adrenaline in
cardiomyocytes, even for adrenaline concentrations as low as
25 μM.
The o-quinone formed during the adrenaline oxidation process
(51), in the presence of GSH, may conjugate to form glutathionyl adducts (63) (Figure 5). The catechol thioether formed by
the addition of the sulfur atom to the quinone ring (62) may be
much more redox active than an unsubstituted quinone
(34, 62, 64). This capacity to further oxidize may improve their
ability to undergo a redox cycle (62), which contributes to the
cytotoxicity of these adducts (24, 29, 61, 64). GSH conjugates
were found to covalently bind with DNA, raising the question
of their ability to cause carcinogenicity (62, 64). They were
also reported as nephrotoxic (30, 62) and neurotoxic (24, 31, 62)
compounds.
The measurement of these compounds (adduct of glutathione
and quinoproteins) is an index of oxidation of the parent
catechol, but also a direct measurement of nucleophilic modiﬁcation. The selective increase in the levels of the GSH–
adrenaline adduct and quinoproteins in the groups exposed to
ADR suggest that these reactions are favored where quinone is
more stable (19, 25). This was the case for the levels of the
GSH adduct in the cells, but also in the incubation medium.
The high values of 5-(glutathion-S-yl)adrenaline in the incuba-
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tion medium of both groups exposed to adrenaline may suggest
a possible mechanism of GSH conjugate efﬂux in cardiomyocytes (65).
In conclusion, our study has provided several lines of
evidence suggesting that an increased rate of adrenaline oxidation is associated with cardiotoxicity and that the adrenaline
oxidation pathway depends greatly on the surrounding medium.
The catecholamine oxidation products are able to form covalent
bounds with the cellular nucleophilic groups (belonging to either
GSH or macromolecules). Adrenaline-induced modiﬁcations to
the protein structure may result in alteration of the cellular
function, although decreases in ATP levels or increases in the
rate of cell death were not observed in this work. The ﬁndings
of our work may prove to be important in clarifying adrenalineinduced toxicity but also in highlighting its oxidation pathway
in a cellular medium and the inﬂuence of the microenvironment
where it occurs.
Acknowledgment. This work received ﬁnancial support from
“Fundação para a Ciência e Tecnologia” (FCT) and “Programa
Operacional Ciência e Inovação 2010”, Portugal (POCI-2010),
through FEDER European Community cofunding (Project
POCI/SAU-OBS/55849/2004). V.M.C. acknowledges FCT for
her Ph.D. grant (SFRD/BD/17677/ 2004).

References
(1) World Health Organization (2003) The World Health Report 2003:
Shaping the Future, in WHO World Health Organization Press 2003.
(2) Lefer, D. J., and Granger, N. (2000) Oxidative stress and cardiac
disease. Am. J. Med. 109, 315–323.
(3) Behonick, G. S., Novak, M. J., Nealley, E. W., and Baskin, S. I. (2001)
Toxicology update: The cardiotoxicity of the oxidative stress metabolites of catecholamines (aminochromes). J. Appl. Toxicol. 21 (Suppl.
1), S15–S22.
(4) Esler, M., and Kaye, D. (2000) Measurement of sympathetic nervous
system activity in heart failure: The role of norepinephrine kinetics.
Heart Failure ReV. 5, 17–25.
(5) Lameris, T. W., Zeeuw, S., Alberts, G., Boomsma, F., Duncker, D. J.,
Verdouw, P. D., Man in’t Veld, A. J., and van den Meiracker, A. H.
(2000) Time course and mechanism of myocardial catecholamine
release during trasient ischemia in vivo. Circulation 101, 2645–2650.
(6) Kjaer, M. (1998) Adrenal medulla and exercise training. Eur. J. Appl.
Physiol. Occup. Physiol. 77, 195–199.
(7) Gerlo, E., and Sevens, C. (1994) Urinary and plasma catecholamines
and urinary catecholamine metabolites in pheochromocytoma: Diagnostic value in 19 cases. Clin. Chem. 40, 250–256.
(8) Goldstein, D. S., Eisenhofer, G., and Kopin, I. J. (2003) Sources and
signiﬁcance of plasma levels of catechols and their metabolites in
humans. J. Pharmacol. Exp. Ther. 305, 800–811.
(9) Broadley, K. J., and Penson, P. E. (2004) The roles of R- and
β-adrenoceptor stimulation in myocardial ischaemia. Auton. Autacoid
Pharmacol. 24, 87–93.
(10) Zhong, J.-q., and Dorian, P. (2005) Epinephrine and vasopressin during
cardiopulmonary resuscitation. Resuscitation 66, 263–269.
(11) Flaherty, J. T., and Weisfeldt, M. L. (1988) Reperfusion injury. Free
Radical Biol. Med. 5, 409–419.
(12) Ferrari, R., Ceconi, C., Curello, S., Cargnoni, A., De Giuli, F., and
Visioli, O. (1992) Occurrence of oxidative stress during myocardial
reperfusion. Mol. Cell. Biochem. 111, 61–69.
(13) Flaherty, J. T. (1991) Myocardial injury mediated by oxygen free
radical. Am. J. Med. 91, 79S–88S.
(14) Vollaard, N. B., Shearman, J. P., and Cooper, C. (2005) Exerciseinduced oxidative stress: Myths, realities and physiological relevance.
Sports Med. 35, 1045–1062.
(15) Elahi, M. M., and Matata, B. M. (2006) Free radicals in blood:
Evolving concepts in the mechanism of ischemic heart disease. Arch.
Biochem. Biophys. 450, 78–88.
(16) Frangogiannis, N. G., Smith, C. W., and Entman, M. L. (2002) The
inﬂammatory response in myocardial infarction. CardioVasc. Res. 53,
31–47.
(17) Halliwell, B. (2006) Oxidative stress and neurodegeneration: Where
are we now? J. Neurochem. 97, 1634–1658.
(18) Sarkar, D., and Fisher, P. B. (2006) Molecular mechanisms of agingassociated inﬂammation. Cancer Lett. 236, 13–23.

- 178 -

Costa et al.
(19) Bindoli, A., Rigobello, M. P., and Deeble, D. J. (1992) Biochemical
and toxicological properties of the oxidation products of catecholamines. Free Radical Biol. Med. 13, 391–405.
(20) Dhalla, S. N., Sasaki, H., Mochizuki, S., Dhalla, S. K., Liu, X., and
Elimban, V. (2001) Catecholamine-induced cardiomyopathy, 3rd ed.,
Taylor and Francis: London.
(21) Heacock, R. A. (1959) The chemistry of adrenochrome and related
compounds. Chem. ReV. 59, 181–237.
(22) Foppoli, C., Coccia, R., Cini, C., and Rosei, M. A. (1997) Catecholamines oxidation by xanthine oxidase. Biochim. Biophys. Acta 1334,
200–206.
(23) Spencer, J. P. E., Jenner, P., and Halliwel, B. (1995) Superoxidedependent depletion of reduced glutathione by L-DOPA and dopamine.
NeuroReport 6, 1480–1484.
(24) Spencer, J. P. E., Jenner, P., Daniel, S. E., Lees, A. J., Marsden, D. C.,
and Halliwell, B. (1998) Conjugates of catecholamines with cysteine
and GSH in Parkinson’s disease: Possible mechanism of formation
involving reactive oxygen species. J. Neurochem. 71, 2112–2122.
(25) Miyazaki, I., Asanuma, M., Diaz-Corrales, F. J., Fukuda, M., Kitaichi,
K., Miyoshi, K., and Ogawa, N. (2006) Methamphetamine-induced
dopaminergic neurotoxicity is regulated by quinone formation-related
molecules. FASEB J. 20, 571–573.
(26) LaVoie, M. J., and Hastings, T. G. (1999) Dopamine Quinone
Formation and Protein Modiﬁcation Associated with the Striatal
Neurotoxicity of Methamphetamine: Evidence against a Role for
Extracellular Dopamine. J. Neurosci. 19, 1484–1491.
(27) Rupp, H., Dhalla, K., and Dhalla, N. (1994) Mechanisms of cardiac
cell damage due to catecholamines: Signiﬁcance of drugs regulating
central sympathetic outﬂow. J. CardioVasc. Pharmacol. 24, S16–S24.
(28) Bindoli, A., Rigobello, M. P., and Galzigna, S. A. (1989) Toxicity of
aminochromes. Toxicol. Lett. 48, 3–20.
(29) Spencer, J. P. E., Whiteman, M., Jenner, P., and Halliwel, B. (2002)
5-S-Cysteinyl-conjugates of catecholamines induce cell damage,
extensive DNA base modication and increases in caspase-3 activity
in neurons. J. Neurochem. 81, 122–129.
(30) Carvalho, M., Hawksworth, G., Milhazes, N., Borges, F., Monks, T. J.,
Fernandes, E., Carvalho, F., and Bastos, M. L. (2002) Role of
metabolites in MDMA (ecstasy)-induced nephrotoxicity: An in vitro
study using rat and human renal proximal tubular cells. Arch. Toxicol.
76, 581–588.
(31) Capela, J. P., Meisel, A., Abreu, A. R., Branco, P. S., Ferreira, L. M.,
Lobo, A. M., Remião, F., Bastos, M. L., and Carvalho, F. (2006)
Neurotoxicity of Ecstasy Metabolites in Rat Cortical Neurons and
Inﬂuence of Hyperthermia. J. Pharmacol. Exp. Ther. 316, 53–61.
(32) Haworth, R. A. (1990) Use of Isolated Adult Myocytes to Evaluate
Cardiotoxicity. II. Preparation and Properties. Toxicol. Pathol. 18, 521–
530.
(33) Farmer, B. B., Harris, R. A., Jolly, W. W., Hathaway, D. R., Katzberg,
A., Watanabe, A. M., Whitlow, A. L., and Besch, H. R., Jr (1977)
Isolation and Characterization of Adult Rat Heart Cells. Arch. Biochem.
Biophys. 179, 545–558.
(34) Macedo, C., Branco, P. S., Ferreira, L. M., Lobo, A., Capela, J. P.,
Fernandes, E., Bastos, M. L., and Carvalho, F. (2007) Synthesis and
Cyclic Voltammetry Studies of 3,4-Methylenedioxymethamphetamine
(MDMA) Main Human Metabolites. J. Health Sci. 53, 31–42.
(35) Remião, F., Carmo, H., Carvalho, F., and Bastos, M. L. (2001)
Cardiotoxicity studies using freshly isolated calcium-tolerant cardiomyocytes from adult rat. In Vitro Cell. DeV. Biol.: Anim. 37, 1–4.
(36) Remião, F., Carvalho, M., Carmo, H., Carvalho, F., and Bastos, M. L.
(2002) Cu2+-induced isoproterenol oxidation into isoprenochrome in
adult rat calcium-tolerant cardiomyocytes. Chem. Res. Toxicol. 15,
861–869.
(37) Cordeiro, J. M., Howlett, S. E., and Ferrier, G. R. (1994) Simulated
ischaemia and reperfusion in isolated guinea pig ventricular myocytes.
CardioVasc. Res. 28, 1794–1802.
(38) Remião, F., Rettori, D., Han, D., Carvalho, F., Bastos, M. L., and
Cadenas, E. (2004) Leucoisoprenochrome-o-semiquinone formation
in freshly isolated adult rat cardiomyocytes. Chem. Res. Toxicol. 17,
1584–1590.
(39) Carvalho, M., Remião, F., Milhazes, N., Borges, F., Fernandes, E.,
Monteiro, M. C., Gonçalves, M. J., Seabra, V., Amado, F., Carvalho,
F., and Bastos, M. L. (2004) Metabolism Is Required for the
Expression of Ecstasy-Induced Cardiotoxicity in Vitro. Chem. Res.
Toxicol. 17, 623–632.
(40) Remião, F., Carmo, H., Carvalho, F., and Bastos, M. L. (2001) Copper
enhances isoproterenol toxicity in isolated rat cardiomyocytes. CardioVasc. Toxicol. 1, 195–204.
(41) Carvalho, M., Milhazes, N., Remião, F., Borges, F., Fernandes, E.,
Amado, F., Monks, T. J., Carvalho, F., and Bastos, M. L. (2004)
Hepatotoxicity of 3,4-methylenedioxyamphetamine and R-methyldopamine in isolated rat hepatocytes: Formation of glutathione
conjugates. Arch. Toxicol. 78, 16–24.

Adrenaline Oxidation Products and Cardiotoxicity
(42) Carvalho, F., Fernandes, E., Remião, F., and Bastos, M. L. (1999)
Effect of d-amphetamine repeated administration on rat antioxidant
defences. Arch. Toxicol. 73, 83–89.
(43) De Luca, M., and McElroy, W. D. (1974) Kinetics of the ﬁreﬂy
luciferase catalyzed reactions. Biochemistry 13, 921–925.
(44) Levine, R. L., Garland, D., Oliver, C. N., Amici, A., Climent, I., Lenz,
A., Ahn, B., Dhaltiel, S., and Stadtman, E. R. (1990) Determination
of carbonyl content in oxidatively modiﬁed proteins. Methods Enzymol.
186, 464–478.
(45) Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951)
Protein measurement with the Folin phenol reagent. J. Biol. Chem.
193, 265–275.
(46) Bradford, M. M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the principle
of protein dye binding. Anal. Biochem. 72, 248–254.
(47) Paz, M. A., Fluckiger, R., Boak, A., Kagan, H. M., and Gallop, P. M.
(1991) Speciﬁc Detection of Quinoproteins by Redox-cycling Staining.
J. Biol. Chem. 2, 689–692.
(48) Silva, R., Boldt, S., Costa, V. M., Carmo, H., Carvalho, M., Carvalho,
F., Bastos, M. L., Lemos-Amado, F., and Remião, F. (2007) Evaluation
of GSH adducts of adrenaline in biological samples. Biomed. Chromatogr. 21, 670–679.
(49) Dickinson, D. A., and Forman, H. J. (2002) Glutathione in defense
and signaling: Lessons from a small thiol. Ann. N.Y. Acad. Sci. 973,
488–504.
(50) Wheatley, A. M., Thandroyen, F. T., and Opie, L. H. (1985) Catecholamine-induced myocardial cell damage: Catecholamines or adrenochrome. J. Mol. Cell. Cardiol. 17, 349–359.
(51) Bindoli, A., Scutari, G., and Rigobello, M. P. (1999) The role of
adrenochrome in stimulating the oxidation of catecholamines. Neurotox. Res. 1, 71–80.
(52) Ferrari, R., Agnoletti, L., Comini, L., Gaia, G., Bachetti, T., Cargnoni,
A., Ceconi, C., Curello, S., and Visioli, O. (1998) Oxidative stress
during myocardial ischaemia and heart failure. Eur. Heart J. 19, B2–
B11.
(53) Ferrari, R., Ceconi, C., Curello, S., Alﬁeri, O., and Visioli, O. (1993)
Myocardial damage during ischaemia and reperfusion. Eur. Heart J.
14, 25–30.
(54) Durot, I., Maupoil, V., Ponsard, B., Cordelet, C., Vergeley-Vandriesse,
C., Rochette, L., and Athias, L. (2000) Oxidative injury of isolated

Chem. Res. Toxicol., Vol. 20, No. 8, 2007 1191

(55)

(56)

(57)
(58)
(59)
(60)
(61)
(62)
(63)

(64)
(65)

cardiomyocytes: Dependence on free radical species. Free Radical
Biol. Med. 29, 846–857.
Baldus, S., Müllerleile, K., Chumley, P., Steven, D., Rudolph, V.,
Lund, G. K., Staude, H.-J., Stork, A., Köster, R., Kähler, J., Weiss,
C., Münzel, T., Meinertz, T., Freeman, B. A., and Heitzer, T. (2006)
Inhibition of xanthine oxidase improves myocardial contractility in
patients with ischemic cardiomyopathy. Free Radical Biol. Med. 41,
1282–1288.
Chambers, D. E., Parks, D. A., Patterson, G., Roy, R., McCord, J. M.,
Yoshida, S., Parmley, L. F., and Downey, J. M. (1985) Xanthine
oxidase as a source of free radical damage in myocardial ischemia. J.
Mol. Cell. Cardiol. 17, 145–152.
Mishra, H. P., and Fridovich, I. (1972) The role of superoxide anion
in the autoxidation of epinephrine and a single assay for superoxide
dismutase. J. Biol. Chem. 247, 3170–3175.
Matthews, S. B., Henderson, A. H., and Campbell, A. K. (1985) The
adrenochrome pathway: The major route for adrenalin catabolism by
polymorphonuclear leucocytes. J. Mol. Cell. Cardiol. 17, 339–348.
Bindoli, A., Deeble, D. J., Rigobello, M. P., and Galzigna, L. (1990)
Direct and respiratory chain-mediated redox cycling of adrenochrome.
Biochim. Biophys. Acta 1016, 349–356.
Hawley, M. D., Tatawawadi, S. V., Piekarski, R., and Adams, R. N.
(1967) Electrochemical studies of the oxidation pathways of catecholamines. J. Am. Chem. Soc. 89, 447–450.
Bolton, J. L., Trush, M. A., Penning, T. M., Dryhurst, G., and Monks,
T. J. (2000) Role of quinones in toxicology. Chem. Res. Toxicol. 13,
135–160.
Monks, T. J., and Lau, S. S. (1992) Toxicology of quinone-thioethers.
Crit. ReV. Toxicol. 22, 243–270.
Monks, T. J., Jones, D. C., Bai, F., and Lau, S. S. (2004) The role of
metabolism in 3,4-(()-methylenedioxyamphetamine and 3,4-(()methylenedioxymethamamphetamine (Ecstasy) toxicity. Ther. Drug
Monit. 26, 132–136.
Monks, T. J., and Lau, S. S. (1997) Biological reactivity of polyphenolic-glutathione conjugates. Chem. Res. Toxicol. 10, 1296–1313.
Ghosh, S., Ting, S., Lau, H., Pulinilkunnil, T., An, D., Qi, D., Abrahani,
M. A., and Rodrigues, B. (2004) Increased efﬂux of glutathione
conjugate in acutely diabetic cardiomyocytes. Can. J. Physiol. Pharmacol. 82, 879–887.

TX7000916

- 179 -

____________________________________________________Experimental section

II.3. MANUSCRIPT II

Cross-functioning between the extraneuronal monoamine transporter and
multidrug resistance protein 1 in the uptake of adrenaline and export of 5(glutathion-S-yl)adrenaline in rat cardiomyocytes

Reprinted from Chemical Research in Toxicology
Copyright © 2009 American Chemical Society

- 181 -

- 183 -

- 184 -

- 185 -

- 186 -

- 187 -

- 188 -

- 189 -

____________________________________________________Experimental section

II.4. MANUSCRIPT III

Adrenaline in pro-oxidant conditions elicits intracellular survival pathways
in isolated rat cardiomyocytes

Reprinted from Toxicology
Copyright © 2009 Elsevier

- 191 -

Toxicology 257 (2009) 70–79

Contents lists available at ScienceDirect

Toxicology
journal homepage: www.elsevier.com/locate/toxicol

Adrenaline in pro-oxidant conditions elicits intracellular survival pathways
in isolated rat cardiomyocytes
Vera Marisa Costa a,∗ , Renata Silva a , Rita Ferreira b,c , Francisco Amado b , Félix Carvalho a ,
Maria de Lourdes Bastos a , Rui Albuquerque Carvalho d , Márcia Carvalho a,e , Fernando Remião a,∗
a

REQUIMTE (Rede de Química e Tecnologia), Toxicology Department, Faculty of Pharmacy, University of Porto, Porto, Portugal
Chemistry Department, University of Aveiro, Aveiro, Portugal
CIAFEL, Faculty of Sports, University of Porto, Porto, Portugal
d
Neurosciences Center of Coimbra, Faculty of Sciences and Technology, University of Coimbra, Coimbra, Portugal
e
Faculty of Health Sciences, University Fernando Pessoa, Porto, Portugal
b
c

a r t i c l e

i n f o

Article history:
Received 31 October 2008
Received in revised form 8 December 2008
Accepted 9 December 2008
Available online 24 December 2008
Keywords:
Oxidative stress
Adrenaline
Nuclear factor-B
Heat shock factor-1
Heat shock proteins
Heat shock factors
Cardiomyocytes
Heart

a b s t r a c t
In several pathologic conditions, like cardiac ischemia/reperfusion, the sustained elevation of plasma and
interstitial catecholamine levels, namely adrenaline (ADR), and the generation of reactive oxygen species
(ROS) are hallmarks. The present work aimed to investigate in cardiomyocytes which intracellular signalling pathways are altered by ADR redox ability. To mimic pathologic conditions, freshly isolated calcium
tolerant cardiomyocytes from adult rat were incubated with ADR alone or in the presence of a system
capable of generating ROS [(xanthine with xanthine oxidase) (X/XO)]. ADR elicited a pro-oxidant signal
with generation of reactive species, which was largely magniﬁed by the ROS generating system. However,
no change in cardiomyocytes viability was observed. The pro-oxidant signal promoted the translocation
to the nucleus of the transcription factors, Heat shock factor-1 (HSF-1) and Nuclear factor-B (NF-B).
In addition, proteasome activity was compromised in the experimental groups where the generation of
reactive species occurred. The decrease in the proteasome activity of the ADR group resulted from its
redox sensitivity, since the activity was recovered by adding the ROS scavenger, tiron. Proteasome inhibition seemed to elicit an increase in HSP70 levels. Furthermore, retention of mitochondrial cytochrome
c and inhibition of caspase 3 activity were observed by X/XO incubation in presence or absence of ADR.
In conclusion, in spite of all the insults inﬂicted to the cardiomyocytes, they were capable to activate
intracellular responses that enabled their survival. These mechanisms, namely the pathways altered by
catecholamine proteasome inhibition, should be further characterized, as they could be of relevance in
the ischemia preconditioning and the reperfusion injury.
© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Stressful stimuli often lead to strenuous release of adrenaline
(ADR) and noradrenaline throughout the nervous system and
adrenal medulla (Behonick et al., 2001). Elevated concentrations
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I/R, Ischemic and reperfusion injury; HSE, Heat shock
response element; HSF, Heat shock factor; HSP, Heat shock protein; NF-B,
Nuclear factor-B; IB, Inhibitory-B; RS, Reactive species; ROS, Reactive oxygen
species; ADR, Adrenaline; X/XO, Xanthine with xanthine oxidase; Suc-LLVY-MCA,
Succinyl-leucine-leucine-valine-tyrosinemethylcoumarylamide; DHR-123, Dihydrorhodamine 123; RNS, Reactive nitrogen species; GSH, Glutathione; Apaf-1,
Apoptosis protease-activating factor-1.
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de Farmácia, Universidade do Porto, Rua Aníbal Cunha, 164, 4099-030 Porto, Portugal. Tel.: +351 222078979; fax: +351 222003977.
E-mail addresses: veramcosta@ff.up.pt (V.M. Costa), remiao@ff.up.pt (F. Remião).

of circulating catecholamines are found in arrhythmias (Malhotra
et al., 2002), myocardial necrosis (Lameris et al., 2000; Behonick
et al., 2001), heart failure (Esler and Kaye, 2000), exercise (Kjaer,
1998), pheochromocytoma (Gerlo and Sevens, 1994), hypoglycaemia, hemorrhagic hypotension, circulatory collapse, distress
(Goldstein et al., 2003), and the ischemic phenomenon (Lameris et
al., 2000; Behonick et al., 2001; Killingsworth et al., 2004). The toxicity of catecholamines has been mainly attributed to continuous
adrenoceptors stimulation, though there is increasing evidence that
the oxidation of these molecules is also responsible for cardiotoxicity (Bindoli et al., 1992; Dhalla et al., 2001; Remião et al., 2001b,
2002, 2004; Costa et al., 2007).
The ischemia and reperfusion injury (I/R) is associated to oxidative stress (Zweier and Talukder, 2006). In fact, in the ischemic
and post-ischemic myocardium, reactive oxygen species (ROS) are
formed at an accelerated rate (Lameris et al., 2000; Killingsworth
et al., 2004). I/R is associated with several detrimental effects in
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the heart, whose pathophysiological features need to be further
clariﬁed.
The release of catecholamines in a ROS rich environment, like
I/R, favours their oxidative pathway, which results in the formation
of various highly reactive catecholamine intermediaries, like free
radicals, o-quinones, aminochromes, aminolutins and melanins
(Bindoli et al., 1992; Costa et al., 2007).
Oxidants and other reactive species (RS), namely ROS and reactive nitrogen species (RNS), have been shown to modulate the
activity of some mammalian transcription factors, such as heat
shock factors (HSFs) and nuclear factor-B (NF-B) in a cell speciﬁc manner (Suzuki et al., 1997; Senfteben and Karin, 2002). In
fact, it has been demonstrated that RS activate HSFs, namely HSF-1
(Bruce et al., 1993; Polla et al., 1996; Jornot et al., 1997; Pirkkala et
al., 2001; Santos-Marques et al., 2006). The HSF-1 activation is a fast
response to cellular insults and functions as a molecular sensor to
RS, by controlling the expression of oxidative stress response genes
(Bruce et al., 1993; Polla et al., 1996; Jornot et al., 1997). The transcriptional competence domain for HSF-1, the heat shock response
element (HSE) activates stress-inducible transcription of heat shock
proteins (HSPs) genes (Bruce et al., 1993; Cristians et al., 2002;
Santos-Marques et al., 2006). HSPs play pivotal roles in the homeostasis and protection of the cell, through their well-recognized
properties of molecular chaperones (Cristians et al., 2002).
Furthermore, previous data report that NF-B can also be activated by free radicals and oxidants (Suzuki et al., 1997; Zingarelli et
al., 2003). It plays a critical role in the coordination of both innate
and adaptive responses (Karin and Ben-Neriah, 2000; Senfteben
and Karin, 2002; Dinis-Oliveira et al., 2007). Most commonly and
in the inactive form, NF-B consists of a trimmer, 50 kDa (p50)
and 65 kDa (p65) and the inhibitor protein known as inhibitory B
(IB) (Karin and Ben-Neriah, 2000; Senfteben and Karin, 2002). The
translocation to the nucleus of NF-B usually results of the cytoplasmatic phosphorylation of IB protein followed by IB rapid
degradation through the 26S proteasome (Alkalay et al., 1995;
Senfteben and Karin, 2002; Zingarelli et al., 2003). Furthermore, the
cytoplasmatic 26S proteasome is a basic structure for proteasomemediated protein degradation (Alkalay et al., 1995; Liao et al., 2006),
whose activity decrease in the heart leads to increase expression of
HSPs (Luss et al., 2002; Stangl et al., 2002).
In the present study, we investigated the effects of ADR alone or
in the presence of a system capable of generating ROS (X/XO) in the
intracellular signalling pathways of freshly isolated calcium tolerant cardiomyocytes from adult rat. Markers of cell injury, as lactate
dehydrogenase (LDH) release, caspase 3 activation and cytochrome
c levels were evaluated. RS production, translocation to the nucleus
of transcription factors HSF-1 and NF-B, as well as proteasome
activity and its inﬂuence on HSP70 expression were also assessed.
2. Materials and methods
2.1. Animals
Adult male Sprague Dawley rats (Charles-River Laboratories, Barcelona, Spain)
weighing 250–350 g were used. The animals were housed in cages, under a
temperature- and humidity-controlled environment. Food and water were provided
ad libitum and animals were subject to a 12 h light/dark cycle. Animal experiments
were licensed by the Portuguese General Directory of Veterinary Medicine. Housing
and experimental treatment of the animals were in accordance with the Guide for
the Care and Use of Laboratory Animals from the Institute for Laboratory Animal
Research (ILAR 1996). The study complied with Portuguese current laws.
2.2. Chemicals
All reagents used in this study were of analytical grade. Collagenase type II was
obtained from Worthington (Lakewood, New Jersey, USA). The synthetic oligonucleotides were obtained from Amersham Pharmacia Biotech (Uppsala, Sweden).
For NF-B gel shift assays, the probes were: 5 -Cy5-GCC TGG GAA AGT CCC CTC
AAC T-3 (NF-B-FW-Cy5), marked with Cy5 (indodicarbocyanine), and the respective NF-B-FW, unmarked probe. The doubled stranded probes were obtained after
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the annealing with the complementary unmarked probe. Cy5 is a ﬂuorescence dye
attached at the 5 OH end of the oligonucleotide. Antibodies against p50 and p65
NF-B subunits were obtained from Santa Cruz Biotechnology, Inc. (California, USA).
The following probes were used for HSF gel shift assays: HSE 5 -Cy5-GAT CCT CGA
ATG TTC GCG AAA AG-3 (HSE-FW-Cy5), and the respective HSE-FW unmarked
probe. The doubled stranded probes were used after annealing with the complementary unmarked probe. The antibodies anti-HSF-1 and against inducible HSP70
(reference spa-810F) were obtained from Stressgen (Michigan, USA). Puriﬁed mouse
anti-cytochrome c monoclonal antibody was purchased to BD Pharmingen (San
Diego, California, USA). The nitrocellulose membranes (Hybond ECL), ECL chemiluminescence detection reagents, the anti-mouse and anti-rabbit IgG peroxidase
secondary antibodies were obtained from GE Healthcare (Buckinghamshine, UK).
All other reagents used in this work were obtained from Sigma–Aldrich (St. Louis,
MO, USA).
2.3. Calcium tolerant cardiomyocytes isolated from adult rat
Calcium-tolerant cardiomyocytes were isolated by Langendorff retro-perfusion
of adult rat heart, as previously described (Remião et al., 2001a, 2002; Costa et al.,
2007). After a pre-incubation period of 30 min at 37 ◦ C, cell viability was always
greater than 60%, evaluated by rod-shaped cells and LDH leakage assay. The obtained
viability is in accordance with previous reports for calcium tolerant cardiomyocytes (Cordeiro et al., 1994; Carvalho et al., 2004; Remião et al., 2004; Costa et
al., 2007). Incubations were performed in a water bath at 37 ◦ C, using a density
of 2.5 × 105 viable cells/mL in modiﬁed Krebs–Henseleit buffer supplemented with
1 mM CaCl2 (pH 7.4), and saturated with an airstream of carbogen, every hour. After
the pre-incubation period, the compounds were tested using the following protocol,
unless mentioned otherwise: (i) control cells, with no treatment; (ii) cells incubated
with ADR alone; (iii) cells exposed to ADR with X/XO; and (iv) cells exposed only to
X/XO. The ﬁnal concentrations were: 500 M ADR, 100 M xanthine and 0.01 U/mL
XO (Costa et al., 2007).
2.4. Measurement of reactive species
Detection and quantiﬁcation of intracellular RS, including RNS and ROS were
performed in cardiomyocyte suspensions. Dihydrorhodamine 123 (DHR-123) is a
non-ﬂuorescent probe that undergoes intracellular oxidation to ﬂuorescent rhodamine 123, especially by peroxynitrite (ONOO− ) and hydroxyl radical (HO• ) (Capela
et al., 2007). Cells were pre-incubated with 100 M DHR-123 for 30 min, after which,
were washed twice with the modiﬁed Krebs–Henseleit buffer supplemented with
1 mM CaCl2 and new medium was added. Subsequently, cardiomyocytes were separated into the 4 treatment groups described above. Rhodamine 123 ﬂuorescence
was quantiﬁed each 30 min in the cell suspension using a ﬂuorescence plate reader
(baseline: 485 nm excitation and 528 nm emission).
Independent experiments to evaluate the generation of intracellular RS due to
adrenoceptors activation in ADR and ADR with X/XO groups were performed. Cardiomyocytes were pre-incubated with prazosin (100 nM) and propranolol (2 M),
␣1 - and ␤-antagonists, respectively, at concentrations previously described to selectively inhibit those adrenoceptors (Amin et al., 2001).
2.5. Methylthiazole tetrazolium (MTT) assay
Cell damage was also assessed using the MTT assay after 3 h incubation in control, ADR, ADR with X/XO and X/XO groups. Samples (800 L) of cell suspensions
from the 4 treated groups were centrifuged at 18 × g for 2 min, to separate the cells, as
previously described (Costa et al., 2007). The cells were washed twice by adding 1 mL
of modiﬁed Krebs–Henseleit buffer supplemented with 1 mM CaCl2 followed by centrifuging at 18 × g for 2 min. The obtained washing solutions were rejected and MTT
determination was performed in the ﬁnal cell pellet, as previously described (Capela
et al., 2007). The detection of formazan was performed in a 96-well microplate reader
at 550 nm.
2.6. Proteasome activity assay
The proteasome activity was evaluated in cells, being all the cell samples washed,
as described in the MTT assay. Chymotrypsin-like activity of the proteasome in
cardiomyocytes was determined by using the ﬂuoropeptide Suc-LLVY-MCA in all
groups. The degradation of the Suc-LLVY-MCA to 7-amino-4-methyl coumarine was
measured after addition of the peptide to cytoplasmatic lysates (100 g of protein),
based on the method used by Kretz-Remy and Arrigo (2003), with some modiﬁcations.
Proteasome activity was determined in three independent experimental protocols: in the ﬁrst, cell samples were obtained every hour from the 4 groups, control,
ADR, ADR with X/XO and X/XO; to evaluate the inﬂuence of ADR redox ability on
the activity of proteasome after a 3 h incubation, 4 cell groups were formed: control,
ADR, ADR with the ROS scavenger, tiron (100 M), and tiron alone (Oosthuizen and
Greyling, 1999); ﬁnally, the activity of the proteasome was also determined in the
cardiomyocytes under the inﬂuence of a proteasome inhibitor MG-132 (Kawazoe et
al., 1998), at 2 different concentrations (10 M and 100 M) after a 3 h incubation.
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2.7. Caspase 3 activity assay
Caspase 3 activity after a 3 h incubation in control, ADR, ADR with X/XO and
X/XO groups was determined in cytoplasmatic fractions of the cells, as previously
described (Capela et al., 2007). Cell samples were treated to obtain washed cells, as
described in MTT assay. The caspase 3 activity assay was based on the hydrolysis of
the peptide substrate Ac-DEVD-pNA. The hydrolysis of Ac-DEVD-pNA by caspase 3
resulted in the release of p-nitroaniline moiety, with high absorbance at 405 nm.

or anti-rabbit IgG peroxidase labelled secondary antibody, respectively (1:500) for
2 h at room temperature and then washed 3 times with TBS-T. The bands were visualized by treating the immunoblots with ECL chemiluminescence detection reagents
according to the supplier’s instructions, followed by exposure to X-ray ﬁlm (Kodak
Biomax Light Film, Sigma, and St. Louis, USA). The ﬁlms were scanned and analysed
using the Image J software.
2.12. Western immunoblot analysis of cytochrome c in cytoplasmatic and
mitochondrial extracts

2.8. Lactate dehydrogenase leakage assay
LDH leakage assay was performed in the cardiomyocyte suspensions to evaluate
the level of cell injury at time 0 h (immediately after addition of all the compounds
tested) and after the 3 h incubation in all treatments, as previously described (Costa
et al., 2007).
2.9. Cellular fractionation
The extraction of nuclear or cytoplasmatic proteins from cardiomyocytes was
based on the methods described by Ruscher et al. (2000). A cell suspension aliquot
was collected and centrifuged for 10 min at 2000 × g. Supernatant was discarded
and to the pellet was added 1 mL of AC solution [(in mM): 10 HEPES (pH 7.9), 10
KCl, 1.5 MgCl2 , 0.5 EDTA, 0.1 EGTA, 0.1% Igepal], supplemented with 1 mM DTT and
0.25 mM PMSF. After vortexing for a few seconds, cells were incubated on ice for
15 min, and then centrifuged for 10 min at 2000 × g, at 4 ◦ C. The supernatant was
removed and divided into aliquots for cytoplasmatic proteins studies. To obtain the
nuclear fraction, further extraction was required. To the previous obtained pellet was
added 50–60 L of BC solution [(in mM: 20 HEPES (pH 7.9); 420 NaCl; 1.5 MgCl2 ; 0.5
disodium EDTA; 1 DTT, and 0.25 PMSF), 20% glycerol and 5 g/mL each of the following protease inhibitors: aprotinin, leupeptin, pepsatin]. The samples were placed in
ultrasonic bath for 15 min and then incubated on ice for 30 min. After centrifugation
at 16,000 × g for 25 min, the supernatant was used for nuclear proteins studies.
To isolate mitochondrial and cytoplasmatic fractions for western blot analysis of
cytochrome c, a sacarose buffer was used. In ice, 2.5 × 105 cells were incubated with
0.1 mL of the buffer [(in mM): 300 sucrose, 2 EGTA, 10 HEPES (pH 7.4) to which was
added 1 DTT, 1 PMSF and 5 g/mL of the following protease inhibitors: aprotinin,
leupeptin, pepsatin]. The mixture was homogenized (1 min in ultrasonic bath) and
centrifuged at 600 × g for 10 min (4 ◦ C). The supernatant was submitted to further
centrifugation at 9500 × g for 10 min (4 ◦ C). The resulting supernatant was collected
as cytosolic fraction. The pellet was washed with the sucrose buffer described before
and centrifuged at 8500 × g for 10 min (4 ◦ C). The resulting pellet was dissolved in
sucrose buffer (mitochondrial fraction).
2.10. Fluorescent electrophoretic mobility assay (fEMSA)
Fluorescent electrophoretic mobility assay was performed at several end points.
For gel shift assays, 1 pmol of Cy5 labelled speciﬁc double-stranded probe was incubated with 20 g protein of nuclear extracts in the binding assay buffer [(in mM), 20
HEPES, 50 KCl, 1 EDTA, 1 DTT, 10% glycerol and 25 ng of poly(dI)-poly(dC) in HSF-1
assays or 50 ng for NF-B assays] overnight at 4 ◦ C.
Nine microlitres of each mixture were separated on a 5% non-denaturing polyacrylamide gel at 10 ◦ C, 800 V, 50 mA and 30 W for 3 h in TBE buffer 1× (in mM: 90
Tris base, 2 EDTA, pH 8.3) using an ALFexpress II DNA Analyser (Amersham Pharmacia Biotech, Sweden), as previously described (Santos-Marques et al., 2006). The
temperature was regulated by an external ALFexpress II cooler system (Amersham
Pharmacia Biotech, Sweden).
Speciﬁcity of the HSF-1 and NF-B bands was conﬁrmed by the addition of
a 100-fold excess of unlabeled speciﬁc competitor (speciﬁc probes without Cy5
labelling – SC) and high concentrations of poly(dI)-poly(dC). For HSF-1 supershift
assays, nuclear extracts were incubated with 1 L of monoclonal antibody against
HSF-1, while for NF-B supershift assays, nuclear extracts were incubated with 2
monoclonal antibodies, anti-p50 and anti-p65 (1 L each). All the antibodies and
unlabeled speciﬁc competitors were added at the same time of the Cy5 conjugated
speciﬁc probe.
2.11. Western immunoblot analysis of HSP70 and HSP27 in cytoplasmatic extracts
The levels of HSP70 and HSP27 were determined in the cytoplasmatic cell
extracts isolated from cardiomyocytes.
Equal amounts of proteins (35 g), diluted in SDS-PAGE reducing buffer [4% (w/v)
SDS, 0.125 M Tris pH 6.8, 15% (v/v) glycerol, 0.1% (w/v) bromophenol blue, 20% (v/v)
mercaptoethanol], were subjected to a SDS-polyacrylamide gel (12.5%) electrophoresis (SDS-PAGE). The proteins in the gel were then transferred into nitrocellulose
membranes using transfer buffer pH ≈ 8.3 consisting of 25 mM Tris, 192 mM glycine,
and 20% methanol. Membranes were then blocked overnight with 5% skim milk in
TBS-T (20 mM Tris, 0.3 mM NaCl, 0.5% Tween 20). The blots were incubated with the
ﬁrst antibody, anti-HSP70 mouse monoclonal antibody or anti-HSP27 rabbit polyclonal antibody, for 2 h at room temperature with shaking. Primary anti-HSP70 and
anti-HSP27 antibodies were diluted in the blocking solution to the appropriate concentration (1:500). After 3 washes with TBS-T, blots were incubated with anti-mouse

In cytoplasmatic and mitochondrial extracts of the 4 treated groups of cardiomyocytes, the levels of cytochrome c were determined by western blot, as described
above. The SDS-polyacrylamide gel used was 15%, while the cytochrome c antibody dilutions were 1:2000 and 1:10,000 in cytoplasmatic and mitochondrial gels,
respectively.
Alpha-tubulin and voltage-dependent anion-selective channel protein (VDAC)
were used as loading controls to the blots of cytoplasmatic and mitochondrial
extracts, respectively.
2.13. Protein determination
Protein content for proteasome and caspase 3 activity assays was determined
by the method described by Bradford (1976). Protein concentration for the western
blot assays was determined using the Bio-Rad RC DC protein assay kit. Both used
bovine serum albumin as a standard.
2.14. Statistical analysis
Results obtained from RS and all proteasome activity assays are given as
mean ± standard deviation (S.D.) from 6 experiments (with suspensions of cardiomyocytes obtained from 6 different rats). For the caspase 3 activity assay, 4
experiments were conducted. For Western blot analysis, 3 experiments were performed. Non-parametric tests were used. Statistical comparisons between groups
were performed by Kruskal–Wallis test (one-way ANOVA on ranks) followed by
the Student–Newman–Keuls post hoc test, once a signiﬁcant p had been obtained
(p < 0.05).

3. Results
3.1. The incubation with adrenaline, adrenaline with X/XO and
X/XO resulted in the formation of reactive species in
cardiomyocytes, in a time-dependent manner
Detection of intracellular RS, including RNS and ROS, was performed every 30 min during the 3 h incubation by using DHR-123 as
a ﬂuorescence probe. Intracellular RS data are presented in Fig. 1A
as the percentage of ﬂuorescence to the control group at time 0. RS
increased rapidly in all groups comparing to control. In presence
of X/XO, the RS formation was faster (as early as 30 min), being
more pronounced in cell suspensions exposed to ADR with X/XO.
In cell suspensions exposed only to ADR, the large increase in RS
was observed after 2.5 and 3 h incubation.
The formation of intracellular RS was shown to be independent
from adrenoceptors stimulation, since pre-incubation with prazosin, an ␣1 -antagonist, and propranolol, a ␤-antagonist or both,
had no signiﬁcant inﬂuence in intracellular RS formation in ADR
and ADR with X/XO groups (data not shown). This protocol was
performed in 3 independent experiments.
3.2. Adrenaline and adrenaline with X/XO induced the
translocation of NF-B and HSF-1 to the nucleus
NF-B and HSF-1 activation was determined by fEMSA, a
molecular technology that allows detection of transcription factors
binding activity.
In 3 independent experiments, an increase in the NF-B binding
activity was observed in all tested groups at different times when
compared to control (Fig. 1B). The ADR with X/XO and the X/XO
groups were the ﬁrst to activate the NF-B. Noteworthy, the NF-B
band decreased after 90 min of incubation (ADR with X/XO group)
and completely disappeared in ADR with X/XO group and in X/XO
groups after 3 h of incubation (data not shown). The speciﬁcity of
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Fig. 1. (A) Levels of RS in cardiomyocyte suspensions in control, ADR 500 M, ADR 500 M with X/XO, and X/XO groups during 3 h incubation time. Data are presented as
percentage of ﬂuorescence of rhodamine 123 in control time 0 h, whose value was set to 100%. Means ± SD., n = 6, Kruskal–Wallis test followed by the Student–Newman–Keuls
post hoc test (**p < 0.01 vs. control time 0 h). (B) Time course of NF-B activation analysed by fEMSA in nuclear extracts of cardiomyocytes in control (C), ADR 500 M, ADR
500 M with X/XO, and X/XO groups at 45 (lanes 1–4) and 90 min (lanes 5–8) incubation time. Lane 9: NF-B signal of X/XO sample (90 min) in the presence of a speciﬁc
competitor (SC, unlabeled speciﬁc probe) compared to lane 8; lane 10, supershift experiment (AB) with two antibodies against p65 and p50 compared to lane 8. The position
of speciﬁc NF-B/DNA-binding complex is indicated. NS band represents a nonspeciﬁc binding. The localization of free probe is also indicated. (C) Time course of HSF-1
activation analysed by fEMSA in nuclear extracts of cardiomyocytes in control (C), ADR 500 M, ADR 500 M with X/XO, and X/XO groups at 30 min (lanes 1–4), 45 min (lanes
5–8) and 90 min (lanes 9–12) incubation time. Lane 13: HSF-1 signal of X/XO sample (45 min) in presence of a speciﬁc competitor (SC, unlabeled speciﬁc probe); lane 14:
supershift assay of HSF-1 signal of X/XO sample (45 min) in presence of an antibody against HSF-1. SS band represents a supershift band. NS band represents a nonspeciﬁc
binding. The localization of free probe is also indicated.

the DNA–protein complex can be observed by the decrease of NFB band on lane 9, when compared to lane 8. Conﬁrmation of the
NF-B band was also obtained by supershift analysis using antip50 and anti-p65 antibodies. In the supershift assay, a substantial
decrease in the NF-B band was observed with no supershift band
(lane 10 compared to lane 8, Fig. 1B).
In Fig. 1C can be observed the time course of HSF-1 activation
in all studied groups. The translocation of the HSF-1 to the nucleus
occurred at 30 min (Fig. 1C). The pattern of activation of HSF-1 was
similar to NF-B, where the ADR with X/XO group was the ﬁrst
activated, soon followed by the X/XO group. The speciﬁcity of the
DNA–protein complex was conﬁrmed by band decrease after the
addition of SC (lane 13 compared to lane 8, Fig. 1C). Conﬁrmation
of the HSF-1 band was obtained by supershift analysis using HSF-1
antibody, with a supershift band in lane 14 (Fig. 1C).

time of study, its activity in X/XO and ADR with X/XO groups
signiﬁcantly decreased, as early as 1 h. This decrease was more pronounced for ADR with X/XO group after 2 and 3 h incubation. The
ADR group at 1 h maintained resembling values to control, while
at 2 and 3 h the proteasome activity was signiﬁcantly decreased
(Fig. 2A).

3.3. Adrenaline and adrenaline with X/XO inhibited proteasome
activity

3.5. HSP70 protein levels increased in adrenaline, adrenaline with
X/XO and X/XO groups, while HSP27 protein content decreased

An evident decrease in the proteasome activity was observed
in all treated groups when compared to control group (Fig. 2A).
While control proteasome activity increased slightly during the

Fig. 3 presents the Western blot results for HSP70 (Fig. 3A) and
HSP27 (Fig. 3B) levels in all studied groups at time 0 and after 2 and
3 h of incubation.
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3.4. Adrenaline-induced proteasome inhibition is reverted by the
antioxidant tiron
The redox ability of ADR to inhibit the proteasome activity was
tested by using the ROS scavenger tiron. Tiron was incubated with
ADR for 3 h and a signiﬁcant recovery in the proteasome activity
was observed in group ADR with tiron when compared to the group
treated only with ADR (Fig. 2B).
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treated groups was observed, when compared to control, at 3 h
(Fig. 5C).
3.8. Adrenaline, adrenaline with X/XO and X/XO did not affect
cardiomyocytes viability
None of the treated groups (ADR, ADR with X/XO, X/XO, MG-132,
prazosin, propranolol and DHR-123) showed any change in cells
viability when compared to control group, after the 3 h incubation
period (data not shown).
4. Discussion

Fig. 2. (A) Levels of proteasome chymotrypsin-like activity in cardiomyocytes in
control, ADR 500 M, ADR 500 M with X/XO and X/XO groups during the 3 h
incubation. Data present the relative activity to control time 0 h in cardiomyocytes,
whose value was set to 100%. Means ± S.D., n = 6, Kruskal–Wallis test, followed by
the Student–Newman–Keuls post hoc test (**p < 0.01 vs. control; ı p < 0.05 vs. time
0 h). (B) Levels of proteasome chymotrypsin-like activity in cardiomyocytes in control and cells exposed to ADR 500 M, ADR 500 M with tiron 100 M (T), and tiron
100 M (T) at 3 h incubation time. Results are presented as % of control (CONT) activity, which was set to 100%. Mean ± S.D., n = 6, Kruskal–Wallis test, followed by the
Student–Newman–Keuls post hoc test (**p < 0.01 vs. CONT; # p < 0.05 vs. ADR).

The expression of HSP70 increased at 2 h for all treatments,
especially in ADR with X/XO and X/XO groups, when compared
to control (Fig. 3A). After 3 h incubation, the bands in the treatments groups were still higher than control, mainly in ADR
treatment.
Untreated cardiomyocytes had basal levels of HSP27 at all evaluated time points (Fig. 3B). A signiﬁcant decrease in HSP27 levels
expression in cytoplasmatic extracts was observed in ADR with
X/XO and X/XO treatments as soon as 2 h, when compared to control. In ADR with X/XO group that decrease was still signiﬁcant at
3 h.
3.6. Cardiomyocytes proteasome inhibition leads to an increase in
HSP70 expression
In Fig. 4, the proteasome activity and the expression of HSP70
in presence of the proteasome inhibitor MG-132 are shown. The
proteasome activity after incubation with MG-132 decreased 70%
when compared to control group (Fig. 4A). The cytoplasmatic HSP70
levels increased greatly at 2 h for MG-132 (100 M) when compared
to vehicle (Fig. 4B).
3.7. Adrenaline with X/XO elicits an increase in mitochondrial
cytochrome c retention and inhibition of caspase 3 activity
Fig. 5 shows mitochondrial and cytoplasmatic cytochrome c
levels and caspase 3 activity in all tested groups at 3 h. As it
can be observed, the cytoplasmatic cytochrome c decreased in
ADR with X/XO and X/XO groups (Fig. 5A), while mitochondrial cytochrome c largely increased in the same two groups
(Fig. 5B). Meanwhile, in the ADR group neither the cytoplasmatic
nor the mitochondrial cytochrome c bands suffered signiﬁcant
alterations. Furthermore, a decrease in caspase 3 activity in all

The major ﬁndings of this work showed that ADR redox ability
can change several intracellular pathways in isolated adult cardiomyocytes. New insights concerning the toxicity of ADR can be
withdrawn from the present study, namely that: (1) ADR can lead
to the formation of RS, which are augmented by a ROS generating
system; (2) ADR redox ability is capable to elicit the translocation
to the nucleus of HSF-1 and NF-B and inhibit proteasome activity;
(3) the changes observed in ADR group were hastened by the concomitant exposition to a ROS generating system; and (4) inhibition
of proteasome resulted in the increase of HSP70 levels in ADR with
X/XO and X/XO groups, which, on the other hand, probably led to the
increase in mitochondrial cytochrome c retention and the decrease
in caspase 3 activation.
It is generally accepted that myocardial I/R evokes an excessive
catecholamine accumulation in the myocardial interstitial space
(Lameris et al., 2000; Killingsworth et al., 2004). Huge increases in
arterial baseline noradrenaline levels of 4000 times and of 1000
times of ADR indicate a massive increase in sympathetic nervous activity and huge adrenomedullary neuroendocrine release
after few minutes of ischemia (Killingsworth et al., 2004). Additionally, in the I/R phenomenon, ROS production is exacerbated.
ROS formation is mainly due to the re-admission of oxygen during reperfusion and to the production of ROS in mitochondria
and leukocytes (Killingsworth et al., 2004; Zweier and Talukder,
2006). Thus, in the present work, a superoxide anion (O2 •– ) generating system was used to mimic the oxidative stress condition
resulting from I/R, as previously reported (Costa et al., 2007). Suspensions of freshly isolated rat cardiomyocytes were incubated
with this O2 •− generating system in the presence or absence
of ADR during a short-term study (3 h maximum incubation
period).
The question whether the oxidation of catecholamines is a relevant source of oxygen radicals in I/R injury was raised long ago
and remains a relevant question today. Herein, the ability of ADR
to generate RS (namely HO• and ONOO− ) was observed in the cardiomyocyte suspensions (Fig. 1A). Additionally, ADR is oxidised to
adrenochrome in cardiomyocytes (Costa et al., 2007) and can act as a
propagating species in the univalent oxidation of the catecholamine
(Mishra and Fridovich, 1972; Bindoli et al., 1992). Noteworthy, RS
production was higher in the ADR group when comparing to X/XO
group, probably due to the fact that X/XO is reported to produce
ROS for only short periods of time (Durot et al., 2000). However,
as expected, the RS production was largely increased with ADR in
presence of X/XO (Fig. 1A), as RS deriving from catecholamines are
more likely to arise in the presence of O2 •− or through enzymatic
catalyzed oxidations (Jewett et al., 1989; Spencer et al., 1995).
ROS, as O2 •− , hydrogen peroxide (H2 O2 ), and HO• are known
as signalling molecules (Suzuki et al., 1997; Tanaka et al., 2002).
In Fig. 1B can be observed a time-dependent activation of NF-B
in all treatments. The activation of NF-B in ADR with X/XO and
X/XO alone groups occurred ﬁrst, while in the ADR group it took
place later on (Fig. 1B). Interestingly, the NF-B activation appears
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Fig. 3. (A) Effects of ADR 500 M, ADR 500 M with X/XO, and X/XO on the expression of HSP70 in cardiomyocytes at different incubation times (0, 2 and 3 h). Representative
result of 3 independent experiments, as obtained by Western blot, of HSP70 in cytoplasmatic extracts of cardiomyocytes is shown. Equal amounts of protein from the different
groups were loaded on the same gel to avoid any potential inter-gel variation and optic density of control (C) time 0 h was set to 100%. Mean ± S.D., n = 3, one-way ANOVA
followed by the Student–Newman–Keuls post hoc test (*p < 0.05 vs. control). (B) Effects of ADR, ADR with X/XO and X/XO on the expression of HSP27 in cardiomyocytes at
different incubation times (0, 2 and 3 h). Representative result of 3 independent experiments, as obtained by Western blot, of HSP27 in cytoplasmatic extracts of cardiomyocytes
is shown. The cytoplasmatic extracts were subjected to SDS-PAGE using an antibody against HSP27 and optic density of control time 0 h was set to 100%. Mean ± S.D., n = 3,
one-way ANOVA followed by the Student–Newman–Keuls post hoc test (*p < 0.05 vs. control). (C) Alpha-tubulin is included as a loading protein control.

to happen after a RS threshold is achieved in the cell suspensions
(Fig. 1A). In fact, the ADR with X/XO and X/XO alone groups had a
ﬁrst burst in the values of RS at a very early phase of stimulation
(Fig. 1A), which probably resulted in NF-B activation (Fig. 1B). At
a later stage, the RS threshold was apparently attained in the ADR
group, resulting in a late activation of NF-B (Fig. 1B). A number
of observations support that oxidant-induced stimulation of various transduction signals is cell speciﬁc (Jornot et al., 1997; Suzuki
et al., 1997). Among the compounds that can inﬂuence cellular
redox potential, glutathione (GSH) plays an important role (Suzuki
et al., 1997; Sies, 1999). In a previous work, we observed a timedependent depletion of GSH in cardiomyocytes exposed to ADR,
which was more pronounced in ADR with X/XO cells (Costa et al.,
2007). It is reasonable to assume that the highest intensity of NFB activation observed in ADR with X/XO group (Fig. 1B) can result
from a conjugation of 2 factors – lower antioxidant defences and RS
accumulation.
In the present work, we observed another cell signalling pathway induced by RS, the translocation of HSF-1 to the nucleus. That
translocation had a similar pattern to NF-B activation, but faster
(Fig. 1C). However, as in NF-B, the attained threshold of RS seems
to be responsible for a time-dependent response, as the X/XO alone
and ADR plus X/XO were the ﬁrst 2 groups that had HSF-1 activation
(Fig. 1C).
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To evaluate the intracellular pathways altered by ADR redox ability and acknowledging the role of the proteasome in the mentioned
transcription factors (NF-B and HSF-1) (Lin et al., 1995; Luss et al.,
2002), the proteasome activity was studied. In earlier stages of incubation with X/XO and ADR with X/XO, cardiomyocytes showed an
inhibition in proteasome activity (Fig. 2A), while in the ADR group
that activity decreased later on. We further conﬁrmed the importance of the redox ability of ADR in the inhibition of the proteasome,
since its activity was recovered when a ROS scavenger, tiron, was
added (Fig. 2B). Accordingly, it has been reported that proteasome
exposure to high amounts of oxidants, namely H2 O2 , ONOO− and
hypochlorite, inhibits its enzymatic activity (Reinheckel et al., 1998;
Dong et al., 2004). As consequence, the inhibition of proteasomemediated protein degradation machinery can be a potent stress
stimulus (Pirkkala et al., 2001). Although other pathways may be
involved, proteasome activity decrease can result in the inhibition
of NF-B activation (Zingarelli et al., 2003; Zingarelli, 2005). In fact,
the NF-B signal disappeared in X/XO alone and ADR plus X/XO
treatments at 3 h, and these 2 groups had the proteasome activity
ﬁrst impaired.
Another cell signalling pathway that can be activated by proteasome impairment is the hsp transcription through HSF-1 activation
(Kawazoe et al., 1998). HSPs include anti-apoptotic and proapoptotic proteins that interact with a variety of cellular proteins

76

V.M. Costa et al. / Toxicology 257 (2009) 70–79

Fig. 4. (A) Chymotrypsin-like activity of proteasome in cardiomyocytes exposed
to MG-132 100 M, MG-132 10 M, and vehicle (V) during 3 h. Results are presented as % of control (CONT) activity, which was set to 100%. Means ± S.D., n = 6,
Kruskal–Wallis test, followed by the Student–Newman–Keuls post hoc test (*p < 0.05
vs. CONT). (B) Effects of the proteasome inhibitor MG-132 on the expression of HSP70
in cardiomyocytes. Representative result of 3 independent experiments, as obtained
by Western blot, of HSP70 expression in cytoplasmatic extracts of cardiomyocytes
exposed to MG-132 at 100 M (MG 100), 10 M (MG 10) and MG-132 vehicle (V) for
2 h. Equal amounts of protein from the different groups were loaded on the same
gel to avoid any potential inter-gel variation and optic density of vehicle was set to
100%. Mean ± S.D., n = 3, one-way ANOVA followed by the Student–Newman–Keuls
post hoc test (*p < 0.05 vs. vehicle). Alpha-tubulin is included as a loading protein
control.

(Garrido et al., 2001; Parcellier et al., 2005). In particular, HSP70
and HSP27 have their expression strongly induced by different
kinds of stress, such as heat, oxidative stress (Garrido et al., 2001;
Parcellier et al., 2005; Santos-Marques et al., 2006), and in the
I/R phenomenon (Martin et al., 1999). HSP27 and HSP70 display
cytoprotective roles through their chaperone ability (Garrido et al.,
2001; Pirkkala et al., 2001) and the inhibition of key effectors of
the apoptotic machinery at the pre- and post-mitochondrial levels
(Beere et al., 2000; Ruchalski et al., 2003; Garrido et al., 2006). In
the present study, cardiomyocytes had an increase in the expression of inducible HPS70 (Fig. 3B), mainly in ADR with X/XO and
X/XO groups, as early as 2 h. To establish if the HSP70 expression
was associated to the proteasome impairment, we incubated cardiomyocytes with a well-known proteasome inhibitor, MG-132. The
cardiomyocytes proteasome activity was compromised with MG132 (Fig. 4A) while an increase in the expression of HSP70 was
observed (Fig. 4B). Thus, proteasome inhibition presumably led to
an increase in HSP70 levels after HSF-1 activation in freshly isolated cardiomyocytes. Furthermore, other works reported that the
inhibition of the ubiquitin-proteasome system increased HSP70
expression (Kawazoe et al., 1998; Luss et al., 2002; Stangl et al.,
2002).
Several insults were inﬂicted to cardiomyocytes by ADR redox
ability, such as (1) GSH depletion (Costa et al., 2007), (2) quinoproteins accumulation (Costa et al., 2007), (3) proteasome activity
inhibition, and (4) RS formation, all potentially capable of causing cell death (Sancho et al., 2003; Miyazaki et al., 2006; Papa et

Fig. 5. (A) Effects of ADR 500 M, ADR 500 M with X/XO, and X/XO on the
expression of cytochrome c in cytoplasmatic extracts of cardiomyocytes after 3 h.
Representative result of 3 independent experiments, as obtained by Western blot
is shown. Equal amounts of protein from the different groups were loaded on the
same gel to avoid any potential inter-gel variation and optic density of control
(C) time 0 h was set to 100%. Mean ± S.D., n = 3, one-way ANOVA followed by the
Student–Newman–Keuls post hoc test (*p < 0.05 vs. control). (B) Effects of ADR, ADR
with X/XO and X/XO on the expression of cytochrome c in mitochondrial extracts
of cardiomyocytes after 3 h. Representative result of 3 independent experiments, as
obtained by Western blot, is shown. Equal amounts of protein from the different
groups were loaded on the same gel to avoid any potential inter-gel variation and
optic density of control (C) time 0 h was set to 100%. Mean ± S.D., n = 3, one-way
ANOVA followed by the Student–Newman–Keuls post hoc test (*p < 0.05 vs. control).
(C) Levels of caspase 3 activity in cardiomyocytes in control (CONT) and cells exposed
to 500 M ADR, 500 M ADR with X/XO and X/XO at 3 h. Results are presented as
% of CONT activity, which was set to 100%. Mean ± S.D., n = 4, Kruskal–Wallis test,
followed by the Student–Newman–Keuls post hoc test (*p < 0.05 vs. control).
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Fig. 6. Postulated mechanism for the cellular signalling pathways altered by adrenaline (ADR) oxidation in cardiomyocytes. The oxidation process of ADR involves the
formation of many reactive intermediaries and reactive species (RS) in cardiomyocytes. ADR initially is oxidised to o-quinone that can react with nucleophilic cellular groups,
like GSH and proteins, to form the corresponding GSH conjugates, or quinoproteins. Meanwhile, the o-quinone can suffer further oxidation to adrenochrome, which conjugates
with cellular groups or oxidises and polymerizes into several other compounds. ADR oxidation is exacerbated in presence of a ROS generating system (X/XO). The initial burst
of RS and oxidants resulting from ADR oxidation leads to trimerization of the monomeric HSF-1 (1) that translocates to the nucleus (2). Afterwards, RS lead to NF-B activation
presumably by IB protein kinases (IKK) and ubiquitin ligase (UL) (3). Through the proteasome activity (4), the NF-B translocation to the nucleus of the cardiomyocytes (5)
takes place. However, the continuous insult by RS compromises proteasome activity (6). As a consequence of an initial HSF-1 activation and by the inhibition of proteasome
activity, HSP70 expression is increased in the cytoplasm (7). In ADR with X/XO group, the HSP70 expression alters the apoptotic pathways, inhibiting cytochrome c (cyt c)
release of the mitochondria and the caspase 3 activation (8). Finally, the impairment of proteasome activity is reﬂected in NF-B binding activity, which leads to its signal
; inhibition is represented by
).
disappearance (9) (activation is represented by

al., 2007). In spite of the mentioned insults, there was no change
in cells’ viability. We can assume that the protection to oxidative injury provided by HSP70 may, at least in part, explain the
lack of signs of cell death. It has been reported that the expression of HSP70 can interfere with the process of apoptotic cell
death by inhibiting cytochrome c release or by having additional
regulatory roles at later stages (Beere et al., 2000; Mosser et al.,
2000; Kabakov et al., 2003; Sancho et al., 2003; Garrido et al.,
2006). Herein, in the present study, a decrease in cytoplasmatic
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cytochrome c in the ADR with X/XO and X/XO groups was observed
(Fig. 5A). That cytoplasmatic cytochrome c decrease may be correlated with early HSP70 levels in those 2 groups. An increase in
mitochondrial levels of cytochrome c (Fig. 5B) accompanied the
cytoplasmatic levels decrease, thus reﬂecting the possible inhibition of cytochrome c release by HSP70. The ADR group had a
delayed outset in HSP70 expression (Fig. 3B) and no signiﬁcant differences in cytochrome c values were observed when compared to
control.
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In addition, we veriﬁed that caspase 3 activity decreased when
compared to control (Fig. 5C) in all treated groups. This event can
also be correlated with HSP70 expression. The decrease in caspase
3 activity may occur by direct action of HSP70 in procaspase processing (Mosser et al., 2000) or by the inhibition of cytochrome
c release (Steel et al., 2004). The direct inhibition of caspase 3
processing by HSP70 (without cytochrome c involvement) seems
more like to have occurred in ADR group. This group showed
decrease in caspase 3 activity, but had no differences in cytochrome
c levels. All these aspects suggest a possible relation between the
inducible expression of HSP70 through proteasome inhibition and
the results observed. Other HSPs, as well as other mechanisms, may
be involved in this early cardioprotective effect, but clearly HSP27
expression is not. Herein, we observed a decrease in the bands of
HSP27 in all treatments when compared to control (Fig. 3A). This
result might be explained by an efﬂux of HSP27 to the exterior of
the cells, as reported by Niwa et al. (2006).
The cardiomyocytes exposed to an initial burst of ROS generated
by X/XO may have developed an early ‘preconditioning defence’
(Becker, 2004), through proteasome inhibition and HSP70 expression. The fast expression of HSP70 in X/XO and ADR with X/XO
groups probably elicited a protective pathway, namely by inhibiting cytochrome c release and caspase 3 activation (Fig. 6). This
HSP70 protective role can help to explain the phenomenon of preconditioning ischemia. Preconditioning ischemia greatly reduces
reperfusion injury (Kevin et al., 2003), and HSP70 increase can have
a high impact in the reperfusion injury, where the apoptotic death
is important (Zhao et al., 2001, 2003). Furthermore, the observed
early proteasome inhibition may have contributed to NF-B signal disappearance, although other mechanisms can be involved in
the NF-B pathway (Zingarelli, 2005). The NF-B signal can be proapoptotic in cardiomyocytes (Wang et al., 2002) and its ablation
has shown to reduce the reperfusion injury (Pye et al., 2003). Overall, the proteasome inhibition in I/R can have an important role in
the clinical outcome of this pathology, involving mechanisms other
than HSP70 expression and NF-B (Huang et al., 2008). In vivo studies are warranted to further clarify the role of other factors, such
as pro-inﬂammatory cytokines, apoptotic related proteins, or other
transcription factors in the protective mechanisms of proteasomeinhibition in I/R.
In summary, the results found in this work demonstrate that
adult rat cardiomyocytes exposure to ADR, ADR with X/XO and X/XO
alone can markedly activate HSF-1 and NF-B, in a time dependent manner. The alterations induced in the cellular redox status
and the generation of RS are intimately related to the activation of
the referred transcription factors. The different altered pathways
in the cardiomyocytes, including inhibition of proteasome activity,
increase in modiﬁed proteins and decreased GSH content (Costa
et al., 2007), did not cause any change in cardiomyocytes viability. Instead, with proteasome inhibition the cardiomyocytes were
able to increase HSP70 expression within a short time of exposure
(Fig. 6). This HSP70 formation may contribute to the cardiomyocytes
survival, presumably through the inhibition of cytochrome c release
and the inhibition of caspase 3 activation.
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a b s t r a c t
The sustained elevation of plasma and interstitial catecholamine levels, namely adrenaline (ADR), and
the generation of reactive oxygen species (ROS) are well recognized hallmarks of several cardiopathologic conditions, like cardiac ischemia/reperfusion (I/R) and heart failure (HF). The present work aimed to
investigate the proteomics and energetic metabolism of cardiomyocytes incubated with ADR and/or ROS.
To mimic pathologic conditions, freshly isolated calcium-tolerant cardiomyocytes from adult rat were
incubated with ADR alone or in the presence of a system capable of generating ROS [(xanthine with xanthine oxidase) (XXO)]. Two-dimensional electrophoresis with matrix-assisted laser desorption/ionization
and time-of-ﬂight mass spectrometer analysis were used to deﬁne protein spot alterations in the cardiomyocytes incubated with ADR and/or ROS. Moreover, the energetic metabolism and the activity of
mitochondrial complexes were evaluated by nuclear magnetic resonance and spectrophotometric determinations, respectively. The protein extract was mainly constituted by cardiac mitochondrial proteins
and the alterations found were included in ﬁve functional classes: (i) structural proteins, notably myosin
light chain-2; (ii) redox regulation proteins, in particular superoxide dismutase (SOD); (iii) energetic
metabolism proteins, encompassing ATP synthase alpha chain and dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex; (iv) stress response proteins, like the heat
shock proteins; and (v) regulatory proteins, like cytochrome c and voltage-dependent anion channel 1.
The XXO system elicited alterations in cardiac contractile proteins, as they showed high levels of cleavage,
and also altered energetic metabolism, through increased lactate and alanine levels. The cardiomyocytes
incubation with ADR resulted in an accentuated increase in mitochondrial complexes activity and the
decrease in alanine/lactate ratio, thus reﬂecting a high cytosolic NADH/NAD+ ratio. Furthermore, an
increase in manganese SOD expression and total SOD activity occurred in the ADR group, as the increase
in the mitochondrial complexes presumably led to higher ‘electron leakage’. The modiﬁcations in proteins, enzymes activity, and energetic metabolism were indicative that different pathways are activated
by catecholamines and ROS. These alterations altogether determine the I/R and HF speciﬁc features and
contribute for the initiation or aggravation of those cardiopathologic conditions.
© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Abbreviations: I/R, ischemia/reperfusion injury; HF, heart failure; ROS, reactive oxygen species; ADR, adrenaline; XXO, xanthine and xanthine oxidase; TTC,
2,3,5-triphenyltetrazolium chloride; MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl
tetrazolium bromide; PDH, pyruvate dehydrogenase; MALDI, matrix-assisted
laser desorption/ionization; TOF, time-of-ﬂight mass spectrometer; 2-DGE, twodimensional gel electrophoresis; PTM, post transcriptional modiﬁcations; NMR,
nuclear magnetic resonance; MW, molecular weight; pI, isoelectric point; HSP,
heat shock protein; SOD, superoxide dismutase; VDAC-1, voltage-dependent anion
channel-1; LDH, lactate dehydrogenase; ETC, electron transport chain.
∗ Corresponding authors. Tel.: +351 222078979; fax: +351 222003977.
E-mail addresses: veramcosta@ff.up.pt (V.M. Costa), remiao@ff.up.pt (F. Remião).

Stressful stimuli often lead to strenuous release of adrenaline
(ADR) and noradrenaline throughout the nervous system and
adrenal medulla (Behonick et al., 2001). Elevated concentrations of
circulating and/or interstitial myocardial catecholamines are also
found in the event of arrhythmias (Malhotra et al., 2002), myocardial necrosis (Behonick et al., 2001; Lameris et al., 2000), heart
failure (HF) (Hasking et al., 1986; Johansson et al., 1997), exercise
(Kjaer, 1998), pheochromocytoma (Gerlo and Sevens, 1994), hypoglycaemia, hemorrhagic hypotension, circulatory collapse, distress
(Goldstein et al., 2003), and in the ischemic and reperfusion (I/R)

0300-483X/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.tox.2009.03.012

- 205 -

G Model
TOX-50293;

No. of Pages 13

2

ARTICLE IN PRESS
V.M. Costa et al. / Toxicology xxx (2009) xxx–xxx

injury (Behonick et al., 2001; Killingsworth et al., 2004; Lameris
et al., 2000). In the I/R and HF, oxidative stress is also a recognized hallmark (Zweier and Talukder, 2006). In fact, in the ischemic
and post-ischemic myocardium, reactive oxygen species (ROS) are
formed at an accelerated rate (Killingsworth et al., 2004; Lameris
et al., 2000) and it is now accepted that many of the deleterious cellular phenotypes present in the hypertrophied and failing
myocardium may be attributed to oxidative stress (Ferrari et al.,
1998; Kaye and Esler, 2005; Kinugawa et al., 2000; McMurray
et al., 1993; Sawyer et al., 2002). Although the toxicity of catecholamines has been mainly attributed to continuous stimulation of
adrenoceptors, there is an increasing evidence that the oxidation of
these molecules is also responsible for cardiotoxicity (Bindoli et al.,
1992; Costa et al., 2009a,b, 2007; Dhalla et al., 2001; Remião et al.,
2001a, 2002, 2004). Thus, high levels of ROS and catecholamines are
associated with several detrimental effects in heart, whose pathophysiological features need to be further clariﬁed.
Cardiac proteins are in a dynamic state of continuous degradation and resynthesis, thus any alteration in protein turnover plays
an important role in normal heart muscle homeostasis (Doll et al.,
2007). Several stimuli can impair that equilibrium. Hypertrophy
due to excessively stimulated protein synthesis is induced in adult
cardiomyocytes under pathophysiological conditions (Schluter et
al., 1995). Also, the protein content in the cardiomyocytes can be
altered in result of compromised protein degradation (Schluter et
al., 1995). The ubiquitin-proteasome system is the main machinery
involved in the non-lysosomal degradation of short-lived, damaged
and misfolded intracellular proteins in eukaryotic cells (Nandi et al.,
2006). Consequently, the modiﬁcation of the ubiquitin-proteasome
system disrupts the cardiac protein homeostasis (Doll et al., 2007).
Under pathological conditions several proteins pools can be
altered, namely those involved in the energetic metabolism. Glycolytic and oxidative metabolism of exogenous glucose can be
examined coordinately by measuring the levels of glucose, glycogen and its metabolic intermediaries, namely pyruvate, lactate or
alanine (Carvalho et al., 2004a; McNulty et al., 2000). Mitochondria are responsible for the majority of ATP production in the cells
and they have a key role in the signalling cascades involved in
programmed cell death (Lesnefsky et al., 2001). Also, mitochondria are a major source and target of ROS (Lesnefsky et al., 2001).
For those reasons, mitochondria are a major target in toxicity
studies.
The present study was devoted to the evaluation of the protein turnover in cardiomyocytes under the inﬂuence of ADR and of
a ROS generating system (xanthine with xanthine oxidase—XXO).
In previous works, protein modiﬁcations and proteasome impairment in cardiomyocytes incubated with ADR and ADR with XXO
were observed (Costa et al., 2007, 2009b). In the present study,
two-dimensional gel electrophoresis (2-DGE) and matrix-assisted
laser desorption/ionization (MALDI) with time-of-ﬂight (TOF) mass
spectrometer were used for a wide proteome analysis. Furthermore, the activity of several mitochondrial complexes and the
glucose metabolism were evaluated through spectrophotometric
measurements and nuclear magnetic resonance (NMR), respectively. Possible correlations between the proteomics data and
energetic metabolism in the different treatments were also evaluated.

Use of Laboratory Animals from the Institute for Laboratory Animal Research (ILAR
1996). The experiments complied with Portuguese current laws.
2.2. Chemicals
All reagents used in this study were of analytical grade. Collagenase type
II was obtained from Worthington (Lakewood, New Jersey, USA). Collagenase
(type IA), bovine serum albumin (fraction V), N-(2-hydroxyethyl) piperazineN-(2-ethanesulfonic acid) (HEPES), phenylmethylsulfonyl (PMSF), ADR, xanthine,
xanthine oxidase, dithiothreitol (DTT), aprotinin, leupeptin, pepsatin, ethylene glycol tetraacetic acid (EGTA), 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium
bromide (MTT), 2,3,5-triphenyltetrazolium chloride (TTC), and sodium fumarate
were purchased to Sigma–Aldrich (St. Louis, MO, USA). Immobillines pH 3–11, IPG
strips (13 cm pH 3–11), and all general reagents used for the MALDI analysis were
purchased to Amersham Pharmacia Biotech Europe (Uppsala, Sweden). Trypsin
was from Promega (Madison, WI, USA), ␣-cyano-4-hydroxycinnamic acid and the
calibrant mixture for the 4800 Proteomics Analyzer were obtained from Applied
Biosystems (Foster City, CA, USA).
2.3. Isolation of calcium-tolerant cardiomyocytes from adult rat
Calcium-tolerant cardiomyocytes were isolated by Langendorff retro-perfusion
of adult rat heart as previously described (Costa et al., 2007; Remião et al., 2001b,
2002). At the beginning of the experiments, cell viability was always greater than
60%, as evaluated by the lactate dehydrogenase (LDH) leakage assay and by microscopic evaluation of cardiomyocytes morphology. The obtained viability was in
accordance with previous reports for calcium-tolerant cardiomyocytes (Carvalho et
al., 2004b; Cordeiro et al., 1994; Costa et al., 2009a,b; Remião et al., 2004). This
viability was obtained after a 5 min pre-incubation period at 37 ◦ C to guaranty
the correspondence between values obtained in manual counting and LDH leakage assay. Incubations were performed in a water bath at 37 ◦ C, using a density of
2.5 × 105 viable cells/mL in the modiﬁed Krebs–Henseleit buffer supplemented with
1 mM CaCl2 (pH 7.4) and saturated with an airstream of carbogen, every hour. After
the pre-incubation period, the compounds were tested for 3 h using the following
protocol: (i) control cells, with no exposure; (ii) cells incubated with ADR alone;
(iii) cells exposed to ADR with XXO; and (iv) cells exposed only to XXO. The ﬁnal
concentrations were: 500 M ADR, 100 M xanthine and 0.01 U/mL XO.
2.4. Extraction of mitochondrial proteins in cardiomyocytes
In the mitochondrial protein extraction of cardiomyocytes, we tried to eliminate most of the cytoplasmic proteins (Costa et al., 2009b). An aliquot of the cell
suspension was collected and centrifuged for 10 min at 2000 × g. Supernatant was
discarded, and to the pellet was added 1 mL of AC solution [(in mM): 10 HEPES (pH
7.9), 10 KCl, 1.5 MgCl2 , 0.5 EDTA, 0.1 EGTA plus 0.1% Igepal], supplemented with 1 mM
DTT and 0.25 mM PMSF. After vortexing for a few seconds, cells were incubated on
ice for 15 min and then centrifuged for 10 min at 2000 × g, at 4 ◦ C. The supernatant
was rejected. To obtain an enriched mitochondrial fraction, further extraction was
performed. To the previous obtained pellet was added 50–60 L of BC solution [(in
mM: 20 HEPES (pH 7.9); 420 NaCl; 1.5 MgCl2 ; 0.5 disodium EDTA; 1 DTT, and 0.25
PMSF), 20% glycerol, and 5 g/mL each of the following protease inhibitors: aprotinin, leupeptin, pepsatin]. The samples were placed in ultrasonic bath for 15 min
and then incubated on ice for 30 min. After centrifugation, at 16,000 × g for 25 min,
the supernatant was used for 2-DGE gel and MALDI-TOF-TOF analysis. This crude
extract is mainly rich in cardiac mitochondrial proteins.
2.5. Two-dimensional gel electrophoresis (2-DGE)
2-DGE analysis of cardiomyocytes crude protein extracts was performed in a horizontal apparatus (IPGphor and Hoefer 600 SE from Amersham Pharmacia Biotech).
Brieﬂy, 270 g of protein were applied onto IPG strips (13 cm, pH 3–11), containing immobilines pH 3–11, thiourea, CHAPS, and urea (Vitorino et al., 2004). After
isoelectric focusing, the strip was applied on top of a SDS-polyacrylamide (12.5%)
electrophoresis (SDS-PAGE) gel (12 cm/614 cm, 12.5%) and proteins were separated
according to their molecular weight (MW). The SDS-PAGE gel was stained with colloidal coomassie blue and the 2-DGE maps were analyzed with PDQuest Software
(Bio-Rad). Optical density results were expressed as fold increase over control values.
Results were obtained from 2 different gels for each treatment (with cardiomyocyte
suspensions obtained from 2 different rats).

2. Materials and methods
2.6. Tryptic digestion
2.1. Animals
Adult male Sprague Dawley rats (Charles—River Laboratories, Barcelona, Spain)
weighing 250–350 g were used. The animals were housed in cages with temperatureand humidity-controlled environment. Food and water were provided ad libitum and
animals were subjected to a 12 h light/dark cycle. Animal experiments were licensed
by the Portuguese General Directory of Veterinary Medicine. Housing and experimental treatment of the animals were in accordance with the Guide for the Care and
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trypsin (Promega) in 25 mM ammonium bicarbonate was added to the dried gel
pieces and the samples were incubated overnight at 37 ◦ C.
2.7. Peptide identiﬁcation by MALDI-TOF-TOF
Extraction of tryptic peptides was performed by adding 10% of formic acid
(FA)/50% ACN three times and lyophilized in a SpeedVac. Tryptic peptides were resuspended in 10 L of a 50% ACN/0.1% FA solution. The samples were mixed (1:1) with
a matrix consisting of a saturated solution of ␣-cyano-4-hydroxycinnamic acid prepared in 50% ACN/0.1% FA. Aliquots of samples (0.5 L) were spotted onto the MALDI
sample target plate. Peptide mass spectra were obtained on a MALDI-TOF-TOF mass
spectrometer (4800 Proteomics Analyzer; Applied Biosystems) in the positive ion
reﬂector mode. Every day, and before an automated acquisition, two spots were
used for signal and parameter optimization. Spectra were obtained in the mass range
between 800 and 4000 Da with ca. 1500 laser shots. For each sample spot, a datadependent acquisition method was created to select the two most intense peaks,
excluding those from the matrix, due to trypsin autolysis, or acrylamide peaks, for
subsequent MS/MS data acquisition. Trypsin autolysis peaks were used for internal
calibration of the mass spectra, allowing a routine mass accuracy of better than
25 ppm. The control of ion fragmentation energy was achieved by changing the
fragmentation gas type used for MS/MS spectra acquisition.

3

2.11. Determination of total superoxide dismutase (SOD) activity
The SOD determination was performed after centrifugation of cell suspensions
at 18 × g for 2 min, for separation of supernatant and pellet, as previously described
(Costa et al., 2007). The pellet was placed at −80 ◦ C for further analysis.
A xanthine–xanthine oxidase system was used to generate superoxide radicals,
and the subsequent reduction of nitroblue tetrazolium (NBT) by those radicals was
monitored at 560 nm. SOD activity was expressed as units per milligram of protein
(one unit of SOD is deﬁned as the amount of enzyme required to inhibit the rate of
NBT reduction by 50%) (Flohé and Otting, 1984).
2.12. Lactate dehydrogenase (LDH) leakage assay
LDH leakage assay was performed in the cardiomyocyte suspensions to evaluate
the level of cell injury at time 0 h (immediately after addition of the compounds) and
after 3 h incubation in all treatments, as previously described (Costa et al., 2009b).
2.13. Protein determination
Protein content was determined by the method described by Bradford (1976),
using bovine serum albumin as standard.
2.14. Statistical analysis

2.8. Database search
Spectra were processed and analyzed by the Global Protein Server Workstation
(Applied Biosystems), which uses internal Mascot (Matrix Science Ltd., UK) software
for searching the peptide mass ﬁngerprints and MS/MS data. Searches were performed against the NCBI non-redundant protein database. Further conﬁrmation of
protein identiﬁcations was obtained by duplicating the protein identiﬁcations using
Protein Prospector (www.prospector.ucsf.edu, from the University of California at
San Francisco) and/or Prowl (www.prowl.rockfeller.com, Rockefeller University at
New York Universities) software.
2.9. Determination of glucose, lactate and alanine levels in cardiomyocyte
suspensions
The levels of glucose, lactate and alanine were determined by proton nuclear
magnetic resonance (1 H NMR) in the supernatant of cardiomyocyte suspensions.
Control, ADR, ADR with XXO, and XXO cells were centrifuged for 2 min at 18 × g and
the supernatant was removed and immediately frozen. Each NMR sample consisted
of 160 L of supernatant and 40 L of 2 mM sodium fumarate solution in D2 O, used
as an internal standard. 1 H NMR spectra were acquired in a 600 MHz Varian Spectrometer equipped with a 3 mm inverse detection NMR probe. Spectrum acquisition
parameters included a 45◦ radiofrequency excitation pulse, a 3 s acquisition time
(24k points covering a sweep width of 8 kHz), and a pre-acquisition delay of 17 s,
which included a 3 s water saturation delay, for allowing complete nuclei relaxation
for quantiﬁcation purposes. Each spectrum consisted of a total of 32 accumulations
to achieve adequate signal to noise. A 0.2 Hz exponential multiplication function and
zero ﬁlling were applied to the free induction decay (FID) before Fourier transformation using the NutsProTM (NMR Utility Transform Software—Professional, Acorn NMR
Inc., Freemont, USA). Metabolite concentration was made by spectral deconvolution
of the glucose-H1␣ (doublet at ı = 5.22 ppm), lactate-CH3 (doublet at ı = 1.33 ppm)
and alanine-CH3 (doublet at ı = 1.48 ppm) resonances and subsequent comparison
with the fumarate resonance (singlet at ı = 6.50 ppm).
2.10. Evaluation of mitochondrial function through the methylthiazole
tetrazolium (MTT) and 2,3,5-triphenyltetrazolium chloride (TTC) assays
Mitochondrial function was evaluated spectrophotometrically by measuring the
degree of mitochondrial reduction of the tetrazolium salts, MTT and TTC, to formazans. Samples (800 L) of cell suspensions from the 4 treatment groups were
centrifuged at 18 × g for 2 min to separate the cells. The cells were washed twice
by adding 1 mL of modiﬁed Krebs–Henseleit buffer supplemented with 1 mM CaCl2
followed by centrifugation at 18 × g for 2 min. The obtained washing solutions were
rejected and cells were resuspended in 200 L of fresh modiﬁed Krebs–Henseleit
buffer supplemented with 1 mM CaCl2 (Costa et al., 2007).
In the MTT test, 20 L of 5 mg MTT/mL were added to the washed cells. Cells were
incubated at 37 ◦ C for 30 min and the reaction was stopped by addition of 200 L 10%
sodium dodecyl sulfate (SDS) in 0.01 M hydrochloric acid. An overnight incubation
at 37 ◦ C was required for the formazan solubilisation and the photometric detection
of the blue formazan was performed at 550 nm (Capela et al., 2007).
For the TTC determination, 800 L of cell suspensions were redrawn after the 3 h
incubation, washed twice, and resuspended in 400 L of modiﬁed Krebs–Henseleit
buffer supplemented with 1 mM CaCl2 , as described above. After adding 16 L of
10 mg TTC/mL and incubating at 37 ◦ C for 3 h, the reaction was stopped with 800 L
10% SDS in 0.01 M hydrochloric acid, which was followed by overnight incubation
at 37 ◦ C and photometric detection of the respective carmine formazan at 490 nm
(Dong et al., 1997).

Results obtained from lactate and glucose levels, MTT and TTC reduction are
given as mean ± standard deviation (SD) from 5 to 6 experiments (with cardiomyocyte suspensions obtained from 5 to 6 different rats). Non-parametric tests were
used. Statistical comparisons between groups were performed by Kruskal–Wallis
test (one-way ANOVA on ranks) followed by the Student–Newman-Keuls post hoc
test, once a signiﬁcant p had been obtained (p < 0.05).

3. Results
3.1. The proteomics of freshly isolated cardiomyocytes from adult
rat
After the 3 h incubation period, in the control group, 103 protein spots were separated and identiﬁed after 2-DGE (Table 1 ).
In accordance to the protein isolation procedure, most of the proteins found and identiﬁed in the extract were from mitochondria,
although it was not a pure extract (Fig. 1). In the control group,
several of the spots showed redundancy, as they were identiﬁed
as the same protein with some alterations when compared to the
theoretical characteristics of the native proteins. The majority of
the altered protein spots were reported to: (i) isoelectric point (pI)
shift; or (ii) signiﬁcantly different MW when compared to the native
protein. Those changes can be attributed to the cardiomyocytes isolation procedure and are summarized in Table 2. Explicitly, spot
1 showed changed pI compared to native cytochrome c (spot 98).
Spots 3 and 4 had lower MW than myosin regulatory light chain
2 (spot 5). Spot 6 had higher MW than the native translationally
controlled tumor protein. Spot 9 had a lower pI than expected in
acetyl-CoA acetyltransferase. Spot 14 had higher MW than spot
11 (myosin light polypeptide 3). Spot 17 had lower MW than the
native desmin. Spots 20 and 22 had higher MW than spot 38 (fatty
acid-binding protein), while spot 26 had lower pI and spot 56 had
higher pI. Spot 25 had lower pI than the native cytochrome c oxidase
polypeptide Vb. Spots 39 and 55 had lower MW than 37 (myosin
heavy chain). Spot 41 had a lower pI than spot 57 (thioredoxindependent peroxidase reductase). Spot 42 had a lower MW than
heat shock cognate 71 kDa. Spot 48 had higher MW than ATP synthase D chain mitochondrial. Spot 50 had lower pI and higher
MW than 72 (enoyl-CoA hydratase). Spot 51 had lower pI than
dihydrolipoyllysine-residue succinyltransferase of 2-oxoglutarate
dehydrogenase complex. Spot 52 had higher MW than myosin light
polypeptide (spot 11). Spot 59 had a lower MW than spot 79 (aconitase hydratase). Spot 68 has lower MW than myosin heavy chain,
cardiac muscle beta isoform. Spot 97 had higher pI than spot 82
(myoglobin). Spot 89 had a lower MW than spot 102 (isocitrate
dehydrogenase). Spot 94 had a higher MW than native alpha enolase. Spot 81 had a lower pI than spot 96 (manganese SOD). Both
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Table 1
Table of spots identiﬁed in isolated cardiomyocytes from adult rats by MALDI-TOF-TOF, with peptide count and protein score.
Spot no.

Identiﬁcation

Accession no./species

Theoretical mass/pI

Peptide count

Protein score

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Cytochrome c, somatic
Troponin C
Myosin regulatory light chain 2
Myosin regulatory light chain 2
Myosin regulatory light chain 2
Translationally controlled tumor protein
Calmodulin
Complement component 1, Q subcomponent binding protein
Acetyl-CoA acetyltransferase
Tropomyosin 1 alpha chain
Myosin light polypeptide 3
Myosin regulatory light chain 2
Cytochrome c oxidase polypeptide Va
Myosin light polypeptide 3
NADH-ubiquinone oxidoreductase 23 kDa subunit
Peroxiredoxin 2
Desmin
Actin, alpha cardiac
ATP synthase beta chain
Fatty acid-binding protein, heart
Serine/threonine protein phosphatase 2A, 65 kDa regulatory
subunit A, alpha isoform
Fatty acid-binding protein, heart
Heat shock protein HSP90-beta
78 kDa glucose-regulated protein precursor
Cytochrome c oxidase polypeptide Vb
Fatty acid-binding protein, heart
Heat-shock protein beta-2
Pyruvate dehydrogenase E1 component beta subunit
Troponin T, cardiac muscle isoform
Ubiquinol-cytochrome c reductase complex core protein I
Heat shock cognate 71 kDa protein
60 kDa heat shock protein
Transitional endoplasmic reticulum ATPase
NADH-ubiquinone oxidoreductase 75 kDa subunit
Alpha-actinin 1
Stress-70 protein
Myosin heavy chain, cardiac muscle alpha isoform
Fatty acid-binding protein, heart
Myosin heavy chain, cardiac muscle alpha isoform
Peroxiredoxin 6
Thioredoxin-dependent peroxide reductase
Heat shock cognate 71 kDa protein
NADH-ubiquinone oxidoreductase 30 kDa subunit
L-lactate dehydrogenase B chain
Malate dehydrogenase, cytoplasmic
Prohibitin
Succinyl-CoA ligase [GDP-forming] beta-chain
ATP synthase D chain, mitochondrial
Succinyl-CoA ligase [ADP-forming] beta-chain
Enoyl-CoA hydratase
Dihydrolipoyllysine-residue succinyltransferase of 2-oxoglutarate
dehydrogenase complex
Myosin light polypeptide 3
Dihydrolipoyllysine-residue acetyltransferase component of
pyruvate dehydrogenase complex
Superoxide dismutase [Cu-Zn]
Myosin heavy chain, cardiac muscle alpha isoform
Fatty acid-binding protein, heart
Thioredoxin-dependent peroxide reductase
Heat-shock protein beta-6
Aconitate hydratase
Acyl-CoA dehydrogenase, long-chain speciﬁc
Isovaleryl-CoA dehydrogenase
Acyl-CoA dehydrogenase, long-chain speciﬁc
Alpha enolase
NADH-ubiquinone oxidoreductase 49 kDa subunit
Aldehyde dehydrogenase
Succinate dehydrogenase ﬂavoprotein subunit
Propionyl-CoA carboxylase alpha chain
Myosin heavy chain, cardiac muscle beta isoform
NADH-ubiquinone oxidoreductase 13 kDa-B subunit
Alpha crystallin B chain
Delta3,5-delta2,4-dienoyl-CoA isomerase
Enoyl-CoA hydratase,
Creatine kinase, M chain

P62898/Rat
P19123/Mouse
P08733/Mouse
P08733/Mouse
P08733/Rat
P63029/Rat
P62161/Rat
P63029/Rat
P17764/Rat
P04692/Rat
P16409/Rat
P08733/Rat
P11240/Rat
P16409/Rat
8K3J1/Mouse
P35704/Rat
P48675/Rat
P68035/Rat
P10719/Rat
P07483/Rat
Q76MZ3/Mouse

11.4/9.60
18.4/4.04
18.7/4.71
18.7/4,71
18.7/4,86
19.4/4.76
17.0/4.09
30.7/4.81
44.7/8.92
32.7/4.71
22.0/5.03
18.7/4.86
16.1/6.08
22.0/5.03
24.0/5.89
21.8/5.34
53.3/5.21
42.0/5.23
56.3/5.19
14.6/5.92
65.2/5.00

6
6
11
4
10
6
3
3
12
28
11
9
8
13
7
3
5
10
24
3
4

219
170
275
132
177
124
126
125
180
744
451
410
221
423
159
113
139
327
607
115
63

P07483/Rat
P34058/Rat
P20029/Mouse
P12075/Rat
P07483/Rat
O35878/Rat
P49432/Rat
P50753/Rat
Q9CZ13/Mouse
P63018/Rat
P63039/Rat
P46462/Rat
Q91VD9/Mouse
Q9Z1P2/Rat
P48721/Rat
P02563/Rat
P07483/Rat
P02563/Rat
O35244/Rat
P20108/Mouse
P63018/Rat
Q9DCT2/Mouse
P42123/Rat
P14152/Mouse
P67779/Rat
Q9Z2I8/Mouse
P31399/Rat
Q9Z2I9/Mouse
P14604/Rat
Q01205/Rat

14.6/5.92
83.1/5.06
72.4/5.07
13.9/7.68
14.6/5.92
20.3/5.27
38.8/5.94
35.6/4.95
52.7/5.75
70.8/5.24
60.9/5.91
89.3/5.14
79.7/5.51
103/5.23
73.8/5.97
223/5.59
14.6/5.92
223/5.59
24.7/5.65
28.1/7.15
70.8/5.37
30.2/6.40
36.5/5.17
36.3/6.16
29.8/5.17
43.7/5.75
18.6/6.21
50.1/6.57
31.5/8.39
47.4/8.17

3
6
24
4
5
4
13
9
9
23
9
23
11
13
8
41
8
7
7
2
18
10
17
6
8
8
3
8
8
5

118
121
634
135
286
84
208
229
105
339
205
309
142
78
165
508
223
106
97
90
223
281
353
145
244
212
83
165
96
137

P16409/Rat
P08461/Rat

22.0/5.03
58.7/5.70

12
6

223
145

P07632/Rat
P02563/Rat
P07483/Rat
P20108/Mouse
P97541/Rat
Q9ER34/Rat
P15650/Rat
P12007/Rat
P15650/Rat
P04764/Rat
Q91WD5/Mouse
P11884/Rat
Q920L2/Rat
P14882/Rat
P02564/Rat
Q63362/Rat
P2392/Rat
Q62651/Rat
P14604/Rat
P00564/Rat

15.8/5.89
223/5.59
14.6/5.92
28.1/7.15
17.5/6.05
85.4/7.87
47.8/7.63
46.4/8.03
47.8/7.63
46.7/6.16
52.6/6.52
56.5/6.63
71.6/6.75
77.7/6.33
223/5.64
13.2/7.07
20.1/6.76
36.1/8.13
31.5/8.39
43.0/9.58

6
18
5
9
4
14
18
11
18
8
8
8
13
18
5
3
8
10
10
9

177
172
160
176
65
131
285
217
285
88
66
233
255
197
56
56
120
318
201
286

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
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Table 1 (Continued )
Spot no.

Identiﬁcation

Accession no./species

Theoretical mass/pI

Peptide count

Protein score

74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103

Electron transfer ﬂavoprotein-ubiquinone oxidoreductase
Carnitine O-palmitoyltransferase II
Dihydrolipoyl dehydrogenase
ATP synthase alpha chain
Succinyl-CoA:3-ketoacid-coenzyme A transferase 1
Aconitate hydratase
Nucleoside diphosphate kinase B
Superoxide dismutase [Mn]
Myoglobin
Fatty acid-binding protein, adipocyte
Electron transfer ﬂavoprotein alpha-subunit
Adenylate kinase isoenzyme 2
Electron transfer ﬂavoprotein beta-subunit
Creatine kinase
Aspartate aminotransferase, cytoplasmic
Isocitrate dehydrogenase [NADP]
Beta enolase
Fumarate hydratase
Glutamate dehydrogenase 1
Pyruvate kinase, isozymes M1/M2
Alpha enolase
Succinyl-CoA:3-ketoacid-coenzyme A transferase 1
Superoxide dismutase [Mn]
Myoglobin
Cytochrome c, somatic
Short chain 3-hydroxyacyl-CoA dehydrogenase
Voltage-dependent anion-selective channel protein 1
Malate dehydrogenase
Isocitrate dehydrogenase [NADP]
ATP synthase alpha chain

Q6UPE1/Rat
P18886/Rat
O08749/Mouse
P15999/Rat
Q9D0K2/Rat
Q9ER34/Rat
P19804/Rat
P07895/Rat
P04248/NE
P70623/Rat
P13803/Rat
Q9WTP6/Mouse
Q9DCW4/Mouse
P09605/Rat
P13221/Rat
P54071/Mouse
P15429/Rat
P14408/Rat
P10860/Rat
P11980/Rat
P04764/Rat
Q9D0K2/Mouse
P07895/Rat
P04247/Mouse
P62898/Rat
Q9WVK7/Rat
Q9Z2L0/Rat
P08249/Rat
P54071/Mouse
P15999/Rat

68.2/7.33
74.0/6.89
54.2/7.97
58.8/9.22
55.6/8.73
85.4/7.87
17.2/6.92
24.7/8.96
16.9/7.27
14.7/7.93
35.0/8.67
25.5/7.16
27.3/8.57
47.4/8.76
46.7/6.3
58.7/8.89
46.8/7.74
54.4/9.06
61.4/8.05
57.7/6.69
46.7/6.16
55.6/8.73
24.7/8.96
16.9/7.23
11.5/9.61
34.4/8.83
30.6/8.63
35.6/8.92
58.7/8.89
58.8/9.22

13
7
9
11
9
25
8
8
4
2
10
4
4
14
15
6
4
11
12
16
5
16
8
3
5
7
6
14
15
17

115
86
102
96
71
287
198
130
80
91
128
83
86
245
185
91
107
144
179
143
111
140
77
85
271
129
119
366
344
282

Accession numbers in the Swiss-Prot along with animal species, theoretical mass and isoelectric point (pI) are also brieﬂy summarized in the table. Two different gels
were analyzed from cardiomyocytes providing from two different animals after 3 h incubation. Protein score C.I.% always 100%. Species: Rat (Rattus norvegicus); Mouse (Mus
musculus); NE (Nannospalax ehrenbergi).

spots 77 and 103 had lower pI than the native ATP synthase alpha
chain.
3.2. Cardiomyocyte incubation with adrenaline, adrenaline with
XXO, and XXO resulted in protein alterations
The ratio between the optic densities of the spots of different
treatments (ADR, ADR with XXO and XXO) to control was taken, and
several spots were found to be altered (Table 3). The majority of the

altered protein spots at 3 h showed different abundance, possibly
indicating that the initial protein was either modiﬁed to another pI
variant, proteolyzed to leave fragments that remained undetected
in the system analysis, polymerized or with reduced expression.
The spots abundance of the structural proteins was highly
altered in the treated groups. An increase in the myosin regulatory light chain 2 (spot 5) and of some of its fragments (spot 3) in
both ADR with XXO, and XXO alone was observed (Table 3). The
levels of myosin light polypeptide 3 (spot 11) and troponin T (spot

Fig. 1. Image of a two-dimensional gel, stained with colloidal coomassie blue, of mitochondrial enriched protein extract of control cardiomyocytes after 3 h incubation.
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Table 2
Comparative table showing the spots analyzed by MALDI-TOF-TOF in control cardiomyocytes after 3 h incubation whose values of molecular weight (MW) and isoelectric
point (pI) differ from the theoretical ones, according to Swiss-Prot.
Spot no.
1
3
4
9
13
14
17
20
22
25
26
39
41
42
48
50
51
52
55
56
59
68
77
81
89
94
97
103

Identiﬁcation

Theoretical mass/pI

Modiﬁcation

Native protein

Cytochrome c, somatic
Myosin regulatory light chain 2
Myosin regulatory light chain 2
Acetyl-CoA acetyltransferase
Cytochrome c oxidase polypeptide Va
Myosin light polypeptide 3
Desmin
Fatty acid-binding protein, heart
Fatty acid-binding protein, heart
Cytochrome c oxidase polypeptide Vb
Fatty acid-binding protein, heart
Myosin heavy chain, cardiac muscle alpha isoform
Thioredoxin-dependent peroxide reductase
Heat shock cognate 71 kDa protein
ATP synthase D chain, mitochondrial
Enoyl-CoA hydratase
Dihydrolipoyllysine-residue succinyltransferase of
2-oxoglutarate dehydrogenase complex
Myosin light polypeptide 3
Myosin heavy chain, cardiac muscle alpha isoform
Fatty acid-binding protein, heart
Aconitate hydratase
Myosin heavy chain, cardiac muscle beta isoform
ATP synthase alpha chain
Superoxide dismutase [Mn]
Isocitrate dehydrogenase [NADP]
Alpha enolase
Myoglobin
ATP synthase alpha chain

11.4/9.60
18.7/4.71
18.7/4,71
44.7/8.92
16.1/6.08
22.0/5.03
53.3/5.21
14.6/5.92
14.6/5.92
13.9/7.68
14.6/5.92
223/5.59
28.1/7.15
70.8/5.37
18.6/6.21
31.5/8.39
47.4/8.17

Lower pI
Lower MW
Lower MW
Lower pI
Lower pI
Higher MW
Lower MW
Higher MW
Higher MW
Lower pI
Lower pI
Lower MW
Lower pI
Lower MW
Higher MW
Lower pI and higher MW
Lower pI

Spot 98
Spot 5

22.0/5.03
223/5.59
14.6/5.92
85.4/7.87
223/5.64
58.8/9.22
24.7/8.96
58.7/8.89
46.7/6.16
16.9/7.23
58.8/9.22

Higher MW and pI
Lower MW
Higher MW
Lower MW
Lower MW and higher pI
Lower pI
Lower pI
Lower MW
Higher MW
Higher pI
Lower pI

29) increased in XXO group. Alpha-actinin 1 (spot 35) increased
in the ADR group. The abundance of other structural proteins was
altered, as observed in ADR, ADR with XXO, and XXO groups. The
abundance of the fragment of myosin regulatory light chain 2 (spot
4), of desmin (spot 17) and of the altered myosin light polypeptide
3 (spot 14) decreased when compared with control.
Proteins of energetic metabolism suffered modiﬁcations during the different treatments (Table 3). The ADR with XXO group
had a notorious decrease in the relative abundance of electron
transfer ﬂavoprotein beta-subunit (spot 86) and of pyruvate kinase,
isozymes M1/M2 (spot 93). The ADR group showed an increase in
the abundance of ATP synthase alpha chain (spots 77 and 103).
In the XXO group, creatine kinase, M chain (spot 73), pyruvate
kinase, isozymes M1/M2 (spot 93) and ATP synthase alpha chain
(spot 103) signiﬁcantly decreased. In particular, most of the proteins involved in the carbohydrate metabolism (native proteins
and altered proteins) had an abundance decrease in XXO, with the
exception of fumarase hydratase (spot 91). In the ADR group, the
abundance of succinyl-CoA ligase [GDP-forming] beta-chain (spot
47), fumarate hydratase (spot 91) and of the fragment of aconitase
hydratase (spot 59) increased slightly, while the fragments of isocitrate dehydrogenase [NADP] (spots 89 and 102) decreased. The ADR
with XXO group had an accentuate decrease in dihydrolipoyllysineresidue acetyltransferase component of pyruvate dehydrogenase
(PDH) complex (spot 53) and of the fragment of isocitrate dehydrogenase [NADP] (spot 89). The abundance of several proteins (spots
50, 71, 72, and 99) involved in the fatty acid metabolism decreased
in XXO. In the ADR with XXO group, the abundance in the fatty
acid metabolism proteins decreased in spots 50, 72, and 99. In
ketone metabolism proteins, acetyl-CoA acetyltransferase (spot 9)
and succinyl-CoA:3-ketoacid-coenzyme A transferase 1 (spot 78)
decreased signiﬁcantly in XXO.
The levels of redox regulatory proteins changed in ADR, ADR
with XXO, and XXO groups when compared to control. In the ADR
group, the SODs (Mn and Cu-Zn) (spots 54, 81 and 96) increased,
while peroxiredoxin 6 (spot 40) decreased. In the ADR with XXO, the
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Spot 11
Spot 38
Spot 38
Spot 38
Spot 37
Spot 57

Spot 72

Spot 11
Spot 37
Spot 38
Spot 79

Spot 96
Spot 102
Spot 82

peroxiredoxin 6 (spot 40) and MnSOD (spot 96) decreased, while
Cu-ZnSOD (spot 54) increased.
The abundance of stress response proteins was different in the
treatment groups. In ADR with XXO, the abundance of 78 kDa
glucose-regulated protein precursor (spot 24) increased while the
abundance of stress-70 protein (spot 36), heat shock protein (HSP)
90-beta (spot 23), and HSP beta-6 (spot 58) decreased. The ADR
group had an increased abundance in the fragment of heat shock
cognate 71 kDa protein (spot 42) in the crude protein extract, while
HSP beta-6 (spot 58) decreased. In XXO group, a noticeable decrease
in HSP 90-beta (spot 23), 60 kDa heat shock protein (spot 32), heat
shock cognate 71 kDa protein (spot 42), HSP beta-6 (spot 58), and
alpha crystallin B chain (spot 70) was observed in the mitochondrial
crude extract.
In the crude extract, cytochrome c (spot 98) rose in all treatment
groups, while the pI altered cytochrome c (spot 1) largely increased
in ADR and ADR with XXO. In ADR and ADR with XXO groups, the
complement component 1, Q subcomponent binding protein (spot
8) and prohibitin (spot 46) increased while serine/threonine protein phosphatase 2A, 65 kDa regulatory subunit A, alpha isoform
(spot 21) and adenylate kinase isoenzyme 2 (spot 85) decreased.
The fatty acid-binding protein apparently suffered several post
transcriptional modiﬁcations (PTM). The polymerized fatty acidbinding protein in spot 20 decreased in all treatment groups, while
the pI altered protein (spot 26) increased in the ADR group and the
native protein (spot 38) decreased slightly in XXO when compared
to control. Voltage-dependent anion-selective channel protein 1
(VDAC-1) (spot 100) increased in ADR and ADR with XXO groups
when compared to control.
3.3. The incubation with adrenaline, adrenaline with XXO and
XXO disrupted the overall glycolytic pathway
Fig. 2 shows expansions of representative 1 H NMR spectra
obtained in the four experimental groups: control, ADR, ADR
with XXO, and XXO at 3 h; focusing the resonances of fumarate
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Table 3
Optic density of spots after incubation with adrenaline 500 M (ADR), adrenaline 500 M with xanthine and xanthine oxidase (ADR with XXO), and XXO relative to control
(set to 1).
Spot no.

Identiﬁcation

(a) Sarcomeric and cytoskeletal proteins
3
Myosin regulatory light chain 2
4
Myosin regulatory light chain 2
5
Myosin regulatory light chain 2
11
Myosin light polypeptide 3
14
Myosin light polypeptide 3
17
Desmin
29
Troponin T, cardiac muscle isoform
35
Alpha-actinin 1
(b) Metabolism
ATP synthesis
73
77
86
87
93
103

Creatine kinase, M chain
ATP synthase alpha chain
Electron transfer ﬂavoprotein beta-subunit
Creatine kinase
Pyruvate kinase, isozymes M1/M2
ATP synthase alpha chain

ADR

ADR with X/XO

1.9
0.7
0.6
0.6
0.6
0.2
1.2
10.5

±
±
±
±
±
±
±
±

0.3
0.09
0.7
0.3
0.1
0.4
0.3
0.9

1.1
1.9
0.7
0.5
0.7
3.3

±
±
±
±
±
±

0.4
0.4
0.5
0.4
0.1
0.5

X/XO

10.7
0.3
10.0
1.3
0.02
0.3
1.0
1.0

±
±
±
±
±
±
±
±

1.2
0.3
2.5
0.4
0.02
0.5
0.5
0.5

17.4
0.6
24.9
5.4
0.2
0.4
3.4
0.6

±
±
±
±
±
±
±
±

0.11
0.2
3.7
0.3
0.1
0.5
1.0
0.8

0.8
0.9
0.002
0.6
0.5
1.1

±
±
±
±
±
±

0.7
0.5
0.2
0.5
0.03
0.5

0.5
1.4
1.0
0.6
0.4
0.3

±
±
±
±
±
±

0.05
0.4
0.5
0.5
0.2
0.4

Carbohydrate metabolism
44
L-lactate dehydrogenase B chain
45
Malate dehydrogenase, cytoplasmic
47
Succinyl-CoA ligase [GDP-forming] beta-chain
53
Dihydrolipoyllysine-residue acetyltransferase component of
pyruvate dehydrogenase complex
59
Aconitate hydratase
89
Isocitrate dehydrogenase [NADP]
91
Fumarate hydratase
94
Alpha enolase
101
Malate dehydrogenase
102
Isocitrate dehydrogenase [NADP]

1.1
1.1
1.6
0.7

±
±
±
±

0.04
0.01
0.4
0.5

0.8
0.8
0.8
0.2

±
±
±
±

0.03
0.05
0.04
0.2

0.5
0.6
0.6
0.1

±
±
±
±

0.2
0.04
0.08
0.3

1.4
0.2
1.5
0.5
1.2
0.3

±
±
±
±
±
±

0.5
0.3
0.4
0.5
0.5
0.09

0.9
0.07
1.2
0.4
0.5
0.6

±
±
±
±
±
±

0.5
0.1
0.5
0.2
0.5
0.5

0.3
0.6
2.3
0.3
0.2
0.5

±
±
±
±
±
±

0.5
0.5
0.5
0.3
0.4
0.04

Fatty acid metabolism
50
Enoyl-CoA hydratase
71
Delta 3,5-delta2,4-dienoyl-CoA isomerase
72
Enoyl-CoA hydratase
99
Short chain 3-hydroxyacyl-CoA dehydrogenase

0.4
1.2
0.6
1.0

±
±
±
±

0.3
0.4
0.4
0.5

0.2
0.9
0.4
0.3

±
±
±
±

0.4
0.2
0.0
0.3

0.5
0.5
0.5
0.3

±
±
±
±

0.5
0.02
0.01
0.3

Ketone metabolism
9
Acetyl-CoA acetyltransferase
78
Succinyl-CoA:3-ketoacid-coenzyme A transferase 1

0.5 ± 0.03
0.8 ± 0.5

0.7 ± 0.1
0.5 ± 0.4

(c) Redox regulatory proteins
40
Peroxiredoxin 6
54
Superoxide dismutase [Cu-Zn]
81
Superoxide dismutase [Mn]
96
Superoxide dismutase [Mn]

0.5
2.0
2.8
1.5

±
±
±
±

0.3
0.8
0.2
0.5

0.2
2.0
1.1
0.4

(d) Stress response proteins
23
Heat shock protein HSP90-beta
24
78 kDa glucose-regulated protein precursor
32
60 kDa heat shock protein
36
Stress-70 protein
42
Heat shock cognate 71 kDa protein
58
Heat-shock protein beta-6
70
Alpha crystallin B chain

1.3
1.3
1.3
0.7
1.9
0.3
1.0

±
±
±
±
±
±
±

0.8
0.09
0.2
0.1
0.5
0.5
0.1

0.4 ±
1.6 ±
1.0 ±
0.4 ±
0.7 ±
0.0
0.9 ±

1.5
1.7
0.6
0.07

±
±
±
±

0.8
0.7
0.02
0.1

1.9
2.1
0.5
0.3

0.2
1.6
0.9
1.5
0.09
2.6
2.2

±
±
±
±
±
±
±

0.2
0.6
0.04
0.4
0.2
0.3
0.5

0.2
1
0.8
1.6
0.01
3.7
1.3

(e) Regulatory proteins
1
Cytochrome c, somatic
8
Complement component 1, Q subcomponent binding protein
20
Fatty acid-binding protein, heart
21
Serine/threonine protein phosphatase 2A, 65 kDa regulatory
subunit A, alpha isoform
22
Fatty acid-binding protein, heart
26
Fatty acid-binding protein, heart
38
Fatty acid-binding protein, heart
46
Prohibitin
85
Adenylate kinase isoenzyme 2
98
Cytochrome c, somatic
100
Voltage-dependent anion-selective channel protein 1

±
±
±
±

0.3 ± 0.03
0.08 ± 0.5

0.2
0.9
0.5
0.3

0.6
1.0
0.9
0.6

±
±
±
±

0.5
1.0
0.5
0.5

0.5
0.2
0.02
0.09
0.5

0.5
0.2
0.1
0.6
0.5

0.03

0.4 ±
0.8 ±
0.4 ±
0.5 ±
0.5 ±
0.0
0.5 ±

±
±
±
±

0.2
0.7
0.2
0.4

0.5
1.0
0.6
0.9

±
±
±
±

0.2
0.2
0.01
0.4

±
±
±
±
±
±
±

0.1
0.6
0.0
0.4
0.2
0.3
0.4

1.9
0.7
0.5
0.5
0.8
3.4
0.2

±
±
±
±
±
±
±

0.4
0.6
0.2
0.5
0.5
0.3
0.4

0.2

Two different gels were analyzed providing from cardiomyocytes of two different animals after 3 h incubation with the different treatments. Control set to 1.

( CH CH ; a), used as internal standard, and of glucose (H1␣;
b), alanine ( CH3 ; c) and lactate ( CH3 ; d) used for determination of the concentration of such metabolites in the cardiomyocyte
suspension media.

In Fig. 3A, the glucose levels in the supernatant of the cardiomyocyte suspensions in control, ADR, ADR with XXO, and XXO are
shown during the 3 h incubation. During the study, the levels of
glucose in control group were steady. At 3 h, a signiﬁcant decrease
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3.4. MTT and TTC reduction was increased in adrenaline treated
cardiomyocytes
At 3 h, the activity of mitochondrial complexes was evaluated
through the formation of formazans in the washed cardiomyocytes.
MTT reduction is shown in Fig. 4A and is related with NADH dehydrogenase (complex I) and/or succinate dehydrogenase (complex
II) activities (Dong et al., 1997). TTC reduction (Fig. 4B) is related
with the activity of the cytochrome c oxidase (complex IV) (Dong
et al., 1997).
At 3 h, the MTT metabolized in the ADR group increased significantly (218 ± 64%) when compared to control (100%) (Fig. 4A). At
3 h, in the ADR with XXO group, MTT rose to 162 ± 30% and XXO
group showed no differences to control.
After 3 h, the TTC was signiﬁcantly higher in the ADR group
(168 ± 25%) when compared to control (100%) (Fig. 4B), while the
ADR with XXO, and XXO groups showed no signiﬁcant differences
to control.
3.5. Total SOD activity increased after exposure to adrenaline but
decreased in the presence of XXO
The activity of total SOD was evaluated after the 3 h incubation
period (Fig. 5). The activity of SOD in the ADR group signiﬁcantly
increased (21.1 ± 2.9 units/mg of protein) when compared to control
(16.9 ± 2.3 units/mg of protein). In the ADR with XXO group, the
activity of total SOD decreased to 10.6 ± 2.9 units/mg of protein and
in the XXO group to 9.3 ± 2.5 units/mg of protein, signiﬁcantly lower
than control (16.9 ± 2.3 units/mg of protein).
3.6. Incubation with adrenaline, adrenaline with XXO, and XXO
did not affect cardiomyocytes viability

Fig. 2. Expansions from fumarate (a, ı = 5.50 ppm), glucose-H1␣ (b, ı = 5.22 ppm),
alanine –CH3 (c, ı = 1.48 ppm) and lactate –CH3 (d, ı = 1.33 ppm) resonances from
representative 1 H NMR spectra of control (C), adrenaline 500 M (ADR), adrenaline
500 M with xanthine and xanthine oxidase (ADR with XXO), and XXO groups after
3 h incubation.

in the levels of glucose in ADR (8.2 ± 1.7 mM) and ADR with XXO
(8.2 ± 1.0 mM) groups was observed when compared to control
(11.6 ± 1.3 mM).
During the present study, the levels of lactate were assessed in
the supernatant of control, ADR, ADR with XXO, and XXO groups
(Fig. 3B). The lactate levels in all treatment groups rose significantly when compared to control, as soon as 1 h. At 3 h, the
lactate values in all treatment groups [ADR (3.8 ± 1.8 mM), ADR with
XXO (5.3 ± 0.9 mM) and XXO (5.1 ± 1.0 mM)] remained signiﬁcantly
higher than control (2.8 ± 1.0 mM).
In Fig. 3C, the alanine levels in the supernatant of the cardiomyocyte suspensions in control, ADR, ADR with XXO, and XXO groups
can be observed during the 3 h study. The alanine values in control
rose steadily along the study. At 1 h, the alanine values in ADR with
XXO (0.28 ± 0.04 mM) and XXO (0.31 ± 0.07 mM) groups were signiﬁcantly higher than control (0.19 ± 0.03 mM). This tendency was
maintained in the other incubation time points. At 2 h, the ADR
group had signiﬁcantly lower values of alanine (0.19 ± 0.03 mM)
than control (0.29 ± 0.07 mM).
Fig. 3D shows the ratio between alanine/lactate levels in 5
independent experiments. The ratio in XXO group showed signiﬁcant differences at 2 h (0.14 ± 0.03) and 3 h (0.21 ± 0.05) incubation
when compared to control (C = 2, 0.11 ± 0.04; C = 3, 0.16 ± 0.06),
favouring the alanine formation. At 3 h, the ratio of alanine/lactate
in the ADR group signiﬁcantly decreased (0.11 ± 0.06) when compared to control (0.16 ± 0.06).
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After the 3 h incubation, none of the treated cell groups (exposed
to ADR, ADR with XXO, and XXO) showed any change in cells viability when compared to the control group by the LDH leakage assay
(data not shown).
4. Discussion
Despite years of research, the mechanisms of myocardial toxicity induced by catecholamines and oxidative stress are not yet
fully clariﬁed. Through a 2-DGE approach, subtle and unsuspected changes in the mitochondrial extract of cardiac myocytes
exposed to ADR, XXO (ROS generating system), or ADR with XXO
were detected. The results provided further insights towards the
elicited intracellular mechanisms since several proteins showed
PTM and/or altered abundance. This work showed that the exposure to ADR or to XXO revealed different proteomic and metabolic
alterations. The main protein alterations can be classiﬁed as follows: (i) pI shifts (away from the predicted pI of the protein); (ii)
signiﬁcantly lower or higher MW than predicted, indicative of partial loss of the native protein or polymerization, respectively; and
(iii) altered abundance (indicative that the native protein was either
modiﬁed to another pI, altered in expression, PTM or proteolyzed
to fragments that remained undetectable in the analysis system).
Of the 61 altered spots found in the present work (Table 3), the
majority of changes were observed in proteins of ﬁve functional
groups: (i) structural proteins of the sarcomere and cytoskeleton,
notably myosin light chain-2, myosin light polypeptide 3, alphaactinin, and troponin T; (ii) proteins of the energetic metabolism,
outstandingly, ATP synthase alpha chain and dihydrolipoyllysineresidue acetyltransferase component of PDH complex; (iii) redox
regulation proteins, in particular SOD; (iv) stress response proteins,
namely heat shock proteins (HSP); and (v) regulatory proteins, as
cytochrome c and VDAC-1.
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Fig. 3. (A) Levels of glucose (mM) in the supernatant of cardiomyocyte suspensions in control (C), adrenaline (ADR) 500 M, adrenaline 500 M with xanthine and xanthine
oxidase (ADR with XXO), and XXO groups during the 3 h incubation time. Means ± SD, n = 6, Kruskal–Wallis test, followed by the Student–Newman–Keuls post hoc test
(** p < 0.01 vs. control). (B) Levels of lactate (mM) in the supernatant of cardiomyocyte suspensions in control (C), adrenaline 500 M (ADR), adrenaline 500 M with xanthine
and xanthine oxidase (ADR with XXO), and XXO groups during the 3 h incubation time. Means ± SD, n = 5, Kruskal–Wallis test, followed by the Student–Newman–Keuls post
hoc test (* p < 0.05 vs. control). (C) Levels of alanine (mM) in the supernatant of cardiomyocyte suspensions in control (C), adrenaline 500 M (ADR), adrenaline 500 M with
xanthine and xanthine oxidase (ADR with XXO), and XXO groups during the 3 h incubation. Means ± SD, n = 6, Kruskal–Wallis test, followed by the Student–Newman–Keuls
post hoc test (* p < 0.05 vs. control; ** p < 0.01 vs. control; ## p < 0.01 vs. control time 0 h). (D) Ratio between alanine and lactate levels in the supernatant of cardiomyocyte
suspensions in control (C), adrenaline (ADR) 500 M, adrenaline 500 M with xanthine and xanthine oxidase (ADR with XXO), and XXO groups during the 3 h incubation.
Means ± SD, n = 5, Kruskal–Wallis test, followed by the Student–Newman–Keuls post hoc test (* p < 0.05 vs. control; ** p < 0.01 vs. control; # p < 0.05 vs. control time 0 h).

Modiﬁcations in the sarcomeric proteins of the cardiomyocytes
exposed to ADR with XXO or to XXO alone, in particular myosin
regulatory light chain 2, were probably the result of cleavage of the
native protein, but can also reveal compromised quality control of
proteins. In fact, in previous works, we demonstrated an early proteasome activity inhibition in rat cardiomyocytes exposed to ADR
with XXO or to XXO (Costa et al., 2009b) with accumulation of damaged, oxidized and/or misfolded proteins (Costa et al., 2007). Our
results conﬁrm previous reports showing that oxidative stressors,
like those formed in I/R in the heart, alter myoﬁbrillar proteins and
elicit contractile dysfunction (White et al., 2005, 2006).
Glucose metabolism for energy generation in the heart requires
the coordinated action of transmembrane transport, phosphorylation, glycolysis, and subsequent tricarboxylic acid cycle oxidation
of glycolytic pyruvate (McNulty et al., 2000). The main substrates
for mitochondrial oxidation in the heart are carbohydrates and fats
(Stanley et al., 2005), while in freshly isolated cardiomyocytes, glucose is the main substrate (Remião et al., 2001b). The glycolytic
pathway results in the formation of cytosolic NADH and, in the
present work that was favoured in ADR and ADR with XXO groups
with concomitant decrease in glucose levels (Fig. 3A).
Pyruvate resulting from glycolysis is a target for mitochondrial
uptake, or can be metabolized in the cytosol by the reversible
oxidation to lactate, via LDH (Lesnefsky et al., 2001) or the
reversible transamination by alanine transaminase (ALT) to form
alanine (Fischer et al., 1997). Pyruvate metabolism in the mitochondria requires the uptake by the pyruvate transporter followed
by oxidation by PDH to acetyl-CoA. In the present work, of all
the subunits of PDH identiﬁed by MALDI-TOF-TOF, only spot
53, dihydrolipoyllysine-residue acetyltransferase component of
PDH complex, showed differences between treatments (Table 3).
In fact, in ADR with XXO, and XXO groups, the abundance of
dihydrolipoyllysine-residue acetyltransferase component of PDH

complex was greatly reduced, possibly resulting of PTM. Also, LDH
in the XXO group was greatly decreased (Table 3). The XXO group
had the highest levels of lactate and alanine at 3 h and, as they are
byproducts of cytosolic pyruvate, the cytosolic pyruvate accumulation can be assumed to have occurred. Furthermore, pyruvate
and lactate are known to inhibit glucose transport while alanine
increases glucose transport (Fischer et al., 1997, 1990). Thus, in XXO
group, the balance between lactate, alanine and pyruvate levels
elicited low glucose utilization and possibly inhibited its inward
transport (Fig. 3A). In fact, in XXO group the alanine formation
was favoured (Fig. 3C) and the ratio alanine/lactate was the highest (Fig. 3D), reﬂecting a low NADH/NAD+ ratio (thus low glycolytic
activity) and the decrease in the cytosolic redox status (Yu et al.,
1996).
During the mitochondrial metabolism, the pyruvate derived
acetyl-CoA is oxidized completely to CO2 in the tricarboxylic acid
cycle. The electrons from these oxidations are transferred to O2
through a chain of carriers (electron transport chain—ETC) in the
mitochondrion leading to the formation of ATP and H2 O (Lesnefsky
et al., 2001). The modiﬁcations observed in the present work in
the ATP synthase alpha subunit, a protein subunit of ATP synthase (complex V) were of particular interest (Table 3). The two
ATP synthase alpha subunit spots (spots 77 and 103) showed a pI
shift that may be the result of PTM, namely phosphorylation(s).
Both spots of ATP synthase alpha subunit increased in the ADR
group, therefore indicating that the ETC was altered in this group.
The total ATP content in all treatment groups did not change after
the 3 h of incubation, as observed in a previous work (Costa et al.,
2007). However, the dissimilarities in the glucose and lactate values (Fig. 3A and B) and in TTC and MTT reduction (Fig. 4A and B)
reveal that the different treatments elicited different metabolic proﬁles in the cardiomyocytes. The low alanine/lactate ratio in the ADR
group suggests an increase in cytosolic redox state (NADH/NAD+ ),

- 213 -

G Model
TOX-50293;

No. of Pages 13

10

ARTICLE IN PRESS
V.M. Costa et al. / Toxicology xxx (2009) xxx–xxx

Fig. 4. (A) MTT reduction in cardiomyocytes exposed to adrenaline 500 M (ADR),
adrenaline 500 M with xanthine and xanthine oxidase (ADR with XXO), and XXO
alone at 3 h. Results are presented as means ± SD from 6 different experiments
when compared with control, which was set to 100%. Statistical comparisons were
made using Kruskal–Wallis test, followed by the Student–Newman–Keuls post hoc
test (** p < 0.01 vs. control). (B) TTC reduction in cardiomyocytes after 3 h incubation
with adrenaline 500 M (ADR), adrenaline 500 M with xanthine and xanthine oxidase (ADR with XXO), and XXO alone at 3 h. Results are presented as means ± SD
from 6 different experiments when compared with control (C), which was set to
100%. Statistical comparisons were made using Kruskal–Wallis test, followed by the
Student–Newman–Keuls post hoc test (** p < 0.01 vs. control).

presumably due to high glycolytic activity (Fig. 3D). The high
cytosolic redox state would stimulate the malate-aspartate shuttle that, through the entrance of malate in the mitochondria and
formation of oxaloacetate, leads to an active transfer of reduced
equivalents into the mitochondrial matrix. Thus, in the ADR group,
more reducing equivalents would be available in the mitochondria
and the ETC complexes activity increase (Fig. 6). The ADR group
showed a high reduction of MTT (Fig. 4A), suggesting high NADH
dehydrogenase (complex I) and/or succinate dehydrogenase (complex II) activities. The ADR group also presented a high reduction
of TTC (Fig. 4B), indicative of high cytochrome c oxidase activity (complex IV). When evaluating the subunits of cytochrome c
oxidase by MALDI-TOF-TOF, no signiﬁcant differences were found
between the treatment groups, indicating that the differences in
the metabolism were due to the its activity instead of altered
proteomics.
In ADR group, the lactate levels increased very slowly (Fig. 3B)
and alanine levels were even lower than control (Fig. 3C) suggesting
that, in the ADR group, the role of the mitochondria towards ATP formation prevailed. Most certainly the pI shifts observed in ATP alpha
synthase, a component of the F1 subunit, and cytochrome c (Table 2;
Fig. 1) altered the efﬁcacy of the mitochondrial coupled complexes
(Table 3). Altogether, these mitochondrial alterations may result
in increase mitochondrial membrane potential, reduced efﬁciency
of oxidative phosphorylation, and the formation of ROS (Lesnefsky
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et al., 2001). Accordingly, in a previous study, we shown that cardiomyocytes exposure to ADR, ADR with XXO, and XXO resulted in
ROS formation (Costa et al., 2009b). In the ADR group, the activity
of ETC complexes increased as shown in TTC and MTT reduction
tests and possibly led to higher mitochondrial ‘electron leakage’.
To prevent more extensive oxidative damage, the cardiomyocytes
in ADR group elicited an increase in manganese-containing mitochondrial SOD (MnSOD) expression and in the total SOD activity
to afford protection towards the increased ROS (Fig. 5). Presumably, the cardiomyocytes elicit protection mechanisms to survive,
that are different whether the source of injury (namely ROS) results
from the mitochondria or not.
On the other hand, the XXO group showed no differences
in TTC and MTT values to control, but maintained high levels
of glucose during all the incubation period. XXO group apparently preserved energy instead of actually producing it. In fact,
as observed by the MALTI-TOF-TOF analysis, several spots related
to ATP synthesis and carbohydrate metabolism had lower abundance in XXO, namely creatine kinase M chain, succinyl-CoA ligase,
dihydrolipoyllysine-residue acetyltransferase component of PDH
complex, and aconitase (Table 3).
Several cardiac redox regulatory proteins showed differences in
the treatments, namely peroxiredoxin-6 and SOD. Peroxiredoxin6 abundance decreased in all treatment groups, especially in ADR
with XXO, presumably caused by oxidative stress-induced damage
(Table 3). SOD abundance increased in the ADR group, as already
mentioned and MnSOD increase in ADR group may have been a
compensatory mechanism due to oxidative stress caused by the
increased mitochondrial ROS.
Stress proteins under altered biological conditions suffer rapid
changes (Snoeckx et al., 2001). Several stress response proteins
decreased in the XXO group (Table 3), while, in a previous work,
an early increase in inducible cytoplasmatic HSP70 was observed
(Costa et al., 2009b) (spot referred as spot 42 in Table 3 is a fragment
and not the native protein). In the ADR with XXO group, besides
the early increase in cytoplasmatic HSP70 (Costa et al., 2009b),
another member of HSP70 family, 78 kDa glucose-regulated protein precursor, was largely increased in the present work (Table 3).
These new data suggests that the stress response in the XXO
group resulted in increased chaperon activity of HSP70 towards
cytoplasmatic proteins, whereas in the ADR with XXO group, the
HSP70 family related response was wider (Table 3). In contrast,
the ADR group showed a substantial increase in the fragments of

Fig. 5. Total superoxide dismutase activity (units/mg protein) in cardiomyocytes
exposed to adrenaline 500 M (ADR), adrenaline 500 M with xanthine and xanthine oxidase (ADR with XXO), and XXO alone. Results are presented as means ± SD
from 6 different experiments when compared to control (C). Statistical comparisons
were made using Kruskal–Wallis test, followed by the Student–Newman–Keuls post
hoc test (* p < 0.05 vs. control; ** p < 0.01 vs. control).
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Fig. 6. Metabolic scheme demonstrating the main pathways of glucose utilization in the cardiomyocytes (not all intermediaries are shown for simpliﬁcation). After glucose
uptake through the glucose transporter (GT) (1), it is activated and through glycolysis a molecule of glucose is degraded in a series of enzyme-catalyzed reactions to yield
pyruvate and NADH (2). Pyruvate can be converted into lactate by lactate dehydrogenase (LDH) (3) or to alanine by alanine aminotransferase (ALT) (4) in cytosol. Pyruvate
metabolism in the mitochondria requires its uptake by the pyruvate transporter (PT) followed by oxidation by pyruvate dehydrogenase (PDH) to acetyl-CoA (5). Acetyl-CoA
enters the tricarboxylic acid (TCA) cycle where NADH and FADH2 are generated. These electron donors go into the electron transporter chain (ETC) (6) to form ATP and
H2 O. The cardiomyocytes were subjected to different treatments that elicited different responses. In the ADR group, the glucose transport and glycolytic pathways were
stimulated and more reducing equivalents in the cytosol were generated. The ratio of alanine/lactate in the ADR was the lowest suggesting that reducing cytosolic equivalents
(NADH/NAD+ ) were higher. This high NADH/NAD+ activated the malate-aspartate shuttle (MAS) that through the entrance of malate (MA) to the mitochondria and oxaloacetate
(OX) formation leads to an active transfer of reduced equivalents to mitochondrial matrix from the cytosol (7). As more reducing equivalents would be transported in the
mitochondria, the ETC complexes activity increased (6) in the ADR group with more ‘electron leakage’. In the XXO group, on the other hand, the pyruvate oxidation in the
mitochondria seems to be somewhat blocked favouring the pyruvate accumulation in the cytoplasm with higher formation of alanine and lactate, less glucose utilization,
and less reducing equivalents (NADH) formation in the cytosol.

HSP70 (spot 42), which can be correlated with the late increase
in cytoplasmatic HSP70 observed in a previous work (Costa et al.,
2009b).
HSP90 is a HSP tightly associated with the proteasome that
mediates the recognition of aberrant proteins for degradation
(Whittier et al., 2004) and whose overexpression protects ATP regulating enzymes like PDH from oxidative injury (Veereshwarayya
et al., 2006). In the present work, the HSP90 largely decreased in
the ADR with XXO, and XXO groups (Table 3), which can be responsible for the early inhibition of chymotrypsin-like activity observed
in a previous work in those two groups (Costa et al., 2009b). It is not
clear, however, if the HSP90 decrease was due to oxidative stress, as
suggested by Beck et al. (2009) or if, instead, that decrease caused
the oxidative stress and the proteasome impairment, with accumulation of altered structural proteins (Table 3) or quinoproteins
(Costa et al., 2007). Furthermore, as HSP90 alters the activity of ATP
regulating enzymes (Veereshwarayya et al., 2006), its decrease can
contribute to the altered PDH abundance observed in the ADR with
XXO and XXO groups (Table 3).
In the present work, alterations in the abundance of several
regulatory proteins in the different treatments were observed,
namely in cytochrome c [involved in the ETC and apoptosis (Costa
et al., 2009b)] and fatty acid-binding proteins. Prohibitin increased
in the ADR and ADR with XXO groups (Table 3). Mitochondrial
prohibitin inﬂuences the assembly, stoichiometry, abundance or
stability of the oxidative phosphorylation complexes (Arrell et al.,
2006). Thus the alteration registered in the present work can reveal
altered mitochondrial activity in the ADR and ADR with XXO groups
(Table 3). Serine/threonine protein phosphatase 2A, 65 kDa regulatory subunit A, alpha isoform (spot 21) involved in the regulation

of many cellular signalling molecules including metabolic enzymes,
cell-surface receptors, cytosolic protein kinases, and transcription
factors and adenylate kinase isoenzyme 2 (spot 85) involved in ATP
metabolism, suffered a decrease in their abundance in the ADR and
ADR and XXO groups (Table 3).
Several other proteins identiﬁed in the present study showed
altered abundance, speciﬁcally VDAC-1. VDAC-1 is a highly
expressed outer mitochondrial membrane channel that allows
the ﬂow of metabolites, including ATP and ADP. Recent studies
suggest that VDAC-1 is associated with the transport of creatine kinase and apoptogenic factors including cytochrome c via
interaction with its N-terminal domain (White et al., 2005). The
VDAC-1 decrease observed in XXO in the present work resulted
from oxidative stress and may reveal a possible alteration in that
channel, leading to the retention of cytochrome c in the mitochondria, as previously observed (Costa et al., 2009b). Alterations
in VDAC-1 as a result of oxidative stress have been described in
other studies (Taylor et al., 2003; Thiede et al., 2000). The increase
in VDAC-1 in ADR group may contribute or be a result of alteration in ECT activity, as observed by the MTT and TTC reduction
(Fig. 4).
In conclusion, the different treatments reveal dissimilar features. The ROS generating system (XXO) showed a particular
noxious effect in contractile proteins and metabolism that can be
correlated with myocardial stunning and altered mitochondrial
function caused by ROS at the onset of reperfusion. The ADR group
showed increased activity in mitochondrial complexes, suggesting uncoupling of oxidative phosphorylation and/or increased ATP
requirements. Furthermore, ADR group had an increased expression and activity of SOD, probably due to an adaptation to the
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increased mitochondrial ‘electron leakage’. The present work may
help to disclose the mechanisms of I/R and HF, as both pathologies
are reported to have high ROS and catecholamine levels and show
compromised heart function.
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III. DISCUSSION AND GENERAL CONCLUSIONS
In this final section, the results obtained and included in this dissertation
are discussed and integrated. The conclusions will be inferred considering the
overall results of the dissertation and the findings of other published reports.
III.1. Oxidative stress elicited by catecholamines
In the model used during the experiments carried out in the scope of the
present dissertation, several insults were inflicted to the cardiomyocytes by
ADR redox ability, reflected by GSH depletion, with formation of GSSG of
adrenaline-o-quinones, adrenochrome and other several highly reactive species
(RS), namely OH● and ONOO– (Costa et al., 2007; Costa et al., 2009b).
The ability of catecholamines to undergo redox cycling in vivo has been
long discussed. Many studies underestimate ADR redox ability, while in
experiments whose main objective is the study of adrenoceptors, the cell culture
medium is supplemented with antioxidants (i.e. ascorbic acid), since the authors
do not exclude the contribution of catecholamine oxidative metabolites to cell’s
toxicity or the observed effects (Communal et al., 1998; Communal et al., 1999;
Amin et al., 2001).
There is substantial evidence showing that ADR may be converted to an
unstable o-semiquinone that, after deprotonation and loss of a second electron,
gives rise to the corresponding o-quinone. At physiological pH, partial
deprotonation of the ADR side chain amine group leads to an irreversible 1,4intramolecular cyclization, a reaction that occurs through nucleophilic attack of
the nitrogen atom at the carbon 6 position of the quinone ring, to give
leucoadrenochrome, which is then further oxidized to adrenochrome (Figure 12)
(Bindoli et al., 1992; Bindoli et al., 1999).
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Figure 12 - Postulated pathway for the oxidation of adrenaline (ADR) in cardiomyocytes
and incubation medium (for simplification purposes, not all intermediates are shown).
ADR enters in the cardiomyocytes by the active extraneuronal monoamine transporter
(EMT). The oxidation process of ADR initially involves its conversion to o-quinone with
an o-semiquinone intermediary. The o-quinone can react with glutathione (GSH), to
form the corresponding GSH conjugate [5-(glutathion-S-yl)adrenaline], or react with
protein nucleophilic groups in the cells, forming quinoproteins. The 5-(glutathion-Syl)adrenaline is transported out of the cell by multidrug resistance protein 1 (MRP1).
Meanwhile, the o-quinone can undergo an irreversible 1,4-intramolecular cyclization,
forming leucoadrenochrome. The oxidation to adrenochrome resulting of the unstable
leucoadrenochrome is rapid. The formation of adrenochrome is a reaction in which a
total of two electrons are removed and adrenochrome semiquinone is the intermediate.
Adrenochrome formed in the cells can also suffer conjugation with cellular GSH,
leading to its depletion, or it can polymerize into several other compounds like
melanins. During ADR oxidation process, the superoxide anion (O2•–) is formed.
Through the Fenton or/and Haber-Weiss reactions hydroxyl (OH•) is formed
(intermediaries are not shown for simplification). Furthermore, the reaction between
O2•– and nitric oxide (NO●) generates peroxynitrite (ONOO–). Those reactive species
can oxidize GSH to form oxidized glutathione (GSSG). The GSSG is extruded from the
cardiomyocyte through MRP1 or converted again to GSH by GSH reductase (GR).

Furthermore, the oxidative deamination of catecholamines by MAO
produces another relevant product, H2O2, which subsequently may be
converted into the highly reactive OH● (Furchgott and Garcia, 1968; Valko et al.,
2007), with the possibility of oxidative stress-related damage. MAO inhibitors
have been found to decrease the incidence and severity of myocardial lesions
following catecholamine administration (Stanton and Schwartz, 1967; Zbinden
and Moe, 1969).
The high chemical reactivity of catecholamine intermediaries and final
products makes them very hard to detect, especially in biological matrixes as
plasma or blood (Dhalla et al., 1989; Remião et al., 2003). During the studies
developed in this dissertation using cardiomyocyte suspensions incubated with
ADR, several highly reactive species were found, incluiding adrenochrome,
quinone derivatives and other RS were found (Costa et al., 2007; Costa et al.,
2009b). ADR showed the ability to generate RS in freshly isolated
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cardiomyocytes, namely OH● and ONOO– (Figure 12)(Costa et al., 2009b). The
production of RS was largely increased in ADR with XXO group (Costa et al.,
2009b), thus confirming that catecholamine induced RS are more prone to arise
through enzymatic catalyzed oxidations, in the presence of O2●− or transition
metals (Bindoli et al., 1992; Remião et al., 2004).
Adrenochrome

was

another

ADR

oxidation

product

found

in

cardiomyocyte suspensions (Costa et al., 2007). In fact, adrenochrome was not
found in the cells but in the medium. The high reactivity of adrenochrome
towards various cellular nucleophiles, such as cardiomyocytes GSH or proteins
may explain its rapid disappearance. Previous results in isolated heart seem to
corroborate this binding ability, since when the heart is reperfused with
radioactive adrenochrome, approximately 50% of it remains in the organ,
indicating an irreversible binding to the tissues (Bindoli et al., 1992). In addition,
adrenochrome can undergo further structural modifications throughout the
oxidative pathway or rearrange to other substances, forming adrenolutin or
polymers, and thus not be found in the cells (Bindoli et al., 1992).
In other reports, the occurrence of highly reactive aminochromes or
quinones known to be deleterious to cell constituents were already extensively
reported in isolated cells, namely in cardiomyocytes (Remião et al., 2002;
Remião et al., 2004), and neurons of rats (Spencer et al., 2002), in isolated
hearts of rabbits (Rump and Klaus, 1994b; Rump and Klaus, 1994a) and rats
(Byington, 1998), in skeletal muscle and liver (Behonick et al., 2001; Dhalla et
al., 2001), in the brain of several mammalians (Rosengren et al., 1985;
Fornstedt et al., 1986; Fornstedt et al., 1990; LaVoie and Hastings, 1999;
Miyazaki et al., 2006) and in the blood of rats (Remião et al., 2003).
For

their

reactivity,

the

catecholamine

oxidation

products

and

intermediaries are most likely found bound to the nearby nucleophiles of
tissues, with lipids, proteins, DNA, and GSH being their major targets (Cavalieri
et al., 2002; Remião et al., 2004; Zhang et al., 2005; Zoccarato et al., 2005;
Senthil et al., 2007). In the course of this dissertation, it was demonstrated that
the compounds resulting from catecholamine oxidation can react with
intracellular

nucleophiles,

consequently

forming

quinoproteins

and

a

glutathionyl-adduct in cardiomyocytes (Costa et al., 2007). In fact, as a new
outcome, 5-(glutathion-S-yl)adrenaline, a GSH adduct with ADR, was identified
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and quantified (Costa et al., 2007; Costa et al., 2009a). In other reports,
glutathionyl and cysteinyl adducts of DA were found in in vivo and in vitro
studies, thus demonstrating the ability of catecholamine quinones to bind to a
very important cellular antioxidant defense, GSH, and form glutathionyl adducts
(Rosengren et al., 1985; Fornstedt et al., 1986; Fornstedt et al., 1990; Olanow,
1990; Patel et al., 1991; Zhang and Dryhurst, 1995; Rabinovic and Hastings,
1998; Spencer et al., 1998; Spencer et al., 2002). The rate of cyclization of
ADR-o-quinone was considered to be too fast by some authors for the ADR
glutathionyl adduct to be formed (Rupp et al., 1994). However, it was
demonstrated in the present dissertation that 5-(glutathion-S-yl)adrenaline in
cardiomyocytes can be formed, even for ADR concentrations as low as 25 µM
(Costa et al., 2007). Catecholamine adducts have been related to the genesis of
diseases and/or the toxic effects of some illegal drugs. GSH-adducts with
catechol metabolites of MDMA have already been described (Hiramatsu et al.,
1990; Patel et al., 1991; Carvalho et al., 2004a). Also, DA adducts have been
tightly correlated with Parkinson’s disease, where they have a pathognomonic
significance (Spencer et al., 1995; Shen and Dryhurst, 1996; Shen et al., 1996;
Spencer et al., 1998; Spencer et al., 2002). Parkinson’s is a neurodegenerative
disease, that similarly to several cardiovascular diseases, presents high levels
of oxidative stress and catecholamines (in the case of Parkinson’s, DA)
(Spencer et al., 1998; Khan et al., 2005; Miyazaki et al., 2005; Zoccarato et al.,
2005; Yamamoto et al., 2006). DA oxidation has been proven to be crucial in
Parkinson’s pathogenesis and an analogy can be made in several
cardiovascular diseases where high levels of catecholamines are found.
In vivo, the catecholamine oxidation pathway may be even more
complex, since other factors, such as metal ions, nucleophilic groups, and the
ROS can be present (Spencer et al., 1998). The functional consequences to
ROS exposure largely depends on the type of species present (Spencer et al.,
1995; Durot et al., 2000). Actually, during the studies presented in this
dissertation, it was verified that ADR reacts amazingly fast with O2●– (Costa et
al., 2007). In the presence of ADR, the burst of ROS caused by XXO determine
the fast formation of ADR oxidation products, resulting in the formation of
semiquinone radicals, o-quinones and later adrenochrome. Additionally, it was
shown that, both in the cardiomyocytes and in the incubation medium, the
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concentration of ADR decreased faster in the group exposed to ADR with XXO
than in the cells incubated only with ADR. In the incubation medium, the
decrease of ADR levels was accompanied by the evident increase in
adrenochrome concentration, this effect being more pronounced in cells
incubated with ADR plus XXO. O2●− seems to catalyze the conversion of ADR
to adrenochrome by acting as a propagating species in a cascade reaction
during the univalent oxidation of the catecholamine (Costa et al., 2007). As
already observed, the oxidation of catecholamines occurs very slowly at
physiological pH, however it increases considerably by enzymatic or metal
catalysis (Heacock, 1959; Bindoli et al., 1992; Foppoli et al., 1997; Remião et
al., 2003) or in the presence of O2●− (Mishra and Fridovich, 1972; Wolin and
Belloni, 1985; Spencer et al., 1995). When adrenochrome is generated and
ADR still exists in solution, adrenochrome seems to accelerate the oxidation
process of the remaining ADR (Bindoli et al., 1999).
Most the reports in favor that toxic effects can be originated by the
oxidation of catecholamines in cardiovascular tissues were performed using in
vivo models or isolated heart models (Wolin and Belloni, 1985; Rump and
Klaus, 1994a; Rump and Klaus, 1994b; Rump et al., 2002; Neri et al., 2007). It
is feasible that isolated organs or in vivo conditions have more pro-oxidant
mechanisms that favor the oxidation of catecholamines. Those pro-oxidative
elements can include XO from endothelial vasculature, transition metals, and
the infiltration of polymorphonuclear leukocytes.
O2●− at the submicromolar concentrations found in several cardiovascular
illnesses selectively oxidizes physiological concentrations of NA, thus
attenuating its physiological role (Wolin and Belloni, 1985). ISO can also suffer
the same oxidative fate in a XO-induced pro-oxidative environment (Wolin and
Belloni, 1985).
In 1956, the role of transition metals in the oxidation of catecholamines
was shown when ADR in the presence of ferritin, the iron transport protein, was
converted to adrenochrome (Green et al., 1956; Mazur et al., 1956). After that,
several other reports confirmed the pro-oxidant role of transition metals, either
in its free form (Heacock, 1959; Bindoli et al., 1992; Remião et al., 2001b;
Remião et al., 2002; Remião et al., 2004; Paris et al., 2005) or as cofactors in
ferric transferrin or ferritin (Allen et al., 1994; Double et al., 1998; Borisenko et
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al., 2000) and caeruloplasmin (de Mol, 1985; Ryan et al., 1993; Medda et al.,
1996).
Neutrophil depletion in animals undergoing reperfused myocardial
infarction led to a marked decrease in infarct size suggesting that a significant
amount of myocardial injury induced by coronary artery occlusion followed by
reperfusion may be neutrophil-dependent (Romson et al., 1983; Palazzo et al.,
1998b; Duilio et al., 2001). Neutrophils may release oxidants and proteases
(Duilio et al., 2001) and possibly express mediators capable of amplifying cell
recruitment and the inflammation response (Frangogiannis et al., 2002).
In the model used in this dissertation, the redox status of the
microenvironment greatly determined ADR oxidation pathway and lead to
different oxidation products and cellular responses (Costa et al., 2007; Costa et
al., 2009a). In the isolated cardiomyocytes, the amount and nature of ADR
oxidation products were related to the stability of the intermediary o-quinone
(Costa et al., 2007). Thus, a less oxidizing medium favored the existence of
quinones and of the glutathionyl adduct, while in an oxidizing medium (created
by XXO) the formation of adrenochrome is favored (Costa et al., 2007), since
the oxidative pathway of leucoadrenochrome is faster in presence of O2●−, as
already shown by Hawley and co-workers (Hawley et al., 1967). The levels of
quinoproteins in the ADR group were higher than in ADR with XXO, suggesting
that the stability of the intermediary quinone is higher in the absence of ROS,
allowing the quinone to react more with cellular components, namely proteins
(Costa et al., 2007). The work by Miyazaki and colleagues using tyrosinase null
mice strengthens the previous hypothesis that pro-oxidative medium hastens
the catecholamines oxidation (Miyazaki et al., 2006). Tyrosinase present in wild
mice induces rapid oxidation of DA to form stable melanin, with DA quinone as
an intermediary. In contrast, tyrosinase null mice have higher values of
quinoproteins, since, in these animals, quinones are more stable (Miyazaki et
al., 2006).
During the studies conducted throughout this dissertation, it was also
proven that ADR can be a source of oxidative stress, as the incubation with
ADR led to the decrease of GSH and the formation of RS, namely OH● and/or
ONOO− (Costa et al., 2007; Costa et al., 2009a). The depletion of GSH was
found to be higher in the group (ADR with XXO) where adrenochrome formation
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was the highest, thus corroborating the binding capability of adrenochrome
(Costa et al., 2007). Although no differences were found in the intracellular
GSSG levels, in fact, the oxidative stress caused by ADR alone led to the
oxidation of GSH and the GSSG formation (Costa et al., 2007; Costa et al.,
2009a). The disulfide (GSSG) was extruded from the cardiomyocytes exposed
to ADR by the MRP1 (Costa et al., 2009a). The observed results
(catecholamine induced oxidative stress) are corroborated by others where
catecholamine-induced oxidative stress in both in vitro and in vivo models led to
increased lipid peroxidation (Rupp et al., 1994; Zhang et al., 2005; Neri et al.,
2007), GSSG formation (Remião et al., 2002; Neri et al., 2007), and the injury
caused by catecholamines was reversed or attenuated by antioxidants (Rupp et
al., 1994; Rump et al., 2002; Zhang et al., 2005). Neri and co-workers showed
that in heart of rats, the ratio GSH/GSSG significantly decreased after NA
administration and MDA levels increased, showing a state of lipid peroxidation
in the cardiac tissue, not reverted by propranolol (β-antagonist) or prazosin (α1antagonist) (Neri et al., 2007). In another study by Zhang and collaborators, ISO
administration caused oxidative stress to the heart as depicted by increase of
cardiac TBARS content that was prevented by propranolol and tempol (Zhang
et al., 2005). The decrease in the ISO-induced lipid peroxidation by tempol was
most likely due to the inhibition of the formation of highly reactive ISO species
reported by Remião and co-workers (Remião et al., 2004). In fact, these
investigators have shown that leucoisoprenochrome-o-semiquinone binds to
cellular components such as membranes, cytoskeleton, nucleus, and heavy
organelles (Remião et al., 2004).
Several evidences have shown the ability of catecholamines ability to
generate oxidative stress, namely when the use of antioxidants reverses or
attenuates their noxious effects. Dhalla and co-workers found that the
administered vitamin E prevented the transition from compensated hypertrophy
to failure in guinea pigs with pressure-overload due to aortic constriction caused
by catecholamines (Dhalla et al., 1996). Similarly, dimethylthiourea, a OH●
scavenger, prevented chamber dilation and pump dysfunction in infarcted
mouse heart (Kinugawa et al., 2000). Other studies confirmed that β-stimulation
leads to ROS intracellular formation or lipid peroxidation, after a 15 min or 30
min stimulation, that is prevented by antioxidants (Remondino et al., 2003;
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Zhang et al., 2005). Although these studies suggest only a direct participation of
β-adrenoceptors

on

catecholamine-induced

oxidative

stress,

when

the

catecholamine oxidation products were evaluated after longer periods between
infusion and sacrifice, their formation still occurred. In fact, that catecholamine
oxidation products was not reverted by adrenoceptor antagonists (Neri et al.,
2007). It is feasible that after the incubation with biogenic catecholamines the
fast intracellular ROS formation is mainly due to β-stimulation, whereas the long
exposure or lag time favor oxidation of catecholamines, which is reverted by
antioxidants and not β-blockers (Zhang et al., 2005; Neri et al., 2007).
Human patients with HF or I/R, as stated in the introduction section,
present high levels of catecholamines and ROS. The reports of those
pathologies are very helpful to clarify the role of catecholamines and ROS in in
vivo situations. Also several therapeutic approaches taken in I/R and HF
corroborate the role of catecholamines and/or oxidative stress in those
pathologies, which will be approached next.
In HF patients, drugs with similar pharmacology but with different
antioxidant abilities have different therapeutic benefits, this being another
argument in favor of the deleterious effect of catecholamine oxidation products.
Despite earlier misgivings, the value of β-adrenoceptor blocking drugs and
angiotensin converting-enzyme (ACE) inhibitors in the treatment of HF is now
unequivocally established, with reported longevity increases of treated patients
(Packer et al., 1996; Domanski et al., 2003). The ability of ACE inhibitors or βantagonists to suppress O2●– formation in vitro and to improve HF postischemic
cardiac function in vivo is also wellknown. When evaluated in HF patients,
metoprolol, a second generation β-adrenoceptor antagonist, selective for β1adrenoceptor preserving β2-adrenoceptor cardiac signaling pathways [β2adrenoceptors

have

anti-apoptotic

effects

potentially

favorable

in

HF

(Communal et al., 1999; Ahmet et al., 2004)] and carvedilol, a third generation
non-selective β-adrenoceptor antagonist with anti-α1-adrenoceptors vasodilator
effect and antioxidant properties (Yue et al., 1992; Feuerstein and Ruffolo,
1996; Dandona et al., 2000), showed different results. In fact, carvedilol has a
well recognized antioxidant activity, improving redox balance and leading to
higher global antioxidant effects, with increased GSH/GSSG ratio in carvediloltreated HF mice (Bartholomeu et al., 2008). In a genetic model of sympathetic
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hyperactivity-induced HF (α2A/α2C-adrenoceptors KO mice), the beneficial
effects of metoprolol were mainly associated with improved cardiac Ca2+
transients and the net balance of cardiac Ca2+ handling proteins through βinhibition,

while carvedilol preferentially improved cardiac redox state

(Bartholomeu et al., 2008). The oxidative stress observed after 8 weeks in that
genetic model of sympathetic hyperactivity-induced HF (α2A/α2C-adrenoceptors
KO mice) is most certainly caused by direct catecholamine oxidation, as βblockage by metoprolol did not prevent it, while carvedilol, a ROS scavenger,
did. In contrast, the improved survival and cardiac contractility after metoprolol
or carvedilol treatment in HF mice were paralleled in the anti-remodeling effect,
showing that β-adrenoceptor activation is probably the responsible for this last
effect (Bartholomeu et al., 2008). In HF human patients treated with carvedilol,
C-reactive protein (an inflammation marker related with induction of redoxsensitive transcription factors) levels decreased, while in metoprolol treated
patients the values remained high (Nagatomo et al., 2007). Also, in humans,
carvedilol was shown to be capable of decreasing the amount of oxidized lowdensity lipoprotein cholesterol in post-myocardial infarction patients (Jonsson et
al., 2007).
The antioxidant properties of propranolol and other β-adrenoceptor
antagonists are more controversial, as some in vitro and in vivo works support
them (Mansuy et al., 2000; Gomes et al., 2006; Mak et al., 2006) and others do
not (Yue et al., 1992; Rump et al., 1993; Wang et al., 2006). Propranolol or
pindolol did not show free radical scavenging properties relevant for
cardioprotection in a repetitive coronary occlusion model of isolated rabbit
hearts (Rump et al., 1993). However, long-term treatment with propranolol in
vivo abolished the oxidative stress increase and reduced the cardiac sensitivity
to catecholamine-induced arrhythmias in infarcted rats (Mansuy et al., 2000).
Additionally, studies have suggested that the beneficial effects of ACE
inhibitors against myocardial I/R injury are due to their scavenging properties.
Captopril and zofenopril are sulfhydryl ACE inhibitors able to scavenge OH● and
decrease lipid peroxidation and phospholipid degradation during reperfusion
injury (Liu et al., 1992; Anderson et al., 1996). Additionally, SQ 14,534, the
isomer of captopril, which is 100-fold less potent as an ACE inhibitor but
equipotent in scavenging radicals, also improves reperfusion-induced cardiac
- 230 -

_____________________________________________________________Discussion
dysfunction (Westlin and Mullane, 1988). Furthermore, the oxidation of ADR to
adrenochrome mediated by O2●− is inhibited by captopril, SQ 14,534, and
zofenopril, with similar IC50 values of 8 to 10 μM but not by enalapril or teprotide
(IC50 greater than 1000 μM) (Westlin and Mullane, 1988). Other non-sulfhydryl
ACE, fosinopril, did not demonstrate any antioxidant properties. Consequently,
the pharmacology of some ACE inhibitors may involve an anti-free radical
mechanism independent of its ACE inhibition properties (Westlin and Mullane,
1988; Grover et al., 1991; Liu et al., 1992; Anderson et al., 1996).
Amiodarone is an antiarrhythmic drug often used in HF and postischemic
heart that protects cardiac myocytes against oxidative stress-mediated injury
due to its ROS scavenging properties (Ide et al., 1999b). In fact, amiodarone
protected intact adult canine cardiac myocytes against OH● mediated myocyte
injury, when they were exposed to H2O2 and Fe(III) (Ide et al., 1999b).
In conclusion, several studies have demonstrated that oxidative stress in
HF and I/R may be related to increased catecholamine levels and that
integrated approach has to be taken. As it is shown in the works included in this
dissertation, high levels of catecholamines are able to induce oxidative stress
that is further enhanced in the presence of ROS (Costa et al., 2007; Costa et
al., 2009a; Costa et al., 2009b). The antioxidant capacity of the drugs used in
I/R and HF therapy is indisputable and should not be overlooked in the success
of the cardiovascular therapy in HF or myocardial infarction. However, some
argue that catecholamine oxidation and oxidative stress are not relevant in
pathologies where catecholaminergic levels or oxidative stress are high, since
some studies using exogenous antioxidants have failed to show therapeutic
benefits. Several factors were not regarded in the unsuccessful use of
exogenous antioxidants. The exogenous antioxidants are short lived (Bast et
al., 1991) and antioxidants by themselves activate particular signal transduction
pathways critically involved in the determination of cellular’s fate, death or
adaption (Marczin et al., 2003). ROS can function as preconditioning signals
that in the overall can protect from future injury (Chen et al., 1995; Baines et al.,
1997; Altug et al., 2000; Kevin et al., 2003). When administrating antioxidants, it
is often forgotten that antioxidants fail to distinguish between the ROS and RNS
that play a physiologic role and those that cause damage (Bast et al., 1991),
and thus the antioxidant therapy may result in noxious effects. Moreover,
- 231 -

Discussion_____________________________________________________________
intrinsically some antioxidants have also pro-oxidant properties that can be
damaging. Overall, the studies of myocardial reperfusion injury performed to
date in mice with genetically altered levels of antioxidant enzymes yield more
consistently results that support the role of ROS in myocardial I/R and HF
(Chen et al., 1996; Yoshida et al., 1996; Yoshida et al., 1997; Chen et al., 1998)
than studies that involve exogenous administration of antioxidant enzymes
(Ambrosio et al., 1987a; Kaplán et al., 2008). This difference may reflect a need
for substantial elevations in intracellular enzyme levels for cardioprotection
against I/R and HF, which cannot be achieved by exogenous intravascular
administration of antioxidant enzymes, since large proteins, like enzymes,
cannot efficiently reach the intracellular medium. However, caution has to be
taken when using mutant mice that either overexpress or lack a specific
antioxidant enzyme since they include physiological compensations resulting
from the gene insertion or deletion. Even so, those mutant mice allow a more
integrated and prolonged study, while experimental designs with exogenous
antioxidant administration that focus on myocardial injury are time-limited to
only a few minutes or hours after injury.
III.2. Transport of catecholamines and their metabolites in isolated
cardiomyocytes
The studies performed in the scope of this dissertation have shown the
ability of ADR to undergo a complex oxidation process, leading to formation of a
glutathionyl adduct [5-(glutathion-S-yl)adrenaline] in the cardiomyocytes (Costa
et al., 2007; Costa et al., 2009a). The formation and possible extrusion of this
adduct was investigated as it became evident that: (i) the adduct formation was
clearly dependent on the intracellular ADR concentrations and, consequently, of
an inward ADR transport; and (ii) 5-(glutathion-S-yl)adrenaline was also found
in the incubation medium (Costa et al., 2009a).
In the freshly isolated rat cardiomyocytes, ADR uptake was characterized
by evaluating the transport ability of EMT, OCT1 and OCT2, and plasma
membrane monoamine transporter (PMAT). It was proven that ADR was able to
enter through an active EMT (Figure 12) (Costa et al., 2009a). EMT was highly
sensitive to corticosterone (CORT), a typical EMT inhibitor, and also to
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GF120918, a compound known to be a P-gp inhibitor. The ADR decrease was
shown to be GF120918 concentration dependent. Noteworthy that even using a
500 times higher concentration of ADR (500 µM), the GF120918 (1 µM) had a
marked inhibition upon the ADR uptake (Costa et al., 2009a). Furthermore,
when using the same ADR concentration, GF120918 (10 µM) was much more
potent than CORT (100 µM), even at a 10 fold minor concentration (Costa et al.,
2009a). Thus, caution must be taken when using so called “specific” inhibitors
that even at μM concentrations are able to inhibit other transporters than P-gp,
namely EMT (Costa et al., 2009a). Notwithstanding Yang and co-workers had
shown that CORT, a well characterized uptake2 inhibitor, is also a P-gp inhibitor
(Yang et al., 1989). The inverse relation with a drug developed as a P-gp
inhibitor was never reported until the study presented in this dissertation (Costa
et al., 2009a).
Other transporters, like OCT1 and OCT2, are reported to be involved in
catecholamine uptake, mainly in liver or kidney (Westfall and Westfall, 2006).
The mRNA of PMAT has been described in the heart and PMAT is also able to
transport organic cations (Engel et al., 2004; Engel and Wang, 2005). Quinidine
is known to be a P-gp substract and also a PMAT, OCT1, and OCT2 inhibitor
(Engel and Wang, 2005). In the experimental model used in this dissertation,
quinidine did not interfere with the uptake of ADR, which indicated that in the
ADR concentrations used, EMT had the most important role in ADR uptake
(Costa et al., 2009a). However, even with 20 μM GF120918 or 10 μM
GF120918 plus 100 μM CORT, ADR uptake was not fully inhibited, thus it is
conceivable that other import mechanisms may be involved, although with a
lower relevance (Costa et al., 2009a).
The influence of EMT on ADR metabolism is higher than for other
biogenic catecholamines, as already reported in other studies. In fact, the
actions of NA and ADR are terminated by: (i) reuptake into nerve terminals by
NET; (ii) dilution by diffusion out of the junctional cleft and uptake at
extraneuronal sites

by EMT, OCT1, and OCT2; and

(iii) metabolic

transformation (Schömig et al., 2006). The EMT is an organic cation transporter
that when compared to NET, exhibits lower affinity for catecholamines, favors
ADR over NA or DA, shows a higher maximum rate of catecholamine uptake
(Schömig et al., 2006), and a broader tissue distribution (Eisenhofer, 2001).
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Catecholamine transporters work as part of the uptake and metabolizing
systems responsible for the inactivation of the transmitter, as the enzymes
involved in the inactivation of catecholamines are located intracellularly and the
transmitters are highly polar molecules (Eisenhofer, 2001). Moreover, as the
inhibition of EMT has a greater influence in the inactivation of ADR when
compared to other catecholamines, the inhibition of EMT blocks ADR entrance
to the cells, which can be presumed to be protective, as it inhibits intracellular
oxidative injury that results from the ADR oxidative metabolites (Costa et al.,
2007). However, the decrease in EMT activity can increase extracellular
catecholamine levels, leading to sustained sympathicomimetic activation that
may affect many organs, inclusively the heart with inauspicious toxic results
(Goldstein et al., 2003).
The cells are also able to extrude molecules as an integrated part of the
metabolism process. In the studies taken in the present dissertation, MRP1 had
an important role in exporting the 5-(glutathion-S-yl)adrenaline formed upon
ADR oxidation (Figure 12) (Costa et al., 2009a). In fact, in the cardiomyocytes
incubated with ADR, the intracellular levels of the catecholamine glutathionyl
adduct and of GSSG were increased when MK-571, an MRP1 inhibitor, was
added, thus demonstrating the MRP1 role in their extrusion. Furthermore, the
cardiomyocytes incubation with ADR increased the oxidative stress through
GSSG formation but it is feasible that cells protect themselves through MRP1
efflux (Costa et al., 2009a), as GSSG is a known signaling molecule that
contributes to cell injury (Pastore et al., 2003). However, that protection has a
cost, as its extrusion decreases the total cell GSH making de novo GSH
synthesis required (Valko et al., 2007).
As GSH adducts have the potential to be more toxic than the parent
compound (Monks and Lau, 1992; Monks and Lau, 1997; Carvalho et al., 2002;
Carvalho et al., 2004b; Capela et al., 2006a; Capela et al., 2007) and may be
further metabolized to the also potentially toxic cysteinyl adducts (Spencer et
al., 1998; Carvalho et al., 2002; Spencer et al., 2002; Capela et al., 2006a;
Chinta et al., 2006; Capela et al., 2007), the extrusion transport of 5-(glutathionS-yl)adrenaline by MRP1 observed in the present dissertation can be seen as
protective to the cardiomyocytes (Costa et al., 2009a).
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The activities of other transporters in freshly isolated cardiomyocytes
were also evaluated, namely P-gp activity (Costa et al., 2009a). The
controversy whether cardiomyocytes have a functional P-gp is still a matter of
debate. It is generally accepted that, in the healthy normal heart, P-gp is absent
in the cardiomyocytes (Meissner et al., 2002; Lazarowski et al., 2005; Laguens
et al., 2007). The fact remains that several works showed that P-gp inhibitors
alter transport mechanisms in cardiomyocytes (Gruber et al., 1994; Estevez et
al., 2000; Ghosh et al., 2004). Some authors attribute this fallacious effect to the
cardiomyocytes isolation or culture procedure, which make the cells able to
express P-gp (Sukhai and Piquette-Miller, 2000). In the work performed in the
course of this dissertation, a well characterized P-gp substract, quinidine, was
used to determine whether P-gp activity was present in freshly isolated
cardiomyocytes (Costa et al., 2009a). An efflux study, in which cells were
incubated with the P-gp substract quinidine to ensure its intracellular
distribution, followed by the incubation with a P-gp inhibitor, GF120918, was
conducted (Costa et al., 2009a). The cells showed no signs of P-gp activity
when exposed to quinidine, since its intracellular concentration was not altered
by the P-gp inhibitor. Thus, it was demonstrated that, for this specific
transporter, the isolated cardiomyocytes used in this dissertation retained adult
cardiac cells characteristics (Costa et al., 2009a).
In conclusion, EMT is active in freshly isolated rat cardiomyocytes, thus
incorporating ADR, which undergoes subsequent intracellular oxidation
reactions. The oxidation process of ADR involves the formation of 5-(glutathionS-yl)adrenaline and GSSG that are extruded from the cardiomyocytes by MRP1
(Costa et al., 2009a).
III.3. Catecholamine elicited alterations in intracellular signaling
During the works performed in this dissertation, it was demonstrated that
ADR redox ability can alter several intracellular pathways in isolated adult rat
cardiomyocytes (Costa et al., 2009b; Costa et al., 2009c). Additionally, the
presence of a ROS generating system dramatically changed some of the
intracellular cascades. Briefly: (i) ADR redox ability was capable to elicit the
translocation to the nucleus of HSF-1 and NF-ĸB and inhibit proteasome
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activity; (ii) the changes observed in ADR group were hastened by the
concomitant exposure to a ROS generating system; (iii) inhibition of proteasome
resulted in the alteration of HSP levels, namely increase in the 78 kDa glucoseregulated protein precursor and cytoplasmatic HSP70 in ADR with XXO and
XXO groups, which, on the other hand, probably led to the increase in
mitochondrial cytochrome c retention and decrease in caspase 3 activation; (iv)
ADR group had a huge and late increase in RS, OH● and ONOO−, which was
correlated with a high activity of the mitochondrial complexes and increased
“electron leakage” in the mitochondria that, consequently, unleashed an
adaptation response with increase in MnSOD expression and total SOD activity;
and (v) the energetic metabolism in the XXO and ADR group was quite
dissimilar as the first showed impaired glucose utilization and high lactate
production, while the last (ADR group) had an increase in cytosolic redox state
(NADH/NAD+).
Sustained stimulation of adrenoceptors by catecholamines will credibly
cause toxic effects; however, it is feasible that this is not the only mechanism
involved in diseases where catecholamine flow is high. In situations where
catecholamine levels are high (especially those with concomitant ROS
formation), the redox ability of those molecules will certainly contribute to the
toxic features or, at least, exacerbate them (Costa et al., 2007; Costa et al.,
2009b).
The studies presented in this dissertation showed the ability of ADR to
generate the RS, OH● and ONOO– in freshly isolated cardiomyocytes (Costa et
al., 2009b). The RS are known to act as signaling molecules (Suzuki et al.,
1997; Freeman et al., 1999; Tanaka et al., 2002; Bar-Shai and Reznick, 2006;
Fardoun et al., 2007) and evidences suggest that the intracellular redox status
has a critical role in regulatory pathways, leading to activation of a variety of
transcription factors and altered gene expression (Suzuki et al., 1997; Lee et al.,
2001b; Fardoun et al., 2007). Generally, signals to the transcriptional apparatus
are transmitted by a class of proteins called transcription factors, which bind to
specific DNA sequences and regulate RNA polymerase II activity (Suzuki et al.,
1997; Zingarelli, 2005). The activation of two redox sensitive transcription
factors was evaluated in the studies presented in this dissertation, namely NFĸB and HSF-1 (Costa et al., 2009b).
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The translocation to the nucleus of NF-κB was observed in all treated
cardiomyocytes but at different times, as the activation of NF-κB in ADR with
XXO and XXO alone groups occurred first, while in the ADR group it took place
later (Figure 13) (Costa et al., 2009b). Interestingly, the NF-κB activation
occurred after a RS threshold was achieved in the cardiomyocyte suspensions.
In fact, the ADR with XXO and XXO alone groups had the first burst in the RS
values at a very early phase of incubation, which probably resulted in NF-κB
activation. At a later stage, the RS threshold was apparently attained in the
ADR group, resulting in a late activation of NF-κB (Costa et al., 2009b). Among
the compounds that influence cellular redox potential, GSH plays an important
role. As stated above a time-dependent depletion of GSH in cardiomyocytes
exposed to ADR was observed, which was more pronounced in ADR with XXO
cells (Costa et al., 2007). As a result, it is reasonable to assume that the highest
intensity of NF-κB activation observed in ADR with XXO group was a result of
the conjugation of 2 factors - lower antioxidant defenses and RS accumulation
(Costa et al., 2009b).
The list of NF-κB activators includes, but is not limited to, bacterial and
viral infections, cytokines (TNF-α), free radicals and oxidants (Suzuki et al.,
1997; Zingarelli et al., 2003). NF-κB has been implicated in the regulation of
more than 200 genes in several tissue and cell types and these genes are
activated by diverse stimuli. The particular set of genes activated by NF-κB
depends on several factors, such as the stimulus and signaling cascades
involved, the number and placement of NF-κB binding sites in DNA within a
particular promoter and the kinetics of NF-κB activation itself (Jones et al.,
2003). It is particularly interesting that genes involved in paradoxical responses,
such as cell growth/division and cell death, are all activated by NF-κB. The
situation is even more complex when NF-κB activation occurs in multiple organs
and cell types and may be primarily protective in one tissue, but injurious in the
other (Jones et al., 2003).
Another cell signaling pathway induced by RS in the works presented in
this dissertation was the translocation of HSF-1 to the nucleus. That
translocation had a similar pattern as NF-κB, but faster (Costa et al., 2009b). A
lower threshold of RS seems to be responsible for a time-dependent response
of HSF-1, as the XXO alone and ADR plus XXO groups were the first 2 groups
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to show HSF-1 activation. In general, activation of HSF-1 does not involve new
protein synthesis, but rather the assembly of homotrimers (Freeman et al.,
1999). Under stress, HSF-1 undergoes trimerization, gaining DNA binding
activity with subsequent translocation to the nucleus and activation of a
transcriptional competence domain, the HSE (Zhong et al., 1998; Freeman et
al., 1999). HSE can activate stress-inducible transcription of hsp genes (Bruce
et al., 1993; Pirkkala et al., 2001; Cristians et al., 2002; Malhotra and Wong,
2002; Santos-Marques et al., 2006). HSF-1 and HSPs are critical partners in a
rapid response to cellular stress stimuli (Cristians et al., 2002).
The HSF-1 activation resulted in the increase of cytoplasmatic HSP70 in
all treatment groups (Figure 13) (Costa et al., 2009b). In fact, the isolated
cardiomyocytes showed an increase in the expression of inducible HPS70,
mainly in ADR with XXO and XXO groups, as early as 2h. The protection to
oxidative injury provided by HSP70 may, at least in part, explain the lack of
signs of cell death. A decrease in cytoplasmatic cytochrome c in the ADR with
XXO and XXO groups and the correspondent increase in mitochondrial
cytochrome c was observed, thus reflecting the possible inhibition of
mitochondrial cytochrome c release by inducible HSP70. Furthermore, the ADR
group had a delayed outset in the HSP70 expression and no significant
differences in cytoplasmatic or mitochondrial cytochrome c values. Thus,
presumably other protective pathways were activated in this group (Costa et al.,
2009b).
Other HSPs may be expressed after HSF-1 translocation to the nucleus,
but clearly the expression of the anti-apoptotic HSP27 is not. A decrease was
observed in the bands of cytoplasmatic HSP27 in all treatments when
compared to control (Costa et al., 2009b). An efflux of HSP27 to the exterior of
the cells may have occurred, as reported by Niwa and co-workers (Niwa et al.,
2006).
To further evaluate the intracellular pathways altered by ADR redox
ability and acknowledging the proteasome’s role in the mentioned transcription
factors (NF-κB and HSF-1) (Lin et al., 1995; Luss et al., 2002), its activity was
studied. In fact, the proteasome activity was inhibited and that inhibition was
correlated to a threshold of RNS and/or ROS formed by the incubation with
XXO and/or ADR (Costa et al., 2009b). At the earlier stage of exposure in XXO
- 238 -

_____________________________________________________________Discussion
and ADR with XXO groups, the cardiomyocytes showed proteasome activity
inhibition, while in the ADR group, that activity decreased latter on, presumably
when the amount of RS achieved the proteasome inhibitory level. Although RS
levels in the XXO alone group did not attain a high value, when compared with
the other treatments, the inhibition of proteasome activity was reached quite
early in this group, suggesting that the cardiomyocytes proteasome is a very
sensitive redox-oxidative system. The importance of ADR redox ability in the
inhibition of the proteasome activity was confirmed, since its activity was
unaltered when a ROS scavenger, tiron, was added (Costa et al., 2009b).
Accordingly, it has been reported that the proteasome exposure to oxidants,
namely H2O2, ONOO– and HClO, inhibits its enzymatic activity (Reinheckel et
al., 1998; Zmijewski et al., 2007; Gurusamy et al., 2008), as well as the
exposure to catecholamines (Keller et al., 2000). The proteasome is implicated
in a number of important biological functions, such as mitosis, cellular
differentiation, signal transduction, modulation of immune and inflammatory
responses, transcriptional activation, DNA repair, chromosome maintenance,
apoptosis, and others (Pirkkala et al., 2001; Liao et al., 2006). Impairment of
proteasome due to oxidative insults may further exacerbate oxidative stress, as
it causes the accumulation of damaged proteins, ROS overproduction, GSH
depletion, mitochondrial dysfunction and cell death by necrosis, or by apoptosis
through caspase-dependent or -independent mechanisms (Jornot et al., 1997;
Liao et al., 2006; Papa et al., 2007). Even though ROS can participate in the
modulation of the transcriptional factor NF-ĸB and the expression of NF-ĸBdependent genes, the exposure to oxidants can also diminish NF-ĸB activation,
through the inhibition of proteasome activity (Reinheckel et al., 1998; Zmijewski
et al., 2007). In fact, the NF-κB signal disappeared in XXO alone and ADR plus
XXO treatments at 3h, and these 2 groups were the first to have the
proteasome activity impaired (Costa et al., 2009b).
Cardiac proteins are in a dynamic turnover state, therefore any alteration
in protein expression or degradation plays an important role in normal heart
muscle homeostasis (Doll et al., 2007). Several stimuli can impair that
equilibrium. Cardiac hypertrophy due to excessively stimulated protein
synthesis is induced in adult cardiomyocytes in pathophysiological conditions
(Schluter et al., 1995); however, the altered protein content in cardiomyocytes
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can be also the result of alterations in the rate of protein degradation (Schluter
et al., 1995). The ubiquitin-proteasome system is the main machinery involved
in the non-lysosomal degradation of short-lived, damaged, and misfolded
intracellular proteins in eukaryotic cells (Nandi et al., 2006) by attaching to them
an ubiquitin chain that is recognized by the 26S proteasome (Doll et al., 2007).
The disruption of the proteasome-mediated protein degradation machinery is a
potent stress stimulus, that can disrupt several intracellular pathways (Pirkkala
et al., 2001) and alter the cardiac protein homeostasis (Doll et al., 2007). During
the works conducted in the present dissertation and through 2-dimentional gel
electrophoresis, subtle and unsuspected changes in an enriched mitochondrial
extract of cardiac myocytes exposed to ADR, ADR with XXO, and XXO alone
were detected (Costa et al., 2009c). Those results provided further insights
towards the elicited intracellular mechanisms, as several proteins showed posttranscriptional modifications and/or altered abundance. The majority of protein
alterations detected were classified as follows: (i) isoelectric point shifts (away
from the predicted isoelectric point of the protein or from a spot with observed
isoelectric point matching the predicted); (ii) altered molecular weight (indicative
of loss of part of the native protein or post-transcriptional modifications); and (iii)
altered abundance in the proteins when compared with control (indicative that
the native protein was either modified to another isoelectric point variant,
proteolysed to leave fragments that remained undetectable in the analysis
system, or possibly altered in expression) (Costa et al., 2009c).
When incubated with ADR, ADR with XXO, and XXO, the abundance of
the structural proteins of the cardiomyocytes was remarkably different when
compared to control cells. The modifications in the cardiac sarcomeric proteins
exposed to ADR with XXO or XXO, in particular myosin regulatory light chain 2,
were probably the result of cleavage of the native protein, but can also reveal
the compromised protein quality control due to proteasome activity inhibition. In
fact, an early proteasome activity inhibition in ADR with XXO and XXO groups
occurred (Costa et al., 2009b), which led to accumulation of damaged, oxidized,
and/or misfolded proteins (Costa et al., 2007; Costa et al., 2009c). Other reports
corroborate that oxidative stressors, like the ROS formed during heart
reperfusion, alter myofibrillar proteins and elicit contractile dysfunction (White et
al., 2005; White et al., 2006).
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In the studies conducted for this dissertation, the proteasome impairment
also led to an increase in HSPs (Costa et al., 2009b; Costa et al., 2009c).
Isolated cardiomyocytes had an increase in the expression of inducible HPS70,
mainly in ADR with XXO and XXO groups, as early as 2 hours incubation
(Costa et al., 2009b). To establish if the observed HSP70 expression was
associated with the proteasome impairment, the cardiomyocytes were
incubated with a well known proteasome inhibitor, MG-132. The cardiomyocytes
proteasome activity was compromised with MG-132 while an increase in the
expression of cytoplasmatic HSP70 was, in fact, observed. Thus, the
proteasome inhibition presumably determined an increase in HSP70 levels after
HSF-1 activation in freshly isolated cardiomyocytes (Costa et al., 2009b).
Furthermore, other works reported that the inhibition of the ubiquitinproteasome system increased HSP70 expression (Kawazoe et al., 1998; Luss
et al., 2002; Stangl et al., 2002). In contrast, the inhibition of the proteasome’s
activity in the ADR group occurred latter and it had a substantial increase in the
fragments of HSP70 (Costa et al., 2009c), which can be correlated with its late
increase in cytoplasmatic HSP70 levels (Costa et al., 2009b).
In the ADR with XXO group, the expression of another member of
HSP70 family, the 78 kDa glucose-regulated protein precursor, was largely
increased at 3 hours incubation (Costa et al., 2009c). These data indicate that
the stress response in the XXO group results in increased chaperon activity of
HSP70 towards cytoplasmatic proteins, whereas in the ADR with XXO group,
the HSP70 family related stress response is wider (Costa et al., 2009c), thus
demonstrating the relevance of catecholamines in the pathways elicited in this
last group.
Furthermore, HSP90 is a HSP tightly associated with the proteasome, as
it mediates the recognition of aberrant proteins for degradation (Whittier et al.,
2004) and whose overexpression protects ATP regulating enzymes, like
pyruvate dehydrogenase, from oxidative injury (Veereshwarayya et al., 2006).
In the results included in the experimental section, HSP90 was found in the
mitochondrial protein extract and its expression was largely decreased in ADR
with XXO and XXO groups (Costa et al., 2009c). This decrease in XXO and
ADR with XXO can be the responsible for the early inhibition of chymotrypsinlike activity observed in those two groups (Costa et al., 2009b; Costa et al.,
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2009c). It is not clear, however, if the HSP90 decrease was due to oxidative
stress, as reported by Beck and co-workers (Beck et al., 2009) or if the HSP90
decrease caused oxidative stress and the impairment of proteasome, with
accumulation of damaged structural proteins (Costa et al., 2009c) or
quinoproteins (Costa et al., 2007).
The studies here presented clearly showed how dissimilar can be the
intracellular pathways elicited by the different treatments. Also, although ADR
certainly altered the redox status of the cells, it elicited different outcomes in the
presence/absence of a ROS generating system (XXO) (Costa et al., 2007;
Costa et al., 2009a; Costa et al., 2009b).
III.4. The mitochondria and energetic metabolism as targets for
catecholamines and oxidative stress
Despite years of research, the cellular mechanisms of catecholamines
and oxidative stress involved in myocardial toxicity are not yet fully clarified.
Mitochondria have received a considerable amount of attention in drug induced
toxicity, as they are key responsible for the vast majority of ATP production in
the cells and are also involved in the signaling cascades implicated in
programmed cell death (Lesnefsky et al., 2001). Other drugs that induce cardiac
oxidative stress, like doxorubicin, have shown to be particularly noxious to the
mitochondria (Palmeira et al., 1997), leading to irreversible damage (Zhong et
al., 2001).
Several mitochondrial proteins were shown to be changed after the
cardiomyocytes incubation with ADR, ADR with XXO, or XXO (Costa et al.,
2009c). Modifications were observed in ATP synthase alpha subunit, a protein
subunit of complex V, with isoelectric point shifts (Costa et al., 2009c). These
shifts may be due to phosphorylations and those altered proteins were
increased in the ADR group, suggesting that the electron transport chain is
altered in that group. The total ATP values in all treatment groups did not
change after 3 hours of incubation. However, the ADR group had an increased
activity in the mitocondrial complexes since mitochondrial reduction of
tetrazolium dyes increased (Costa et al., 2009c). The reduction of tetrazolium
dyes was used not only to assess metabolic function and cell viability, but also
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the electron transporter chain of intact cells. 3-(4,5-dimethylthiazol-2yl)-2,5diphenyl tetrazolium bromide (MTT) is a tetrazolium salt whose main electron
donor is ubiquinol (i.e. reduced ubiquinone formed by complexes I and II). MTT
can also accept electrons, though less efficiently, directly from complexes I, II,
and reduced cytochrome c or complex III (Slater et al., 1963). 2,3,5triphenyltetrazolium chloride (TTC) reduction occurs at the terminal end of the
respiratory chain where it accepts electrons directly from complex IV
(cytochrome c oxidase) (Musser and Oseroff, 1994; Dong et al., 1997). In the
work presented in this dissertation, the ADR group showed a high reduction of
MTT, suggesting high NADH dehydrogenase (complex I) and/or succinate
dehydrogenase (complex II) activities and high reduction of TTC, indicative of
high cytochrome c oxidase activity (complex IV) (Costa et al., 2009c). This
higher mitocondrial activity could lead to higher leakage of mitocondrial
electrons and higher RS values (Costa et al., 2009b).
The enhanced RS production in the mitochondria can result in their
released into cytosol where it can trigger RIRR in neighboring mitochondria,
leading to potentially significant mitochondrial and cellular injury (Zorov et al.,
2006). However, the cells have intracellular mechanisms that allow them to
adapt. In the studies performed during the course of this dissertation, it was
verified that the ADR group had an increase in the MnSOD expression and total
SOD activity, presumably as an adaptation to the increase in RS, as the cells
tried to prevent more extensive oxidative damage (Costa et al., 2009b; Costa et
al., 2009c). Actually, in the ADR group the increase in the mitochondrial
MnSOD seems to afford protection towards the alteration in electron transport
chain complexes showed by TTC and MTT reduction tests and higher “electron
leakage” (Costa et al., 2009c). This cellular adaptation in the ADR group
showed to be quite dissimilar when compared to the HSP70 expression in XXO
(Costa et al., 2009b; Costa et al., 2009c). In ADR group, the MnSOD increase
was accompanied by an increase in the total SOD activity, whereas the SOD
activity in XXO and ADR with XXO groups decreased (Costa et al., 2009c).
Presumably, the cardiomyocytes reveal different protection mechanisms,
whether the source of injury (namely ROS) results from the mitochondria (as it
seems to occur in ADR group) or from other origins (in the presence of an
external ROS source - XXO) (Costa et al., 2009c).
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When evaluating the subunits of cytochrome c oxidase, there was no
significant difference in all treatment groups towards control. Thus, differences
in the mitochondrial energetic metabolism among treatments were presumably
due to the activity of electron transporter chain complexes instead of altered
protein expression or post-transcriptional modifications of those complexes
(Costa et al., 2009c).
Energetic metabolism of glucose by the heart requires the coordinated
action of transmembrane transport, phosphorylation, glycolysis, and subsequent
tricarboxilic acid cycle oxidation of the glycolytic pyruvate (McNulty et al., 2000).
The main substrates for energetic metabolism in the heart are fatty acids and
carbohydrates (Stanley et al., 2005), while in freshly isolated cardiomyocytes,
glucose is the main energetic substrate used (Remião et al., 2001a). Pyruvate
resulting from the glycolytic pathway uptaken by the mitochondrial or can be
reversibly reduced to lactate, via lactate dehydrogenase (LDH), depending on
the cytosolic balance of NADH/NAD+ (Lesnefsky et al., 2001) or even converted
to alanine through a reversible transamination reaction by alanine transaminase
(Fischer et al., 1997). Furthermore, pyruvate and lactate are known to inhibit
glucose transport while alanine increases glucose inward cellular transport
(Fischer et al., 1990; Fischer et al., 1997). In the model used in this dissertation,
the XXO group presented the highest levels of lactate and alanine at 3 hours
and, as they are by-products of cytosolic pyruvate, they presumably reflect the
accumulation of pyruvate (see Figure 6 in Manuscript IV) (Costa et al., 2009c).
The balance between lactate, alanine and pyruvate levels presumably elicited
inhibition of glucose transport in XXO group, since the glucose levels in the
incubation medium were not significantly altered during the experiments,
suggesting low glucose metabolization. In XXO group, the values of alanine and
the ratio alanine/lactate were the highest, reflecting a low NADH/NAD+ and
cytosolic redox status. Conversely, in ADR and ADR with XXO groups, the
glucose values decreased significantly, when compared to control, suggesting a
glycolytic activity. In the ADR group, the ratio alanine/lactate was the lowest and
one would assume that it reflects an increase in cytosolic redox state
(NADH/NAD+), due to high glycolytic activity. The increase in NADH/NAD+ ratio
most likely stimulates the malate-aspartate shuttle activity. The malateaspartate shuttle through the transport of malate to the mitochondria and
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formation of oxaloacetate inside the mitochondria leads to an active transfer of
reduced equivalents from the cytosol to the mitochondrial matrix. Hence, as
more reducing equivalents were available in the mitochondria in the ADR group,
it led to high electron transport chain complexes activity, as previously shown by
the tetrazolium reduction assays.
The expression of several proteins involved in the energetic metabolism
were evaluated in the last manuscript included in the experimental section
(Costa et al., 2009c). Pyruvate metabolism in the mitochondria requires uptake
by the pyruvate transporter followed by oxidation by pyruvate dehydrogenase to
acetyl-CoA.

In

the

cardiomyocytes,

of

all

the

subunits

of

pyruvate

dehydrogenase identified, only dihydrolipoyllysine-residue acetyltransferase
component of pyruvate dehydrogenase complex showed differences among
treatments. In ADR with XXO and XXO groups, the levels of dihydrolipoyllysineresidue acetyltransferase component of pyruvate dehydrogenase complex were
greatly reduced, possibly resulting of post-transcriptional modifications. In ADR
with XXO and XXO groups, HSP90 levels decreased which can contribute to
the altered pyruvate dehydrogenase abundance in this group. HSP90 is
reported as being able to alter the activity of ATP regulating enzymes
(Veereshwarayya et al., 2006). Also, the abundance of LDH and of the subunit
of pyruvate dehydrogenase in XXO group decreased. These changes can be, at
least in part, responsible for the low glucose utilization in XXO cardiomyocytes
(Costa et al., 2009c). The XXO group apparently preserves energy instead of
actually producing it. Moreover, several proteins linked to ATP synthesis and
carbohydrate metabolism showed lower abundance in XXO when compared to
control,

namely

creatine

dihydrolipoyllysine-residue

kinase,

M

chain,

acetyltransferase

succinyl-CoA

component

of

ligases,
pyruvate

dehydrogenase complex, aconitase, and enolases (Costa et al., 2009c).
Conversely, in the ADR group, the energetic metabolism seems active and the
role of the mitochondria towards ATP formation prevails (Costa et al., 2009c).
The different insults inflicted to the freshly isolated cardiomyocytes reveal
dissimilar features. The ROS generating system (XXO) impaired the energetic
metabolism with higher lactate production and that can be correlated with the
myocardial stunning and altered mitochondrial functions caused by ROS at the
onset of reperfusion (Costa et al., 2009c). The ADR group showed increased
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activity in mitochondrial complexes and high RS formation, suggesting
uncoupling of oxidative phosphorylation and/or increased ATP requirements
(Costa et al., 2009b; Costa et al., 2009c).
III.5. The cell’s fate: a tight regulated equilibrium
In the in vitro model used in the present dissertation, severe damage was
inflicted to the cardiomyocytes by ADR redox ability, including: (i) GSH
depletion and GSSG formation (Costa et al., 2007; Costa et al., 2009a); (ii)
quinoproteins accumulation and altered proteomics (Costa et al., 2007; Costa et
al., 2009c); (iii) proteasome activity inhibition; (iv) impaired energetic
metabolism (Costa et al., 2009c); and (v) RS formation (Costa et al., 2009b); all
potentially capable of causing cell death. In spite of the mentioned insults, there
was no change in the viability of the cells in the ADR, ADR with XXO, and XXO
treatments after a 3 hour incubation period (Costa et al., 2007). It is assumed
that the protection against oxidative injury provided by HSP70 may, at least in
part, explain the lack of signs of cell death in ADR with XXO and XXO groups.
The observed decrease in cytoplasmatic cytochrome c in the ADR with XXO
and XXO groups can be correlated with the early high HSP70 levels in those 2
groups as stated above (Costa et al., 2009b). The increase in mitochondrial
levels of cytochrome c accompanied the cytoplasmatic levels decrease, thus
reflecting the possible inhibition of cytochrome c release by HSP70. It has been
reported that the expression of HSP70 can interfere with the process of
apoptotic cell death by inhibiting cytochrome c release or by having additional
regulatory roles in later stages (Beere et al., 2000; Mosser et al., 2000; Kabakov
et al., 2003; Sancho et al., 2003; Garrido et al., 2006).
In addition, in a work of the present dissertation, it was observed a
decrease in caspase 3 activity, in all treated groups, when compared to control
(Costa et al., 2009b). This event can also be correlated with HSP70 expression.
The decrease in caspase 3 activity may occur by direct action of HSP70 in
procaspase processing (Mosser et al., 2000) or by the inhibition of cytochrome
c release (Steel et al., 2004). The direct inhibition of caspase 3 processing by
HSP70 (without cytochrome c involvement) seems more likely to have occurred
in the ADR group, as this group showed a decrease in caspase 3 activity, but
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had no differences in either cytosol or mitochondrial cytochrome c levels when
compared to control (Costa et al., 2009b). All these aspects suggest a possible
relation between the inducible expression of HSP70 through proteasome
inhibition and the results observed in cell viability, where no changes were
found between groups (Costa et al., 2009b). Furthermore, mitochondria are, in
fact, the first target of HSP protection in oxidative stress (Polla et al., 1996), as
HSPs prevent alterations in mitochondrial potential. When subjected to a
cytotoxic stress, HSP70 blocks cytochrome c release from mitochondria and the
permeabilization of the outer mitochondrial membrane that is the critical point to
the fate of the cells (Steel et al., 2004). This impermeabilization step is crucial
on preventing apoptosis, since in a fibroblast model, the HSP70 overexpression
did not inhibit apoptosis once cytochrome c had been released from the
mitochondria (Steel et al., 2004).
Stress proteins expression under altered biological conditions is due to
rapid changes in gene regulation and can be indispensable towards cells
survival (Snoeckx et al., 2001). In the studies of the present dissertation, the
expression of several stress response proteins decreased in the XXO group
(Costa et al., 2009c), and an early enhancement in the inducible cytoplasmatic
HSP70 in the XXO and ADR with XXO groups occurred (Costa et al., 2009b).
Data showed that the stress response in the XXO group resulted in chaperon
activity increase of HSP70 towards cytoplasmatic proteins. In the ADR with
XXO group, on the other hand, the HSP70 family related stress response was
wider, since the cytoplasmatic HSP70 and another member of HSP70 family, 78
kDa glucose-regulated protein precursor, were largely increased (Costa et al.,
2009b; Costa et al., 2009c). In contrast, the ADR group showed an increase in
the fragments of HSP70, which can be correlated with the observed late
increase in cytoplasmatic HSP70 levels (Costa et al., 2009b).
The levels of HSP27 were evaluated and there was no increase in
HSP27 expression; on the contrary, the cardiomyocytes displayed a decrease
in cytoplasmatic HSP27 content in all treatments (Costa et al., 2009b). If a
possible direct anti-apoptotic effect within the cells by HSP27 can be excluded,
one can not rule out a possible efflux of HSP27 of the cells, as reported by Niwa
and co-workers (Niwa et al., 2006). This efflux can be cytoprotective if HSP27
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transports damaged or misfolded proteins to the exterior, thus avoiding their
harmful intracellular accumulation (Costa et al., 2007; Costa et al., 2009c).
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Figure 13 - Postulated mechanism for the cellular signaling pathways altered by
adrenaline (ADR) oxidation in cardiomyocytes in the presence of a superoxide anion
(O2●−) generating system: xanthine and xanthine oxidase (XXO). The oxidation process
of ADR involves the formation of many reactive intermediaries and reactive species
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(RS) in the cardiomyocytes. The metabolization by monoaminoxidase (MAO) can also
form ROS (1). The initial burst of RS and oxidants resulting from ADR oxidation leads
to trimerization of the monomeric HSF-1 (2) that translocates to the nucleus (3).
Afterwards, RS lead to NF-κB activation, presumably through the action of IκB protein
kinases (4) and proteasome activity (5), leading to NF-κB translocation to the nucleus
(6). In the ADR with XXO group, the continuous insult by RS and the decrease in
HSP90 levels compromise the proteasome activity (7). Both as a consequence of an
initial HSF-1 activation and of proteasome activity inhibition, HSP70 expression is
increased in the cytoplasm (8). In ADR with XXO group, the HSP70 expression alters
the apoptotic pathways, inhibiting the mitochondrial cytochrome c (cyt c) release and
the caspase 3 activation (9). Finally, the impairment of proteasome activity is reflected
by the lower DNA binding activity of NF-ĸB, and nuclear signal disappearance (10).
(Activation is represented by

; Inhibition is represented by

).

The stress-damaged proteins compete with some protein effectors of
apoptosis for the binding with HSP70 and/or HSP27. If this occurs, this
competition can define the fate of stressed cells, depending on the severity of
the stress-induced protein damage and if the pools of HSP70 and HSP27 are
either sufficient or insufficient to halt the cell death signal. Such a quality control
allows the stressed cell to ‘‘choose’’ between recovery (if damage is still
reparable) and apoptosis (if damage is too severe). Thus, even a slight
enhancement in the intracellular HSP levels may sometimes determine the
stressed cells outcome in favor of recovery and survival versus triggering the
suicide program (apoptosis). In fact, in human vascular endothelial human cells,
the overexpression of HSP70 or HSP27, initiated at the start of post-hypoxic
reoxygenation or during its early period attenuates the delayed cell death
(apoptosis) resulting from hypoxia-reoxygenation (Kabakov et al., 2003). Rat
neonatal cardiomyocytes overexpressing the same HSP70- or HSP27-vectors
were protected from cell death in ischemic stress (Brar et al., 1999). Meanwhile
the absence of HSP70 led to dysfunctional cardiomyocytes and impaired stress
response in HSP70-KO mice hearts subjected to I/R (Kim et al., 2006). As for
the anti-apoptotic proprieties of HSP70- and HSP27, they appear to be based
on the inhibitory action of HSP towards the activation of caspase-9 and/or
caspase-3 in the reoxygenated cells. The suppression of caspase activation in
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the HSP70- and HSP27-overexpressing cells was obtained on several cell lines
using different models of caspase-dependent apoptosis (Beere et al., 2000;
Bruey et al., 2000; Pandey et al., 2000; Saleh et al., 2000; Paul et al., 2002).
It is possible that an excess of HSP70 and HSP27 protects against the
release of cytochrome c from damaged mitochondria after hypoxiareoxygenation or, otherwise, these HSPs somehow block other key links in the
apoptotic pathway. The HSP70 and HSP27 were shown to inhibit the
cytochrome c release from mitochondria of heat-stressed cells, which led to
attenuation of caspase- dependent apoptosis (Mosser et al., 2000). Moreover,
in experiments in vitro, HSP70 was found to interact with Apaf-1, preventing
recruitment of procaspase-9 to the apoptosome (Beere et al., 2000; Saleh et al.,
2000). There are several potential mechanisms by which HSP could protect
reoxygenated cells from caspase-dependent apoptosis.
III.6. New insights on the preconditioning phenomenon
A brief exposure of the heart to ischemia or heat leads to a state of
increased resistance to the effects of a subsequent exposure to I/R or other
cytotoxic stimuli. This event is termed “ischemic preconditioning”. It has been
suggested that cardiac resistance against I/R insults, after heat or ischemic
preconditioning, is a multifactorial phenomenon and includes more than the
induction of one member of the HSP family (Das et al., 1993). In the model
used in the present dissertation, the cardiomyocytes exposed to an initial burst
of ROS, generated by XXO, developed an early “preconditioning defense”,
through proteasome inhibition and HSP70 expression (Costa et al., 2009b). The
protective role of HSP70 can explain the phenomenon of preconditioning
ischemia, which greatly reduces the reperfusion injury (Kevin et al., 2003),
where the delayed apoptotic death has a great impact (Zhao et al., 2001; Zhao
et al., 2003). Targeted disruption of HSP70 increases infarct size in the murine
brain after cerebral ischemia, implicating HSP70 as an anti-cell death factor
(Lee et al., 2001a). Published reports corroborate the cytoprotective features of
HSPs while describing situations where intracellular accumulation of HSP is
triggered in advance, i.e., when the HSP induction or overexpression preceded
the delayed stress, or soon after the ischemic episode (Kabakov et al., 2003).
- 250 -

_____________________________________________________________Discussion
This is obviously a handicap to potential therapeutic actions. In reality, most
acute ischemic attacks happen suddenly and their start is practically
unpredictable, so the previous HSP70 stimulation seems impossible in human
cells before an unexpected stroke (Kabakov et al., 2003).
It should be noted that urgent therapy with thrombolytic and vasodilator
drugs, which are usually applied on acute ischemia, may restore blood
circulation in the affected region. In this case, the postischemic reperfusion
generated additional cell-damaging factors, namely oxidative stress and Ca2+
overload. However, with renewed blood flow, the stressed cells become more
available for therapeutic agents that would increase HSP. Actually, it was
demonstrated, in numerous models with various cell types, that a transient
increase in the intracellular HSP70, HSP60/10, and HSP27 levels can protect
against cell death resulting from I/R and may improve the post-insult functional
recovery (Snoeckx et al., 2001). In fact, HSP70 induced by herbimycin seemed
to show some protection in neonatal cardiomyocytes subjected to lethal heat
stress or simulated ischemia (Morris et al., 1996). Moreover, gene vectors
delivering these HSPs and special drugs inducing or enhancing the
endogenous HSP expression are therefore considered as potential tools in
gene therapy and in the pharmacotherapy of ischemic injury in humans (Morris
et al., 1996; Ooie et al., 2001; Polakowski et al., 2002; Kabakov et al., 2003).
The work presented in this dissertation (Costa et al., 2009b), as well as
two others using a genetic ablation of hsp70 genes (Hampton et al., 2003; Kim
et al., 2006), provide direct evidence for the role of HSP70 in protecting of the
heart against I/R-related injury.
Several other mechanisms are attributed to explain the HSP70
cytoprotective role. Several groups have reported that HSP70 represses NF-ĸB
activation with multiple mechanisms being described, including inhibition of IĸB
protein kinases activity (Malhotra and Wong, 2002), or direct retention of NF-ĸB
in the cytoplasm by physical interaction with HSP70 (Guzhova et al., 1997).
Indeed, the early proteasome inhibition increased HSP70 expression and faded
the NF-ĸB signal (Costa et al., 2009b).
Several lines of evidence suggest that a major mechanism involved in
reperfusion injury is mediated by the activation of NF-ĸB as the binding to its
specific promoter sequences regulates gene expression, including those
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involved in the inflammation and likely reperfusion injury (Maulik et al., 1998; Li
et al., 1999; Li et al., 2001; Malhotra et al., 2002; Malhotra and Wong, 2002).
Studies published are controversial and support both anti- and pro-cell death
roles for NF-κB after I/R and/or hypoxia. The ablation of NF-ĸB (through
proteasome inhibition) has shown to reduce greatly the reperfusion injury in
myocardial tissue (Pye et al., 2003). Genetic blockage of NF-ĸB reduces infarct
size in the murine heart after I/R (Jones et al., 2003). While employing
transgenic mice expressing a dominant-negative IκB subtype in an in vivo I/R
model, NF-κB activation after ischemia was blocked (Brown et al., 2005) and
infarct size was reduced (Misra et al., 2003). This result supports the notion that
NF-κB activity is predominantly injurious after I/R. However, other in vivo
studies with isolated hearts have shown that NF-κB activation is associated with
cardioprotective effects in the late preconditioning signaling in ischemia (Maulik
et al., 1998; Xuan et al., 1999). This cardioprotective role on NF-κB activation,
namely on ischemic preconditioning, can be due to (i) NF-κB mediation of both
protective and injurious effects depending on the stimulus and state of the cell
or tissue or (ii) NF-κB activation in the preconditioning stimuli prevents or
reduces subsequent NF-κB activation after I/R injury, ameliorating the injurious
effects resulting from that activation (Jones et al., 2003). Furthermore, NF-κB is
also involved in other events including infiltration and inflammation, Ca2+
handling, NO● and NO●-derivatives production, that can be both protective or
injurious (Jones et al., 2003).. Although the role of NF-ĸB in I/R is difficult to
settle, experiments reflect the different insults and signaling molecules or
differential effects of the insults on the infarct and border zones, respectively, as
well as all the different type of cells that comprise the organ (Fischer et al.,
2006).
In isolated cardiomyocytes studies, the data is also controversial and NFĸB signal was described as pro-apoptotic (Wang et al., 2002; Eisner et al.,
2006) but also with anti-apoptotic effects (Regula et al., 2002; Baetz et al.,
2005; Kumar et al., 2005). The early activation of NF-ĸB in isolated
cardiomyocytes can lead to a survival mechanism since, in this particulate cell
type, NF-ĸB suppresses mitochondrial defects and cell death (Regula et al.,
2002; Baetz et al., 2005). NF-ĸB is known to regulate the expression of antiapoptotic genes in cardiomyocytes after ischemic stress (Maulik et al., 1999;
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Maulik et al., 2000). Those anti-apoptotic effects were obtained against
cytotoxic injuries caused by TNF-α (Regula et al., 2002; Baetz et al., 2005;
Kumar et al., 2005) or through Bcl2 activation (Regula et al., 2002). The NF-ĸB
signal was also described as pro-apoptotic in cardiomyocytes (Wang et al.,
2002), through the activation of caspase 9 (Eisner et al., 2006), promotion of
hypertrophic responses (Purcell et al., 2001), and also by the dominantnegative inhibition of NF-ĸB in isolated cardiomyocytes results in increased
levels of TNF-α-induced apoptosis (Mustapha et al., 2000). The divergent
results (pro- or anti-apoptotic) in the isolated cardiomyocytes are probably due
to the widespread signaling molecules and stimuli that altogether determine the
NF-ĸB activation and therefore the cellular fate.
NF-ĸB or HSP play, without doubt, crucial roles in I/R and HF induced
cell death and heart remodeling. Acute myocardial ischemia evokes massive
cell death in the affected tissues, which may be fatal for the patient. The
ischemic episode changes into the phase of reperfusion when blood flow is
renewed after vasorelaxation or thrombolytic therapeutic (Kabakov et al., 2003).
In spite of the recovery of blood circulation, many affected cells can die
afterwards, through reperfusion injury, thus stimulating the apoptotic pathways,
as shown in animal models (Sunnergren and Rovetto, 1987; Fliss and
Gattinger, 1996; Scarabelli et al., 2001; Scarabelli et al., 2002). Apoptosis is a
delayed event, usually peaking several hours after manifestation of acute
ischemia (Zhao, 2004). The relative importance of apoptosis versus necrosis
that occurs in the heart after I/R is controversial. Kajstura and co-workers
showed that apoptosis occurs predominantly in I/R, accounting for more than
80% of cell death at 2 hours post-reperfusion and continues until it is surpassed
by necrosis at 24h. The level of necrosis rises by 24 hours post-reperfusion and
makes a significant contribution to cell death in the developing infarct (Kajstura
et al., 1996). Although there is evidence that apoptotic and necrotic cell death
overlaps in the I/R heart and that some fraction of cardiomyocytes that initiate
apoptosis may subsequently die of necrosis because of energy depletion, it is
clear that interventions that reduce apoptosis, can rescue cardiomyocytes from
I/R-related death (Gustafsson et al., 2002). Although the signaling pathways
that underlie cardiomyocytes apoptosis are not completely delineated, there is a
great deal of evidence that the mitochondrial pathways, concerning cytochrome
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c release, are involved early in post-I/R cell death (Pacher et al., 2001). In a
very well designed revision, Zhao went a bit further, stating that apoptosis is
triggered by the reperfusion through ROS, while ischemia caused necrosis
(Zhao, 2004). An anti-apoptotic death therapy, applied only at reperfusion,
reduced extension of infarction by inhibiting apoptosis (Zhao et al., 2003).
Reperfusion induced apoptosis is caused by the release and/or activation of
various bioactive substances such as ROS, chemotactic cytokines and
complement (Zhao, 2004). If not eliminated by phagocytic cells, these apoptotic
cells, with the continuous ROS stimulation, can release their cellular content in
a late apoptosis (or secondary necrosis) process (Atlante et al., 2003). This time
related events can be correlated with alterations in cardiac function after the
initial episode of I/R and it is obvious that inhibiting apoptosis can protect the
heart from the I/R injury.
In summary, RS can lead to cellular injury but ROS and RNS are also
implied in triggering a “preconditioning state” to the heart (Chen et al., 1995;
Baines et al., 1997; Altug et al., 2000; Kevin et al., 2003). In fact, antioxidants
given during the preconditioning phase can reverse protection afforded by
preconditioning ischemia. It is not possible to determine the right amount of
ROS generated in the ischemic heart that are required to activate an HSR and
protect the cells from future injuries. It is more feasible to establish rather
quickly the coronary flow, which allows the pharmacologic approach. In the
works developed in this dissertation, the role of the “preconditioning” ROS in the
fate of the cells in the different treatments became unequivocal (Costa et al.,
2009b; Costa et al., 2009c). While involved in HSR and NF-ĸB activation,
proteasome inhibition seems even more therapeutically promising as it avoids
NF-ĸB activation, promoted concomitant HSP70 expression and, through a
“preconditioning stage”, elicited an anti-apoptotic response (Costa et al.,
2009b). The early proteasome inhibition in I/R inhibits the NF-ĸB activation in
the whole heart, which can have a protective role (Campbell et al., 1999; Shah
et al., 2002; Jones et al., 2003; Pye et al., 2003). The findings of this
dissertation may promote new basis for the development of new approaches to
a more effective therapy on I/R and give a supplementary insight for a better
understanding of I/R in the heart, as well as the preconditioning phenomena. In
the ADR group, the cells without that ROS preconditioning signal reveal
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different protection mechanisms, namely by increase of MnSOD expression and
total SOD activity (Costa et al., 2009c), but with no changes in cytochrome c
(Costa et al., 2009b), while ADR with XXO had increased HSP70 expression
and retention of mitochondrial cytochrome c. It was proven that cardiomyocytes
have tools that enable them to be protected against the delayed apoptosis or
necrosis after reperfusion. The heart is able to promote its own response and
defend itself, using those defenses against the postischemic apoptosis, and
make the consequences of I/R less severe.
III.7. Final remarks and future directions
The redox ability of catecholamines to induce ROS formation has a
relevant role in several pathologies of the heart. β-Stimulation is most likely
responsible for the formation of intracellular ROS within the first minutes,
however the cells have feed-back mechanisms that change the adrenoceptors
responsiveness. It is feasible that oxidative stress, which is still induced by
catecholamines hours after the initial exposure is, at least in part, due to the
oxidation of those molecules. That oxidation process forms a great deal of
reactive compounds highly deleterious to the cells that change intracellular
pathways (Costa et al., 2007; Costa et al., 2009a; Costa et al., 2009b; Costa et
al., 2009c). The time and the pathways activated will determine the fate of the
cardiomyocytes.
In the works here included, several mechanisms were observed when
exposing adult rats cardiomyocytes to high concentrations of ADR, either alone
or in the presence of a ROS generating system: (i) the RS formed by XXO and
by catecholamine oxidation products led to cell damage, namely decreased
GSH, and increased both GSSG and damaged proteins (Costa et al., 2007;
Costa et al., 2009a; Costa et al., 2009b); (ii) the oxidation products of
catecholamines were prone to be attacked by nucleophilic cellular molecules,
namely proteins and GSH, thus forming quinoproteins and 5-(glutathion-Syl)adrenaline (Costa et al., 2007; Costa et al., 2009a); (iii) the formation of 5(glutathion-S-yl)adrenaline was dependent on intracellular ADR concentration
and thus of EMT function (Costa et al., 2007; Costa et al., 2009a); (iv) 5(glutathion-S-yl)adrenaline and GSSG were extruded from cardiomyocytes by
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MRP1, this probably being a cardiomyocytes protective mechanism (Costa et
al., 2009a); (v) the RS formed in all treated groups were able to timedependently activate the redox transcription factors, HSF-1 and NF-ĸB, and
inhibit the chymotrypsin-like proteasome activity (Costa et al., 2009b); (vi)
proteasome inhibition in all treatment groups led to HSP70 expression (Costa et
al., 2009b); (viii) the early HSP70 expression, elicited by XXO, protected the
injured cell from apoptosis, decreased caspase 3 activation and increased
cytochrome c retention in mitochondria (Costa et al., 2009b); (ix) the ADR group
had a high activity of mitochondrial respiratory complexes, of total SOD and an
increase in MnSOD expression (Costa et al., 2009c); (x) the ADR group had
increased glycolytic metabolism and high NADH/NAD+ ratio, while XXO group
showed an huge increase in lactate levels (Costa et al., 2009c).
The in vitro model used and the experiments conducted in this
dissertation were relevant to explain the preconditioning phase of ischemia,
where ROS are formed, and to elucidate some of the controversial data on
antioxidants role, since ROS can act as signaling molecules with possible
protective roles. HSP70 has been proven by preconditioning studies to be
highly protective to the I/R myocardium and it can be of great value in
therapeutics strategies for I/R injury. However, a even more broad protection
could be profitable in I/R and HF with proteasome inhibition, as it acts upon
HSP expression and other pathways and thus can be an even more valuable
protective strategy (Campbell et al., 1999; Pye et al., 2003; Hedhli et al., 2008;
Huang et al., 2008).
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