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Abstract: Oxidant molecules generated during neuronal metabolism appear to play a significant role in the processes of
aging and neurodegeneration. Increasing experimental evidence suggests the noteworthy relevance of the intracellular
reduction-oxidation (redox) balance for the dopaminergic (DA-ergic) neurons of the substantia nigra pars compacta.
These cells possess a distinct physiology intrinsically associated with elevated reactive oxygen species production,
conferring on them a high vulnerability to free radical damage, one of the major causes of selective DA-ergic neuron
dysfunction and degeneration related to neurological disorders such as Parkinson’s disease. Tyrosine hydroxylase
(tyrosine 3-monooxygenase; E.C. 1.14.16.2; TH) activity represents the rate-limiting biochemical event in DA synthesis.
TH activity, metabolism and expression are finely tuned by several regulatory systems in order to maintain a crucial
physiological condition in which DA synthesis is closely coupled to its secretion. Alterations of these regulatory systems
of TH functions have indeed been thought to be key events in the DA-ergic degeneration. TH has seven cysteine residues
presenting thiols. Depending on the oxido-reductive (redox) status of the cellular environment, thiols exist either in the
reduced form of free thiols or oxidized to disulfides. The formation of disulfides in proteins exerts critical regulatory
functions both in physiological and in pathological conditions when oxidative stress is sustained. Several reports have
recently shown that redox state changes of thiol residues, as consequence of an oxidative injury, can directly or indirectly
affect the TH activity, metabolism and expression.

The major focus of this review, therefore, is to report recent evidence on the redox modulation of TH activity and
expression, and to provide an overview of a cellular phenomenon that might represent a target for new therapeutic
strategies against the DA-ergic neurodegenerative disorders.
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INTRODUCTION

The major biochemical processes are characterized by
fluxes of electrons between molecules: an oxidized donor
and a reduced acceptor. Flux occurs spontaneously from
more negative potential to less negative ones; thus, electrons
travel in a preferential direction. As a direct consequence, the
cellular environment has a natural tendency to oxidize. This
physiological trend towards oxidation is counterbalanced and
finely tuned by the enzymatic and non-enzymatic activity of
antioxidant species to maintain the redox homeostasis. The
redox balance relies mostly on the thiol groups of cysteine
(Cys) residues. Thiol groups are particularly sensitive to
variations in the redox environment, since they can be
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readily oxidized to disulfides. This reversible electron-
exchange and non-enzymatic reaction constitutes an early
response to buffer alterations in the redox homeostasis [1].

Reuced glutathione (GSH) and thioredoxins, two
molecules specialized in the control of the redox state,
constitute the major non-enzymatic/enzymatic cellular redox
buffers. Moreover, other proteins or enzymes can participate
in redox control, and constitute the protein thiol pool [2, 3].
Besides contributing to redox regulation, oxidation of Cys in
the protein thiol pool can have other important effects. Thiol
redox changes, indeed, can be protective, preventing higher
forms of oxidation, such as the formation of sulfenic acid, an
irreversible, two-electron oxidation of Cys residues [1].
Irreversible oxidation of proteins can change their physical
properties, promoting events such as aggregation, and can
alter protein function, either providing new functions (gain
of function) or reducing the normal one (loss of function) [4,
5].

If under any circumstance the redox balance is altered in
favour of the pro-oxidant events, the state is defined as
oxidative stress. The increase in the production of reactive
oxygen species (ROS) will generate an abnormal flux of
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Fig. (1). Biological relevance of cellular redox status. The figure describes the physio-pathological events related to changes in redox
balance. Slight increases of intracellular oxidation constitute reversible inputs leading to the activation of signal pathways necessary for the
normal cell metabolism. Mild oxidative insult can be managed by cellular adaptive responses. A sustained or prolonged oxidative injury
causes irreversible damage of biological molecules, cell dysfunction and death. The figure was kindly provided by PG Mastroberardino.

electrons, which will overwhelm the cellular buffering
systems (GSH, thioredoxins) and the protein thiol pool.
Therefore, a variety of molecular species such as DNA,
membrane lipids and protein structure and functions will be
affected [6, 7] causing cellular dysfunction and damage (Fig.
1).

The brain is particularly susceptible to oxidative stress
because it utilizes the highest amount of oxygen compared
with other organs. The brain also contains high
concentrations of polyunsaturated fatty acids that are prone
to lipid peroxidation and is rich in iron, which can catalyse
hydroxyl radical formation [8-10]. Oxidative stress results in
functional cellular disruption and cellular damage and may
cause subsequent cell death via oxidation of biomolecules
such as proteins, lipids, and nucleic acids. Protein oxidation
leads to functional changes or deactivation of various
enzymes [6]. Lipid peroxidation causes membrane structure
alterations that affect membrane fluidity and permeability
and membrane protein activity [7]. Oxidative stress is
involved in normal conditions such as aging processes and in
the pathogenesis of a number of neurologic and
neurodegenerative disorders, including Alzheimer’s disease
and Parkinson’s disease (PD), amyotrophic lateral sclerosis
and epilepsy [11-15].

Dopamine (DA) neurons in the substantia nigra pars
compacta (SNc) selectively degenerate in PD [15-17]. Their
particular physiology is intrinsically associated with elevated
ROS production. DA neurons are spontaneous pacemaking
cells, and generate rhythmic action potentials in the absence
of synaptic inputs. While most neuronal types use Na+ to
generate their action potentials, SNc DA neurons rely on
Ca?*, which enters the cytoplasm through L-type channels
[18-20]. Over time, the spontaneous activity of these neurons
could lead to elevated and harmful concentrations of
cytosolic Ca?*. This potential harm can be prevented by the
buffering activity of certain organelles, such as
mitochondria. However, this activity is invariably associated
with ROS production [21, 22]. In addition, excess ROS
could derive directly from DA metabolism, which generates

harmful by-products such as semiquinones and hydrogen
peroxide [23]. The overall result is an increase in the basal
levels of ROS in SNc DA neurons that impairs their ability
to tolerate further oxidative insults. In fact, systemic
administrations of pro-oxidants, which target every cell in
the brain, results in selective damage of the DA system, and
chronic administration of ROS producers, such as rotenone,
6-hydroxydopamine and paraquat, mimic PD pathogenesis
[24-26]. DA release is constantly accompanied by a
concomitant increase in the rate of DA synthesis [27].

Tyrosine hydroxylase (TH) is the first and rate-limiting
enzyme in DA synthesis through the reaction of
hydroxylation  of  L-tyrosine to  L-3,4-dihydroxy-
phenylalanine (L-DOPA). TH activity is mainly modulated
by phosphorylation at serine residues (Ser) Ser8, Serl9,
Ser31 and Ser40 [28] by a variety of protein kinases. TH
belongs to a family of iron-containing, biopterin-dependent
amino acid hydroxylases that use tetrahydrobiopterin (BH,)
and O, to hydroxylate L-tyrosine [29]. The Fe*" is bound to
TH and can be oxidized to Fe*" in the presence of O,
forming bonds with catechols and enabling a feedback
inhibitor process [30]. These two primary regulatory
mechanisms of TH function can be strongly affected by
changes redox state.

Peroxynitrite (ONOQ) is perhaps best known for its
ability to nitrate free tyrosine or tyrosine residues in proteins
[31]. ONOO" has been implicated as an etiological factor in
the DA neuronal degeneration associated with PD and in
other neurodegenerative and neurotoxic conditions [32, 33].
Exposure of TH to ONOO" inhibits its catalytic activity and
results in extensive tyrosine nitration of the protein [34, 35].
However, ONOO  is also a powerful oxidant. Interactions of
ONOO" with intracellular thiols could readily alter its
reactive properties and in the process, create downstream
reactants (e.g., S-nitrosothiols) that have equal potential to
modify critical cellular proteins [36]. Phosphorylation of Ser
residues on TH can differently affect not only the activity but
also enzyme stability or its degradation [37]. Experimental
evidence has demonstrated that oxidative stress can also
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affect TH metabolism and turnover by affecting the
mechanisms of Ser phosphorylation in TH [38, 39]. The
main long-term regulatory mechanisms of TH activity rely
on TH gene expression [30].

The DA-ergic dysfunction in brain is always associated
with a decrease of TH expression related to DA neuron loss,
increase of TH degradation and altered gene regulation.
Substantial evidence exists supporting the crucial role of
oxidative injury in the alteration of TH gene expression. The
redox-sensitive factors Zinc finger regulatory proteins [40],
DJ-1 [41] and estrogen exposure [42] have been considered
the major oxidative stress-related factors leading to altered
expression of TH.

In this review, we will discuss the oxidative mechanisms
of neurotoxicity in DA neurons, and provide an overview of
the most relevant findings showing the biological relevance
of oxidative stress-mediated TH activity, metabolism and
expression mechanisms and their possible implications in the
development of neurodegenerative disorders.

OXIDATIVE
DAMAGE

The brain is characterized by extraordinary functional
complexity. It is likely that the intracellular redox state and
its homeostasis differ among cell types. In this respect,
recent in vitro and in vivo studies investigating the neuronal
redox response, have shown that DA neurons are particularly
vulnerable to pro-oxidant stimuli [21, 43], and under basal
conditions, the intracellular redox state is more oxidized in
DA neurons than in others [15, 44] (Fig. 2).
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Fig. (2). Intracellular redox state of DA-ergic neurons of the
substantia nigra pars compacta (SNc) in normal rats. The basal
intracellular redox state of DA neurons in the SNc is more oxidized
than that of DA neurons of the ventral tegmental area (VTA) or
cortical neurons. (From: Horowitz, Milanese Di Maio et al., 2011).
This phenomenon finds an explanation in the particular biology of
DA-ergic neurons of SNc.

This phenomenon observed in DA neurons of the SNc
may be explained by their particular physiology. In fact, DA
neurons do not require synaptic inputs since they are
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characterized by a spontaneous pacemaking activity,
mediated by L-type Ca®" channels [19, 20] and each action
potential is associated with a robust Ca’* influx. The
consequent increase of cytosolic Ca®* concentration could
constitute a harmful event for the cell. Under physiological
conditions this phenomenon is prevented by extrusion
mechanisms of Ca** and endoplasmic reticulum Ca?* uptake.
This protective action is carried out as well by mitochondria.
The Ca?* influx into the mitochondrial matrix neutralizes the
trans-membrane proton gradient, with a resultant increase in
activity of respiratory complexes. Intrinsic to this process is
an increased production of ROS. Over time, the continuous
activity of DA neurons may lead to increased ROS levels
and thus to a more oxidized intracellular redox state. The
mitochondrial physiology, influenced by a particular use of
Ca?*, could also provide a partial explanation for the
amplified response observed in DA neurons exposed to
toxicants causing mitochondrial impaired function, when
compared to cortical neurons.

The redox state of thiols exerts a profound effect on the
physiology of neurons; for instance, it regulates fundamental
processes such as synaptic plasticity [45] and controls the
conductance of several ion channels involved in neuronal
excitability [46, 47]. Additionally, thiol oxidation has been
involved in zinc finger transcription factor activity [48],
transferrin mediated iron accumulation [49], and decrease of
TH activity [36].

Cysteine residues control the redox environment through
reversible oxidation of thiols to disulfides. As oxidative
stress increases, a high number of Cys in the protein thiol
pool will be oxidized to disulfides. The reversible conversion
of thiols to disulfides is one the earliest observable events
during radical-mediated oxidation of proteins [50, 51]. Thiol
oxidation has functional consequences as it may be
correlated to protein inactivation [1]. As the oxidative
imbalance increases, amino acids other than Cys can be
irreversibly oxidized; many of these modifications require
more persistent oxidant conditions than disulfide formation
[1]. Among the possible modifications, formation of
carbonyls, which occurs especially on the side chains of Lys,
Arg, Pro and Val, is the most extensively studied [1].
Carbonyl formation has been detected in DA-ergic
dysfunctions induced by toxicants [52, 53]. Carbonyl
formation can be induced by different oxidizing agents and
often results in loss of protein function [54]. Carbonyls are
relatively difficult to induce compared to Cys oxidation and
indeed, high carbonyl levels tend to indicate that oxidative
stress is already associated with some kind of disease related
dysfunction [55, 56].

A further set of oxidative modifications that can affect
proteins derives from the interaction of nitric oxide with
molecular oxygen to generate ONOOQO™ which, in turn, can
react with some side chain amino acids, including tyrosines
and Cys, to form respectively nitrotyrosine and
nitrosocysteine. Importantly, neuronal inflammation related
to pro-oxidant toxins involves the up-regulation of inducible
nitric oxide synthese as well as activation of NADPH
oxidases [16]. This sequence of events favours the
production of ONOQO’, which has been strongly implicated in
the DA-ergic neurotoxicity in PD pathogenesis [57].
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REGULATION OF TH ACTIVITY

The active form of TH is a tetramer with a molar mass of
approximately 240 kDa [30] with high homology in terms of
sequence and catalytic mechanisms to phenylalanine
hydroxylase and tryptophan hydroxylase (TPH). TH
catalyses the initial and rate-limiting step in the biosynthesis
of the catecholamines (CAs) DA, noradrenaline and
adrenaline. In TH-mediated reaction, dioxygen, L-tyrosine,
and BH,; are converted to L-DOPA and 4a-hydroxytetra-
hydrobiopterin (4aOH-BH,) [58]. Phosphorylation mechan-
isms are the primary biochemical events responsible for TH
activation and CAs homeostasis maintenance in tissues. The
regulation of TH activity is accomplished by dynamic
changes in the phosphorylation state of the enzyme and four
phosphorylation sites have been identified, Ser8, Serl9,
Ser3l, and Ser40 by a variety of protein kinases (Fig. 2).
Each catalytically active subunit of all aromatic amino acid
hydroxylases contains a single atom of non-heme iron.

The hydroxylation of L-tyrosine to L-DOPA catalysed by
TH in the presence of BH4 and O, requires the reduced status
of the iron atom (Fe?) in the catalytic site. Fe*" during the
reaction becomes oxidized to Fe** by O, and in this form,
binds catechols to become inactive (Fig. 3). The chemical
interaction of Fe**-catechols represents the main mechanism
of feedback leading to enzyme inactivation and stabilization
under physiological conditions. Indeed, as a result of this
reaction, TH activity is inhibited by a binding competition of
catechols with BH, for binding of the ferric iron at the
catalytic site of the enzyme. This is a classic kinetic
mediated, reversible inhibition and acts as a sensor of the
local concentrations of the catechols. Furthermore, catechols
can bind almost irreversibly with ferric iron at the TH
catalytic site [30]. Phosphorylation mechanisms and
catechol-mediated TH inhibition can interact to further
modulate the enzyme activity. Phosphorylation of TH,
indeed, alters the enzyme’s conformation leading to a form
of TH that is still inhibited, but with an increased rate of
dissociation of the bound CAs-Fe** [59]. Loss of CAs
binding allows the Fe** to be reduced by BH,, thereby
returning the enzyme to the fully active state. TH is subject
to feedback inhibition by a range of catechols but the
physiologically relevant CAs DA, noradrenaline and
adrenaline all have the highest affinity [60]. The most likely
candidates for the phosphorylation of Serl9, Ser31, and
Ser40 are calcium/calmodulin-dependent protein kinase I,
mitogen-activated protein kinase, and protein kinase A,
respectively. The phosphorylation of Ser40 has the major
effect on TH activity [37].

REDOX-MEDIATED
ACTIVITY

DA neurons are particularly prone to damage caused by
aging, neurological disease, drugs and environmental
contaminants [61-63]. PD, for instance, is a neuro-
degenerative disorder characterized, in part, by the
progressive and selective loss of DA-ergic neuron cell bodies
within the SNc and the associated deficiency of DA in the
striatum, which gives rise to the typical motor symptoms.
Data from epidemiological studies in humans and molecular
studies in genetic, as well as in toxin-induced animal models
of PD, indicate that mitochondrial dysfunction and oxidative
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stress occurs early in the pathogenesis of this neuro-
degenerative disorder [64].

Mechanistic studies carried out in the past years in
different animal models of PD have increasingly focused on
oxidative stress as crucial phenomenon in the DA
dysfunction. More recently, it has become evident that TH
function can be altered under conditions of oxidative and
nitrosative stress through direct modification of the protein.
ONOQO' inhibits TH catalytic function via a mechanism that
involves nitration of tyrosine residues [35] or direct
oxidation of Cys residues [65, 66].

Carbonylation, sulfenic or sulfonic acid in proteins are
related to irreversible structural and  functional
modifications, and represent a potentially harmful
consequence of oxidative stress. Thiol-containing small
molecules like Cys and GSH participate in cellular redox
homeostasis by preventing oxidative modification of
proteins. However, increasing evidence shows that Cys or
GSH, under oxidative conditions, can covalently modify
proteins by forming mixed disulfides with them, a
phenomenon defined as S-thiolation. S-Thiolation is a
dynamic regulatory mechanism that has many parallels with
protein phosphorylation, and target-dependent functional
consequences. The consequences of S-thiolation on a
specific thiol residue in a specific protein are hard to predict,
since it can be protective by masking of a critical Cys against
irreversible oxidation or cause loss of function [67]. A
growing number of proteins are now known to be modified
by S-thiolation, including TH [36].

ONOO'" is known to nitrate free tyrosine or tyrosine
residues in proteins, and it has been implicated as an
etiological factor in the DA neuronal degeneration associated
with PD and in other neurodegenerative diseases [32].
Exposure of TH to ONOO" inhibits its catalytic activity and
results in extensive tyrosine nitration of the protein.
Furthermore, given the pro-oxidant property of ONOO’, a
recent study suggests that oxidized forms of Cys or GSH
(e.g. GS (O) SG) are produced in the reaction with ONOO"
or NO, and mediate S-thiolation of TH [36].

The observation of elevated levels of nitrotyrosine in
chronically affected tissues and the fact that DA neurons
express factors able to prevent the ONOO™-mediated tyrosine
nitration, including DA itself [66], the TH cofactor BH, [68],
and reduced nicotinamide nucleotides [69], support the
hypothesis that nitrotyrosine formation represents a late
event in the process of degeneration of these neurons and is
not an early sign of distress or damage [70], whereas, Cys
and GSH could be among the factors that prevent the
ONOO™-induced tyrosine nitration by S-thiolation as a
potential early response to stress. Experimental models of
oxidative damage-mediated DA dysfunction have been
invaluable to dissect the biochemical mechanisms of toxicity
in DA-synthesizing cells. Increasing evidence obtained in
toxin models of PD, for instance, provides an emerging
emphasis on the crucial role of cellular oxidative injury on
TH activity, an important aspect of PD pathogenesis [38, 39,
71].

Recent experimental evidence shows that treatment with
potent pro-oxidants in different DA cells lines causes a
sustained TH phosphorylation [39]. Particular emphasis has
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Fig. (3). Regulatory feedback mechanisms of TH activity (model of Ramsey and Fitzpatrick). The active form of TH contains reduced iron
(Fe2+). A sustained production of catechol can induce inactivation by oxidation of the Fe?* to Fe*" and subsequent catechol binding or by
binding to the substrate L-tyrosine at high concentrations. TH can be activated by protein phosphorylation and reduction of iron with

tetrahydrobiopterin (BH,).

been given to the mechanisms of phosphorylation of Ser 19,
Ser 31 and Ser 40, for their crucial role in TH activity and
metabolism. Recently, it was proposed that phosphorylation
at Ser40 of TH is entirely routed by the cAMP-dependent
kinase, phosphokinase A [72]. In support of the redox
modulation of this pathway of TH phosphorylation at Ser40,
a crucial regulatory event of TH activity, it has been shown
that the oxidative injury induced by H,O, and 1-methyl-4-
phenylpyridinium treatment in SH-SY5Y cells causes the
TH phosphorylation at Ser40 via cAMP-dependent
messenger cascades. This phenomenon was abolished by
treatment with melatonin [38].

Recently, abnormality of the degradation of intracellular
proteins has been addressed as a major cause of
neurodegeneration. DA-ergic dysfunctions are characterized
by reduction of TH in DA neurons. For this reason, TH
expression has been widely used as a marker of DA-ergic
function. Studies aimed to assess the degradation mechanism
regulating the protein level of TH, have highlighted the
importance of phosphorylation at different Ser residues in
stabilizing the enzyme [73]. However, some reports indicate
that the phosphorylation of hydroxylases induces their
degradation by  proteasomes. For example, the
phosphorylation of TPH is a prerequisite for the ubiquitin-
proteasome pathway activation leading to the degradation of
TPH [74]. TH phosphorylated at its Ser40 is prone to be
insoluble and aggregated by dysfunction of the ubiquitin-
proteasome pathway in PC12D cells [75].

Thus, based on the fact that changes in intracellular redox
status can affect directly the phosphorylation mechanisms at
Ser40 of TH, it is possible to hypothesize that oxidative
stress might influence TH metabolism causing short-term
alterations of DA homeostasis in affected cells.

Thiol oxidation is the principal mechanism integrating
intracellular redox state with signalling pathways [76].
Extracellular signal-regulated kinases 1/2 (ERK 1/2) is a
member of the mitogen activated protein kinase pathway that
is known to promote cell survival and is activated during
redox imbalance [77]. Moreover, ERK 1/2 signalling is
implicated in the phosphorylation of Ser3l of TH
modulating its stability [37]. The evidence that, in a
synchronized manner, cellular oxidation anticipates ERK 1/2
phosphorylation with a consequent reduction of the cellular
environment [44], and that the over-expression of TH
improves the cellular resistance against cell death induced by
oxidative stressors [71], supports the idea that TH activity
and metabolism could contribute to the cellular redox
homeostasis

OXIDATIVE STRESS AND TH ACTIVITY IN AGING

Impaired function in the central nervous system during
aging is accompanied by changes in various neurotransmitter
systems [78, 79]. Decreases in DA content [80] and DA
turnover [81] have been reported to occur during aging in the
rat nigrostriatal system. The fact that such decrease in DA-
ergic metabolism could be accompanied by loss of nigral
DA-ergic neurons during aging in mammals remains
controversial, since contrasting data show no age-related
changes in DA neurons in humans [82, 83]. The decrease of
endogenous anti-oxidant defences and the oxidant molecules
generated during normal metabolism appear to play a
significant role in the processes of aging. Thus, the main
mechanisms of alteration in DA-ergic functions might be
related prevalently to the increase of oxidative damage. This
hypothesis is further supported by the fact that aged animals
are more susceptible to DA-related neurodegenerative
disorders. Additionally, experimental evidence reports the
ameliorative effect of the DA precursor, L-DOPA, in a toxin
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model of PD developed in aged rats [84], suggesting that
oxidative impairment of TH could be the determinant factor
in the occurrence of the DA-ergic dysfunction in aging and
as well as in DA dysfunctions.

A study conducted by De La Cruz et al. [63] showed that
TH activity significantly decreases (55%) in rat brain SNc
during aging. In particular, these findings describe a major
role of oxidative damage in the accumulation of
carbonylated inactive TH, more in SNc than in striatum of
aged rat. This phenomenon occurring in SNc during aging
provides further insights on the crucial role of TH in the
higher vulnerability of DA neurons to oxidative damage.

In summary, DA-ergic oxidative damage in aging
processes has some parallels to the pathogenesis of
degenerative diseases affecting SNc, and has also been
considered one of the most crucial para-physiological
phenomena leading DA neurons to a status that is more
prone to degeneration.

OXIDATIVE STRESS AND TH EXPRESSION

Transcriptional regulation of the TH gene constitutes one
of the main long-term regulatory mechanisms of TH
expression. Thus, given the crucial role of intracellular redox
status in modulating TH gene expression, neuronal oxidative
injury can cause impairment in physiological levels of TH
and the consequent DA dysfunction in aging and in
neurodegenerative disorders involving the DA-ergic system.

Given its specific localization, TH is one of the main
biomarkers used to assess the DA-ergic phenotype and
function. Several recent studies have reported that
antioxidant molecule treatment elicits recovery of TH
expression in different models of DA-ergic dysfunction [85-
88]. Interestingly, for instance, antioxidant properties of
lithium treatment in animal models of neurodegeneration
have been reported [89-91]. Moreover, lithium treatment
shows efficacy in increasing TH expression [92, 93];
however, this is still controversial [94]. Despite these latest
findings, it is not yet known whether the anti-oxidant
mechanisms enhanced by lithium administration are
involved in the modulation of TH expression. TH down-
regulation is a common sign of DA-ergic degeneration and
might be caused by both altered gene functions and
neurotoxicity-mediated  protein  synthesis  impairment.
Oxidative stress occurring during DA-ergic
neurodegeneration might specifically affect the molecular
mechanisms of TH expression. Therefore, despite the
increasing amount of experimental evidence in this research
area, the biochemical mechanisms by which oxidative stress
might directly affect TH expression remain underexplored.
Additionally, the aforementioned findings do not provide
further insight into the topic. Here we report the latest
research evidence on the possible oxidation-related
regulatory mechanisms of TH expression.

Intracellular Zn?* is involved in facilitating physiological
processes. This essential transition element is contained in
structural or functional domains of several proteins,
including enzymes necessary for replication, transcription
and translation, cell division and differentiation [95].
Depending upon its concentration, Zn** may be
neuroprotective or neurotoxic by means of its antioxidant
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and pro-oxidant properties. Excess of intracellular Zn** or
long-term  exposure to  Zn* induces  DA-ergic
neurodegeneration in rats [40, 96, 97]. Furthermore, high
levels of Zn®* are associated with neurodegenerative
diseases, including Alzheimer’s disease and PD [98, 99].
Recent studies have provided further insights in the
mechanisms of DA-ergic neurodegeneration induced by high
levels of Zn®". In particular, Kumar et al. [40] have shown
that Zn**-mediated DA neuron loss is related to an increased
lipoxygenase, superoxide dismutase, heme oxygenase-1 and
decreased catalase, and glutathione-S-transferase activities
and TH expression.

Changes in cellular redox status can directly or indirectly
affect pathways for the regulation of gene expression.
Reductive or oxidative stresses can modulate the
transcription of certain genes by pathways that probably
involve protein kinases [100-103]. Additionally, the cellular
response to severe oxidative conditions may affect, through
the oxidation or alkylation of thiol residues, the binding
mechanisms of nucleic acid regulatory factors, which can be
directly activated or inactivated.

Zinc finger proteins constitute the main cellular DNA-
regulatory system [104, 105]. They all contain redox
regulation cysteine residues as part of the metal-binding,
DNA-intercalating fingers [106, 107]. The zinc finger
domain of these proteins binds with different affinities to
specific nucleotidic sequences (e.g. TATA or CAAT box
elements) in proximal promoter sites of genes and it
contributes to the transcriptional regulation of numerous
genes, including the TH gene [108-110]. Some of these
transcription factors appear to become progressively
oxidized during aging, resulting in the reversible loss of
binding activity [111]. It has been hypothesized that Cys
residues may constitute redox switches which directly
regulate gene expression [112, 113].

DJ-1(PARKY) is a multifunctional protein, and loss of its
functions or expression is thought to be responsible for onset
of familial and sporadic PD [114, 115]. Mutations and
increased ubiquitin-proteasome system degradation of DJ-1
have been described in patients with familial PD [116, 117]
and in experimental models of PD [118]. DJ-1 belongs to the
peptidase C56 family of proteins. It acts as a positive co-
activator of various transcription factors regulating
expression of several genes, including TH by means of its
interaction with the metastasis associated protein 1 co-
regulator [119]. It may also function as a redox-sensitive
chaperone, as a sensor for oxidative stress, and it apparently
protects neurons against oxidative stress and cell death.

Cys residues of DJ-1 (Cys-46, Cys-53, and Cys-106) are
oxidized during cellular oxidative stress, resulting in
scavenging of ROS [120-122] and in the functional response
of the protein. The anti-oxidant function of DJ-1 might
therefore be routed by self-oxidation of Cys residues and by
activation of redox-related genes. The transcription
repressor, PTB-associated splicing factor (PSF), has a
specific binding site on the TH gene promoter. It has been
reported that human DJ-1 binds to PSF to sequester the
PSF/co-repressor complex, leading to induction of TH gene
expression [123]. Studies aimed to evaluate the protective
mechanisms of DJ-1 have shown that nigral injection of DJ-
1 restored DA metabolism in 6-hydroxydopamine-treated
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Fig. (4). Schematic summary of oxidation-mediated TH activity, metabolism and expression alterations. An intracellular oxidative
environment affects the phosphorylated status of TH by thiol oxidation, carbonylation, nitration and S-thyolation of cysteine residues in the
enzyme. This results in inhibition of TH activity and increased degradation rate of TH. Oxidative stress can also affect negatively TH gene
expression by mediating a functional impairment of the zinc-finger DNA-regulating proteins and the transcription factor DJ-1. Reduction of
TH activity, increased TH degradation and TH gene down-regulation might represent critical phenomena leading to DA-ergic dysfunction.

animals by binding directly to TH and L-dopa decarboxylase
in a manner dependent on the oxidative state of Cys-106,
thereby stimulating their activities. Taken together, these
findings indicate DJ-1 as a extra-neuronal essential factor in
the redox-dependent regulation of TH expression and
activity and the consequent DA homeostasis, which is
crucial to the pathogenesis of DA-linked neurodegenerative
disease.

CONCLUSIONS

DA cells possess a distinct physiology intrinsically
associated with elevated ROS production, and selectively
degenerate under oxidative stress conditions. Increased free
radical production, mitochondrial dysfunction and impaired
antioxidant defences system are, therefore, the key players
contributing to DA-ergic-linked neurological disorders.

In the last decades several studies of extreme interest
have been conducted to provide further insights in the
intracellular redox-related pathogenic mechanisms in DA
neurons. The key role of TH function in maintaining the
physiological levels of DA in brain has prompted
investigators to investigate the possible implications of
oxidative stress in the dysfunctions of this enzyme during
DA neurodegeneration. TH is a promising drug target for
these diseases, but no structural information is currently
available to assist in drug development. Furthermore, the

redox mechanisms that modulate TH activity, metabolism
and expression (Fig. 4) are not well understood, although an
increasing number of scientific contributions are focusing on
the biological relevance of this phenomenon.

The aim of this review has been, therefore, to provide an
overview of this under explored research field and further
crucial information for understanding the redox-mediated
mechanisms in healthy and diseased brain.
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ABBREVIATIONS

BH, = Tetrahydrobiopterin
CAs = Catecholamines
Cys = Cysteine

DA = Dopamine
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L-DOPA = L-3,4-dihydroxyphenylalanine
ERK 1/2= Extracellular regulated kinase 1/2

GSH = Reduceed glutathionine

PD = Parkinson’s disease

ONOO" = Peroxynitrite

PD = Parkinson’s disease

PSF = PTB-associated splicing factor

ROS = Reactive oxygen species

Ser = Serine

SNc = Substantia nigra pars compacta

TH = Tyrosine hydroxylase

TPH = Tryptophan hydroxylase
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