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Abstract

Redox homeostasis is crucial for proper cellular functions, including receptor tyrosine kinase
signaling, protein folding, and xenobiotic detoxification. Under basal conditions, there is a balance
between oxidants and antioxidants. This balance facilitates the ability of oxidants, such as reactive
oxygen species, to play critical regulatory functions through a direct modification of a small
number of amino acids (e.g. cysteine) on signaling proteins. These signaling functions leverage
tight spatial, amplitude, and temporal control of oxidant concentrations. However, when oxidants
overwhelm the antioxidant capacity, they lead to a harmful condition of oxidative stress. Oxidative
stress has long been held to be one of the key players in disease progression for Huntington’s
disease (HD). In this review, we will critically review this evidence, drawing some intermediate
conclusions, and ultimately provide a framework for thinking about the role of oxidative stress in
the pathophysiology of HD.
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INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder resulting in
a neuronal degeneration in the striatum, followed by degeneration of the cerebral cortex and
thalamus during later stages of the disease. The initial clinical manifestations include
personality and mood changes which are sometimes followed by a cognitive decline, and
then involuntary choreiform movements, bradykinesia, dystonia (in some patients), rigidity,
and dementia ultimately leading to death approximately 15-20 years from the age at onset
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[1, 2]. The genetic abnormality in HD involves an expansion of unstable CAG repeats in
exon 1 of the huntingtin gene [3, 4]. The mutation results in a polyglutamine tract at the N’
terminal of the mutant huntingtin (mHtt) protein. The pathology of the disease has been
attributed to toxic gain of functions for the mutant huntingtin protein, such as protein
aggregation, transcriptional dysregulation, defective energy metabolism, oxidative stress,
excitotoxicity, and inflammation [5-17], as well as to the loss of beneficial functions of wild
type huntingtin protein (Htt), which includes BDNF translation, vesicle transport and as
scaffold for autophagic machinery [18-21]. Despite remarkable progress in our
understanding of this disease, the molecular logic connecting mHtt aggregates with cell
dysfunction and pathological symptoms remains unclear. Transcriptional dysregulation,
mitochondrial dysfunction, oxidative stress and neuronal excitotoxicity are some of the key
pathways consistently abnormal in cellular and mouse models of HD, as well as in autopsy
tissue from HD patients. Herein, we will review the evidence regarding oxidative stress as a
primary mediator of HD pathogenesis.

OXIDATIVE STRESS AND HD

A number of laboratories have provided evidence supporting the hypothesis that oxidative
stress is a primary event in HD neuropathology [22-26]. Nevertheless, trials involving
classical “antioxidants” in human HD patients have largely been unsuccessful [27-32]. It is
important to emphasize that while molecular events, such as transcriptional dys-regulation,
protein aggregation, and mitochondrial dysfunction, have been linked to HD pathogenesis, it
is still not clear whether oxidative stress causes HD, or is a consequence of more primary
events [7, 33-35]. This uncertainty provides a compelling reason to review the putative
molecular regulatory connections between redox changes and the established early events,
such as mHtt aggregate formation and transcriptional dysregulation. This review will also
hopefully stimulate efforts to discover novel strategies for reducing oxidative stress not just
through the use of non-specific antioxidants, but also by targeting redox modulatory agents
to these established early and causal events. Additionally, we will critically analyze the
current support for a role for oxidative stress in HD, the shortcomings that have hindered
progress and alternative redox therapeutic options that should dominate attention of the field
to potentially achieve better therapeutic success in Huntington’s disease.

OXIDATIVE STRESS

Oxidative stress can be operationally defined as an imbalance between oxidants and anti-
oxidants, in favor of oxidants, sufficient to result in cell damage, dysfunction or death.
Oxidants are short-lived molecules with an unpaired electron in one or more of their outer
orbitals and, therefore, they have the theoretical capacity to steal electrons from any cellular
constituent, including proteins, lipids, and DNA. Cells produce these oxidants either in the
form of reactive oxygen species (ROS), reactive nitrogen species (RNS), or reactive lipid
species (RLS).
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SOURCES OF ROS, RNS AND RLS

In mammalian cells, mitochondria are considered major sources of ROS production.
Mitochondria use the electron transport chain to create a proton gradient and produce ATP.
In this bioenergetic process, a small percentage of the electrons transferred down the
electron transport chain for energy production inappropriately interact with oxygen
molecules to produce superoxide free radicals (O27). The resultant superoxide free radicals
can readily react with other biomolecules to form other reactive molecules, including
hydrogen peroxide, peroxyl (ROO:), hydroperoxyl (HOO:), and peroxinitrite (ONOO-)
radicals [36, 37]. In this way, ROS or RNS are produced as normal byproducts of
mitochondrial metabolism. Additionally, there are other sources of intracellular ROS
production, such as cytochrome P450 enzymes of the endoplasmic reticulum, peroxisomal
flavin oxidases, xanthine oxidase, and plasma membrane NADPH oxidases [38]. Other
mediators of electrophilic stress are derived from lipids and are called RLS. RLS are defined
as the oxidized lipid products including aldehydes such as HNE, malondialdehyde and
acrolein as well as the A- and J- series isoprostanes etc. Their electrophilic nature allows
them to covalently modify nucleic acids, lipids, and proteins [39, 40]. RLS can be produced
by enzymatic (via the actions of lipoxygenase and cyclooxygenase enzymes) as well as non-
enzymatic oxidation of polyunsaturated fatty acids (PUFASs) [39]. To limit damage and
optimize local concentrations of ROS, RNS, and RLS for signaling, mammalian cells have a
number of antioxidant molecules and enzymes, including but not limited to superoxide
dismutases (SODs), peroxiredoxins (PRDXs), glutathione peroxidases (GPXs), glutathione
reductases (GRs), glutathione transferases (GSTSs), thioredoxins (TRXSs), thioredoxin
reductases (TRXRs), sulfiredoxins (SRXs), catalase, NADPH:ginone oxidoreductases
(NQs), glutare-doxins (GRXs), glutathione (GSH), -y-tocopherol (vitamin E), ascorbic acid
(vitamin C), carotenoids, and flavonoids [36, 41].

ROS AS SIGNALING MOLECULES

While better known as mediators of injury, ROS primarily evolved as signaling molecules in
prokaryotes to facilitate adaptation to the changes in their immediate environment.
Specifically, in prokaryotes ROS such as peroxide serve as important transcriptional
regulators (Table 1). In eukaryotes, ROS evolved with a variety of diversified signaling
functions. Amino acid residues such as cysteine and selenocysteine are particularly sensitive
to the redox changes as they have the ability to not only donate electrons, but also to be
reduced by cellular antioxidant enzymes. It is important to note that not all cysteine residues
within a protein are equally sensitive to redox changes. Only cysteine residues with
sufhydryl groups having low pKj; (pK; 4-5) are sensitive to oxidation [42]. Within the
physiological pH range, cysteine residues can exist as either thiolate anion (Cys-S™) or
protonated cysteine thiol (Cys-SH) depending upon the local redox environment. Hydrogen
peroxide is a key regulatory factor in dictating the redox state of cysteine residues within a
protein [43]. Additionally, other molecules, such as NO and H5S, can also regulate the redox
state of cysteine residues [44]. Under normal physiological conditions, for ROS to work as a
signaling molecule, the ROS must generate reversible oxidation and exhibit substrate
specificity [45]. The cysteine residues within a protein can be further oxidized into sulfenic
(Cys-SOH), sulfinic (Cys-SO,H), or sulfonic forms (Cys-SO3H). The sulfenic form can be
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reduced back to a thiolate anion by different disul-fide reductases, such as glutaredoxin and
thioredoxin, and the sulfinic form can be reduced by sulfiredoxin, while the sulfonic forms
are irreversible oxidation states. In addition, the cysteine residues can also be modified in
other ways, including S-nitrosylation and S-glutathionylation, which are also reversible
modifications.

ROS as molecules also exhibit substrate specificity. For instance, ROS very specifically
regulate the catalytic activity of protein tyrosine phosphatases (PTPs). PTPs regulate a
cascade of signaling molecules involved in growth factor signaling by catalyzing the
dephosphorylation of tyrosine residues in target proteins. PTPs, however, depend upon a
redox sensitive cysteine for their enzymatic activity. ROS, by catalyzing the oxidation of this
reactive cysteine, lead to inactivation of the PTPs, which, in turn, results in increased
tyrosine phosphorylation of proteins involved in growth factor signaling. Moreover, the
oxidative inactivation of PTPs is reversible [46, 47].

Spatially localized ROS production has been shown to be another important contributory
factor in inducing effective redox signaling. For instance, ROS produced by NADPH
oxidases present at the plasma membrane, which catalyzes redox changes mainly in
membrane proteins, foster activation of kinase signaling and second messengers leading to
modulation of nuclear proteins including transcription factors. While many nuclear
transcription factors (TFs) have been shown to be redox-modulated, surprisingly, little is
known whether redox changes occur in the cytoplasm or within the nucleus. [48, 49]. If they
occur primarily in the nucleus, little is known about the factors in that subcellular
compartment that govern its redox state, redox signaling, or redox related damage. Future
studies that focus on the source of oxidants in the nuclear compartment may enhance our
understanding of nuclear redox regulation.

HUNTINGTON’S DISEASE AND ABERRANT REDOX SIGNALING - AN
UNEXPLORED CONNECTION

Currently, ROS are well established as signaling molecules involved in a variety of signal
transduction pathways (Fig. 1), but very few of these signaling pathways have been
examined in the context of oxidants and HD. Rather, most of the information regarding the
redox regulation of signaling is currently emerging from the cancer field. For instance, cell
survival pathway, such as the Erk pathway, is regulated in a redox associated manner by
mitogen activated protein kinase phosphatase-3 (MKP-3). MKP-3 has a reactive cysteine
whose oxidation results in inactivation of the phosphatase activity, leading to activation of
the ERK pathway [50, 51]. Besides this, cas-pases contain a reactive cysteine, which
regulates their activity. Under physiological conditions, mitochondrial caspase 3 and 9 are
nitrosylated and, therefore, inactive while in the presence of pro-apoptotic signals, caspases
get activated through the denitrosylation of their reactive cysteines [52]. Likewise, the
activity of chaperones involved in proper protein folding, such as Hsp70, Hsp90 and PDlI,
are also redox-regulated through the reactive cysteine residues present in these proteins [53—
55].
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ROS also play important signaling functions in regulation of inflammatory responses.
Immune cells express a number receptors, including Toll-like receptors (TLRs), NOD-like
receptors (NLRs), and Rig-like receptors (RLRs), which, when bound to either
microorganism-derived pathogen-associated molecular patterns (PAMPS) or endogenous
cell-derived damage-associated molecular patterns (DAMPS), elicit the secretion of
cytokines in order to fight pathogens or repair damaged tissue. TLR ligand
lipopolysaccharides elicit inflammatory cytokines by stimulating ROS production [56].
Moreover, T cell and B cell activation has also been shown to require ROS signaling [57,
58]. Now, it is a well-established notion that the amount of ROS production dictates the
degree of pro-inflammatory response. However, it is important to emphasize here that
macrophages differentiate into at least two different phenotypes, called M1 and M2
macrophages, which have different consequential fates [59, 60]. Ligands, such as LPS and/or
IFN-v, activate macrophage differentiation into type 1 (M1 phenotype) through the pathway
called the classical activation pathway. M1 macrophages produce pro-inflammatory
cytokines, such as IL-1p, and TNF-a making it more vulnerable to cell death. By contrast,
M2 macrophages differentiate in response to IL-4 or IL-13 and promote neuroprotective
effects by producing anti-inflammatory cytokines, such as IL-6, IL-10, TGF-B, and
neurotrophins. It is, therefore, very important to undertake studies focusing on understanding
how ROS differentially regulate these two macrophage phenotypes or which of the ROS
species are important for regulation of one phenotype, but not the other one. This
information will be helpful in targeting only the ROS species/the pathways involved in
activation of the M1 phenotype while sparing or even promoting the ROS species/pathway
involved in the activation of the M2 phenotype. ROS as signaling molecules play important
regulatory functions in a number of other pathways described in later sections of this review.
Studies from our own lab have elucidated methods for spatially, temporally and
quantitatively manipulating ROS such as peroxide. Specifically, we have utilized a cDNA of
D-amino acid oxidase from red yeast as a strategy to tune the levels of peroxide in a cells.
These studies have confirmed prior notions that low levels of peroxide can act as a second
messenger, while higher levels can induce non cell-autonomous toxicity [61]. These
methods could be applied to the study of Huntington’s disease to facilitate understanding of
cell type and compartments where ROS dysregulation may be greatest [38].

REDOX ACTIVE METALS IN HUNTINGTON'’S DISEASE

Because of unpaired electrons in their outermost orbital shell, transitional metals exhibit the
dynamic property of losing or gaining electrons easily. Their chemical nature enables some
transitional metals (eg. Fe, Cu, Zn) to take part in a number of physiological redox reactions
[62]. A growing number of studies suggest metal dyshomeostasis may be a part of HD
pathogenesis [63]. In particular, iron (Fe) and copper (Cu) have been implicated as
mediators of pathology. Iron and Copper have been shown to accumulate in post-mortem
brain tissues of HD patients; in brain tissues from R6/2 mice; and in a Drosophila model of
HD [64-66]. A recent MRI study showed enhanced accumulation of iron in basal ganglia
and cortex of human HD patients and found its correlation with the CAG repeat number and
severity of the disease pathogenesis [65]. Interestingly, few groups have attempted to
understand the molecular basis of metal dyshomeostasis. Specifically, changes in expression
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of specific receptors and transporters of these metals such as transferrin receptors,
ferroportin and metal-lothioneins have not been systematically examined in HD [67, 68].

Iron is classically believed to mediate oxidative damage via Fenton chemistry [62], although
more recent studies suggest that iron may permit toxicity via its ability to activate iron
containing proteins such as the hypoxia inducible factor prolyl hydroxylases (HIF PHDs)
[69]. By contrast, copper has been shown to directly interact with N-terminal end of
huntingtin to catalyze cysteine oxidation, cross-linking at its N-terminal end and consequent
mHtt oligomerization. Incomplete autophagic clearance of mHitt leads to increases in
huntingtin aggregates [70-72]. Besides this, the excessive copper can also increase ROS
production because of its capability to participate in a number of electron-transfer reactions.

In order to deal with the metal overload, a host of metal chelators have been tried as
therapeutic options in HD. However, the problem associated with most of high affinity metal
chelators is that in addition to having high metal binding capacity, they are very poor in their
ability to cross blood brain barrier because of their molecular weight (>500) or hydrophilic
nature [73]. For instance, the intra-ventricular delivery of deferoxamine (DFO), a canonical
iron chelator, was shown to improve motor behavior in R6/2 mice [67], but systemic DFO
(MW = 657) would not be expected to cross the BBB [69], thus limiting its potential clinical
application.

In order to overcome the problem of CNS penetration, moderate affinity hydrophobic metal
chelators such as 8-hydroxyquinoline (8-HQ) and its derivatives such as clioquinol and
PBT2 have been developed and examined not only in AD but HD. The oral administration of
clioquinol, a Cu/Fe chelator, was shown to delay the neuropathology significantly in R6/2
mice [74]. Recently, an improved clioquinol analog, PBT2, with better capability to cross
BBB, came into the market. PBT2 has been shown to improve motor phenotype in R6/2
mice and to diminish the disease pathogenesis in C. elegans model of HD [75]. Very
recently, PBT2 was found to be safe and well tolerable in early-stage to mid-stage HD
patients [76]. Although the sample size was smaller and the clinical benefits were not very
clear in this study, the outcome looks promising. Non-selective metal chelation thus looks
promising, but may risk the unintended consequence of stealing metals from physiological
metalloenzymes. This may necessitate an alternative approach of identifying the key
molecular players perturbed by the excessive accumulation or altered distribution of these
redox active metals and focusing on these players as therapeutic targets. For instance, we
have shown Hif-prolyl hydroxylases (Hif-PHDs) as key targets for neuroprotection from
oxidative death /n vitro or brain hemorrhage /n vivo. In this context, inhibiting Hif-PHDs
provides neuroprotection independent of global iron chelation and suppression of Fenton
chemistry [69, 77]. The model advanced in these studies is that metal chelators, including
oxyquinolines optimally abrogate cell death by inhibiting the activity of pro-death
transcription factors such as ATF4, thus leading to repression of death gene expression. This
model has yet to be explored in the context of HD.
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BIOMARKERS OF OXIDATIVE DAMAGE

While small, transient discrepancies in oxidant levels and antioxidant defense are critical for
physiological signaling by ROS, a sustained imbalance between ROS and antioxidants in
favor of excessive ROS is believed to lead to irreversible cell damage, dysfunction, and
death. A holy grail for the oxidative stress field has been identification of biomarkers for
redox dyshomeostasis that suggest that this damage will or has occurred. Importantly, an
oxidative stress product must be sensitive to oxidative stress changes, show specificity
towards a particular oxidative pathway and must also be chemically stable in order to qualify
as a good oxidative stress biomarker [78]. Practical and non-invasive methods of sample
collection and detection are important criteria for identification of a good oxidative stress
biomarker [78]. Unfortunately, none of the currently available tools appropriately meet
criteria for an ideal oxidative biomarker, in part because increases in many currently used
biomarkers could occur because of increased production or decreased turnover. Commonly
accepted biomarkers of oxidative damage include oxidative modifications to DNA, proteins,
lipids, and these have all been examined in the context of Huntington’s disease [79-81]. 8-
hdroxydeoxyguanosine (8-OHdg), an oxidation product of DNA, is one of the most
commonly used markers of oxidative damage to nucleic acid. Of note, leukocyte 80Hdg was
shown as a very sensitive biomarker of Huntington’s disease in the PREDICT-HD study
[79]. While this may reflect something about disease presence or course, it is unclear
whether it reflects increased oxidative stress, or diminished turnover or repair of oxidized
bases in HD.

The amino acids, cysteine and methionine, which are present in proteins, are very sensitive
to oxidation [45]. Oxidation of protein side chains leads to carbonylation, which is viewed as
an important biomarker of protein oxidation [82]. The oxidative attack on proteins can also
lead to the formation of nitrated products such as 3-nitrotyrosine (3-NO»-Tyr) or
halogenated products such as 3-chlorotyrosine (CI-Tyr) and 3-bromotyrosine [83]. These
oxidation products are also some of the commonly used markers of protein oxidation.
Recently, other redox dependent post-translational modifications of proteins such as S-
nitosylation, S-sulfenylation, S-glutathionylation, and S-sulfhydration have also been used
as markers of protein oxidation [84].

Lipid peroxidation is a potential consequence of a specific type of oxidative stress. Oxidative
damage to membrane lipids leads to changes in properties of cell membranes such as the
fluidity, and inactivation of membrane associated enzymes or receptors. ROS oxidizes
polyunsaturated fatty acids (PUFA) of phospholipid membranes, leading to the formation of
oxidized products, such as malonaldehyde, 4-hydroxy-2-nonenal (4-HNE) and isoprostanes
[39]. Some of these biomarkers and their methods of detections have wider applications
while others have narrower applications with respect to /n-vitro system versus /in-vivo
system or usage of samples such as brain tissue, CSF, blood, plasma, serum or urine.
Additionally, the usage of these biomarkers and their methods of detection vary very much
among different studies which complicates the comparison of these studies.

Despite these limitations, a host of research groups have leveraged currently available redox
biomarkers of DNA, proteins and lipids such as 8-hydroxy-2-deoxyguanosine, protein

J Huntingtons Dis. Author manuscript; available in PMC 2017 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kumar and Ratan

Page 8

carbonyls, 3-nitrotyrosine, malondialdehyde, 3-hydroxykynurenine, 3-hydroxy-anthranilic
acid, and TBARS etc. to investigate a role for oxidative stress in different models of HD [22,
23, 25, 80, 81, 85, 86]. Of note, the changes in these oxidative biomarkers should be
interpreted very cautiously as redox modifications might have causal role in disease
pathogenesis or might be consequence of cell death. Accordingly, careful evaluation of
redox biomarkers through different stages of disease pathogenesis in mouse model of HD by
Gil-Mohapel’s group, although correlative, provides potentially important information about
the involvement of oxidative stress in disease pathogenesis [80].

OXIDATIVE DNA DAMAGE

Oxidative damage to DNA is believed, under basal conditions, to be a very common event
and over 100 oxidative modifications to DNA have already been identified. These
modifications can induce cell death or dysfunction via mutagenesis, replication blocks, or
transcriptional blocks [87]. Damage to DNA is believed to be mediated via reactive oxygen
species produced by the mitochondria, although it is unclear how ROS from mitochondria
diffuse into the nucleus to damage DNA without interacting with the proteins or lipids in the
nuclear envelope. NADPH oxidase 4 has been found to be localized in the nucleus of
endothelial cells [48], but its role in neuronal nuclear redox homeostasis has not yet been
explored. Whatever the source is, there is a multimodal antioxidant detoxification system
that exists in the nucleus to detoxify hydrophilic and lipophilic oxidants [88]. Several groups
have investigated whether oxidative damage to DNA occurs in HD, however, a major
limitation of these studies is that they often include analysis of tissue where death or the
commitment to die may have already occurred [23, 89, 90]. Accordingly, it is again not clear
whether the changes reflect oxidative events that are causal to death, or those that are
consequential to death. Increases in 8-hydroxydeoxyguanosine (a biomarker of oxidative
damage to DNA) in the nucleus [89] or mitochondria [91] are seen in animal models of HD,
as well as in blood [92] and serum [29] from humans. In some studies, these biomarkers
have been used to identify the dose of a putative antioxidant, but, again, there is no evidence
that directly correlates or associates these changes to cell death; thus, they could simply be
tombstones of cells already committed to die. Indeed, it is possible anything that prevents
cell death will prevent the appearance of oxidative biomarkers. For instance, Difiglia’s group
has elegantly shown that the drugs which protect neurons also decrease the level of an
oxidative biomarker [93]. Likewise, very recently, McMurray’s group has beautifully shown
that treating HdhQ150 mice at different stages of disease progression with a synthetic
antioxidant, XJB-5-131 not only improves motor function, and prevents neuronal death but
also diminishes the level of oxidative biomarker 8-OHDG in the nucleus as well as
mitochondria in striatal cells [94]. Similarly, future studies should identify the latest time
point a drug can be given in the disease process, and then, in parallel experiments, in vivo
and /n vitro assays will examine whether changes in oxidative biomarkers can be observed
before cells are ‘committed to die’. Such studies would provide more confidence as to
whether oxidative DNA damage events are causally related to death in HD.
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DNA OXIDATION, DNA REPAIR, AND EXPANDED POLYGLUTAMINE
REPEATS

Oxidative damage to DNA induces DNA repair pathways that function in order to remove
oxidized bases and restore the normal structure and function of DNA. Base excision repair
(BER) plays a key role in repairing most oxidative damage. Oxidized bases, such as 8-oxo-
guanosine (8-0xo0G), 5-hydroxyuracil (5-OH-uracil), and 5-hydroxycytosine (5-OHC), are
removed by BER enzymes that include OGG1, NEIL1, NEIL2, NEIL3, and APEX1.
However, the removal of oxidized bases may trigger CAG expansion [95].

The level of accumulation of oxidative DNA damage has been shown to correlate tightly
with the degree of CAG repeats in R6/1 mice [96]. Interestingly, the somatic expansion has
been shown to be length and sequence dependent. Expansions were found not to occur with
short CAG repeats or in sequences which lacked the ability of forming specific secondary
structures [96]. Specifically, the hairpin loop and other secondary structures formed during
nucleotide repeat expansion were shown to make it more susceptible to oxidative damage,
leading to the accumulation of more oxidative bases [97] which, in turn, could enhance the
incidence of aberrant repair and increase the instability of trinucleotide repeats [98]. These
findings suggest that the repair of damaged DNA may lead to the expansion and instability
of CAG repeats in mutant huntingtin (Fig. 2). It is formally possible that mechanisms
involved in repair of oxidized bases might promote tissue specific expansion of trinucleotide
repeats and lead to selective vulnerability of some neurons in HD, as opposed to others.

Interestingly, the findings that R6/1 mice deficient in the BER enzymes OGG-1 or NEIL1 or
mismatch repair (MMR) enzyme Msh2 showing a remarkable decrease in somatic CAG
repeat instability [96, 99, 100] support the idea that the amount of DNA damage in a
particular tissue dictates the rate of instability of trinucleotide repeats. However, Goula et al.
[101] have emphasized that FEN1, a BER enzyme, and HMGB1, a BER co-factor, are
potential contributing factors in determining the tissue specific variability to repeat
instability. More recently, it has been shown that pools of oxidized bases, along with
defective BER processing, were the combined factors involved in CAG expansion in R6/2
mice [102]. Defective BER processing in the striatum of R6/2 mice may indeed contribute to
CAG expansion and region specific differences in accumulation of oxidized bases or
capacities for BER processing. Variability in BER processing in distinct tissues of the CNS
provides a testable model of selective vulnerability in HD. In fact, recently, McMurray’s
group has shown that suppressing somatic expansion delays the onset of pathophysiology in
HD mice, HdhQ150 [103, 104]. These studies raise the intriguing possibility that cell loss in
HD is intimately coupled to somatic expansion of trinucleotide repeats during the lifetime of
an afflicted mouse.

Of note, data has also been presented supporting the notion that increased oxidative DNA
damage in HD may result not from increased oxidation of DNA, but from diminished repair.
Mutant huntingtin has been shown to impair the DNA repair machinery by directly
interacting with the non-homologous end joining repair protein ku70 and, thus, increasing
the double strand breaks. Indeed, overexpression of ku70 was shown to diminish HD
neuropathology [105]. Moreover, mutant huntingtin has also been shown to increase the
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level of ROS in neuronal and non-neuronal cells [106, 107]. These studies lead to a model in
which increased oxidative damage to DNA combined with inefficient repair of that damaged
DNA forms the basis for somatic expansion of trinucleotide repeats and ultimate neuronal
loss.

IS OXIDATIVE STRESS A CAUSE OR A CONSEQUENCE IN HD
PATHOLOGY?

Despite the numerous caveats mentioned above, several converging lines of inquiry in
different HD models implicate oxidative stress as a key player in the pathogenesis of HD.
Classical studies from postmortem brains of HD patients have demonstrated a significant
increase in the level of oxidative damage. For instance, groups have examined the striatum
and cortex from post-mortem brain samples and found a substantial increase in DNA double
strand breaks (a potential result of free radical damage) [22, 24, 108]; a significant increase
in the level of 8-OHDG (a biomarker of DNA oxidation) [23, 89]; a significant increase in
the level of cytoplasmic lipofuscin (a peroxidation product of polyunstaturated fatty acids
(PUFA)) [22, 109]; an increase in 3-nitrotyrosine (3-NT, a biomarker for peroxynitrite-
induced oxidative damage of proteins) and malonadialdehyde (MDA, an oxidized product of
PUFA used as a biomarker of lipid peroxidation) [22]. Interestingly, the oxidative marker
lipofuscin was reported to be increased in a very selective manner only in susceptible
neurons and not in spared neurons in the caudate nucleus [22].

Mitochondrial dysfunction is considered to be one of the key defects in HD pathogenesis.
Recently, the mitochondrial creatine kinase, along with other mitochondrial proteins
involved in oxidative phosphorylation (Cytochrome b-c1 complex subunit 2 and alpha
subunit of ATPase) and Krebs cycle (citrate synthase and aconitase), were shown to exhibit
significant increase in carbonylation (a type of protein oxidation catalyzed by reactive
oxygen species) in the striatum of HD postmortem brain [25, 110]. Moreover, the protein
levels of antioxidant enzymes, including peroxiredoxin 1, 2 and 6 (Prx 1, 2 and 6),
glutathione peroxidases 1 and 6 (GPX1 and 6), and the activities of mitochondrial
superoxide dismutase (MnSOD) and catalase, were also found to be remarkably elevated in
the striatum and cortex of autopsied brain samples of HD patients [25]. In other studies,
activities of complexes I, 111, and 1V were also reported to be significantly reduced in the
striatum of HD patients [89, 111-113].

In a separate study, two key enzymes, pyri-doxal kinase and antiquitin 1, which are involved
in pyridoxal-5-phosphate (the active form of vitamin B6) metabolism were also found to be
carbonylated in the striatum of HD patients [110]. Pyridoxal-5-phosphate plays an important
role in the synthesis of neurotransmitters (serotonin, dopamine, and GABA) and the versatile
antioxidant, glutathione [114].

Together, these studies from post-mortem brain specimens suggest that oxidative damage of
biomolecules may be increased and may be related to neuronal loss in HD. However, again,
these studies do not address whether oxidative stress is caused directly by mutant huntingtin
or is simply a manifestation of dying neurons. In this regard, a recent study showed a

significant increase in lipid peroxidation and decrease in glutathione levels in the plasma of
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asymptomatic HD gene carriers compared with age and sex matched healthy subjects [115].
Other similar studies have shown enhanced level of lipid peroxidation in the plasma of
symptomatic patients compared to that of healthy subjects [85, 116]. Recently, the
expression of genes such as AHCY1, ACO-2, OXCT-1 encoding S-adenosyl L-
homocysteine hydrolase 1, aconitase 2 and enzymes involved in 3-oxoacid CoA transferase
1 proteins, were found to be involved in oxidative stress response and mitochondrial energy
metabolism and were shown to be downregulated in the peripheral leukocytes of HD gene
carriers, as well as in symptomatic HD patients compared to that of age and sex matched
healthy controls [117]. In another recent study of HD patients, the levels of different
oxidative markers, including leukocyte 8-OHDG and plasma MDA levels, were higher, but
the activities of antioxidants, such as Cu/Zn-SOD and GPX1 in erythrocytes, were much
lower in HD patients compared to that of healthy controls [92]. Very recently, oxidative
markers, such as MDA and advanced oxidation protein products (AOPP), were shown to be
significantly higher in the serum of symptomatic HD patients compared to that of age
matched healthy controls. AOPP demonstrated a high correlation with motor severity of
patients [118].

These crucial findings of changes in peripheral oxidative biomarkers in asymptomatic as
well as symptomatic HD patients compared to that of healthy controls are consistent with
the notion that oxidative stress is a dominant event in HD pathogenesis. However, there are
many conflicting reports regarding changes in activities of antioxidants, such as Cu/Zn SOD
[92, 119], GPX1 [92, 118] and mitochondrial complexes [120-123], in peripheral tissues
which suggest that changes in oxidative biomarkers could be the result of diminished
turnover of oxidative biomarkers rather than their increased generation. Ciancarelli et al.
(2014) [119] recently demonstrated a lack of correlation between most of these peripheral
oxidative biomarkers and clinical outcome measures in HD patients, which indicates that
although there are higher levels of oxidative biomarkers in the blood of HD patients
compared to the healthy controls, the correlation between the oxidative stress and selective
neuronal vulnerability in the striatum and cortex or the psycho-motor defects in HD patients
are high. It is also unclear to what extent changes in distinct populations reflect dietary
differences or extent or choice of drug regimens for HD patients. Together, along with the
failure of classical antioxidants in human clinical trials, these studies create an unclear
picture of the role of oxidative stress in HD.

USE OF ANIMAL STUDIES TO ENHANCE OUR UNDERSTANDING OF
OXIDATIVE STRESS IN HD

While human studies are useful to define an association, animal studies can be useful to
establish or infer causality. Several transgenic mice models of HD have been created that
mimic the neuropathology of human HD patients and express either the N-terminal fragment
(R6/1 and R6/2 mouse) or full length mHtt (YAC128 and BACHD mice). Moreover, based
on the mitochondrial hypothesis of HD pathogenesis, some chemically-induced mice models
of HD, such as malonate (A reversible inhibitor of mitochondrial complex I1) and 3-
nitropropionic acid (3-NP, an irreversible inhibitor of mitochondrial complex 1) injected
mice, have also been produced that lead to oxidative stress and show selective striatal
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neuronal atrophy and defective neuro-motor function very similar to that seen in human HD
patients [124-129]. Many studies in mouse and fly models of HD have provided support that
oxidative damage to DNA, proteins, and lipids is a common association of Huntington’s
disease related neurodegeneration. In one study using 7-12 week old R6/2 mice, a
progressive increase in the level of mitochondrial oxidative DNA damage was shown with
age [130]. In a separate study, BACHD mice expressing full length mHtt protein were shown
to exhibit a significant increase in the level of Ataxia-telangiectasia mutated (ATM) protein
[131], which is known to become activated in response to DNA damage [132] and oxidative
stress [133]. Furthermore, increased levels of oxidative DNA damage (8-OHDG level) have
been found in R6/2 at 12-14 weeks of age [134].

In a recent proteomic study, a number of proteins, such as a-enolase, y-enolase aconitase
(neuron specific enolase), voltage dependent anion channel 1 (VDAC1), heat shock protein
90 (hsp90), and creatine kinase, were found to show significant oxidative damage in 10
week R6/2 mice compared to that of either 4 week old R6/2 mice or with age matched wild
type mice [26]. In other studies, increased levels of different oxidative markers were seen in
the stria-tum of BACHD mice, N171-82Q mice, and the 3-NP model of HD [130, 135, 136].
Recently, a significant increase in the S-glutathionylation of TRPC5 (The Ca?*-permeable
transient receptor potential cation channel 5) was shown in the striatum of 12 month old
YAC128 HD mice as an evidence that oxidative stress is a dominant player in HD
neuropathology [137]. Collectively, these findings are correlative and are consistent with the
notion that mitochondrial dysfunction and/or oxidative stress occurs at relatively late stages
of the HD phenotype based on the timing in these HD models. Many of these studies suffer
in not manipulating antioxidant defenses or repair enzymes related to oxidant damage.
Accordingly, they provide tantalizing support for the oxidative stress model of HD
pathogenesis, but they do not go far enough. A major concern when one observes multiple
indices of oxidative damage is that the cell has made a commitment to die and accordingly it
has disabled homeostatic mechanisms that prevent buildup of oxidative damage in proteins.
It is essential moving forward that the HD community be vigilant about performing studies
in which redox balance can be modulated via specific molecular or pharmacological tools.
Otherwise, the relationship between oxidative damage and primary pathogenesis will remain
elusive.

Indeed, there are limited number of studies that indicate that oxidative stress might play an
important causal function. These studies should be used as models on which to base further
study. One study employed both CAG140 knock-in mice and mHtt transfected COS-1 cells
and showed that the N- terminal fragment of mHtt was shown to be sensitive to oxidation at
specific cysteine residues. Oxidative modification of these cysteines promoted
oligomerization and delayed the clearance of soluble fraction of mHtt [70]. Recently, double
strand breaks and DNA damage responses were found in PC12 cells expressing mHtt, as
well as in the striatum of R6/2 transgenic HD mouse even before aggregate formation of
mHtt [138]. Similarly, in in vitro models of HD16Q and HD150Q cells, oxidative stress has
been shown to enhance the aggregation of mHtt and cell death. These studies highlight the
varied role that redox modifications can play in promoting HD pathogenesis. They could, on
one hand, modify mutant htt directly to promote protein aggregation; alternatively, redox
modification could activate Erk and transglutaminase to foster crosslinking of mutant htt
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with other proteins in the cytoplasm or nucleus. Other, but not exclusive models involve
disruption of redox homeostasis downstream of aggregated htt. The numerous potential
nodes of redox modulation highlight an additional complexity to study the role of oxidative
stress in HD.

MEASURE AN INCREASE IN ROS DIRECTLY IN HUNTINGTON’S

Another holy grail for the field of redox biology has been the development of techniques to
monitor local concentrations of distinct oxidant species dynamically in living cells. It is clear
that our ability to understand calcium’s role as a second messenger and toxin was greatly
facilitated by Roger Tsien’s discovery of quin-2 and fura-2-first generation calcium sensitive
reporters that allowed new insights in calcium gradients and micro-domains in intact cells
[139, 140]. Despite intensive effort, attempts to measure increases in ROS concentrations
dynamically in living cells have been fraught with problems. Indeed, many of the dyes used
to track changes in concentrations of reactive oxygen and reactive nitrogen species are not
ratiometric (and thus are sensitive to changes in cell geometry); are difficult or impossible to
calibrate to a single oxidant species; and do not enjoy selectivity for a particular oxidant
species [141, 142]. The recent development of HyPer, a fusion protein of the prokaryotic
transcription factor, OxyR and Yellow fluorescent protein has given rise to significant
optimism that these technical challenges are being solved [143]. However, HyPer and other
new probes have yet to be applied to HD models /in vitro or in vivo using 2-photon
microscopy to minimize photo-bleaching and maximize signal.

Additionally, only a few studies have examined redox changes during the asymptomatic and
pro-dromal stages of HD pathogenesis [138, 144-146]. Tunable models of HD, in which
mutant huntingtin can be turned off at a particular age, allow a rigorous dissection of when
cells are committed to die due to HD. Examining oxidative biomarkers before any evidence
of irreversible cell death appears is essential to make the case for oxidative damage as a
primary event, rather than as a modulator or tombstone. In addition, the cell type specific
manifestation (MSNs, interneuron, astrocytes, oligodendrocytes or microglia) of oxidative
damage to the reported proteins is also unclear.

BRIDGING TRANSCRIPTIONAL DYSREGULATION WITH OXIDATIVE
STRESS OPENS NEW ROADS OF THERAPEUTIC OPPORTUNITIES

A major thrust of longstanding interest to both the redox biology and the Huntington’s
disease community has been epigenetic and transcriptional homeostatic mechanisms to
oxidant and metabolic stress. A dominant theme in these investigations has been the notion
that if adaptive transcriptional responses to stresses such as oxidant stress are inhibited by
mutant huntingtin, then this will set up a condition where stress is persistent rather than
compensated. Precise understanding of the dominant mechanisms of adaptation to oxidative
stress is necessary to fully vet this model.
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The functional association of redox processes with adaptive transcriptional processes are
conserved in all aerobic organisms throughout evolution, from bacteria to mammals. ROS
are necessary byproducts of oxygen metabolism in aerobic organisms. There are a host of
transcriptional proteins that are redox-regulated (Table 1). Moreover, the mammalian
transcriptional machinery responds to redox changes via multiple mechanisms (Fig. 3). For
example, cysteine oxidation regulates transcription in a host of ways; and transcription
factors known to be regulated via cysteine oxidation, such as NF-xB, p53, and CREB, have
been shown to be dysregulated in HD models [147-149]. AP-1 family proteins such as
FRA-2 and JUND have been shown to be associated with mHtt led extensive DNA
methylation in an /n vitro model of HD employing STHdhQ111 striatal cells [150]. Ref-1
(APE-1), a protein that regulates the oxidation state of cysteines important in DNA binding
of specific transcription factors (Table 1), was recently shown to be disrupted in the
mitochondria of an /n vitro model of HD using STHdhQ111 cells [90]. However, Ref-1 also
has a very important role in base excision repair of oxidative damage in DNA [151, 152].
Therefore, it would interesting to understand which of these two functions of Ref-1 is more
important in terms of Huntington’s disease. Interestingly, it is as yet unknown whether redox
changes really play a critical regulatory role in mediating the dysregulation of these
transcription players in the case of HD.

Importantly, reactive lipid species (RLS) are the key sources of oxidative stress [39]. In
order to counteract the RLS mediated oxidativc stress, cells have evolved a transcriptional
pathway modified and activated by electrophilic stress, called nuclear factor E2-related
factor-2 (Nrf-2). It is a basic leucine zipper (bZIP) TF that can activate a host of genes
involved in electrophile counter-attack and xenobiotic defense. Under basal conditions,
Nrf-2 binds to the Kelch like ECH associated protein-1 (Keap-1) [153, 154], a cysteine rich
protein [155] in the cytosol, which facilitates its ubiquitination and proteasomal degradation
[156, 157]. Under electrophilic stress, critical cysteines on Keap-1 are alkylated.
Accordingly, Keap-1 changes its conformation [155], which causes release of Nrf-2
followed by its nuclear translocation [158]. Once within the nucleus, Nrf-2 forms
heterodimers with other transcriptional regulators, such as Maf family proteins, and binds to
the antioxidant response element (ARE, 5’-TGAG/CnnnGC-3’). The ARE is present in the
promoter regions of established Nrf-2 target genes involved in cellular defense and
metabolism. [159]. Nrf-2 has been shown to be a critical transcriptional player in
neuroprotection in different HD models. Indeed, Nrf2—/— mice when exposed to 3-NP or
malonate at the doses not having any effect in wild type mice have been found to show more
prominent lesion volumes [160-162]. Moreover, Jeffrey Johnson’s group has elegantly
shown that astrocytic overexpression of Nrf-2 protects striatal neurons from mitochondrial
complex Il inhibition in malonate model of HD [163]. Triterpenoids such as CDDO-EA (2-
Cyano-3, 12-Dioxooleana-1,9-Dien-28-Oic acid-ethyl amide) and CDDO-TFEA (CDDO-
trifluoroethyl amide) when fed to N171-82Q HD mice were shown to upregu-late Nrf-2
target genes in brain and peripheral tissues, decrease oxidative stress, improve motor
behavior and enhance longevity [136]. Similarly, Dimethyl fumarate (DMF), a clinically
approved Nrf-2 activator, when given orally to the HD mice models such as R6/2 and
YAC128, was shown to result in increased Nrf2 neuronal immunoreactivity, improvement of
motor impairment, preservation of neuronal subpopulations in striatum and cortex as well as
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enhanced survival [164]. It is still unclear whether DMF actually gets to the brain to activate
Nrf-2 dependent genes. Rather, recent studies indicate that DMF can also activate BDNF
expression, although this appears to be negatively regulated by Nrf-2 [165]. A high priority
for HD therapeutics is the development of Nrf-2 activators that penetrate through the BBB
but are not electrophiles and thus do not have toxicity.

As mentioned above, physiological levels of ROS serve as very important signaling
molecules [61, 166]. By affecting signaling pathways, ROS can, indirectly, affect a whole
array of transcriptional processes. There are many other TFs which are regulated by changes
in the redox states of NAD, NADP, or glutathione. For instance, the transcriptional activities
of SIRT1, a deacetylase which interacts with PGC-1a, a well-established regulator of
mitochondrial function and energy metabolism [167, 168], and CTBP-1, a co-repressor
regulating the expression of BDNF by binding with transcription factor NRSF [169], depend
upon the NAD-NADH ratio [170, 171]. Additionally, the class Il histone deacetylases (class
I11 HDACs; also known as sir-tuins) are NAD™ dependent epigenetic modulators. Prior
studies from our laboratory have shown that glutathione depletion can induce acetylation of
Spl and Sp3 to induce a frustrated compensatory response to oxidative stress. Indeed,
modulation of class | HDACs which enhance Sp1/Sp3 acetylation, leads to increased
Sp1/Sp3 DNA binding and resistance to glutathione depletion, 3-Nitroproprionic acid
induced striatal damage; and transgenic overexpression of mutant huntingtin [172]. These
findings raise several interesting possibilities. First, they raise the possibility that class I
HDAC inhibitors could modify HD pathogenesis by augmenting compensatory responses to
oxidative stress rather than by effecting mHtt mediated transcriptional suppression.
Alternatively, mHtt may induce toxicity by repressing transcription factors such as Sp1/Sp3
and, in turn, repress genes involved in compensation for oxidative stress. Furthermore, we
have shown that Sp1 and Sp3 DNA binding activities are dramatically induced by oxidative
stress in cortical neurons, (Fig. 4) [173]. Increased DNA binding of Sp1 and Sp3, in part,
reflects the enhanced level of these proteins in nuclei of cortical neurons. Moreover, we have
shown that protein levels of Sp1 and Sp3 are induced in the neostriatum in 3-NP model, as
well as the R6/2 model of HD mice [36]. A consistent higher expression of full-length Sp1
or Sp3 has been shown to protect neurons from oxidative stress, DNA damage, or both
[173]. Interestingly, Spl is a coactivator of cystathionine-y-lyase, the biosynthetic enzyme
for cysteine, a major target of redox regulation. In a recent study, a significant depletion of
cystathionine-y-lyase was found in an /n vitro model of HD, STHdhQ111 cells, as well as in
different brain regions of R6/2 and in the striatum of Q175 mice. The defect was correlated
with the transcriptional dysfunction of Sp1, leading to the defective activity of cystathionine-
v-lyase. Cysteine supplementation was shown to reverse the abnormalities both in in vitro as
well as in vivo models of HD [174]. Together, these studies suggest that mhtt via its ability
to directly modify Spl and Sp3 [175] may repress genes involved in redox homeostasis.
Strategies to augment Spl and Sp3 function, including HDAC inhibition, represent an
opportunity to restore homeostasis via augmentation of genes involved in antioxidant
defense. Future studies will clarify whether gene repression in HD extends to many
homeostatic pathways (ER stress, mitochondrial stress) or whether oxidative stress is a
dominant mediator of cell death and injury. As distinct transcription factors including
ATF-4, Nrf-2, NF-x-B and Sp-1 are activated via distinct oxidant stimuli in distinct CNS cell
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types, future studies will need to explore whether genes activated by other redox regulated
transcription factors are repressed by mHtt to gain a more complete picture of transcriptional
redox signaling in HD and their unique and redundant roles in oxidative stress homeostasis.
Indeed, other coactivators or transcription factors including the PGC1lalpha family may
influence redox homeostasis indirectly via their ability to induce mitochondrial biogenesis
[176]. Recent studies suggest that mitochondria not only act as ROS producers, but
surprisingly ROS scavengers as well [177, 178]. Accordingly, as techniques for measuring
ROS specifically in mitochondria become available, experiments designed to understand the
role of mitochondrial biogenesis in increasing or decreasing ROS production can be
clarified.

CONCLUDING REMARKS

A number of laboratories have garnered evidence supporting the notion that oxidative stress
is one of dominant events in HD pathogenesis. However, the failure of antioxidants to
modify disease progression in human HD patients has led to growing impatience over the
oxidative stress hypothesis in HD neurode-generation. The reasons for therapeutic failure are
multifactorial and include poor understanding of the precise targets of antioxidants related in
part to a lack of specific oxidative biomarkers; the possibility that more than one oxidant is
mediating damage and therefore antioxidants with specificity for one species over another
might only do part of the job; the possibility that the therapeutic effects of antioxidant
supplementation are counterbalanced by negative effects of these agents on physiological
redox signaling in the brain; and the possibility that stoichiometric antioxidant simply do not
get to the brain in concentrations adequate to neutralize toxic ROS, if they exist.

Another rational view of oxidative stress in HD advanced by our group and others (Sol
Snyder at Hopkins; and Jeff Johnson at Wisconsin) is that it emerges due to a failure of
compensatory transcriptional responses. This failure is mediated in part due to the direct
repression of adaptive gene expression by mhtt. As Leslie Thompson’s group has shown,
this could be due to direct interactions of mhtt with coactivators, or due to direct interaction
of mhtt with redox-regulated transcription factors [e.g. Sp1; see [175]]. Repression of
adaptive responses to oxidative stress leads to persistent stress at a cellular, local and
systemic level and ultimately cell demise. According to this model, understanding how to
derepress these homeostatic responses will result in the augmentation of many genes that
ultimately will serve to restore redox homeostasis in HD. The tools for measuring ROS, and
the genes that compensate for ROS are now becoming available to address this intriguing
model experimentally. Such studies will likely involve small molecule enhancers of adaptive
transcription and will give rise to novel and more robust approaches to treat oxidative stress
in HD and other diseases compared to traditional stoichiometric antioxidants.
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Reactive Oxygen Species
as signaling molecules

% Growth factor signaling % Cell survival pathway (Erk pathway)
% Activation of immune response #* Transcriptional processes
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% Chaperone activity % Tumor cell proliferation
Fig. 1.

A brief overview of involvement of reactive oxygen species in multiple physiological and
pathological functions as signaling molecules. Recent findings have placed ROS as very
critical signaling factors which are involved in regulating not only pathological functions but
also in a host of functions necessary for normal cellular function. Therefore, a very careful
attention is needed before considering antioxidants as therapeutic options for Huntington’s
disease.
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Fig. 2.
A coupled chain of oxidation-repair cycle leads to expansion and instability of huntingtin

polyglutamine repeats. DNA oxidation induces an adaptive response in the form of
recruitment of DNA repair enzymes. These enzymes are recruited in response to either
hairpin loop structure or other secondary structures formed either because of oxidized bases
and/or base mismatches leading to strand slippage and instability. Moreover, a complex
cyclic interplay between oxidized bases and DNA repair enzymes leads to further expansion
of trinucleotide repeats and its instability.
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Fig. 3.

A%chematic representation of redox regulation of different kinds of transcriptional
processes. A. An example of the redox regulation of the TF binding to the promoters of its
target genes through an upstream regulator, Ref-1. A number of TFs have one or more
reactive cysteines in their DNA binding domain, which are redox regulated by Ref-1
(APE-1) protein, which, in turn, is also redox regulated through its reactive cysteine. B. An
example of the redox regulation of the TF binding to the promoters of its target genes under
oxidative stress. The binding of Sp-1/Sp-3 to the promoters of its target genes is also redox
regulated. Under basal condition, the binding of Sp-1/Sp-3 is very weak while oxidative
stress induces their strong binding with the promoters of their target genes, which has been
shown to be neuroprotective by our group. C. An example of indirect redox regulation of
TFs by the change in redox states of co-factors such as NAD and NADH. The binding of
CTBP-1, a co-repressor regulating the expression of BDNF with transcription factor NRSF
depends upon NAD/NADH ratio. D. An example of the regulation of transcriptional
processes through redox associated post-translation modifications. Redox regulation of
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HDAC?2 through S-nitrosylation leads to its release, which, in turn, increases acetylation and
enhances CREB dependent transcription.
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Increases in Spl and Sp3 DNA binding induced by the glutamate analog HCA are inhibited
by antioxidants. Sp1 and Sp3 DNA binding in cortical neurons are activated by hydrogen
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peroxide. Induction of Sp1 and Sp3 DNA binding by HCA-induced glutathione depletion (4

hr) is decreased by the antioxidant iron chelator DFO (100 %m; A) and the lipid
peroxidation inhibitor BHA (10 %m; B). C, Addition of exogenous peroxide, generated by
the enzyme DAAO and its substrate d-ala (20 mm) for 4 hr increases Sp1 and Sp3 DNA
binding in a concentration-dependent manner in cortical neurons. The induction is observed

despite no morphological or biochemical evidence of cell death in cortical neurons. D,

Addition of catalase abrogates Sp1 and Sp3 DNA binding induced by d-ala (20 mm) and
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DAAO (5 mU). Examples are representative of three to five independent experiments. (With
permission from J. Neurosci.).
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Redox modifications of transcriptional players
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Transcriptional players Redox targets Consequences References
SoxS (Bacteria) Fe-S cluster Changes in the activity of SoxS [70]
OxyR (Bacteria) Cys199 Changes in the activity of OxyR [160]
YAP1 (Yeast) Cys 598 and Csy620 in its NES terminal end  Regulation of nuclear export [161, 174]
Ref-1 (Mammals) Cys 65 and Cys 93 in its N-terminal end Regulation of the redox states of TFs such as [162]
AP-1, NF-xB, p53, PAX5, PAX8, and Egr-1
AP-1 (Mammals) Cys residuse in basic region of Fos and Jun Changes in its DNA binding activity [179, 180]
NF-xB (Mammals) Cys62 of p50 sub-unit Changes in its DNA binding activity [138, 141]
p53 (Mammals) Multiple Cys residues Changes in its DNA binding activity [80]
PAX5 and PAX8 (Mammals)  Cyst37 and Cys49 in Prd domain Changes in its DNA binding activity [40, 181]
Egr-1 (Mammals) Cys residues in zinc finger domain Changes in its DNA binding activity [41]
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