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Abstract

Rett syndrome (RTT, MIM 312750), is a rare and orphan progressive neurodevelopmental disorder
affecting almost exclusively the female gender with a frequency of 1:15,000 live births. The disease
is characterized by a period of 6 to 18 months of apparently normal neurodevelopment, followed by
an early neurological regression, with a progressive loss of acquired cognitive, social, and motor
skills. RTT is known to be caused in the 95% of the cases by sporadic de novo loss-of-function
mutations in the X-linked methyl-CpG-binding protein 2 (MECP2) gene encoding methyl-CpG
binding protein 2 (MeCP2), a nuclear protein able to regulates gene expression. Despite almost two
decades of research into the functions and role of MeCP2, little is known about the mechanisms
leading from MECP2 mutation to the disease.

Oxidative stress (OS) is involved in the pathogenic mechanisms of several neurodevelopmental and
neurodegenerative disorders although in many cases it is not clear whether OS is a cause of a
consequence of the pathology. Fairly recently it has been demonstrated the presence of a systemic
OS also in RTT patients with the strong correlation with the patients clinical status. At today it is
not clear the link between MECP2 mutation and the redox imbalance found in RTT. Animal studies
have anyway suggested a possible direct correlation between Mecp2 mutation and increased OS
levels. In addition, the restoration of Mecp2 function in astrocytes significantly improves the
developmental outcome of Mecp2-null mice and re-expression of Mecp2 gene in the brain of null
mice rescued oxidative damage, suggesting that Mecp2 loss-of-function can be involved in
oxidative brain damage.

Starting from the evidences that oxidative damage in the brain of Mecp2-null mice precedes the
onset of symptoms, we evaluated whether, based on the current literature, the dysfunctions
described in RTT could be a consequence or, in contrast, are caused by OS. We also analyzed if the
therapies, that at least partially rescued some RTT symptoms, can have a role in the defense against
OS. At this stage we can propose that OS could be one of the main causes of the dysfunctions

observed in RTT. In addition, it should be mentioned that the major part of the therapies
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recommended to alleviate RTT symptoms have been shown to interfere with oxidative homeostasis,

suggesting that MeCP2 could be somehow involved in the protection of the brain from OS.

Keywords: Rett syndrome; neurodevelopmental disorder; methyl-CpG-binding protein 2; oxidative

stress; brain damage; brain derived neurotrophic factor; 4-hydroxy-2-nonenal; mitochondria.



Rett Syndrome and Redox imbalance

Rett syndrome (RTT) is a progressive neurodevelopmenal disorder that affects girls almost
exclusively with an incidence of 1 in 15,000 [1,2]. First recognized by the Viennese pediatrician
Andreas Rett in 1966 [3], the disorder is characterized by apparently normal development for the
first 618 months of age followed by a stagnation and then rapid regression of acquired language
and motor abilities [1,4]. Typical or classical RTT progresses through four stages and its distinctive
features are the loss of purposeful hand movements, replaced by repetitive and stereotypic hand
movements, microcephaly, seizures, ataxia, autistic-like traits, cardiac abnormalities,
breathing irregularities such as hyperventilation and apnoeas [4].

Pathogenic mutations in X-linked “methyl-CpG-binding protein 2”” gene (MECP2) account for up to
95% of typical and approximately 75% of atypical RTT cases [5-8]. MeCP2 is a multifunctional
protein that is involved in transcriptional regulation as well as modulating chromatin structure and
RNA splicing [9-11].

MeCP2 is widely expressed in many tissues, but with higher expression in the brain, where it is
specifically detected in neurons [12]. More recently, MeCP2 expression has also been proven in
astrocytes, oligodendrocytes and microglia [13-15]. At present, more than 700 MECP2 mutations
have been identified [16, 17], among which the eight most common lead to a wide phenotypic
variability and different degrees of disease severity [18].

Effectively, the spectrum of RTT phenotypes is quite broad and, in addition to MECP2-related
classical form, includes also other variant or “atypical” RTT, which have been found to cluster in
some distinct clinical groupings, such as preserved speech variant, early seizure variant, and
congenital variant [19, 20]. These forms may be either milder or more severe than classical RTT.
The preserved speech variant, the so-called Zappella variant, is a benign form of RTT characterized
by the ability of patients to retain some speech and the ability to walk [21]. While mutations
responsible for most severe forms have been identified in cyclin-dependent kinase-like 5 (CDKL)5)

and forkhead box G1 (FOXGI) genes and associated with an early-onset seizure variant (Hanefeld
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variant) and congenital form (Rolando variant), respectively [22, 23]. Despite the characterization
of the underlying genetic mutations and continuing progress into the knowledge of MeCP2
functions, the molecular mechanisms leading from defective protein to the disease expression
remain still not fully understood.

New insights could arise from the growing evidence of a potential relationships between OS and
RTT [24-27, 32-38].

OS is a well-known factor implicated in pathogenesis and progression of several human diseases,
such as cardiovascular diseases, cancer, diabetes mellitus, asthma, neurological diseases and ageing
[39, 40]. By definition, OS occurs when the antioxidant response is insufficient to balance the
production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), leading to a
disruption of redox signalling and control and/or molecular damage and developing or worsening of
several pathologies [41].

Within a given limit, the low or moderate production of oxidants is a physiological process, since
they are formed in normal aerobic metabolism and act with beneficial effects on cellular redox
signaling and immune function [42]. Usually, exposure of cells to free radicals induces the
activation of cytoprotective signaling pathways in order to promote cell survival and to maintain the
optimal redox balance. A variety of antioxidant enzymes functions as scavengers of ROS and these
include, among others, superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx),
thioredoxin (TRX), and the peroxiredoxin (PRDX). In addition, there is also a non-enzymatic
system represented by low-molecular-weight compounds, including reduced glutathione (GSH),
vitamins C and E, B-carotene, lipoid acid, melatonin, uric acid, bilirubin and metal-chelating
proteins [43].

Over time, if not properly managed by these cellular detoxification mechanisms, the continual
exposure of cells to ROS/RNS results to be cytotoxic. In fact, at high levels reactive species disrupt
cell structures and functions, causing membrane lipid peroxidation, protein oxidation, DNA damage

[43].



The brain is particularly prone to ROS and RNS production and highly susceptible towards redox
stress, because of its high lipid and metal ions content coupled with its high metabolic rate and
relatively low concentrations of antioxidants. Several lines of evidence have established that OS is a
causative or at least pivotal factor for a large number of brain illnesses, including Parkinson’s,
Huntington’s, Alzheimer’s, prions, Down’s syndrome, ataxia, multiple sclerosis, amyotrophic
lateral sclerosis, schizophrenia, depression and epilepsy [39].

Since the end of 80's, a potential relationship between OS and RTT has been explored, first in
humans and more recently in animal models, and generally found to be related to either increased
OS and/or altered antioxidant defenses.

The first report indicating an impaired antioxidant defense in RTT dates back to 1987. In a post-
mortem study where Sofi¢ et al. reported a severe reduction of vitamin C and GSH in the brain of a
RTT patients [24]. Serum vitamin E deficiency and decreased erythrocyte SOD activity also
indicate low antioxidant protection and higher vulnerability to oxidative damage in RTT [25, 26].
Moreover, the decline in GSH levels is detected in plasma, erythrocytes and skin fibroblasts from
RTT patients [30, 34, 35]. More recently, similar findings have been shown also from our group in
a microarray study [44]. To cope the redox imbalance, a probable feedback mechanism in RTT
implies the compensatory up-regulation of a subset of gene related to antioxidant cellular defense
systems, including SOD, CAT, PRDXI1, glutathione transferases (GST) and enzymes involved in
the detoxification of lipid peroxidation products [44]. Likewise, our previous PBMC gene
expression analysis confirmed the overexpression of transcripts for CAT and GST found in human
RTT brain [45].

In line with the changes in antioxidant defense systems, an increase in OS biomarkers has also been
observed in RTT. Blood samples from RTT patients reveal increased levels of plasma and
intraerythrocyte non-protein-bound iron (NPBI), plasma protein carbonyls, plasma and membrane
erythrocyte 4-hydroxynonenal protein adducts (4HNE-PA), plasma malondialdehyde, and

Isoprostanes [26-29, 31-33, 35], indicating the strong evidence of systemic oxidative damage to
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lipids and proteins. Of note, levels of above cited OS markers change as a function of the time and
of phenotype severity, namely clinical stage and different clinical form of disorder [28, 31-33].

The critical role of OS in RTT is also supported by the evidence that exogenous administration of
-3 polyunsaturated fatty acids significantly decreases the levels of NPBI, Isoprostanes and 4HNE-
PA, partially rescues the altered erythrocyte morphology observed in RTT and reduces at the same
time the clinical severity of the disorder [29, 31, 33, 35, 46]. Therefore, it is conceivable that
chronic OS in RTT might underlie at least some of the typical symptoms and contributes to disease
progression.

The cellular redox imbalance observed in RTT patients [34, 47], can also negatively affects not only
cell functions but also systemic metabolic pathways. For instance, oxidative post-translational
modifications of Scavenger Receptor B1 (SRB1) by 4HNE, a known lipid peroxidation byproduct,
are accompanied by a dramatic reduction of the receptor levels [47]. Given SRB1 crucial role in the
uptake of HDL-derived cholesterol and cholesteryl ester in the liver and other tissue [48], SRB1
oxidative damage seems to contribute to altered cholesterol metabolism [49] and plasma lipid
profile of RTT patients with an imbalance in both high density lipoprotein (HDL) and low density

lipoprotein (LDL) levels [47, 50].

Rett syndrome as a possible mitochondriopathy

Beyond the known function in ATP production, mitochondria represent the major source of free
radicals in the cell environment, thereby the harmful structural and/or functional changes in these
organelles are usually correlated to redox imbalance in a variety of pathological conditions [51].
Indeed, there are now several lines of evidence indicate that mitochondria are involved in RTT. In
fact, it has been reported that RTT shares many common clinical features with mitochondrial
diseases, including hypotonia, delayed development or regression of previously acquired skills, and

seizures. In addition, a metabolic profile showing abnormal cerebrospinal fluid lactate and pyruvate
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levels led to hypothesize a mitochondrial impairment in RTT [52]. The possible role of
mitochondria in RTT has been already suggested in works from 30 years ago, where several
morphological alterations of mitochondria have been repeatedly reported both in humans and mouse
models [37, 53-58]. In this regard, electron microscopy studies revealed abnormally swollen and
dumb-bell shaped mitochondria with vacuolization, granular inclusions and membranous changes in
muscle and frontal lobe biopsies of RTT patients [53-56]. In other papers, ultrastructural changes
were confirmed and resulted also associated with abnormalities in mitochondrial respiratory chain
enzymes and therefore to energy metabolism impairment [59, 60]. Recently, we have reported the
overexpression of genes related to mitochondrial biology in peripheral blood mononuclear cells
isolated from RTT patients, that can be indicative of anomalous cellular energy requirement [44].
Besides in humans, mitochondrial abnormalities have been also confirmed in brain and muscle
mitochondria from Mecp2-mutant mice [36, 37, 58, 61].

In 2006, Kriaucionis et al. reported that Ugcrcl gene, which encodes a subunit of respiratory
complex III, is a target of MecP2 [62]. In the case of Mecp2 KO animal, there is an increased
expression of Ugcrcl gene that leads to elevated mitochondria respiration rates, associated with the
respiratory complex III, and an overall reduction in coupling. Therefore, there is an increased O,
consumption and ROS production in brain mitochondria of Mecp2-null mice [62]. Subsequently, a
magnetic resonance study confirmed the impairment of mitochondrial respiration and the decrease
of ATP levels in brain of MeCP2-deficient mice [63]. As consequence of mitochondrial
dysfunctions, Grofer et al. demonstrated an increased oxidative burden and a more vulnerable brain
cells to oxidative damage in in Mecp2'/ ” mouse hippocampus [36].

Evidence of the defective mitochondria and decrease in GSH levels has been also reported in the
skeletal muscle of Mecp2™ ™™ mouse model of RTT [37]. In this study the authors suggested that
the detected mitochondrial alterations could be a contributing factor to the progressive deterioration

in RTT mobility through the accumulation of free radicals.



In line with previous reports, an aberrant function of complex II of the mitochondrial respiratory
chain coupled to hydrogen peroxide overproduction has been also observed in brain of MeCP2-308
heterozygous female mice [38]. Indeed, as a proof of concept, the recovery of complex II activity
prevented ROS overproduction [38]. Due to the absence of neurodegenerative aspects in RTT, it is
likely that such mitochondrial defects are not sufficient to induce cell death, however they can
affect and potentially worsen the neuronal functions also through an oxidative imbalance, thus
contributing to the clinical manifestations and progression of RTT.

Due to the main role of mitochondria in energy production, any structural and/or functional
alteration of these organelles in RTT could lead to the energy metabolism defects. Effectively, this
appears consistent with data showing a reduction of ATP levels in brain of several RTT animal
models [38, 63].

It is well known that impairment in mitochondrial respiration elicits an enhanced production of free
radical species in several human pathological conditions [64, 65]. Thus, the role of mitochondrial
dysfunctions seems to be well linked to RTT and it is possible that a chronic mitochondrial
deregulation may contribute to the systemic OS fund in RTT. It is then possible to speculate that,
since mitochondrial modifications are already present at presymptomatic stage of the disease, the

altered mitochondria functions play a direct role in the development of the pathology [36].

RTT animal models as useful tool to study the disease

To better understand the possible link that might associate MecP2 mutations with increased OS
levels in RTT, several researchers have focused on RTT mouse models. Indeed, over the last few
decades, a number of mouse models have been developed with the attempt to better understand the
molecular mechanisms involved in RTT pathogenesis as well as to develop new therapeutic

strategies.



Despite the fact that murine models cannot display all aspects of the human RTT, they are anyway
good experimental tool to understand the cellular pathways involved in RTT, thanks also to the fact
that RTT animal models are able to recapitulate many of the clinical key features observed in
human patients [66].

Several different strategies have been able to modify or abolish the Mecp2 expression and/or
function, generating a wide range of mouse models of the disease: Mecp2 knockout mice; Mecp2
mutant mice expressing a truncated protein; cell-type specific Mecp2 deletions or mutations; mice
expressing reduced levels of Mecp2; mice overexpressing wildtype full-length MeCP2; knock-in
mice carrying RTT-associated MECP2 mutations [67-69]. Up to now, the multiple RTT mouse
models have permitted to identified and characterized some of the molecular pathways that appear
altered in this disorder, leading also to test some therapeutic strategies in mice.

Furthermore, the availability of these models has also given the opportunity to explore the
hypothesis of the OS involvement in the pathophysiology of disorder, and to evaluate a possible
causative role of OS in RTT etiopathogenesis.

In line with our previous findings, which showed high circulating levels of OS markers in RTT
patients [27-29, 31-33, 35] suggesting a possible role of the redox imbalance in RTT pathology, a
recent study from our lab provided clear evidence that Mecp2 deficiency is associated with
oxidative brain damage in several Mecp2 mutant mouse models [30]. In fact, the levels of different
OS markers, including NPBI, Isoprostanes (F;-isoprostanes, Fs-neuroprostanes, F,-dihomo-
isoprostanes) and 4HNE-PA, have been found increased in whole brains of two different mouse
models of RTT, Mecp2-null and Mecp2-308 animals. In particular, in both experimental models the
brain oxidative damage precedes the clinical manifestations of the disorder; this imply the existence
of a temporal window in which an early OS-modulating therapy could reduce/limit phenotype
severity. Interestingly, we observed a full rescue of the brain redox homeostasis following brain
specific Mecp2 gene reactivation in Mecp2 stop/y NestinCre animals [30]. This finding means that

the OS imbalance can be a reversible phenomenon by the restoration of a correct Mecp2 function,
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thereby suggesting that Mecp2 might to be involved in the protection of the brain from OS [30]. In
addition the above mentioned study support the idea that OS is also involved in the clinical feature
of the pathology since there is a clear correlation between increased OS markers and the
development of RTT symptoms.

The availability of a wide spectrum of RTT experimental models, either cells or animals, have been
instrumental not only for the study of the disorder and MeCP2 functions, but also has stimulated the
research aimed to develop effective treatments for RTT.

In this respect it appears of crucial importance the encouraging findings obtained in experimental
models, indicating that the condition is not irreversible and the rescue of the RTT-like phenotypes is
possible.

In fact, in last decade independent research groups have shown that some RTT-like symptoms are
reversible in experimental models following reactivation of silent Mecp2 alleles [70-73] or

transgene-mediated Mecp2 replacement [74-80], even at late stages of disease progression.

Link between Mecp2 and OS

To date, the exact molecular mechanisms linking MECP2 mutations to the subsequent OS
derangement are still unidentified although there are several reports that have suggested a possible
connection between altered MeCP2 functions and cellular redox imbalance. In a recent exome
sequencing study has been identified variants in genes related to OS in classical RTT patients
within two sisters with the same MECP2 mutation, but different phenotype (classical versus
Zappella variant) [81]. This finding suggests that multiple variants associated with a specific
MECP2 mutation can have different phenotypic effect in this disorder. In particular, the different
susceptibility to OS may modulate some clinical manifestations and explain the expressed
phenotype variability found among patients [81]. In addition, it is well known that RTT patients

suffer from highly irregular breathing coupled to abnormal pulmonary gas exchanges and reduced
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arterial oxygen levels, all symptoms related to MECP2 mutation [27, 82-84]. Therefore, the chronic
intermittent hypoxia associated to these irregularities might be able to explain, at least partly, the
redox imbalance observed in RTT [27, 85].

In support of this theory, a number of convincing evidences have highlighted a redox homeostasis
dysregulation in RTT mice, mainly linked to mitochondrial abnormalities [36-38, 58, 61].

In addition it has been reported that MeCP2 is capable of controlling the expression of several genes
that seem play a role in redox balance, such as brain derived neurotrophic factor (BDNF) and
proline dehydrogenase (Prodh) [86, 87], although MeCP2-dependent regulation of BDNF gene
transcription is very complex and context-dependent [88], making difficult to clearly extrapolate the
direct effect of MeCP2 on BDNF transcription. Reports using either RTT mouse models or RTT
patients convey that BDNF dysfunction is a hallmark of disease pathology and, interestingly, the
enhancement of BDNF signaling in animal models reverses and improves the pathological
manifestations of RTT, including respiratory dysfunctions [89-91]. In this regard, new evidences
indicate that BDNF is able to protect circulating angiogenic cells by increasing expression of
manganese superoxide dismutase (MnSOD), thereby enhancing cellular redox defensive system
[92]. Moreover, the relationship between BDNF levels and OS parameters is also confirmed in
other mental disorders [93].

In addition, a recent paper demonstrated a functional interplay between MeCP2 and SIRT1 in the
regulation of BDNF expression [94]. SIRT1 is a crucial cellular survival protein that acts as NAD-
dependent histone deacetylase and is also involved in defending cells from OS, eliciting also
neuroprotective effects through its anti-oxidative and anti-inflammatory functions [95, 96].

An other target gene of MeCP2 is Prodh, whose expression has been found to be up-regulated in the
brain of a Mecp2-null (KO) mouse model [86]. Prodh encodes for the proline dehydrogenase
(ProDH), a mitochondrial inner-membrane flavoenzyme that catalyzes the oxidation of proline,
leading to the release of electrons, that can be transferred to either electron transfer systems or to

molecular oxygen [97]. ProDH is not only essential for proline catabolism but also plays key roles
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in providing energy, shuttling redox potential between cellular compartments and ROS production.
In addition, this amino acid has a physiologically protective role against OS. Thereby, the oxidation
by ProDH not only contributes to lower the amount of proline in the cell, hence abolishing its
protective function, but can also generate ROS [97].

In a recent work, by the use of transcription factor protein arrays, Leoh et al. identified MeCP2 as a
interacting partner of LEDGF/p75 (lens epithelium-derived growth factor p75) and its short splice
variant LEDGF/p52 [98]. LEDGF/p75 is a transcription coactivator and a stress survival protein
that protects against OS-induced cellular damage and death [99]. In particular, LEDGF/p75 promote
cell survival under stress by transcriptionally activating genes encoding protective proteins such as
heat shock protein 27 (Hsp27), aB-crystallin, peroxiredoxin 6 (PRDX6), and vascular endothelial
growth factor ¢ (VEGF-c) [100-102]. Presumably, LEDGF/p75 transactivates these stress genes by
binding to heat shock elements (HSE) and stress elements (STRE) in their promoter regions [100-
102]. These results suggest a key role of MeCP2 in cellular redox homeostasis by being able to
regulate the expression of stress survival genes.

There is a growing interest in the involvement of OS in the epigenetic regulation of gene expression
and specifically in controlling DNA methylation status [103]. ROS production is associated with
increased DNA damage and alterations of both hypermethylation and hypomethylation of the DNA
[104], also changing the DNA methyltransferase expression [105]. MeCP2 binds to both methylated
and unmethylated DNA, but it associates preferentially with methylated regions [106], therefore
chronic accumulation of ROS might play an important role in the disrupting the MeCP2 regulation
of epigenetic gene expression. In this regards, the first evidence of these mechanisms dates back in
2004, when Valinluck et al. reported that the MeCP2-binding to methylated CpG sites is inhibited
by OS. In particular, the selective modification of guanine to 8-hydroxyguanine at CpG sites reduce
the binding affinity of MeCP2 to its target sequences by at least an order of magnitude [107].
Because the initial binding of the MeCP2 to methylated CpGs is a critical event in the chromatin

remodeling and thus in epigenetic regulation of gene activity, the oxidative damage to DNA can
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interfere with subsequent steps in the chromatin condensation cascade, resulting in potentially
heritable epigenetic alterations and disregulation of transcriptional activity [107]. This report
demonstrates that MeCP2 can be both, the starting point and one of the several end targets of free
radical mediated processes.

All these observations corroborate the concept of a possible direct relationship between MeCP2
deficit and cellular redox imbalance [Figure 1].

Finally, it is worth it mentioning that the previously cited study of exome on RTT revealed the
occurrence of multiple gene variations associated with the main MECP2 mutation, some of which
affect genes related to OS [81]. Therefore, it is possible that redox imbalance in RTT might not be

exclusively dependent on MeCP2 dysfunction, but rather by a combination of numerous factors.

MeCP2 dysfunction and therapies under the oxidative stress light

Several therapeutic approaches have been tested in RTT with the main propose to either modify the
effect of MECP2 mutation or to ameliorate the oxidative damage present in RTT. Herein there is an

overview of the possible targets that have shown to alleviate RTT clinical features.

BDNF

Brain-derived neurotrophic factor (BDNF) has been shown to have an essential role in neuronal
survival and synaptic plasticity. In RTT patients, analyzing autopsy brain samples low levels of
BDNF expression were detected [90]. In Mecp2 mutant mice a low overall levels of BDNF protein
was also reported [89, 108, 109]. Moreover, also BDNF intracellular trafficking may been disrupted
indeed, in RTT patients carrying BDNF Val66Met polymorphism known to impede BDNF
maturation process, severity and course of neuropsychiatric symptoms were found correlated [110].
The interplay between OS and BDNF has been described not only in different pathologies but also

in processes like aging and in different life styles.
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The antioxidant effect of calorie restriction has been reported to protect against cognitive decline
via up regulation of BDNF. Indeed, high fat diet increases OS and decreases BDNF therefore
modulating synaptic plasticity and cognitive functions [111].

The effect of BDNF on synaptic plasticity and cognition, caused by high in saturated fat diet, can be
prevented by supplementation with an antioxidant [112, 113]

In aged rats, antioxidant treatment attenuates age-induced cognitive impairment modulating the
BDNEF levels [114]. Moreover, neuronal death caused by stroke is believed to involve OS. Calorie
restriction has been described not only to prevent but also to reduce damages induced by stroke.
Indeed, fasting after a moderate stroke injury results in a lower OS and induction of neurotrophic
factors such as BDNF [115].

A growing amount of data have been published indicating that decreased level of BDNF and
increased OS have a role also in the pathophysiology of different neurological and
neurodegenerative disorders. Moreover, several evidences suggested that antioxidant increase the

levels of BDNF triggering a neuroprotective effect.

Dendritic spine

In RTT it has been described a dendritic spine dysgenesis, more particular, a lower spine density
and an atypical morphology resulting in a decreased proportion of mushroom-type spines have been
observed in the cortex and hippocampus [116-118]. Mouse models of RTT recapitulate the
abnormalities observed in human and in particular show impaired dendritic complexity [119, 120],
lower dendritic spine density [121-124] and lack of mushroom-type spines both in cortical and
hippocampal neurons [125, 126].

It seems important to mention that ROS produce spine pathology. Indeed, spine loss was observed
in rat hippocampal CA1 pyramidal neurons after induction of OS induced by exposure to ozone
[127]. Similar in rat prefrontal cortex, striatum, and olfactory bulb, ozone induced spine loss with

vacuolation of dendrites and spines [128, 129].
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Omega 3

Starting from the evidence of enhanced OS and lipid peroxidation in RTT patients, the effect of to-
3 polyunsaturated fatty acids (w-3 PUFAs) supplementation in RTT has been studied. Indeed, ®-3
PUFAs have been shown to have multiple beneficial effects, able also to indirectly ameliorate the
cellular redox unbalance in several pathologies..

The ®-3 PUFAs oil supplemented RTT patients show a significant reduction in the clinical severity
of the symptoms (in particular, motor-related signs, nonverbal communication deficits, and
breathing abnormalities) and significant decrease in all the examined OS markers.

These findings suggest that a dietary intervention at an early stage in RTT could lead to a partial

clinical and biochemical rescue.

Statins

Cholesterol homeostasis has a central role in numerous pathologies including neurodegenerative
diseases, indeed cholestrol is involved in pathways related to neuron function and survival.
Homeostasis of cholesterol is perturbed in Mecp2 null mice; indeed, in the brain and body system, it
has been detected an elevated synthesis of cholesterol. Statin drugs , chemically mimicking the
genetic effect of downregulating the cholesterol pathway improved systemic perturbations of lipid
metabolism, alleviate motor symptoms and confer increased longevity in Mecp2 mutant mice [49,
130].

Recent  studies  suggests  that statins, HMG-CoA  reductase inhibitors, have
neuroprotective/antioxidant properties [131]. Indeed, statins, independently of their effects on
biosynthesis of cholesterol, can act as free-radical scavengers [132-134]. In vivo studies in dogs it
has been demonstrated that high-dose atorvastatin, increasing the ratio of GSH to reduced GSH in
the brain, reduced markers of oxidative and nitrosative stress (i.e., protein carbonyls, 4-hydroxy-2-
nonenal, 3-nitrotyrosine). These data suggested that this drug act as neuroprotectant and CNS

antioxidant [135]. Moreover, it has been shown that atorvastatin ameliorates cerebral vasospasm, in
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an in vivo model of subarachnoid hemorrhage in rat, attenuating neuronal apoptosis through
inibition of brain caspase-3 activity and DNA fragmentation [136, 137]. Furthermore, in rat
cerebrocortical neuronal cultures, rosuvastatin protected neurons from stress induced by oxygen-
glucose deprivation and the mechanism of neuroprotection involved the decreasing of ROS levels
[138]. Similarly, simvastatin decreased neuronal death induced by oxygen-glucose deprivation and
subsequent reoxygenation by inhibiting production of 4-hydroxy-2E-nonenal (4HNE), a cytotoxic
product of lipid peroxidation, and at least in part by maintaining the activity of NF-kappaB [139]. In
addition clinical investigations indicated that statin treatment reduced cerebral expression of OS
markers (i.e., nitrotyrosine and F,-isoprostanes) [140, 141].

These data suggest that statins can act in RTT not only stabilizing the homeostasis of cholesterol but

also acting as neuroprotective against OS.

Insulin-like growth factor-1

Insulin-like growth factor-1 (IGF-1) molecule is FDA approved for the treatment of growth failure
in children. Currently IGF-1 is studied in an early-stage clinical trial to determine the side-effect
profile and disease improvements in RTT (ClinicalTrials.gov identifier: NCT01253317).

IGF-1 penetrate the blood-brain barrier and is able to stimulate proliferation of neural progenitors,
neuronal survival, neurite outgrowth and synapse formation [142].

The rational of this trial is based on preclinical trials, done in Mecp2 mutant mice, using a tripeptide
fragment of IGF-1 which improved motor function, dendritic spine density and motility, and
breathing rhythm [121, 123].

Moreover, in vitro IGF-1 also increased synapse number in neurons differentiated from induced
pleuripotential stem cells reprogrammed from skin fibroblasts of RTT patients [143].

It has been proposed that IGF-1 mediate neuroprotection challenging with OS. Indeed, IGF-1-
mediated neuroprotection, in neuronal cells, acts through induction of NF-kB that promotes

activation of phosphoinositol (PI) 3-kinase.
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Valproic acid

Occurrence of seizure disorder have been reported in approximately 85% of RTT individuals during
their lifetimes. Valproic acid (VPA) is an old generation anti-epileptic drug that has been used as
monoterapy to treat epilepsy in RTT patients. Although, one study found a significant effect in
controlling seizures [144], another study did not demonstrate any beneficial effect [145].

Recently, an analysis in mouse model of RTT suggested that Valproic acid could alleviate RTT
neurological symptoms [146].

It has been suggested that oxidative damage may play a role both in initiation and progression of
epilepsy. Therefore ameliorating tissue damage, reducing OS, could favorably alter the clinical
course of the disease [147].

Valproic acid treatment has been associated with increases formation of ROS. Although, the
majority of OS measurements in patients with epilepsy treated with VPA have been performed on
peripheral tissues, such as plasma, serum or red blood cells [145, 148-154]. However, not
necessarily OS originated from various sources in the body reflects the OS in the CNS acid. Indeed,
VPA was shown to be protective against OS in neuronal cells in both in vitro and in vivo models of
epilepsy. It was suggested that VPA can produce neuroprotective effects inhibiting lipid

peroxidation and protein oxidation [155] and increasing the level of GSH [156].

Lamotrigine

Lamotrigine, a phenyltriazine derivative, is second generation antiepileptic drug that blocks
voltage-sensitive sodium channels inhibiting the release of excitatory amino acids [157].

An open pilot study to evaluate the effect of Lamotrigine in RTT patients, demonstrated that girls
respond well in terms of seizure frequency and behavioral issues.

Lamotrigine has neuroprotective proprieties especially in neurodegenerative diseases. Recently, it

has been reported that Lamotrigine treatment may cause an increase in levels of the antioxidants
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GSH, GSH-R, SOD and CAT. Suggesting that Lamotregine may produce beneficial neuroprotective

effects reducing oxidative— nitrosative stress and enhancing protective antioxidants [158].

Trolox

In RTT patients several alterations of mitochondrial function including decreased levels of
succinate cytochrome c reductase and cytochrome c oxidase, a proton leak across the inner
mitochondrial membrane, and a reduced respiratory capacity have been observed [60, 62, 159, 160].
Moreover, lowered blood serum levels of vitamin E and reduced activity of the ROS-detoxifying
enzyme SOD are also evident [26].

Lower serum levels of vitamin E were detected in patients affected by of RTT syndrome
suggesting that the oxidative free radical metabolism may be impaired in this disorder [25].

The deficiencies in cellular ROS-scavenging capabilities combined with impaired mitochondrial
function could easily explain OS damages observed in RTT patients and in RTT mouse models [26,
27, 30].

Starting from the hypothesis that these observed changes may contribute to the manifestation of
symptoms and disease progression, it was analyzed whether free radical scavengers are capable of
improving neuronal and mitochondrial function in hippocampal slices of adult MeCP2-/Y mice. In
particular, the effect of vitamin E derivative Trolox was evaluated. Accordingly with the
hypothesis, it was observed that Trolox dampens neuronal hyperexcitability, reinstates synaptic

plasticity, and improves the hypoxia tolerance in a mouse model of RTT [61].

Curcumin

RTT patients present circulatory problems that become increasingly severe in adulthood.

Studying the relation between peripheral microcirculation and the loss of MeCP2, in MeCP2
knockout mouse model Panighini et al. (2013) highlighted that, in these mice, vessels showed a

reduced endothelium-dependent relaxation, due to a reduced Nitric Oxide (NO) availability
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secondary to an increased ROS generation. Moreover, they observed an intravascular increase in
superoxide anion production, and a decreased vascular eNOS expression. It has also been shown
that cucumin administration restored endothelial NO availability, decreased intravascular ROS
production and normalized vascular eNOS gene expression. Moreover, pathological stereotyped
movements that are one of the characteristics of the pathological animals, were partially reversed by

curcumin administration [161].

Conclusion

Despite MeCP2 was identified more that twenty years ago, and more that 700 mutations that link
MeCP2 to RTT have been identified, the molecular mechanisms leading from defective protein to
the disease expression remain still not fully understood. OS is considered a relevant process
associated to neurological disorders and the relation between OS and RTT have been described in
both humans and in mouse models. Recently it has been re-evaluated the possible role that
mitochondria might have in the development of the pathology thanks to the fact that it is one the
primary endogenous source of ROS and also to the abnormalities observed in the mitochondria of
blood mononuclear cells, brain and muscle of both RTT patients and mouse models.

In brain of Mecp2-null mice OS damages precede the onset of symptoms. Therefore, dysfunctions
observed in RTT patients and mouse model, like low levels of BDNF, dendritic spine dysgenesis or
lipid peroxidation that have been described in different systems to be caused by OS, can be
consequence of the OS produced in RTT by mitochondrial abnormalities.

Several key features of RTT suggest that the disorder could be at least partially treatable in humans.
First, as above mentioned, even if RTT is a severe brain pathology, no obvious signs of neuronal
and glial degeneration appear in patients and nor in animal models [162-164].

Second, typically the RTT clinical symptoms manifest months after birth, therefore exist a time

window in which it is possible to intervene therapeutically.
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Although there is not an official cure for RTT patients, several treatments that have been used
aimed to ameliorate, et least partially, the clinical symptoms of the disease. As reported above,
many of them were able in reducing at least some of the multiple symptoms related to RTT, and
unexpectedly, all these treatments have also been described to act as “antioxidant” or to be
neuroprotective towards oxidative damage.

Our analysis suggests that MeCP2 having a crucial role in chromatin dynamics, can act as
modulator of genes essential in antioxidant and radical scavengers pathways. Moreover, epigenetic
drugs that have also antioxidant properties can be promising compounds for the treatment of
neuronal dysfunction in Rett syndrome.

Of note it is that any cure aimed to contrast MecP2 dysfunction should be applied in the first month
after birth or even earlier to avoid the evolution of the clinical symptoms present in RTT (Scheme
1).

Taken together, these aspects leave the hope to achieve through an appropriate pharmacological
therapy or genetic intervention a significant improvement of the RTT conditions if not to reverse

the disease in humans.
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Figure 1. Link between MECP2 mutations and oxidative imbalance in RTT.

It appears that MECP2 mutations can affect the expression of genes such as “brain derived
neurotrophic factor” (BDNF) and “proline dehydrogenase” (Prodh), that can be also play a role in
cellular redox defence. In addition, aberrant mitochondrial functions, in particular mitochondrial
respiratory chain dysfunctions, overproduce ROS and contribute to alter the cellular redox
homeostasis, increasing oxidative post-translational modifications of proteins and inducing cell
dysfunctions. The cellular redox imbalance it also detectable at systemic level with the increase of
OS markers, such as Isoprostanes and 4-hydroxynonenal protein adducts (4HNE-PA), and the

decrease of antioxidant molecules, including vitamin E.

Scheme 1

* Possible mechanisms involved in MeCP2 mutation induced OS in RTT. MecP2 mutations are
correlated with mitochondria respiratory chain abnormalities, altered expression of OS related
genes (BDNF, Prodh, etc) contributing, therefore, to the redox imbalance present in RTT.
Therapies aimed to ameliorate systemic OS as well as, gene therapy, and MecP2

manipulation, could have a beneficial effects on RTT clinical features.

Highlights

* RTT is known to be caused in the 95% of the cases by MECP2 mutations

At today, there are no treatments for RTT

» Systemic oxidative stress has been identified in RTT patients

« Animal models have showed a possible direct involvement of MECP2
mutations in imbalance redox state

* Therapies aimed to ameliorate the redox imbalance can possibly improve

the clinical conditions
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