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ABSTRACT

In the last 15 years a strong correlation between oxidative stress (OxS) and Rett syndrome (RTT), a rare
neurodevelopmental disorder known to be caused in 95% of the cases, by a mutation in the methyl-CpG-binding
protein 2 (MECP2) gene, has been well documented. Here, we revised, summarized and discussed the current
knowledge on the role of lipid peroxidation byproducts, with special emphasis on 4-hydroxynonenal (4HNE), in
RTT pathophysiology. The posttranslational modifications of proteins via 4HNE, known as 4HNE protein adducts
(4NHE-PAs), causing detrimental effects on protein functions, appear to contribute to the clinical severity of the
syndrome, since their levels increase significantly during the subsequent 4 clinical stages, reaching the maximum
degree at stage 4, represented by a late motor deterioration. In addition, 4HNE-PA are only partially removed
due to the compromised functionality of the proteasome activity, contributing therefore to the cellular damage
in RTT. All this will lead to a characteristic subclinical inflammation, defined “OxInflammation”, derived by a
positive feedback loop between OxS byproducts and inflammatory mediators that in a long run further
aggravates the clinical features of RTT patients. Therefore, in a pathology completely orphan of any therapy,
aiming 4HNE as a therapeutic target could represent a coadjuvant treatment with some beneficial impact in
these patients.

1. Introduction

1.1. Rett syndrome

scoliosis, abnormal sleep patterns and early hypotonia are also common
[2].

Most cases of “classic” or “typical” RTT ( > 96%) are caused by de
novo mutations in the X-linked gene MECP2 and arise in germ cells,

Rett syndrome (RTT) is a rare and debilitating neurological disorder
that affects approximately one in every 10,000/15,000 females and is
only rarely observed in males [1]. A typical aspect of RTT is a phase of
normal development for 6-18 months after birth, followed by a
stagnation and a delayed onset of symptoms with progressive loss of
milestones and cognitive disability. In particular, the characteristic
disease progression, which evolved in four clinical stages, leads to a
myriad of typical signs, including overall growth retardation, loss of
speech and motor functions, such as loss of hand skills and development
of stereotypical hand movements. In addition, affected patients typi-
cally show social interaction deficits as well as autism-like traits;
besides, some features such as microcephaly, breathing irregularities
and apneas, heart problems, gastrointestinal abnormalities, seizures,

usually of the paternal origin [3,4]. Due on the type, location and
severity of the genetic mutations and balance of X-inactivation, RTT
shows a wide range of phenotypic outcomes, ranging from mild to
extremely severe clinical presentations [5,6]. Loss-of-function muta-
tions in MECP2 are also responsible for several other conditions,
included in the MECP2 Spectrum Disorders, such as severe neonatal
encephalopathy, bipolar disorder, schizophrenia, Angelman-like syn-
drome, mental retardation, and autism [7-9]. According to the new
revised criteria [10], patients with nonclassic phenotypes are consid-
ered to have “variant” or “atypical” forms of RTT, including: “Preserved
Speech Variant” (PSV), also caused by MECP2 mutation and character-
ized by milder clinical abnormalities and by the appearance of some
degree of speech [11]; “Early Seizure Variant” and “Congenital
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Variant”, known to be caused by mutations in other loci, i.e. CDKL5 and
FOXG1, and characterized by unique features, as early infantile seizures
and congenital onset [12,13]. Among RTT atypical forms, for their
specific gene mutations and peculiar clinical features, the two variants
CDKL5 and FOXGI1 are hence considered as distinct clinical and
molecular entities [14].

The epigenetic factor MeCP2 binds to methylated cytosines in target
gene promoters and, interacting with other co-factors, is involved in the
regulation of their transcription as both repressor or activator [15-17].
More recent evidence shows that MeCP2 can also influence alternative
splicing of downstream gene products, expression of various micro-
RNAs and long non-coding RNAs as well as act like a chromatin-
remodeling protein, triggering the chromatin compaction at methylated
DNA sites with consequent regulation of the transcription of adjacent
genes [18]. Although the protein is ubiquitously transcribed among
various tissues, its levels appear higher in the brain, in particular in
neurons, where it plays an essential role not only in neuronal matura-
tion, dendritic arborization and synaptogenesis, but also in maintaining
mature neuronal networks and electrophysiological responses through-
out life [19-22].

In addition, recent studies have also reported the presence of MeCP2
in all glial cell types including astrocytes, oligodendrocyte progenitor
cells and oligodendrocytes [23-27] and, to date, it is well clear that
MeCP2 deficiency in both neurons and glia can have a profound impact
on brain function and contribute to manifestation of specific RTT
symptoms [21,28], while the restoration of Mecp2 in astrocytes can
improve some of these manifestations including locomotion defects,
anxiety levels, and respiratory abnormalities, greatly prolonging life-
span in Mecp2-deficient mouse models [25,26,29,30].

The wide variety of MeCP2 functions clearly points out how
complex can be the range of possible mechanisms leading from the
gene mutations to the RTT phenotypes. In light of the recent insights, a
new scenario is emerging in which neurons start and direct the
pathology in connection with the dysfunction of other cell types and
peripheral tissues which, exacerbating some symptoms, can contribute
to further amplify neurologic problems, ultimately, accomplishing a
positive feedback loop. However, while the structure, functions, inter-
actions and expression of MeCP2 have been widely explored and a
number of their aspects has been revealed, much about this protein
with pleiotropic actions remains yet to be discovered.

1.2. Evidences of redox imbalance in RTT

Compelling evidences point out the possible role of oxidative stress
(OxS) as a player in the pathogenic mechanisms of RTT [31-33]. Based
on a number of reports, the redox imbalance is a peculiar condition that
occurs in both RTT patients and RTT animal models [34,35]. A close
relationship between the different clinical stages/phenotypes of the
syndrome and the OxS levels has been well recognized in RTT patients
[36-39]. In RTT mice, the increased brain oxidative damage appears as
an event that precedes the onset of the hallmark features of the disease,
suggesting that Mecp2 protein deficiency and aberrant redox home-
ostasis could be inextricably linked to each other [35].

Disturbances of the normal redox status in RTT can arise from either
oxidants overproduction and impaired antioxidant defense system.
While the precise cascade of the molecular events linking the MECP2
mutation to the oxidative imbalance remain yet little decipherable, now
there are increasing evidences that mitochondrion can represent the
initial source of oxidants production in RTT, as consequence of its
dysfunction [32,40-43]. In addition to mitochondria, also NADPH
oxidase (NOX) activation appears as a source of endogenous OxS, able
to play a possible role in RTT patients oxidative damage (Fig. 1) [44].

A wide number of studies, both in cellular and tissue samples from
murine models and patients, clearly demonstrated the mitochondrial
dysfunction in RTT. Since the late 80's and also more recently, several
reports showed the presence of mitochondrial ultrastructural abnorm-

Free Radical Biology and Medicine (xxxx) XXXX—-XXXX

Mitochondria

Impaired
NOX dysfunction antioxidant
activation enzyme
activities
gsecreased Ingpaired
H, Vit. E, proteasome
Vit. C, etc Rett Syndrome activities
A\
® 'y
Qs
Lipid peroxidation
4HNE-PA IsoPs
SRB1 loss &
altered serum
lipid profile
Bactin deficit, Increased
cytoskeleton Increased brain
impairment plasma IsoPs

4HNE-PA

Fig. 1. Redox imbalance as a contributing factor to the pathomechanisms of Rett
syndrome. Disturbances of the redox homeostasis in RTT arise from either oxidants
overproduction and impaired antioxidant defence system. A wide number of studies, both
in cells and tissues from patients and mouse models, clearly demonstrated, among others,
mitochondrial dysfunction, NADPH oxidase (NOX) activation, low levels of GSH and
other antioxidants, impaired antioxidant enzyme activities, and reduced proteasome
activities. Overall, these defective molecular processes are able to cause OxS, leading to
oxidative damage including increased plasma and cell levels of 4HNE-PA, loss of HDL
receptor SRB1 and altered serum lipid profile, impairment of cytoskeleton proteins,
increased IsoPs and nitrotyrosine protein adducts levels.

alities in biopsies of brain, liver, muscle and skin as well as in peripheral
blood mononuclear cells (PBMC) from subjects affected by RTT. The
mitochondrial morphological changes consisted in swollen organelles
with vacuolization, granular inclusions and membranous changes [45—
56]. Ultrastructural analyses of brain, muscle and microglia isolated
from Mecp2-null mice identified widespread abnormal “dissolving”
features of mitochondria; in particular, most mitochondria were
enlarged, dysmorphic and had electron-lucent central matrices and
non-parallel, disorganized cristae, confirming the results obtained in
human studies [57-59].

In parallel to structure abnormalities, alterations in the activity of
mitochondrial respiratory chain complexes associated to impaired
energy metabolism have been also detected in both RTT patients and
animal models [44,52,59-68].

In addition, recent studies on gene expression profile revealed
abnormalities in several genes related to mitochondrial function and/
or structure in frontal cortex and PBMC from RTT patients [56,69].
Using a Mecp2-null mouse model, Kriaucionis et al. [62] demonstrated
the overexpression of gene for ubiquinol-cytochrome c reductase core
protein 1 (Ugqcrcl), which encodes for a subunit of mitochondrial
respiratory complex III, with an increase in complex III activity and a
decrease in that of complex IV. Another gene for a component of
complex IV, cytochrome c oxidase subunit 1 (COI), was also down-
regulated in the frontal cortex of RTT patients [64] and in the skeletal
muscle of the symptomatic Mecpzy/ ~ mice [66]. In addition, a
microarray study on PBMC from RTT patients reported an up-regulation
of several mitochondria-related genes. Specifically, the most signifi-
cantly regulated transcripts included those encoding for several sub-
units of mitochondrial respiratory chain complexes and thus linked
directly to mitochondrial ATP production and, indirectly, to potential
oxidant generation [69]. Overall, these elements are in fully agreement
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with the other findings demonstrating altered bioenergetics profiles and
enhanced mitochondrial superoxide production in RTT fibroblasts [44].
Thus, the overexpression of mitochondrial genes could mean the
tendency of cells to cope with the suppressed bioenergetics, where
both mitochondrial respiration and glycolysis are decreased at basal
condition and, when stimulated, exhibit a reduced response [44].

The expression of transcription factors related to mitochondrial
biogenesis is also affected in RTT fibroblasts isolated from patients skin
biopsies, in particular with a downregulated protein expression for
PGC-1a (peroxisome proliferator-activated receptor gamma coactivator
1-alpha) and its downstream target gene, NRF1 (nuclear respiratory
factor 1). In contrast, the mitochondrial transcription factor Tfam,
whose expression is in turn primed by NRF1, is found to be up-regulated
in RTT [44]. In agreement with these findings, gene and protein levels
of PGC-la are significantly decreased in the skeletal muscle of
symptomatic Mecp2-null mice [66].

The redox dysregulation in RTT can be also a consequence of
reduced antioxidant capacities. First evidences date back to the late
80's, when a post-mortem study showed abnormal low levels of ascorbic
acid and reduced glutathione (GSH) in different brain regions of a RTT
patient [70]. Formichi et al. [71] demonstrated that, compared with
controls, some children with RTT had significantly lower tocopherol
serum levels. Deficit in GSH metabolism has also been reported in
human RTT skin fibroblasts [72], while a slight increase of GSH was
noticed in erythrocytes from RTT patients [73]. In RTT mouse models, a
decreased GSH/GSSG ratio was observed in the brain of Mecp2-null
mice [74] and reduced GSH levels were found in skeletal muscles of
symptomatic, but not pre-symptomatic, mice, suggesting that this event
coincides with disease progression [66].

In a work published at the beginning of two thousand, no significant
differences in the activity of glutathione peroxidase (GPx), glutathione
reductase (GR) and catalase (CAT) were observed in RTT erythrocytes,
whereas the activity of superoxide dismutase (SOD) was significantly
reduced [75]. In a more recent study, instead, enzymatic activities of
SOD and CAT did not showed significant changes in RTT erythrocytes
with respect to controls [76]; while in a different cell type, i.e. dermal
primary fibroblasts, a decreased activity of GPx, SOD and thioredoxin
reductases (TrxR) has been reported [44]. SOD1 enzymatic activity was
also reduced in hippocampal samples from Mecp2-null mice [65].
Similar, overexpression of SOD1, CAT, peroxiredoxin (PRDX1) and
other antioxidant genes such as glutathione S-transferase omega 1,
microsomal glutathione S-transferase 2, and microsomal glutathione S-
transferase 3 was evident in PBMC from RTT patients [69].
Furthermore, the transcriptional expression levels of key genes involved
in detoxification of lipid peroxidation byproducts, such as alcohol
dehydrogenase 5, aldo-keto reductase family 1 member Al and
aldehyde dehydrogenase 1 family member Al was also up-regulated,
implicating a probable compensatory mechanism to cope the increased
lipid peroxidation in RTT [69]. Likewise, using four independent cDNA
microarray technologies, Colantuoni and colleagues identified the
overexpression of transcripts for CAT and glutathione S-transferase in
human RTT brain [77]. Moreover, the gene expression of metallothio-
neins, low weight proteins involved in several key cellular processes
such as metal ions homeostasis, detoxification and scavenging of free
radicals, showed in human RTT leukocytes a dysregulated pattern of
expression that correlated with the phenotype severity of the disease; in
particular, the mRNA level of metallothionein-1A was about 14 fold
higher in RTT than in the control group [76].

1.3. Lipid peroxidation in RTT

Overall evidence from the previously mentioned studies indicates
the existence of defective molecular processes able to cause OxS,
leading to oxidative damage in RTT cells and tissues. Under redox
imbalance, polyunsaturated fatty acids (PUFAs), abundant in biological
membranes of cells and organelles, represent the primary target for
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reactive oxygen species (ROS) attack, which lead to the formation of
several lipid peroxidation byproducts among others a,B-unsaturated
aldehydes such as 4-hydroxynonenal (4HNE), and prostaglandin-like
end-products termed isoprostanes (IsoPs) [78-81]. These secondary
byproducts are highly reactive, but also relatively stable, therefore they
are able to diffuse from the site of production to distant tissues, where
they can amplify and propagate the initial injury through sequential
stages of reversible and/or irreversible oxidative modifications [82].
Based on their concentration, lipid peroxidation byproducts cause
protein and DNA damage, enzymatic inactivation, alterations of
membrane function, cell signaling impairment, and toxic effects on
physiological processes that can lead to cell death [83-85].

A strong link between lipid peroxidation and several pathologies as
neurodegenerative disorders, inflammation, cardiovascular diseases,
autoimmune diseases, cancer, diabetes and aging has been revealed
by elevated levels of lipid peroxidation markers [86]. Due to their
features, these compounds should not be considered mere pathological
biomarkers, but rather as mediators of disease [87,88]. Multiple studies
published in last fifteen years clearly corroborate the idea of lipid
peroxidation involvement in RTT, suggesting a possible role of products
such as 4HNE and IsoPs in the pathogenic mechanisms of this
neurodevelopmental disorder [89].

1.4. 4-hydroxynonenal in RTT

4HNE derives from the oxidation of omega-6 PUFAs, such as
arachidonic (AA), linoleic and linolenic acids [84,85]. The ability to
participate in electrophilic reactions such as Michael addition as well as
Schiff base formation, is responsible for most biological and pathophy-
siological functions of 4HNE. In a normal physiological status, low
concentrations of this aldehyde are present in almost all cells and body
fluids, where 4HNE plays a part, as a multifaceted mediator, in several
signaling pathways and cell processes [86,90]. While under redox
imbalance, when its levels markedly increase, 4HNE can react in an
indiscriminate manner with several targeted macromolecules such as
proteins, principally those containing histidine, cysteine and lysine
residues, lipids, which contains an amino group, and with nucleic acids,
mostly with the guanosine moiety of DNA, causing cellular dysfunction
and tissue damage [90,91]. In particular, the interactions with proteins,
defined 4HNE-protein adducts (4HNE-PA), can irreversibly impair their
structure and consequently their function and appear involved in a
large number of diseases including Alzheimer, Parkinson, Huntington
and amyotrophic lateral sclerosis [92], Down syndrome [93], liver
diseases [94], cancers [95], chronic obstructive pulmonary disease
[96], and cardiovascular diseases [97,98], autoimmune diseases [99],
etc.

Since RTT is a neurological disease caused by dysfunction of MeCP2
protein, mainly abundant in brain, it is possible that lipid peroxidation
byproducts can play a major role also in its pathogenesis and progres-
sion, especially in the critical period of human brain development
[32,33]. In line with the hypothesis of the lipid peroxidation involve-
ment in neurodevelopment, recent works from our and other groups
showed the presence of increased 4HNE-PA levels in plasma and
erythrocytes membrane of children affected by autism [100,101] as
well as in brain of rats exhibiting autism-like behaviors caused by
prenatal valproic acid exposure [102]. Of note autism is another
neurodevelopmental disorder that shares some clinical aspects with
RTT [103].

One of the first study able to demonstrate a possible involvement of
lipid peroxidation in RTT dates back to 2001, when Sierra and
collaborators found in RTT patients a significant increase of plasma
MDA concentrations [75]. The authors speculated that high levels of
this lipid peroxidation end-product reveal a peroxidative damage of
bio-membranes that may contribute to progressive dementia, impaired
motor function, behavioral changes, and seizures, typical features of
RTT [104].
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In the successive years, our works clearly confirmed the lipoperox-
idative hypothesis of RTT, supporting the evidence, not only of an
oxidative damage of bio-membranes lipids with 4HNE and IsoPs
production, but also demonstrating the occurrence of a coexisting
protein injury due to the formation of 4HNE-PA in several samples
from RTT animal models and patients [35,36,44,72,73,105-108]. In
addition, the detection of 4HNE-modified proteins in RTT samples,
besides being a further parameter for the demonstration of in vivo lipid
peroxidation, has provided an additional tool for discriminating what
physiological processes can be altered in the disorder.

As index of a condition of systemic redox imbalance implicating
lipid peroxidation events in various organs and/or tissues, high 4HNE-
PA levels were detected in plasma of subjects affected by typical RTT;
4HNE-PA directly correlated to both, the clinical course and to the
phenotypic severity of the syndrome [36]. In the typical RTT (MECP2
mutation) the level of modified proteins by 4HNE varied progressively
during the natural course of syndrome. No differences were observed in
the stage I’ in comparison to the healthy controls, while significantly
higher levels of the aldehyde-modified proteins were found in children
in stages III’ and IV°, although the most prominent increase occurred
between the first and second stage of disease (Fig. 2) [36].

RTT is a particularly challenging condition relatively to the severity
of motor and cognitive impairment, which characterizes the last stages
of the disease [2]. The increase of plasma 4HNE-PA levels with the
deterioration of RTT clinical picture in the stages III° and IV® could
depend from the imbalance between the protein oxidation process and
the degradation of oxidized proteins. Maintaining of the physiological
equilibrium is the result of various factors: from one side, the ROS
production and the antioxidant abilities, and on the other, the levels
and activity of the systems for removal of oxidatively damaged
proteins. As mentioned in previously paragraphs, several aspects can
make RTT more susceptible to redox imbalance which, in turn, can
justify for a marked acceleration in the accumulation of oxidatively
damaged proteins, for example, NOX activation, mitochondrial dys-
function and impairment of antioxidant enzyme activities [44] . It is
also well known a progressive accumulation of oxidatively modified
proteins with age as a consequence of their increased resistance to
degradation or altered cell protein quality control system [109,110].
Furthermore, proteins modified by 4HNE are not only resistant to
proteolysis, but can also inhibit the proteasome activity, hindering the
degradation of the oxidized forms of other proteins [111,112]. Of note,
recent evidence from our studies clearly shown that in primary
fibroblasts from RTT patients the activity of the proteasome machinery
is impaired [44]. Therefore, it is possible to hypothesize that the
presence of plasma 4HNE-PA accumulation in the last stages of disease
can mirror what occurs in aging and several age-related diseases

Plasma 4HNE-PA levels
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Fig. 2. Plasma 4HNE-PA levels directly correlate to the clinical course of Rett
syndrome. Levels of plasma 4HNE-PA vary progressively during the natural course of
syndrome. No differences are observed in the stage I° in comparison to the healthy
controls, while significantly higher levels of 4HNE-PA are found in children in stages III°
and IV°.
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[109,110].

Typical RTT was also characterized by a marked increase in levels of
IsoPs deriving from the nonenzymatic oxidation of AA, docosahexae-
noic acid (DHA) and adrenic acid (AdA) during every clinical stages of
the disease. As marker of AA oxidation and thus to be considered an
index of generalized lipid peroxidation [113], plasma F»-IsoPs were
always above the physiological range [34], showing significantly higher
levels mostly in the early phases of the natural progression of classic
RTT rather than in the last stages (III° and IV°) [38]. Of note, extremely
high levels of F,-dihomo-isoprostanes (Fo-dihomo-IsoPs) were observed
in plasma from RTT patients in the stage I° [114], which is character-
ized by a dramatic neurological regression [2]. These IsoPs are the
prominent oxidation byproduct of AdA [113], a specific component of
myelin, therefore their presence at the earliest stage of disease seems to
support the concept that brain white matter damage and the clinical
onset of neuroregression occur at the same time in RTT. In addition,
during the RTT progression, a dramatic decrease in plasma F»-dihomo-
IsoPs was observed, although levels did not reached the normality
range, thus strongly indicating that a damage of brain white matter
must be present throughout all the natural history of the disease [114].

F4-neuroprostanes (F4-NeuroPs), appear as another useful tool to
evaluate a possible brain oxidative injury, given their origin from the
free radical catalyzed peroxidation of DHA, an essential constituent of
nervous tissue, highly enriched in neurons [113]. In typical RTT,
plasma F4-NeuroPs levels were significantly higher than in controls
during the natural history of the disease, without statistically significant
differences between individual stages, that may signify that oxidative
brain damage occurs during all the stages of RTT progression [37].

Significant differences are observed in plasma 4HNE-PA levels
between groups of patients with different clinical presentation of the
syndrome, suggesting that the multiplicity of genotypic and phenotypic
aspects of RTT are reflected in the extent of OxS levels. Among the
MECP2-related variants, PSV is a mild form characterized by a
relatively benign course and, although those patients share a number
of symptoms common to classic RTT, these girls show better manual
and language abilities [11]. In accordance to their clinical phenotype,
plasma 4HNE-PA levels appeared slightly lower in PSV compared to
classic phenotype [36]. In line with this trend, an exome sequencing
study on two pairs of sisters with identical MECP2 mutation, but
different phenotype (typical vs PSV), revealed the occurrence of lower
redox imbalance in the PSV form. Indeed, each PSV sister was more
similar to control for the levels of various lipid peroxidation biomarkers
levels such as F,-IsoPs (which denote a systemic oxidative lipid
damage), F4-NeuroPs and F»-dihomo-IsoPs (that instead are indicators
of specific grey and white matter injury, respectively) [39]. In
accordance with this evidence, variants predicted to impair protein
function in several genes involved in OxS were also identified in
classical RTT subjects, including GFPT2 (glutamine: fructose-6-phos-
phate amidotransferase), which exerts a protective effect against
hydrogen peroxide toxicity in neuronal cells; AOX1 (aldehyde oxidase),
that catalyzes the formation of superoxide and ASMT (acetylserotonin
methyltransferase-like), involved in the synthesis of melatonin. On the
other hand, a subgroup of variants related to interleukin and chemokine
receptors and thus to the modulation of immune system were exclusive
to the PSV patients, which in contrast exhibited only a few variants in
genes related to OxS, among which ASL (argininosuccinate lyase),
CPOX (coproporphyrinogen oxidase), and GLDC (glycine decarboxy-
lase). This study of familial cases reveals how the expression of a
discordant phenotype in RTT patients is likely the result of a combina-
tion of mutations in MECP2, X inactivation status, and disrupting
variants in other genes [39].

In general, most patients with the CDKL5 disorder shows impaired
functional abilities, and more severe clinical characteristics that in
MECP2 subjects. In line with this statement, a trend in rising plasma
4HNE-PA levels was appreciable in CDKL5 patients compared to classic
RTT. On the other hand, no differences were detected in FOXG1 4HNE-
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PA plasma levels [36]. Although, at present, the possible cause for the
observed difference in FOXG1 behavior is not understood, it should be
mentioned that, while a possible OxS involvement in the CDKL5
disorder has been recurrently recognized [107,115], at present no
study has documented such evidence in FOXG1. A part of these distinct
4HNE-PA phenotypes could be partially ascribed to the different
chromosome location and function of the FOXGI. Indeed, both
MECP2 and CDKL5 genes are located on the X chromosome, while
FOXG1 on chromosome 14 [13]. In addition, CDKL5 protein belongs to
the same molecular pathway of MeCP2, given that it is a kinase able to
phosphorylate itself and to mediate MeCP2 phosphorylation [116];
CDKL5 has been also reported to be a MeCP2-repressed target gene
[117]. Thus, these close biochemical relationships could partially
justify the overlapping aspect in the 4HNE-PA levels between MECP2
and CDKL5 and their difference respect to FOXG1 disorder.

The 4HNE-PA plasma levels findings in RTT partly overlap with
those for IsoPs. In general, F»-IsoPs plasma levels were higher in CDKL5
patients than in PSV and FOXG1, but similar to classic RTT subjects
[38]. Plasma levels of F4-NeuroPs in PSV and CDKL5 patients were
intermediate between the values of typical RTT and controls [37]. No
statistical differences were observed in plasma levels of F,-dihomo-
IsoPs in PSV patients compared to healthy control, while CDKL5
patients showed plasma levels of Fo-dihomo-IsoPs comparable to those
detected in the late stages of typical RTT (clinical stages II° to IV° of the
disease) [114]. Taken together, these findings denote that lipid
peroxidation is consistently increased in classic MECP2 and CDKL5
disorders, whereas it appears to be less evident in the PSV and FOXG1
patients.

Interestingly, in patients with typical RTT Fa-IsoPs as well as Fy-
NeuroPs levels were correlated to mutation type and clinical severity of
the syndrome. In general, MECP2 mutations located in critical regions
that carry higher phenotype severity usually showed a more pro-
nounced OxS imbalance; this particular genotype-phenotype correla-
tion suggests that the degree of MeCP2 protein dysfunction can be
directly linked to the OxS-mediated systemic and neuronal damage
[38,114].

Previous reports demonstrated the evidence of systemic and,
potentially, brain lipoperoxidative damage in RTT patients, as indicated
by increased plasma levels of 4HNE-PA and IsoPs [36-38,114]. Beyond
to generate a number of reactive byproducts, lipid peroxidation causes
serious damages to cell membranes, changing not only membrane
fluidity but also reducing the activities of membrane-bound enzymes,
ion channels, and receptors. In addition, the same lipid peroxidation
end-products can directly attack membrane proteins and induce lipid-
protein and protein-protein crosslinking, all of which contribute further
to propagate the membrane damage.

One of the first cells to be affected by systemic lipid peroxidation is
the "red blood cell" (RBC). Indeed, erythrocytes, the most abundant
cells in the human organism, are directly exposed to the biochemical
milieu of plasma. In addition, the exposure to high concentrations of
oxygen and haemoglobin, the absence of organelles including nucleus
and mitochondria, incapacity to synthesize new proteins and detoxify-
ing enzymes, make RBC extremely sensitive to oxidative damage with
erythrocyte membrane particularly prone to undergo lipid peroxidation
under OxS condition [118,120,1119].

This notion is in line with recent findings which showed a
significant increase of MDA in RTT patients erythrocytes [76].
Furthermore, the occurrence of lipid peroxidation events was also
confirmed from our group through the detection of increased levels of
esterified Fo-IsoPs and 4HNE-PA in erythrocyte membranes from RTT
patients [73]. Interestingly, the membrane oxidative damage resulted
strictly associated to higher percentage of abnormally shaped erythro-
cytes, mainly leptocytes. Of note, antioxidant substances such as w-3
PUFA, by inducing a decrease in these membrane lipid peroxidation
byproducts, were partially able to rescue the altered RBC shape by
increasing the percentage of the atypical forms reversible to discocytes,
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i.e. stomatocytes, confirming the concept that oxidative alteration of
membrane lipids can have profound effects on RBC morphology and
other cell properties [73].

Lipid peroxidation process appears to be involved in the abnormal
RBC shape in RTT also through the harmful modulation of their
cytoskeleton. In fact, a proteomic study revealed [-actin deficit
consequent to oxidative post-translational modifications (PTMs) via
4HNE in the inner interface of the RTT erythrocyte membranes [96].
Since it is well known that B-actin is an essential protein in the RBC
cytoskeleton, its expression changes as a consequence of oxidative
damage could contribute to the RBC abnormal shape, previously
mentioned in RTT. In addition, oxidative PTMs by 4HNE were also
noticed in other erythrocyte proteins (i.e. spectrin a and P chains,
ankyrin, band 3, protein 4.1, adducin, protein 4.2, 55 kDa protein,
tropomodulin, aldolase and glyceraldehyde-3-phosphate dehydrogen-
ase), many of which are related to an increased susceptibility of
erythrocytes to mechanical stress [121]. As previously reported for
the RBC shape and oxidative membrane damage [73], the disruption of
the RTT erythrocyte cytoskeletal-membrane protein network was
partially rescued by w-3 PUFA supplementation [121].

A further confirm of the role for 4HNE-PA in cell redox dysregula-
tion is emerged in studies conducted on primary fibroblasts isolated
from RTT patient skin biopsies [44,72,105,107,108]. Besides support-
ing the presence of high 4HNE-PA levels in RTT fibroblasts, the first of
the these studies showed also the loss of the HDL receptor, “scavenger
receptor B1” (SRB1), as a consequence of PTMs related to the covalent
binding with 4HNE and to the subsequent ubiquitination, which leaded
to receptor degradation via the proteasome system [105]. Since SRB1
mediates the selective uptake of cholesteryl esters from HDL as well as
LDL in the liver and other tissues [122], its dysfunction could explain
the coexistence of an altered lipid profile characterized by high levels of
HDL and LDL in the plasma of RTT patients, which cannot be associated
to an unhealthy diet [105]. The alteration in plasma lipid profile linked
to the 4HNE-SRB1 adducts formation in RTT is a classic example of the
4HNE ability to affect cell signaling pathways and metabolic processes,
leading to the onset of pathological conditions. Moreover, this finding is
in accordance with recent papers, which revealed the cholesterol
homeostasis perturbation in RTT with changes in the activity/expres-
sion of genes and proteins involved in the cellular uptake, synthesis and
feedback regulation of circulating cholesterol [123-128]. In light of the
above, it appears obvious that lipid metabolism assumes the role of a
strong potential therapeutic target for treating specific clinical features
of this disorder.

Interestingly, the altered serum lipid profile associated with an
oxidative-mediated loss of SRB1, due to the 4HNE adduction and
ubiquitination, previously noticed in MECP2 patients is also present
in CDKL5, as demonstrated in a study on primary skin fibroblasts from
affected patients [107]. This condition parallels whit an aberrant
activation of Nrf2, a redox-sensitive transcription factor able to regulate
the expression of many “antioxidant” genes and other cytoprotective
phase II detoxifying enzymes [129]. The decreased nuclear Nrf2
translocation in CDKL5 cells, once challenged with oxidative insults,
indicates the inability of these cells to induce a proper defensive
response which can partly justify the observed redox imbalance and
the increased SRB1/4HNE and SRB1/nitrotyrosine adducts levels.
Finally, this work also suggests that the altered lipid serum profile
can represent a new possible common denominator between two
different RTT variants, MECP2 and CDKL5, which already share, not
only some clinical features, but also other cellular and molecular
aspects [107].

In line with the previous report on MECP2-related disorder, high
levels of 4HNE-PA are detected in another study still in primary RTT
fibroblasts, indicating that a systemic OxS status could originate from
dysfunctional tissue/cell systems and/or potentially damage them [72].
Increased lipid oxidative damage was evidenced by increased levels of
F-IsoPs, F4-NeuroPs and 4HNE-PA, which can be considered as a long-
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term consequence of enhanced lipid peroxidation. Redox imbalance
seems also to contribute to changes in some physiological aspects of
RTT cells, such as the morphology and collagen distribution. Indeed,
RTT fibroblasts show a reduced degree of colocalization of type III and
type I collagen, with low levels of type I collagen, a typical feature of
skin aging. Transmission electron microscopy (TEM) analysis was able
to detect some ultrastructural abnormalities in RTT fibroblasts, among
which a marked dilation of the rough endoplasmic reticulum cisternae,
along with evidence of cytoplasmic multilamellar bodies [72]. On the
other hand, the presence of vesicles, multilamellar structures, and
multivesicular bodies are also observed in the cytoplasm of PBMC
isolated from classic RTT patients [56]. This morphological aspect has
to be considered of particular concern, as it may suggest the abnormal
occurrence of autophagy phenomena. Evidence of “mammalian target
of rapamycin” (mTOR) pathway dysfunction in RTT has been reported
[130]; mTOR is a critical regulator of a diverse array of cellular
processes, such as cell growth, proliferation and also autophagy, with
activated mTOR (Akt and MAPK signaling) suppressing autophagic
process. In contrast, mTOR signaling pathway and protein synthesis
were down-regulated in RTT mouse models [131-133], suggesting the
possibility of hyperactivated autophagy in RTT, which however needs
to be investigated in more detail.

Further supports on the role of lipid peroxidation in RTT pathogen-
esis come from the work of Cervellati and colleagues [44], who recently
reported a significant increase of 4HNE-PA associated with high
intracellular levels of hydrogen peroxide in fibroblasts isolated from
MECP2 patients. This finding is correlated with the mitochondrial
dysfunction, i.e. increased mitochondrial oxidant production and
altered mitochondrial biogenesis, and constitutive activation of NOX.
In addition, the activity of several enzymes involved in protecting the
cell from OxS, such as SOD, GPx and TrxR were decreased respect to
control. It is possible to deduce that superoxide, produced by mito-
chondria and NOX, rapidly dismutate to form hydrogen peroxide and
molecular oxygen. In presence of a reduced antioxidant enzymes
activity, hydrogen peroxide can trigger lipid peroxidation through the
iron-catalyzed Fenton reaction, as confirmed by the elevated 4HNE-PA
found in the RTT fibroblasts. In addition, these data concurred with a
constitutive activation of Nrf2 and an enhanced gene expression of
Heme oxygenase-1 (HO-1) and NAD(P)H dehydrogenase quinone 1
(NQO-1) [134]. Of note, when RTT fibroblasts were stimulated via
exogenous oxidants, they did not responded as the control cells,
showing a less pronounced nuclear translocation of Nrf2 [134].
Besides these alterations, it is possible to speculate that also the
decreased enzymatic activities of proteasome (i.e. caspase-, chymo-
trypsin- and trypsin-like activities), revealed in RTT cells, can con-
tribute to the pool of 4HNE-modified proteins [44]. Furthermore, the
impaired protein clearance through the ubiquitin-proteasome system
dysfunction seems correlate with a recent microarray analysis on RTT
PBMC, where it was noticed an up-regulation of several genes related to
protein degradation and ubiquitination, which it should be interpreted
as a possible transcriptional compensation activated by a positive
feedback loop [69].

Accumulation of oxidized proteins can cause abnormal physiologi-
cal cell functions and it is well known to play a key role in the
pathophysiology of disorders associated with OxS, particularly in
neuropathologies. Probably, 4HNE-mediated PTMs could be critically
involved also in pathogenesis and progression of MECP2- and CDKL5-
related disorders, as demonstrated by SRB1 loss due to 4HNE adducts
formation and subsequent ubiquitination, which then lead to its
degradation via the proteasomal machinery. This sequence of events,
triggered by 4HNE adduction, might be the culprit of several clinical
feature of these syndromes, not only the altered serum lipid profile
[105,107,127], but also the frequent respiratory and urinary infections
[135] or the lower serum vitamin E levels [71], since it is also well-
known the SRB1 function in pathogens recognition and a-tocopherol
tissue uptake [122]. Similarly, the B-actin deficit in RTT erythrocytes
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represents another example of 4HNE-mediated redox regulation of
cytoskeletal proteins in RTT [106,121], which can have detrimental
consequences on various cellular aspects, such as morphology, vesicle
trafficking, intracellular organization, cell contraction and motility.

Therefore, the identification of other 4HNE-modified proteins may
allow to better understand the molecular pathways affected in RTT by
an exacerbated lipid peroxidation. As a “logical” prosecution of
previous investigations in which the presence of OxS has been analyzed
and documented, the work of Pecorelli and collaborates [108] shifts the
attention from the causative mechanisms [44] to the biological
consequences of OxS, focusing on the identification of the proteins
targeted by oxidative modifications by either 4HNE and, in addition,
peroxynitrite in RTT cells. Using a redox proteomic approach, fifteen
different proteins were identified as target for 4HNE adduction in
primary RTT fibroblasts [108]. Moreover, another common and
abundant type of oxidative modification to proteins is the 3-nitrotyr-
osine (3NT) formation, a marker derived from the biochemical inter-
action of nitric oxide (NO) or NO-derived secondary products with ROS;
in this same study seven proteins show a significant increase in 3NT
modifications. The oxidatively modified proteins are involved in
different cell processes such as cytoskeleton structure and organization,
protein folding and energy metabolism, all biological functions which
seem to be perturbed in RTT patients, as previously mentioned (Fig. 3)
[108].

Most neurodegenerative diseases as well as several syndromes
associated with mental retardation are characterized by defects in the
cytoskeletal architecture that, in neurons, is crucial for shape, traffick-
ing and dendritic developmental processes [136]. Furthermore, it has
been recently demonstrated the presence of several cytoskeletal pro-
teins modified by 4HNE in brain of subjects affected by pathologies
such as Down syndrome and Alzheimer [137-139]. Structural and
functional alterations in the microfilaments, microtubules and neuro-
filaments, potentially leading to abnormal dendritic spine morphology
with reduced dendritic arborization, appear to be central in RTT
pathogenesis, being also causally linked to MeCP2 deficiency
[140,141]. In particular, recent studies reported the alteration of
microtubule dynamics and vesicular transport in mouse and human
MeCP2-deficient astrocytes and fibroblasts [142-144]; moreover,
MeCP2 localizes in the centrosomes of both dividing and non-prolifer-
ating cells, and MeCP2 deficit causes several alterations linked to
centrosome dysfunction, such as a prolonged mitosis, abnormal cell
cycle and/or mitotic spindle geometry, and defects in microtubule
nucleation [145].

Through the redox proteomics analysis, our group was able to
identify increased levels of 4HNE and/or 3NT modifications in RTT
proteins involved in cytoskeletal network such as the major constituent
of microtubules p-tubulin (TBB1) and B-actin (ACTB). Furthermore,
two proteins implicated in the stabilization of actins filaments in non-
muscle cells, i.e. the tropomyosin isoforms TPM1 and TPM2, have also
reported to present redox PTMs [108]. In particular, the data regarding
to B-actin PTMs fully agrees with the previous report on the increased
4HNE adducts with B-actin present in the RTT erythrocytes [106].
Finally, cytoskeleton impairment might also derive by the damaged
functions of other two oxidatively modified proteins, such as the

Cyloskeletal nefwork
Btubuln & B-actin

rropomyosin isoforms
PDLIM1 & TCPZ

S

Nuclear Stability

Fig. 3. Specific protein targets for 4-HNE adduction in primary RTT fibroblasts. The
oxidatively modified proteins by 4HNE are involved in cell processes such as cytoskeleton
structure and organization, protein folding and energy metabolism, all biological
functions that are altered in RTT patients.
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multirole adapter PDLIM1 (PDZ and LIM domain protein 1) and TCPZ
(T-complex protein 1 subunit zeta), a molecular chaperone assisting the
folding of both actin and tubulin [108]. The most significant finding of
this proteomics study highlights that, if similar oxidative PTMs via
4HNE and/or NT occur also in cytoskeleton of neurons in the brain,
they could contribute to the characteristic RTT defects of spine
morphology and dendritic arborization.

In accordance with recent evidences of a severe impairment of
proteasome activity and upregulation of protein ubiquitination
[44,105], also the downstream processes, such as recognition and
recruitment of proteins with abnormal conformation appeared to be
compromised in RTT fibroblasts. Indeed, two members of the heat
shock proteins family, HSC70 and GRP78, showed 4HNE or NT
modifications, respectively [108]. While GRP78, expressed in response
to endoplasmatic reticulum (ER) stress, is primarily involved in the
targeting and trafficking of misfolded proteins for ER-associated
degradation, HSC70 is a constitutively expressed cytoplasmic chaper-
one that plays a large variety of cellular functions under non-stress
conditions. Major cellular functions of HSC70 are its involvement in
protein folding, protein degradation, notably its implication in the
ubiquitin-proteasome pathway, and in addition in the translocation of
proteins into organelles such as ER and mitochondria. Because its
involvement as key component of chaperone-mediated autophagy
[146], 4HNE-mediated modifications of HSC70 could also contribute
to autophagy impairment in RTT.

Several disorders affecting energy metabolism have been documen-
ted in RTT, including defects in mitochondrial respiration and glyco-
lysis [44]; in particular, the last aspect agrees with the evidence of
increased 4HNE-mediated PTMs in a-enolase, a multifunctional glyco-
lytic enzyme involved in cellular stress [108].

1.5. Lipid peroxidation and RTT mouse models

In the past years, several RTT animal models have been generated to
recapitulating many symptoms of the human phenotype, allowing also
the investigation of the underlying pathogenic mechanisms [147]. To
prove that the occurrence of OxS is a typical hallmark of RTT, recent
studies have focused attention on the evaluation of the redox status and
its possible modulation by antioxidants in some experimental models of
syndrome [35,65-67,148,149].

An impaired redox balance linked to mitochondrial dysfunction has
been revealed in brain and muscle samples from several mouse models
of RTT in different studies, which reported a more oxidized baseline
condition by the quantification of cytosolic redox balance with the
genetically-encoded optical probe roGFP1 [65], a decreased GSH level
[66] and a marked increase in the rate of hydrogen peroxide generation
in the brain of RTT mice [67].

Evidence for systemic and brain oxidative damage emerged in a
study on five different RTT mouse models (Mecp2-null pre-sympto-
matic, symptomatic, and rescued; Mecp2-3°® mutated pre-symptomatic
and symptomatic) [35]. First, the increased concentrations of plasma
F,-IsoPs in symptomatic Mecp2~’Y and Mecp23°®’Y mutated mice has
clearly indicated the occurrence of systemic lipid peroxidation phe-
nomena during the symptomatic phase of the disorder. Then, the
detection of elevated levels of lipid peroxidation markers such as Fo-
IsoPs, F4-NeuroPs and 4HNE-PA in whole brain tissues from the Mecp2
mutant experimental models has also confirmed the oxidative damage
in the main target organ of RTT, with neurons, but not astroglia, as the
most vulnerable cell type to lipid peroxidation. These findings con-
firmed the relationship between the symptomatic phase of the syn-
drome and the fatty acid peroxidation, leading to lipid and protein
damage, as previously mentioned [36-38,114]. When analyzed in brain
of pre-symptomatic animals, significant increased levels of F,-IsoPs and
F4-NeuroPs were also observed, indicating that the oxidative brain
damage is present prior to the onset of the typical manifestations of the
disorder and is a previously unrecognized hallmark feature in RTT
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animals [35]. Additionally, the evidence for lipoperoxidative phenom-
ena at different stages of this disorder underscores the critical role that
this process could have in both RTT pathogenesis and progression.

As a further proof of a potential cause-effect relationship between
Mecp2 protein deficiency and oxidative brain damage is the fact that
the redox homeostasis was reestablished following the brain-specific
Mecp2 gene reactivation; indeed, the rescued Mecp2 stop/y NestinCre
animals showed levels of IsoPs comparable to those of age-matched
wild-type (WT) mice [35], thus indicating the possibility that OxS
imbalance in RTT can be a reversible phenomenon, which is corrected
by the reintroduction of a functional Mecp2 protein.

A more recent preclinical study, which aimed to define the merit of
systemic administration of the vitamin E-derivative Trolox in Mecp2 ~"¥
male mice, has failed in demonstrating the presence of lipid peroxida-
tion markers in the isolated brain tissue [149], although a previous
report from the same research group was able to prove an increased
oxidative burden and mitochondrial dysfunction in hippocampal tissue
from the same RTT murine model [65,148]. However, it also should be
noted here that the same authors have explicitly indicated some
possible limitations in the experimental methods, since the sensitivity
range of the used assays may not be ideal to detect reliably changes in
protein and lipid oxidation [149].

In particular, no differences were observed in MDA levels between
neocortical samples from WT and Mecp2~ /Y mice, while protein
carbonyls, a marker of protein oxidation, were increased in RTT
animals. Of note, the degree of oxidative damage in brain tissue of
Mecp2~"Y mice was ameliorated at least partly by Trolox treatment, as
demonstrated by the tendency to decrease lipid peroxidation and
protein carbonyls content in the neocortex of treated animals as
compared to the corresponding untreated Mecp2-null mice [149].
Along this line, in vitro acute treatment of hippocampal slices with
Trolox has ameliorated some characteristic neurological aspects of RTT,
in particular has dampened the neuronal hyperexcitability, reinstated
the synaptic plasticity, improved the hypoxia tolerance and also
rescued cellular redox balance in male Mecp2-deficient mice [148].

In view of the fact that several studies in animal models have
showed as the restoration of Mecp2 in symptomatic mice markedly
reverses the RTT phenotype, revealing that the syndrome does not
result in degeneration of neurons or irreversible developmental impair-
ment of neuronal networks, the previous observations on RTT animals
models, providing clear evidence that Mecp2 protein deficiency is
associated with a brain redox abnormality, indicate that pharmacolo-
gical treatments of these symptoms with compounds similar to the free-
radical scavenger Trolox could be a promising and valid co-adjuvant
therapeutic approach for RTT, as already proven for supplementation
with -3 PUFAs, that has successfully reduced the levels of several OxS
biomarkers in the blood of RTT patients and ameliorated some of the
typical RTT symptoms [31].

1.6. OxInflammation in RTT

A further role for lipid peroxidation end-products in RTT could arise
by their involvement in immune dysfunction, an emergent hallmark of
RTT pathophysiology [28,33]. Indeed, it has been shown that aldehy-
dic-protein adducts are both potential targets or inductors of the
cellular and humoral immune responses [150]. In particular, when
the rate of 4HNE protein adduction overcomes the proteasome pepti-
dase activity, a condition further amplified by a direct 4HNE-mediated
inhibition of its proteolytic subunits, the accumulation of 4HNE-
modified proteins occurs into the cells. In addition, abnormal interac-
tions between these modified proteins that result in intracellular and
extracellular deposition of self-aggregating misfolded proteins. Growing
evidence demonstrates that such oxidative PTMs result in the genera-
tion of neo-epitopes that, recognized by different immune receptors, are
capable of eliciting both innate and adaptive immune responses [150].

Previous studies clearly support the idea of an impaired clearance of
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dysfunction mediators
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o
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Fig. 4. OxInflammation in Rett syndrome. A steady redox imbalance associated with a
subclinical and chronic inflammatory state, in a kind of harmful vicious circle,
predisposes RTT patients to a condition designated as “OxInflammation”, able to explain
many typical clinical features of the disease.

misfolded and oxidatively modified proteins in RTT cells, mainly due to
an impairment of the ubiquitin/proteasome system and probably
autophagy [44,56,108,130]. Therefore, the 4HNE-modified proteins
could act as neo-antigens also in RTT, being potentially able to initiate
and drive an antibody generated immune response, mediated by T and/
or B lymphocytes and characterized by release of inflammatory
mediators, thus contributing to disease progression and severity.
Consistent with this possible scenario, a wealth of evidence from our
and other laboratories suggests that a “short-circuit” of redox pathways
and a condition of systemic subclinical inflammation can be critical
players of a detrimental vicious circle, defined as “OxInflammation”,
able to affect the pathogenesis and clinical course of RTT (Fig. 4) [33].
Multiple elements support the implication of subclinical inflammation
in RTT including high levels of inflammatory markers and deregulation
of acute phase response (APR) proteins [151,152], an unbalanced
cytokines profile [56,115,152], the abnormal morphology of peripheral
blood mononuclear cells (PBMCs) [56] and the impaired phagocytic
activity of microglia [153].

In line with the hypothesis that 4HNE-PA may act as neoautoanti-
gens in initiating an immune response, an autoimmune component in
RTT has been also reported with an increased levels of brain-directed
autoantibodies, mainly autoantibodies to nerve growth factor [154],
and folate receptor autoantibodies [155].

Together, these data provide evidence for the existence of a possible
association between lipid peroxidation end-products and immune
system dysfunction in RTT; however, further studies are needed to
establish a clear link between the formation of HNE-modified proteins
and autoimmunity in RTT.

In conclusion, the present review intends to highlights the impor-
tance of peroxidation byproducts such as 4HNE as not just a marker of
altered redox balance but as a key signaling molecule and a possible
therapeutic target in a pathology, Rett Syndrome, that at today is still
orphan of therapies.
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