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Summary

Rett syndrome is a neural development disorder. The gene, for culprit protein, MeCP2 (methylated
CpG binding protein) is located on chromosome X and the majority of patients are young girls. Rett
syndrome patients do not suffer from neurodegenerative processes, instead, due to the neurons’
abnormal small size and denser packaging, the brain’s general volume is reduced and synapses as
well as dendrite structure are weakened.

Rett syndrome patient’s postnatal development appears normal during the first 6 to 16 month of
life. After that, phenotype signs such as mental problems and lack of communication are observed,
which are followed by a number of additional severe symptoms: irregular sleep and breathing,
labored motor movements, frequent epileptic seizures, body weight loss, scoliosis, and stereotypic
hand movements.

Post mortem tissue analyses of Rett syndrome patients show that mitochondrial ultra-structure is
damaged and organelle functions are hindered. Cells suffer from higher concentrations of free
radicals, oxidative stress, lack of ATP, and increased susceptibility to hypoxia. Mitochondrial
changes were first discovered in muscle tissue. Damaged mitochondria contain vacuoles, small
granular inclusions, distorted inner membranes, are leaky to protons, and general mitochondrial
mass is increased. Mitochondrial impairments obviously lead to insufficient respiratory chain
protein activity, cellular ATP deficits, and increased oxidative stress on the systemic level. Frequent
apneas in Rett syndrome patients give rise to transient drops in blood oxygen levels, and cells with
malfunctioning mitochondria were proposed to suffer from an oxidative burden.

Main goals of this thesis were (i) broad-range comparative proteomic analyses of mitochondria
obtained from the brains of wild type and Mecp2 gene knockout mice, specifically focusing on
neocortex and hippocampus and (ii) untargeted metabolomic studies of the neocortex on the same
group of animals. So far such a research approach was not carried out on the brains of Mecp2
knockout Rett syndrome mouse models.

For the experiments, flash frozen brain tissues of 50 days old Mecp2-deficent and wild type variant
male mice were used. The broad range proteomic study involved analyzing samples with two-
dimensional electrophoresis and identifying peptide contents of differently expressed spots by mass
spectrometry. The observed differences for some proteins were further confirmed by western
blotting and specific antibodies. Findings show an upregulation of cytochrome b-c1 complex subunit

1 and prohibitin-1, as well as a downregulation of gamma-enolase and cAMP-dependent protein
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kinase catalytic subunit alpha in both, Mecp27¥ neocortex and hippocampus. The other series of
mitochondrial proteome experiments involved an ad hoc approach and were aiming at
mitochondrial fission and fusion regulatory proteins and mitochondrial oxidative phosphorylation
chain components. Here it became apparent that mitochondrial dynamics regulation proteins were
decreased in RTT mice, specifically mitofusin 1 was found at lower levels in cortical tissue and DRP-1
was expressed less in hippocampus.

For the rating of physiological aspects of Rett syndrome and wild type mice, general phenotypic
parameters — such as body weight, size and blood parameters — were assessed. Also, brain
mitochondria purification was performed on freshly extirpated brain tissues and biochemical assays
were conducted on live and still functioning mitochondria to measure their reactive oxygen species
accumulation by recording the emitted fluorescence signal of an oxidation sensitive dye in a
spectrometer-based cuvette assay.

Untargeted metabolomic analysis required higher amounts of tissue material and was therefore
limited to the cortices of Mecp2-deficent and wild type male mice. Flash frozen cortices were sent
to a service provider, who performed the analyses and provided a large amount of valuable raw
data for further in-depths bioinformatics analyses. Metabolomic data reveals 101 significantly
altered metabolites in the MeCP2-deficient neocortex of adult male mice; 68 of them were
increased whilst 33 were decreased compared to wild types. These differences cover more than 31
metabolic pathways, including pivotal aspects of cellular metabolism, such as pyruvate
metabolism, glycolysis, citrate cycle and oxidative phosphorylation.

Data collected from different experiments show various molecular and metabolic abnormalities in
the brains of Rett syndrome mice. The mitochondrial proteome of RTT mice clearly differs from wild
type mice and this difference is also brain-region specific. Mitochondrial fusion/fission dynamics as
well as their physiological performance seem negatively affected. Mecp2-knockout mice are
suffering from increased oxidative stress, which in part might be due to poor mitochondrial
function, and these alterations might have additional tolling influence on the already impaired
conditions of metabolic and mitochondrial activities as well as key features of cellular metabolism.
All these results shed further light onto the mitochondrial and the metabolic alterations that appear
as part of the pathogenesis of Rett syndrome in MeCP2 deficient brain tissue. Accordingly, these
aspects should be taken into account when therapeutic approaches in RTT are developed and/or

when further treatment concepts are formulated.
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1. Introduction
1.1 History of Rett syndrome discovery

In 1966, the Austrian pediatric neurologist, Andreas Rett made first scientific entry for the Rett
syndrome (further mentioned as RTT) by describing and documenting identical behavioral and
mental disorder in a group of young female patients at his clinic (Rett, 1966). As the study was
published only in German language, it addressed a limited auditorium, and his first work did not
gain wide popularity among the international scientific communities. Andreas Rett misleadingly
thought that the disorder was caused by hyper-ammonemia, which later proved to be wrong. After
Andreas Rett published his second work in English language in 1977, the topic was picked up by a
wider circle of researchers from different European countries such as France, Portugal and Sweden,
and promoted relatively intensive studies soon enough. Because of established awareness, the
number of clinically reported cases started to grow, granting further worldwide attention towards
RTT, scientist of respecting fields acknowledged the existence of newly emerged neurological
disorder, and an increased interest resulted in the flux of funds for further studies (Clarke, 1996). As
public and scientific awareness grew, the various international Rett syndrome associations were
established, which helped both, affected families and scientist to share the common experiences.
Since that day numerous clinical studies and observations enriched the study field with more
details, consecutively leading to creation of databases and further narrowing down potential
biological causes of RTT, refining means of therapeutic control and expanding possible research
directions (Leonard et al., 2017). Long before it was proven by systematic gene screening approach,
it had been predicted that RTT could be linked to the X chromosome, since it was prominent almost
exclusively in females, while male patients were born much rarely or died soon after the birth

(Clarke, 1996).

One of the pivotal breakthroughs in researching the biological mechanisms of RTT was to identify
the MECP2 (Methyl-CpG Binding Protein 2) gene on chromosome X, which is the major culprit for
developing the disorder (Amir et al., 1999). But even today, heaving that much information about
RTT, unfortunately there is still no clinical treatment available for patients other than managing

symptoms and ameliorating several of the disorder-related issues (Leonard et al., 2017).



1.2 RTT and clinical traits

RTT is a progressive neurodevelopmental disorder. The typical pathology does not activate necrotic
pathways in the neurons; instead it disrupts normal growth of central neural systems and causes to
form pathologically compacted and condensed brains. This severely affects neural activities, signal
transduction and brain function. RTT is caused by spontaneous/sporadic mutations in the MECP2
gene which is situated in X chromosome. These MECP2 mutations have most devastating effects on
the brain, especially at early postnatal development stages. Other tissues such as muscles are

generally suffering from various metabolic problems (Gold et al., 2018).

About 95% of RTT cases are caused by spontaneous de novo mutations in the early stage of
embryogenesis or in parental gametes (Bienvenu et al., 2000). Despite the fact, that the main reason
is a genetic mutation, RTT is not an inherited disease, as the parents do not necessary have to be a
carrier of the mutated gene, not to mention, that affected persons are less capable of reproduction.
RTT is the second most commonly diagnosed disorder after Down syndrome. Every 1:10000 to
15000 live female births are reported to be affected by RTT (Leonard et al., 1997),which makes it a
fairly common disorder in the female population (Ellaway and Christodoulou, 2001). After birth,
female individuals with RTT appear to grow and develop normally for about 6 to 18 month, and
usually the family does not suspect any adverse signs (Hagberg, 2002). After that time, first mild
signs start to manifest, which then get progressively severe, ranging from mental retardation,
communication problems, stereotypical hand movements, ataxia, severe physiological, physical,
neurological signs, epilepsy and sleep pattern disturbances with breath apneas, which eventually
culminates in patient’s death caused by different organs failure. Also sudden unexpected death may
occur due to cardio-respiratory irregularities. Life expectance for female patients varies, but may
span up to 70 years (Gold et al., 2018). Because the nature of RTT, the disease progression over
time, can be separated in four stages: First, the early stagnation - from six to eighteen months - is
characterized by a delayed general development of the child. Reduced eye contact, a weakened
skeletal muscle performance and decreased head circumference growth are being observed.
Second, the rapid regression stage from one to four years further worsens the degradation of
learned motoric and communication skills. Microcephaly is more tolling. Stereotypic repetitive
hands movement - such as meaningless wriggling and clapping - are established, frequent breath

apneas start to develop and seizures might be present as well. Third, the pseudostationary stage,



(also known as plateau period) from two to ten years is characterized by prominent ataxia. Despite
previous autism-like behaviors and less communication, the child might start to exhibit an increased
desire to interact with the surrounding environment and people by means of eye-pointing. Seizures
become more common. Fourth, the late motor deterioration stage brings patients to total and
severe physical disability. Involuntary muscle movements are stronger, keeping body posture is
challenged and may require wheelchair assistance. In addition to regular seizures and breathing
problems, sleep becomes irregular and the digestion system might get affected as well (Motil et al.,
2012). This condition usually last decades until eventual death of the patient is caused by respiratory
infection, cardiac arrest, kidney- and respiratory failure (Anderson et al., 2014). However, not every
female patient experiences severe stages. Speed and degree at which the disorder is presenting in
each individual, very much depends on the actual mutation of MECP2 gene (which will be discussed
later) and probability of effected X chromosome activated in cell (Zhang et al., 2017). The expressed
clinical characteristics may vary so much from classic clinical observation, that even though heaving
broad and detailed lists of clinical characteristics of RTT, a genetic diagnosis is favored over an

empirical one.

Unfortunately, up to this day, there is no direct and specific cure available for RTT patients.
Therefore, multidisciplinary medical symptomatic care and management are highly practiced and
encouraged. If special care is intensively applied shortly after diagnosis, some aspects of the general
motor-, mental- and metabolic impairments can be managed to some degree, but they can never
be fully cured or ameliorated (Warren et al., 2011). Most common drug treatments involve
antiepileptic medicines for seizure control, selective serotonin reuptake inhibitors for anxiety
management, strict nutritional management for gastrointestinal complication preventive measures,

as well as maintaining vitamin D level (Kaufmann et al., 2016).

1.3 MECP2 gene and MeCP2 protein

The MECP2 gene, together with the encoded protein (MeCP2) was discovered during an
experimental series searching for proteins that were capable of binding to methylated DNA. The
MECP2 gene consists of approximately 76 kilo nucleotide base (Quaderi et al., 1994). In humans, the
MeCP2 gene is located on the X chromosome (Xg28 site), whereas in mice it is encoded by the

Mecp2 gene located on the X A7.3 site (Liyanage and Rastegar, 2014). Several years later, after its



first discovery, the MECP2 gene could be linked to RTT (Amir et al., 1999). The MECP2 gene is
expressed ubiquitously in every human tissue, but most redundant numbers have been found in
central nervous system (CNS) neurons (Lewis et al., 1992) and glia (Ballas et al., 2009). Hence, in
humans and rodents, Mecp2 gene expression is closely regulated based on brain developmental
stages. Expression is increased during active CNS growth and the synapse formation period; after
maturation it stabilizes to certain maintained levels (Kishi and Macklis, 2004). In humans, MECP2
expression starts to gradually increase after birth and it then reaches its peak maximum at an age of
10 years (Shahbazian et al., 2002). The MeCP2 protein is a nuclear protein, belongs to the
methylated DNA (methyl CpG) binding protein (MBD) family, and it is considered to play a role in
epigenetic gene expression regulation. MeCP2 is primarily known as global gene expression
regulator, mostly transcription repressor, but it also has been noticed in transcription activation
(Chahrour et al., 2008), messenger RNA splicing and chromatin remodeling (Lyst and Bird, 2015).
Another member of the MBD proteins, MeCP1, which was discovered before MeCP2 in 1989 by
same the group, requires at least 10 CpG sites to affectively bind to methylated DNA (Meehan et al.,
1989). MeCP2 has the capability to recognize and bind to single 5" to 3° methylated CpG sites
without any help of close proximate DNA sequences. This ability is the backbone of its expression
regulatory mechanism (Lewis et al., 1992). Methylation of DNA plays a crucial role in gene
expression. It is achieved by attracting special regulatory proteins to DNA methylation sites. By
means of intricate interactions within recruited proteins, inhibition or transcription initiation levels
are adjusted on demand (Moore et al., 2013). Later it was shown that MeCP2 also can bind to 5-
hydroxy-methyl cytosine (5-hmC) and the affinities of binding to both types of methylated cytosines
are the same (Mellén et al., 2012). During these experiments, MeCP2 protein was purified from rat
brain due to its high levels and less susceptibility to proteolysis (Lewis et al., 1992). The rodent and
human MeCP2 gene share close structural and functional similarity, both include four exons and
three introns (Kriaucionis and Bird, 2004). Non mammalian and plant organisms do not share this
gene structure, as they have lower methylated genome contents and rely less on MBD proteins to
regulate their gene expression. Although, they still have motifs of methylated DNA binding protein
segments (Hendrich and Tweedie, 2003). The MeCP2 messenger RNA is subject of alternative
translation start sites and splicing, which results in two isoforms of the MeCP2 protein: MeCP2_el
and MeCP2_e2. In addition to this, mRNA alternative polyadenylation has also been described

(Rodrigues et al., 2020). Exon one, three and four form protein E1, it consists of a total of 498 amino
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acids, of which a 21 amino-acid spanning segment is unique for the E1 isoform. Exon two, three and
four form E2, it consists of a total of 486 amino acids and has only a 9 amino acid containing unique
sequence. Structurally, the E1 and E2 isoforms of MeCP2 differ only at their N-terminal domain
(NTD) and the rest of the amino acid sequence is unchanged for both isoforms (Kriaucionis and Bird,
2004). Interestingly, exon four in human and rodents contains up to 8.5 kilo base of 3™ untranslated
region, which is the longest known tail in the human genome. This section contains four sites for
polyadenylation and it helps to further fine-tune expressing transcripts (Pelka et al., 2005). Despite
this difference, the two isoforms still share same functional responsibilities, but they differ by
tissues where they are expressed. The E1 isoform is generally more abundant in the central neural
system, while the E2 isoform has a more versatile expression pattern throughout the body (Kerr et
al., 2012;0lson et al., 2014). The MeCP2 protein has two major domains with distinct amino acid
composition and function: The methylated-DNA binding domain (MBD) towards the N terminal, and
the transcription repression domain (TRD) at the opposite C terminal. In addition to those, MeCP2
also possesses three secondary domains: an intervening domain (ID) flanking the MBD, an AT hook,
and the NCoR/SMRT interaction domain (NID) within the TRD (Baker et al., 2013)]. The MBD domain
is designed to recognize and bind to methylated cytosine in a single CpG site (Lewis et al., 1992)].
TRD and NID domain recruit certain nuclear repression proteins such as NCoR1 (nuclear co-
repressor 1) and SMRT — (silencing mediator of retinoic acid and thyroid hormone receptor). These
proteins are part of the transcription repression proteins which can promote histone deacetylation
and modify gene expression by rendering chromatin in a way that it is no longer accessible for
transcription factors (Cui et al., 2011). TRD also houses AT hook and nuclear localization signal (NLS)
segments, of which the AT hook enables MeCP2 to directly bind to double stranded DNA without
any need of methylation or specific sequences (Baker et al., 2013). Proteins containing an NLS are
designated to be transported inside nucleus. Although, MeCP2 mostly remains inside nucleus even
without proper NLS as it already has an innate high affinity to DNA due to the AT hook and MBD
domain (Lyst et al., 2018). The ID domain resides next to the MBD and facilitates its structural

integrity and CpG binding potential (Claveria-Gimeno et al., 2017).

Despite having multiple functional domains, MeCP2 still remains a rather poorly structured protein.
Approximately only 41% of protein show a secondary structure and the remaining 59% are under

structured. This design allows MeCP2 to undergo multiple posttranslational modifications and to



interact with different proteins, which further complicates the already intricate regulatory

mechanisms (Adams et al., 2007;Ghosh et al., 2010).

1.4 MECP2 gene mutations

As mentioned before, RTT is caused by spontaneous de novo mutations in the MECP2 gene and as
for today, more than 550 mutations have been described (Neul et al., 2008). Huge part of them are
cytosine to thymine transitions (Lee et al., 2001) and mutations can be classified as missense,
nonsense or frame shift related (Amir et al., 1999). Surprisingly, from all of these mutations, only
eight mutations are the major cause of 95 percent of reported RTT cases (Bienvenu et al., 2000).
Four missense mutations (Arginine255X, Arginine270X, Arginine306Cysteine, and R294X) occur in
the NID region, which includes the transcription repression domain (TRD) and four nonsense
mutations affect the MBD (Arginine106Tryptophan, Arginine133Cysteine, Threoninel58Methionine
and Arginine168X) (Pejhan and Rastegar, 2021). Other minor part is deletion-related mutations and
they affect the C terminal region. These mutations do not cause as severe clinical phenotype as the
major eight mutations mentioned above (Neul et al., 2008). Mutations in the MBD and the NID
interfere with proper protein functioning such as recognizing methylated CpG site and recruit
transcription repression complexes, therefore disrupting one or both of the most important

functions of MeCP2.

1.5 Animal models of RTT

The Mecp2 gene shows fairly strong similarities among functional domains in vertebrate organisms
(Kruusvee et al., 2017), and this greatly helped scientists in developing genetically modified animals
to better understand the detailed functions of MeCP2. In particular, rodent models proved to be the
most manageable, flexible and reliable source as research organisms for different approaches.
Among rodents, rats and mice are major subjects, each with individual merits. Rats seem to perform
better for physiological and preclinical trials but mice still remain organism of choice for many other
researches, as they are relatively cheap to maintain and much needed genetic tools to generate
desired genotypes are more accessible (Kyle et al., 2018). The Bird and the Jaenisch laboratories
managed to engineer two most widely-used null allele genotypes for RTT researches: ecp2tm1.1Bird
with erased exon 3 and 4, and Mecp2tm1.1lae with erased exon 3(Guy et al., 2001;Baker et al.,

2013). Mecp2tm1.1Jaeline is still capable to produce protein but with reduced size than normal but

6



this still leads to developing similar RTT signs as in full Mecp2 knockout (Samaco et al., 2008). The
fully knockout mouse line, Mecp2 ™18 js unable to produce any functional MeCP2 protein, and
was created by crossing the previously generated mouse line Mecp2 ™8 (exon 3 and 4 flanked with
loxP) with mice carrying a germline deleting Cre driver (Guy et al., 2001;Liput, 2018). Despite the fact
that RTT mostly affects females, the bulk of published mouse research employ male hemizygous
Mecp2 mutant mice because they exhibit a more consistent phenotype at a younger age. Despite
the fact that female Mecp2 mutant mice are more clinically comparable to human patients, random
X activation in rodent females skews gene expression and results in a wide range of phenotype
presentations, making it challenging to distinguish between phenotypes that arise through cell
autonomous versus non-autonomous pathways (Katz et al., 2012). Mecp2 ™118d and Mecp2 ™12,
the two most often used male mouse models, typically exhibit overt abnormalities at four to six
weeks of age and pass away between eight and twelve weeks of age (Chen et al., 2001;Guy et al.,
2001). The Mecp2 knockout mouse model [B6.129P2(C)-Mecp2 t™11Brd] was used for this thesis. To
ensure that the genetic circumstances were properly characterized and Mecp2 was completely
absent, all experiments and tissue analyses were conducted on the severe illness stage on postnatal

day P50 and employed hemizygous male Mecp2”¥ mice (Guy et al., 2001).

1.6 Rett syndrome and synaptic plasticity

Several authors have studied neuronal activity in mouse models that underexpress MeCP2 (Zhang
et al., 2008;Calfa et al., 2011;Janc and Miiller, 2014;Lu et al., 2016;Kee et al., 2018). All of them
suggested that learning and memory impairments result from disruptions in the excitation-to-
inhibition balance. Reduced synaptic efficacy, less elaborated dendritic morphology and impaired
long-term potentiation could be the basis of deficits in learning and memory of RTT mice (Chao et
al., 2007;Guy et al., 2007;Belichenko et al., 2009;Na et al., 2013). To understand the source of
disruptions in the excitation-to-inhibition balance, a recent study has applied large-scale in vivo
calcium imaging in freely behaving animals and ex vivo slice recordings from identified cell types in
the hippocampal CA1 subfield in RTT mice (He et al., 2022). Associative memory tasks were studied,
and it was shown that during long-term memory retrieval, MeCP2-deficient CA1 cells poorly
distinguish mnemonic context and form larger ensembles than wild-type mouse cells. Furthermore,
simultaneous multiple whole-cell recordings revealed an involvement of somatostatin expressing

interneurons in this defects. It was concluded that mutant somatostatin expressing interneurons
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(oriens-lacunosum moleculare subset) cells are poorly recruited by CA1 pyramidal cells and are less
active during long-term memory retrieval in vivo (He et al., 2022). The calcium indicator GCaMP6f
was expressed under the CAMKIla promoter in RTT and wild type mice, and it was revealed that
reduced somatostatin expressing interneurons activity underlies poor long-term memory recall in

RTT mice (He et al., 2022).

1.7 Mitochondrial abnormalities and Rett syndrome

For the very first time, the mitochondrial abnormalities in RTT patients were noticed by Eeg-
Olofsson and colleagues, who have studied muscle biopsy samples by electron microscopy (Eeg-
Olofsson et al., 1990). It was shown that mitochondria appeared abnormally swollen and were
dumb-bell shaped. The next study of muscle mitochondria from 2 girls affected by RTT revealed a
set of biochemical alterations and energy-metabolism related impairments (Dotti et al., 1993).
Postmortem morphological studies of different brain regions of RTT patients also revealed obvious
abnormalities of cerebral mitochondria. Thus electron microscopy studies of prefrontal neocortex
neurons showed the presence of large, lucent-appearing mitochondria, whilst some mitochondria
in other neurons contained electron-dense particles included within the mitochondrial matrix space
(Cornford et al., 1994). In analogy to the changes observed in patients, the dendrites and axons of
hippocampal neurons of a mouse RTT model were characterized with more elongated mitochondria

as compared to wild type (WT) controls (Belichenko et al., 2009).

Based on these reports, whole series of follow-up studies were focused on molecular markers of
mitochondrial abnormalities. In hippocampal slices of a RTT mouse model (Mecp27¥), an increased
FAD/NADH baseline-ratio was detected in autofluorescence recordings on the tissue level, which
indicates for increased mitochondrial/cellular oxidization (GroRer et al., 2012). In the same series of
experiments cytosolic redox balance was quantified with the genetically-encoded optical probe
roGFP1. The obtained data once more confirmed that the hippocampus of Mecp2”’ mice has higher
oxidized baseline conditions, and a more vulnerable redox-balance than the hippocampus of WT

mice (GroRer et al., 2012).

In vivo magnetic resonance imaging and spectroscopy were applied for the study of Mecp2-null
mice brains (Saywell et al., 2006). Morphometric study revealed a size reduction of the whole brain

and in particular of those regions involved in cognitive and motor functions. These morphological
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changes were paralleled also by significant metabolic anomalies. For example, decreased levels of
N-acetylaspartate, myo-inositol, glutamine and glutamate, and increased levels of choline were
confirmed (Saywell et al., 2006). Furthermore, in these experiments also a significant reduction of
brain ATP levels was shown, once more indicating anomaly of energy metabolism that may reflect

as well as contribute to the cerebral alterations and dysfunctions in RTT (Saywell et al., 2006).

A potential source of the oxidative stress and the redox imbalance, which obviously occur during
the onset and progression RTT syndrome, could be an aberrant mitochondrial functionality. A
dysfunctional complex Il of the mitochondrial respiratory chain contributes to the marked increase
in the levels of hydrogen peroxide production in the brains of female RTT mice (De Filippis et al.,
2015b). When the complex |l respiratory substrate- succinate, was applied as an energy source,
decreased mitochondrial membrane potential generation and decreased mitochondrial ATP
synthesis were detected in RTT mouse brains. This study also demonstrated a decreased
phosphorylation of mitochondrial protein NDUFS4 in the cerebellum of RTT mice and suggested two
possible underlying scenarios for this hypophosphorylation; either a deficit of cAMP

phosphorylation system or a decreased protein level itself (De Filippis et al., 2015b).

The same group explored the possibility of beneficial effects brain serotonin receptor 7 (5-HT7R)
stimulation under the conditions of the RTT pathology. As demonstrated, administration of the
5-HT7R selective agonist LP-211 substantially rescued the neurobehavioral phenotype of RTT mice
(De Filippis et al., 2015b). Moreover the same type of treatment turned out to be protective by
reverting the mitochondrial respiratory chain impairment and the oxidative phosphorylation
deficiency. It is also important to note that LP-211 treatment decreased the radical species

overproduction by brain mitochondria in the Mecp2/¥-model (Valenti et al., 2017).

As mentioned above RTT is associated with an increased oxidative burden, and a higher fragility of
the cellular redox equilibrium. These molecular changes could be involved in the worsening of
certain symptoms and possibly also in disease progression in general. Accordingly any measures and
treatments which are capable to counteract these processes could potentially mediate beneficial
dampening effects on the time-course of disease progression. In line with this logic, the potency of
the free radical scavenger and vitamin E derivative Trolox was studied in the hippocampal slices of

male RTT mice (Janc and Miiller, 2014). It was shown that in Mecp2”¥ hippocampal slices Trolox



treatment indeed reduced the neuronal hyperexcitability, enhanced the synaptic short-term
plasticity, and fully restored the extent of synaptic long-term potentiation. However Trolox
treatment did not have any effects on the severity of 4-aminopyridine induced seizure-like

discharges (Janc and Miiller, 2014).

Mitochondrial DNA (mtDNA) copy number has been considered as a potential biomarker of
mitochondrial dysfunction in neurons and other tissues (Kilbaugh et al., 2015). In a recent study (Liu
et al., 2022) mtDNA copy numbers were investigated in the peripheral blood of a large group of RTT
patients (n = 142). MtDNA copy number was found to be significantly higher in the patients affected
by RTT as compared with the control subjects. It is important to note that age, clinical severity,
variant types, and hot-spot variants were not related to mtDNA copy number in RTT patients.
Instead it was suggested by the authors that changes in mitochondrial function in RTT induce a

compensatory increase in mtDNA copy number (Liu et al., 2022).

Gene expression differences occurring as part of the RTT pathology were studied in animal models
and human patients. In this latter case peripheral tissues (blood cells, dermal fibroblasts) were
usually investigated. One of the first studies of differential gene expression in the mouse model of
RTT syndrome was carried out by differential display approach and it was conducted on whole
mouse brains (Kriaucionis et al., 2006). This study revealed an overexpression of the nuclear gene
for ubiquinol-cytochrome c¢ reductase core protein 1 (Ugcrcl) (Kriaucionis et al.,, 2006). In the
following study again a mouse model of RTT pathology was used and now cDNA microarray analysis
was applied for the study of differential gene expression. In this case the hippocampal CA1 subfield
was microdissected and microarray analysis revealed up to 10 differentially expressed genes, which
did not include key players of mitochondrial respiration or scavenging enzymes (GroRer et al.,
2012). However, quantitative PCR confirmed a moderate upregulation [1.44 fold] of superoxide
dismutase 1 mRNA in Mecp27¥ hippocampus, which can be considered as a potential compensatory

response to the increased oxidative burden associated with RTT (GroRer et al., 2012).

Changes in gene expression patterns associated with RTT syndrome were studied in the human
peripheral lymphocytes, and isolated mRNA was used for microarray studies (Pecorelli et al., 2013).
Obtained data indicated that RTT patients are characterized by an increased expression of quite a

large number of genes involved in various aspects of mitochondrial organization, morphology, and
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function (Pecorelli et al., 2013). Gene expression results were supported by whole cell proteomic
studies of the dermal fibroblasts obtained from control subjects and RTT patients (Cicaloni et al.,
2020). It was shown that main changes occur in the expression of proteins involved in the
mitochondrial network (Cicaloni et al., 2020). In detail, the following mitochondrial proteins were
confirmed to be upregulated in RTT patients: ATP synthase subunit g, mitochondrial cytochrome c
oxidase subunit 6B1, NADH-cytochrome b5 reductase 3 and peroxiredoxin-5 (Cicaloni et al., 2020).
These two series of studies involving gene expression on the one hand and whole cell proteome
changes on the other hand, convincingly indicate that in RTT patients one of the most affected
intracellular organelles in are the mitochondria. These datasets also prompt for further and more

focused studies of the mitochondrial proteome, especially in brain mitochondria.

It should be mentioned that the mitochondrial proteome composition expresses very clear tissue
specificity (Kappler et al.,, 2019). The brain regions are also different in view of mitochondrial
content and mitochondrial activity; accordingly RTT pathology may affect them in a different way or
at different severity (De Filippis et al., 2015b). An increase in mitochondrial mass could be
anticipated as compensation for the impaired mitochondrial function in RTT. As a response, male
wild type and Mecp2”’ mice's various brain areas were subjected to spectrophotometric citrates
synthase activity (CSA) assays. These investigations uncovered considerable spatial disparities.
Cortical citrate synthase activity was consistently shown to be highest, while cerebellar citrate
synthase activity was consistently lowest. The brainstem, midbrain, and hippocampal region all
displayed intermediate levels. These brain regional differences can be expected to arise from the
specific metabolic demands of the given tissues. Mecp2”’ mice also displayed the corresponding
order of activity. When Citrate synthase activity in WT and Mecp2”¥ mice were genotypically
compared, only few noticeable changes were found. A considerably reduced citrate synthase
activity was only found in Mecp2”¥ brainstems when compared to WT mice (van Agen & Miiller,
unpublished). This detected abnormality with the reduced mitochondrial content in the medulla
might be interesting in relation to cardiorespiratory control, which is one of the characteristics of
RTT (Weese-Mayer et al.,, 2006;Stettner et al., 2008). Relative protein expression levels of the
mitochondrial marker VDAC3 (normalized to GAPDH) in the hippocampus and neocortex of adult
male mice, are conceding with earlier observations that the Mecp2”/ hippocampus and Mecp2”

neocortex reveal indifferent mitochondrial contents in comparison to WT mice (Can et al., 2018).
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1.8 Metabolome and the Rett syndrome pathology

The metabolome can be defined as the ultimate product of gene, mRNA, and protein activities
(Tosto and Reitz, 2016). In the previous chapters we have discussed a battery of cellular and
molecular changes associated with RTT and obviously this neurodevelopmental pathology should
include also very pronounced metabolome changes. Studies addressing these aspects were
performed in the blood serum of humans and animals and in selected brain regions of mouse
models of RTT. The experiments included approaches which were usually focused on certain

metabolites, and only rarely whole metabolome studies have been applied.

In one of the first studies lactate, pyruvate, and citric acid cycle intermediates were measured in
cerebrospinal fluid (CSF) obtained from RTT patients. The levels of lactate, pyruvate, alpha-
ketoglutarate, and malate were significantly higher in RTT patients compared to the control
subjects. In contrast, for citrate, cis-aconitate, succinate, fumarate, and oxaloacetate no differences
were detected. Correlation analysis between the levels of these metabolites and clinical symptoms

did not reveal any significant interaction (Matsuishi et al., 1994)

In another series of experiments lactate and pyruvate levels were measured in blood samples of 30
RTT patients, and repeated measurements were performed over time (Haas et al.,, 1995). On
average, the lactate and pyruvate values determined were in the control range, however, individual
patients presented reasonably elevations of both lactate and pyruvate contents with considerable
fluctuation over time (Haas et al., 1995). The discrepancies between these two studies published
(Matsuishi et al., 1994;Haas et al., 1995), most probably is due to the two difference sources of
samples analyzed, i.e. CSF and blood. CSF-based measurements can be expected to more reliably

reflect the conditions and changes occurring in the brain.

Positron emission tomography (PET) scanning of the brain supplied with 18-Ffluorodeoxyglucose
(FDG) uptake was performed on 6 sedated female patients affected by RTT. The pattern of cerebral
glucose uptake was clearly different from those described in Down syndrome, autism spectrum
disorders or Alzheimer's disease and thus seemed unique for the conditions of RTT (Villemagne et

al., 2002).
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In Mecp2™¥ mice, blood analyses indicated a nearly 30% lower glucose level as compared to WT
mice. Trolox treatment increased the blood glucose level in Mecp2™7 mice up to the WT values
(Janc et al., 2016b). All these data convincingly indicates for an altered carbohydrate metabolism in
RTT. Altered sphingolipid metabolism is also the feature of the Rett syndrome. Over 900
metabolites in blood samples from 14 female subjects with RTT were measured in tandem mass
spectrometry-based experiments (Cappuccio et al., 2019). The approach used by these authors was
semi-quantitative, but alterations in lipids, mostly involved in sphingolipid metabolism, and
sphinganine/sphingosine were convincingly demonstrated (Cappuccio et al., 2019). Cholesterol
synthesis was found to be increased in the brain and body system of Mecp2 null mice (Justice et al.,
2013). Statin group drugs treatment, which decreases cholesterol levels improved the motor

symptoms and increased the longevity in Mecp2-mutant mice (Justice et al., 2013).

High-resolution magnetic resonance spectroscopy was applied for the study of metabolome
changes in the whole brains of Mecp2 null mice (Viola et al., 2007). In detail, decreased levels of
myo-inositol were detected in Mecp2-mutant mice as compared to WT. Also, reduced choline
phospholipid turnover in Mecp2-null mice as compared to wild-type mice was reported (Viola et al.,
2007). As one of the features of myo-inositol is osmoprotection, the authors suggested that
perturbed osmoregulation may contribute to the pathology developing in mouse model of RTT

(Viola et al., 2007).

Analysis of post-mortem brain tissue of female RTT patients have revealed significantly decreased
number of cholinacetyltransferase-containing neurons in the basal forebrain as compared to age-
matched healthy controls (Wenk and Hauss-Wegrzyniak, 1999). In the cerebrospinal fluid of RTT
patients significantly higher levels of glutamate were detected (Lappalainen and Riikonen, 1996).
Accordingly, various neurotransmitters such as acetylcholine and glutamate are markedly affected

under the conditions of RTT.

One of the first, non-targeted wide-scale metabolomics studies of the plasma of RTT patients and
corresponding controls was performed by Neul and colleagues (Neul et al., 2020). In total, plasma
from 34 subjects affected by RTT were compared to 37 unaffected age- and gender-matched
siblings. A total of significantly changed 36 metabolites were identified, that could be grouped

broadly into amino acid metabolism, nitrogen handling, and exogenous substance pathways. As
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expected, these changes observed point towards oxidative stress, mitochondrial dysfunction, and

alterations in gut microflora (Neul et al., 2020).

More recently, it was indeed the gut bacterial microbiome and metabolome that was studied in
RTT-affected females of various age and unaffected controls (Thapa et al., 2021). The composition
of the gut microbiome did not differ between RTT patients and unaffected individuals. However,
concentrations of protein end-products of the gut bacterial metabolome, which included GABA,
tyrosine and glutamate were significantly lowered in the group of females affected by RTT (Thapa et

al., 2021).

Without question, the different brain regions do have specificity according to metabolic processes
and metabolome and most probably will be affected in a different manner during the course of RTT.
According to this view we have performed an untargeted comparative metabolomics study by
comparing the cortices of adult male wild type (WT) and male MeCP2-deficient mice (Mecp2?).

That was the second aim of the present thesis.

2. Research objectives

Because of several obvious mitochondrial complications in Rett syndrome human cases and animal
models, major attention within this thesis was focused on the study of mitochondrial proteomics, in
order to foster a better understanding of the molecular mechanism of mitochondrial impairment
and energy flux disruptions in RTT. As the full mitochondrial proteome consists of more than 2000
proteins (Stauch et al., 2014), mitochondria cannot be considered completely autonomous
organelles, and their proper functioning is codependent on general cell’s wellbeing. Therefore,
broader metabolomics and physiological parameters were also targeted in order to have a wider
view on the complexity of this disorder on the cellular level. Since the negative effect of RTT is most
prominently observed in brain, cortical and hippocampal brain tissues of Mecp2”¥ and WT mice

were chosen to further narrow down organ- and tissue-specific processes.
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3. Methods
3.1 Animal experiments — General aspects

Both the breeding of Mecp2-mutant mice as well as all mouse tissue analyzes for all described
experiments below (metabolomics and proteomics) were carried out according to the European
and German animal welfare guidelines and were authorized by the Office of Animal Welfare of the
University Medical Center Gottingen and by the Lower Saxony State Office for Consumer Protection

and Food Safety (file numbers G16/2177 and G17/2544).

3.2 Mouse model and brain tissue isolation

The experimental work of the present PhD thesis was performed on the Mecp2 knockout mouse
model [B6.129P2(C)-Mecp2t™-18rd] (Guy et al., 2001). Hemizygous male (Mecp2”) mice on
postnatal day 50 (P50) were used in all of the described experiments. This period of postnatal
development represents the severe disease stage. The control group of WT mice was matched by
sex and age. The isolated cortices and hippocampi were processed individually. For all mice,
phenotypic parameters were determined, blood collected and analyzed during dissection (Tablel).
Decapitation was carried out under deep ether anesthesia, cortices and hippocampi were dissected,
frozen immediately in liquid nitrogen and stored at -80°C until analysis. The selection of male mice
is based on the knowledge, that male mice exhibit Rett syndrome features more strongly and

earlier than females (Guy et al., 2001).

Targeted and broad range proteomic studies were performed with brain tissues acquired from a
total of 24 P50 male mice (10 wild type; 14 Mecp2-knockout). Both experimental approaches
shared same sample sources but samples were equally aliquoted during mitochondrial extraction
and then treated correspondingly for 1 and 2 dimensional electrophoresis down the line. Each
individual targeted proteomic experiment consisted of 6 male wild type, 6 Mecp2” mice and one
internal standard sample prepared from wild type mouse hippocampus and cortical tissue. The 2
dimensional electrophoresis was limited to a total of only 6 samples due to technical capacity and it
was equally split among 3 WT and 3 Mecp2-knockout mice. Reactive oxygen species generation

measurements were recorded using fresh mitochondria extracted from 12 WT and 10 Mecp2-
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Knockout male mice cortical tissue and for hippocampus — 8 WT and 6 Mecp2-knockout mice brain

tissue was available.

Untargeted metabolomics analyses required exclusively cortical tissue from 6 Mecp2-knockouts and

6 WT male mice.

The data for hippocampus and neocortex were analyzed separately. As described above, the
experiments typically involved only two groups of mice and therefore unpaired Student’s t-test was
applied to rate the statistical significance of the changes observed. All statistical tests were two-

tailed and all significant differences (P < 0.05) are reported.

3.3 Isolation of mitochondria

A special mitochondrial isolation kit for tissue fractionation (89801; ThermoFisher Scientific) was
used for mitochondrial fractions purification. The procedure was carried out according to the details
given in manufacturer’s instructions. The same mitochondrial fraction was used for 2-dimensional
(2-D) and 1-dimensional electrophoresis (1-D). The samples for these two types of electrophoresis
required different treatments, therefore the mitochondrial samples were divided into two parts

before the last step of the centrifugation protocol.

Samples for 1-dimensional electrophoresis were dissolved in 5% SDS (sodium dodecylsulphate)
solution. Sample pellets intended for 2-dimensional gel electrophoresis were dissolved in a buffer
which contained the following chemicals in a final concentration: 2% CHAPS, 2% TritonX-100, 7 M
urea, 2 M thiourea, 0.1% ASB-14,2-mercaptoethanol, 2% pharmalyte 3—10. All sample buffers also

contained bromophenol blue.
3.4 Isolation of native mitochondria for ROS measurements

Previously mentioned mouse genotypes were also used to measure mitochondrial reactive oxygen
species (ROS) generation. Deeply anesthetized mice were decapitated. Their whole brain was
removed within about 1 min. Before further micro-dissection to obtain hippocampal and cortical
tissue, the brain was cooled in ice-cold aCSF (130 mM NacCl, 3.5 mM KCl, 1.25 mM NaH,P0O4, 24 mM
NaHCO3, 1.2 mM CaCl,, 1.2 mM MgS0,4 and 10 mM dextrose, constantly aerated with carbogen, i.e.
95% 0, and 5% CO,, pH 7.4).
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After obtaining freshly extirpated hippocampal and cortical tissue, it was subjected to rapid manual
homogenization with glass pestles containing 1 ml ice cold isolation buffer (I0: 20 mM Hepes, 220
mM mannitol, 70 mM sucrose, 1 mM EDTA, 0.5 mM PMSF, pH 7,6). The homogenate obtained was
purified from cell debris and nuclear fraction by centrifuging 15 min 4°C at 800 G. After that, the
supernatant was centrifuged with fresh vials for 30 min at 4°C 800 G. Final centrifugation of the
supernatant was performed for 10 min at 4°C and 10,000 G. Supernatant was discarded and
precipitate was resuspended in 100 ul of isolation buffer. Protein content was measured using a
Bradford assay and 40 pg protein equivalent mitochondria were used for ROS generation

measurements.

3.5 Protein determination

Protein concentrations in the samples meant for later electrophoresis (either 1-D or 2-D) were
determined in quadruplicate assays using a micro bicinchoninic acid protein assay kit (23235;

Pierce).

3.6 Metabolomic analyses

For metabolomics analyses a validated service provider — MetaSysX (Potsdam, Germany) was
chosen. Initial bioinformatic analysis was conducted also by the same company. 100 mg of frozen
brain tissue from each sample was grounded and further extracted according to the single-step
protocol practiced by Salem’s team at Max Planck Institute (Salem et al., 2016) with minor
modification. Sample volumes were adjusted to equal amounts of material. Primary metabolites
were analyzed by gas-chromatography coupled with mass-spectrometry (Gec-MS), whereas for the
analysis of polar/semi-polar primary and secondary metabolites ultra-performance liquid
chromatography (UPLC) -MS was applied. GC-MS was carried out on Agilent Technologies GC
coupled to a MS (Leco Pegasus HT), consisting of an electron impact ionization source and a time-
of-flight mass (TOF) analyzer. For polar/semi polar primary and secondary metabolites UPLC-MS
measurements were conducted on a Waters ACQUITY Reversed Phase Ultra Performance Liquid
Chromatography System (RP-UPLC), coupled to mass spectrometer (Orbitrap mass analyzer,
electrospray ionization source, Thermo-Fisher). Chromatography was carried out with C18 columns
and data were acquired in full scan MS mode (100-1500 mass range). Both positive and negative

ionization modes spectra were recorded.
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The spectra obtained were aligned and filtered. MetaSysX data base (for data obtained by UPLC-MS
and GC-MC) and the Fiehn Library (for data obtained by GC-MS data) were used for the annotation
of the extracted peaks. During the annotation and identification of the respective metabolites, the
sample data generated on the different platforms was normalized to their respective group

medians to obtain normalized intensities.

3.7 Bioinformatic analyses of metabolomic data

For the stabilization of variances all measurements were log-transformed. Missing values were set
to the average of their respective measurements. Moderate t-test analysis was used for the
identification of the differentially regulated metabolites. This test is implemented in the R package
Limma (Smyth, 2005). ROAST rotation-based test was applied for the identification of upregulated
and downregulated KEGG metabolism pathways (Wu et al., 2010). This ROAST test transforms
Limma t-statistics into their equivalent z-scores from a standard normal distribution. For each
pathway a single deregulation statistics is computed, taking the mean of the z-scores from the
metabolites belonging to this pathway. Rotation test, a Monte Carlo technique is more suitable for
small sample sizes than permutation. Hence p-value assessing the deregulation of each pathway is
then obtained by this test. During pathways analysis we have considered only uniquely identified
metabolites. Pathways which contained less than three identified metabolites were discarded. All p-
values were adjusted for false discovery rate (Benjamini and Hochberg, 1995). BIOMEX software

was applied for differential expression and ROAST analyses (Taverna et al., 2020).

3.8 Mitochondrial proteomic experiments

3.8.1 1-Dimensional gel electrophoresis and Western blotting.

Aliquots for 1-dimensional gel-electrophoresis contained 30 pg of protein. They were loaded in the
same volume - 30 pl of buffer and subjected to SDS gel electrophoresis and Western blotting
according to our earlier published lab-specific protocols (Meparishvili et al., 2015). The proteins
from the gel were transferred onto nitrocellulose membranes, and the membranes were stained
with Ponceau S solution 0.1% (w/v) to confirm transfer and uniform gel loading. The images were
then analyzed with Imagel (https://imagej.net/software/imagej). The nitrocellulose membranes

were washed with phosphate buffer saline (PBS) with 0.05% Tween 20, and the standard
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immunochemical procedures were carried out with peroxidase-labeled secondary antibodies and
Super-Signal West Pico Chemiluminescent substrate (Pierce, 34580). To achieve the linearity of
response, we have pre-flashed X-ray films with Sensitize (Amersham, RPN2051). Nitrocellulose
membranes were then exposed to such pre-treated X-ray films. OXPHOS complexes were quantified
with the Total OXPHOS rodent WB antibody cocktail (Abcam, ab110413). Levels of DRP1 — were
evaluated with ab184247 (Abcam) antibodies. Mitofusin-1 was quantified with antibodies -ab57602
(Abcam), whereas protein 14-3-33 theta was detected by sc-59414 (Santa-Cruz) antibodies.
Creatine kinase type B and HSP60 protein levels were evaluated with antibodies (Santa Cruz

Biotechnology; sc-13115 and sc-13115, respectively).

LabWorks 4.0 (UVP) was applied for the measurement of the optical densities of the bands
corresponding to the proteins of interest. Four internal protein standards containing 15, 30, 45 and
60 pg of total mitochondrial protein from the brain of WT mice were included in each gel. The same
standards were used in all electrophoresis experiments performed and they served for the
generation of calibration curves. Optical densities were significantly proportional to the amount of
studied receptors. The data in Figures 2, 3, 5, 6 and 7 were obtained by dividing the value of optical
density of each band from an experimental sample (e.g., neocortex of Mecp2”¥ mice) by the optical
density, which, from the calibration of the same autoradiograph, corresponded to 30 ug of standard

total protein. The data expressed in this way will be termed "relative amount".

The densities of the protein bands were not normalized to any housekeeping protein, because it
cannot be insured that such proteins will stay unaltered by our experimental conditions (Dittmer
and Dittmer, 2006;Li and Shen, 2013;Ghosh et al., 2014). Uniformity and of each loaded sample was

monitored using Ponceau S staining and band density calibration was based on protein standards.
3.8.2. SDS electrophoresis

0.75 mm thick, 12.5% polyacrylamide gels were used for SDS electrophoresis. All gels were run at
25°C with the following two sequential steps: (1)1-10 mA/gel, 80 V for 1 h and (2) 12 mA/gel, 150 V
for 18 h.
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3.8.3 2-D electrophoresis

First dimension isoelectric focusing was carried out on linear strips pH 3.0-10.0, 18 cm. They were
first rehydrated overnight in the following solution: 0.1% DeStreak reagent 8 M urea, 0.5%
pharmalyte3—10 and 0.5% TritonX-100. Then, isoelectric focusing was performed with the following
regime: 500 V for 3 h and 3500 V for 18 h. On each strip 40 micrograms of mitochondrial fraction

protein were loaded.

Following the isoelectric focusing step, the strips were equilibrated for 15 minutes in a buffer
containing 0.05M Tris-HCI (pH 6.8), 6 M urea, 3% SDS, 1% DTT and 30% glycerol. Then, for the
following 15 minutes, they were exposed to a buffer of the same composition, but in which DTT was

substituted with 2.5% iodoacetamide.
3.8.4. Staining, scanning and image analysis.

2-D gels were stained with a silver staining kit (GE Healthcare). A glutaraldehyde processing step
was omitted from our procedure. Scanning of the silver-stained gels was performed with an
Labscan6.0 Image Scanner Il (GE Healthcare). Obtained images were digitized and processed with
ImageMaster 2-D platinum 7.0 software. For best equivalence of experimental conditions, six gels
(three WT brain and three Mecp2™¥ samples from neocortex and hippocampus) were run in parallel
on a 2-D electrophoresis system. In sum, 6 brain samples of each region were analyzed for each
genotype. The data are generated from the protein spots which were coinciding by isoelectric point
and molecular weight (location) among different sets of experiments and were characterized by at
least by 2 fold differences between Mecp27 and WT. Obtained data were analyzed by two-tailed t-
test to assess potentially significant differences between the groups. In these statistical tests the
significance level was set at 5%. Such confirmed, differentially expressed spots were excised out

from gels and kept below —20°C until MS analysis.
3.8.5. In-gel digestion and MS analysis

The excised spots were destained, reduced with DTT and alkylated by iodoacetamide. Then they
were subjected to trypsin-mediated enzymatic digestion overnight at 37°C. After digestion, the
supernatant was pipetted into a sample vial and loaded into an autosampler for automated LC-

MS/MS analysis.
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These mass spectrometry analyses were performed using by LCQ FLEET with nano HPLC system -
Easy nLC-1000 (ThermoFisher Scientific, Waltham, MA). Peptides were separated by reverse-phase
chromatography. MS/MS spectra data were analyzed by SEQUEST (Proteome Discoverer 1.4,
ThermoFisher Scientific), searching against UniProt UniRefl00 Mus Musculus species protein

databases.

3.9 Spectrophotometric assay

ROS generation was measured using a multimode spectrophotometer flx-Xenius XM, SAFAS
Monaco. It was tuned at 495 nm excitation wavelength and 525 nm emission wavelengths for the
oxidation-sensitive dye H,DCFDA (100 mM 2°,7’-dichlorodihydrofluorescein diacetate dissolved in
DMSO - dimethyl sulfoxide). An amount of 40 pg isolated fresh mitochondria was transferred into a
quartz cuvette with 1 ml mitochondrial assay buffer (MAS: 70 mM sucrose, 220 mM mannitol, 2
mM HEPES, 10 mM KH2POs, 5 mM MgCl,, 1 mM EGTA, and 0.2% BSA, pH 7.4) and a final H,DCFDA
concentration of 100 uM. The build-up of fluorescence was monitored for duration of 30 minutes
and data was recorded with 1-minute intervals. Unpaired two tailed Student’s t-test was used to
determine significance of the observed differences. Mean + standard deviation is used to represent

analyses.
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4. Results

Comparing the visually observable phenotypic appearance of WT and Mecp2” clearly shows clear
differences in body size and length. Taking measurements of body and physiological parameters
together with overall fitness tests (Janc et al.,, 2016a) support the visually observed phenotypic
differences, thereby strongly suggesting that there have to be some alterations in the mitochondrial
function and the cellular metabolism of the mice. Mecp2”’ animals were smaller, lighter, and had a
trend toward slightly greater hematocrit and somewhat lower blood glucose levels, clearly

distinguishing them from the control mice in terms of general phenotypic appearance (Table 1).

WT mice (n =6)
Body size [cm] Body weight [g] Blood glucose [mg/dL] Hematocrit
8.23+0.21 21.60 £ 1.06 242.50 + 30.57 43.58 +2.05
8.2 22.7 211 46.3
8.6 22.6 247 45
8.1 20 243 41.3
8.4 225 235 45.3
8 21.2 215 41
8.1 20.6 304z 42.6

Mecp2™¥ mice (n = 6)

7.17 £0.69 (p =0.0078) | 13.78+3.70 (p = 0.0011) | 200.00 + 50.65 (p = 0.1393) | 46.4 + 2.46 (p = 0.0777)

6.9 11.5 177 50
6.5 11.4 147 47
8.3 20.5 306 47.7
7.9 17 208 46.7
6.9 12.1 185 42
6.5 10.2 177 45

Table 1. The examined WT and Mecp2”¥ mice's phenotypic characteristics, including their respective means and
standard deviations. A two-tailed, two-sided, unpaired t-test was used to compare genotypes (see p-values).
Reproduced from Golubiani G, Lagani V, Solomonia R, Miller M. (2021). Metabolomic Fingerprint of Mecp2-
Deficient Mouse Neocortex: Evidence for a Pronounced Multi-Facetted Metabolic Component in Rett Syndrome.
Cells. 10: 2494. Table 1
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4.1 The OXPHOS complexes

At the outset of experiments the OXPHOS complexes |, Il, lll, IV, and V's relative expression levels

were investigated in the neocortex and hippocampus of Mecp27¥ and WT mice.

Using 1-D electrophoresis and Western immunoblotting, the following proteins were quantitatively

assessed:

e NADH: ubiquinone oxidoreductase subunit B8 (NDUFB8), complex |

e Succinate dehydrogenase complex iron sulfur subunit B (SDHB), complex Il

e Ubiquinol-cytochrome C reductase core protein 2 (UQCRC2, alternate name cytochrome B-
C1 complex subunit 2), complex IlI

e Cytochrome c oxidase subunit 1 (MTCO1), complex IV

e ATP synthase F1 subunit alpha, complex V

The targeted proteins arelabile subunits of respected unassembled respiratory complexes.
Consequently, quantitative evaluation of these subunits does give precise information about the
relative amounts of the various complexes (Antibody mix used: Manufacturer — Abcam. Product
ab110413). Our data do not indicates for genotype-related significant differences, as differing
expression levels of the investigated proteins were found neither inthe neocortex nor in the

hippocampus (Figure 1, Table 2).
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Protein Hippocampus Neocortex
Relative units Pvalue | Relative units P
value
(mean £ SEM) (mean £ SEM)
WT Mecp2™7 WT Mecp2™
NADH: ubiquinone oxidoreductase | 1.35+0.05 | 1.17+0.09 | 0.12 0.78£0.06 | 0.85+0.09 | 0.51
subunit B8 (NDUFBS8), complex-|
Succinate dehydrogenase complex | 0.44+0.03 | 0.50£0.07 | 0.42 0.87£0.05 | 0.92+0.07 | 0.7
iron sulfur subunit B (SDHB), complex
Il
Ubiquinol-cytochrome C reductase | 0.44+0.06 | 0.53+0.06 | 0.32 1.05+0.05 1.06+0.06 | 0.9
core protein 2 (UQCRC2, alternate
name cytochrome B-C1 complex
subunit 2), complex Il
Cytochrome c¢ oxidase subunit 1 | 0.27£0.02 | 0.29+0.02 | 0.43 0.87+0.05 | 0.85+0.07 | 0.84
(MTCO1), complex IV
ATP synthase F1 subunit alpha, | 0.61+0.05 | 0.68+0.08 | 0.73 1.11+0.03 1.09+0.051 | 0.74
complex V

Table 2. Expression levels of selected subunits of OXPHOS complexes in the hippocampus and neocortex of

Mecp2”’ and WT mice. Statistical analysis did not reveal any significant differences (see p values; degrees of

freedom df=10 for all comparisons, S.E.M). Modified from Golubiani G, van Agen L, Tsverava L, Solomonia R, Miiller
M. (2023) Mitochondrial Proteome Changes in Rett Syndrome. Biology.; 12(7), 956. Table 1.

The composition of the complexes can alter in a variety of ways; therefore, relative proportions of

the OXPHOS complexes do not exclusively reveal this hidden information. Furthermore, our findings

do not rule out the possibility of additional variations in the entire mitochondrial proteome among

WT and Mecp2”¥ animals.
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Figure 1. Western blot images of specific prominent subunits of the five mitochondrial OXPHOS complexes in the
hippocampus (A) and neocortex (B) of Mecp27¥ and WT mice. Lanes were alternatingly loaded with Mecp27 and
WT samples. No significant genotype-related differences were detected for the chosen subunits of the various
respiratory chain complexes or the FoF1 ATP synthase complex (see also Table-2). Reproduced from Golubiani G,

van Agen L, Tsverava L, Solomonia R, Miller M. (2023) Mitochondrial Proteome Changes in Rett Syndrome.
Biology.; 12(7), 956. Figure 3.

4.2 Regulators of mitochondrial morphology

RTT appears to be intimately related to morphological changes in the mitochondria. Therefore, the
expression levels of proteins that are essential for controlling the dynamics of mitochondrial fusion
and fission, such as mitofusin 1 and dynamin-related protein 1, were evaluated. Mecp2”¥ mice had

considerably less mitofusin-1 in their neocortex compared to WT mice (t = 2.47, p = 0.033, df = 10).
(Figure 2).
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Figure 2. Western blot images of mitofusin 1 expression in the neocortex of WT and Mecp2”” mice. (A) Each lane
represents a single sample. Internal standards, represented in lanes 1S1-IS4, contain 15, 30, 45, and 60 pg of
protein, respectively. (B) A calibration plot that has been fitted using linear least-squares regression. (C) Mitofusin-
1 mean expression levels (mean * standard error of the mean). RTT-related differences among genotypes are
identified by crosshatches (# p < 0.05; unpaired 2-tailed Student’s t-test). Modified from Golubiani G, van Agen L,
Tsverava L, Solomonia R, Miller M. (2023) Mitochondrial Proteome Changes in Rett Syndrome. Biology. 12, 956.
Figure 4.

However in the neocortex, there were no discernible differences for DRP 1 (WT: 0.832 + 0.076

Mecp27V:0.734 + 0.140, n=6 each; p=0.549, values are given as mean = SEM).

The hippocampus of Mecp2”¥ animals as compared to WT mice, expresses significantly reduced
amounts of DRP1 (t = 2.39, p = 0.038, df = 10) (Figure 3). The detected levels of mitofusin-1 in the
hippocampus were only slightly lower as compared to WT hippocampus (WT: 0.434 + 0.026,
Mecp27: 0.34 + 0.065, n=5; p=0.234, values are given as mean * SEM), but these alterations were

not statistically significant.
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Figure 3. DRP1 expression in Mecp27¥ and WT mice's hippocampus. (A) A sample film: individual sample per lane.
The internal standards, each comprising 15, 30, 45, and 60 pg of protein, are shown as lanes IS1-I1S4. (B) A
calibration plot that has been fitted using linear least-squares regression. (C) Mean DRP-1 concentrations in the
hippocampus of the two separate groups of mice (mean * standard error of the mean). Crosshatches are used to
show genotype-related RTT differences (# p < 0.05; unpaired, two-tailed Student's t-test). Modified from Golubiani
G, van Agen L, Tsverava L, Solomonia R, Miller M. (2023) Mitochondrial Proteome Changes in Rett Syndrome.
Biology. 12(7), 956. Figure 5

4.3 The mitochondrial proteome differs among Mecp2/Y and WT mice

The 2D electrophoresis approach was applied to provide a more comprehensive picture of the
differences between the mitochondrial proteomes of Mecp2”¥ and control mice. Indeed, the 2D
electrophoresis performed on the mitochondrial fractions that were purified from the neocortex
and hippocampal regions of Mecp27¥ and WT mice revealed many protein bands with statistically

significant changes, which included both upregulated and downregulated candidates (Figure 4).
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Figure 4. 2-Dimensional gel electrophoresis representative images of the mitochondrial fraction from the

neocortex (B) and hippocampus (A) of Mecp2” mice. Gels were stained with silver dye. Proteins found to be

changed at least by 2-fold by “Image 2D platinum 7.0 software” are indicated by arrows. The arrows in the

brackets shows the direction of changes in RTT (increase or decrease) as compared to WT mice.

Reproduced from Golubiani G, van Agen L, Tsverava L, Solomonia R, Miller M. (2023) Mitochondrial Proteome

Changes in Rett Syndrome. Biology.; 12(7), 956. Figure 6. The significantly changed proteins are as follows:

Hippocampus:

1 - Cytochrome b-c1 complex subunit 1, mitochondrial (1)
2 - NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial (")

3 - Pyruvate dehydrogenase E1 component subunit beta, mitochondrial (1)

4 - NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, mitochondrial (")

5 - NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial (")

6 - Creatine kinase B-type ()
7 - ATP synthase subunit d (")
8 - Prohibitin 1 (1)

9 - Gamma enolase (J/)

10 -cAMP-dependent protein kinase catalytic subunit alpha (J,)

Neocortex:

1 - Cytochromeb-c1 complex subunit 1, mitochondrial (")

2 - 14-3-3 protein theta ({/)

3 - Guanine nucleotide-binding protein G(o) subunitalpha (")

4 - Prohibitin 1 (1")

5 - cAMP-dependent protein kinase catalytic subunit alpha (J/)

6 - Gamma enolase (J/)
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Following MS analysis, these bands' identities were further categorized (Table 3). In all, 6
differentially expressed proteins in the neocortex and 10 differentially expressed proteins in the
hippocampus were found. Four of these proteins with differential expression exhibit similar
alterations in both of the brain regions: Gamma-enolase and cAMP-dependent protein kinase
catalytic subunit alpha are negatively regulated in the hippocampus and neocortex of Mecp2”¥
animals compared to WT circumstances, but prohibitin 1 and cytochrome b-c1 complex subunit 1

are increased.

Direction of
. changes as . Molecular/biological
Protein Gene Uniprot ID . .
compared to functions of proteins
WT
HIPPOCAMPUS
Pyruvate dehydrogenase
Pyruvate dehydrogenase E1 y Y . &
. Q9D051 (acetyl-transferring)
component subunit beta, | Upregulated Pdhb .
. . ODPB_MOUSE activity/ glucose
mitochondrial .
metabolic process
o 2 iron, 2 sulfur cluster
NADH-ubiquinone Q91VDS binding/elect
inding/electron
oxidoreductase 75 kDa | Upregulated Ndufs1 & .
. . ] NDUS1_MOUSE transfer activity
subunit, mitochondrial
NADH dehydrogenase
NADH dehydrogenase QsK31 (ubiquinone) activity/
[ubiquinone] iron-sulfur | Upregulated Ndufs8 mitochondrial electron
. . . NDUS8_ MOUSE
protein 8, mitochondrial transport, NADH to
ubiquinone
NADH dehydrogenase
NADH dehydrogenase Q9D6J6 (ubiquinone) activity/
[ubiquinone] flavoprotein 2, | Upregulated Ndufv2 mitochondrial electron
) . NDUV2_MOUSE
mitochondrial transport, NADH to
ubiquinone
Metal ion binding/
Cytochrome b-c1 complex QoCz13 mitochondrial electron
. . . Upregulated Ugcrel L
subunit 1, mitochondrial QCR1_MOUSE transport, ubiquinol to
cytochrome ¢
Proton-transporting ATP
synthase activity,
rotational
. Q9DCX2 .
ATP synthase subunit d Upregulated Atp5pd mechanism/proton
ATP5H_MOUSE . .
motive force-driven
mitochondrial ATP
synthesis
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Kinase
. . Q04447 . .
7 | Creatine kinase B-type Upregulated Ckb activity/phosphocreatine
KCRB_MOUSE ) .
biosynthetic process
Protein
P67778 heterodimerization
8 Prohibitin-1 Upregulated Phb . . .
PHB1_MOUSE activity/ mitochondrial
organization
P17183 .
9 | Gamma-enolase Downregulated | Eno2 Lyase/glycolysis
ENOG_MOUSE
cAMP-dependent  protein . . .
. . . P05132 Serine/threonine protein
10 | kinase catalytic subunit | Downregulated | Prkaca . .
KAPCA_MOUSE kinase activity
alpha
NEOCORTEX
Metal ion binding/
Cytochrome b-c1 complex QocCz13 mitochondrial electron
11 . . . Upregulated Ugcrel o
subunit 1, mitochondrial QCR1_MOUSE transport, ubiquinol to
cytochrome ¢
G protein-coupled
Guanine nucleotide-binding P18872 receptor binding/G
12 . . Upregulated Gnaol .
protein G(o) subunit alpha GNAO_MOUSE protein coupled receptor
signaling pathway
Protein
P67778 heterodimerization
13 | Prohibitin-1 Upregulated Phb o . .
PHB1_MOUSE activity/ mitochondrial
organization
P17183 .
14 | Gamma-enolase Downregulated | Eno2 Lyase/glycolysis
ENOG_MOUSE
cAMP-dependent  protein . . .
) . . P05132 Serine/threonine protein
15 | kinase catalytic subunit | Downregulated | Prkaca . »
KAPCA_MOUSE kinase activity
alpha
Protein domain specific
_ P61982 - .
16 | 14-3-3 protein theta Downregulated | Ywhag binding/protein
1433G_MOUSE .
targeting

Table 3. Results of comparative 2-D electrophoresis and MS experiments. The identities of differentially expressed
proteins are listed. The protein spots that showed at least a 2-fold change between Mecp27¥ and WT mice were
chosen from each series of studies. A two-tailed Student's t test was used to examine the data from various studies
for the spots that coincided by location (pl and molecular weight). Protein identities were revealed by MS analysis.
The significance level was set at 5%. The Uniprot identification and molecular biological function of each protein
are also provided. Reproduced from Golubiani G, van Agen L, Tsverava L, Solomonia R, Miller M. (2023)
Mitochondrial Proteome Changes in Rett Syndrome. Biology. 12(7), 956. Table 2.
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4.4 Confirmatory Western blot analysis of differentially expressed proteins

Western immunoblotting tests were conducted on 2 chosen proteins to confirm the outcomes of
the 2D electrophoresis. For this task, two candidate proteins were selected, one from the neocortex
and one from the differentially expressed proteins in the hippocampus. Furthermore, proteins were
chosen based on their (1) regional specificity, meaning that they should only exhibit differential
expression in one of the examined regions, such as the hippocampus or neocortex, and (2) the
availability of trustworthy commercial antibodies. Based on these criteria, 14-3-3 protein theta and
creatine kinase were chosen. Creatine kinase B is increased in the hippocampus of Mecp27/ mice,
but was not observed to be expressed differently in the neocortex of these animals (Table 3).
Creatine kinase B antibodies interacted with a 50 kDa protein (Figure 5A), and Mecp2”¥ animals
presented significantly more protein on average in their hippocampi than WT mice did (t=2.41,

p=0.037, df=10, Figure 5B).
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Figure 5. Expression levels of the creatine kinase B protein in the hippocampus of Mecp27¥ and WT mice. (A) Each
lane represents a single sample. Internal standards, found in lanes IS1-1S4, contain 15, 30, 45, and 60 ug of protein,
respectively. (B) A calibration plot that has been fitted using linear least-squares regression. (C) Comparison of the
two groups of mice's mean levels of creatine kinase B (mean % standard error of the mean) in the hippocampus.
Crosshatches are used to show genotype-related RTT differences (# p < 0.05; unpaired, two-tailed Student's t-test).
Modified from Golubiani G, van Agen L, Tsverava L, Solomonia R, Miller M. (2023) Mitochondrial Proteome
Changes in Rett Syndrome. Biology.; 12(7), 956. Figure 7.
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Additionally, according to our 2D electrophoresis (Table 3), Mecp2”¥ mice's neocortex appears to
express less 14-3-3 protein theta. Western immunoblotting analysis confirmed this finding (Figure
6). The antibody against this protein responds with a band of 26 kDa molecular weight matching to
14-3-3 protein theta, and the mean expression level of the protein was considerably lower ( 45%) in
Mecp2”’ neocortex compared to WT (t=2.35, p=0.04, df=10). Heat shock protein 60 (HSP60)
interacts with 14-3-3 protein and is engaged in neurodegeneration in addition to playing a role in

the homeostasis of mitochondrial proteins (Satoh et al., 2005;Bross et al., 2012).
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Figure 6. 14-3-3 protein theta expression in the neocortex of Mecp27’ and WT mouse. (A) Sample film; each lane
contains an individual sample. Lanes 1S1-1S4 are internal standards containing 15, 30, 45, and 60 pg of protein,
respectively. (B) The calibration plot was fitted by a linear least-squares regression. (C) Mean levels of 14-3-3
protein theta (mean * standard error of the mean) in the hippocampus of the two groups of mice. RTT-related
differences among genotypes are identified by crosshatches (# p < 0.05; unpaired 2-tailed Student’s t-test).
Modified from Golubiani G, van Agen L, Tsverava L, Solomonia R, Miller M. (2023) Mitochondrial Proteome
Changes in Rett Syndrome. Biology. 12(7), 956. Figure 8.

Therefore, as a following step, it was investigated whether Mecp27¥ and WT mice's neocortex and

hippocampus had different expression levels of HSP60. Figure 7 shows that Mecp27¥ animals have

32



considerably lower levels of HSP60 in their neocortex than WT mice (t=2.24, p=0.049, df=10, Figure
7), although there were no significant genotype-relate changes detected in the hippocampus (WT:
0.786 + 0.092, Mecp27": 0.636 + 0.100, n=6 each, p=0.3, data are presented as mean relative units +
SEM).
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Figure 7. HSP60 expression levels in Mecp2”¥ and WT mice's neocortex. (A) Sample film; Each lane represents a
single sample. Internal standards, found in lanes 1S1-IS4, contain 15, 30, 45, and 60 ug of protein, respectively. (B)
A calibration plot that has been fitted using linear least-squares regression. (C) Mean levels of HSP60 (mean +
standard error of the mean) in the neocortex of the two groups of mice. RTT-related differences among genotypes
are identified by crosshatches (# p < 0.05; unpaired 2-tailed Student’s t-test). Modified from Golubiani G, van Agen
L, Tsverava L, Solomonia R, Miiller M. (2023) Mitochondrial Proteome Changes in Rett Syndrome. Biology. 12,(7)
956. Figure 9.

4.5 Metabolomics results

To assess to whether the protein changes detected in the mitochondrial proteome may be
accompanied also by alterations in the cellular metabolism, we ran a metabolomics screening on
cortical tissue. This brain region was selected, as it provides sufficient tissue amounts for this kind of

analyses. Hippocampus, due to its very small tissue amounts may not have fulfilled this condition.
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The dissected cortices of adult WT and Mecp2”’ mice were subjected to an untargeted metabolome

study.

A total of 4143 distinct characteristics were found overall using metabolomics screening. Amongst
them 2003 compounds were with hydrophilic characteristics in negative mode, 2037 were in
positive mode, and 101 in GC mass traces. The MetaSysX database was used for their annotation,
which resulted in 283 distinct features which were definitely identified (Supplementary Materials
Table 2). From these 283 compounds 32 were matched to multiple reference compounds, and
therefore have to be considered as co-eluting compounds. When only the identified metabolites
are analyzed, principal component analysis reveals that the WT and Mecp2”’ samples tend to settle
within their respective categories (Figure 8A). This also becomes evident, when taking into account

all measurements (Figure 8B).
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Figure 8. Principal component analysis (PCA) plots for Mecp27’ and WT mice cortices. Mecp2”¥ and WT cortices are
shown in red and blue dots, respectively. Only the identified metabolites (A) are used to calculate PCA, and all
measurements are taken into account in the neighboring panel (B). The percentage of explained variance for the x
(first component) and y (second component) axes are both presented. Reproduced from Golubiani G, Lagani V,
Solomonia R, Miiller M. (2021). Metabolomic Fingerprint of Mecp2-Deficient Mouse Neocortex: Evidence for a
Pronounced Multi-Facetted Metabolic Component in Rett Syndrome. Cells. 10: 2494. Figure 1.

WT and Mecp2”¥ neocortex showed distinct metabolic changes, with a total of 101 identified
metabolites changing substantially between genotypes at an adjusted p-value of 0.05 (see
Supplementary Materials Table 1). Specifically, 68 metabolites were significantly increased as

compared to WT, while the remaining 33 metabolites were significantly lower in the Mecp2”
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neocortex. These variably regulated metabolites include amino acids, peptides, neurotransmitters,
lipids, nucleosides/nucleotides, carbohydrates, and other chemically diverse substances. In the
Mecp2”/¥ neocortex, cysteinylglycine, L-homocysteine, L-glutamyl-L-glutamine, gamma-glutamyl-
tyrosine, and 3-methoxytyramine are those five metabolites that were most significantly
downregulated (according tp log2 fold changes). Sucrose, D-glucose 6-phosphate, D-fructose 1,6-
bisphosphate, glyceraldehyde 3-phosphate, and rutin are the five metabolites that are most

significantly elevated (see Supplementary Materials Table 1).

The number of deregulated identified metabolites and the degree of their alteration are visualized
using a volcano plot to show the results of the deregulation analysis and the complicated genotype-
related differences (Figure 9A). In this plot, the non-significantly impacted metabolites are
presented in blue, whereas red denotes significantly modified metabolites (FDR 0.05) for clear
identification. Figure 9B displays an equivalent plot of all the measurements.
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Figure 9. Volcano charts showing unregulated data from the Mecp27¥ and WT brain. One known metabolite is
represented by each dot. The adjusted p-values for Mecp27’ and WT are shown on the y-axis by the -log10
transformed log2 fold changes on the x-axis (as computed by a moderated t-test). Measurements having an
adjusted p-value of less than 0.05 are represented by red dots, whereas measurements that are not substantially
deregulated are represented by blue dots. The brown vertical lines denote a +1 log2 fold shift, which translates to
metabolites being present in the Mecp2”¥ brain either twice as much (+1) or half as much (-1) as before. For all
measurements and the identified metabolites (A), volcano graphs are displayed (B). Reproduced from Golubiani G,
Lagani V, Solomonia R, Miller M. (2021). Metabolomic Fingerprint of Mecp2-Deficient Mouse Neocortex: Evidence
for a Pronounced Multi-Facetted Metabolic Component in Rett Syndrome. Cells. 10: 2494. Figure 2.
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For the sake of clear visualization, a heatmap of all the deregulated data, together with the
concentration values of all the deregulated detected metabolites was assembled (Figure 10B).
These heatmaps show a very distinct clustering of the tissue samples under study that is clearly
genotype-dependent. Furthermore, both the WT and the Mecp2”¥ cortices exhibit a different

pattern of groupings of metabolites that are up- and down-regulated.
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Figure 10. Heatmaps showing all deregulated recognized and unidentified metabolite concentration values. White
values are lower and dark red values are higher. Rows of measurements are arranged, while columns are used to
represent the tissue samples. A red and a blue banner, respectively, are used to identify the Mecp2?¥ and WT
samples at the top of the heatmap. The clustering of measurements and distinctive sample identifiers is displayed
using dendrograms (individual mouse numbers). The identified metabolites (A) and all measurements were used to
calculate the heatmaps (B). Reproduced from Golubiani G, Lagani V, Solomonia R, Miller M. (2021). Metabolomic
Fingerprint of Mecp2-Deficient Mouse Neocortex: Evidence for a Pronounced Multi-Facetted Metabolic
Component in Rett Syndrome. Cells. 10: 2494.

The Mecp27¥ and WT mouse brain metabolomes differ significantly and dramatically, as seen by the
volcano plots and heatmaps. This specifically includes a number of amino acids, the majority of

which showed increased levels in the Mecp2”¥ neocortex (Figure 11).
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Figure 11. In the Mecp2”¥ and WT brain, many amino acids are present at distinctly different amounts. Mecp2””
mice had higher detection levels for the majority of these compounds. When compared to WT line, only lysine was
reduced. The log2 fold changes of the various compounds are plotted. Significant deviations from WT are denoted
by asterisks (***p < 0.001, ** p < 0.01,* p < 0.05). Reproduced from Golubiani G, Lagani V, Solomonia R, Miller M.
(2021). Metabolomic Fingerprint of Mecp2-Deficient Mouse Neocortex: Evidence for a Pronounced Multi-Facetted
Metabolic Component in Rett Syndrome. Cells. 10: 2494.

Amongst all amino acids only lysine displayed a markedly lower quantity in Mecp2”¥ neocortex
when compared to WT mice. Furthermore, there were still a sizable number of unidentified
metabolites. Some of these have a strong ability to distinguish across WT and Mecp2”¥ mice, and

may therefore be suitable as possible biomarkers for the development of disease or the severity of

symptoms.

Because of so many significantly changed metabolites, it is becoming obvious that the symptomatic
Mecp2”’ animals should have multiple altered cellular pathways. So, using all mouse metabolism-
related pathways listed in the Kyoto Encyclopedia of Genes and Genomes, a deregulation analysis at

the pathway level (KEGG) was performed (Kanehisa and Goto, 2000).

A total of 41 metabolic pathways had at least three defined metabolites in them, and in the

Mecp2”’ neocortex there were substantial alterations detected in 31 of these pathways (FDR 0.05,

Figure 12, Table 4).
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In general, amino acids and carbohydrates metabolism pathways are upregulated. However, there
were some modifications in cofactor and vitamin metabolism, overall energy metabolism, lipid
metabolism, and metabolism of lipids (Table 4). When compared to WT, the majority (30 of 31) of
highly disrupted pathways were elevated in the Mecp2” brain. This is clearly evident from the
diagram of the pathway-enrichment analyses where red color tones indicates for upregulated

pathways (Figure 12).
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Figure 12. Results of the pathway enrichment are graphically presented. The fraction of unregulated metabolites is
shown on the x-axis for each pathway, and the adjusted p-value is shown on the y-axis for each pathway. Each
dot's size corresponds to the quantity of recognized metabolites that are present in that pathway, and its color
denotes whether that pathway is being regulated up (red) or down (blue). Reproduced from Golubiani G, Lagani V,
Solomonia R, Miiller M. (2021). Metabolomic Fingerprint of Mecp2-Deficient Mouse Neocortex: Evidence for a
Pronounced Multi-Facetted Metabolic Component in Rett Syndrome. Cells. 10: 2494.

In Mecp2? brain, only glycerophospholipid metabolism was markedly downregulated. In addition
to histidine, tyrosine, tryptophan, beta-alanine, and glutathione metabolism, changes in nucleotide
(pyrimidine, purine) metabolism and lysine breakdown did not reach the threshold of significance
(FDR > 0.05). Between the Mecp2” and WT neocortex, there were no significant differences in the

synthesis of vitamin B6, pantothenate, or CoA. (Table 4).
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Pathway Number | Number | Number | Direction p-Value Adjusted Group
of down up p-Value
features
Starch and sucrose 3 0 3 Up 1.00x10°% | 1.02x10° | Carbohydrate
metabolism metabolism
Glyoxylate and 11 0 8 Up 8.00x10° | 6.97x 10°
dicarboxylate
metabolism
Galactose metabolism 4 0 4 Up 1.20x10° | 7.86x 10°
Fructose and mannose 3 0 3 Up 1.40x10° | 7.91x10°
metabolism
Glycolysis/gluconeogene | 5 0 5 Up 5.40x 10° | 0.000199
sis
Citrate cycle (TCA cycle) 7 0 7 Up 9.60 x 10° | 0.000301
Pentose phosphate 3 0 3 Up 0.000106 0.000309
pathway
Butanoate metabolism 6 0 6 Up 0.000115 0.000313
Ascorbate and aldarate 3 0 3 Up 0.00013 0.000332
metabolism
Pentose and glucuronate | 5 0 5 Up 0.000211 0.000508
interconversions
Pyruvate metabolism 6 0 6 Up 0.000333 0.000717
Propanoate metabolism | 4 0 3 Up 0.000623 0.001215
Oxidative 5 0 4 Up 0.000295 0.000671 Energy
phosphorylation metabolism
Sulfur metabolism 6 2 4 Up 0.025918 0.034278
Biosynthesis of 4 0 3 Up 0.001717 0.002815 Lipid
unsaturated fatty acids metabolism
Primary bile acid 3 0 2 Up 0.00549 0.008336
biosynthesis
Glycerophospholipid 4 2 1 Down 0.01947 0.027526
metabolism
Pyrimidine metabolism 16 7 3 Down 0.116182 0.136098 Nucleotide
metabolism
Purine metabolism 20 7 5 Up 0.257673 0.270886
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Arginine biosynthesis 10 8 Up 1.00x10° | 1.02x10° | Amino acid
metabolism

Valine, leucine, and 3 3 Up 9.00x10° | 6.97 x 10°

isoleucine degradation

Alanine, aspartate, and 12 10 Up 1.80x 10> | 8.97 x10°

glutamate metabolism

Valine, leucine, and 4 4 Up 2.50x10° | 0.0001

isoleucine biosynthesis

Phenylalanine 5 5 Up 6.20x 10° | 0.00021

metabolism

Arginine and proline 17 9 Up 0.000503 0.00103

metabolism

Cysteine and methionine | 13 9 Up 0.001386 0.00247

metabolism

Phenylalanine, tyrosine, 3 3 Up 0.00163 0.002784

and tryptophan

biosynthesis

Glycine, serine, and 13 7 Up 0.00343 0.005408

threonine metabolism

Lysine degradation 7 1 Down 0.07318 0.093761

Histidine metabolism 9 3 Up 0.143679 0.163634

Tyrosine metabolism 7 4 Up 0.214087 0.230988

Tryptophan metabolism 4 2 Up 0.377303 0.386735

D-Glutamine and D- 3 3 Up 2.00x10°% | 2.05x10° | Metabolism

glutamate metabolism of other
amino acids

Taurine and hypotaurine | 7 5 Up 0.001137 0.002118

metabolism

beta-Alanine metabolism | 9 2 Down 0.113484 0.136098

Glutathione metabolism | 9 4 Up 0.184715 0.204683

Porphyrin and 3 2 Up 2.30x10° | 0.0001 Metabolism

chlorophyll metabolism of cofactors
and vitamins

Nicotinate and 8 5 Up 0.00984 0.014408

nicotinamide
metabolism
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Thiamine metabolism Up 0.022741 0.031079
Vitamin B6 metabolism Up 0.110406 0.136098
Pantothenate and CoA Up 0.505619 0.505619
biosynthesis

Table 4. List of the 41 KEGG metabolic pathways tested on minimum of three identified metabolites. Name,
number of down- and upregulated features, raw p-value, and adjusted p-value are all presented for each pathway.
According to the adjusted p-value the Mecp27 neocortex showed significant changes in 31 of the indicated
metabolic pathways. Reproduced from Golubiani G, Lagani V, Solomonia R, Miller M. (2021). Metabolomic
Fingerprint of Mecp2-Deficient Mouse Neocortex: Evidence for a Pronounced Multi-Facetted Metabolic
Component in Rett Syndrome. Cells. 10: 2494.

It is becoming clear that the neocortex of Mecp2”¥ mice displays a variety of abnormal metabolic
symptoms due to the pathways' significant cellular dysfunction. In view of the magnitude of
metabolic changes detected, it certainly can be expected that proper brain functioning will most
likely be significantly affected by these dysregulations. These metabolic alterations are fully
explained in the following “Discussion” section, and a visual representation of the malfunctioning

metabolism is shown in Figure 13.
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Figure 13. Multiple metabolic abnormalities in the brain of the Mecp2-deficient animal. Our unsupervised
metabolomics research has revealed several key metabolic pathways that have been dramatically changed. Red
font denotes downregulation and disruption, whereas green font represents upregulation (A). The entity of
impacted metabolites is likely a contributor to the distinctive traits of RTT, which have been extensively described
in a number of prior investigations. For instance, this can entail fostering pro-oxidant circumstances that cause a
cellular redox imbalance, limiting synaptic function and network plasticity, and encouraging an energy-wasting
state (B). Reproduced from Golubiani G, Lagani V, Solomonia R, Miller M. (2021). Metabolomic Fingerprint of
Mecp2-Deficient Mouse Neocortex: Evidence for a Pronounced Multi-Facetted Metabolic Component in Rett
Syndrome. Cells. 10: 2494.
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4.6 ROS measurement

Mitochondrial ROS formation was rated based on the oxidation-sensitive dye H,DCFDA. Upon
oxidation, this dye is converted irreversibly into a fluorescent product. Therefore, in the
experiments the oxidation becomes evident as an increase in fluorescence over time. Since the
omitted fluorescence at the starting point of each individual RTT and WT sample does not differ
from each other, the recorded ROS changes were normalized to that starting point, which
allowed reducing data variability. Recordings show significant rises of overtime oxidation rates
in RTT hippocampus and neocortex compared to WT, where hippocampus seems more prone
to the intensified ROS release compared to neocortex (Figure 14).
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Figure 14: ROS generation measurements with H,DCFDA: ***p < 0.001, * p < 0.05. “n” is the number of samples
analyzed. A) build-up of H,DCFDA fluorescence over time for the indicated WT and Mecp2”’ samples from
hippocampus and neocortex. B) Summary at the 20 min time point. C) Fluorescence changes reached after 20 min,
normalized to the mean of WT conditions.
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5. Discussion

Range of data collected from Rett syndrome mice model by different experimental approaches
provide proof of various changes in proteomic, metabolomic and physiological status in Mecp27".
Although differences can clearly be seen, it is hard to say decisively which might be involved in
developing the pathological impairments and which might be caused by compensatory response on

presented challenges.

5.1 Proteomic results

Experimental findings demonstrate significant differences between the mitochondrial proteomes of
Mecp2™¥ mice and their WT counterparts. These results were acquired by an ad hoc method, which
included selecting proteins involved in mitochondrial dynamics, and additionally, we performed
investigations using the proteomics approach of 2-D electrophoresis and subsequent MS analysis,
which does not make any a priori assumptions about the involvement of specific proteins. The
differences that had been noticed in 2-D, were further confirmed for particular proteins by using
Western immunoblotting. It is interesting to note that all of the mitochondrial proteins that we
detected and confirmed to be differentially expressed among the two genotypes, are nuclear-
encoded proteins. In the neocortex and hippocampus of Mecp2”/Y mice, we discovered bidirectional
alterations in the expression levels of mitochondrial proteins. Generally, the MeCP2 protein works
as a transcriptional gene inhibitor, in specific circumstances it may also play a role as a
transcriptional gene activator (Chahrour et al., 2008). This implies that protein integrity distorting
mutations in the MECP2 gene may cause both, the up-regulation and down-regulation of various
genes, as was also seen in the current investigation. We also leave open the possibility that some of

these variations are a result of the Mecp2 knockout condition in the hemizygous mice.

5.2 Mitochondrial fusion/fission dynamics.

Anomalies in the general morphological appearance, including the size of the mitochondria are
present in RTT patients and mouse models (Eeg-Olofsson et al., 1990;Dotti et al., 1993;Cornford et
al.,, 1994;Bebensee et al.,, 2017). Mitochondrial mass as well as the present number of
mitochondrial particles is increased in astrocyte cell cultures grown from Mecp2”¥ mice compared

to WT cultures (Bebensee et al., 2017). Considering the given information, mitochondrial fission and
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fusion as well as their precise regulation (mitochondrial dynamics) apparently are thrown off-
balance during RTT pathology. Our findings showed that Mecp2”’ mice have lower levels of
mitofusin-1 in their neocortex. The hippocampus had a similar tendency, but the difference was not
statistically significant. The increased numbers of mitochondria and their distorted shapes in RTT
can be at least partially be attributed to decreased mitochondrial fusion. We propose that these
flaws in the kinetics of mitochondrial fusion and fission may also contribute to aberrant
mitochondrial functioning. It is widely known that altered mitochondrial dynamics are closely
associated with quite a number of CNS disorders (Simmons et al., 2020). The abnormal fission and
fusion of mitochondrial processes in glial cells is tightly related to the glia activation as part of
inflammatory responses (Rahman and Suk, 2020). Preclinical research shows that restoring
mitochondrial homeostasis - by boosting mitochondrial biogenesis - slows the course of injury and
improves functional recovery (Simmons et al., 2020). Interestingly, learning and memory are
crucially linked to higher levels of mitofusin-1 and DRP-1, and the higher levels of these two
proteins do correspond with learning effectiveness (Margvelani et al., 2018). Since the progression
of RTT gives rise also to poor memory performance (Samaco et al., 2013;He et al., 2022), decreased
protein expression levels of mitofusin-1 protein might be part of the complex clinical manifestation

of this disorder.

In 2-D electrophoresis experiments, we were not able to detect different levels of mitofusin-1
between the two groups of mice studied. As emphasized in the Methods section only spots, that
were differing in intensity at least by two fold were targeted and analyzed by MS. For that reason,

mitofusin-1 might not have fallen into the selected group of spots for subsequent MS analysis.

Mitochondria in dermal fibroblast obtained from RTT patients are characterized by obviously
disordered morphological appearance of a hyper-fused condition. In addition, mitofusins 1 and 2
were proven to be upregulated, whereas dynamin related protein 1 and mitochondrial fission 1
protein were downregulated in these cells. Furthermore, these fibroblasts exhibited a defective

PINK1/Parkin-mediated mitochondrial clearance (Crivellari et al., 2021).

5.3 Complex | components of the OXPHOS system

Within the mitochondrial respiratory chain, complex | is the biggest and the most elaborate enzyme

structure (Janssen et al., 2006). In the hippocampus of the Mecp2”’ mice - in comparison to WT
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animals - three components of this complex, NADH-ubiquinone oxidoreductase 75 kDa subunit
(NDUSF1), NADH dehydrogenase [ubiquinone] iron-sulfur protein 8 (NDUFS8), and NADH
dehydrogenase [ubiquinone] flavoprotein 2 (NDUFV2), were upregulated. Measurement of
NADH:ubiquinone oxidoreductase subunit B8 (NDUFBS8) in the hippocampus and neocortex did not
identify any genotype-related variations among the mouse strains though. An analogous situation
seems to be present in the case cytochrome b-cl complex subunit 1, which will be discussed in

following subchapter.

Six and fifteen month old rats do not differ by cortical complex | activity, but still 2-D
electrophoresis analysis showed a decrease in NDUFV2 and NDUFS1 subunits (Tatarkova et al.,
2016). The binuclear Fe-S cluster, which is integral to the NDUFV2 protein, may serve as an
antioxidant electron transporter. Yet it does not take part in the transfer of electrons from FMN to
ubiquinone (Janssen et al., 2006). Given the oxidative burden brought on by the condition of RTT,
this overexpression might act as a protective mechanism. In any event, the alterations seen for the
chosen complex | subunits suggest that this very complex is flexible in terms of how mitochondria
and cells function, and these alterations might therefore be considered potential compensatory
responses under the neuropathological RTT conditions. In several brain regions from people
affected by the disorders Down syndrome, Alzheimer's disease, and schizophrenia, there is a
decrease in the protein levels of complex | subunits expressing genes NDUFV2 and NDUFS1 (Kim et
al., 2001;Karry et al., 2004). Reduced NADH dehydrogenase enzyme activity was found in a patient
with a severe clinical appearance of RTT (Coker and Melnyk, 1991). Potential alterations in complex
| composition and/or activity have also been noted in a number of Mecp2-mutant mice models.
Core complex | (NDUFS8) and complex Il (SDHB sub) subunit protein expression levels are decreased
in female Mecp2-mutant mice (De Filippis et al., 2015b). Prior to this, a somewhat diminished level
of a complex | core subunit (NDUFB8) also was discovered in Mecp27¥ neocortex and hippocampus
in comparison to WT (Can et al., 2018). However, it should be noted that, in the present thesis an
internal protein standard was used, while the earlier study relied on GAPDH expression as the
internal reference. On the genetic level, reduced mRNA levels of NADH dehydrogenase subunit 2
were seen in the mitochondria obtained from the whole brains of Mecp2-deficient animals, but not

in those with mild symptoms at the early disease stage (Kriaucionis et al., 2006).
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5.4 Complex lll components of the OXPHOS system

Our 2D-gel studies reveal that cytochrome b-c1 complex subunit 1 is expressed more abundantly in
the Mecp2™¥ neocortex and hippocampus. The ubiquinol-cytochrome ¢ oxidoreductase, a multi-
subunit transmembrane complex that is a member of the mitochondrial electron transport chain
and promotes oxidative phosphorylation, contains this protein as one of its constituents (complex

.

Findings of a potential role of cytochrome b-c1 complex subunit 1 in RTT pathology are in line with
an earlier differential display approach study which revealed only one upregulated gene, namely
UQCRC1 in the whole brain of Mecp2”¥ mice (Kriaucionis et al., 2006). The mRNA coding for

UQCRC1 was found to be upregulated 1.7 fold in mutant mice (Kriaucionis et al., 2006).

The cytochrome b-cl complex subunit 2 was assessed as part of our Western-blot analysis of
OXPHOS complexes, but no appreciable genotype-related changes were discovered in the
hippocampus or neocortex. Along these lines, it was not possible to locate any published
information on the equivalent effects of different treatments or pathological circumstances on

these two subunits.

In the hippocampus of mice subjected to prolonged nicotine treatment, the protein cytochrome b-
c1 complex subunit 1 was found to be increased (Matsuura et al., 2016). It is important to note that
this increase was observed in precursor form of cytochrome b-c1 complex subunit 1 together with
other proteins, which are generally located in the cytosol, indicating that this protein underwent
compelling alterations after being exposed to pathology (Matsuura et al., 2016). In vitro
peroxynitrite treatment of isolated beef heart mitochondria causes subunit 1 of the cytochrome b-
cl complex to become nitrosylated, whereas subunit 2 did not experience the same
posttranslational alterations (Kohutiar et al.,, 2018). In a rat model of nonalcoholic fatty liver
disease, proteomic analyses of the hepatic mitochondria indicated a decrease in cytochrome b-c1
complex subunit 1, but not a decline in subunit 2 expression (Lee et al., 2018). Cytochrome b-c1
complex subunit 1 alterations have also been detected as part of the ischemia-reperfusion
mediated damage (Lin et al., 2012). Furthermore, high-litter size spermatozoa exhibited high levels
of cytochrome b-c1 complex subunit 2, whereas low-litter size spermatozoa expressed high levels of

cytochrome b-c1l complex subunit 1 (Kwon et al., 2015). Accordingly, subunit 2 expression was
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positively connected with litter size, but subunit 1 expression was inversely correlated with litter
size (Kwon et al., 2015). All of these findings suggest that these two cytochrome b-c1 complex
subunits play distinct roles in the operation of complex lll. Besides, alterations in any of them are

not frequently linked with the corresponding changes in the other subunit.

Previously, our laboratory assessed the expression of yet another subunit, cytochrome b-cl
complex subunit 5. In these analyses, GAPDH was used as the internal reference, and no statistically
significant differences among the hippocampi and cortices of WT and Mecp2™¥ mice were detected

(Can et al., 2018).

Our metabolomics findings show that the cortical tissue isolated from Mecp2”¥ mouse brain has
more OXPHOS metabolites than compared to the age-matched WT neocortex (Golubiani et al.,
2021). This might be a way to make up for the mitochondrial dysfunction and for the obviously
ineffective mitochondrial respiration that has been shown in RTT-syndrome mouse models
(Kriaucionis et al., 2006;De Filippis et al., 2015b;Can et al., 2018;Golubiani et al., 2021). This

suggestion is supported by the rise in cytochrome b-c1 complex subunit 1.

It is well described, that the distinct respiratory complexes I, lll and IV can form various
multicomponent supercomplex combinations, which can exist simultaneously with unbound
complex 1112 and complex IV (Cruciat et al., 2000). It is yet unknown how the structural remodeling
of the mitochondrial respiratory chain can adapt OXPHOS function to various energy requirements
through the regulatory mechanisms of supercomplex formation (Fernandez-Vizarra and Ugalde,
2022). For human cells and postmitotic tissues is has recently been demonstrated that two distinct
mitochondrial respiratory chain organizations, C-MRC and S-MRC, are present side-by-side. This
coexistence appears to be characterized by the preferential expression of the three distinct COX7A
subunit isoforms COX7A1, COX7A2, and SCAFI (Fernandez-Vizarra et al., 2022). Chances are, that
supramolecular assemblages in the mitochondria of Mecp2-deficient brains may crucially influence
the unique characteristics of these organelles. Any gross changes in supercomplex construction do
not appear to exist in adult Mecp27’ animals, at least not in the hippocampus, the neocortex, and in
heart tissue (Can et al., 2018). As mentioned before, assessment of the hippocampi and the cortices
of WT and Mecp27¥ mice for altered cytochrome b-c1 complex subunit 5 expression in comparison

to GAPDH has found no discernible changes (Can et al., 2018). At the transcript level (mRNA), the
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whole-brain based transcriptome of the “Bird” mouse model was showing a 1.7 fold increase of
cytochrome b-c1l complex subunit 1 in early and late symptomatic mice . However, Western blots
were unable to identify any matching changes in protein expression (Kriaucionis et al., 2006).
Complex lI+lll enzyme activity was shown to be reduced in the skeletal muscle of male Mecp2-
mutant mice, but not in their whole brains, their cerebelli, or their hippocampi (Gold et al., 2014).
This may also spark a discussion on the extents of brain-related mitochondrial alterations versus

those arising in peripheral organs.

5.5 ATP synthase complex of the OXPHOS system

2D gels and subsequent MS analysis show that Mecp2” hippocampal ATP-synthase subunit d is
upregulated. Earlier, the ratio of ATP-synthase subunit beta (ATP5B) to GAPDH was found to be
lower in Mecp2”’ neocortex compared to WT neocortex. Additionally, a decreased activity of
complex V was seen in symptomatic female Mecp2-mutant mice (De Filippis et al., 2015b;Valenti et
al., 2017). Existing data display a range of findings about the Mecp2-deficient brain tissue’s
metabolic status. Reduced brain ATP levels in Mecp2-null mice have been documented (Saywell et
al., 2006), neurons of the neonatal Mecp2”’ hippocampus produce more ATP, but they also have
faster ATP turnover rates (Toloe et al., 2014), whereas comparable ATP tissue levels were found in
Mecp2”’ mouse hippocampal slices. Finally, female Mecp2-mutant mice had significantly lower ATP
levels as well (Fischer et al., 2009). It appears that in order to address the problem of cellular ATP
supply and energy consumption in Mecp2-deficient neural networks, more in-depth research with

cell-type specific resolution would be necessary.

5.6 Modulatory and metabolic key players

In comparison to WT mice, Mecp2”¥ animals showed considerably higher levels of the protein
prohibitin 1 in both their hippocampi us and their neocortices. Although prohibitin 1 and prohibitin
2 are found in the cytosol, mitochondria, and the nucleus, increasing evidence points to a crucial
role for mitochondria (Signorile et al., 2019). These two proteins join together at the inner
membrane of mitochondria to form a supramolecular structure and to control mitochondrial
metabolism (Signorile et al., 2019). Prohibitins physically interact with respiratory complex subunits
and modify their stability and translation, which contributes to their role in the regulation of

OXPHOS system activity (Signorile et al., 2019). It was demonstrated that prohibitin 1
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overexpression boosts complex |I-dependent, NADH-fueled, mitochondrial respiration and thereby
facilitates ATP synthesis (Liu et al., 2009;Li et al., 2015). Vice-versa, respiratory chain complexes
express less and perform less well when prohibitin 1 is downregulated (Merkwirth et al.,,
2012;Supale et al., 2013). Our metabolomics data (see “Results” suggested that Mecp2”¥ mice's
brain had higher OXPHOS activity levels. We therefore propose that this process may be aided by

the elevated levels of prohibitin-1.

Creatine kinase B was found to be an increased protein in the mitochondrial fraction of the Mecp27
hippocampus, and Western blotting further supported the observed changes. By activating the
K*/ClI- cotransporter KCC2, which is particular to neurons, creatine kinase B exerts critical effects on
GABAergic neurons in addition to playing a significant role in maintaining brain energy balance
(Inoue et al., 2006). Epigenomic analyses were performed in dermal fibroblasts from RTT
monozygotic twins, which despite having the same MECP2 mutation as well as identical X-
chromosome inactivation patterns, showed varied illness manifestation and severity (Miyake et al.,
2013). The upstream regions of genes essentially contributing to proper brain function, such as
creatine kinase B, showed variations in DNA methylation between the twins” fibroblasts. As
expected, the degree of gene expression was inversely linked with the degree of methylation in
these upstream areas (Miyake et al., 2013). No controls were employed in this investigation though:
Hence, it is unclear whether creatine kinase B is elevated or depressed in comparison to healthy
controls. However, the elevated levels of creatine kinase B seen in the hippocampus of our Mecp2-
null mice may be a result of compensatory modifications intended to enhance brain energy

homeostasis.

The protein 14-3-3 theta is downregulated in Mecp2”Y neocortex, according to the 2-D
electrophoresis assays performed. The additional Western immunoblotting tests confirmed this
conclusion. A class of scaffolding proteins known as 14-3-3 proteins, which are found in all
eukaryotes, regulate a wide range of other cellular proteins by fine-shaping their functions or
activities (Obsilova and Obsil, 2022). Consequently, these proteins take part in important
physiological functions like energy metabolism (Obsilova and Obsil, 2022). When the electron
transport chain is compromised and the redox state is disrupted, upregulating the 14-3-3 protein
enhances mitochondrial activity (Qiao et al., 2020). As a result, we propose that the observed

downregulation of 14-3-3 theta in the neocortex of Mecp2”¥ mice may be a factor in the altered
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mitochondrial functioning along the progression of RTT. Mecp2”¥ mice have decreased levels of
gamma enolase in their neocortex and hippocampus. Enolases are cytosolic carbon-oxygen lyases
that are highly expressed and involved in the metabolism of glucose. Alpha, beta, and gamma are
the three isozymes of enolase that are produced by separate genes in vertebrates. Beta enolase is
only found in muscles, gamma enolase is only found in neurons, and alpha enolase is present
everywhere (Isgro et al., 2015). Beyond glycolysis and gluconeogenesis, enolase has recently been
demonstrated to perform a number of regulatory activities (Butterfield and Lange, 2009). Five
substances involved in the glycolysis and gluconeogenesis processes were upregulated, according to
our earlier metabolomics research (Golubiani et al., 2021). Therefore, it seems odd that one of the
crucial enzymes involved in glycolysis processes has been downregulated. However, we must
consider that the cytosolic fractions were not examined and that the downregulation of gamma
enolase was seen in the mitochondrial fraction of the neocortex and hippocampus of Mecp2”/ mice.
Enolase is found in the intermembrane space/outer mitochondrial membrane fraction, according to
published research (Giegé et al., 2003;Poon et al., 2005). Enolase may also play a distinct extra role
in the operation of the mitochondria by transporting particular tRNAs. According to research on
yeast, only around 3% of the total lysine transfer RNA acceptor 1 (tRK1) pool enters mitochondria,
whereas the second isoacceptor, tRK2, stays in the cytosolic compartment. Under stressful
circumstances, it is hypothesized that tRK1's regulation of mitochondria will increase mitochondrial
translation. Enolase 2 facilitates the import of tRK1 into the mitochondria (Baleva et al., 2015). By
analogy, we can hypothesize that gamma enolase downregulation contributes to another, as of yet
unexplained, involvement of this enzyme in mitochondrial function despite the increase of

glycolysis.

5.7 Linking the changes in mitochondrial proteome to functional alterations

Obtained data conclusively demonstrate significant abnormalities to the mitochondrial proteome in
the brain and hippocampus of male Mecp2-deficient mice. These variations add important
information to our understanding of the unique condition of brain mitochondria in RTT-related
disease. The finding, that the two brain regions' changes in protein expression only partially
overlap, highlights the significance of investigations that are carefully focused particular to each

relevant brain region. Also, this demands a thorough cross-regional comparison to be performed.
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Only then can the complete picture of mitochondrial changes along the various steps of RTT

pathogenesis be clarified.

Transcriptional analysis on patient-derived peripheral blood samples revealed a number of
mitochondria-relevant genes to be primarily elevated (Pecorelli et al., 2013). In addition, a review of
the RTT-related modifications in human-derived tissues indicates mitochondria as one of the three
primary targets impacted by RTT, along with dendritic/synaptic abnormalities and glial function
(Shovlin and Tropea, 2018). Additionally, whole cell proteomic analyses of the dermal fibroblasts
from controls and RTT patients revealed that the expression of proteins involved in the
mitochondrial function and performance is subject to a multitude of changes (Cicaloni et al., 2020).
RTT patients were shown to have elevated levels of ATP synthase subunit g, cytochrome ¢ oxidase
subunit 6B1, NADH-cytochrome b5 reductase 3, and mitochondrial peroxiredoxin-5 patients
(Cicaloni et al., 2020). However, tissue specialization can be seen in the mitochondrial makeup and
bioenergetic characteristics (Kappler et al., 2019), and variations seen in lymphocytes and
fibroblasts may not also be found in brain tissue. However, the overexpression of distinct
mitochondrial complexes in different tissues can be interpreted as a sign of diminished
performance of mitochondrial respiration, perhaps coupled with abnormal ATP generation

(Pecorelli et al., 2013;Shovlin and Tropea, 2018).

No doubt, other tissues also contribute to the clinical expression and severity of RTT, and the brain
is not the only organ impacted by mitochondrial changes in this condition. However, given the high
metabolic demand of the brain and the lack of cerebral energy stores, any mitochondrial changes
are likely to have a particularly negative impact on brain metabolism. The only modification to the
mitochondrial proteome in post-mortem brain tissue from RTT patients that has been detected thus
far is a reduction in cytochrome c oxidase subunit I. However, rather than at the protein level, this
downregulation was seen at the mRNA level (Gibson et al., 2010). Determining the specifics of these
changes and identifying the functional effects in the various brain regions will therefore be

challenging but highly interesting tasks.

5.8 Metabolomics fingerprinting

The metabolomes of the Mecp27¥ and WT mouse neocortex are clearly and significantly different

from one another, according to our results. These variations were found in mice raised in the same
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environment and fed the same nutrients composition. According to our knowledge, this is the first
study of its sort to pay particular attention to variations in the full metabolome between the
neocortical tissue of an RTT mouse model and WT mice. Previous research on the changes in brain
metabolites in postmortem patient tissue samples or in Mecp2-mutant mice was ad hoc and
focused on a certain subset of chemicals, primarily neurotransmitters and the breakdown products
of these compounds. Only one untargeted metabolome investigation, concentrating on the blood
plasma of RTT patients and control people, has been carried out to date (Neul et al., 2020). It must
be mentioned that we studied the most severe conditions arising in the adult male, hemizygous
Mecp2”Y mouse model. Whether the X-chromosomal mosaicism present in female heterozygous
mice may be associated with less pronounced metabolic derangements remains to the clarified.
Mutations in the transcriptional modulator MeCP2 are the cause of the neurodevelopmental
synaptopathy RTT, and already existing information strongly supports its link to variations in the
expression of several genes (Amir et al., 1999;Johnson et al., 2017;0senberg et al., 2018). Finding
out which of these alterations are causally responsible for the pathological states, which ones
simply represent compensatory measures, and which ones do not meet neither one of the two

criteria, is one of the biggest hurdles for RTT as well as other neuropathologies.

5.9 Carbohydrate Metabolism

The first two products of glycolysis, glucose and glucose-6-phosphate, are present at higher levels in
the neocortex of Mecp2”¥ mice, which, in light of the changes in glycolysis, leads us to hypothesize
that glucose metabolism is enhanced in this area of the brain. Fructose 1,6-bisphosphate,
glyceraldehyde 3-phosphate, and pyruvic acid concentrations were also noticeably raised. It is also
reasonable to suppose that an increased glycolytic rate will result in a greater absorption of glucose
by the brain. These data sheds additional light on the earlier results of our laboratory, where it was
shown that glucose transporter SLC2A4 was upregulated in the CA1l region off hippocampus of
Mecp2”’ mice (GroRer et al., 2012). In the same mouse model blood sugar is decreased (Janc et al.,
2016a). Additionally, the Mecp2”’ neocortex exhibits an upregulation of the pentose phosphate
pathway. Nicotinamide adenine dinucleotide phosphate (NADPH), which is produced by this
pathway and fed into reductive biosynthesis processes, is a crucial component contributing to the

cellular redox equilibrium. Therefore, its overexpression could be seen as compensatory in
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supplying the neocortex under the disease-related conditions of oxidative stress with the sufficient

reducing equivalents.

Erythritol is elevated in the neocortex of Mecp27¥ mice. Recent research has demonstrated that
erythritol, a reduced version of the monosaccharide erythrose and an intermediate of the reductive
pentosephosphate pathway, can be produced endogenously from glucose (Hootman et al., 2017).
The elevated amount of erythritol in the neocortex of Mecp2”’ mice may be due to the enhanced
glucose metabolism. It's interesting to note that patients with mental illness have brains with higher
erythritol levels (Zhang et al., 2016). Further investigation is required to determine the significance
of the elevated erythritol level, because significant cognitive impairment is one of the characteristic

traits of RTT.

Seven metabolites of the tricarboxylic acid (TCA) cycle are increased in Mecp2” neocortex. The
following 5 metabolites, namely; succinic acid, L-malic acid, alpha-ketoglutaric acid, citric acid, and
thiamine pyrophosphate (a cofactor in the in the pyruvate decarboxylation reaction catalyzed by
the pyruvate dehydrogenase complex) are substantially elevated. This unequivocally demonstrates
that this pathway is dysregulated in the Mecp2”¥ mouse brain. Our metabolomics data represents,
as far as we are aware, the first concrete proof of alterations in the TCA cycle in the Mecp27 brain.
With seven identified and elevated metabolites, the TCA cycle is unquestionably one of the core
metabolic pathways that has been most significantly altered. The cerebral fluid (CSF) of RTT patients
was examined for lactate, pyruvate, and citric acid cycle intermediates (Matsuishi et al., 1994). Of
the entity of citric acid cycle metabolites, only alpha ketoglutarate and malate were significantly
increased in these individuals when compared to control subjects. . This data also indirectly
suggests elevated levels of citric acid cycle metabolites in the brain tissue, because the CSF
metabolome is a reflection of the brain metabolome. For many downstream metabolic pathways,
the TCA cycle is crucial. Its primary tasks include producing NADH and FADH, for mitochondrial
respiration and releasing energy through the oxidation of acetyl-CoA obtained from carbs, lipids,
and proteins. Because of this, the TCA cycle is closely controlled, and ATP inhibits pyruvate
dehydrogenase and isocitrate dehydrogenase by acting as an allosteric inhibitor. It is widely
recognized that high consumption rates of ATP increases the cellular ADP/ATP ratio and AMP
concentrations, which in turn activate the TCA cycle's regulating enzymes (Martinez-Reyes and

Chandel, 2020). Consequently, we cannot rule out the possibility that the observed increase in TCA
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cycle metabolites is due to aberrant regulation of the cycle itself and a compensatory effort by the
MeCP2-deficient organism. The total quantity of energy produced would rise as a result of
increased TCA-enhanced glycolytic activity. At the same time, there would be more reduced NADH
available to feed into various systems, such as the mitochondrial respiratory chain. Recent studies
suggest that TCA cycle intermediates play an extra, novel role in signaling molecules that regulate
chromatin changes, DNA methylation, hypoxia responses, and immunology (Martinez-Reyes and
Chandel, 2020). In particular in tumors and in activated macrophages, succinate itself stabilizes the
transcription factor - hypoxia inducible factor (HIF)-1, activates dendritic cells via succinate receptor
1, and post-translationally changes proteins (Mills and O'Neill, 2014). It is unclear, however,
whether such prolonged succinate-mediated signaling also applies to Mecp2-deficient brain tissues.
In line with these data, our earlier observations about altered hypoxia responses and elevated
levels of HIF-1 alpha throughout the brain in Mecp27¥ mice (Fischer et al., 2009;Kron and Miiller,

2010) may gain additional interest.

5.10 General energy metabolism

Mecp2”’ animals had significantly higher levels of ADP, AMP, and orthophosphate in their
neocortex. The largest amount (80-90%) of the brain's energy is consumed by neurons (Yu et al.,
2018). Therefore, it is reasonable to assume that these variations are mostly the result of
alterations in neuronal energy metabolism. Highly intensive metabolic energy expenditure and
replenishment are required for neuronal function. The well-known oxidative phosphorylation
effector ADP is thought to be a proximal signal that coordinates metabolic reactions to high energy
demands (Yellen, 2018). Glycolysis is regarded as being activated by AMP. It speeds up the
activation of the major regulator of the glycolytic pathway, 6-phosphofructo-1-kinase, which is
promptly triggered by the activation of 5’-AMP-dependent protein kinase (AMPK) (Bolafios et al.,
2008). Therefore, the increased glycolysis and TCA cycle in the Mecp2”’ neocortex may be partially
explained by the reported increases in ADP and AMP. Unfortunately, metabolomics cannot provide
a detailed assessment of the electron transport chain (ETC) activity in the mitochondria. Instead,
high resolution respirometric techniques are required for this (Doerrier et al., 2018). However,
pathway analysis carried by us revealed that the oxidative phosphorylation was elevated due to the
increased substrate levels. More substrates go into the mitochondrial ETC as a result of increased

glycolysis and TCA cycle activity. This might be a way to cope with diminished mitochondrial
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function and ineffective mitochondrial respiration seen in RTT (De Filippis et al., 2015b).
Additionally, the elevated substrate levels may result in a dysregulation of the mitochondrial ETC on
their own. Increased energy expenditure and enhanced ATP turnover were discovered in neurons of
the neonatal Mecp2”Y hippocampus , providing evidence for these hypotheses (Toloe et al., 2014),
and it has been suggested that under the pathological impact of RTT, mitochondria may operate in
a energy-wasting condition (Jin et al., 2015). This may help to explain why whole brain examinations
of male and female Mecp2-mutant mice revealed lower ATP levels (Saywell et al., 2006;De Filippis
et al., 2015b). Focusing on the adult Mecp2”' hippocampus, however in our laboratory work, no
evidence of lower ATP levels in that particular brain area was found (Fischer et al., 2009). This
highlights the requirement for more in depth, region specific research on the brain's energetics in

Mecp2-mutant mice. The complete picture can only be obtained after that.

5.11 Amino acid metabolism

The majority of amino acids exhibit clearly higher levels compared to WT, making amino acid
metabolism one of the most seriously impacted aspects in Mecp2-deficient mouse neocortex. There
is currently a dearth of knowledge on the changed amino acid levels in RTT. In one case report on
postmortem brain tissue, it was discovered that the putamen, pallidum, white matter, caudatum,
and thalamus tended to have lower levels of a number of amino acids, However, CSF did not show
these concurrent alterations (Riederer et al.,, 1985). Aspartate, glutamate, cysteine, glycine, and
serine levels in RTT patient-derived blood samples were found to have increased or were heading
upward, while arginine, histidine, and phenylalanine levels were found to have decreased or were
trending downward (Neul et al., 2020). On the contrary, an RTT mouse study using whole brain
extracts only saw minor variations in amino acid levels (glutamine increased, GABA trend to
decrease). This could be explained by the fact that only a few metabolites have been identified
using magnetic resonance spectroscopic analysis, and the use of whole brain extracts may have

obscured information particular to certain brain regions (Viola et al., 2007).

The majority of amino acids were found in higher concentrations in the mouse neocortex.
Therefore, the frequently-mentioned condition of chronic undernutrition in RTT, which is also
demonstrated by the noticeably lower body weights of the Mecp2”¥ mice, cannot explain for these

changes. Thirteen of the 20 proteinogenic amino acids (L-alanine, L-glutamic acid, L-leucine, L-
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isoleucine, L-lysine, L-methionine, L-phenylalanine, L-proline, L-serine, L-threonine, L-tryptophan, L-
tyrosine, and L-valine) had noticeably higher amounts in the neocortex of the Mecp2”Y mice.
Significant alterations in four proteinogenic amino acids were found in the plasma of RTT patients
after a metabolomics analysis. In detail, aspartate and glutamate were elevated, whereas arginine
and histidine were found to be significantly downregulated (Neul et al., 2020). Only one of these
four—L-glutamic acid—was shown to be considerably elevated in our study. These differences
between two can be explained by different species (human against mouse) and different specimen
sources (neocortex against blood plasma) of the examined metabolomes, the remaining three did
not differ. The observed variations highlight the value of targeted, tissue-specific investigations of
neuropathological diseases once more. The noticeable rise in more than half of the amino acids that
are proteinogenic not only points to aberrant protein synthesis, but also to alterations in the

cellular pathways that are connected to certain amino acids or groups of amino acids.

Early presymptomatic stages of RTT do, in fact, show decreased protein synthesis in a number of
brain regions, including the neocortex (Ricciardi et al., 2011). L-leucine, L-isoleucine, and L-valine
are the three amino acids that make up the class of branched amino acids (BAAs), and all three
showed a noticeable increase in concentration in the Mecp2”¥ neocortex. BAAs play a role in
protein synthesis as well as other crucial brain processes like nitrogen regulation and the cycling of
neurotransmitters. They can also be used as energy substrates in the TCA cycle (Sperringer et al.,
2017). Neuropathological disorders are associated with variations in BAA concentrations. L-leucine
incubation of cerebral neocortex homogenates causes an increase in thiobarbituric acid-reactive
compounds, which causes oxidative stress (Bridi et al., 2005). Cultured cortical astrocytes' shape
and cytoskeletal organization are changed when exposed to BAAs (Funchal et al., 2005). Thus, the
oxidative burden in RTT and the increased TCA cycle activity suggested by our data may be caused

by elevated BAA levels.

The non-proteinogenic amino acid L-homocysteine, is significantly reduced in the Mecp2”
neocortex. L-homocysteine belongs to the Sulfur -containing amino acids group. It originates from
S-adenosylmethionine, a crucial source of methyl groups for methylation processes like DNA
methylation and catecholamine production (Kaplan et al., 2020). Methionine metabolism results in
the formation of L-homocysteine, and the methionine level is increased in the Mecp2”¥ neocortex

(see above). L-homocysteine should thus also be increased. The reverse, however, shows that
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additional regulatory pathways reduce its levels. As a result, the methylation of target molecules
may be less prominent. The oxidative burden in RTT, which would force the oxidation of L-
homocysteine, may be a contributing factor. L-cystin was elevated in the Mecp2” neocortex,
consistent with the sulfhydryl oxidation that is thought to have occurred. MeCP2, a transcriptional
repressor/regulator that binds to methylated CA sites within lengthy genes, is functionally disrupted
in RTT, which is the underlying cause of the condition (Guy et al., 2011). Decreased expression of
lengthy genes attenuates the physiological abnormalities linked to RTT in neurons missing MeCP2.
These lengthy genes are a group of genes that are specifically expressed in the brain tissue and
which are essential for neuronal function (Gabel et al., 2015). It can be hypothesized that a lower
DNA methylation potency - caused by downregulated L-homocysteine may represent an effort by

MeCP2-deficient cells to partially balance vacant methylated DNA binding sites.

5.12 Dipeptides

The Mecp2”Y and WT cortices have significantly different levels of thirteen dipeptides. They are the
following compounds: L-glutamyl-L-glutamine, gamma-glutamyl-tyrosine, phenylalanyl-L-glutamic
acid, cysteinyl-glycine, L-valyl-glycine, gamma-glutamyl-leucine, L-tryptophyl-L-glutamic acid, L-
tyrosyl-glycine. Five of them namely; L-glutamyl-L-glutamine, gamma-glutamyl-tyrosine, cysteinyl-
glycine, gamma glutamyl-leucine, and gamma-glutamyl-tryptophan were reduced significantly. Four
of these five peptides also contain glutamate. Most of these differently regulated dipeptides have
recognized physiological roles. Patients with major depressive disorder exhibit significantly lower
plasma levels of gamma-glutamyl leucine (Du et al., 2021).. According to this paper, the low levels
of gamma-glutamyl leucine are a result of inadequate glutathione turnover, the primary cellular
antioxidant that is essential for maintaining a healthy balance between prooxidants and
antioxidants (Dringen et al., 2000;Martin and Teismann, 2009). In fact, both RTT patients and mice
have severely disturbed cellular redox equilibrium in their brains (De Felice et al., 2009;GroRer et
al., 2012;De Felice et al., 2014;Can et al., 2018;Festerling et al., 2020). Astrocytes provide cysteine-
glycine for the neuronal production of glutathione (Dringen et al., 1999). The Mecp2”Y mouse
neocortex may experience a (partly) disrupted antioxidant capacity and decreased glutathione
production as a result of the lower quantity of this dipeptide. Curiously, cysteinyl-glycine is the most
drastically downregulated metabolite of all the substances found in the Mecp2/Y neocortex (log2

fold decrease of 4.03). Reactive carbonyls, which result from oxidant-mediated tissue damage,
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particularly the oxidation of sugars and polyunsaturated fatty acids, are detoxified by histidine-
containing dipeptides, which operate as a cell-endogenous protective mechanism (Song et al.,
2014). Histidine-dipeptides weren't among the metabolites that could only be found in our study.
The histidine-containing peptides L-carnosine, L-histidylalanine, and L-alanyl-L-histidine, all of which
are capable of detoxifying carbonyls, were all assigned to one of the significantly diminished
characteristics in the Mecp2”¥ neocortex. Accordingly, each of these peptides is anticipated to

decrease as a result of the oxidative burden in RTT.

5.13 Urea

Urea cycle problems are linked to cognitive and motor impairments, and this metabolite is evidently
elevated in the neocortex of Mecp2”V mice (Gropman and Batshaw, 2004). In the urea cycle,
arginine is broken down by arginase to produce urea. While other cell types are also involved in the
urea cycle, the liver is where it is most concentrated. The two amino acids citrulline and arginine
appear to be the primary targets of a partial urea cycle in the brain (Sadasivudu and Rao, 1976). We
detected the following metabolites; ornithine, citrulline, arginosuccinate, fumarate, and arginine
among the numerous urea cycle components; however, only arginosuccinate was significantly
elevated. The urea cycle's rate-limiting phase is the production of carbamoyl phosphate. In our
investigation, this particular metabolite was not found or annotated. Given that Mecp2 deletion in
mice also causes a fatty liver, the elevated urea levels in the Mecp2”/Y neocortex should be seen
from a mechanistic perspective as a result of liver failure. However, there was no difference in urea

levels between the plasma of RTT patients and control subjects (Neul et al., 2020).

Alzheimer's and Huntington's disease patients, even those with mild Huntington's disease
neuropathology, as well as a transgenic sheep model of the Huntington disease, had higher urea
levels in their brains (Patassini et al., 2015;Xu et al., 2016;Handley et al., 2017). The urea transporter
SLC14A1 was also found to be considerably overexpressed in the striatum of the sheep model of
Huntington disease by RNA-Seq analysis (Handley et al., 2017). Astrocytes are main cerebral cells
expressing SLC14A1 and this transporter is responsible for facilitated diffusion of urea (Sands et al.,
1992;Zhang et al., 2014). As a result, it was believed that the increased SLC14A1 expression was a

direct reaction to the raised brain urea levels in Huntington's disease (Handley et al., 2017).
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5.14 Neurotransmitters

In the neocortex of Mecp2”/Y mice, levels of the neurotransmitters dopamine, acetylcholine, and
serotonin are noticeably decreased. Methoxytyramine, a metabolite of dopamine, and choline, a
precursor and breakdown product of acetylcholine, are also diminished in the Mecp2”¥ neocortex.
The neocortex, according to early research on the postmortem brains of RTT patients, has lower
amounts of dopamine (Brucke et al., 1987;Wenk et al., 1991). Another study, however, disputed
this and asserted that dopamine and its metabolites were present in all areas of the brain at normal
levels. A more recent study focused on dopamine transporters and receptors in both humans and
mice lacking the Mecp2 gene (Wenk, 1996;Wong et al.,, 2018). When it comes to dopamine
transporters, there are just slight variations. RTT patients and hemizygous/heterozygous MeCP2-
deficient mice had less D2 dopamine receptors in the striatum than normal animals (Wong et al.,
2018). It is yet uncertain if the decreased levels of dopamine and methoxytyramine found in the
present thesis could be connected to a change in dopamine receptor expression because the
neocortex was excluded from study of Wong et al.(2018). Early research on the postmortem brains
of RTT patients also suggested that the serotonergic system had been down regulated. The rate-
limiting enzyme of serotonin production, tryptophan hydroxylase-2, was shown to have lower
amounts in parallel with low levels of serotonin (Riederer et al., 1985). By precisely deleting the
Mecp2 gene in serotonergic neurons, a cell-autonomous reduction in brain serotonin levels was
induced. As a result, it is possible that the lower serotonin levels are not caused by MeCP2
malfunction in other cell groups (Samaco et al., 2009). This could have a direct impact on the
development or the further spread of the illness. A more recent study revealed that fluoxetine can
restore motor coordination in Mecp2 heterozygous mice by enhancing the brain serotonergic
system, which raises the possibility that medications that stabilize 5-HT7R neurotransmission can

lessen the motor symptoms of RTT (De Filippis et al., 2015a;Villani et al., 2020).

As far as we are aware, our study is the first to show that the brains of Mecp2-mutant mice have
less acetylcholine than normal. Numerous research have examined the choline levels, cholinergic
receptors, vesicular acetylcholine transporters, and enzyme expression in postmortem RTT human
tissue or MeCP2-deficient mice and those studies report decreased performance of cholinergic
system function (Wenk and Hauss-Wegrzyniak, 1999;Ward et al., 2009;Ricceri et al., 2011;0ginsky

et al., 2014). Mecp2 was recently specifically removed from mouse cholinergic neurons, impairing
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recognition memory and significantly altering baseline firing in L5/6 neurons (Ballinger et al., 2019).
By preventing acetylcholine breakdown, these behavioral and electrophysiological abnormalities
were repaired. Together with our findings, this suggests that lower acetylcholine levels are not
merely a consequence of Mecp2 disruption, but rather play a role in the emergence of RTT related

pathology (Ballinger et al., 2019).

Additionally, our data show that the Mecp2”¥ neocortex contains higher levels of glutamate and
glutamine. Numerous cellular processes critically rely on the availability of glutamate. In addition to
being a neurotransmitter and a precursor to the neurotransmitter gamma-aminobutyric acid
(GABA, it is a canonical amino acid utilized for protein synthesis). We cannot assess the differences
between GABA and other substances in the Mecp2”Y neocortex since GABA was not clearly
identified in our investigation. Inside of cells, glutamate can be found as a free amino acid,
packaged as a neurotransmitter in synaptic vesicles, or released as a neurotransmitter into the
synaptic cleft and extracellular space. It is difficult to determine which specific proportion was
elevated because our trials report global glutamate quantities. Released glutamate is transformed
into glutamine in astrocytes before being sent to neurons, where it is then turned back into
glutamate. As a result, glutamine serves the same classical amino acid role as glutamate while both

serving as a precursor to it and a byproduct of glutamate metabolism.

Glutamate levels in Mecp2-mutant and WT mice have been studied in two studies so far (Viola et
al., 2007;El-Khoury et al., 2014). Genotype-related variations in glutamate content were not found
in a whole-brain based study (Viola et al., 2007). According to more successful brain region specific
investigations that included the motor neocortex, lower glutamate levels were found only in the
Mecp2-null mouse hippocampus (El-Khoury et al., 2014). In MeCP2-deficient mice, the equilibrium
between synaptic excitation and inhibition is disrupted (Dani et al., 2005;Chao et al., 2007), for that
reason, observed higher glutamate and glutamine levels can be involved in those changes.
However, cortical pathways in RTT-affected mice exhibit decreased excitation and increased
inhibition, rendering them hypoactive (Dani et al., 2005). Determining the precise contribution of

the elevated glutamate and glutamine contents to these circumstances is yet unclear.

Several RTT characteristics are replicated when Mecp2 is specifically deleted in a subpopulation of

GABAergic forebrain interneurons: reduced glutamic acid decarboxylase 1 and 2 levels and
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decreased GABA immunoreactivity are found in Mecp2-deficient GABAergic neurons (Chao et al.,
2010). According to these findings, we suggest that the higher glutamate levels in the neocortex are

insufficient to compensate for the reduced GABA levels in Mecp2” mice.

Our metabolomic investigations did not reveal considerably lower cAMP levels in the MeCP2-
deficient brain, but they did reveal significantly higher AMP levels. As a result, it is possible to
suppose that the cAMP-homeostasis is somewhat altered, which may further contribute to the

aberrant synaptic signaling in Mecp2-mutant brains.

5.15 Lipid metabolism

The Mecp2”Y neocortex has a marked reduction in the quaternary ammonium complex (3-
carboxypropyl) trimethylammonium (butyrobetaine). Gamma-butyrobetaine dioxygenase catalyzes
the conversion of the precursor butyrobetaine to carnitine in mammals. Additionally, there is a
tendency for the Mecp2”Y neocortex to have less carnitine, but this difference is not statistically
significant. For long-chain fatty acids to be transported into mitochondria for oxidation, carnitine is
necessary (VAZ and WANDERS, 2002). Recent research has shown that astrocytes almost solely
participate in the mitochondrial oxidation of fatty acids, which accounts for up to 20% of the brain's
overall energy (Panov et al., 2014). In light of this, we hypothesize that the Mecp2”/¥ neocortex's
energy deficit may be caused in part by the butyrobetaine levels that have dropped. A higher level
of both, carnitine palmitoyltransferase 1 A/B and carnitine acylcarnitine translocase was shown to
be associated with changes in the carnitine cycle in the heart tissue of female Mecp2*/ mice
(Mucerino et al., 2017). In the brain of the Mecp2”Y mouse, the quantity of arachidonic
acid; (5Z,82,11Z,142)-Icosatetra-5,8,11,14-enoic acid is also noticeably elevated. Arachidonic acid is
a target of processes that are catalyzed by free radicals and produce isoprostanes. Isoprostanes are
consequently thought of as byproducts of lipid peroxidation, and their levels are elevated in the
brains of Mecp2-knockout mice and in human patient blood samples (De Felice et al., 2011;De
Felice et al., 2014). We did not find any isoprostane metabolites. Arachidonic acid, however, might
become more oxidized and lipid peroxidation products also should build upin the Mecp2”
neocortex based on the more oxidizing conditions in RTT, as was shown for complete brain extracts
of MeCP2-deficient mice (De Felice et al., 2014). Arachidonic acid may also influence to the pro-

inflammatory circumstances in RTT because it is a pro-inflammatory agent (Valacchi et al., 2018).
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The brain and liver of male Mecp2-null mice were also shown to have altered cholesterol
metabolism, and furthermore plasma cholesterol levels are elevated (Buchovecky et al., 2013). Our
research supports these findings by confirming that the Mecp2”Y neocortex has much higher

cholesterol levels.

5.16 Markers of oxidative stress

The analyses conducted as part of this thesis unveiled a number of dysregulated metabolites, which
show the effect of the oxidative stress caused by the RTT on the cortical tissue. This includes the
decreased quantities of cysteinyl-glycine and L-homocysteine stated above, as well as the higher
concentrations of rutin, branched amino acids, and L-cystin. The flavonoid glycoside rutin, which is
present in foods like apples and buckwheat, is a potent antioxidant. The microbiota in the intestines
metabolize it (Jaganath et al., 2006). According to the clinical severity score in RTT, the gut
microbiome has been shown to change toward a less varied and pro-inflammatory composition
(Strati et al., 2016;Thapa et al., 2021). In Mecp2”¥ mice, this could lead to altered bioavailability of
unmetabolized rutin. The increased supply of decreased reduction equivalents produced by the
accelerated glycolysis and pentose phosphate pathway may also be a response to the oxidative
stress. In addition, the Mecp2”¥ neocortex had higher levels of L-dihydroascorbic acid, an oxidized
form of ascorbic acid. Ascorbic acid itself was not changed in content. But the buildup of its oxidized
state in the Mecp2”¥ brain seems to be another effect of the oxidative load. According to this
theory, earlier investigations of postmortem brain tissue from an RTT patients found that the

neocortex and other regions of the brain had lower levels of ascorbic acid (Sofi¢ et al., 1987).
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6. Conclusions

e The mitochondrial proteome of the MeCP2-deficient mouse brain differs from that of WT
mice.

e The observed mitochondrial proteome differences are brain-region specific and at least
involve neocortex and hippocampus.

e On the molecular level, the mitochondrial proteome differences include proteins of the
oxidative phosphorylation system as well as other mitochondrial regulatory proteins.

e Untargeted metabolomic analyses identified a plethora of affected metabolites in the
neocortex of Mecp2™¥ mice, which convincingly demonstrates that RTT is associated with a
highly complex and critical metabolic component.

e The pathology of RTT starting from one gene mutation includes nearly all levels of cellular
activities including the metabolome - the ultimate product of gene, mRNA, and protein
activities.

e Quantitative ROS measurement studies on isolated mitochondria confirm that the oxidative
burden is significantly increased in Mecp2”¥ hippocampal and cortical tissue.

e All these and other well-documented changes should be considered when evaluating

therapeutic approaches in RTT and/or when developing further treatment concepts.
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8. Supplemental materials

Supplementary Table 1. List of the 101 metabolites that were shown to be significantly different between Mecp2”
and WT cortices (FDR <0.05). Each metabolite's common name, log2 fold change, raw p-value, and corrected p-
value are presented. Only the metabolites that could be clearly identified (annotated) in the database are listed.
Reproduced from Golubiani G, Lagani V, Solomonia R, Miller M. (2021). Metabolomic Fingerprint of Mecp2-
Deficient Mouse Neocortex: Evidence for a Pronounced Multi-Facetted Metabolic Component in Rett Syndrome.

Cells. 10: 2494.

Metabolite Log Fold Change Average Expression p-Value Adjusted p-Value
L-Proline 0.910 19.269 1.02 x10°® 0.00014
L-Glutamic acid 1.406 19.899 2.04x10°® 0.00018
N-Acetylglutamic acid 1.146 13.495 7.33 x107 0.00014
Adenosine monophosphate 0.925 20.923 3.23x10°® 0.00018
Adenosine diphosphate 0.925 20.923 3.23x10°® 0.00018
L-Threonine 1.281 18.628 9.24 x10°® 0.00036
L-Leucine 0.870 17.672 1.18 x10° 0.00036
D-Glucose 6-phosphate 2.226 12.018 1.23x10° 0.00036
Citric acid 0.872 18.512 1.38x10° 0.00036
Inositol 1-phosphate 0.959 13.174 1.45x10° 0.00036
(S)-Methyl-3-hydroxybutanoate 0.935 16.364 1.51x 10° 0.00036
Putrescine 1.179 14.878 2.05x10° 0.00044
D-Fructose 1,6-bisphosphate 2.035 12.807 2.18 x 10 0.00044
D-Fructose 1.167 15.985 2.89x10° 0.00055
L-Valine 0.787 18.180 3.55E x 10° 0.00060
L-Isoleucine 0.794 16.510 3.63x10° 0.00060
L-Homocysteine -2.332 19.231 3.89 x 107 0.00061
Inosine 5prime-monophosphate 1.158 15.513 4.43 x10° 0.00066
D-Glucose 1.418 14.891 5.85x 10° 0.00080
Urea 1.599 18.093 6.27 x 10° 0.00080
L-Glutamyl-L-glutamine -1.885 27.116 6.07 x 10 0.00080
Sprime-Deoxy-5prime- 0.732 12.146 6.81x10° 0.00080
(methylthio)adenosine

(52,82,112,142)-Icosatetra-5,8,11,14-  1.032 12.834 6.63 x 10° 0.00080
enoic acid

L-Rhamnose 0.805 15.911 7.07 x10° 0.00080
S-Adenosyl methionine -0.994 23.740 9.39x10° 0.00102
L-Threonic acid 0.685 16.744 0.00010 0.00106
Xanthine -0.590 24.310 0.00011 0.00112
Glycerol 0.743 19.067 0.00013 0.00123
Uracil -0.903 21.188 0.00013 0.00123
L-Serine 0.580 20.901 0.00014 0.00128
L-Phenylalanine 1.143 16.688 0.00014 0.00128
Riboflavin -1.161 20.071 0.00018 0.00157
Erythritol 0.696 13.022 0.00021 0.00178
Orthophosphate 0.612 20.971 0.00029 0.00232
L-Dehydroascorbic acid 0.691 21.847 0.00032 0.00252
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alpha-Ketoglutaric acid
Succinic acid

L-Methionine
1-Methyl-4-Imidazoleacetic acid
Dopamine

Choline

L-Malic acid
alpha-D-Glucose 1-phosphate
Acetylcholine
Guanidineacetic acid
Cholesterol
gamma-Glutamyl-tyrosine
L-Phenylalanyl-L-glutamic acid
L-Tryptophan

Sucrose

3-Methoxytyramine
Hydroxymethylphosphonic acid
Cysteinylglycine

L-Cystine

L-Lysine

Xylitol

L-Valylglycine

myo-Inositol 2-phosphate
Quinic acid

Pantothenic acid
gamma-Glutamyl-leucine
L-Homoserine
L-Tryptophyl-L-glutamic acid
O-Acetyl-L-homoserine
2-Hydroxypyridine
L-Tyrosylglycine

Cytidine

3-Ureidopropanoic acid
L-Tyrosyl-L-glutamine
Pyroglutamic acid
sn-Glycerol 3-phosphate
L-Alanine
Thiaminpyrophosphate
L-Tyrosine

Serotonin
5-Hydroxy-D,L-lysine
L-Argininosuccinic acid

Uric acid
L-Prolyl-L-threonine

Caffeic acid

L-Glutamine

1.783
0.743
0.909
-0.837
-1.285
-0.431
0.695
0.608
-0.927
0.821
1.261
-1.785
0.898
1.611
6.158
-1.329
-0.787
-4.028
0.874
-0.351
0.809
0.679
0.595
0.856
0.685
-0.625
0.690
1.067
-0.758
0.676
0.669
-0.498
-0.797
0.694
0.419
0.544
0.468
0.972
1.005
-0.856
-0.541
0.489
-0.872
0.456
0.846
0.415
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12.766
17.429
16.361
21.803
21.788
26.902
17.421
16.334
23.071
20.099
19.067
19.524
18.323
14.883
13.392
19.231
23.679
21.772
11.928
24.204
14.890
18.356
12.668
11.418
13.364
20.675
13.175
17.063
25.057
18.513
17.228
24.940
16.984
16.728
23.178
19.750
21.447
17.802
18.152
19.538
16.762
20.133
20.411
17.391
11.955
23.021

0.00033
0.00034
0.00041
0.00044
0.00046
0.00051
0.00060
0.00065
0.00067
0.00080
0.00081
0.00084
0.00089
0.00090
0.00101
0.00106
0.00115
0.00118
0.00123
0.00123
0.00140
0.00151
0.00152
0.00157
0.00159
0.00168
0.00201
0.00243
0.00256
0.00267
0.00276
0.00283
0.00307
0.00317
0.00351
0.00409
0.00456
0.00465
0.00495
0.00630
0.00655
0.00659
0.00739
0.00754
0.00757
0.00793

0.00252
0.00252
0.00296
0.00312
0.00312
0.00333
0.00389
0.00409
0.00415
0.00480
0.00480
0.00487
0.00497
0.00497
0.00541
0.00555
0.00590
0.00598
0.00601
0.00601
0.00671
0.00707
0.00707
0.00714
0.00714
0.00745
0.00876
0.01042
0.01082
0.01111
0.01131
0.01144
0.01222
0.01246
0.01361
0.01542
0.01700
0.01708
0.01796
0.02227
0.02274
0.02274
0.02490
0.02491
0.02491
0.02579



gamma-Glutamyl-tryptophan
S-(2-Carboxyethyl)cysteine
Cytidine monophosphate
Uridine

L-Valyl-L-alanine
Spermidine

Spermine

Pyruvic acid
(3-Carboxypropyl)
trimethylammonium
Urocanic acid
Glyceraldehyde 3-phosphate
Rutin

Guanosine

Stearic acid (FA 18:0)
L-Lysyl-L-glutamic acid
Xanthosine

Palmitic acid (FA 16:0)
Cytidine
diphosphoethanolamine
L-Phenylalanyl-L-threonine
1-Methylnicotinamide

S5prime-

-1.178
-0.912
0.449
-0.650
1.011
-0.449
-1.144
0.570
-0.226

1.357
1.960
1.789
-0.551
0.412
-0.465
-0.864
0.457
-0.249

0.550
-0.390

18.306
19.479
24.217
23.353
18.636
22.564
20.609
16.746
25.234

20.985
19.691
11.194
26.262
17.346
17.413
18.294
17.561
23.064

16.795
19.488

0.00813
0.00890
0.00890
0.00964
0.01030
0.01043
0.01090
0.01126
0.01211

0.01319
0.01448
0.01504
0.01548
0.01606
0.01619
0.01649
0.01711
0.01821

0.01842
0.01907

0.02614
0.02799
0.02799
0.02996
0.03168
0.03174
0.03252
0.03319
0.03533

0.03809
0.04138
0.04256
0.04336
0.04447
0.04447
0.04486
0.04611
0.04817

0.04826
0.04951
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Supplementary Table 2. List of all annotated metabolites. Reproduced from Golubiani G, Lagani V, Solomonia R,

Miiller M. (2021). Metabolomic Fingerprint of Mecp2-Deficient Mouse Neocortex: Evidence for a Pronounced
Multi-Facetted Metabolic Component in Rett Syndrome. Cells. 10: 2494

Metabolite Log.fold.change Average.expression Pvalue Adjusted.pvalue
L-Proline 0.910364847 19.268619 1.02E-06 0.000143678
L-Glutamic_acid 1.405947697 19.8986119 2.04E-06 0.000182672
N-Acetylglutamic_acid 1.14608971 13.49508312 7.33E-07 0.000143678
Adenosine_monophosphate 0.925431723 20.92283765 3.23E-06 0.000182672
Adenosine_diphosphate 0.925431723 20.92283765 3.23E-06 0.000182672
L-Threonine 1.280944045 18.62842653 9.24E-06 0.000355332
L-Glutamylglycine_|_L-Aspartyl-L- -1.884776605 20.42198275 8.92E-06 0.000355332
alanine_|_Glycyl-L-

glutamic_acid_|_L-Alanyl-L-

aspartic_acid

L-Leucine 0.869859403 17.67189279 1.18E-05 0.000355332
D-Glucose_6-phosphate 2.225577112 12.01816324 1.23E-05 0.000355332
Citric_acid 0.872324355 18.51228499 1.38E-05 0.000355332
Inositol_1-phosphate 0.959271973 13.17443792 1.45E-05 0.000355332
(S)-Methyl-3-hydroxybutanoate 0.934581762 16.36377358 1.51E-05 0.000355332
Putrescine 1.178846798 14.87831494 2.05E-05 0.000441438
D-Fructose_1,6-bisphosphate 2.035249928 12.80678239 2.18E-05 0.000441438
D-Fructose 1.167056757 15.98535056 2.89E-05 0.000546067
L-Valine 0.787206983 18.17950115 3.55E-05 0.00060476
L-Isoleucine 0.79431364 16.5102761 3.63E-05 0.00060476
L-Homocysteine -2.331632788 19.23053362 3.89E-05 0.000611821
Inosine_5prime-monophosphate 1.157600877 15.51293914 4.43E-05 0.000659335
D-Glucose 1.418283415 14.89091169 5.85E-05 0.000800649
Urea 1.598661908 18.09257677 6.27E-05 0.000800649
L-Glutamyl-L-glutamine -1.884904713 27.11648733 6.07E-05 0.000800649
S5prime-Deoxy-5prime- 0.732141245 12.14648557 6.81E-05 0.000800649
(methylthio)adenosine

(52,82,112,14Z)-Icosatetra-5,8,11,14- 1.031702338 12.83350372 6.63E-05 0.000800649
enoic_acid

L-Rhamnose 0.805086123 15.91103464 7.07E-05 0.000800649
S-Adenosyl_methionine -0.993747197 23.74037586 9.39E-05 0.001021811
L-Threonic_acid 0.684850562 16.7441406 0.000100839 0.001056943
Xanthine -0.590421827 24.31018454 0.000111038 0.001122275
Glycerol 0.74255619 19.06670092 0.000130275 0.001228923
Uracil -0.903421442 21.18827062 0.000127396 0.001228923
L-Serine 0.579756565 20.90098081 0.000144906 0.001281509
L-Phenylalanine 1.142606217 16.6882559 0.000143034 0.001281509
Riboflavin -1.160626938 20.07087316 0.000183039 0.001569698
Erythritol 0.69635314 13.02246792 0.000213423 0.001776433
Orthophosphate 0.611876768 20.97105837 0.000287398 0.002323819

80



L-Dehydroascorbic_acid
alpha-Ketoglutaric_acid
Succinic_acid

L-Methionine
1-Methyl-4-Imidazoleacetic_acid
Dopamine
D-Mannose_|_D-Tagatose_|_D-
Galactose_|_myo-Inositol_|_allo-
Inositol_|_alpha-D-Talose_|_D-chiro-
Inositol

Choline

L-Malic_acid
alpha-D-Glucose_1-phosphate
Acetylcholine
Guanidineacetic_acid
Cholesterol
gamma-Glutamyl-tyrosine
L-Phenylalanyl-L-glutamic_acid
L-Tryptophan
L-Glutamyl-L-Serine_| _L-Aspartyl-L-
threonine_|_L-Seryl-L-
glutamic_acid_|_L-Threonyl-L-
aspartic_acid

Sucrose

3-Methoxytyramine
Hydroxymethylphosphonic_acid
Cysteinylglycine

L-Cystine

L-Lysine

Xylitol

L-Valylglycine
myo-Inositol_2-phosphate
Quinic_acid

Pantothenic_acid
gamma-Glutamyl-leucine
L-Homoserine
L-Tryptophyl-L-glutamic_acid
O-Acetyl-L-homoserine
2-Hydroxypyridine
L-Tyrosylglycine

Cytidine
3-Ureidopropanoic_acid
L-Tyrosyl-L-glutamine
Pyroglutamic_acid
Homoserine_lactone_|_1-

0.691235622
1.782703728
0.742693312
0.908894628
-0.837075378
-1.284697775
-1.039213853

-0.431043703
0.694670848
0.608475547
-0.927272907
0.820712568
1.26134407
-1.785159912
0.897985638
1.611387398
-1.150295438

6.158042428
-1.329118853
-0.787341612
-4.027560695
0.873750312
-0.351196902
0.808853428
0.679369707
0.595473178
0.855868818
0.684616238
-0.625316557
0.68975963
1.066921912
-0.757940773
0.676439085
0.668551912
-0.498261918
-0.797498453
0.694020544
0.419081783
0.74211736
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21.84685323
12.7661811

17.42949611
16.36105358
21.80343026
21.78807503
25.74456344

26.90171757
17.42147725
16.33371138
23.07065289
20.09857657
19.0671946

19.52425254
18.32305035
14.88326519
19.73175287

13.3923006

19.23131033
23.67877477
21.77167408
11.92833169
24.20427702
14.89013391
18.35627748
12.66808989
11.41828108
13.36373728
20.67488703
13.17477756
17.06268455
25.05720935
18.51302151
17.22759761
24.93982939
16.98390769
16.72809727
23.17766854
23.15446502

0.000323978
0.000331765
0.000338656
0.000407954
0.000443631
0.000462943
0.000456768

0.000505721
0.00060495

0.000649924
0.000673763
0.000800676
0.000814104
0.000842754
0.000890862
0.00089603

0.000937591

0.001012537
0.001059866
0.001146676
0.001183926
0.00122662

0.001231565
0.001398548
0.001506708
0.001523668
0.001572353
0.001590564
0.001683805
0.002011208
0.002429858
0.00256228

0.002669588
0.002757835
0.002828586
0.003066315
0.003170807
0.00350977

0.00381263

0.002522096
0.002522096
0.002522096
0.002960279
0.003119355
0.003119355
0.003119355

0.00332835

0.003890931
0.004087301
0.004145105
0.004799821
0.004799821
0.004867336
0.004972086
0.004972086
0.005102657

0.005406564
0.005554481
0.005900169
0.005983054
0.00600919

0.00600919

0.006708289
0.00706882

0.00706882

0.007144912
0.007144912
0.007445575
0.008756489
0.010418938
0.010822766
0.011110195
0.01131112

0.011435569
0.012222074
0.012463033
0.013606368
0.014580734



Aminocyclopropanecarboxylic_acid
sn-Glycerol_3-phosphate

L-Alanine

Thiaminpyrophosphate

L-Tyrosine
D-Gluconic_acid_|_D-Galactonic_acid
Serotonin

5-Hydroxy-D,L-lysine
L-Argininosuccinic_acid
L-Carnosine_| _L-Histidylalanine_| _L-
Alanyl-L-histidine

Uric_acid

L-Prolyl-L-threonine

Caffeic_acid

L-Glutamine
gamma-Glutamyl-tryptophan
S-(2-Carboxyethyl)cysteine
Cytidine_monophosphate

Uridine

L-Valyl-L-alanine

Spermidine
D-Fructose_1-phosphate_|_D-
Fructose-6-phosphate_|_myo-
Inositol_2-phosphate_|_alpha-D-
Mannose_1-phosphate_|_alpha-D-
Glucose_1-phosphate_|_alpha-D-
Glucose_6-phosphate_|_alpha-D-
Galactose_1-phosphate

Spermine

Pyruvic_acid

(3-
Carboxypropyl)trimethylammonium
Urocanic_acid
Glyceraldehyde_3-phosphate

Rutin

Guanosine

Stearic_acid_(FA_18:0)
L-Lysyl-L-glutamic_acid

Xanthosine
Palmitic_acid_(FA_16:0)
N-Acetyl-D-glucosamine_|_N-Acetyl-
D-mannosamine_|_N-Acetyl-D-
galactosamine

Cytidine_5prime-
diphosphoethanolamine

0.543551875
0.468433877
0.971660353
1.004840045
-0.57716358
-0.856307127
-0.540744435
0.488731305
-0.510078428

-0.871941502
0.456035648
0.846467135
0.414533575
-1.177923893
-0.91157588
0.4489582
-0.649567915
1.01063017
-0.449078377
0.558820403

-1.143593858
0.570419873
-0.226471368

1.356715892
1.960244427
1.788608378
-0.55096833
0.41242329
-0.464667625
-0.864172112
0.457120538
-0.412035985

-0.248695498

82

19.7500315

21.44703378
17.80216496
18.15237569
21.82861582
19.53843285
16.76212247
20.13284785
23.84237731

20.41143074
17.39143136
11.9550661

23.02109404
18.30634829
19.47881657
24.21657427
23.35256602
18.6355412

22.56408946
22.05377729

20.60944719
16.74637866
25.23419337

20.98518796
19.69145219
11.19429253
26.26155349
17.34639851
17.41251084
18.29395621
17.56149856
18.02620754

23.06352172

0.004085449
0.004564538
0.004646168
0.004949104
0.005566274
0.006295366
0.006548181
0.006588107
0.006742973

0.007390704
0.007544332
0.007569819
0.007928206
0.008127535
0.008900643
0.008898191
0.009635198
0.01029879

0.010430484
0.01091753

0.010896321
0.011257659
0.012109628

0.013189
0.014475453
0.015037426
0.015475131
0.016057562
0.016185071
0.01648527
0.01710802
0.018034925

0.018211465

0.01541576

0.016996897
0.017076178
0.017956364
0.019939945
0.022269858
0.022737002
0.022737002
0.022991102

0.024899634
0.024909985
0.024909985
0.025789453
0.026137415
0.027987579
0.027987579
0.029964406
0.031679973
0.031740074
0.032522746

0.032522746
0.033186641
0.035330153

0.038086602
0.041379325
0.042555916
0.04336101

0.044469661
0.044469661
0.044858955
0.046110188
0.048149846

0.048166773



L-Phenylalanyl-L-threonine
1-Methylnicotinamide
L-Tyrosyl-L-Threonine
alpha-L-Fucose_1-phosphate
L-Tyrosyl-L-glutamic_acid
Nicotinic_acid
N-epsilon-Acetyl-L-lysine

Inosine

L-Isoleucyl-L-glutamine

Cytosine
S-Adenosyl-L-homocysteine
O-Phospho-L-serine

L-Ornithine
(2S)-2-amino-3-(1-Methyl-1H-
imidazol-5-yl)propanoic_acid
Pyridoxal-5prime-monophosphate
Suberic_acid
Glycyl-L-phenylalanine
Cystathionine

Adenine
N-epsilon,N-epsilon,N-epsilon-
Trimethyllysine

L-Prolylglycine
Cytidine_diphosphate
5-(2-Hydroxyethyl)-4-methylthiazole
Betaine
3-Hydroxy-3-methylglutaric_acid
Azelaic_acid

Sorbitol

Benzoic_acid
4-Guanidinobutyric_acid
D-Maltose_|_D-Trehalose
L-Lysyl-L-serine_| _L-Seryl-L-lysine
D-Ribose_5-phosphate
L-Threonyl-L-valine
4-Aminobutanoic_acid
(S)-Lactate

Uridine_5-

diphosphoglucose_|_Uridine_5prime-

diphosphogalactose
L-Glutamyl-L-threonine
2-aminoadipate
L-Seryl-L-leucine
(S)-Piperidine-2-carboxylic_acid
L-Kynurenine

0.549963989
-0.389940475
0.78708422
0.43322505
0.325103968
0.758012388
-0.432392877
-0.317629925
0.408583998
-0.379539169
0.791297963
-0.377281948
0.716137403
-0.435924287

0.575858427
0.739782503
-0.374836698
0.619857418
-0.224482767
-0.210268312

0.36533213
-0.958696578
-0.309122134
-0.426471245
-0.464477942
0.757162352
3.448546223
0.591421583
0.443544658
2.790938455
0.370505672
0.414422035
0.775123767
0.24786664
0.228093765
-0.239379808

0.302300685
0.800863145
0.507236279
-0.454693462
0.621790223

16.79472457
19.48795031
18.58742469
18.82915783
17.19357652
20.2361408

20.49597802
28.07012108
18.67223619
18.84250837
21.7158033

21.56297239
19.14741915
20.76259687

19.11444236
16.71331223
18.53844512
22.28752207
25.29713844
24.21061457

18.89061966
18.33000485
16.61242141
24.25424968
18.44493994
18.9047093
13.67641652
15.037138
20.49088725
19.70644242
16.91285605
13.65919217
17.77678373
22.31316696
23.79639063
24.9095793

18.44118959
15.31156504
17.31328703
21.40476645
18.69611315

0.018417025
0.019070126
0.019937919
0.021782108
0.021843844
0.022382698
0.022892564
0.024738424
0.026528608
0.027579068
0.027720531
0.02789314

0.028297154
0.028492552

0.02931851

0.029887359
0.030537511
0.033281649
0.037077221
0.049981248

0.053364919
0.053708368
0.054746399
0.055950079
0.058394456
0.059179291
0.060048797
0.060626132
0.061025387
0.064000538
0.066391527
0.0674557

0.068171048
0.068439641
0.068493428
0.069478064

0.070974493
0.079029569
0.080826953
0.081496688
0.08235143

0.048259427
0.049512345
0.051294828
0.055194714
0.055194714
0.056055784
0.056829787
0.060878034
0.064720656
0.066334106
0.066334106
0.066334106
0.066639605
0.066639605

0.068009331
0.068765225
0.069694482
0.075349652
0.083276616
0.111375536

0.117825334
0.117825334
0.1191787
0.120869255
0.125194174
0.125922852
0.126819475
0.126986652
0.126986652
0.13220549
0.13615074
0.136504507
0.136504507
0.136504507
0.136504507
0.137498546

0.139484593
0.154243917
0.156671423
0.156894984
0.156991328



N-Acetyl-L-methionine
Deoxyguanosine
L-Methionyl-L-glutamic_acid
L-Alanyl-L-leucine
D-Ribose_1-phosphate_|_D-
Ribulose_5-phosphate_|_alpha-D-
Xylose_1-phosphate
Fumaric_acid
Uridine_diphosphate
Panose_|_Maltotriose_|_D-
Melezitose

Taurine

Tetronic_acid
Cytidine_3prime-phosphate
L-Cycloserine
L-Leucyl-L-glutamic_acid
Saccharopine

L-Cysteine

Allantoin

L-Prolyl-L-serine

Thiamine

2-Methylcitric_acid
Mannitol_|_Sorbitol_|_Galactitol
6-Phosphogluconic_acid
O-Acetyl-L-carnitine
L-Seryl-L-aspartic_acid
Adenosine_5prime-diphosphoglucose
L-Isoleucyl-L-arginine
L-Lysylglycine

Glycyl-L-valine

Thymidine
1-Methylhistamine_|_3-
Methylhistamine
L-Alanyl-L-threonine_| _L-Threonyl-L-
alanine

Glycyl-L-tyrosine
Glycerol-3-phosphate_| _beta-
Glycerophosphate
5-Aminolevulinic_acid_|_cis-4-
Hydroxy-D-proline_|_trans-3-
Hydroxy-L-proline_| _trans-4-
Hydroxy-L-proline

Nonanoic_acid

Oxalate
2-Aminoethyl-dihydrogen_phosphate

-0.720368362
-0.357037316
0.274872002
0.490342713
0.355405053

0.370239998
-0.205964832
-0.39428218

0.251256092
-0.281660618
-0.2037424
-0.21864199
0.222366043
-0.426239362
-0.38604679
-0.25628377
0.486899265
-0.234791328
-0.305009885
2.002549017
0.347349115
-0.141578918
0.271594752
-0.277176755
-0.446784308
0.257015302
-0.25532188
-0.272594763
-0.341831945

-0.216994242

-0.264798088
-0.121939528

-0.273002058

0.321176343
0.221267312
0.388049553
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18.78402303
16.85451565
16.74667274
17.15252343
21.99715189

17.56798248
22.19805715
18.18038869

21.62100626
20.82036732
20.86691334
18.90000514
19.08364456
21.28423647
16.9879281

18.58204082
17.88428183
18.44618401
16.9187475

19.77159292
19.85087911
28.24508256
16.73033434
17.20260742
18.05843498
17.3295692

17.05209613
17.30096348
18.61035738

19.7337492

19.1262099
24.44080082

20.58611923

11.63150154
16.88292015
25.44811468

0.08307763
0.083210951
0.0858921
0.08684978
0.093031023

0.095677251
0.097170764
0.098059572

0.101238925
0.109560352
0.110263807
0.116639615
0.123818511
0.132098064
0.1322846

0.140543664
0.143067518
0.144611556
0.145075223
0.145728837
0.150129365
0.155731921
0.158157217
0.166179913
0.169988453
0.175414066
0.178605212
0.180317258
0.181401284

0.184213091

0.185869669
0.199042619

0.207912842

0.213054657
0.237289785
0.243597951

0.156991328
0.156991328
0.160976585
0.161700577
0.17207699

0.175822481
0.177415008
0.177890122

0.182487998
0.196237846
0.196255706
0.206306319
0.217643718
0.229672035
0.229672035
0.242523517
0.24538247

0.245483696
0.245483696
0.245483696
0.251400061
0.259247846
0.261745569
0.273423927
0.278073596
0.285299889
0.288830143
0.289941955
0.290037081

0.292878117

0.293860984
0.312939229

0.325079194

0.331288285
0.366956334
0.374664239



Thymidine_5prime-phosphate
N-Acetylneuraminic_acid
Deoxyuridine

L-Aspartylglycine
N,N-Dimethylglycine_|_3-
Aminoisobutyric_acid_|_(R)-2-
Aminobutanoic_acid
N-Acetyl-L-cysteine
Stachyose_|_Maltotetraose
Adenosine_3prime,5prime-
cyclic_phosphate

Creatine

Glycine

Hypoxanthine

L-Valyl-L-asparagine

L-Carnitine

L-Leucylglycine
Lignoceric_acid_(FA_24:0)

2-
[[Amino(imino)methyl]amino]ethane-
1-sulfonic_acid

L-Seryl-L-isoleucine
[(3aS,4S,5S,6E,10E,11aR)-6-formyl-5-
methoxy-10-methyl-3-methylidene-2-
oxo-33,4,5,8,9,11a-
hexahydrocyclodeca[b]furan-4-yl]_2-
methylpropanoate
L-Phenylalanyl-L-glutamine
L-Aspartic_acid_|_Iminodiacetic_acid
L-Alanyl-L-isoleucine

beta-Alanine

Phosphocreatine

Hexacosanoic_acid

Pyridoxal

Nobiletin
2prime-Deoxycytidine-5prime-
monophosphate

Ascorbic_acid
L-Glutamyl-L-alanine_|_L-Alanyl-L-
glutamic_acid

Glycyl-L-isoleucine

L-Alanyl-L-valine

Maleamic_acid
p-Hydroxyphenyllactic_acid
Sedoheptulose-7-phosphate_|_(D-

0.132874713
-0.127697747
-0.19656435
0.254090233
0.240180163

-0.554378058
-0.306227958
-0.5090874

-0.107361217
0.157526417
0.371336537
0.246238065
-0.114893328
0.559558567
0.287638793
0.164176855

0.209295507
0.197472753

0.220418978
-0.119727602
0.182288852
0.217722758
0.140266642
0.175616915
0.347706888
0.14347851
0.145182583

-0.099171523
0.287383178

0.223383035
-0.31406529
-0.06879747
0.27287364

0.111447815
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17.61013028
24.03802202
17.19592557
18.37873498
27.43599785

17.32169002
17.26257436
19.6299343

32.08303922
21.21737034
25.77080639
16.7975536

28.46279473
19.25290275
10.76693625
18.62501903

18.27821313
17.40360234

16.87019526
27.93348998
17.15324193
14.10682074
23.77139433
12.9437497

18.40045789
19.22033348
18.43209072

27.94229016
19.95252448

16.6444878
19.26137989
22.60856983
20.56651076
19.1681878

0.250409932
0.252638078
0.256509658
0.261684722
0.267219642

0.267209223
0.27412469
0.279465236

0.280132214
0.286478802
0.2935553
0.298468244
0.301372709
0.314710374
0.31650514
0.327624525

0.328891416
0.330114489

0.331164566
0.33693424

0.34990719

0.367332595
0.376821285
0.377347303
0.378158032
0.379223727
0.392123443

0.396346491
0.406885184

0.416671462
0.422242005
0.427301208
0.42903531

0.444219317

0.383059517
0.384390193
0.38819376

0.393919023
0.398016625

0.398016625
0.406163807
0.410763816

0.410763816
0.417904644
0.426031538
0.430951597
0.432936429
0.449813312
0.450105299
0.46167277

0.46167277
0.46167277

0.46167277

0.467413676
0.483042609
0.504636527
0.511049118
0.511049118
0.511049118
0.511049118
0.525928599

0.529085174
0.540603319

0.551018803
0.555788313
0.559525313
0.559525313
0.574036834



Glycero-alpha-D-Manno-
Heptopyranosyl)-
Dihydrogenphosphate
L-Alanyl-L-glutamine
Allantoic_acid
Sorbitol-6-phosphate
L-Isoleucyl-L-serine
myo-Inositol

Histamine

Anserine
5,6-Dihydrothymine
Guanosine_diphosphate
L-Alanyl-L-alanine_|_Gly-gamma-
aminobutyric_acid
L-Valyl-L-glutamine
Benzophenone

L-Alanyl-L-tyrosine_|_L-Phenylalanyl-

L-serine
N-Acetyl-D-phenylalanine
L-Isoleucyl-L-alanine

Guanine

L-Seryl-L-valine
L-beta-Imidazolelactic_acid
Geraniol_|_Fenchyl_alcohol
Creatinine

N-Acetyltyrosine
Ergothioneine
L-Isoleucyl-L-aspartic_acid
L-Valyl-L-histidine
Pyridoxamine-5prime-phosphate
Tangeretin

Nicotinamide

L-Histidine

L-Valyl-L-lysine
L-Leucyl-L-alanine
L-Isoleucyl-L-threonine
L-Isoleucyl-L-isoleucine
L-Glutamyl-L-valine_|_L-Leucyl-L-
aspartic_acid
beta-Nicotinamide-
adenine_dinucleotide
Deoxycytidine
L-Aspartyl-L-glutamine_| _L-
Asparaginyl-L-glutamic_acid
5-Hydroxyindole-3-acetic_acid

-0.207188794
0.24635466
0.295087782
0.200925562
0.182975533
0.146385397
-0.181563823
-0.224879488
0.21777941
-0.079968801

0.087451776
0.097047613
0.224084115

0.28269008
-0.266186107
-0.08556109
0.192702903
0.209643963
0.11687557
0.047433208
-0.15975452
0.072955258
-0.102294241
0.132541948
0.110000037
0.080246118
0.05197329
-0.063566577
-0.036907908
0.111360405
0.056888057
-0.102214095
-0.060355131

0.100652088

0.048201747
-0.072020438

0.070323523
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17.60715722
13.07021586
17.91562592
18.3470923

20.91555376
16.34509258
23.59572665
17.26050037
22.69904781
20.24646151

18.52988981
17.61253914
17.78636549

16.8647516

19.33500414
18.02553266
19.14474587
19.10859778
21.19447782
24.43087274
16.22813998
22.09382041
17.40200217
16.49600753
20.01350748
19.12312298
28.86532817
24.42788823
21.86901084
16.93668639
17.42436146
16.71705052
17.8925777

17.10216725

19.194098
19.28502195

19.53104177

0.44391952
0.447274272
0.4600889
0.470028255
0.486289259
0.49194699
0.495673649
0.499171966
0.510691852
0.517940688

0.525407519
0.528296157
0.529438283

0.538934165
0.5446054

0.546826021
0.546870536
0.547850388
0.562977834
0.576468403
0.606162019
0.621211881
0.628338401
0.628269178
0.629110288
0.631364426
0.637856422
0.654229165
0.673616257
0.678295359
0.704701429
0.707152581
0.708309945

0.709180583

0.711084108
0.711121205

0.72124195

0.574036834
0.575357359
0.589163614
0.599180163
0.617129419
0.621522313
0.6234473
0.62506932
0.636677507
0.642882521

0.648619195
0.648619195
0.648619195

0.656956186
0.656956186
0.656956186
0.656956186
0.656956186
0.672247793
0.685464529
0.7177567

0.732279232
0.732279232
0.732279232
0.732279232
0.732279232
0.736789255
0.752629487
0.771795145
0.774022527
0.792312209
0.792312209
0.792312209

0.792312209

0.792312209
0.792312209

0.800437145



L-Isoleucyl-L-lysine

L-Valyl-L-serine
L-Prolyl-L-glutamic_acid
L-Leucyl-L-threonine

L-Arginine

trans-4-Hydroxy-L-proline
D-Saccharic_acid

D-Panthenol
L-Glutamyl-L-aspartic_acid
4-Pregnene-11-beta-17-alpha-diol-3-
20-dione_|_(9xi,11beta,14xi)-11,21-
Dihydroxypregn-4-ene-3,20-dione
L-Citrulline

Phosphoglycolic_acid

Hypotaurine
2-Deoxyadenosine_5-phosphate
L-Isoleucyl-L-glutamic_acid

Nerolidol

L-Valyl-L-aspartic_acid
D-Galactose_|_myo-Inositol_|_allo-
Inositol_|_muco-Inositol_|_alpha-D-
Talose_|_D-chiro-Inositol
5-Aminoimidazole-4-carboxamide-1-
beta-D-ribofuranosyl
N-Methylnicotinic_acid
L-Threonyl-L-isoleucine
D-2-Aminoadipic_acid_|_N-Methyl-L-
glutamic_acid

L-Asparagine
N-Acetyl-L-aspartic_acid
2-Aminophenol
L-Valyl-L-glutamic_acid
L-Phenylalanyl-L-valine
D-Trehalose_|_D-Gentiobiose

0.068316414
-0.104640942
0.042081428
0.10189654
-0.045078635
0.094319125
0.064947098
-0.233323028
0.032933153
-0.041279007

0.024327373
0.028960261
-0.031148133
0.02375839
-0.014868483
0.017408927
-0.016311975
-0.015170368

0.017776888

-0.016113135
0.019577629
0.018391918

-7.25E-16
0.001246033
-6.01E-18
-0.001462613
-4.85E-15
-2.67E-15

16.62637454
18.41354809
19.8964025

17.18343701
26.08503146
13.91254925
23.28066932
19.27129437
18.30391916
16.93100044

21.06589883
16.66548934
20.28218628
18.07875758
17.76992983
18.73242769
18.73588535
24.65683218

18.38152973

22.60709829
16.82985874
24.25602673

20.26068609
29.29685449
17.31210201
19.15888345
16.96386906
19.29362673

0.727835673
0.729359813
0.752536558
0.758964084
0.779394761
0.788708359
0.806169823
0.826433082
0.836559484
0.864817922

0.869914755
0.879497897
0.881927868
0.889021997
0.901587172
0.907819996
0.930616698
0.935056563

0.943904694

0.94544463
0.948852494
0.960639228

1
0.988965369
1
0.99457281
1

1

0.803147187
0.803147187
0.825456767
0.829292802
0.848341221
0.855189523
0.870786489
0.889279704
0.896766416
0.923560271

0.925510811
0.931289502
0.931289502
0.935290799
0.944996925
0.948018667
0.968251933
0.969307719

0.972917594

0.972917594

0.972917594
0.981447298

L e = N = =Y
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