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Abstract

Rett Syndrome (RTT) is a severe neurodevelopmental disorder mainly affecting females. After a
normal developmental period, symptoms appear at the age of 6-18 months, including
developmental regression and loss of learned skills such as speech and purposeful hand
movements. De novo mutations in the Methyl CpG Binding Protein 2 (MECP2) gene, which codes
the MeCP2 protein are the underlying cause of over 95 % of RTT cases. MeCP2 is an epigenetic
reader of methylated DNA, which controls gene expression in various cell types of the brain,
mainly neurons. The control of MECP2 gene dosage expression is critical since over-expression
and under-expression, or genetic mutations lead to neurological deficits including MECP2
Duplication Syndrome (MDS) and RTT, which currently do not have any cure. The two main
RTT-associated molecular signaling abnormalities such as impaired MECP2-BDNF-miR132
homeostasis and compromised mammalian Target of the Rapamycin (mTOR) pathway have been
detected. Metformin (an anti-diabetic drug) is an inducer of MECP2E1/BDNF transcripts in brain
cells in vitro, and an inhibitor of the hepatic mTOR pathway. However, it is unclear whether these
effects of metformin can be detected in murine brain tissues. Furthermore, due to the drug safety
profile, low price, and penetrability of metformin through the blood-brain barrier, it has been re-
purposed in various neurodevelopmental disorders. As a result, metformin may regulate RTT-
associated abnormalities and improve RTT-like phenotypes of an RTT mouse model.
Consequently, in my thesis, | aim to reveal the gap in knowledge regarding the Mecp2-deficient
abnormalities at the basal level as well as after metformin treatment for therapeutic purposes. To
accomplish these aims, metformin, and vehicle treatments in Wild Type mice, monitoring of body
weight, measurement of blood glucose level, and tissue collection for molecular analysis were
completed. The results confirmed the safety of metformin treatment through intraperitoneal
injection, and its sex- and region-dependent effects at the molecular level. Furthermore, metformin
treatments in mutant mice showed an age- and sex-dependent improvement of the RTT-like
symptoms at the phenotypical and behavioral levels. In conclusion, our study provides proof of
principle for the effect of metformin on RTT-like abnormalities at the basal level and its
therapeutic effects at the molecular, phenotypical, and behavioral levels in mice. These results
offer an important insight for future re-purposing of metformin for the treatment of neurological

disorders including RTT.
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Chapter 1. Introduction

Chapter 1. Introduction
1.1. Overview of Rett Syndrome

1.1.1. Etiology and Clinical Symptoms

Rett syndrome (RTT, MIM 312750) is a severe, X-linked, and rare neurodevelopmental disorder
that happens in 1 in 10000 females [1-3]. After a normal developmental period of 6-18 months of
age, symptoms appear through numerous steps (Table 1.1), including stagnation, rapid regression,
plateau/pseudo-stationary, and late motor deterioration [4-6]. The first stage (stagnation) showed
developmental regression in movement and speech abilities and reduced awareness. This stage is
frequently ignored in diagnosis because parents and physicians may not detect these slight
alterations. Throughout the rapid regression stage, the patients experience loss of hand movement
and language skills, along with motor and breathing abnormalities [4]. Furthermore, the
development of autistic-like characteristics such as social avoidance, and seizures are a possibility
in patients. These conditions result in the plateau stage characterized by motor challenges and
seizures, however the improvement of communication abilities. Finally, the entrance of children
into the late motor descent stage happens, recognized by strict physical disability and wheelchair-

bounding conditions [5].

In addition to the stages of the disease, some of the patients experience digestive struggles [7],
reduced bone density [8], osteoporosis [9], scoliosis [10], urological dysfunction [11], and sleep
troubles [12]. Moreover, RTT patients have an enhanced frequency of sudden mortality and usually

die because of breathing and cardiac problems [13-15].

Using gene screening methods, mutations of the methyl-CpG-binding protein 2 (MECP2) gene were
recognized as the reason for some RTT cases [3]. Then, de novo mutations in the MECP2 gene were
recognized as the main cause of over 95% of typical RTT cases [16]. Even though approximately
600 recognized mutations leading to RTT have been detected in MECP2, just 8 missense and
nonsense mutations including T158M, R133C, R255X, R106W, R306C, R294X, R168X, and
R270X comprise about 70% of all mutations in RTT [17] and a further 15% of mutations happen
due to large deletions in MECP2 gene. In addition, MECP2-related mutations have been linked to
both intellectual disability [18] and autism [19].



Chapter 1. Introduction

Table 1.1. Clinical Presentations of RTT Patients. The clinical symptoms of RTT patients have
been classified into 4 stages including stagnation, rapid regression, plateau/pseudo-stationary, and
late motor deterioration. Each stage of the disease happens at a specific age and includes different
symptoms. The start of the symptoms is at 6-18 months of age and ended up at 10 years of age. The

information has been adapted from Vashi et al., 2019, and Kyle et al., 2018 [4, 5].

Stage and age of onset Symptoms
1 Stagnation Developmental delays
(6-18 months) Decreased eye contact
Possibility of stereotypic hand movements
Possibility of reduced brain size (microcephaly)
2 Rapid regression Loss of purposeful hand skills
(1-4 years) Loss of speech
Possibility of movement problems
Possibility of breathing abnormalities
Autistic-like characteristics
Development of microcephaly
Possibility of seizures
Hand apraxia/dyspraxia
3 Plateau/pseudo-stationary Loss of movement ability
(2 years) Loss of motor coordination problems
Improvement of communication abilities
Seizures
4 Late motor deterioration Severe physical disability
(10 years) Muscle faintness and stiffness
Possibility of wheelchair-binding



https://pubmed.ncbi.nlm.nih.gov/?term=Vashi+N&cauthor_id=30820643
https://pubmed.ncbi.nlm.nih.gov/?term=Kyle+SM&cauthor_id=29445033
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1.2. The Structure and Function of the MECP2 Gene and MeCP2 Protein

The MECP2 gene (Figure 1.1) is located on the X-chromosome and is around 76 kb [20], including
transcription start site (TSS), the 4 exons, and 3 introns, along with multiple polyadenylation (Poly
A) signals, which generates 2 isoforms (MeCP2E1 and MeCP2E?2) through alternative splicing [21-
25]. The exons 1, 3, and 4 encode MeCP2E1 which is the dominant isoform in the brain [23-25].
On the other site, exons 2, 3, and 4 encode MeCP2E2 which is expressed at higher levels than
MeCP2EL1 in the placenta and liver [24, 25]. The TSS at exon 1 and exon 2 leads to the formation
of 2 proteins that differ just at their N-terminal region with 21 unique amino acids in MeCP2E1,
whereas 9 amino acids in MeCP2E2 [25]. The MECP2 gene codes the MeCP2 protein, which is a
methyl-binding protein with various levels of expression in different human tissues and is
abundantly expressed within neurons [26]. MeCP2 is an epigenetic regulator of gene transcription
which mediates its role via binding exclusively to methylated DNA and cooperating with required
proteins and complexes [27-29]. Initially, MeCP2 was defined as a suppressor of methylated DNA
transcription via association with a co-repressor complex including mSin3A, a transcriptional
repressor, and histone deacetylases, which can lead to chromatin compaction and gene silencing
[30, 31]. Contrary to the initial discovery, the latest findings have exhibited that MeCP2 can be an
activator of gene expression via connection with CREB (CAMP response element-binding protein),
which is an activating factor [32]. The expression of MECP2 is associated with the postnatal
maturation of the Central Nervous System (CNS), and the differentiation of neurons [33]. The
calculated MeCP2 protein molecular weight is around 53 kDa, but it has been detected at around 75
kDa and has 5 main domains including the N-terminal Domain (NTD), Methyl Binding Domain
(MBD), Intervening Domain (ID), Transcription Repression Domain (TRD), and C-terminal
Domain (CTD). Three AT-hook domains, which are located inside ID, TRD, and CTD facilitate the
AT-rich DNA binding ability of MeCP2. The MBD plays a role in the binding ability of MeCP2 to
methylated DNA, whereas the ID assists in the stabilization of the structure and binding capability
of MBD. The TRD facilitates transcriptional repression through cooperation with the corepressor
components, and the CTD enables MeCP2-chromatin binding [34, 35]. A study from our lab has
shown that MeCP2EL1 is equivalently expressed across diverse brain regions, while the MeCP2E2

isoform has different levels of expression in mouse brain regions [36].
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Figure 1.1. Schematic of the MECP2 Gene and MeCP2 Protein Structures. A) The MECP2
gene is located on the X-chromosome. B) Alternative splicing of the MECP2 transcript generates
the 2 isoform transcripts. The ATG is the translation start site which is indicated for each isoform.
C) The MeCP2 protein contains 5 domains with specific functions. The black color shows the
most common mutations, and the red color indicates the particular mutation (T158M) that we have
studied. The number of amino acids at the start and the end of each domain are presented in purple.
The figure has been adapted from Kyle et al., 2018; Liyanage and Rastegar 2014; Pejhan, and
Rastegar, 2021 [5, 25, 35]. A) MECP2: Methyl-CpG Binding Protein 2 gene, Poly A:
Polyadenylation signals. B) , non-coding sequences, TSS: Transcriptional
Start Site, and UTR: Untranslated Region. C) CTD: C-Terminal Domain, ID: Intervening
Domain, MBD: Methyl-CpG-Binding Domain, NTD: N-terminal Domain, TRD: Transcriptional

Repression Domain.
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1.3. Biological Systems to Study RTT

Since RTT is a monogenic disease and the result of MECP2 gene mutations, numerous RTT
animals [37, 38], and cellular models [39, 40] have been used for its study. The diverse phenotypes
and various lifespans of these models have been explained as a limitation in different studies [4].
Contrary to humans, mice models display earlier and clearer symptoms of MeCP2-deficiency
during development. Interestingly, the mice models contribute to our comprehension of the various
brain region’s roles in Mecp2-deficiency. Also, they are beneficial to examine probable curative
methods as they show most symptoms detected in RTT patients [5]. Additionally, RTT-related
models can be derived from MeCP2-mutant cell lines including neurons from human embryonic

stem cells or mouse embryonic stem cells [41].

1.3.1. RTT-Mouse Models

1.3.1.1. Mecp2 Null Mouse Models

Due to the lack of the Mecp2 gene in non-vertebrates [42], RTT mouse models are required for the
study of disease mechanisms. After the discovery of MECP2 as the RTT-causing gene, two
Mecp2-null mouse models (Mecp2tml1.1Bird and Mecp2tml.1Jae) were generated, which lack
MeCP2 protein products [37] or expresses minor MeCP2 protein pieces [43]. Consequently, both
models show RTT-associated symptoms and have been widely used to study the disease
mechanism. Although RTT mainly affects females, they demonstrate phenotypic variation because
of skewed X-chromosome inactivation (XCI) or non-random XCI [44]. Consequently, most RTT
mice studies happen in hemizygous Mecp2-mutant male mice owing to their stable phenotype and
complete absence of MeCP2 protein, which is beneficial for mechanistic study [41]. Hemizygous
male Mecp2-null mice show RTT-like symptoms including tremors, breathing abnormalities, hind
limb clasping, hypoactivity, and deficiency of muscle tone [37, 43]. A decreased brain and body
weight, a quick and severe regression of phenotypes, and death between 6-12 weeks of age are
other symptoms of Mecp2-null male mice. Like males, heterozygous female mice show similar,
but milder symptoms at a later age of development (4-6 months) and usually have a normal lifespan
[4, 45].
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1.3.1.2. Mecp2-Mutant Mouse Models

The knock-in or Mecp2-mutant mice models are different from knock-out or null mice due to the
expression of mutant/truncated MeCP2 protein [43]. The exon 3 deletion of the Mecp2 gene
resulted in the formation of the Jaenisch strain (Mecp2tml.1jae), expressing an MBD-deficient
MeCP2 protein, showing similar behavioral symptoms to the Mecp2 null mice with somewhat
milder symptoms and longer lifespan [46]. Furthermore, establishing a premature STOP codon in
the mouse Mecp2 gene generated a mouse model with truncated proteins at amino acid 308
(Mecp2308). The Mecp2308 mouse model seems normal till about 6 weeks of age and then
develops similar but milder neurological symptoms as Mecp2 null mice [47]. Mecp2-mutant mouse
models show an expansive scale of phenotypes observed in human RTT patients [4]. In both
Mecp2-mutant mice and patients, motor defects are the extreme clinical presentation comprising
diminished mobility, compromised motor coordination, gait, ataxic, and tremors [48]. Although
patients lose purposeful hand movement leading to stereotypic hand wringing, mouse models show
hind limbs clasping [37, 43]. At the phenotypical level, both Mecp2 mouse models and patients
display decreased brain volume and neuronal hypotrophy [49]. At the behavioral level, loss of
speech abilities and neurological defects, are two characteristics specific to human patients,
immeasurable in mouse models, but learning problems are common in both models [50, 51].
Interestingly, human patients showed higher anxiety and less sociability compared with Mecp2-
mutant mice [45, 52, 53]. Metabolic disturbances in both models involve neurometabolic
abnormalities [54], including enhanced cholesterol and triglycerides of serum [5, 55, 58], the
irregular structure of mitochondria [57], and increased oxidative damage [58]. Eventually, both
RTT patients and mouse models suffer from breathing and cardiac abnormalities [14, 59], seizures,
and a reduced lifespan [37]. In general, Mecp2-mutant mice demonstrate a wide scope of
phenotypes that phenocopy human RTT patients’ symptoms, which makes them an outstanding
model to study this disorder [37]. Since RTT patients mostly carry missense mutations leading to
a less competent or unstable MeCP2 protein instead of a total loss of it, so Mecp2-null mouse
models do not permanently represent human patients’ circumstances at the molecular level. To
avoid this limitation, numerous mouse models carrying MECP2 point mutations have been

generated to recapitulate clinically related mutations observed in human patients [4].
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In RTT patients, 6 out of 8 most common missense mutations have established mouse models
recapitulating disease symptoms. These mice have been helpful in the comprehension of RTT-
causing mutation’s contribution to the disease progression and severity of symptoms [4]. For
instance, the MeCP2 T158M mutation shows severe symptoms in patients, whereas the R133C
mutation leads to the maintenance of speech and motor [60]. Studies showed that whereas both
mutations (T158M and R133C) produce MeCP2 proteins with decreased DNA-binding capability,
the T158M mutation moreover results in unstable protein, and consequently more severe RTT-like
phenotypes [61]. Although the MECP2 gene is expressed as 2 isoforms, the levels of their
expression differ among different tissues, and MeCP2E1 compared with MeCP2E2 is abundant in
the brain [36, 62]. Studies that removed either one of MeCP2E1 or MeCP2E2 through the body
noticed that only the removal of MECP2EL results in RTT-like symptoms and reduced life
duration. In contrast, loss of MECP2E2 was needed for the development of the placenta [63, 64].
Moreover, the MeCP2 protein undergoes various posttranslational modifications, involving
phosphorylation at 421 (S421) and serine 80 (S80), significant for MeCP2-chromatin binding and
its performance in the control of gene expression in neurons. As a result, mutation of either of
these serine residues in mice stopped this site-dependent phosphorylation [65, 66].

The generation of mouse models including RTT-related mutations has been similarly completed.
For instance, the insertion of a premature STOP codon in position 168 of the Mecp2 gene resulted
in the generation of a shortened MeCP2 protein including an integral MBD without the CTD, TRD,
and nuclear localization signal (NLS) in the R168X mice model (Mecp2R168X). These mice show
neurological symptoms including breathing abnormalities and hindlimb clasping like other mouse
models [67]. The A140V MeCP2 mutant mice (Mecp2A140V) is another knock-in mouse model,
which generates a mutant MeCP2 protein without the binding capability leading to Alpha
thalassemia/mental retardation syndrome X-linked protein [68]. These Mecp2A140V mice have a
seemingly normal lifespan without seizures, and breathing abnormalities detected in other mouse
models, but they indicated decreased branching of dendrites as shown in RTT patients’ brain
autopsies [69]. Other models of Mecp2 mouse carrying phosphorylation mutations include
Mecp2S421A; S424A (increased spatial memory and synaptogenesis), Mecp2S80A (decreased
mobility), and Mecp2S421A (increased dendrite branching) [65, 67, 70].
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Most of the RTT-associated missense mutations recognized in patients occur in the MBD and TRD
of MeCP2 in Mecp2™°M  with one of the most common mutations happening at residue T158,
changing it to a methionine (MeCP2 T158M) or alanine (T158A) in rare cases. To reveal the role
of MeCP2 T158M mutation in RTT pathology, a Mecp2™°™ mouse model has been developed
and showed many RTT-like symptoms. For instance, Mecp2™°¥ male mice weighed significantly
less compared with sex- and age-matched Mecp2* littermates at 4 weeks and afterward [71]. In
the case of brain weights, in Mecp2™58¥ male mice, it significantly decreased at the postnatal age
of 42 days (P42) and P100 compared with Mecp2™¥ littermates, and they showed early death
compared with Mecp2*¥ littermates. In contrast, Mecp2™%¢* female mice weighed significantly
more compared to Mecp2*'* littermates at P250 and P300, but they showed significantly reduced
brain weight compared with Mecp2*'* littermates at P300. So, both sexes of the Mecp2™%M mouse
model showed RTT-like phenotypes in an age-dependent manner. Additionally, the Mecp2™°8¥
male mice showed significantly decreased survival compared with Mecp2*™¥ littermates. As a
result, increasing MeCP2 T158M protein stability or expression level could improve RTT-like
symptoms, which has been confirmed through an in vivo study in a Tg mouse model expressing
MeCP2 T158M throughout the CNS. Another finding of this study showed that pharmacological
elevation of MeCP2 T158M level rescues RTT-like phenotypes, which has been the focus of my
thesis. In general, these discoveries reveal that decreased levels of MeCP2 T158M trigger RTT
pathology and offer evidence that pharmacological elevation of MeCP2 protein stability or
expression shows an efficient therapeutic method for the reversal of the RTT-associated

abnormalities [71].

1.3.2. Mecp2-Deficient Cellular Models

Mecp2-deficient cultivated neuronal cells derived from postnatal or embryonic Mecp2-deficient
mice showed biological and structural defects like Mecp2 knockout mice [72-74]. Mecp2-deficient
microglia and astrocytes have been proven to make irregular levels of solvable factors that prevent
neuronal dendrite branching in vitro. Moreover, Mecp2-deficient astrocytes have also been
indicated to affect the function of gap junction in astrocytes, leading to their failure to sufficiently

sustain the dendrite’s development [75-77].
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Proof of cellular and mouse models show the complexity of MeCP2’s role in the brain and its
various function in various regions of the brain. Furthermore, the precise expression levels of

MeCP2 in all brain-cell types are important for the normal function of the brain [41].

1.4. Mammalian Brain Development and Function

Mice studies have shown that MeCP2 protein expression is in close relation with the maturation
of neurons and the greatest levels happen after the complete maturation of neurons [78, 79].
Consequently, it is significant to present a summary of the path of brain development in mammals
to acquire vision into the potential time intervals of brain vulnerabilities to Mecp2 dysfunction.
Many stages have been involved in the complex process of mammalian brain development which
is strictly controlled [80]. In mice, prenatal development of neurons happens, and then the rest of
the process including proliferation, migration, and maturation happens at their destination.
Numerous growth factors affect neurons in this process at various developmental steps [80, 81].
Contrary to the postnatal development of the brain in humans, in mice, it is completely prenatal
[82]. Major events throughout the development of the brain involve the removal of neurons, and
the formation, and elimination of synapses [81]. In the first week after birth, in the cortex of a rat,
the formation of synapses reaches the highest level [82], whereas, in the hippocampus, the
maximum rate of synaptogenesis is accomplished by P25 [83]. Similarly, in the cerebellum,
synaptogenesis matches diverse cerebellar cell type’s maturation with Purkinje cells producing the
first synapses soon postnatally, however, granule cells start to generate synapses at P15 and endure
till P30 [84, 85]. Also, the detected phenotypes in the case of MeCP2 abnormalities in both RTT
models highlight the significance of MeCP2 functions in several brain regions [86] as shown in
Table 1.2.
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Table 1.2. Brain Regions' Function and Dysfunction in RTT.

Brain region Function Dysfunction
Olfactory bulb Transmission of olfactory signals Unusual morphology of
to synapsis [87]
the cortex
Cerebral Cognition, thinking, Compromised motor
cortex and coordination, unusual social
ocular managing activities [86]
Thalamus Mobility Seizures
and and
sensory perception disturbed sleep pattern
[12, 87]
Hypothalamus Regulation of homeostasis Abnormal stress response
[72, 86]
Hippocampus Linkage of feelings to memories Compromised intellectual
and capabilities [86]
spatial arrangement
Amygdala Managing of memory communication Enhanced anxiety
related to feelings [72, 86]
Brainstem Regulation of autonomic roles Compromised movement
including digestion and breathing irregularities
[90]
Cerebellum Regulation of coordination skills, Gait, lack of purposeful
intellectual acts, and muscle tone activities, and deterioration
[12, 87]

10
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Due to the association between RTT abnormalities with brain regions, a schematic of the adult
murine brain has been provided in Figure 1.2. Consequently, understanding the function of each
brain region and the correlated MeCP2 dysfunction phenotype is important in RTT therapeutic
approaches. For instance, due to the involvement of the cerebellum in the control of coordination
activities, muscle tone, consciousness, and language, MeCP2 dysfunction leads to abnormal gait,
ataxia, and atrophy [87, 91]. Cerebral cortex-derived MeCP2 dysfunction leads to compromised
motor coordination, and irregular social behavior since it plays a role in elevated intellectual
functions such as visual processing and reasoning [86]. The hippocampus as a component of the
limbic system participates in spatial organization and linking of emotions to memories. Thus, a
deficiency of MeCP2 leads to impaired cognitive abilities (memory and learning) [86].
Furthermore, disturbed sleep patterns and seizures are attributed to the MeCP2 dysfunction in the

thalamus involved in movement and sensory perception [12, 87].

Figure 1.2. Schematic of the Adult Murine Brain. In this figure, 8 brain regions have been
shown including the Brain stem (BS), Cerebellum (CB), Cortex (CTX), Hippocampus (Hippo),
Hypothalamus (Hypo), Olfactory Bulb (OB), Striatum (STR), and Thalamus (Thala). However,
we have studied the effect of metformin in 4 particular brain regions including CB, CTX, Hippo,
and Thala due to their contribution to the RTT-like symptoms at the phenotypical and behavioral
levels, which are shown in color [86, 87, 12, 92].

11
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1.5. RTT-associated Therapeutic Approaches

Studies have identified MECP2 downstream pathways with the possibility of target therapy via
drug treatments to improve different signaling pathways including growth factor and
neurotransmitter signaling along with metabolism. Significantly, numerous of these therapies
improved RTT-like symptoms in Mecp2-mutant mice and have initiated clinical trials in patients.
Conversely, these approaches showed various restrictions [93]. Initially, due to the unknown role
of MECP2, recognizing it’s regulating pathways, particularly those sensitive to MECP2 loss, is
challenging. Also, the recruitment of MECP2 to DNA methylation is greatly cell-type-specific,
which is another obstacle [94-96]. So, the genes under the control of MECP2 will probably change
depending on the status of methylation in different cell types at the given stage of development
[97]. Lastly, it is hard to understand which pathways are mainly impacted due to MECP2 mutation
and which are less affected distant downstream that will probably have less significance as
therapeutic targets [93, 98]. However, improvements in the techniques of molecular biology have
facilitated resolving these problems. Here, we emphasize therapeutic approaches for RTT into 2
groups including direct targeting therapy of MECP2 mutations (gene therapy, readthrough
components, and reactivation of silent X) or targeting MECP2 downstream pathways

(neurotransmitter signaling, growth factor signaling, and metabolic defects in RTT) [4].

1.5.1. Direct Targeting of MECP2/Mecp2 Gene
Directly targeting MECP2/Mecp2 gene, leading to MECP2/Mecp2 and its downstream pathways

restoration is a fascinating therapeutic approach [4]. Nonetheless, dosage control is the biggest
concern of this method, since both under-expression and overexpression of MECP2 lead to human
disorders [99]. Therefore, adequate MECP2 levels per cell are required to be considered to fulfill
its therapeutic advantage whereas decreasing the risk of overexpressed MECP2 [4].

One approach includes targeting the mutations of MECP2 with tiny molecules recognized as
translational readthrough-inducing drugs (TRIDs) [4], which is an interesting method for 35-40%
of RTT patients, carrying MECP2 nonsense mutations [17]. TRIDs facilitate the read-through of
premature stop codons by their ribosome binding ability and weakening codon/anticodon

identification, permitting the introduction of another amino acid instead of the stop codon [100].
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Since this method only enhances MECP2 in cells including the nonsense mutation, without any
effect on normal MECP2 levels, concern does not exist regarding elevated dosages of MECP2.
Nevertheless, since TRIDs produce a mutated MECP2 instead of an entirely functional protein, it
only marginally improves the RTT symptoms of patients. In general, this approach can be a
valuable path to follow for RTT because even a minor increase in MECP2 levels is connected to
recovered symptoms. However, attempts are ongoing to increase the efficiency of TRIDs to help
RTT patients. Another method of directly targeting MECP2 is the reactivation of the silent X
chromosome leading to the restoration of endogenic MECP2. In mammalian cells, the XCI
suppresses one X chromosome in each cell for its dosage compensation [101]. Accordingly,
because of the MECP?2 localization on the X chromosome, one copy of it has been silenced and in
RTT patients’ cells a normal copy of MECP2 is inactive. So, RTT patients’ cells can use their own
regulatory functions for the regulation of MECP2 expression [4].

Since RTT patients are heterozygous mosaics for MECP2 mutation, a normal copy of MECP2 is
expressed in around half of their cells. Therefore, reactivation of inactivated X chromosome will
cause 2x of MECP2 normal levels in these cells. Consequently, this process requires to be modified
to only target MECP?2 or its nearby areas and can only be a potential moderate therapeutic method
for patients with MECP2 loss-of-function mutations [4]. Prominently, the exclusive mice designed
for the study of this method offer a tremendous path to examine Xi-reactivating drugs exactly for
the RTT treatment [102].

Besides readthrough components and reactivation of silent X, gene therapy has been proposed as
an ultimate probable therapeutic strategy for RTT by insertion of a normal copy of MECP2 into
cells [4, 95]. Gene therapy is an encouraging therapeutic method for numerous disorders and has
been effective in the restoration of symptoms in different mouse models including obesity,
diabetes, and ALS. In the case of RTT, gene therapy methods should use a suitable vector with the
ability to cross the BBB and transduce several cells in the CNS and be capable of preserving the
stable longstanding expression of the exogenous MECP2. Like the reactivation of Xi, gene therapy
targets all cells despite the condition of MECP2 mutation. Accordingly, cells including the normal
MECP2 will have double the normal level of the protein resulting in probable toxic effects of

MECP2 overexpression [4].
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In addition to dosage concerns, high viral titers are other disadvantages in the case of gene therapy.
In general, high viral titers are required to infect a great percentage of cells, however, cells that
accidentally receive more than one viral fragment, and consequently more than one copy of
MECP2, would be overloaded [4]. Approaches to avoid these problems can provide a factor like a
small interfering RNA (siRNA) or silencing RNA, which are of double-stranded and non-coding
RNA molecules, usually 20-24 base pairs length, to block endogenous MECP2 leading to the
exclusive expression of transgenic MECP2 [103]. On the other hand, the advantages of
recombinant adeno-associated virus (AAV) vectors including their capability to cross the BBB,
infect neurons, and long-lasting and safe expression of transgene have made them beneficial for
the preclinical studies of gene therapy, but upcoming studies should enhance the AAV9 therapy’s
specificity before transferring to the clinic [104, 105]. A further barrier to gene therapy includes
the control of dosage in humans. Because of the small size of the mice, they cannot directly inform
regarding the applicable doses for clinical purposes [4]. Also, due to recently reported harsh
neuronal and hepatocyte poisonousness following high-dose AAV9 administration, attempts in the

optimization of dosage will be necessary [106].

1.5.2. Indirect Targeting of MeCP2 Downstream Pathways
In addition to directly targeting the mutated MECP2/Mecp2 gene, other therapeutic approaches

which target downstream signaling pathways including neurotransmitter and growth factor
signaling along with the metabolic defects could be beneficial for the RTT treatment [4].

The decrease in dendrite size and number is an obvious attribute of RTT, and Mecp2-mutant mouse
models. Dendrites sense neurotransmitters and electrical signals from neurons and a
neurotransmitter signaling deficiency was suggested in RTT [107]. Target therapy of these
pathways has proven diverse effects in mice, and some have been investigated in clinical trials [4].
For instance, in Mecp2-mutant mice, a norepinephrine reuptake suppressor improved breathing
abnormalities [108], without any effect on RTT patients [109].

A sphingosine-1 phosphate analog called fingolimod (FTY720) has been demonstrated to enhance
BDNF levels and improve mobility in Mecp2-mutant mice [110]. Like BDNF, the binding of
Insulin-like growth factor-1(IGF) to its receptor (IGF-1R), triggers a signaling pathway, and IGF-
1 levels are controlled by MeCP2 at the transcriptional level [111].
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At the transcriptional level, BDNF was recognized as a MECP?2 target gene [112]. It is a member
of the neurotrophin family of growth factors, binding to its receptor namely tropomyosin-related
kinase B (TrkB) to induce downstream signaling related to neurite development, synaptic function,
and differentiation of neurons [113]. In rodent brains, MeCP2 controls the production of mature
BDNF (mBDNF, a neurotransmitter modulator) [114], derived from a precursor-BDNF (pro-
BDNF), which is cleaved by extracellular proteases to convert into mBDNF. Pro-BDNF and
mBDNF apply reciprocal impacts by binding to the p75 neurotrophic receptor (p75NTR) and TrkB
receptors, respectively. The discrepancy in the ratio of mBDNF/pro-BDNF is connected to
neuropsychiatric disorders [115]. In both RTT patients and Mecp2-mutant mice, the expression of
brain BDNF/Bdnf is significantly decreased, but due to BDNF’s incapability to pass through BBB,
its administration is not a practical therapy [116, 117]. In fact, BDNF is a significant and possibly
the most studied MeCP2 target gene. The association of BDNF with MeCP2 has been examined
largely in animal models, but also in the context of human RTT patients [116, 118, 114]. The
multi-promoter feature of the BDNF gene is important for further flexibility of BDNF expression
in response to various scales of stimuli. Initially, BDNF was extracted from the brain of the pig
with isoelectric points around 9-10, which is the reason for BDNF stability during biochemical
purification [119]. BDNF protein is derived from a precursor polypeptide including 270 amino
acids (pre-proBDNF) in the endoplasmic reticulum [120]. The deletion of the “pre” section of the
synthesized protein, leads to the production of proBDNF, after transfer to the Golgi apparatus. The
molecular weight of proBDNF is 32kDa, comprising the pro-domain and the mature BDNF,
containing 129 and 118 amino acids, respectively [119]. Then, the cleavages of the proBDNF to a
shortened form of BDNF (~28kDa molecular weight) by the subtilisin/kexin-isoenzyme-1 (SK-1)
protease resulted in the generation of the final product. In fact, 3 distinct proteases including the
matrix metalloprotease-7 (MMP-7), furin, and plasmin are involved in the production of the mature
BDNF (mBDNF) (~14kDa) [120-122]. ProBDNF and mBDNF are localized in the secretory
granules on mice hippocampal neurons [123] and segments of adult mice hippocampus [124]. The
final processing of the mBDNF could similarly occur after secretion in the extracellular space
[126]. The mechanism of regulation of BDNF by MeCP2 is controversial. Prior findings were
more supporting a repression model as membrane depolarization can relieve MeCP2 from its

binding site at the Bdnf promoter 1V, leading to the transcriptional activation of Bdnf [126].
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The phosphorylation of MeCP2 at Ser421 and decreased CpG sites methylation within the Bdnf
promoter IV provoked by neuronal depolarization were imagined to trigger the separation of
MeCP2 and its corepressors (HDACL1 and Sin3a) from the Bdnf promoter IV [127].

In the Mecp2-null mice, studies exhibited reduced Bdnf mRNA and protein, proposing an activator
role for MeCP2 in Bdnf transcription [117, 128]. The dual role of MeCP2 in the regulation of
BDNF describes these divergences [129]. A study in neuroblastoma cells showed that MeCP2
attaches to promoters of its target genes and can activate or repress these target genes’ expression
[130]. Besides phosphorylation, other epigenetic modifications contribute to the MeCP2 double-
performing model. For example, MeCP2 regulates the transcription of microRNAs targeting the
3’UTR of Bdnf transcripts [131]. Likewise, MeCP2 alterations might affect the transcriptional
expression of BDNF/Bdnf besides the BDNF protein stability or synthesis. That could describe
some of the divergences between the various models that have studied BDNF at the transcript or
protein level [132]. Noteworthy, MeCP2 regulation is via the regulatory connection of BDNF-
MeCP2 which includes phosphorylation of MeCP2 at serine residues that help in reaction to
specific drugs [133, 134].

In addition to neurotransmitter and growth factor signaling, RTT-associated metabolic deficits can
be pharmaceutically targeted [4]. It is shown that in Mecp2-mutant mice, before the initiation of
symptoms, a significant increase of cholesterol in the brain, and triglycerides were detected in the
liver and serum [55]. In addition to mice, some RTT patients showed elevated levels of lipids,
indicating that treatment with statin drugs may benefit them [58, 135]. Defects in cholesterol
homeostasis are correlated with numerous neurological disorders including RTT [136, 137].
Besides cholesterol synthesis defects, both RTT patients and Mecp2-mutant mouse models show
irregular structure and function of the mitochondria [138-140]. Notably, impaired mitochondrial
function can seriously affect the generation of cellular energy. Although mitochondria are essential
in all body cells, their role is particularly significant in tissues requiring high energy. RTT has
shown common symptoms with mitochondrial disorders, containing early symptomatic initiation,
developmental and neurological regression, digestive problems, and seizures [141]. Regularly,
both RTT patients and Mecp2-mutant mice are characterized by enhanced oxidative stress and
reduced mitochondrial enzyme levels [139, 142]. In general, these studies indicate deficiencies in
the generation of energy by mitochondria in RTT, which is associated with the synthesis of

cholesterol.
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Fascinatingly, anaplerotic substances can reload intermediate mixtures in the energy creation
pathway, increasing mitochondrial-mediate energy production. For instance, triheptanoin reversed
some symptoms of metabolic diseases by modifying the generation of energy [143, 144].

In addition to cholesterol impairment, the compromised glucose metabolism could be targeted as
an RTT-associate therapy [145], which will be elaborated in the case of brain metabolism and the
role of MeCP2.

1.6. MeCP2 and Brain Metabolism

RTT patients’ reformed neural activity has been connected to impairments of glucose metabolism
[5]. An enhanced level of cerebral glucose metabolism in the frontal brain region of RTT patients
was detected [146]. Lately, a study in a hyperglycemic mouse has suggested notably enhanced
expression of HDAC1 and MeCP2, advocating a robust relationship between MeCP2 and glucose
metabolism. Thus, irregular metabolism of glucose might present in a brain-region and cell- type-
specific dependent manner and could result in the more severe clinical presentation of RTT patients
[147]. Likewise, the patterns of insulin intolerance were additionally mentioned. In an RTT mice
model, an enhanced blood glucose level, enhanced insulin resistance, and a lower glucose
absorption rate were detected in contrast to control mice [148]. Studying other factors associated
with MeCP2 is significant besides irregular glucose metabolism and insulin resistance to influence
RTT glucose metabolism [149]. Consequently, the association between MeCP2 function with the
glucose metabolism of the brain and the related pathways is essential for detecting RTT-related
glucose metabolic deficits and additional MeCP2-related neurological conditions. The MeCP2-
mediated regulation of insulin expression happens via the binding of MeCP2 to the Insulin-2 gene
promoter and preventing the cCAMP-responsive element (CRE) binding. Accordingly, this results
in the prevention of insulin expression, and insulin overexpression in the lack of MeCP2 [150].
Ultimately, dysregulated insulin exposure will cause insulin resistance. Future studies should
emphasize realizing the accurate procedure since it could provide complete insight into the
development of metabolic syndrome [151]. Additionally, disruption of MeCP2 function similarly
affects downstream signaling including mTOR and AKT signaling which are reduced in cells
lacking MeCP2 [152].
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The impaired metabolism due to altered expression/mutations of the MECP2 gene is a sign in
mutated MeCP2-associated diseases including various human neurodevelopmental and
neurodegenerative diseases such as RTT, MSD, severe neonatal encephalopathy, Autism
Spectrum Disorders (ASD), X-linked mental retardation, Hirschsprung’s disease, Huntington
disease, early onset schizophrenia, and Angelman syndrome [3, 40, 78, 153-162]. For instance, in
RTT, irregular systemic and brain glucose consumption, insulin resistance, compromised
cholesterol metabolism, and unusual mitochondrial function are common metabolic abnormalities
[55, 156-158]. Because of the putative link between MeCP2-connected disorders and metabolism,
defining an association between MeCP2 function and brain metabolism is beneficial through
cellular pathways including the mechanistic target of rapamycin (mTOR) complex and adenosine-

monophosphate activated protein kinase (AMPK) is important [157].

1.6.1. Role of mTOR in Glucose Metabolism and Protein Translation

In eukaryotic cells, mTOR signaling is a cellular pathway that is a fundamental regulator of
proliferation, growth, metabolism, and survival, which is located downstream of MeCP2 and is
negatively affected by MECP2 mutations [159]. The phosphorylation of principal targets of mMTOR
via its serine/threonine protein kinase activity controls several cellular processes. The mTOR
includes 2 complexes gathered in cells, mTORC1, and mTORC2. The shared proteins of both
complexes of mMTOR complexes include mTOR and GBL, but the distinct proteins are Raptor and
Rictor related to mTORC1 and mTORC?2, in order. The mTORC1 complex is responsible for
receiving environmental stimuli, controlling anabolism-catabolism equilibrium in cells, regulating
lipids, proteins, and nucleotide synthesis, and repressing catabolic pathways like autophagy. On
the other side, the proliferation and survival of cells are attributed to the mTORC2 [160]. Mostly,
the effect of MECP2 mutations on the regulation of mTORC1-dependent protein synthesis has
been studied. The p70S6 Kinase 1 (S6K1) and elF4E (eukaryotic Initiation Factor 4E) binding
protein (4EBP), as the direct downstream mTORCL1 targets are associated with the initiation of
translation [160, 161]. The 4EBP phosphorylation results in its liberation from the elFAE
permitting the initiation of translation. S6K1 phosphorylates and activates the ribosomal protein
S6 (rPS6 or eS6) which is a component of the 40S ribosomal subunit participating in protein
synthesis [160].
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The S6Ks proteins are the mTOR substrate involved in the regulation of cell growth. S6K1 and
S6K2 have been discovered as the fundamental in vivo kinases involved in succeeding rpS6
phosphorylation on five serine residues in the C-terminal tail of the protein. The S6K1 and S6K2
themselves are activated by the mTOR, a leading regulator of growth through sensing
environmental signals [162]. Because rpS6 is a fundamental element of the 40S little ribosomal
subunit and as rpS6 phosphorylation is triggered with anabolic signals, the current model is that
the activity of S6K controls growth via influencing protein translation [163]. The discoveries of
more substrates like eukaryotic elongation factor 2 kinase (eEF2K) and eukaryotic initiation factor
4B (eIF4B) have strengthened the theory of S6Ks’ relation to the translational machinery [164].
Furthermore, a study in the 8 weeks of Mecp2-null male mouse brain demonstrated decreased
levels of phosphorylated rPS6 showing diminished protein synthesis. Also, the same reduction in
phosphorylated rPS6 levels has been reported in the hippocampus and cortex of heterozygous 10

months of age Mecp2+/- female mice [152].

The human ESCs-derived MECP2-deficient neurons have substantially decreased amount of
stimulated level of Protein Kinase B (PKB) or AKT (a positive upstream controller of mTOR and
activator of the cells proliferation, survival, and growth), reduced nascent protein generation, and
decreased size of soma [165]. Owing to decreased BDNF levels in RTT patients, the activation of
mTOR by BDNF is compromised [166, 168]. Also, in the cerebellum of human post-mortem RTT,
hyperactivated mTOR components were detected [159]. The influences of MECP2/Mecp2
mutations on the mTOR pathway in the human background contrary to mice at diverse steps of

disease development with distinctive mutations is not recognized [152, 159].

1.6.2. AMPK and Energy Metabolism

The AMPK pathway is another regulator of glucose metabolism in addition to the mTOR pathway
[169]. An in vitro study has shown AMPK/HDAC5/GLUT4 pathway as a probable target in the
therapy of diabetes and insulin resistance [169]. Likewise, another study has proposed nitric oxide
as the stimulator of AMPK activity, resulting in enhanced expression of GLUT4 [170]. Lately,
increased AMP and ADP levels were detected in Mecp2 null mice linked with MeCP2 diseases,

which may result in increased AMPK-dependent activation of glycolysis [171].

19



Chapter 1. Introduction

Consequently, the compromised MeCP2 function can disrupt the AMPK signaling pathway and
lead to numerous RTT-associated symptoms in patients, involving high blood glucose and insulin
resistance [172].

1.7. Metformin Targets AMPK and mTOR Pathways

Due to various benefits of metformin, including safety, high efficacy of blood glucose regulation,
and low cost, it has been used for more than 60 years. The modification in cellular energy
metabolism is the fundamental mechanism of its action [173]. The common hypoglycemic effects

of metformin are attained by several mechanisms [174].

Finding novel applications for this old drug is a current hot spot, and it has been described in
clinical and animal research to apply neuroprotective influences in numerous neurological
disorders [175-177].

The clinical, pre-clinical, and cellular studies of metformin in abundant neurological diseases have
been shown in Table 1.3. Although it has been revealed that metformin has a widespread
neuroprotective effect, further validation in animal models and the detection of its basic
mechanisms are lacking. Since metformin passes throughout the BBB and has neurophysiological
effects, we have focused on the probable metformin’s roles in neuron and neurological disorders,
mainly RTT [178, 179].
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Table 1.3. The In vitro and In vivo Studies of Metformin in Neurological Disorders.

Fragile X Syndrome (FXS)

» Mechanism

behavior
» Activation of the mTOR/PP2A pathway

Disease Model Effect References
e FXS patients e Improvement of hyperactivity [180]
e Improvement of social responsiveness
e Improvement of irritability
e Improvement of social avoidance
= Fmr1-KO mouse = Reversal of social behavior deficiencies [178]
= Rescue of enduring depression
» Mechanism » Normalization of ERK signaling
» Regulation of MMP-9 expression
Major Depressive disorder (MDD)
e MDD patients e Improvement of depressive-like behaviors [176, 181]
e Improvement of aggressive-like behaviors
= HFD-induced = Improvement of synaptic defects
insulin-resistant mice | = Improvement of anxiety-like behaviors [182]
» Mechanism » Stimulation of 5-HT neurotransmission
Huntington’s disease (HD)
e HD patients with T2DM | e Improvement of cognition [183]
= Hdh150 knock-in mouse | = Decrease of the abnormal huntingtin load
model of HD = Complete restoration of the irregular [177]
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Parkinson’s disease (PD)

e MPTP-induced PD mice | e Improvement motor of damage induced [184]

e Improvement of oxidative stress

» Mechanism » Increasing levels of BDNF
= Bcat-1 knockdown = Unusual mitochondrial respiration’s
worm model of PD correction
» Mechanism » AMPK stimulation [185]

» Induction of BDNF
% LPS-induced rat model | < Suppression of reactive astrocytes
of PD ¢ Inhibition of microglia activation
% Reduction of mitochondrial respiration [186]
% mTOR-independent mechanism

Alzheimer’s disease (AD)

e Non-diabetic and AD e Improvement of learning/memory and [187, 188]
patients attention

e Decreased risk of AD development in T2DM

patients
= SAMPS mice = Improvement of memory [189]
» Mechanism » Reduction of APPc99 and p-tau

» Reduction of tau phosphorylation
» Control of GSK3p and protein kinase C
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Autism (ASD)

= BTBR T+ Itpr3tf/J
(BTBR) mouse mode

> Mechanism

e Considerable reversible of:
Social deficits
Decreased repetitive grooming
Decreased marble burying
» Reduction of mTOR gene and protein
expression

» Reduction trend in S6K expression

[190]

Rett Syndrome (RTT)

e MeCP2-308
heterozygous female
mice

» Mechanism

= Human brain cell line

e Normalization of the diminished
mitochondrial ATP generation and ATP
levels in the brain

» Reduction of oxidative damage in the brain

» Decrease of the enhanced generation of

reactive oxidizing species in blood
» Increase of the mitochondrial biogenesis
and antioxidant defense pathways in the
brain

= Post-transcriptional regulation
Stimulation of MECP2E1 and BDNF

= Transcriptional regulation
Inhibition of MECP2E2

[191]

[152]
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Neurons are a key CNS cell type without a regeneration ability and have distinctive roles [192]. In
some neurological disorders, loss, or damage of a distinct group of neurons leads to protein
accumulation in neurons, like amyloid plaques in AD and dopaminergic neuron loss in PD [193].
The detection of pathological protein aggregation in these diseases supplies a crucial speculative
foundation for the development of correlated drugs. As cited above, metformin has various impacts
on numerous neurological diseases, including AD, PD, HD, MDD, and FXS [176-191]. The
lysosomal degradation process to improve old cellular elements and remove injured organelles and
protein accumulation is called autophagy. Metformin regulates the aberrant protein’s expression in
the brain by autophagy [194]. Neurons are further susceptible to autophagy-associated gene
mutations due to being non-mitotic [195]. With no efficient autophagy, neurons accumulate
ubiquitinated proteins and ultimately deteriorate [196, 197]. In the autophagy regulatory pathways,
mTOR and AMPK signaling pathways act as principal nodes, integrating the metabolic signals and
energy states of cells [198]. Phosphorylation on acetyl coenzyme A carboxylase (ACC) on Ser79
and Thr172 of the AMPK catalytic subunit alpha are two conventional markers of AMPK activity
[160, 192]. mTORC1 inhibits autophagy mostly via inhibiting phosphorylation of unc-51-like
autophagy-activating kinase 1/2 (ULK1/2) and class 111 phosphatidylinositol 3-kinase (class IlI
Ptdins3K complexes). A widespread indicator of the mTORC1 activity is the phosphorylation of its
substrate RPS6KB1/S6K at Thr389 [200]. Additionally, AMPK prevents mTORCL activity [201].
These findings indicate that metformin has a possibly intricate controlling mechanism that impacts
the generation of irregular proteins [205]. In a tauopathy mouse model, the induction of the PP2A
expression through the AMPK/mTOR signaling pathway following chronic administration of
metformin, decreased Tau phosphorylation in the hippocampus and cortex of TAU-P301S mice
[203]; nevertheless, metformin also boosted the number of insoluble tau species and the number of
inclusions with B-sheet structure in the cortex of P301S mice and promoted the buildup of
recombinant tau protein in vitro [204]. In a diabetes mouse model (db/db), metformin restrained the
enhancement of total and phosphorylated tau, induced a tau kinase, and diminished the reduction of
the hippocampal synaptophysin [205]. The molecular and behavioral studies in ischemic rats 2
weeks pre-treated with metformin (200 mg/kg/day) showed the improvement of short-term memory,
neuronal plasticity, and memory formation, as well as the protective effects in the hippocampus
[192].

24



Chapter 1. Introduction

These results are attributed to the subsequent activation of AMPK, induction of BDNF, and
induction of P70S6K, suggesting the AMPK/BDNF/P70S6K pathway in an experimental model of
global cerebral ischemia [199]. In the FXS mouse model (Fmrl-KO), metformin (200 mg/kg/day)
rescues the social deficits, lasting depression, and compromised spine morphology observed in this
model by normalizing ERK signaling, and the expression of MMP-9 [178]. In an Alzheimer’s mouse
model (APP/PS1), IP injections of metformin (200 mg/kg/day) for 10 days repaired memory, by
impeding cyclin-dependent kinase 5 hyperactivation via constraining Calpain, subsequently
resulting in inhibition of Tau hyperphosphorylation [207]. In terms of MDD, oral metformin
administration of metformin (200 mg/kg/day) for 2 weeks in the CSDS mouse model alleviated
depression-like behaviors and improved synaptic deficiencies by upregulation of BDNF expression
via stimulation of AMPK/CREB signaling [208]. Besides the approved efficiency of the 200
mg/kg/day metformin dosage for the treatment of mouse models of neurological disorders, the
improved cardiac function and lack of hypoglycemia in 10 weeks of age male C57BL/6 mice after
6 weeks of treatment approved its safety [209]. In an AD mouse model, metformin reduces the level
of Tau hyperphosphorylation possibly by blocking protein kinase R-like endoplasmic reticulum
(ER) kinase (PERK) pathway, and the activities of the GSK3, calpain 1, and cyclin-dependent
kinase 5 (Cdk5) [210]. In the AB-induced model of mitochondrial dysfunction in transgenic C.
elegans, metformin modifies metabolic abnormalities linked with mitochondrial dysfunction and
decreases protein accumulation [211]. In a High-Fat Diet (HFD) mouse model promoted by insulin
resistance, metformin enhanced insulin activity for the generation of ATP and oxidative stress in an
AMPK-independent manner. Deletion of Ndufs3 in a neuron-specific Ndufs3 conditional KO (cKO)
mouse model’s forebrain neurons led to decreased complex | activity, modified brain energy
metabolism, and movement impairment. However, metformin treatment prolonged the neurological
symptom’s presentation [212]. In another study, metformin reversed chemotherapeutic resistance
by somewhat hindering mitochondrial respiration [213] and was connected to tumor necrosis factor
type 1 receptor-associated protein (TRAP1)-related pathways [213]. Metformin rescues TRAP1
lost-mediated mitochondrial phenotypic changes, containing recovery of mitochondrial membrane
potential, mitochondrial nuclear protein inconsistency, and mitochondrial unfolded protein response
(mtUPR) upregulation [200]. Mitochondrial nuclear protein discrepancy can initiate stress signals

via mtUPR and consequently affect mitochondrial activity and monitor stability [214, 215].
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Metformin improves mitochondrial function through an increase of chaperone protein and decreases
carbonylation and oxidation of whole-brain proteins, which are indicators of neuronal oxidative
stress. Consequently, the neuroprotective role of metformin is through modifying mitochondrial

respiration and rising oxidative stress via a variety of complex methods [216].

1.8. History of Metformin

Metformin has been approved and used in therapeutic purposes for more than 60 years due to its
safety profile, low cost, penetrability to BBB, efficiency of blood glucose management, and obvious
cardioprotective effect [173]. It is the first treatment for type 2 diabetes mellitus (T2DM) with an
extended history. As a biguanide product, it was separated from the plant French lilac (Galega
officinalis) extracts in the 1920s. Later, metformin was accepted for therapeutic purposes of T2DM
in Europe and Canada in 1957 and in the USA in 1995 [244].

1.9. Mechanism of Metformin Action

The main metformin’s mechanism of action is the change of cellular energy [181]. Metformin exerts
its hypoglycemic effects through multiple mechanisms such as inhibition of hepatic
gluconeogenesis and uptake of intestinal glucose, enhancement of glucose uptake in peripheral
tissues, and advancement of marginal insulin sensitivity [173]. The hypoglycemic effect of
metformin could be dependent or independent of AMPK activation. Metformin-mediated activation
of AMPK occurs via lysosomal or mitochondrial processes. Initially, metformin-mediated inhibition
of complex | of mitochondria leads to the reduction of ATP level, an increase of AMP/ATP ratio,
inhibition of glucagon-induced cyclic AMP (cAMP) production, and activation of AMPK [174,
217]. Metformin-mediated activation of AMPK results in the inhibition or activation of different
downstream targets and pathways [218], such as acetyl CoA carboxylase (ACC) activity and fatty
acid oxidation [219], in order. Second, stimulation of small heterodimer partner (SHP) protein
generation and improvement of hepatic insulin resistance by controlling gluconeogenesis and
insulin sensitivity [220]. Third, the promotion of CREB binding protein following inhibition of
gluconeogenic gene’s expression [221]. Fourth, inhibition of the mTORCL signaling through direct
inhibition of Raptor or indirect activation of the tuberous sclerosis complex (TSC) to suppress
cellular anabolic activity [222]. In a rat model of obesity and diabetics, metformin stimulates the
gastric AMPK-dependent pathway to decrease hepatic gluconeogenesis and blood glucose levels
[223, 224].
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Though, in genetic loss-of-function experiments, such as in hepatic AMPK-deficient mice,
metformin reduces blood glucose levels, proposing an AMPK-independent effect of metformin on
gluconeogenesis [225]. In the AMPK-independent pathway, metformin impedes CAMP generation
to decrease the generation of glucose [226], prevents mitochondrial glycerophosphate
dehydrogenase, and results in the modified hepatocellular redox state (preventing AMP: ATP and
NADH: NAD+ ratio) and decreased hepatic gluconeogenesis or by directly targeting Fructosel,6-
bisphosphatase (FBP) [227]. In this mechanism, metformin-mediated inhibition of mMTORC1 is
through inhibition of the Rag family of GTPase [227] or upregulating DNA damage response 1
(REDD1), a negative regulator of mTORC1 [228].

1.10. Metformin Transportation and Distribution

BBB is a complicated, vital boundary, and attaining appropriate BBB penetration is a big hurdle for
the treatment of CNS disorders. Orally administered metformin can rapidly pass the BBB and
accumulate in the CNS [229]. Thirty minutes after the IP injection of metformin (200 mg/kg) in
C57BL6 mice, the metformin concentration in the cerebrospinal fluid arrives peaks at 29 uM [230].
According to the pre-clinical studies, metformin can cross the BBB [231, 232] and it was able to re-
establish the activity of AMPK in the brain [232, 233]. Conversely, owing to conflicts of AMPK
activity in inflammatory CNS settings, it is significant to reveal the drug’s peculiar pharmacological
targets inside the brain. It is obvious that research is necessary to verify the brain region-specific
actions of metformin and translate the drug’s action at the molecular level [234]. At biological pH,
metformin is a hydrophilic and cationic drug, which is unattached to plasma proteins and is released
unaffected in the urine [235]. The solute carrier transporters are a family of above than 300
membrane-bound proteins in charge of the absorption, distribution, metabolism, and renal secretion
of metformin. Amongst metformin transporters, Organic Cationic Transporter (OCTSs) appear in the
hepatocyte, enterocyte, and renal tubule cells [236]. Besides OCT, plasma membrane monoamine
transporter (PMAT), thiamine transporter 2 (THTR-2) multidrug and toxin compound extrusion-1
and -2 (MATE-1 and -2) are other transporters of metformin [237]. The OCT1, OCT2, and OCT3
have been separated from various organs such as the human brain. In the brain, OCT2 and OCT3
are mostly placed in central neurons, and OCT3 is more extensively dispersed and presents in
astrocytes [238, 239].
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The conducted research in the models of rats, mice, or humans demonstrated that there was no active
OCTs vector in BBB. Consequently, metformin does not appear to depend on OCTs to attain BBB
penetration [240].

1.11. Side Effects of Metformin

Side effects include comprised gastrointestinal complaints, vitamin B12 deficit, progeny damage,
lactic acidosis, and neurodegenerative disorders. Consequently, monitoring of the patients under
metformin treatment is critical to avoid side effects, particularly lethal and permanent injury.
Normally, the most common adverse effect is gastrointestinal problems, which happen in 2-63% of

T2DM patients, including vomiting, diarrhea stomach discomfort, turgidity, and dysgeusia [241].

1.12. Rationales, Hypothesis, and Aims

Multiple reports from our lab indicate RTT-associated abnormalities in the mTOR pathway [152,
161] and the MECP2-BDNF-miR132 regulatory network [114]. Also, another study has shown that
metformin could induce the transcript levels of MECP2E1 and BDNF in vitro [138]. These findings
along with other literature have provided us a with solid foundation for our rationale, and the derived

hypothesis and specific aims of research which will be elaborated accordingly.

1.12.1. Rationales

1.12.1.1. Rationale 1

The analysis of 4 patients, including one T158M cerebellar tissue post-mortem was used to examine
the effect of MECP2 mutations on downstream pathways. In the human RTT brain, the active
mTORC1 or mTORC2 complexes’ higher phosphorylation contrary to controls was an indicator of
the elevated and compromised mTOR-P70S6K signaling pathway. The overactivation of the mTOR
pathway could lead to the depletion of essential cellular resources required for other functions which
results in compromised function in the RTT brain and neurons, and other subsequent functions
including protein synthesis, neuronal plasticity, and synapse formation. The AMPK and mTORC1
are vital controllers of cellular metabolism that are individually stimulated and repressed in rapid

response to cellular energy reduction [152].
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A pre-clinical study on C57BL6 mice has shown metformin as a strong inhibitor of hepatic
mTORCL1 following the reduction of cellular energy levels due to inhibition of mitochondrial

complex I and consequent reduction of cellular ATP levels [242].

1.12.1.2. Rationale 2

Our lab has studied the transcript and protein levels of the MECP2-BDNF-miR132 regulatory
network in the brain of RTT humans in comparison with their controls [118, 114]. The results
reported a compromised MECP2-BDNF-miR132 regulatory network which has been shown by a
significant reduction of the transcript level of the MECP2-BDNF-miR132 regulatory network
components in a brain-region-dependent manner. However, MeCP2E1/E2-BDNF protein levels are
not correlated with changes in their transcripts [114]. Another study in MeCP2 T158M knock-in
mice reported a reduced methylated DNA binding ability of MeCP2 and unstable MeCP2 protein
levels in an age-dependent manner, resulting in the RTT-like phenotype. On the other hand, it is
shown that the genetic increase of the MeCP2 T158M expression rescued numerous RT T-associated
phenotypes in mice. Additionally, proteasome inhibition enhanced MeCP2 T158M levels. So,
genetic, or pharmacological elevating MeCP2 T158M protein expression is sufficient to improve
RTT-like phenotypes and advocate the targeting of the expression or stability of MeCP2 T158M
mice as a therapeutic method [71]. In another study from our lab, the analysis of nascent RNA
synthesis in a human brain cell line showed the regulatory effect of metformin on the MECP2E1/E2-
BDNF at the transcriptional (MECP2EZ2 inhibition) and/or post-transcriptional (MECP2E1 and/or
BDNF stimulation) level. Additionally, similar pre-clinical and clinical studies of the possible effect
of metformin in RTT-like symptoms have been included in Chart 1.1 of this thesis with details. For
instance, the study of chronic metformin effect on (a 4-month-old adult male C57BL/6J, drinking
water, 2 mg/ml) showed improved locomotor and balance function, while encouraging anxiolytic

impact and compromised perceptive function [243].
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1.12.2. Hypothesis

1.12.2.1. Hypothesis 1

We hypothesize that inhibition of the overactivated mTOR pathway could be a possible therapeutic
approach for RTT and that despite the well-known effect of metformin in vitro, further investigation
for its effectiveness in vivo is required [36]. Also, metformin could exert its effect through
direct/indirect mechanisms on the brain S6 and p-S6 (235/236) as the readout of the mTOR pathway

in vivo.

1.12.2.2. Hypothesis 2

Due to the stimulatory effect of metformin on reduced MECP2-BDNF transcripts in vitro, we
hypothesize that metformin treatment could rescue the reduced MECP2-BDNF transcripts and

improve RTT-like symptoms of a transgenic mice model at the phenotypical and behavioral levels.

1.12.3. Aims

1.12.3.1. Aim 1. To study the effect of metformin on the MeCP2-BDNF and mTOR pathway in

vivo at the molecular level.

1.12.3.2. Aim 2. To study the effect of metformin on the improvement of RTT-like symptoms in

vivo at the phenotypical and behavioral levels.
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2.1. Ethical Approval

The establishment of mice colonies as well as metformin treatments and IP injections used in this
thesis were reviewed and approved by the University of Manitoba Animal Research Ethics Board

and under the animal protocol 18-053 for the Rastegar lab.

2.2. Mouse Models

Mice were maintained with ambient room temperatures of 19-22°C, with access to food (P500
rodent diet from the lab) and drinking tap water, managed by the University of Manitoba Animal
Facility staff.

For Aim 1 of my thesis, C57BL/6 mice were purchased from the University of Manitoba Animal
Facility. C57BL/6 is an inbred strain of lab mice commonly used as a "genetic background™ for

models of human diseases due to the accessibility of congenic strains, and simple breeding [244].

For Aim 2 of my thesis, mice were directly purchased from the Jacksons’ lab prior to the start of
my thesis. According to the website of Jacksons’ lab (https://www.jax.org/), the B6.129P2(Cg)-
Mecp2tm4.1Bird/J (Strain #:026762, RRID: IMSR_JAX:026762) mouse colony, referred to as
MeCP2-GFP-T158M or Mecp2T158M, but according to the literature [69], it is referred as the
MeCP2 T158M-knock-in (Mecp2™°8™) mice that develop a RTT-like phenotype. To be consistent

with other studies, we have used the same name (Mecp2™°8M ) throughout this thesis.

The development of Mecp2™°8™ mice has been shown with reference to the website of Jackson
Lab (https://www.jax.org/strain/026762) and literature in Figure 2.1. An EGFP open reading
frame (ORF) was attached to the terminal of the Mecp2 coding sequence of exon 4. Also,
a loxP site flanked NEO cassette was used for the insertion of the T158M point mutation into exon
4 of the Mecp2 gene [245].
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Figure 2.1 Schematic of MeCP2 T158M-EGFP Mouse Generation. A) The relation of the
Methyl-Binding Domain (MBD) to the T158M missense mutations has been shown [59]. B) The
approach for the generation of embryonic stem cells expressing wild-type or mutant MeCP2-EGFP
fusion protein from the endogenous Mecp2 gene locus has been shown. Top: Exons 3 and 4 of the
endogenous loci (numbered black boxes) including the 3° untranslated region (UTR) ofthe mRNA
(open box) are indicated. The construction of the targeting vector was similar in each case
excluding the existence of the T158M mutations (red lines). The EGFP open reading frame (G in
the green box) was merged to the C-terminus of MeCP2, and a neomycin-resistance cassette (Neo)
(purple box) was located downstream Ranked by loxP sites (blue arrowheads). Effectively targeted
clones were treated with Cre-recombinase to delete the neomycin cassette [38].
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2.3. Drug Preparation and Treatments

For all in vivo treatment studies, the male and female C57BL/6 mice, as well as the WT and
Mecp2 ™8™ mice received daily IP injections of 1X Phosphate Buffer Saline (1X PBS) as vehicle
and metformin (EMD Millipore Crop, USA, Affiliate to Merck KGaA, Darmstadt, Germany,
317240-5GM, Lot: 3218213, Batch M.W. 165.6 g/mol) for 3 consecutive weeks. Two different
concentrations of metformin including 200 mg/kg (Aim 1) and 250 mg/kg (Aim 2) were used for
in vivo studies. The rationale of dose selection for Aim 1 versus Aim 2 has been explained based
on our pilot study and literature. It is shown that with a dose of 200 mg/kg body weight, metformin
passes the BBB [178] and has been reported to increase neurogenesis and spatial learning in female
C57/129J mice [246]. Another study has shown that IP injection of metformin (200 mg/kg/day) in
adult WT and Fmrl—/y mice (Fmrl-deficient male mice) rescued core phenotypes in Fmrl—/y
male mice and selectively normalized impaired extracellular-signal-regulated kinase (ERK)
signaling [33], elFAE phosphorylation, and expression of matrix metalloproteinase 9 (MMP-9),
suggesting metformin as a possible therapeutic drug for FXS [171]. Furthermore, IP injection of
metformin in the concentration of 200 mg/kg in BTBR T+ Itpr3tf/J (BTBR) mouse model of ASD,
inverted social deficits, and diminished repetitive grooming in BTBR mic, and increased the
possibility of metformin having a positive influence on reducing behavioral impairments in ASD
[249]. Therefore, to be in line with similar studies, we selected the concentration of 200 mg/kg
body weight per day in our pilot study in Aim 1. In addition to the literature, the preliminary result
of our pilot study confirmed the safety and tolerability of metformin at 200 mg/kg body weight
without observing any adverse effect on mice body weight and/or blood glucose levels.

These results in C57BL/6 mice provided a solid foundation for the rest of our experiments with a
higher dosage of metformin (250 mg/kg body weight) in Mecp2™°8M which agrees with relevant
studies. Metformin at both 200 and 250 mg/kg doses inhibits hepatic mTORCL signaling measured
by phosphorylation of the ribosomal S6K1 (specific substrate of mMTORC1 and its downstream
target S6 through dose-dependent mechanisms including AMPK [222]. For instance, IP injection
of metformin at 250 mg/kg/day for 5 days in the male rat model of Temporal lobe epilepsy (TLE)
showed the anti-seizure effects of metformin [250], which is ascribed to the inhibition of BDNF
over-expression and its receptor and the activation of the AMPK signaling pathway following the
reduction of the mTOR activation [250].
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Furthermore, the restoration of implicated neurogenesis has been reported following metformin
treatment (250 mg/kg/day, by gavage) in the dentate gyrus, and the consequent improvement of
the intellectual ability of obese mice [251]. All these findings lead to considering the possible
beneficial effects of metformin in 250 mg/kg body weight in Mecp2™%™ mice.

The calculation of drug dosage, preparation of the drug, and vehicle solutions were completed on
a weekly basis in accordance with the body weight changes as well as the water and food
consumption of mice over time, and all steps were performed under the biological cabinet (1300
Series A2, Thermo 1375, Serial 115970-757). Drug calculation and preparation for Aim 1 was
completed in collaboration with Marjorie Buist. Also, for Aim 2, the calculation of drug dosage
for the first set of experiments was completed in collaboration with our lab associate (Dr. Arsalan
Alizadeh). For both Aims, metformin was dissolved in the proper volume of vehicle and all the
solutions were stored at 4°C until usage and warmed at room temperature for 20 min prior to in
vivo injections. Furthermore, all the IP injections were completed with 1 ml Syringes (REF
309659, Lot 9270311) and 26G sterile needles (lot 9350601, 26G* 1.2, 0.45 mm*13).

For the preparation of the drug and vehicle solution, the measurement of the mice’s body weights
was completed in each set of experiments for the calculation of metformin dosage. In terms of
vehicle, 10X PBS was diluted into 1X PBS with high pure water (Invitrogen, Lot: 1668494, REF:
10977-015). Next, the calculated amount of the drug was dissolved in the calculated volume of the
vehicle, mixed well until complete homogenization of the solution, and was filtered (Thermo

Scientific Nalgene Syringes Filter 0.2 um, cat. No. 194-2520) prior to in vivo injections.

2.4. Experimental Design

2.4.1. Experimental Design of Aim 1

According to the experimental design in Aim 1 (Figure 2. 2), a total number of 24 mice from both
sexes including 12 males and 12 females were randomly categorized into 2 groups called the
vehicle (control) and experimental groups (metformin). Half of the male mice and half of the
female mice were treated with metformin (200 mg/kg) through daily IP injections, a dose formerly
utilized in animal studies [238, 246, 171, 264, 252, 253]. The other half of the males and females
received vehicle (10ul/g of sterile 1X PBS) from P28 to P49 once per day (approximately the same
time of the day) for 21 days.

34



Chapter 2. Material and Methods

For the pilot study, IP injections were completed by other members of our lab or Central Animal
Care Services (CACS) staff, alternatively on the right and left side of mice. The weekly blood
glucose test was completed through collaborative work between me and another lab member using
collected blood from the tail vein. Ultimately, after 21 days of treatment, mice from all
experimental groups were euthanized at P49, and different tissues including the liver and 4 brain
regions (cortex, cerebellum, thalamus, and hippocampus) were dissected by our lab technician
(Carl Olson) for molecular analysis. The rationale behind the selection of brain regions is the
contribution of the cortex, cerebellum [254-256], thalamus, and hippocampus [257, 258] to the
RTT symptoms and the effect of metformin on the impaired pathways in these regions.

Experimental Design of Aim 1 (Pilot Study)

Daily: Monitoring and IP Injections: Weekly: Mice Dissection

Blood Glucose Test Tissue Collections

N=24 C57BL/6 Mice (12 males and 12 females)
metformin (200 mg/kg/day, IP injections)

Days of treatment: 1 (first day) 7 14 21 (last day)

Age of mice: P28 (start age) P49 (final age)

Figure 2.2 Experimental Design of Aim 1. In a pilot study, a total of 24 C57BL/6 mice (12 males
and 12 females) were purchased from the University of Manitoba Animal Center at 4 weeks of age
(28 days) from both sexes. Mice were randomly categorized into 4 groups including male
C57BL/6+ vehicle, female C57BL/6 + vehicle, male C57BL/6 + metformin, and female C57BL/6+
metformin. All groups underwent daily monitoring and weekly blood glucose tests (in
collaboration with other lab members or CACS). At the end of the treatments, dissections and
collecting of tissues were completed by Carl Olson for molecular analysis.
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During the period of 3 weeks of the experiment, | completed the daily monitoring of mice
according to the endpoints, monitoring, and record-keeping policies including 3 main criteria as
such; physical signs (Normal, Ruffled, Hunched, Porphyrin, Closed eyes, Sunken eyes, Slow Resp,
Fast Resp, Bloody Fences, Skin Wounds), body condition (Emaciated, Under-conditioned, Well-
conditioned, Over-conditioned, Obese), and behavior (Normal, Not moving, Depressed, Isolated,
Hyperactive). Also, the measurement of daily body weight was completed and recorded as shown
in Endpoint Monitoring Checklist (Table 2.1).

Table 2.1 Endpoint Monitoring Checklist.

Species Protocol
Endpoint Monitoring Checklist Room P
Animal |.D.2
Experimental Treatment ) ]
Start Wt.
Date
AM | PM | AM [ PM | AM | PM | AM Fid AM PM AM P AM | PM
Time
]
m
Physical Signs
Body Condition
Cale
Endpoint Behaviour
wif__%)
Weight (gms)
gm
Treatment Given
(drugidose)
Comments
Humane Endpoint
Reached (Y/N)
Initials
Significant Indicators
Physical Signs Behaviour
Normal Emaciated Normal
Ruffled Shaw Resp Under-conditioned Mot mavin
Hunched Fast Resp ‘Well-concitioned Degressad
Porphyrin Ower-congitioned Isolgtad
Closed eves Bloody Hyparactive
Faces
Sunken eyes Skin
Wourds |
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2.4.2. Experimental Design of Aim 2

In Aim 2 (Figure 2.3), 4 groups of age, sex, and genotype-matched mice including
Mecp2™58™Y male mice, Mecp2*” male, Mecp2™%M* female mice, Mecp2*"* female mice
underwent metformin treatment. Mice from both sexes were categorized into 3 groups including
the sham, vehicle, and an experimental group (metformin, 250 mg/kg/day). The selection of the
metformin concentration in this study agreed with similar dosages in literature in males or females
[259, 260].

Experimental Design (pre-clinical study)
\«

Experimental Groups

MeCP2-GFP-T158M ) /\
I\ | Sham (no treatment)

Behavioral Tests
| Males (Mecp2*¥ and Mecp2T158M4) “‘ Vehicle (1X PBS) A :
|

Females (Mecp2™* and Mecp2713sM+)  Metformin (250 mg/kg/day) OFT NOR EPM |

[ 1] (7] (e (] 20] 2]

Start age Daily: End age
Males (5-6 weeks) monitoring of body weight Males (8-9 weeks)
Females (15-16 weeks) Treatments (metformin and vehicle) || Females (18-19 weeks)

Phenotypic Scoring

End day (21)
=  Blood Glucose Test
= Euthanization

= Dissection

bt [& \A

LT T Il.l-l-lE =~

Figure 2.3. Experimental design of Aim 2. Four groups of age-, sex-, and genotype-matched
mice including Mecp2™MY male, Mecp2™ male, Mecp2™58V* female, Mecp2*'* female were
categorized into 3 groups including the sham, vehicle, and metformin-treated mice. I completed
IP injections for 21 days, but daily monitoring and scoring were completed in collaboration with
CACS. At the end of 21 days, I completed a series of behavioral tests in the BMSB and CHRIM
behavioral test rooms. Then, the euthanization of mice, dissection of tissues, and measurement of
blood glucose level were completed by our lab technician, and tissues were stored in a -80 °C
freezer for future molecular analysis.
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Evaluation of phenotypic scoring was completed to measure RTT-like phenotypes in 6 categories
including activity, gait, hind limb clasping, tremor, breathing, and general condition. Mice were
given a score of 0, 1, or 2 for each category, corresponding to the sign being absent, present, or
severe, respectively [38]. I oversaw daily IP injections, body weight measurement, and daily
scoring, but to avoid bias, blind scoring was completed by CACS for some of the mice during the
week. After 18 days of IP injections, mice were transferred to behavioral rooms in BMSB (in
collaboration with Dr. Tabrez Siddiqui) or the Children's Hospital Research Institute of Manitoba
(CHRIM) behavioral room to conduct behavioral tests. For my project, I performed Open Field
Test (OFT), New Objective Recognition Test (NOR), and Elevated Plus Maze (EPM). In both
behavioral rooms in BMSB and CHRIM, after proper training with our lab research associates (Dr.
Arsalan Alizadeh and Mr. Abbas Rezaian), behavioral tests were mostly completed independently.
At the end of 21 days of treatment and after 4-5 hours of the last injection, mice were euthanized
with CO2 by our lab technician, and tissues including liver and 4 brain regions (cortex, cerebellum,

thalamus, and hippocampus) were collected and stored in a -80C° freezer for future analysis.

2.5. Molecular Analysis: Western Blotting

2.5.1. Total Protein Extraction

We completed the total protein extraction and quantification of metformin-treated and control
C57BL/6 mice tissues including the liver and 4 brain regions as previously described [36, 261].
First, an average of 15 mg mice tissue was rinsed with 1000 pl of 1X PBS and placed in a sterile
microtube (VWR, Cat No. 87003-294) and span inside a cold centrifuge (5430R) for 3 min at 2000
rpm. Then, the homogenization of tissues was completed in an ice-cold NP40 lysis buffer [5M
NaCl, 10% NP40, 1 M Tris, pH: 8.00] and Roche Cocktail protease inhibitor (PI) (1:50) (Cat No.
11 836 153 001). After sonication with an Ultrasonic processor (130 watts, 20 kHz, Time 0:00:10,
Pulse: 01: 01, AMP1, 60%), tissue lysate was centrifuged for 3 min at 2000 rpm at 4 °C and the
supernatant including the proteins was transferred into a new microtube, aliquoted in 50 pl volume,

and kept at -80°C for later usage.
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2.5.2. Total Protein Quantification (Bradford Assay) and Sample Preparation

The total extracted proteins were quantified by Bradford assay with Bio-Rad Protein Assay Dye
Reagents (#5000006) as previously reported [161, 262]. One of the protein aliquots was used for
the determination of protein concentration to avoid repeated freezing and thawing of the stocks.
After dilution (1:10) of samples with autoclaved water (18ul water + 2ul sample), 5ul of each
dilution was added into each well of 96 well plates in triplicates. Also, 5ul of each component of
Pre-Diluted Protein Assay Standards of Bovine Serum Albumin dilution (BSA) Set (Thermo
Scientific, Prod #23208, Lot # P1204898) were added into the wells in triplicate. In the next step,
200 pl of previously diluted (1:5) Bio-Rad Protein Assay Dye Reagents (#5000006) was added to
each well-containing standard and samples. The absorbance value of the mixture of samples and
dye was evaluated in comparison to BSA set by use of a spectrophotometer (Spectra Max M3,
Molecular Devices), and then the protein concentrations from the machine were used for the
calculations required volumes of components of Western blot samples. A total of 10-30 pg from
the total extracts was used for the preparation of Western blot samples by diluting those in 3
components including NP40 lysis buffer, B-Mercaptoethanol (BME), and 4x dye in a microtube.
Then, after dilution, samples were boiled for 5 min, desaturated, and quickly centrifuged before

loading on a gel.

2.5.3. SDS-PAGE Electrophoresis

Separation of extracted proteins was completed on polyacrylamide gels based on their molecular
size with Western blot (80V, 0.1A, 10W) as previously described [263, 264]. After electrophoresis,
the separated proteins were transferred with Bio-Rad semi-dry transfer apparatus (25V, 25A, 10
min+4 min) or wet-transfer (100V, 0.13A, 33W, 70 min) into Nitrocellulose (BIO-RAD, Cat.#162-
0094) or polyvinylidene difluoride (PVDF) membrane (BIO-RAD, Cat.#1620177). A transfer
sandwich was assembled in the following order: in the semi-dry transfer from bottom to the top
[spouge, 3MM paper (Whatman, Cat No: 10547922), membrane, gel, 3MM paper, fume), and in
the wet transfer from black to red (2-layer sponges, 2 layers-3MM paper, gel, membrane, 2 layers-

3MM paper, 2-layers fume).
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Except for the PVDF membrane which requires activation with 100% methanol for 5 seconds prior
to putting into the transfer buffer, the rest of the components of the transfer sandwich were
immersed in semi-dry transfer buffer (Trans-Blot Turbo TM, 5X Transfer Buffer, Cat# 10026938)
or Towbin buffer (14.4 g Glycine, 3.03 g Tris base, 0.5 g SDS, 200 ml methanol, 800 ml H20) in

advance of assembly.

After the transfer step, to block nonspecific protein-binding sites on membranes were blocked with
5% fat-free milk or 5% BSA (Sigma-Aldrich, PCode: 1002934080, A7284-1L, Lot#SLBZ9467)
for 2 hours at room temperature. Then, incubation of the membrane was completed with 3% fat-

free milk or 3% BSA overnight in a cold room in a shaker.

A list of primary antibodies, their concentration, and their condition have been shown in Table
2.2. Following primary antibody incubation and to remove the unbound proteins, the membranes
were washed with 1X TBST [450 ml autoclaved H20, 50 ml 1X TBS, 250 ul Tween 0.2% Tween
20 (Lot # SLCC9501)]. Then, membranes were incubated with the 3% milk or 3% BSA of
secondary antibody (HPR-linked Antibody, Anti-Rabbit 1gG, 7074P2, lot 26) for 1 hour at room
temperature. To eliminate any unbound secondary antibodies, membranes were washed with 1X

TBST (3%, 10 min, 30 rpm) at room temperature.

In the last step, an equal volume of ECL components (Thermo scientific, Super signal TM west
pico plus, Lot UA288176) was used for the detection of signals on the membrane. Then, using a
chemiluminescence method based on an enzymatic reaction by horseradish peroxidase (HRP)
produced a light signal, which could be captured by Fusion FX (VILBER LOURMAT). The

detected bands were quantified by Image J software (https://en.softonic.com/windows). GAPDH

(Glyceraldehyde 3-phosphate dehydrogenase) was detected on all membranes as a loading control,

and results for each antibody were normalized to GAPDH.
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Table 2.2 List of Primary Antibodies.

Primary Dilution Company Source Molecular | Incubation
Antibody and Weight solution
Catalogue (KDa)
Number
MeCP2 1:1000 Sigma-Aldrich Rabbit 75 3% milk
abn1728 Polyclonal Overnight
4°C
BDNF 1:1000 Abcam Rabbit Pro-BDNF 3% milk
ab108319 monoclonal | (35 & 45) Overnight
mBDNF 4°C
(15)
3% milk
S6 1:1000 Cell signaling Rabbit 19G 32 Overnight
5G10 4°C
3% BSA
PS6 1:1000 Cell signaling Rabbit 32 Overnight
(235/236) 4°C
AMPK 1:1000 Sigma 62 3% milk
SAB 4502329 Rabbit Overnight
4°C
p-AMPK Cell signaling 3% BSA
alpha 1:1000 # 2531S 62 Overnight
(p-Thr172) Sigma-SAB Rabbit 4°C
4502329,
GAPDH 1:5000 Sigma G9545 Rabbit 37 3% milk
Overnight
4°C

41




Chapter 2. Material and Methods

2.6. PCR-Based Genotyping of MecpZTISSM Mice

The maintenance and breeding of our Mecp2™°8M mice were completed by Genetic Model Center

S8M/+ . . +y .
with (Dam) with Mecp2 = (Sire). Then, |1 completed the

(GMC) by crossing MecpZn
genotyping of mice by extraction of DNA from a small ear punch biopsy at P21-P25, as previously
described [59]. Furthermore, WT and mutant primer sets resulted in 2 distinct bands (547 and 321
bp) in the T158M female in PCR, 1 band (321 bp) in the T158M male, and 1 band (547 bp) in WT

mice, an indicator of the Mecp2 alleles.

2.6.1. DNA Extraction and Quantification

The DNA extraction of mice tissue was completed using a DNA extraction kit (Qiagen cat. No.
96506 and pure link TM Genomic DNA Kkit, Cat. no. K1820-01, K1820-02, k1821-04) according
to the protocol [34, 265, 266]. First, 180 pl Pure Link Genomic Digestion Buffer and 20 pl of
proteinase K were added to the tissue in each tube. Then, samples were incubated at a heat block
(55 °C) with infrequent mixing until complete dissolving and then, the lysate was centrifuged at
max speed (14 000 RCF for 3 min), and the supernatant was transferred to a new, sterile,
microcentrifuge tube. After the addition of 20 pl of RNase A to the lysate, mixing, vertexing, and
incubation was completed at room temperature for 2 minutes. Then, 200 pl Pure link Genomic
lysis/Binding buffer and 200 ul of 96-100% ethanol were added to the lysate and mixed well. A
total of 640 pl lysate was added to the Pure link Spin Column and was centrifuged the column at
10000 RCF for 1 minute at room temperature. The collection tube was discarded and replaced with
a clean Pure Link Collection Tube. To wash the genomic DNA, 500ul wash buffer 1 was added to
the column and was centrifuged at room temperature at 20000 RCF for 1 min. Then, the collection
tube was discarded and replaced with a clean Pure Link collection tube. Then, 500 pl Wash Buffer
2 was added to the column and was centrifuged at maximum speed for 3 minutes at room
temperature. Afterward, the collection tube was discarded. The spin column was placed in a sterile,
1.5 ml microcentrifuge tube and for the elution of DNA, incubated with 50 pl high pure water
(Invitrogen, Ultrapure Distilled Water, Cat Number 10977015). After incubation at room
temperature for 5 min, the column was centrifuged at maximum speed for 5 min, and purified
genomic DNA was collected in the tube. Quantification of the extracted DNA was completed using
a Nanodrop which was blanked with H20 and loaded with 1 pl DNA. The quantified DNA was
stored at - 20 C° for genotyping.
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2.6.2. PCR

First, all the required reagents including primers, Platinum Il Green Hot Start 2X Master Mix
(Invitrogen, Thermo Fisher Scientific, Cat Number 14001012), and high-purity water were placed
on ice to be thawed. Then, a short and rapid mixing and spinning of each component of the PCR
reaction were completed. For multiple reactions, a PCR Master Mix (MM) was prepared and 13
pl was distributed into each PCR tube and 30-150 ng of template DNA was added to the same
PCR tube including MM (final volume: 15 pl), and reactions were incubated in a thermal cycler.
The condition will be different according to the used primers (Table 2.4) and the recommended
condition for our primers has been shown in Table 2.3. Also, the number of cycles (35-50)

depended on the results, and the annealing temperature was set based on the primers.

Table 2.3 PCR Conditions.

Step Temperature Time
Initial denaturation 95C° 1 min
Denature 95C° 30S
Annealing
60 C° 30S
Extension 72 C° 45 S
Hold 4C°
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Table 2.4 List of Genotyping Primers [59].

Mutant primer Sequence 5'-3’ Amplicon Size
Mutant Reverse CTG AACTTG TGG CCG TTTAC
547 bp
Forward (common)
CAGCAGCAT CTGCAAAGAAG
WT primer
Wild Type Reverse CTG GTCAACAGCTTGTCTGG
321 bp
Forward (common) CAGCAGCAT CTGCAAAGAAG
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2.6.3 Agarose Gel Electrophoresis

To prepare 1.5 % gel, 0.6 g of Agarose (Lot# 091M0170V) was dissolved in 40 ml of 1X TBE
(270 ml autoclaved H20 + 30 ml of 10X TBE (Sigma, T4415-1L, PCode: 1003141592, USA,
Lot# SLCH3251) and was put in microwave until completely dissolved. Then, it was left at room
temperature, and 4 pl SYBR-safe DNA gel stain (Invitrogen by Thermo Fisher Scientific,
Lot#2162808, Ref: S333102) was added. Afterward, it was poured into the tray and left to solidify
for 1 h at room temperature. In the next step, the rest of the 1X TBE buffer was added to the
cassette and after removing the comb, the DNA ladder and samples were loaded and the gel was
connected to the current to run (80 -100V, 0.43 A, 34W). The results of the genotyping have been

shown in Figure 2. 4.

Female Male «— Sex
WT WIT WI Mutant ~ WT WT Mutant ~ Mutant > NTIC «— Genotype
1kb A
ladder WI Mut WI Mut WI Mut WI Mut WT Mut WI Mut WT Mut WI Mut @ WI Mut «— Primers
iy
500 bp — .:: o - - - - - _ 40 bp, WT
300bp — = =« - - - — 321 bp, Mutant

Figure 2.4. PCR-based Genotyping and Agarose Gel Electrophoresis. The result of genotyping
using T158M WT and mutant primers gave rise to 2 bands (547bp and 321bp) in
Mecp2 58+ female mice, 1 band (321 bp) in Mecp2™%¥MY male mice, and 1 band (547 bp) in
Mecp2*™¥ male and Mecp2*’* female WT mice. For each sample, 2 sets of primers (WT and Mutant)
were used, and the PCR products were loaded into the gel. As a positive control, Non-Template
Control (NTC) was used which lacks a DNA template and only includes primes and water.
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2.7. Phenotypical Analysis

2.7.1. Evaluation of Phenotypic Scoring

After a normal period of development (4 weeks in males and 15 weeks in females), RTT-like
symptoms appear in both sexes of mice containing hypoactivity, mobility problems (gait and hind
limb clasping), tremors, and breathing abnormalities. Furthermore, reduced body weight in
Mecp2™58M mice, increased body weight in Mecp2™°8M* female mice, and reduced brain weight

in both Mecp2™°M mice, and Mecp2™58"* mice have been reported like null mice [71].

To study the progress of RTT-like phenotypes and the possible effect of metformin on their
improvement, the evaluation of phenotypic scoring was completed in Mecp2™%M¥ male mice,
Mecp2* male, Mecp2™%M* female mice, and Mecp2*/* female mice in 6 categories as shown in
Table 2.9.

The start of scoring was 5-6 weeks for male mice and 15-16 weeks of age for female mice. The
scoring reference chart and endpoint monitoring checklist were provided prior to the start of my
thesis (Marjorie Buist) and Dr. Rastegar reviewed and already approved our animal protocol. Then,
I completed daily monitoring of body weight, tooth condition, food-water consumption, evaluation

of phenotypic scoring, and daily injections.

The monitoring steps were completed in a metal laminar flow hood at the same location (BMSB
and CHRIM) and around the same time of day (either in the morning or the afternoon) for each set
of experiments. The endpoint was determined to be the time when mice lose a minimum of 20%

of their highest weight, at which point they were euthanized by CACS staff using carbon dioxide.
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Table 2.5 Scoring Reference Chart.

1) Mobility/Activity
Mouse is observed when placed on bench, then when handled gently.

0 WT

1 reduced movement compared with WT, with extended freezing periods or extended delay to
movement when first placed on the surface

2 complete loss of movement when placed on the surface;

mouse can move in response to a gentle prod or a food pellet placed nearby
(note: mice may become more active when in their own cage environment)

2) Gait

0 WT

1 hindlimbs spread wider than WT when walking or running and/or lowered pelvis when
walking or running resulting in “waddling” gait

2 tremor when feet are lifted, walks backwards or ‘bunny hops’ by lifting both rear feet at

once; lack of full strides by hindlimbs resulting in dragging of hindquarters

3) Hindlimb clasping
Mouse observed when suspended by holding base of the tail

0 WT; hindlimbs splay outward

1 one hindlimb is pulled into the body or forelimbs are stiff and splayed outward without
motion; hindlimbs may be drawn towards each other (without touching)

2 one hindlimb is pulled into the body and forelimbs are stiff and splayed outward without

motion and might form a widened bowl shape; or
both hindlimbs are pulled tightly into the body, either touching each other or touching the
body, with or without abnormal forelimb posture

4) Tremor
Mouse observed while standing on the flat palm of the hand

0 no tremor

1 intermittent mild tremor

2* continuous tremor or intermittent violent tremor

5) General condition
Mouse observed for indicators of general well-being such as coat condition, eyes, body stance

0 clean shiny coat, clear and opened eyes, normal body stance
1 dull or squinty eyes, dull or ungroomed coat, somewhat hunched stance
2* piloerection, hunched stance, eyes crusted or narrowed

6) Breathing
Movement of flanks observed while animal is standing still

0 normal breathing

1 periods of regular breathing interspersed with short periods of more rapid
breathing or with pauses in breathing

2* very irregular breathing; gasping or panting
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Table 2.6 Scoring Chart and End Point Monitoring Checklist.

Species Protocol

| Animal ID# | | | Room Pl

Experimental Treatment

Start Weight (gms)

Date

Weight (gms)

% of peak weight

Experimental Treatment
given (ip.)

1) Activity/mobility

2) Gait

3) Hind-limb clasping

4) Tremor

5) General condition

6) Breathing

Tooth condition

Food/Water
consumption

Treatment given?
(remedial)

Comments

Humane endpoint
reached (Y/N)

Initials

For scoring 1)-6), write a 0, 1 or 2 based on observations. |
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2.7.2. Characterization of RTT-like Phenotypes

To evaluate the phenotypic characterization of Mecp2™°¥™ mice, daily monitoring of body weight
was completed by myself and/or CACS staff. Also, according to Figure 2.5, the final
measurements of dissection criteria (brain measurements and blood glucose level) were completed
by our lab technician in sham mice at the basal level. Also, to investigate the effect of metformin
as a drug intervention at the phenotypical level, the same procedure was conducted in the vehicle
and metformin-treated mice. The brain measurements included whole brain weight, volume, and

length well as the weight of the cortex, cerebellum, thalamus, and hippocampus.

Figure 2.5. Characterization of RTT-like Phenotypes in WT
and Mecp2™%8M Mice. At the end of the experiments, mice were
euthanized, and the brain tissues were dissected by our lab
technician. At the same time, blood glucose level and brain criteria
were measured including brain weight (digital scale), brain length
(as shown in the picture), and brain volume (Graduated cylinder).
(Photo is courtesy of Carl Olson from our lab).

2.8. Behavioral Tests Analysis

To evaluate the effect of metformin on the behavioral impairment in RTT mice, | conducted the
behavioral tests of Mecp2™°8" mice and that of the control WT mice at the basal level (sham) and
after the end of the treatments. The males were tested at 8 weeks and female mice were 18 weeks
of age during the daytime of the circadian cycle at the end of experiments (days 19, 20, and 21).
The mice were exposed to an inclusive set of behavioral tests according to the timeline in Figure

2. 2 and were adapted to the behavior laboratory for at least 30 min before each test.

2.8.1. Open Field Test

The OFT is a behavioral test to measure the general locomotor activity, exploratory propensity,
and anxiety in rodents. The mice were in the center of the apparatus (50x50x40 cm) and permitted
to move around freely for 10 min. The movements of the mice were recorded for 10 min using a
video camera (Free 2X webcam Recorder) and analyzed using any maze software and Ethovision
7. Different criteria including total distance traveled (cm), velocity, time in the center, and time in
corners were recorded. The test chamber was cleaned with 10% ethanol between testing each

mouse.
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2.8.2. New Objective Recognition Test

The NOR is used to measure memory function and recognition [267, 268]. It is a 2-days test with

3 sessions including habituation, familiarization/training, and testing (Figure 2.6).

Day 1: Habituation (10 min)

Day 2: Testing (20s-10 min)

Day 2: Training (20s-10 min)

After 4 hours

v

Figure 2.6. Novel Object Recognition Test. The NOR test is a two-day behavioral test that
includes three steps; 1. Habituation, 2. Familiarization/training, and 3. Testing. On the first day
and at the same time with OFT, mice were habituated for 10 min in the open field. The next day,
during the familiarization/training session (the 20 second), mice were exposed to two alike objects
to familiarize themselves with them. After 4 h of the training session, during the testing session,
mice have exposed to one of the familiar objects and a new object with dissimilar shape, size,
quality, and denseness. The spent time with each object was analyzed by the Ethovision 7 software

[267].
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The experiment was conducted in a 50x50x40 cm open field box. On the first day and along with
OFT, a short habituation session was completed. Each mouse was placed in the empty open field
box facing the wall closet to the experimenter and allowed to explore the open field for 10 minutes,
then returned to the home cage. In a familiarization/training session and 24 hours later, 2 randomly
selected alike objects were in the box, 5 cm away from the same wall. The object pair was
randomly assigned to each mouse and each group was tested. Mice were allowed to behave freely
until both 20-seconds exploration of both objects and when a 10 min period was over (the
maximum session time). After the familiarization session, the objects and the open field were
cleaned with 10 % ethanol and dried before the next use. In the testing session, 4 hours after the
familiarization session, mice were returned to the box, and one of the familiar objects was
substituted with a novel object. Again, mice were allowed to move freely until 20 s of total object
exploration time had been reached and stopped when a 10 min period was over [268]. The
apparatus and objects were cleaned with 10 % ethanol after every session to minimize olfactory
signals. The time spent exploring each object was measured using Any Maze software or

Ethovision 7.

2.8.3. Elevated Plus Maze

The EPM test measures anxiety-like behavior via a plus-shaped maze device including 2 open
arms and 2 enclosed arms. The mice were in the center of the maze and their activity was recorded
for 10 min with a video tracking system (BMSB camera, CHRIM camera). To evaluate the anxiety-
like behavior of mice, time spent in arms (open and closed) and the number of entries into each
arm were calculated by means of tracking software. The maze was carefully cleaned with 10 %
ethanol after each test [269].

2.9. Statistics

Statistical analyzes were performed using GraphPad Prism 9 software and the data were presented
as the mean £ SEM [270]. The analysis of data was completed using a 2-tailed t-test with
Bonferroni’s correction for the comparisons between WT and Mecp2™°8M mice, but between

groups were analyzed using t-test and Two-way ANOVA followed by Tukey’s post hoc test.
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Chapter 3. Results of Aim 1

3.1. The Effect of Metformin on the MeCP2-BDNF and mTOR Pathway in Murine Brain

As previously discussed in Chapter 1, metformin is the inhibitor of the mouse hepatic mTOR
pathway and a regulator of the MECP2E1/E2-BDNF homeostasis network in vitro [120, 153, 159,
222]. However, to test the efficacy of metformin in vivo in mice brain tissues, we conducted a pilot
study in both sexes of the C57BL/6 mice strain, which has been used as a background for several
transgenic mouse models [271]. It is shown that 200 mg/kg/day is higher than that used in diabetes
patients (10-40 mg/kg). Prior metformin studies in the mouse model used a higher amount of
metformin (250-350 mg/kg) because of the difference in drug sensitivity between humans and
rodents [272-273]. In agreement with other studies, we used 200 mg/kg of metformin in our pilot
study in both sexes of C57BL/6 mice, which is a safe and tolerable metformin dosage [232-236].
In this regard, 24 C57BL/6 mice (12 males and 12 females) underwent treatment with metformin
(200 mg/kg/day) or vehicle via IP injections for 3 consecutive weeks. At the end of 21 days, the
liver, as the main target tissue of metformin and 4 RTT-related brain reigns (cerebellum, cerebral

cortex, hippocampus, and thalamus) were collected for molecular analysis.

3.2. The Effect of Metformin on the Mice’s Average Body Weight and Blood Glucose Level

To assess the effects of 3 weeks of treatment with metformin (200 mg/kg/day), the mice’s body
weight was monitored daily (Figure 3.1), and blood glucose level (Figure 3.2) was measured
weekly in the metformin-treated mice and their age and sex-matched controls. The sex-
differences analysis showed a significantly higher (**p < 0.01,****p < 0.0001, ****p < (0.0001)
average body weight (Figure 3.1) of C57BL/6 male mice in comparison with the age-matched
C57BL/6 female mice in an age-dependent manner. However, no sex differences were detected
in terms of blood glucose level (Figure 3.2). Like body weight, the level of blood glucose was
not affected by metformin treatment in either sex of C57BL/6 mice. In conclusion, our pilot study
confirmed the safety and tolerability of metformin 200 mg/kg/day dosage treatment compared
with their age- and sex-matched control on a regular chow diet. This agrees with other studies as
it is shown that in overweight and HFD-induced diabetic C57BL/6 mice, acute metformin

treatment prevents the increase of body weight and rescues glucose intolerance [258].
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Nonetheless, another study in a mouse model of non-insulin-dependent diabetes mellitus called
the db/db mouse did not show any effect of metformin on body weight and blood glucose level
[198].
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ko e prorctek Sex-differences: control male (vehicle) and control female (vehicle)

Figure 3.1. The Effect of Metformin on the Average Body Weight of C57BL/6 Mice. Sex-
differences analysis showed a higher average body weight of C57BL/6 male mice as compared
with C57BL/6 female mice in an age-dependent manner; however, metformin did not change the
average body weight of either sex of C57BL/6 mice. The analysis was completed by two-way
ANOVA followed by Tukey's multiple comparisons tests and unpaired t-test. The levels of
significance are shown by **p < 0.01, ****p <0.0001, and ****p <0.0001, and data are reported
as mean + SEM with N=6.
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Blood Glucose Level
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Figure 3.2. The Effect of Metformin on the Blood Glucose Level of C57BL/6 Mice. Metformin
did not change the blood glucose level of either sex of C57BL/6 mice. The analysis was completed
by two-way ANOVA followed by Tukey's multiple comparisons tests and unpaired t-test. The data
are reported as mean = SEM with N=6.
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3.3. The Effect of Metformin on AMPK and p-AMPK in Murine Brain

As previously discussed in Chapter 1, Mitochondrial complex | is a well-known inhibitory direct
target of metformin leading to diminishing cellular respiration and increasing the ratio of AMP:
ATP levels in the liver [274]. As a result, this metformin-mediated energy exhaustion leads to the
activation of AMPK indicated by the increased level of p-AMPK which is the activated form of
AMPK [275].

Accordingly, we studied the protein level of AMPK, p-AMPK, and the ratio of p-AMPK/AMPK
in 4 brain regions (cerebellum, cortex, hippocampus, and thalamus) in alphabetical order (Figure
3.3. A-E). The detection of AMPK proteins in 4 brain regions (Figure 3.3) with antibodies from
Sigma was completed. Results showed that 3 weeks of metformin treatment did not change the
protein level of AMPK in the cerebellum (Figure 3.3.B), cortex (Figure 3.3.C), and hippocampus
(Figure 3.3.D), but it induced (**p <0.01) AMPK at the protein level in the thalamus of C57BL/6
females (Figure 3.3.E). Despite the detection of AMPK, the detection of p-AMPK was
unsuccessful regardless of repeated Western blot attempts.

To achieve this, we tested two antibodies from Sigma and Cell signaling according to the
company's instructions. Although the detection of p-AMPK (Cell signaling) in positive control
extract was successful, no signal was detected for p-AMPK in actual samples which could be due
to the degradation of protein because of multiple freezing and thawing of the sample, regardless
of using phosphatase inhibitors. As a result, p-AMPK detection could be further addressed by

using fresh aliquots of samples in future studies.
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Figure 3.3. The Effect of
Metformin on the AMPK
in the Murine Brain. A)
Representative and B-E)
quantification of AMPK
protein level after 3 weeks of
metformin treatment in the
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3.4. The Effect of Metformin on Murine Hepatic S6 and p-S6 (235/236)

A study on C57BL/6J mice showed that metformin (200 mg/kg), is a strong inhibitor of hepatic
mTORC1 activity, which is quantified by phosphorylation of the mTORC1-specific substrate
(S6K1) and its downstream target S6 [222]. So, we studied the possible effect of metformin on
hepatic p-S6 (235/236)/S6, as a readout of the effect of metformin treatment on the mTOR
pathway (Figure 3.4).

The sex-differences analysis detected a higher (**p < 0.01) level of hepatic p-S6 (235/236) in
the control C57BL/6 female mice compared with their age-matched control C57BL/6 male mice
(Figure 3.4.C). Three weeks of metformin treatment significantly (*p < 0.05) increased the level
of p-S6 (235/236) in C57BL/6 males and decreased (*p < 0.05) its level in C57BL/6 females
(Figure 3.4.C). Furthermore, sex-differences analysis detected a higher (*p < 0.05) level of p-
S6 (235/236)/S6 ratio in C57BL/6 female mice compared with C57BL/6 male mice, which was
increased (*p < 0.05) in C57BL/6 male mice after metformin treatment compared with age and
sex-matched control (Figure 3.4.D).

In conclusion, metformin’s effect on hepatic p-S6 (235/236) is sex-dependent and it is attributed
to the elevated level of p-S6 (235/236) and p-S6 (235/236)/S6 ratio in C57BL/6 female mice
[216].
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Figure 3.4. The Effect of Metformin on Murine Hepatic S6 and p-S6 (235/236). A)
Representative immunoblots and B-D) quantification of data by normalization of relative band
intensities with respect to GAPDH. C) The sex-differences analysis detected a significantly
higher level of p-S6 (235/236) (**p <0.01) in C57BL6 females compared with males. Metformin
significantly induced (*p < 0.05) the level of p-S6 (235/236) in males and inhibited (*p < 0.05)
it in females. D) Although the ratio of p-S6 (235/236)/S6 was higher (*p < 0.05) in females,
metformin was significantly induced (*p < 0.05) its level in males without any effect on females.
The analysis of data was completed with an Unpaired t-test and is presented by mean + SEM
with N=3. Also, the levels of significance are shown by *p < 0.05 and **p < 0. O1.
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3.5. The Effect of Metformin on MeCP2-BDNF and p-S6 (235/236)/S6 in the Murine Brain

Previous studies from our lab have reported RTT-associated molecular abnormalities in the brain
including (a compromised MECP2-BDNF-miR132 regulatory network and an impaired mTOR
signaling pathway) in the human RTT brain [120, 159]. On the other hand, metformin has been
reported as a beneficial drug via the induction of the MECP2E1-BDNF and inhibition of the mTOR
pathways leading to the improvement of RTT-like phenotypes [152, 222, 171]. Therefore, we
studied the feasibility of the similar effects of metformin on MeCP2-BDNF, and its downstream
target including p-S6 (235/236) and S6 in C57BL6 mice brain tissues.

To examine the possible effect of metformin, we studied the protein level of MeCP2-BDNF, AKT/p-
AKT, and p-S6 (235/236)/S6 in 4 brain regions of C57BL6 mice including the cerebellum (Figure
3.5), cortex (Figure 3.6), hippocampus (Figure 3.7), and thalamus (Figure 3.8) by Western blot.

Cerebellum is a particular brain region that is important in locomotion activities [162, 276]. Also,
due to the regulatory effect (inhibition/stimulation) of metformin on the MECP2/BDNF in human
cells [152], the effect of metformin in the cerebellum of C57BL/6 mice was studied to examine
whether the same effect can be detected in vivo. Consequently, we tested the cerebellum tissues
treated with metformin for 3 weeks compared with the age and sex-matched controls. Total extracts
were analyzed by Western blot with MeCP2, BDNF, S6, and p-S6 (235/236) specific antibodies
(Figure 3.5). Regardless of repeating the experiments, no signal was detected for mMBDNF (15 KDa)
in the cerebellar samples. In C57BL/6 female mice, metformin significantly (*p < 0.05) reduced the
level of pro-BDNFs (45 KDa) (Figure 3.5.C).
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The results of the Western blot in the cortex (Figure 3.6) showed that metformin treatment did not
affect the cortical protein level of MeCP2, pro-BDNF, BDNF, S6, and p-S6 (235/236) in either sex

of mice. A)
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In the hippocampus (Figure 3.7) metformin-treated C57BL/6 male mice showed significant
induction of MeCP2 (Figure 3.7.B), pro-BDNF (45 KDa) (Figure 3.7.C), and mBDNF (Figure

3.7.E) compared with age- and sex-matched control.

62

Hippocampus )
(A) ) ) Figure 3.7. The Effect of
Vehicle Metformin Metformin on MeCP2-
Male Female Male Female BDNFE, p-S6/S6 in the
MeCP2 e . e wm . ew= e . www . T7sKDa  Murine Hippocampus. A
significant induction of B)
GAPDH 37KDa
s s MeCP2, C) pro-BDNF (45
g;g:gg%g e ——— DA Kpa), and E) BDNF compared
" with age- and sex-matched
15KDa control was detected. E) Also,
BDNF i ) the sex-differences analysis
showed a higher level of
GAPDH - . - 37KD2 - BDNF in females compared
s 33kpa With males. The analysis of
17KD data was completed with
GAPDH b @i e == o= Sl o= o = = ! Unpaired t-test and 2-way
- 33kpa ANOVA followed by Tukey’s
P-56 (235/236) e st o a —— ' test. All the data are reported as
CAPDE il e ... YKDa  mean+ SEM with N=3.
B) MeCP2 C) pro-BDNF (45 KDa) D) pro-BDNF (35 KDa) E) mBDNF (15)
*k 4 - - . 2.5 *k
3+ * 2.0~ T 6- *
(0] 3 —r %
o i g S 15- o
2 21 : g 5
2 S 2 g :
2 1 2] - 0.5+ 2
0- 0- 0.0-
F) S6 G) p-S6 (235/236) H) p-S6 (235/236)/S6
27 15+ 157 mmm Male (vehicle)
2.0 T mm Male (metformin)
5 . T S 1.0- I Female (vehicle)
8 157 . s ' i 8 I Female (metformin)
T 1.01 - s o
2 S 05- 2 057
0.5
0.0- 0.04 0.0



Chapter 3. Results of Aim 1

In the thalamus extracts (Figure 3.8), protein analysis showed significantly lower level of mBDNF
(15 KDa) in control C57BL/6 female mice compared with their age-matched control males (Figure
3.8. E). Metformin significantly induced the level of pro-BDNF (35 kDa) (Figure 3.8. D) in female
mice and inhibited mMBDNF protein level in male mice compared with their age-and sex-matched
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3.6. Summary of Metformin Effect on Murine Tissues at the Protein Level

According to protein studies in the liver and brain tissues of metformin-treated C57BL/6 male and
female mice compared with their age- and sex-matched controls, a summary of metformin effects
at the protein level has been proposed, which in case of p-S6 (235/236) is sex- and region-
dependent and in the case of BDNF is brain-region dependent (Figure 3.9).

o
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Figure 3.9 Metformin Indicated Sex-and Region-specific Effects in Murine Tissues [92]. In
the C57BL/6 male murine liver extracts, metformin induced the level of p-S6 (235/236) and the
ratio of p-S6 (235/236)/S6 in males but decreased the level of p-S6 (235/236) in the female hepatic
extracts. In mice brain tissues, metformin increased the level of MeCP2 and mBDNF in the
hippocampus extracts of C57BL/6 male mice but reduced the level of mBDNF in the thalamus.
Also, metformin-induced the level of AMPK in the thalamus extracts of C57BL/6 mice females.
Ultimately, it could be concluded that the metformin effect in the murine liver and brain of
C57BL6 mice is sex- and region-dependent at the protein level of p-S6 (235/236), and brain-region
dependent in the case of BDNF.
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Summary of Aim 1 Results: Pilot study

To study the regulatory effect of metformin at the protein level in murine tissues

1. Apilot study approved the safety of metformin treatments (200 mg/kg/day, IP injections for 21
days) in vivo.

2. A metformin-mediated and sex-dependent increase of male murine hepatic p-S6 (235/236) and
reduction of female hepatic p-S6 (235/236) is proof of the principle on the possible change of
hepatic mMTORC1 activity.

3. Unlike murine hepatic tissues, metformin-mediated change of brain mTORC1 activity was not
detected.

4. A wide spectrum of metformin-mediated regulatory effects was detected on the murine brain
tissues in a sex and brain-region-specific manner at the protein level.

5. At the basal level, murine female mBDNF in the thalamus is lower than in control females and

in the hippocampus is higher than in control male
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Chapter 3. Results of Aim 2

In Aim 1 of my thesis, the effects of 3 weeks of metformin treatment (200 mg/kg/day, IP injections)
were presented at the molecular level on the MeCP2-BDNF and S6 in C57BL/6 in murine tissues.
In Aim 2 of my thesis, | will focus on the results of 3 weeks of metformin treatment (250
mg/kg/day, IP injection) on the improvement of RTT-like symptoms in Mecp2™°M mice at the

phenotypical and behavioral level.

Although no present cure is available for RTT, numerous therapeutic methods for RTT treatment
have been studied [57, 277, 278], including AAV-mediated gene therapy [278] and reactivation of
the WT copy of Mecp2 on the inactive X chromosome (Xi). Recently, a study [255] has reported
the effect of MeCP2 T158M mutation in RTT etiology through the generation of a knock-in
Mecp2™%8™ mouse model, indicating compromised DNA binding affinity and disrupted MeCP2
protein level, results in the development of RTT-like phenotypes. Following this study, targeting
MeCP2 protein expression or stability was suggested as a probable treatment procedure for the
treatment of RTT [69, 279]. In accordance with similar studies [255], to screen RTT-like
symptoms before and after metformin treatment, 3 approaches had been used including phenotypic
characterization (average body weight, brain measurements, and blood glucose level), evaluation
of phenotypic scoring (activity, gait, hind limb clasping, tremor, general condition, and breathing)
and a series of behavioral tests (OFT, NOR, and EPM Tests).

3.7. The Evaluation of Phenotypic Characterization of Mecp2™5%M Mice

In classical RTT, the MeCP2 T158M is the most common missense mutation [71]. To study the
function of this mutation in RTT etiology, we used a Mecp2™*M knock-in mice model
representing this mutation at the basal level (sham). For the sake of this, Mecp2™°®M male and
female mice including Mecp2*¥, Mecp2™%M¥ Mecp2**, and Mecp2™%™* mice were categorized
into 12 groups based on their sex, genotype, and treatments given to mice and the details of mice
numbers are explained in each related figure and section of the results. For some of the mice,
incomplete scoring records or lack of behavioral test data and dissection criteria are attributed to

sudden death or humane endpoints being reached.
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3.7.1. The Effect of Metformin on the Phenotypic Characterization of Mecp2™My Male
Mice

Prior to the therapeutic intervention with metformin, the phenotypic characterization of
Mecp2*" and Mecp2™58Y male mice was evaluated at the basal level (sham) (Figure 3.10). The
results showed a lower body weight (Figure 3.10. A), lower brain weight, and smaller brain
volume (Figure 3.10. C) in Mecp2™%MY mice as compared with age- and sex-matched
Mecp2*" male mice which are along with prior discoveries in Mecp2-null mice (microcephaly);
However, no difference was detected in case of blood glucose level, and brain regions weight of

Mecp2™%MY male compared with Mecp2*”¥ male mice (Figure 3.10. B and D).

To study the effect of metformin on the phenotypic characterization of Mecp2*" and
Mecp2™%MY mice, at the end of the experiment, the measurement of brain criteria (weight, length,
and volume) and blood glucose level were completed by Mr. Carl Olson, and I performed the
related analysis as represented in Figure 3.11. In sex-differences analysis, Mecp2 ™Y male mice
indicated a lower level of body weight compared with that of Mecp2*”¥ male mice. Three weeks of
metformin treatment showed a reduction in the body weight of Mecp2™®MY male mice as

compared with the body weight of age- and sex-matched Mecp2*" mice (Figure 3.11.A).

Although the brain phenotype was not affected, metformin significantly reduced the level of blood
glucose in Mecp2™%#"Y male mice in comparison to the age-matched Mecp2*”¥ male mice (Figure
3.11.B). In the case of whole brain measurements, Mecp2™%"Y male mice showed significantly
lower brain weight and smaller brain length contrary to age-matched Mecp2*™ male mice as
control (Figure 3.11.C).

In conclusion, the evaluation of phenotypic scoring of Mecp2™°8M knock-in mice with the purpose
of RTT-like phenotype development screening agreed with earlier discoveries in Mecp2-null mice
which Mecp2™%M¥ male mice weighed considerably less and had substantially decreased brain

weights compared with their age- and sex-matched Mecp2*¥ male mice [37, 296].
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a metformin-mediated body weight loss was detected in control Mecp2+/y male mice compared
with control Mecp2+/y male mice. B) Metformin significantly reduced the level of blood glucose
in Mecp2 TS hale mice in comparison with the Mecp2+/y male mice. C) A lower level of brain
weight and smaller brain length was detected in control Mecp2 ™ male mice compared with control

Mecp2+/y male mice. All the statistical analysis was completed with unpaired t-test and two-way
ANOVA followed by Tukey’s Multiple comparisons test and the level of differences are *p <0.05,
*#%p <0.001, and ****p <0.000. All the values are shown as mean + SEM.
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3.7.2. The Effect of Metformin on the Phenotypic Characterization of Mecp2™%M* and
Mecp2*"* Female Mice

In addition to Mecp2™°M male mice, we investigated the phenotypic characterization of Mecp2*'*
and Mecp2™%8™* female mice as the most relevant mice model to the RTT, at the basal level. At
the end of 21 days of experiments, measurement of dissection criteria (body weight, brain weight,
and blood glucose level) in 18-19 weeks old female mice were completed by our lab technician,
Mr. Carl Olson, and subsequently, I completed the analysis as shown in Figure 3.12. A higher level
of average body weight was detected in Mecp2™M* female mice compared with

Mecp2** female mice (Figure 3.12.A).

Regarding the brain measurements (Figure 3.12.C), Mecp2™%™* female mice showed lower
brain and cortex weight, and smaller brain volume compared with Mecp2** female mice

(microcephaly).

Contrary to higher body weight and lower level of brain measurements detected in Mecp2™%8M*
female mice, no differences were found in the blood glucose level of either of the mice groups
(Figure 3.12). In the case of control groups, Mecp2™°M* female mice showed a significantly
higher level of average body weight compared with control Mecp2*'* female mice; However, 3
weeks of metformin treatment did not affect the average body weight, blood glucose level, and

brain measurements of either of Mecp2*/* and Mecp2™%M* female mice (Figure 3.12).

In conclusion, our results agree with other studies since Mecp2™%W* heterozygous female mice
showed increased body weight compared with age-and sex-matched Mecp2*/* female mice, but

they were microcephalic [71].
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Female Mice at the Basal Level. A) The Mecp?
level of A) average body weight, C) reduced level of whole brain weight, the smaller size of
brain volume, and D) lower level of cortex weight compared with that of sex- and age-matched

T158M/+

mice significantly showed a higher

Mecp2+/+ mice. All the statistical analysis was completed by unpaired t-test, and the level of
differences are *p < 0.05 and ****p < 0.000. All the values are shown as mean + SEM.
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Figure 3.13. The Effect of Metformin on the Phenotypic Characterization of MecpZJr/Jr and

MecpZTISW/+ Female Mice. A) The control Mecp2T158M/+ female mice were significantly weighed

heavier compared with control Mecp?2 o female mice (vehicle). Metformin reduced the A) average

body weight of MecpngMH female mice compared with control MecpngM/Jr female mice, but

it did not affect any phenotypical characterization including B) blood glucose level, and C) brain

+/+ T158M/+ . - .
measurements of Mecp?2 and Mecp?2 female mice. All the statistical analysis was

completed by unpaired t-test and the level of difference is ***p <0.001. All the values are shown
as mean + SEM.
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3.8. The Evaluation of Phenotypic Scoring of Mecp2™%M Mice

According to the literature, the evaluation of phenotypic scoring, which assesses a range of RTT-
like phenotypes, involving gait defects, motor deficits, and breathing was performed
on Mecp2™58M¥ mice at 4-12 weeks of age. Also, the characterization of RTT-like phenotypes in
heterozygous females as clinically pertinent mouse models were completed [280]. Even though
the hemizygous Mecp2™°M¥ male mice and heterozygous Mecp2™%8™* female mice represent
comparable RTT-like phenotypes, the severity, and progression are milder in females and have a
longer lifespan, but have premature death as compared to WT. Therefore, both male and
female Mecp2™%M mice exhibit similar phenotypes to those of Mecp2-null mice and several
neurological deficits similar to RTT [37, 43]. To evaluate the metformin-mediated improvement
of RTT-like phenotypes in Mecp2™*¥™Y male mice (5-9 weeks of age) and Mecp2™5* female
mice (15-19 weeks of age), I completed the daily phenotypic scoring of Mecp2™%®™ mice before
and after metformin treatment in six categories including, activity, gait, hind-limb clasping, tremor,
breathing, and general condition as previously mentioned [281]. Furthermore, to avoid bias, the

blind daily scoring was completed by CACS staff for some mice during weekdays.

3.8.1 The Effect of Metformin on the Phenotypic Scoring of Mecp2™5%M Male and Female
Mice

To investigate the severity of RTT-like symptoms at the basal level, the evaluation of scoring of
Mecp2™°M¥ and Mecp2*™” male and sham mice was completed. The results showed an age-
dependent increase in the severity of symptoms in the Mecp2™%™Y male mice compared with
Mecp2*” male mice in 6 categories (activity, gait, hind-limb clasping, tremor, breathing, and

general condition) as shown in Figure 3.14. The effect of metformin on the improvement of RTT-

T158M)y +y . . . .
and Mecp2 ~ male mice was evaluated in 6 categories. Animals

like phenotypes in Mecp2
were given a score of 0, 1, or 2 for each category, corresponding to the sign being absent, present,
or severe, respectively. The results showed that metformin tends to improve the severity of RTT-
like symptoms, which in the case of activity, general condition, and breathing abnormalities is
significant and age-dependent (Figure 3.15). The results of scoring in females showed the
improvement of tremor scores and breathing abnormalities in an age-dependent manner (Figure

3.16).
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Figure 3.14. The Evaluation of Phenotypic Scoring in Sham Mecp2

T158MYy
Mecp2

male mice exhibited defects in an age-dependent manner compared with their age

and sex-matched Mecp2+/y male mice, which are shown in 6 categories including A) activity B)
gait, C) hind limb clasping, D) tremor, E) general condition, and F) breathing. All statistical
analysis was completed by two-way ANOVA followed by Sidak's multiple comparisons tests. The
level of difference is *p < 0.05, **p <0.01, ***p<0.001, and ****p < 0.0001. All the values are

shown as mean + SEM.
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Figure 3.15. The Effect of Metformin on the RTT-like Symptoms of Mecp2T158M/y Male Mice.

The analysis of phenotypic scoring showed improvement in the symptom’s severity of metformin-
treated Mecp2T158M/y male mice compared with control Mecp2+/y male mice, which in case of
activity, general condition, and breathing is significant in an age-dependent manner. Statistical
analysis was completed with two-way ANOVA followed by Tukey’s multiple comparisons tests.
The level of significance is *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. All the
values are shown as mean = SEM.
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Figure 3.16. The Effect of Metformin on the RTT-like Symptoms of Mecp2 an

Mecp2+/+ Female Mice. The Mecp?2

T158M/~+

and Mecp2+/+ (15-18 weeks) mice were assessed by a

semi-quantitative approach to measuring RTT-like phenotypes in 6 categories: activity, gait, hind-
limb clasping, tremor, breathing, and general condition. An improvement in E) general condition

and F) breathing abnormalities of Mecp?2

T158M/+

female mice was detected after 10 days of IP

injections. The analysis was completed by two-way ANOVA followed by Tukey’s multiple
comparison tests and the level of significance is shown by *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001. All the values are shown as mean = SEM.
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3.9. The Evaluation of RTT-like Behavioral Abnormalities of Mecp2™%M Mice

To evaluate the effect of metformin on the RTT-like behavioral deficits, Mecp2™%®™ male and
female mice and their age and sex-matched WT mice were exposed to a series of behavioral tests
including Open Filed Test (OFT), New Objective Recognition (NOR), and Elevated Plus Maze

(EPM) before and after metformin treatment.

3.9.1. The Effect of Metformin on Motor Function and Anxiety-like Behavior of Mecp2T58MYy
Mice

To evaluate the motor function and anxiety-related behavior, OFT was completed (Figure 3. 18) in
Mecp2™%MY male mice and their age- and sex-matched Mecp2*/Y male mice at the basal level.
Representative traces of diverse groups of mice display a 10-min assay of total distance moved and
time in zones (Figure 3.17.A). The lower total distance traveled and lower velocity in Mecp2™58MY
male mice compared with Mecp2*” male mice indicate motor abnormalities in agreement with
other studies in Mecp2™%M mice [71] (Figure 3.17.B). To investigate the anxiety-associated
behavior, the time spent in the zones of the open field was measured, which equal time between
both genotypes indicating no effect of genotype on anxiety in OFT. As previously mentioned,
metformin can treat neurodevelopmental disorders such as Autism Spectrum Disorder (ASD) [178,
190] and Fragile X Syndrome (FXS) [178]. Therefore, we studied the possible effect of metformin
on the behavioral abnormalities of Mecp2™%MY male mice via OFT (Figure 3.18). A representative
trace (Figure 3.18.A) of 4 groups of diverse genotype and treatment group mice displays a 10-min
assay of total distance moved and time in zones. Metformin did not affect the total distance traveled,
velocity (the speed of movement in a specific direction), and time spent (Figure 3.18.C) in the
corner or center zones of either genotype of mice. Consequently, metformin did not show any effect
on the locomotion or anxiety-related behaviors in Mecp2™®" or Mecp2™ male mice. In
conclusion, since motor dysfunction is a leading symptom of RTT, all Mecp2™°M mice models
have been subjected to a series of behavioral tests including OFT. Our results are consistent with
previous in Mecp2-null and MeCP2 T158A—knock-in (Mecp2T158A) mice [282] since Mecp2T58M
mice indicate considerably decreased movement compared with their WT littermates. In contrast,
genetically modified Mecp2™%Wy T158M-Tg animals demonstrated noticeable progress in
locomotion, as evaluated by the overall number of distances traveled and average velocity in the

open field arena compared with Mecp2™°M mice [69].
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Figure 3.17. The Mecp2 Male Mice Showed Motor Deficits. A) Representative trace of a
diverse group of mice displays a 10 min assay of the total distance moved and time in the zones.

B) The Mecp2T158M/y mice showed lower traveled distance and C) velocity compared with Mecp2+/y
mice, which is the indicator of locomotion abnormalities. D) Within each group of mice, corner
zone time is significantly higher compared with center time; however, no effect of genotype was
detected on the spent time in zones. The statistical analysis was completed by unpaired t-test and
two-way ANOVA followed by Sidak's multiple comparisons tests. The level of differences is
shown by *p < 0.05, and ****p < 0.0001, and all the values are shown as mean + SEM.
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Figure 3.18. Metformin Did not Affect the Locomotion and Anxiety-like Behavior of

MecpZTlssM/y Male Mice. A) A representative trace of 4 groups of diverse genotype and treatment
mice displays a 10-min assay of total distance moved and time in zones (center and corner). B) In
the case of mobility, no genotype or drug effect on the total distance traveled and velocity were
detected. C) In all 4 groups, mice spent significantly more time in the corner and metformin
increased the spent time in the corner of Mecp2*™¥ male mice compared with age and sex-matched
control. The statistical analysis was completed by unpaired t-test and two-way ANOVA followed
by Sidék's multiple comparisons tests. The level of difference is shown by ***p < 0.001 and ****p
< 0.0001, and the values are presented as mean + SEM.
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3.9.2. The Effect of Metformin on Motor Function and Anxiety-like Behavior of Mecp2T58M/+
Mice

Given that RTT is predominantly a female disorder, we then analyzed whether pharmacological
intervention with metformin could improve RTT-associated behavior such as reduced mobility

and anxiety in Mecp2™®"  female mice using OFT. Metformin treatment did not alter the

. , T158M/ +/+ ) )
exploratory locomotion and anxiety of Mecp2 Tor Mecp2  female mice compared with the
vehicle. Consequently, no genotype or drug effect was detected on locomotion or anxiety (Figure

3.19).
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Figure 3.19. Metformin Did not Influence the Locomotion or Anxiety-like Behavior of

MecpZTIS(W/+ Female Mice. A) A rrepresentative trace of a diverse group of mice in OFT

displays a 10-min assay of total distance moved and time in zones. Metformin did not affect the

) . . T158M/+ T158M/+ )
B) total distance and C) time spent in zones of Mecp?2 and Mecp?2 female mice and

consequently, it did not affect the locomotion and anxiety-like behavior of mice. The statistical
analysis was completed by unpaired t-test and two-way ANOVA followed by Sidék's multiple
comparisons tests. The level of difference is shown by ***p < 0.001. All the values are shown
as mean + SEM.
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58Mly

3.9.3. The Effect of Metformin on the Social Deficits of Mecp2Tl Male Mice

. L . A 7
To evaluate social deficits in Mecp2™M mice at the basal level, the Mecp2 ~ and Mecp2' "

male mice were exposed to NOR tests in 3 steps and 2 days. On the first day and at the same time
with OFT, mice were habituated to the open field for 10 minutes. The next day, NOR was
completed in 2 steps (as mentioned in Chapter 2). In sham mice, the time spent exploring the 2

objects in the familiarization trial and time exploring the novel against the familiar objects was the
same in both Mecp2 ™ and Mecp2”"""” male mice (Figure 3.20). At the basal level, the Preference
Index (PI) of Mecpf/y male mice was slightly higher than 50% chance indicating that Wt mice
did not have memory deficits. Nevertheless, that of the Mecp2T]58M/y male mice was slightly lower
than 50 % representing memory impairment.

In the treated experimental groups of mice, the time spent exploring the two objects in the
familiarization trial and time exploring the novel against the familiar objects was similar, except

. T158M) . ) . . . .
that in Mecp2 ” male mice, and metformin tends to slightly increase time spent with a novel

object. The Pls of all experimental groups were insignificantly higher than 50% chance, suggesting
that mice did not have memory deficits. However, that of the metformin-treated Mecp2+/y male
mice group was insignificantly lower (Figure 3.21).

In conclusion, these discoveries uncover that treatment with metformin could have various effects
depending on the genotype of the mice since it tends to increase Pl in MecpZlegM/y male mice,

while metformin tends to reduce the novel object recognition ability of MecpZHy male.

81



Chapter 3. Results of Aim 2

A) Familiarization Trial NOE (Yae-oham o)

20- _

S mm Object 1

~3’.’, 15 Object 2 C) Preference Index

(]

E

c 104

S

B

S 54

o

>

w

0- T I
B) Testing Trial
20- -p -

E B Familiar object
% 15 Novel object Mecp2*s  Mecp2TiSsMy
E N 4 2

c 10+
9
g
S 54

a

>
i I

0- T T
Mecp2*s  Mecp2T158My
N 4 2
. TI58My ) .
Figure 3.20. The Mecp2 Male Mice May Have Memory Impairment at the Basal Level.

Both groups of mice should same exploration time in A) the familiarization trial and B) the testing
trial. C) The PI of Mecp2' "
than 50 % which is an indication of memory deficits in Mecp2

analysis was completed by unpaired t-test and two-way ANOVA followed by Sidak's multiple
comparisons test and the values are presented as mean = SEM.

. . +4 .
male mice was higher and that of Mecp2 * male mice was lower

TISSMly ) .
male mice. The statistical
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3.9.4. The Effect of Metformin on the Social Deficits of MecpZTlssM/+ Female Mice

T158M+ .
" Female Mice, NOR test was

To evaluate the effect of metformin on social deficits in Mecp?2
completed in 4 groups of female mice and no genotype of drug treatment was detected in spent

time in either familiarization or testing step of NOR (Figure 3.22).
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Figure 3.22. Metformin Did not Affect the NOR Criteria in the Mecp2 Female Mice.

A) A heatmap of NOR for 4 groups of mice has been shown. All mice have the same exploration
time in B) the familiarization and C) the testing trial. D) The PI of all mice was insignificantly

lower than 50 % which is an indication of possible memory deficits in mice. However, metformin

tends to slightly induce the novel object recognition ability of MecpZmW/Jr female mice. The

statistical analysis was completed by unpaired t-test and two-way ANOVA followed by Sidak's
multiple comparisons test and the values are shown as mean + SEM.
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3.9.5. The Effect of Metformin on the Anxiety-like Behavior of MecpZm’SM/y Mice

Anxiety testing in MeCP2 deficient mouse models has mainly revealed declines in anxiety-

like behaviors in relation to WT performance [283, 284]. As a result, EPM was applied to

T158M/y

. . . . . / .
investigate anxiety-related behaviors in Mecp?2 and Mecp2+y male mice at the basal

level (sham) and after metformin treatment. At the basal level, Mecp2+/y male mice spent more
time in closed arms and metformin did not affect the spent time in the arms of 4 groups of
male mice (Figure 3.23).
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3.9.6. The Effect of Metformin on Anxiety-like Behavior of Mecp2T158M/+ Female Mice

: : . : / T158M/
To evaluate the effect of metformin on anxiety-like behavior, the Mecp2+ “and Mecp? i

female mice were exposed to EPM (Figure 3.24). At the basal level, in Mecp2+/+ female mice,
spent time in the corner was higher than time in the center. Within all experimental groups and

control mice, the spent time in the corner compared with the center was higher except in

. / . . . . .
metformin-treated MecpZJr " female mice. Although, metformin did not affect spent time in

ZOnes.
(A)
Mecp 2+/+ Mecp? TI58M/+ Mecp 2+/+ Mecp2 TI58M/+
Sham Sham Metformin Vehicle

B) Time (sham mice) C) Time (treated mice) B Open arms
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Figure 3.24. Metformin Did not Affect the Anxiety-like Behavior of Mecp2' ' Female Mice.
A) The heat maps show the total time and location in treated Mecp2** and Mecp2™**M"* female
mice during the EPM test in closed and open arms. B-C) The time spent in closed arms was higher
in all groups of mice compared with time spent in open arms spent time, except in sham
Mecp2™M* and metformin-treated Mecp2™%"* female mice. Statistical analyses were
completed by unpaired t-test and two-way ANOVA and the differences are shown by *p < 0.05
and ****p < (0.0001, and values are presented as the means + SEM.
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Table 3.1. Summary of Mice Experimental Groups and Numbers.

Approaches Sex and Genotype
(Phenotypical and
behavioral)
Male (5-9 weeks) Female (15-22 weeks)

T158M/y T158M/+

MecpZHy Mecp?2 Mecp2+/+ Mecp?2

Sham
Characterization 4.5 3.7 8 2
Scori
coring 5 4 - -
Behavioral tests 4 2.3 10 2
Vehicle
Characterization 3.5 5.9 2.5 3-5
Scoring 5 9 5 5
Behavioral test 3.5 5-8 5 6
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Metformin
Characterization 45 510 3.4 46
Scoring 5 10 4 6
Behavioral tests 3-5 6-10 4 6

3.10. Summary of Aim 2 Results. A pre-clinical study

To study the effect of metformin on the improvement of RTT-like symptoms in vivo.

TI158M
1. Both sexes of the Mecp?2 mouse model showed RTT-like phenotypes in terms of body

weight and brain size.

2. A metformin-mediated, sex- and genotype-dependent reduction of body weight and blood

) TIS8M
glucose level was detected in Mecp?2 mice.

3. A metformin-mediated and age-dependent improvement of RTT-like phenotypes including
tremor, general condition, and breathing abnormalities) was detected in both sexes of the
Mecp2™9¥ mouse model with the highest improvement in breathing abnormalities.

4. Metformin did not affect the hindlimb clasping and gait abnormalities in either sex of mice.

5. Metformin-mediated improvement of RTT-like symptoms is age- and sex-dependent with

significant phenotypical improvement and partial behavioral improvement.
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In this study, the effect of metformin was assessed at the molecular, phenotypical, and behavioral
levels in vivo to test our hypothesis that metformin not only could have a possible regulatory effect
on murine brain MeCP2/BDNF, and S6 at the protein level but also could improve the RTT-
associated abnormalities in vivo at the phenotypical and behavioral. The molecular analysis of the
metformin (200 mg/kg/day) effect was focused on the assessment of the following proteins: MeCP2-
BDNF, AMPK, S6, and p-S6 (235/236)/S6) in the brain and liver tissues of a WT mouse (C57BL/6).
However, the phenotypical and behavioral analysis was focused on metformin (250 mg/kg/day)
effects on the improvement of RTT-like symptoms in a knock-in RTT mouse model (Mecp2™°8M),
In terms of the first aim of my thesis, frozen liver and brain tissues of C57BL/6 mice were used for
protein evaluations through the Western Blot technique. While, in my second aim, we used 3
complementary approaches (characterization of phenotypes and evaluation of phenotypic scoring
and 3 types of behavioral tests) for the assessment of RTT-like symptoms of Mecp2™°™ male and
female mice and their age- and sex-matched controls, at the basal level as well as after metformin
treatment. Likewise, metformin effects on MeCP2 and BDNF in different brain regions of mice
were studied. My results showed sex- and region-dependent effects of metformin in mice that
improve some RTT-like symptoms which are significant at the phenotypical level and partial at the

behavioral level.

4.1. A Pilot Study Approved the Safety of Metformin IP Injections

To address our hypothesis regarding the possible metformin-mediated MeCP2-BDNF and AMPK
activation and mTOR pathway inhibition at the dosage of 200 mg/kg/day, a pilot study was
completed. The results of the study did not show any adverse effect of metformin on the average
body weight and blood glucose level of male and female C57BL/6 mice compared with their age-
and sex-matched control. As a result, due to the lack of side effects on mice’s health status, the
safety, and tolerability of metformin treatment at 200 mg/kg/day dosage along with the IP injections
were approved, which corresponds with the prior studies in mice on regular diets [243]. In contrast,
a study in HFD-Fed C57BL/6J mice showed metformin-mediated body weight loss and improved
glucose intolerance [289]. Accordingly, in some studies, the effects of metformin treatment are
attributed to calorie restriction, including increased physical performance, enhanced sensitivity of

insulin, and decreased cholesterol levels regardless of caloric intake reduction [285].
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In conclusion, the antihyperglycemic effect of metformin could be attributed to the ability of
metformin to inhibit hepatic gluconeogenesis or improve glucose sensitivity in the HFD in Diabetic

patients or mice, but it is not effective in normoglycemic mice on standard Diet (SD) [286, 287].

4.2. The Effect of Metformin In Vivo is Sex- and Region-Specific at the Protein Level

It is shown that at a molecular level, stimulation of AMPK is the main mechanism of metformin
action leading to anti-oxidative and anti-inflammatory effects, which could explain the favorable
effects of metformin on the improvement of male mice’s lifespan. These results agree with existing
data and increase the probability of drug treatment with metformin to improve aging. The related
dosage to these useful effects was tolerable in mice but result in higher serum levels compared
with those commonly used in diabetes patients [288]. Therefore, regardless of metformin
pleiotropic effect in vivo, its central mechanism of action has not been known yet and different
parameters need to be considered in rodents studies including the metformin’s dosage, timing, and
route of delivery along with the rodent’s age and sex [287, 289]. The dosages used in animal
studies change broadly with both useful and harmful impacts throughout the widespread scale of
metformin dosages [287]. The male and female C57BL/6 mice in our study underwent 200
mg/kg/day of metformin treatment which is similar to the dosage in former studies to be a strong
inhibitor of hepatic mTORCL1 activity, indicated by phosphorylation of the S6K1 and S6, which is
beneficial to test our hypothesis regarding metformin-mediated inhibition of hepatic mTOR
pathway [222]. Regarding the length of metformin treatment, a substantial number of reports used
shorter times, but the higher metformin dose was presented to be primarily efficient at generating
useful metabolic and cognitive impacts [287]. Nonetheless, long-lasting use eventually led to
harmful effects, probably owing to declined levels of neurotrophic factors, which are significant
for neuronal plasticity and survival. In addition, the initial age for mice treatment possibly had a
large effect on the consequences since late-age treatment reduces the ability of metformin to
expand the male mice’s lifespan [290]. Additional studies on the age, dose, and duration of
metformin treatment are required to discover any age-linked effects of metformin use that may
result in changes in brain biochemistry in a way that generates bigger susceptibility of the CNS
[287].
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In this study, we have examined RTT-related abnormalities including compromised MECP2-
BDNF transcripts and mTOR pathway in human RTT brain [114, 152] at the basal level and after
metformin treatment in the brain tissues of C57BL/6 male and female mice. Due to the possible
stimulatory effect of metformin on the MECP2E1/BDNF transcripts [138], and AMPK activity,
while its inhibitory effect on mTORC1 [222], this study could provide a solid foundation for the
metformin-mediated therapeutic approaches of RTT in pre-clinical studies. To fulfill this aim, our

lab reports have been reviewed as the basis of my hypothesis and the aim of my thesis.

A study from our lab has investigated the components of the MECP2-BDNF-miR132 feedback
regulatory loop in the RTT patient’s brain and the results showed impaired transcript levels of
those elements in 4 brain regions including the amygdala, frontal cortex, cerebellum, and
hippocampus. However, according to the correlation studies, MeCP2E1/E2-BDNF protein levels
did not follow their corresponding transcript trends [114]. So, our theory was derived from this
study whether metformin could affect the protein level of MeCP2-BDNF in both sexes of C57BL/6
mice brain tissues and what would be the probable consequences on its potential downstream
targets including S6 which is important for protein synthesis [152]. Furthermore, our lab showed
the metformin-mediated posttranscriptional induction of MECP2E1 and BDNF transcripts
whereas transcriptional inhibition of MECP2E?2 transcripts in a time and dose-dependent manner
[138]. Interestingly, this could be a part of the mechanism of metformin action to activate the
atypical protein kinase C (aPKC)-CBP pathway (downstream of AMPK) in neural stem cells and

enhance neurogenesis in mice [246].

Along with in vitro studies, our in vivo studies tend to evaluate the metformin effect on the protein
level of MeCP2-BDNF in different brain regions (cerebellum, cortex, hippocampus, and thalamus)
of C57BL/6 mice models. Furthermore, another study from our lab has reported compromised
nucleolin-rRNA-mTOR-P70S6K signaling in the human RTT brain with several spots of variation
from the control tissues leading to unusual ribosome biogenesis in the RTT brain. Consequently,
one of our hypotheses of targeting mTOR pathways at the basal level through metformin treatment
could be offered as a therapeutic approach, which is important for RTT without any current cure
[152].
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According to a study in C57BL/6 mice, metformin effectively inhibits the hepatic mTORCL1 and
its downstream protein synthesis in a dose-dependent manner like other effects of metformin [173,
291]. In fact, metformin has been shown a biphasic response, which in low doses is AMPK and
TSC-dependent, while in higher doses is independent of AMPK and TSC. Along with the
suggested mechanistic of the metformin effect on crucial pathways and functions in the liver, our
discoveries about the dose-dependent effects of metformin reveal a probable clarification for the
inconsistency among earlier studies with contradictory conclusions about the metformin-mediated
mTORCL1 inhibition, which could be extended to its effect in brain regions to some extend.
Regardless of the known stimulatory effect of metformin on AMPK and its inhibitory effect on
mTORC1 in mice liver, the metformin effect on different brain regions of mice has not been well-
known, which brings me to our hypothesis of whether the same results are feasible in vivo.
Consequently, to study the effect of metformin at the molecular level, and particularly the protein

level, mice tissues underwent Western blot analysis.

Initially, as a proof of principle on the inhibitory effect of metformin, the detection of mice hepatic
p-S6 (235/236)/S6 was completed and regardless of the detected significant variation between the
p-S6 (235/236) protein level in both sexes of C57BL/6 mice, a metformin-mediated and sex-
dependent inhibitory effect of p-S6 (235/236) and p-S6 (235/236)/S6 ratio led to the normalization
of protein level in mice liver [292]. Simultaneously, the detection of AMPK as a positive control
for the stimulatory effect of metformin was completed, however, the detection of p-AMPK was
not successful and needs further investigation in future studies. Although AMPK was detected in
4 brain regions, since p-AMPK is critical for the measurement of AMPK activity, further studies

are required to be able to reach a precise conclusion.

In the next step, protein analysis of mice brain tissues showed a metformin-mediated increase of
MeCP2 and mBDNF in the hippocampus of C57BL/6 male mice, and a decrease in the level of
mBDNF in the thalamus.

Ultimately, we concluded that the metformin effect in the liver and brain of C57BL6 mice is sex-
and region-dependent at the protein level. Our results are consistent with prior studies which have
approved the influences of treatment on activity throughout the AMPK/mTOR signaling pathway

were both sex and age-dependent [287].
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In conclusion, our study of the mice brain tissues is an attempt about addressing metformin effects
on MeCP2, BDNF, p-S6 (235/236)/S6, and p-AMP/AMPK in the mice brain tissues. Considering
other probable factors such as age, timing, and handling of samples that may control the effect of
metformin, further protein studies in the case of mMTORC1 components are required to suggest a

possible mechanism of action for metformin in mice brain tissues.

Due to the MeCP2 significance in normal brain function, the connection between MeCP2
dysfunction and neurological irregularities of RTT patients is essential [153]. Studies have
demonstrated that the major identified anomaly in the CNS structure is the reduction of the entire
brain and single neuron size [292]. Studies have confirmed that the brain size of RTT patients
decreased by about 12-34% compared with the age-matched controls without any signs of

inflammation, atrophy, or deterioration [293].

These findings indicate the neurodevelopmental nature of RTT disease instead of a
neurodegenerative disorder. Conversely, degeneration of the cortex and cerebellum has been
displayed to increasingly happen in an age-dependent manner in RTT patients [12]. Therefore,
microcephaly is spread through the brain and influences white and grey matter in diverse regions
[292, 294]. Likewise, diminished neuronal cell density in cortical neurons is suggested to trigger
breakdown to develop dendritic connections between neurons and decreased synaptic output [295].
The cerebellum is also significantly reduced in RTT patients [12]. Neuropathological irregularities
in other areas contain neuronal size reduction in the hippocampus, amygdala, and thalamus.
Nevertheless, in the hippocampus, neuronal cell packing increase has been detected contrary to

reduced cortical packing [293].

Studies in the hippocampus have discovered the benefits of metformin treatment on different RTT-
associated abnormalities including molecular and behavioral performances, formation of memory,
and neuronal plasticity. Additionally, in ischaemic and metformin-treated rats, improvement of
short-term memory following an increase of BDNF and p-P70S6K levels via AMPK activation
proposes the AMPK/BDNF/P70S6K pathway, which requires further examinations [315].

In conclusion, due to the importance of controlling the RNA and protein level of MECP2/MeCP2,
and BDNF/BDNF in X-lined disorders such as RTT, our findings would help to broaden our

horizon on RTT pathobiology, and possible drug treatment with metformin in pre-clinical studies.
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4.3. Metformin is Beneficial for the Improvement of RTT-like Phenotypes of Mecp258M
Mice

As previously mentioned, MeCP2 T158M is the most common missense mutation identified in
individuals with classical RTT [17]. In my second aim and in consistent with other studies, to
screen RTT-like symptoms before and after metformin treatment, 2 approaches were used

including phenotypic characterization and evaluation of phenotypic scoring.

Furthermore, according to prior discoveries of insulin resistance in Mecp2N“*“Y mice, RTT has
been considered a metabolic Syndrome with irregular systemic and brain glucose metabolism
including insulin resistance. So, we expected to see elevated blood glucose levels in Mecp2™58MY
male and female mice compared with their WT littermates. However, regardless of our theory, no
difference was found in the blood glucose levels of mice at the basal level, but metformin reduced

its level in Mecp2™5™Y males in a sex-dependent manner.

Then, we checked both sexes of Mecp2T]58M mice for the development of RTT-like symptoms via
phenotypic scoring, which measures a range of RTT-like phenotypes derived from Mecp?2
mutations. The scoring of experimental mice (metformin-treated and control) was measured and
recorded in 6 categories of symptoms including loss of mobility, irregular gait, the existence of a
hindlimb clasp, enhanced tremors, breathing problems, and total decline in general condition. The
age of our studied male mice was 5-9 weeks, which is approximately close to the range of
Mecp2™°8M¥ mice’s age mentioned in similar studies (4—12 weeks). According to our expectation,
a significant increase was detected in the phenotypic scoring of Mecp2™%™Y male mice in an age-

dependent manner resulting in an early death at about 7-8 weeks in some of them. Due to the

clinical relation of the Mecp2T158M/+ female mouse model to RTT, we additionally monitored their

RTT-like phenotypes, and like male mice, a significant increase in scoring was detected in 3

categories (hind limb clasping, breathing abnormalities, and general condition) in an age-

T158M/+ .
female mice,

dependent manner. However, due to the limitation in the number of Mecp?2
analysis of other scoring criteria needs further mice at the basal level, and it is worth mentioning
that, unlike male mice, the age of our studied female mice was 15-19 weeks due to the late onset

of symptoms [255].
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In agreement with similar studies [71], like hemizygous Mecp2™™¥ male mice, heterozygous

Mecp2T158M/+ female mice displayed RTT-like phenotypes, although they were milder and had late

progress.

In conclusion, at the phenotypical level, our utilized approaches including phenotypic

SM
male

characterization and phenotypic scoring [71] confirmed RTT-like symptoms in Mecp2m
and female mice like symptoms found in Mecp2-null and other types of RTT-associated mice

models [37, 43].

It is shown that the genetic or pharmacological elevation of the MeCP2 T158M protein expression

or stability has been a beneficial therapeutic approach in the reduction of RTT-like phenotypes in
the Mecp2T”8M mice model. Consequently, like the results of other pre-clinical studies [71], we

expected to detect improvement in the RTT-like phenotypes in both sexes of our Mecpzm‘w mice
models after metformin treatment. Likewise, our results indicated a slight and age-dependent

improvement after metformin treatment (250 mg/kg/day dosage for 21 days) in Mecp2™%8"Y males

and Mecp HTISEM/+

and general conditions (females), a significant improvement was detected after day 10 of IP

females mice. Although, in terms of breathing abnormalities (males and females)

injections.

We concluded that in general, metformin could have a beneficial effect on the improvement of
RTT-like phenotypes, however, different factors need to be considered while metformin treatment
including the dosage, time and duration of treatment, route of drug delivery, sex, age, and type of
mouse model, along with phenotypic variation in female mice. Also, at the molecular level,
possible metformin of metformin action is the elevation of MeCP2 T158M protein level or stability
by partial improvement of its binding ability, but further studies are required for understanding the

exact mechanism of metformin action in the improvement of RTT-like phenotypes.
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4.4, Metformin Partially Improved Locomotion and Anxiety of Mecp2™%M Mice at the
Behavioral Level

To test the beneficial effect of metformin on the improvement of RTT-associated locomotor and
anxiety-like behavior, Mecp2™*¥™ Mouse Model underwent OFT and EPM tests. As we expected,
a significantly lower total distance and velocity were detected in Mecp2™%"¥ males compared
with their age- and sex-matched Mecp2*” male mice during the 10 min of habituation, suggesting
motor deficits that agree with other studies in Mecp2™%M¥ mice models [71]. The analysis with
two-way ANOVA indicated no drug or genotype effect after metformin treatment for the total
distance and velocity. In the case of anxiety, both Mecp2*'¥Y and Mecp2™%M¥ male mice showed
more time spent in corners of an open field during the habituation period, indicating higher levels
of anxiety. However, no significant genotype-based difference was detected between them.
Contrary to other studies, a metformin-mediated stimulation of corner time was detected in

Mecp2*¥ male mice.

In conclusion, according to the OFT results, 3 weeks of metformin treatment did not affect the
locomotion and anxiety-like behavior of Mecp2™%MY male mice. Like males, Mecpf/+ and

T158M/+ . . . . . .
Mecp?2 female mice spent more time in corners of an open field, but metformin did not affect
the total distance and time spent in zones, suggesting no effect of metformin on the locomotion

and anxiety-like behavior of female mice.

Furthermore, despite our expectation, the EPM test did not show any anxiety-like behavior in

T158M/+ . . . .
Mecp2™°M¥ male and Mecp2 female mice, and metformin did not affect it.

In conclusion, these results show that 3 weeks of metformin treatment did not change the overall

anxiety-like behaviors in OFT and EPM tests in Mecp2™°M¥ males and MecpZlegM/+ female mice

but showed anxiogenic effects in Mecp2*”¥ male mice in OFT.

Our results of the NOR test showed a slight reduction in the percentage of Pl in Mecp2™°M¥ male
mice compared with Mecp2 ™8™+ control mice, indicating possible cognitive and memory
impairment. However, metformin did not affect the Pl of any 4 groups of male or female mice,
which could be reasonable due to the controversial role of metformin in the improvement of

intellectual abnormalities.
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Although some studies in T2DM patients have recommended useful effects [296], others have
considered the continuing consumption of metformin as a risk factor in the progress of cognitive
impairment [297]. Likewise, in nondiabetic patients with mild AD-related dementia, metformin
did not improve cognitive function. In high-fat diet animal models, the metformin effect is debated,
with 3 studies indicating the mitigation of cognitive defects and one study does not report any
beneficial effect. So, the total effects of metformin appeared to alter in various disorder
circumstances, and attractively, an earlier study in a mouse model proposed that metformin

treatment in aged mice results in memory deficit.

The inconsistency between the previous studies and our findings probably displays differences in
the intervention time, the dosage, the occurrence/length of administration, and the type of
conducted tests. Primary, the onset of metformin treatment might have distinct effects since the
range of neuronal impairments enhances gradually in an age-dependent manner in the brain.
Consequently, it is reasonable that beginning metformin treatment at an early age could apply
useful effects, contrary to the start of metformin treatment in old age, a period at which neuronal

dysfunction has proceeded to considerably higher levels.
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5.1. Strength, Challenges, Limitations
5.1.1. Strength and Significance

This study presents proof of metformin-mediated changes at the molecular, phenotypical, and
behavioral levels in vivo, using different techniques and approaches including Western blot,
phenotypic scoring, and behavioral tests analysis. These include sex- and region-dependent
changes in terms of p-S6 (235/236) (increase in the male liver and decrease in the female liver),
MeCP2 (increase in the male hippocampus), BDNF (increase in the male hippocampus and
decrease in the thalamus), and AMPK (increase in female thalamus) protein levels in C57BL/6
mice along with improvement of RTT-like phenotypes, and without a remarkable effect on the
behavior of Mecp2™8M mice model. Although our data relatively advocate earlier pre-clinical and
clinical research, besides in vitro models, important changes have been emphasized in this study.
Additionally, we indicated a significant increase of MeCP2 and BDNF protein levels in the
hippocampus of C57BL/6 male mice, while a reduction of BDNF in males and AMPK protein
levels in the thalamus of females. Furthermore, the increase of p-S6 (235/236) and p-S6
(235/236)/S6 ratio in male mice, while the decrease of p-S6 (235/236) showed the sex- and region-
dependent effect of metformin. Although most of our discoveries have been approved for the sex
and region-specific effects of metformin treatment on mice tissues, phenotypes, and behavior, the

exact mechanism of metformin action needs further investigation.

Ultimately, our discoveries would assist to shed some light on the effect of metformin in vivo in
the mice's brains by offering a new vision regarding the multiple effects of metformin (molecular,
phenotypical, and behavioral levels) provides a better understanding of the RTT etiology at the
basal level. Also, these results are significant as an attempt to convert the huge amount of data
from in vitro models of RTT to preclinical and clinical studies. Besides RTT, other MeCP2-

associated conditions like MDS, ASD, and FASD, would take advantage of the results of our study.
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5.1.2. Limitations and Challenges

At the molecular level, the detection of our protein of interest was completed by Western blot.
However, the detection of phospho-proteins was tricky, particularly in the case of p-S6 in the
cortex and p-AMPK in 4 brain regions (cerebellum, cortex, hippocampus, and thalamus) was
unsuccessful, which could be attributed to the quality of samples and/or instability of phospho-
proteins. Additionally, the collection of female mice samples compared with males was harder and
more time-consuming, since females were not only used for breeding purposes but also showed

milder and later symptoms.

5.2. Future Direction

In the case of my first aim, the results of this thesis have been focused on the analyzing effects of
metformin on the pan and phosphorylated protein levels of MeCP2, BDNF, AMPK, and S6.
However, further studies could focus on more proteins related to the metformin-targeted pathways
including the mTOR pathway as well as RNA levels to generate a clear correlation between the
metformin mechanism of action in vivo. Besides, using fresh samples with a higher concentration

of total extracts could be beneficial for the detection of phosphoproteins.

In the case of my second aim, to study the origin of RTT-associated abnormalities in the
Mecp2™°M mouse model, mice brain tissues could be analyzed at the protein and RNA levels.
Consequently, increasing the number of an experimental group of Mecp2™°8™ mice, particularly
Mecp2™%8M* female mice to undergo various behavioral tests, could be beneficial in finding

metformin effect in the improvement of RTT- associated abnormalities.

Finally, the different dosages of the drug, time, and duration of treatment, along with various
ages and mice models of RTT could be tested in future pre-clinical studies to approve the

feasibility of metformin treatments in clinical studies.
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