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Preface

This Edited Volume is a collection of reviewed and relevant research chapters, concerning
the developments within the neurodegeneration field of study. The book includes scholarly
contributions by various authors and edited by a group of experts pertinent to neurodegen-
eration. Each contribution comes as a separate chapter complete in itself but directly related
to the book's topics and objectives.

The book is divided in 5 chapters: 1. Introductory Chapter: A Common Feature of Neurode-
generative Disorders, 2. Neuroprotective Strategies of Blood-Brain Barrier Penetrant “For-
skolin” (AC/cAMP/PK,/CREB Activator) to Ameliorate Mitochondrial Dysfunctioning in
Neurotoxic Experimental Model of Autism, 3. From Neuronal Differentiation of iPSCs to 3D
Neural Organoids: Modeling of Neurodegenerative Diseases, 4. Molecular Basis of Neuro-
degeneration: Lessons from Alzheimer’s and Parkinson’s Diseases and 5. Neurodegenera-
tive Diseases Associated with Mutations in SLC25A46.

The target audience comprises scholars and specialists in the field.

Antonella Borreca
Umberto Veronesi Post Doc Fellowship at Humanitas Research Hospital
Rome, Italy






Chapter 1

Introductory Chapter: A Common Feature of
Neurodegenerative Disorders

Antonella Borreca

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.84132

1. Introduction

The neurodegeneration is a common feature of different disorders, and many partners are
involved in this mechanism. The last effect of degeneration is normally observed in the spine
defects: reduction of spine density and alteration of morphology or functionality. The degen-
eration of neuron activity normally leads to the complete cell death.

The most neurodegenerative disorders are essentially affected by neurodegeneration of
spine density and functionality, but the initial step or the trigger point is different from each
other. Neurodevelopmental disorders or neurodegenerative disease related to the age affects
patients in different ways but with the same effect. For this reason, a neurodegeneration is
normally an intriguing topic for all scientific communities. Some of the molecular pathways
involved in neurodegeneration associated to the most common neurodegenerative disorders
are listed below.

2. Accumulation of protein

The aggregation of protein is normally considered a common feature of neurodegenera-
tion. This accumulation leads to neurotoxicity and neuronal death. The causes of protein
accumulation are different, but normally most of them are essentially due to mutation of
regulation regions of gene (5’'UTR, 3'UTR, etc.). Epigenetic mechanism occurs in regulation of
protein synthesis, and accumulation of aggregated protein is a consequence Mus L et al., 2019;
Sorrentino za et al 2019; Joppe K et al., 2019.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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3. Axonal degeneration

Communication from cell bodies to the peripheral spines happens due to the neuronal axon.
Various insults may compromise this communication and deteriorate the neuronal axons:
trauma, blockade of neuronal transport, or chemical toxicity. The normal trauma associated
to axonal degeneration is nerve injury or some stroke. Protein involved in axonal transport
deficit or accumulation of protein may also contribute to the axonal degeneration Correale et
al., 2019.

4. Mitochondria dysfunction

Mitochondria are important organelles for cells, regulating the cell homeostasis. These organ-
elles contribute to the cell energy, and alteration of one of their function may affect cell life.

Normally, brain senescence and neurodegeneration occur with mitochondrial dysfunction by
impaired electron transfer and oxidative damage Cowan K et al., 2019.

5. Apoptosis alteration

Apoptotic cell pathway is a defense mechanism for neurons. Alteration of this system-
induced neuronal loss in developing brain affects normal function of neuronal cells, leading
to neurodegeneration.

DNA damage is also a common feature of apoptotic pathway, but when this pathway is
altered, neuronal defect occurs and, as a consequence, neurodegenerative cell profile D’amelio
et al, 2011.

6. Protein synthesis

Some mRNA are transferred locally at synapses and translated upon stimuli, when the pro-
tein is necessary. The alteration of global protein synthesis machinery locally at synapses is an
important scenario of neurodegeneration and the main cause of different neurodevelopmen-
tal disorders Wong yl et al., 2019.

7. Alteration of receptor functionality

The neurons communicate with other neuronal cells through neurotransmitters. The neu-
rotransmitters are released from presynaptic boutons to the postsynaptic compartments
which are recognized by receptor. The neuronal receptors are classified as inhibitory and
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excitatory, and for this reason different effects are observed in neuron functionality. Mutation
or alteration of neurotransmitters affects receptor functionality and neurodegenerative effect.

8. microRNA

Epigenetic mechanism affects cell activity and functionality. Recently, some papers dem-
onstrate a functional role of microRNA in regulation of gene expression. The alteration of
microRNA machinery alters gene expression and affects neuronal function Dardiotis E et al.,
2018; wang xh et al., 2018.

9. Probably microglia and inflammation

Activation of inflammatory pathway generates a neuronal cascade molecule activation fol-
lowing the external stimuli. The inflammatory pathway is also responsible of synaptic prun-
ing with the elimination of immature and nonactive spines. When this system is altered, many
of neuronal activities are affected and neurodegeneration occurs.

The study of different molecular pathways of synaptic plasticity is one of the most intriguing
mechanism to identify how neuronal works and intervene in neurodegenerative cases. Most
of the neuronal diseases are linked to the neurodegeneration. For this reason, the study of this
mechanism is essentially important in the field of neuroscience and is necessary to intervene
in case of pathology Paasila pj et al., 2019.
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Chapter 2

Neuroprotective Strategies of Blood-Brain Barrier
Penetrant “Forskolin” (AC/cAMP/PK,/CREB Activator)
to Ameliorate Mitochondrial Dysfunctioning in
Neurotoxic Experimental Model of Autism

Sidharth Mehan, Himanshi Khera and Ramit Sharma
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.80046

Abstract

New developments in the study of brain are among the most exciting frontiers of
contemporary neuroscientific research for the clinical practitioner. Increasing knowl-
edge of neurocomplications and of their discrete localization in the various regions of
brain permits new modes of pharmacological management of some major neurological
disorders like autism. The research work reported in this scheme is undertaken with an
objective to explore the potential molecular targets (AC/cAMP/PK,/CREB) for the
development of newer therapeutics strategies (forskolin) for the management of neuro-
logical disorders and associated symptoms. Studies aimed at addressing these questions
have fallen into two main categories: in-vivo behavioral paradigms and in-vitro differ-
entiation biochemical, morphological and histopathological analysis. Therefore, first
time, we aim to gather the propensity of mitochondrial cofactors, neuropathological
mechanisms and various diagnostic methods to explore the clinical therapeutic strate-
gies to ameliorate the neurodevelopmental disorder autism.

Keywords: neurodegeneration, autism, mitochondrial dysfunction, adenylyl cyclase,
forskolin

1. Introduction

Neurological disorders are a heterogeneous group of diseases of the nervous system having
different etiologies. They represent illnesses of the selective regions of the brain and nervous

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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tissues which control vital physiological functions such as learning and memory, posture and
coordination of movements of nerves/muscles [1]. A variety of CNS disorders including
Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s disease, amyotrophic lateral
sclerosis (ALS), autism spectrum disorders, brain abscess, multiple sclerosis, spinal cord injury,
and cerebral stroke, traumatic brain injury are characterized primarily by neurodegeneration
and neuroinflammation [2].

Intracellular molecules also known as secondary messengers such as cyclic nucleotides i.e.
cAMP and cGMP play a critical role in neuronal signaling and synaptic plasticity by activation
of several pathways like cAMP/PKA/CREB, cGMP/PKG/CREB and factors like brain-derived
neurotrophic factor (BDNF) [3], semaphorins [4], netrin-1&16 [5], nerve growth factor (NGF)
[6], Neurotrophins 3,4,5-inhibitory factors associated with myelin and myelin associated gly-
coprotein [MAG] [7]. These pathways and factors are well known to help in neuronal survival,
neurogenesis and protect neurons from injury [8].

Elevation of cAMP causes both short- and long-term increase in synaptic strength [9] and
stimulates cholinergic neuronal cells to release acetylcholine [10]. But, the levels of cAMP and
c¢GMP are reported to be decreased in neuropathological conditions including cerebral stroke
and AD [11].

It has been reported that cerebral ischemia-induced energy failure also leads to reduction in
the levels of key signaling molecules such as cAMP and cGMP and results in disruption of
cAMP/PKA/CREB [11] and cGMP/PKG/CREB signaling pathways [12]. On the other hand it
had been reported to impair hippocampal long-term potentiation (LTP), a neurophysiological
correlate of memory [13], by inhibiting the activation of both cAMP/PKA/CREB [14] as well as
c¢GMP/PKG/CREB pathways in ICH pathology [15]. The pyramidal CA1 neurons of hippo-
campus, involved in learning and memory become vulnerable target in cerebral stroke [16].
Further, cAMP or cGMP dependent CREB phosphorylation has too been reported to induce
long term memory (LTP) [17] and inhibit apoptotic and necrotic cell death [18].

CREB is a transcriptional factor responsible for synthesis of proteins which are important for
the growth and development of synaptic connections and increase in synaptic strength [19].
Thus, agents that enhance cAMP/PKA/CREB &cGMP/PKG/CREB pathways have potential
for the treatment of stroke [73], AD and other neurological diseases [20]. cAMP and cGMP
mediate signaling of several neurotransmitters including serotonin, acetylcholine, glutamate
and dopamine, which play important role in cognitive functioning [21]. The activation of the
cAMP-dependent protein kinase [PKA] significantly inhibits TNF-a [22] and inducible nitric
oxide synthase [INOS] in astrocytes and macrophages [23] which are implicated in
neuroinflammation [22] and oxidative stress, respectively [24]. cAMP system is closely
involved in the regulation of BDNF expression too [25] which play important role in neuro-
nal survival [3], synaptic plasticity [26], learning and memory [27]. Further elevation of
cAMP and cGMP levels is known to restore the energy levels [28], reduce excitotoxic damage
[29], prevent AP-mediated neurotoxicity [14], enhance biosynthesis and release of neuro-
transmitters [22], inhibit apoptotic and necrotic cell death [30] leading to improvement in
cognitive functioning [31]. Central administration of cAMP and cGMP has been reported to
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enhance neuronal survival [32] and memory performance [31]. In view of the above, the
enhancement and prolongation of cAMP and cGMP signaling can thus be helpful in dealing
with neurodegenerative disorders including ICH. This can be accomplished by activating the
adenylyl cyclase enzyme, which metabolizes these cyclic nucleotides. Forskolin a major
diterpenoid isolated from the roots of Coleus forskohlii directly activates the enzyme adenylyl
cyclase, thereby increasing the intracellular level of cAMP and leading to various physiolog-
ical effects.

Despite substantial research into neuroprotection, treatment options are still limited to sup-
portive care and the management of complications. Currently available drugs provide symp-
tomatic relief but do not stop progression of disease. Thus, the development of new
therapeutic strategies remains an unmet medical need. Failure of current drug therapy may
be due to their action at only one of the many neurotransmitters involved [33] or their inability
to up regulate signaling messengers reported to have important role in neuronal excitability
[34], neurotransmitter biosynthesis and release [35], neuronal growth and differentiation [30],
synaptic plasticity and cognitive functioning [36].

2. Experimental animal model of PPA-induced neurotoxicity

Administration of PPA to rodents, results in CNS lesions that selectively target right lateral
ventricle associated within striatum, cortex, cerebellum, hippocampus, amygdala recapitulat-
ing the regional and neuronal specificity of pathologic events especially in autism [37]. The
mitochondrial toxin PPA interferes with the conversion of succinate to fumarate in TCA cycle,
responsible for the generation of FADH, utilized in the complex-II in mitochondrial electron
transport chain (ETC) by which it direct inhibits the activity of the mitochondrial metabolic
enzyme succinate dehydrogenase and reduced the definite amount of NADH where it con-
sumed in complex-I with the help of an enzyme complex-I (NADPH oxidase) as well as
involve in the dysregulation of complex-IV (cytochrome c oxidase), is the final protein complex
in the ETC helping to establish a transmembrane difference of proton electrochemical potential
that the complex-V (ATP synthase) then uses to synthesize ATP [38].PPA has now become an
experimental tool to study neuronal susceptibility and motor phenotypes that are characteris-
tic of autism (Figure 1) [39].

In rats, PPA-induced lesions in brain region that are associated with elevated lactate levels
resulted in increased NMDA-receptor binding. PPA toxicity arises from secondary excitotoxic
mechanisms, whereby energy depletion within vulnerable neurons facilitates abnormal activa-
tion of NMDA receptors and subsequent Ca2+ influx [40]. Stimulating energy generation by
administering creatine markedly attenuates PPA toxicity and ameliorates lesion volume, lac-
tate production and ATP depletion in PPA-treated rats [41]. Numerous reports assert that PPA
toxicity is associated with increased oxidative damage within the CNS. The involvement of
impairments in intrinsic anti-oxidant protection pathways after PPA administration is further
supported by observations of reduced glutathione (GSH) levels in autistic brain [42].

7
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Figure 1. PPA-induced neurotoxicity; selective mitochondrial inhibition.

2.1. Propionic acid and autism

Propionic acid (PPA) is a short chain fatty acid formed endogenously in the human body as an
intermediate of fatty acid metabolism and a metabolic end product of enteric gut micro biota
such as clostridia and propionic bacteria [43—46]. MacFabe et al. and Shultz et al. have demon-
strated that PPA intraventricularly infused to rats provides a suitable animal model to study
autism. Being a weak organic acid, PPA exists in ionized and nonionized forms at physiological
pH allowing it to readily cross lipid membranes, including the gut-blood and blood-brain
barriers. PPA and other short-chain fatty acids (i.e., butyrate and acetate), affect diverse physio-
logical processes such as cell signaling, neurotransmitter synthesis and release, mitochondrial

MITOCHONDRIAL
DYSFUNCTION

ANTLOXIANT

R E YTy TE

Figure 2. Intraventricular injection of PPA-inducing neurotoxic effect in mitochondrial respiratory chain (ETC).
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function, lipid metabolism, immune functions, gap junctional gating, and modulation of gene
expression through DNA methylation and histone acetylation [47]. Initial studies using this
rodent model revealed that repeated brief infusions of PPA into the lateral cerebral ventricles
(i.e., AP 1.3 mm, ML 1.8 mm, and DV 3.0 mm) of adult rats produced behavioral, biochemical,
electrophysiological and neuropathological effects consistent with those seen in autism [43]. PPA
through oxidative mechanisms inhibits Na+/K+ ATPase and increases glutamate receptor sensi-
tivity which can enhance neural depolarization leading to neural hyper excitability in brain
regions linked to locomotor activity (Figure 2).

Mitochondrial dysfunction has been well established to occur and play an important role in the
pathogenesis of autism [48]. Preliminary magnetic resonance spectroscopy studies showed
decreased synthesis of ATP and a disturbance of energy metabolism in the brain of individuals
with autism. PPA is also capable of altering dopamine, serotonin, GABA and glutamate
systems in a manner similar to that observed in autism [49].

3. List of proposed parameters can be evaluated on the basis of behavioral
and biochemical alterations in neurotoxic experimental animal models of
autism

Proposed experimental design of propionic acid-induced behavioral and biochemical estima-
tions (Figure 3)

1. Measurement of body weight
2. Measurement of brain weight
3. Behavioral parameters

Spatial navigation task in Morris water maze, spontaneous locomotor activity, string test for
grip strength, elevated plus maze test, beam crossing task, force swim test, rota rod apparatus

4. Estimation of biochemical parameters

Preparation of homogenate, estimation of biochemical parameters in serum and tissue homogenate
such as protein estimation, lactate dehydrogenase (LDH) assay, estimation of malondialdehyde
(MDA) levels, glutathione levels, superoxide dismutase (SOD) activity, catalase activity, acetyl
cholinesterase (AChE) levels, determination of protein carbonyl (PC), nitrite levels

5. Estimation of biochemical parameters in serum and urine

Estimation of total urea, estimation of uric acid, estimation of biochemical parameters in tissue
homogenate for mitochondrial complex activity

6. Preparation of crude mitochondrial fraction from rat whole brain homogenate

Complex-1 activity (NADPH dehydrogenase), complex-II activity (succinate dehydrogenase/
SDH), complex IV activity (cytochrome oxidase), complex-V activity (ATP synthase)

7. Estimation of biochemical parameters in serum

9
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&
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[ Beam crovsimg task 190, 9, 27ed gy > FROM 48™ TO s0™
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TREATMENT SCHEDULE:
PROPIONIC ACID (DAY 157 TQ 11™) & FORSKOLIN (FSK) + PPA (DAY 12™ TO DAY 44™ )

Figure 3. Proposed experimental design: propionic acid-induced behavioral and biochemical estimations.

Estimation of complete blood count (CBC) such as determination of different hematological
parameters, such as red blood cells (RBC), white blood cells (WBCs), hemoglobin (HB), hemat-
ocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), red blood cell distribution width (RDW),
neutrophils%, lymphocytes%, monocytes%, eosinophil’s%, basophils%, mean platelet volume
(MPV), platelet distribution width (PDW)%, plateletcrit (PCT)% and platelets (PLTs) was
measured in rat serum or blood sample

8. Miscellaneous

Estimation of blood glucose levels, triglycerides levels, total cholesterol levels, serum C-reactive
protein (CRP) levels

9. Inflammatory parameters in tissue homogenate-enzyme-linked immunosorbent assay (ELISA)
Estimation of TNF-a, interleukin-1{3 (IL-1f3), interleukin-6 (IL-6), interleukin-10 (IL-10)

10. Estimation of biochemical parameters in urine

Urine output, urine dipstick test

11. Histopathological and morphological sections studies

12. Immunohistochemistry

4. Future perspectives and treatment approach

Phytochemicals drugs have been used since ancient times as medicines for treatment of a range
of diseases. Medicinal plants have played a key role in world health. In spite of the great
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advances observed in modern medicine in recent decades, plants still make an important
contribution to health care. Medicinal plants are distributed worldwide, but they are most
abundant in tropical countries. Over the past decade, interest in drugs derived from higher
plants, especially the phototherapeutic ones, has increased expressively. It is estimated that
about 25% of all modern medicines are directly or indirectly derived from higher plants.
Phytomedicines are standardized herbal preparation consisting of complex mixtures of one or
more plants which are used in most countries for the management of various diseases. Other
characteristics of phytochemicals are their wide therapeutic use and great acceptance by the
population. In contrast to modern medicines, phytochemicals are frequently used to treat
chronic diseases. Phytochemicals are normally marketed as standardized preparations in the
form of liquid, solid, or various preparations. Compared with well-defined synthetic drugs,
phytochemicals exhibit some marked differences, namely:

*  The empirical use in folk medicine is a very important characteristic.
¢ They have a wide range of therapeutic use and are suitable for chronic treatments.

*  The occurrence of undesirable side effects seems to be less frequent with herbal medicines,
but well-controlled randomized clinical trials have revealed that they also exist.

¢ They usually cost less than synthetic drugs

5. Forskolin (Coleus forskohlii)

Coleus forskohlii known as phashana bedi (Telugu) a medicinal plant found in the Indian
subcontinent is widely used in the Indian system of medicine. Forskolin (FSK) (also known as
Colonels) is labdane diterpene that is obtained from the tuberous roots of Coleus forskohlii,
which belongs to the family of Lamiaceae. Coleus Forskohlii is one of the world’s most
researched plant in which FSK is believed to be the plant’s most active constituent. C. forskohlii
has been used as an important folk medicine in India. C. forskohlii is a perennial herb and
grows wild in arid and semi-arid regions of India, Nepal and Thailand; the roots have long
been used in Ayurvedic medicine [50]. In traditional medicine, C. forskohlii is commonly used
in different countries for various health disorders including cardiovascular diseases, hyperten-
sion, asthma, glaucoma and Alzheimer’s disease. Its further use in promoting lean body mass,
treating mood disorders and its anticancer activities is well known.

6. Medicinal properties of forskolin

Traditionally, the roots have been used as condiments in pickles, for preparation of pickles.
Forskolin has positive effect against a wide range of conditions such as asthma, glaucoma,
hypertension, hair loss, cancer, and obesity [51]. C. forskohlii extract (standardized to contain
95% forskolin) is potentially useful in skin care formulations, particularly as a conditioning
age. In traditional Indian systems of medicine, the roots of C. forskohlii are used as a tonic.
Other therapeutically relevant properties include anthelmintic action and efficacy in the

11
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management of skin infections and eruptions. The plant is also used traditionally in veterinary
practice (Table 1). Essential oil in tubers of this plant has potential uses in food flavoring industry
and can be used as an antimicrobial agent and has very attractive and delicate odor with spicy
note. A labdane diterpenoid is considered the active secondary metabolite because of its ability
to activate the enzyme adenylyl cyclase (Ac) thereby increasing the intracellular level of cAMP
and leading to various physiological effects [52]. FSK is shown to exert a 6-400 fold increase in
levels of cAMP. Cyclic AMP is a “second messenger” hormone signaling system as its synthesis
triggers the action of various hormones, enzymes and other biological activities that have
profound effects on local cells, as well as systemic effects, in some instances, on the entire body
[53]. FSK by passes the adrenoreceptors, increasing cAMP levels directly, thereby stimulating
lipolysis. FSK has also been shown to counteract the decreased response of fat cells to epineph-
rine, associated with aging. FSK also accelerates lipolysis through the activation of hormone-
sensitive lipase [54]. It is primarily via the increased synthesis of cyclic AMP that C. Forskohlii
may exert its medicinal influences on a significant number of common health conditions.

S.No. Pharmacological activity Mechanism of action Ref. No

i Anti-depressant FSK stimulated AC activity in rat brain and leads to 92
enhancement of the coupling between stimulatory GTP-
binding protein (G protein) and AC catalytic molecules
FSK stimulates AC and regulates brain-derived neurotrophic
factor (BDNF) and TrkB expression in the rat brain

ii. Anti-Alzheimer’s FSK-induced abipolar neuron-like cell morphology and it 93
enables neurogenin-2 (Ngn2) to convert human fibroblasts
into cholinergic neurons
Neuronal differentiation of adult rat neural progenitor cells
(NCP’s) was achieved

iii. Anti-cancer Restoration of PP2A activity with forskolin that inhibit Akt 94
and ERK activity and block proliferation and induce caspase-
dependent apoptosis in AML cell lines.

Forskolin inhibited the in-vivo leukemogenesis of imatinib
sensitive and resistant BCR/ABL+ 32Dcl3 cells in mice

iv. Antispasmodic activity increase of cAMP inhibit cramping or smooth muscle 95
contraction
V. Anti-Glaucoma Stimulates Adenylate cyclase which stimulates the ciliary 96

epithelium to produce cyclic adenosine monophosphate
(cAMP) that results in decreased aqueous humor inflow
there by decrease in IOP

Reduction of intra ocular pressure

Vi. Cardioprotective amelioration of It reduces diastolic blood pressure without increasing 97
Mitochondrial dysfunction in myocardial oxygen consumption.
cardiomyopathy Reduction of Iy, (cardiac Na + current) and overproduction

of mitochondrial ROS in deoxycorticosterone acetate
(DOCA) mouse myocytes by activating PKA and PKC

Vii. Anti-asthmatic Forskolin activation of cAMP inhibits human basophil and 98
mast cell degranulation, resulting in subsequent
bronchodilation
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S.No. Pharmacological activity Mechanism of action Ref. No

viii.  Anti-psoriasis Decreased cGMP levels that are associated with cell 99
proliferation and thus decrease cell division.
Normalizing the cAMP /cGMP ratio

ix. Hepatoprotective activity Repair of hepatic tissue damage, normalization of 100
inflammatory hepatic and necrosis
Forskolin increases cAMP accumulation, and therefore
stimulates lipolysis.

X. Anti-inflammatory Reduction in the level of Interleukin-13, 6 and 8 101
Overexpression of TANK-binding kinase 1 (TBK1) reduced
phosphorylation of hormone-sensitive lipase (HSL) in
response to FSK
Inhibit mast cell degranulation

xi. Anti-diabetic activity FSK predominantly decreased basal glucose in healthy rats 102
and attenuated the severity of hyperglycemia in diabetic rats
FSK increase intracellular cAMP, which, together with the
increase in ATP, enhance the priming of insulin granules

xii. Anti-platelet aggregation Antagonizes the action of platelet-activating factor (PAF). 103
Reduction in the extent of platelet aggregation
Induced a partial deaggregation of ADP- or collagen-
aggregated human platelets

xiii.  Inhibition cAMP-mediated phosphodiesterase inhibition. 104
of human neutrophil degranulation Reduction in the histamine release from human basophiles
Anti-histaminic activity and mast cells by modulating the release of mediators of the

immediate hypersensitivity reaction, through activation of
AC
xiv.  Smooth muscle relaxant Increase both the cytosolic Ca** concentration and the 105

cytosolic NO concentration ([NO]c) in the endothelial cells
leads to cause vasodilatation
Increases uterine smooth muscle AC

XV. Hydrodynamic alterations in collecting ~ FSK resulted in increase in osmotic water flux and hydraulic 106
tubule conductivity of the rabbit cortical collecting tubule
Anti-cystic fibrosis FSK leads to cyst formation in culture media

Table 1. Pharmacological action of FSK.

7. FSK and brain

7.1. FSK-binding sites

3H-forskolin has, for example, been found to bind to both a high and a low affinity site in rat
brain membranes [55] and the capacity of the high affinity forskolin-binding site has been
shown to be increased by the activation of N-proteins by guanine nucleotides [56]. High
affinity [3H] FSK-binding sites have been mapped autoradiographically in rat brain area such
as caudate-putamen, nucleus accumbens, olfactory tubercle, globus pallidus, substantia nigra
and the hilus of the area dentata [57] and exhibit a markedly heterogeneous distribution.
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7.2. Role of FSK in brain

FSK may activate Ac by interacting with two sites, one which may be directly located on the
cyclase molecule, and the other which is associated with O] somehow formed by the inter-
actions with the N, protein. FSK, a commonly used activator of Ac [55], elevates the
stimulation-induced release of several transmitters, such as acetylcholine, noradrenaline
and 5-hydrdoxytryptamine, from brain or synaptosomes and markedly increasing the rate
of conversion of ATP to cyclic AMP [58]. FSK directly reduces certain K + —potassium
currents in addition to its action on Ac. cAMP could increase the apparent number of Na,
K-ATPase sites by either direct or indirect mechanisms. cAMP could increase the number of
Na, K-ATPase sites by increasing cell Na + or decreasing K + though there are reports of Na,
K-ATPase stimulation that may be independent of cation changes. FSK elevates electrically
evoked acetylcholine release in the hippocampus independently of Ac activation [58]. FSK
appears to provide a new clue for elucidating the physiological role of cAMP in the synaptic
transmission in the sympathetic ganglia. FSK exerts two opposite pharmacological actions
at the synapse, i.e. a facilitation of transmitter release at the presynaptic site and a depres-
sant action on nicotinic acetylcholine receptor at the postsynaptic site. FSK reduced the
amplitude shock stimulation of preganglionic nerve. FSK induces a reversible AChR desensiti-
zation at the junctional and extrajunctional regions in rat [59]. FSK, an activator of Ac, could
increase transmitter release presynaptically in CAl neurons. FSK directly stimulates Ac and
thereby increases cyclic AMP activity, which is known to influence neurite outgrowth and
membrane trafficking in neurons. Increased cyclic AMP activity may have multiple effects on
cells including changing the direction of growing neurites [60] and increasing the density of
clathrin-coated pits and coated vesicles at plasma membranes coincident with an increased
synthesis of clathrin light chain. The cAMP effector system enhanced by FSK is involved in the
release of dopamine from dopaminergic nerve endings in the neostriatum [61]. FSK increased
dopamine formation in rat striatal slices, rat striatal synaptosomes, rat hypothalamic synapto-
somes and bovine retinal slices [62].

8. Neuroprotective action of FSK

8.1. FSK against neuroinflammation

An increase in intracellular cAMP levels through FSK to play an important role in modulating
the cytokine production. Intracellular cAMP has been reported to depress the accumulation of
tumor necrosis factor (TNF-a) an mRNA by inhibiting the transcriptional processes. Elevation of
intracellular cAMP levels induced by PDE inhibitors, FSK, prostaglandin E2, or cell-permeable
cAMP analogue also inhibited the secretion of IL-1b, whereas it increased IL-1b mRNA levels
from lipopolysaccharide-stimulated human monocytes. Although the regulatory modality of IL-
8 production by cAMP is still unclear and depends on the cell type, enhanced cAMP appears to
have favorable effects at least on airway cells by suppressing IL-8 production [63]. Therefore,
enhanced cAMP levels by have also FSK been recognized to reverse the increased pulmonary
microvascular permeability associated with ischemia reperfusion (Figure 4) [64].
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8.2. Forskolin against neurooxidation

Oxidative stress may play a role in the development and clinical manifestations of autism.
Both central and peripheral markers of oxidative stress have been reported in autism.
Peripheral markers have included lipid peroxidation levels. Increases in these markers cor-
related with loss of previously acquired language skills in autism. Furthermore, metabolic
markers of oxidative stress have been identified including abnormal levels of metabolites
signifying impaired methylation and increased oxidative stress in autism [65]. The oxidative
stress in autism may be caused by an imbalance between the generation of ROS and the
defense mechanism against ROS by antioxidants. An increase in reactive oxygen species
(ROS) results in damage to proteins, DNA, and lipids. Specifically, the interaction between
ROS and nitric oxide (NO) results in the nitration of tyrosine residues in proteins and can
alter protein conformation and function [66]. Oxidative DNA damage is also considered to
play an important role in the pathology of a number of diseases like Parkinson’s disease,
tardive dyskinesia, metal intoxication syndromes, Down’s syndrome, and possibly also in
schizophrenia, Huntington’s disease, and Alzheimer’s disease. Reactive oxygen species
including superoxide (O2.-), hydroxyl (.OH), hydrogen peroxide (H,O,), singlet oxygen
(10%) and nitric oxide (NO#®) can cause cellular injury when they are generated excessively
or the enzymatic and nonenzymatic antioxidant defense systems are impaired [67].
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Figure 4. Neuroprotective action of forskolin-mediated AC/cAMP/PKA/CREB activation.
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Moreover, FSK-mediated cAMP/PKA/CREB activation were found to inhibit LPS- and
cytokine-mediated production of NO as well as the expression of iNOS, whereas compounds
(H-89 and (Rp)-cAMP) that decrease PKA activity stimulated the production of NO and the
expression of iNOS in rat primary astrocytes [68].

8.3. Forskolin against mitochondrial dysfunctioning

The brain is strongly dependent on the ATP production of the cell energy-producing organelle,
the mitochondrion. There is a large body of evidence involving mitochondrial dysfunctions in
ASD. Palmieri and Persico, regarding ASD, oxidative phosphorylation (OXPHOS) in the
mitochondrion requires at least 80 proteins, of which only 13 are encoded by the mtDNA,
while mitochondrial functioning has been estimated to need the participation of approxi-
mately 1500 nuclear genes. Mitochondrial dysfunction is present in the brains of individuals
with ASD and may play a role in its core cognitive and behavioral symptoms. Alternatively,
mitochondria can be damaged by endogenous stressors associated with ASD such as elevated
pro-inflammatory cytokines resulting from an activated immune system or other conditions
associated with oxidative stress. Oxidative stress may be a key link between mitochondrial
dysfunction and ASD as reactive oxygen species (ROS) generated from pro-oxidant environ-
mental toxicants and activated immune cells can result in mitochondrial dysfunction. Excess
production of free radicals or impaired antioxidant mechanisms may cause oxidative stress:
impaired mitochondrial function then leads to further oxidative stress and a vicious negative
cycle can ensue. Instead, abnormal functioning appears secondary to excessive Ca2+ levels.
Mitochondrial dysfunctioning caused depletion of ATP, that further decrease the level of
cAMP. Forskolin, increase in intracellular cAMP, through the phosphorylation of CREB which
perform neuroprotective functioning associate with mitochondrial dysfunctioning [69].

8.4. Forskolin against cognitive dysfunction

Autistic brain which may reflect enhanced cortical plasticity which is defined as the process of
microstructural construction of synapses occurring during development and the remodeling of
these synapses during learning [70]. Enhanced synaptic plasticity triggers a regional reorgani-
zation of brain functions that account for both the unique aspects of autism and its variability
[71]. Activation of cAMP/PKA has been mainly implicated in stimulating learning and mem-
ory. FSK activate cAMP/CREB in hippocampal region [72].

8.5. Possible involvement of FSK in PPA-induced autism

Summarizing the whole information given above, FSK confirmed a versatile role in autism
where it activates the AC/cAMP-mediated PK,/CREB activation. Moreover, on other side FSK
act as a co-activator in brain that follows the Gs pathway through the activation of D1 receptor.
There is least availability of selective AC activation and so far only limited reports suggest
beneficial effect of FSK in neurodegeneration animal model.
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9. Conclusion

In conclusion, the current study strongly confirms that the administration of propionic acid
induces brain lesions that are similar to the behavioral, histological, morphological, biochemical,
neurochemical, and pathological features of autism. After Chronic administration of propionic
acid in the rats as proven by motor dysfunctions, biochemical and neurochemical alternations.
The literature finding in the current study reveals that adenylyl cyclase activator, that is, FSK-
mediated cCAMP/CREB activation, might be a unique platform for the prevention of neurodegen-
erative diseases. Thus in conclusion, neuroprotective and neuro restoration effects of FSK may be
due to favorable modulation of CREB-mediated signaling. The involvement of cAMP/PK,/CREB
pathway, anti-oxidant, anti-inflammatory and neuroprotective effect of test drug FSK may be the
possible mechanisms at least in part underlying the observed effects (Figure 4).

Furthermore, with cAMP/PK,/CREB signaling in regulation of neuronal functioning, the
future studies can be designed to investigate the protective and therapeutic potency of
forskolin in animal models of brain hemorrhage, Huntington’s disease and Parkinson’s disease
and to find out if cAMP-mediated CREB pathway is equally implicated in the disease patho-
genesis or progression. So, now we can finally conclude the significant mitochondrial restor-
ative effects of the FSK may be due to showing its improved motor and cognitive functions as
well as to restore the energy levels and antioxidant and anti-inflammatory defense system.
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Abstract

In the last decade, the finding that somatic cells can be reprogrammed into induced
pluripotent stem cells (iPSCs) leads to a great improvement of research involving the use
of differentiated stem cells as model of diseases. In the field of neurodegeneration, iPSC
technology allowed to culture in vitro all the types of patient-specific neurons, not only
helping the discovery of diseases” etiopathology but also testing new drugs with a per-
sonalized medicine approach. Moreover, iPSCs can be combined with the 3D bioprinting
technology, allowing physiological cell-to-cell interactions, given by a combination of sev-
eral biomaterials, scaffolds, and cells. This technology combines bioplotter and biomateri-
als which can encapsulate several types of cells, e.g., iPSCs or differentiated neurons, to
develop an innovative cellular model. iPSCs and 3D cell cultures’ technologies represent
the first step to obtain a more reliable model, like an organoid to facilitate neurodegenera-
tive diseases’ investigation.
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1. Introduction

Stem cells represent an unlimited cell source because of their property of self-renewal, and they
can also differentiate into almost all adult cell types thanks to their pluripotency characteristic
[1]. One of the main problems of stem cell research was the invasively harvesting techniques,
such as through bone marrow, adipose tissue extraction by liposuction, or blood apheresis
[2]. In 2006, the discovery that adult somatic cells can be reprogrammed into the so-called
induced pluripotent stem cells (iPSCs) has allowed to generate stem cell lines with minimally
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invasive techniques, like skin biopsy or, more recently, blood withdrawal [3]. These recent
findings has led to an outstanding increase in disease mechanisms and drug screening studies
involving stem cells, in particular for neurodegenerative diseases because of the impossibility
to obtain neural cells from patients. The ability to reprogram patient-specific cells also opens
new opportunities for the personalized medicine approach of drug discovery. Moreover, the
development of 3D bioprinting provided a useful tool to generate innovative cell cultures,
permitting to have a 3D model in which cells can be disposed with a controlled manner and
where they can grow in a tissue-like structures [4]. Obviously, 3D bioprinting opened new
possibilities in the field of tissue engineering, but it can be helpful also for disease modeling.
In fact, the generation of a 3D scaffold that can resemble the human tissues will permit to
study neurodegenerative diseases in the so-called brain in dish. Finally, the combination of 3D
bioprinting technique with iPSC technology will permit to develop one of the most realistic
and reliable in vitro cell cultures, permitting to study organoids with patients’ differentiated
cells, leading to a personalized medicine approach in drug testing.

2. Stem cells

Stem cell research is considered one of the most promising areas in cell biology and regenera-
tive medicine due to stem cells” unique properties of self-renewing and differentiation into
all types of cells. These cells represent nowadays the main tool in the regenerative medicine
field because they permit to generate cells needed for transplantation in several degenerative
diseases [1], such as rheumatoid arthritis [5], diabetes mellitus [6], heart failure [7], liver dis-
eases [8], and neurological disorders [9-11]. Moreover, stem cells represent an important tool
for modeling human diseases, in particular for diseases that affect cells that cannot be easily
collected and cultivated. One of the biggest issues in the study of neurodegenerative diseases
is the lack of good cellular models that recapitulate the mechanisms underlying their patho-
physiology, and in the last decade, stem cells played a major role in the study of these diseases.

2.1. Embryonic stem cells

The first evidence that human stem cells, called human embryonic stem cells (hESC), could be
derived from a 5-day blastocyst was reported in 1998 by Thomson and colleagues [12]. ES cells
have the ability to proliferate indefinitely and are considered pluripotent cells because they
can differentiate into all three germ layers (ectoderm, mesoderm, and endoderm) and, thus,
they can generate all the differentiated cells of the adult [13, 14]. Despite that they helped stem
cell research, they also opened many controversies because ES cells are obtained from blasto-
cyst, killing the fertilized embryo that has the potential to generate a human being [15]. The
big ethical issue on the use of hES cells encouraged researchers to understand the pathways
underlying the staminality of this kind of cells.

2.2. Induced pluripotent stem cells

The research done with ES cells and the finding of their highly expressed transcription
factors, permitted in 2006 to induce mouse’s fibroblasts to become pluripotent, by retro-
virus-mediated transduction with four transcription factors, i.e., Oct-3/4, Sox2, KLF4, and
c-Myc [16]. The following studies allowed to improve the technique, permitting to generate
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induced pluripotent stem cells (iPSCs) from adult human cells and to reprogram cells from
several tissues [15]. Moreover, it is now possible to generate iPS cells by different transduc-
tion methods (Figure 1), using different viral and nonviral constructs, as well as integra-
tive and non-integrative system approaches [17]. The best methods to reprogram cells are
the non-integrative methods, and the four main groups are available: non-integrative viral
delivery, episomal delivery, RNA delivery, and protein delivery [18]. The establishment of
human iPS cells has led to have an unlimited source of stem cells overcoming the ethical
limit of hES cells. Moreover, iPSCs can be reprogrammed from any somatic cell line of the
patients providing a way to study diseases’ mechanisms potentially for each patient, open-
ing to the so-called personalized medicine (Figure 1). Actually, many iPSCs’ lines have been
generated from patients with neurodegenerative disease, like Alzheimer’s disease (AD) [19],
Parkinson’s disease (PD) [20], amyotrophic lateral sclerosis (ALS) [21], and Huntington’s
disease (HD) [22].
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Figure 1. An overview of iPSC technology. Somatic cells can be taken from several sources, like the skin, blood, and
urine. There are many reprogramming strategies, and the best ones are the non-integrative strategies. iPSCs can be
differentiated into diverse cell lines that can be used for disease modeling, for drug discovery, and for cell replacement
therapy (the image was taken from Sharma [23]).
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2.2.1. iPSCs in Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by the
progressive loss of memory and cognitive functions. The disease leads to a severe form of
dementia that causes the death of the patient [24]. The two main hallmarks of the disease
are the accumulation of amyloid beta (Af) plaques in the extracellular compartment and the
aggregation of the tau protein in the intracellular compartment. Only 1-5% of AD cases have
a genetic cause, while in the other cases, the real pathogenesis is still unknown [25].

Many groups used and performed several studies on in vitro models with neural and nonneu-
ronal cells derived from iPSCs. For example, higher susceptibility to AB1-A[342 oligomers was
found in neuronal precursors derived from iPSC (iPSCs-NSCs) of a patient with a mutation in
the PSEN1 gene (PSEN1-A246E mutation) compared to sporadic AD patient and healthy con-
trol [26]. The authors concluded that neurons derived from AD iPSCs could be effective in drug
screening, to develop new treatments that protect cells from the toxicity of the AP peptides in the
AD brain [26]. A similar result was obtained with iPSC-derived neurons of sporadic AD patients
and of a patient carrying the pathogenic APP-E693A mutation. The study shows that these cell
lines produce intracellular A oligomers, resulting in a good cellular model of AD [27]. iPSCs
can be used to find new potential biomarkers of the disease, as suggested by Shirotani et al. that
developed an innovative method on neurons differentiated from iPSCs [28]. Moreover, induced
fAD mutations by genome editing of neurons derived from healthy controls could resemble the
pathophysiology of the disease. A decrease in endocytosis and soma-to-axon transcytosis of
LDL was found in human neurons with expression of PSEN1AE9 induced with genome editing
technology. To confirm the potential role of iPSCs in drug discovery, the authors reported that
defects were rescued by p-secretase inhibition [29]. Another study reported the generation of
an Alzheimer-related protein association network using iPSCs, demonstrating that they can be
used as drug screening model and finding a reduction of tau protein after treatment with an
inhibitor of y-secretase [30]. For drug testing, it is important that iPSC-derived neurons are well
differentiated, because it was seen that between early and late differentiation stages, cells have
different susceptibilities to drugs [31]. Genome editing technology could be used also for muta-
tions’ correction, generating an isogenic control. For example, Pires and colleagues reported
that A79V-iPSC line in combination of A79V-GC-iPSC line could be used to study pathological
cellular phenotypes related to A79V mutation in PSEN [32]. Interestingly, the role of iPSCs in
AD research was supported also by analyzing neurons derived from iPSCs of patients with
Down syndrome that usually have a high risk of developing AD early. Authors found that
such neural cells reproduce AD-like initial cellular hallmark, resulting useful for modeling this
variant of AD [33]. Finally, also nonneuronal cells derived from iPSCs could be very useful
in disease modeling and drug screening. Many pathological hallmarks were found aberrant
in astrocytes derived from iPSCs of fAD and sAD patients suggesting that astrocytic atrophy
could be a plausible mechanism for early cognitive impairment and thus opening new thera-
peutic strategies for AD intervention [34]. Another study reported changes in PSEN1-mutated
iPSC-derived astrocytes, revealing the major role of such cells and confirming the importance to
implement iPSC technology to support neurodegenerative diseases’ study [35].
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These researches suggest that iPSC-derived neurons from AD patients can help not only to
unravel disease’s mechanisms but also to screen new treatment and to find new possible drug
targets. Moreover, the authors hypothesize that gene correction is a useful tool to generate
isogenic controls or to induce AD mutations in healthy controls. Finally, iPSCs can be dif-
ferentiated into glial cells, e.g., astrocytes, which in recent years gain an important role in the
pathogenesis of several neurodegenerative diseases.

2.2.2.iPSCs in Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease after AD,
with a prevalence of 1% out of the individuals over age 60 years and 4% of the population with
an age over 85 years [36]. The most common mutations, found in about 10% of Parkinson’s
patients, are present in six genes: SNCA, LRRK2, Parkin, PINK1, DJ-1, and ATP13A2 [37].

Usually, iPSCs are differentiated into dopaminergic (DA) neurons to model PD because the
disease is characterized by the loss of DA neurons of the substantia nigra in the midbrain. Since
monogenic mutations cause an idiopathic-like disease, diverse iPSC lines of patients with Parkin
and PINK1 mutations (e.g., 2—4 exon deletions of Parkin and PINK1 Q456X) have been devel-
oped. It was seen that these cell lines present abnormalities in mitochondrial and dopamine
homoeostasis, microtubular stability, and axonal outgrowth, resulting in an optimal model
of the disease [38]. For example, many PD cell phenotypes, i.e., mitochondrial dysfunction,
elevated a-synuclein, synaptic dysfunction, DA accumulation, and increased oxidative stress
and ROS, were found in iPSC-DA neurons of patients carrying mutations in parkin (V324A)
and PINK1 (Q456X) genes [39]. The role in neurons’ maturation of elevated a-synuclein caused
by SNCA gene triplication was investigated in a cellular model obtained from PD-derived
iPSCs. The author has claimed that such triplication leads to the impairment of differentiation
and maturation of iPSCs [40]. An electrophysiological characterization of control dopaminer-
gic neurons derived from iPSC was provided by Hartfield and colleagues that confirmed that
these cells have the physiological hallmarks of dopaminergic neurons previously reported only
on rodent slice. These results suggested that such cells can be considered a useful tool for the
physiological study of PD [41]. Moreover, several evidences suggest that PD is not only a brain
disease but also a gastrointestinal disorder; thus, Son and colleagues differentiated iPSCs car-
rying an LRRK2 G2019S mutation in both neural and intestinal phenotypes, providing the first
evidence that G2019S mutation causes significant changes in gene expression also in the intesti-
nal cells [42]. Interestingly, the pathologic phenotype was reversed in cortical neurons derived
from iPSCs of patients mutated in SNCA using a small molecule found by yeast screening,
opening new possibilities in drug screening and testing [43]. Finally, iPSCs have allowed an
innovative co-culture of microglial cells and cortical neurons, displaying a unique cytokine
profile impossible to obtain without iPSCs [44]. iPSCs were proposed to be used for tissue
transplantation, and Kikuchi et al. achieved the transplantation of human iPS cell-derived
dopaminergic neurons in a primate model of PD treated with MTPT. The authors reported an
increase in spontaneous movement of the monkeys, demonstrating for the first time that such
transplantation could be clinically applicable for the treatment of PD patients [45].
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The studies previously reported hypothesize that iPSC-derived neurons from PD patients can
be very useful in the research of PD pathophysiology and to find new therapeutic targets for
innovative drugs. Moreover, the possibility to differentiate iPSCs into nonneuronal cells, such
as microglial and intestinal cells, will help to unravel the role of immunity response and the
gastrointestinal disorder that affect PD patients.

2.2.3. iPSCs in amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is the most prevalent motor neuron disease and is character-
ized by the progressive loss of upper and lower motor neurons (MNs), leading to muscle atro-
phy, paralysis, and finally death usually after 2-5 years from the first diagnosis [21]. Also for ALS
the cause is still unknown, but in about 5-10% of cases, several genes are found mutated, among
which are SOD1, TARDPB, and FUS [46]. Moreover, in 2013 the GGGGCC-hexanucleotide
repeat expansion in C9orf72 locus was found in many familial and sporadic cases of ALS [47].

MNs derived from iPSCs are the most common neural cell type used in ALS involving the use
of stem cell differentiation. For example, an increase in oxidative stress and in DNA damage
was found in iPSC-derived C9ORF72 MNs, confirming that the reduction of oxidative stress
could help to delay patients” death [48]. Moreover, MNs derived from iPSCs with induced
mutation in FUS (P525L) were used to investigate the transcriptome and microRNA, finding
an alteration of both in pathways with implications for ALS pathogenesis [49]. The role of
astrocytes was also investigated in both sporadic and VCP mutant patients, suggesting that
in ALS patients, the co-culture between MNs and astrocytes causes alterations in both cell
types [50, 51]. Moreover, the genetic correction allowed to study pathways implicated in ALS,
like Bhinge and colleagues that found that the activation of AP1 drives neurodegeneration
in genetic corrected SOD1 mutant MNs [52]. Small-molecule compounds that regulate IGF-2
expression were found to increase MN resilience, screening the compounds in iPSC-derived
MN:s [53]. Another example is given by Egawa and colleagues that firstly generated and char-
acterized MNs from iPSCs of patients carrying TDP-43 mutations. They found some patho-
logical hallmark, such as short neurites and abnormal-insoluble TDP-43. Then, they tested
trichostatin A, spliceostatin A, garcinol, and anacardic acid and found that the last one, an
inhibitor of histone deacetylase, rescued the pathogenic abnormalities like TDP-43 mRNA [54].
All these researches suggest the increasing importance of iPSCs as model for drug screening.

These works suggest that MNs derived from iPSCs of mutated and sporadic ALS patients can
be a helpful tool to study both disease mechanisms and drug screening. Several investigations
can be done in iPSC-derived MN cellular models, e.g., oxidative stress, DNA damage, and tran-
scriptome. The co-culture between astrocytes and MNs can give information about how they
interact with each other and whether this interaction could have a pathophysiologic role in ALS.

2.2.4.iPSCs in Huntington’s disease

Huntington’s disease (HD) is characterized by loss of neurons mainly in the caudate nucleus,
the putamen, and the cerebral cortex with affection in a later stage of other areas, e.g., the
hippocampus and hypothalamus [55]. Despite other neurodegenerative diseases, the cause
of HD is well known; in fact it is an autosomal dominant genetic disorder caused by an
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expansion mutation of the trinucleotide (CAG) repeat in the HTT (IT15) gene, encoding a
350-kDa protein called Huntingtin (HTT) [56]. Even though the genetic cause is clear, the
mechanisms through which mutant HTT results in the degeneration of some types of neurons
are still unclear. Thus, studies on HD models are needed in order to discover treatments.

As the neurodegenerative diseases previously reported, also for HD, neurons differentiated
from iPSCs of patients helped to understand the role of mutant HTT gene and the mecha-
nisms that lead to the pathology. For example, early molecular changes in intracellular signal-
ing, expression of oxidative stress proteins, and p53 pathway both in iPSCs and in neurons
differentiated from them were reported [57]. Another study reported changes in neuronal
development and adult neurogenesis, exploiting the iPSC capacity to model also embryonal
development [58]. The generation of iPSCs from a patient that presents an expansion in the
HTT gene without any symptom is very intriguing. The generation of iPSCs in an early stage
of HD will allow to study the pathological process and the abnormal changes that lead to the
pathology [59]. The possibility to differentiate iPSCs into neurons opened the possibility to
discover new therapeutic targets, e.g., pre-mRNA trans-splicing modules [60]. Finally, the
role of glial cells was investigated in several studies, among these who studied it were Hsiao
and colleagues that reported that HD astrocytes provide less pericyte coverage by promoting
angiogenesis and reducing the number of pericytes [61]. Finally, in a mouse cell model of HD,
many but not all pathological hallmarks of HD were found. This result suggests that nonhu-
man iPSCs must be used carefully when translated into human pathology [62].

The researches previously reported highlight the importance to have a realistic model of the
disease to study mechanisms that lead to neurodegeneration and iPSC-derived neurons that
represent as a useful tool. They can be used also to perform a study of drug discovery and
drug screening, to better understand the effect of chemicals in neurons. Moreover, the pos-
sibility to differentiate iPSCs in nonneuronal cells, such as astrocytes, helps to discover the
role of glial cells in HD pathogenesis.

3. 3D bioprinting

The term bioprinting was used for the first time in 2009 by Mironov with the release of the
first issue of the journal Biofabrication, a magazine that took its name from the eponymous
term biofabrication. While the term biofabrication is intended to indicate natural processes
such as biomineralization, the term bioprinting is defined by Guillemot in 2010 as [63, 64].

The use of computer-aided transfer processes for patterning and assembling living and non-
living materials with a prescribed 2D or 3D organization in order to produce bio-engineered
structures serving in regenerative medicine, pharmacokinetic and basic cell biology studies.

3D bioprinting is an emerging technology, used for the manufacture and the generation
of artificial tissues and organs [65], adding new approaches to tissue engineering (TE) and
regenerative medicine, such as the manufacture of scaffold to support cells, as well as in situ
deposition of cell suspensions [63]. Bioprinting technology has allowed to overcome several
limits, such as the control of in vitro 3D biological structures and cellular distribution [66].

31



32

Recent Advances in Neurodegeneration

Bioprinting, through the use of hardware and software, has been used in particular for the
design of three-dimensional structures, allowing the creation of “organoids” for biological
and pharmacological studies, and to repair and replace human tissues.

3.1. Bioprinting and bioplotter techniques

Bioprinting can be distinguished on the basis of the bioink printing technique, allowing to
change the printing processes according to the needs that the different cell types require: ink-
jet, laser, and extrusion (Figure 2) [65]. In addition to the specific printer characteristic, each
bioplotter must have common functionalities. The most important is the presence of a robotic
displacement system that can move along the three Cartesian axes, x, y, and, for the 3D char-
acteristics, z. Usually, the bioink is extruded from a dispenser, but it is possible to have more
dispensers, permitting to have different bioinks in the same scaffold. One of the most recent
techniques allows a coaxial extrusion, with a bioink that is surrounded by a second bioink. The
sterility of the printout is usually guaranteed by the presence of sterile chamber with laminar
flow system. If the bioplotter is quite small, this problem could be overcome by simply placing
the bioprinter under a classic cellular hood. Finally, the presence of a dedicated software for the
supply of bioink and for the high-resolution control of the design of the construct to be printed
is essential [65].
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Figure 2. On the top the most used printing processes are extrusion-based (performed by piston, pneumatic method, or
screw), inkjet-based operated by a piezoelectric actuator, and laser-assisted (composed of an energy-absorbing slide and
a donor slide that collect the discharged bioink droplets). On the bottom the complexity of the 3D bioprinted construct,
composed of a natural biocompatible material (e.G., alginate), cells, functional peptides, and other biocompatible
materials. (the image was taken from Axpe and Oyen [67]).
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First, bioplotters that appeared on the market were intended for a purely industrial use, since
they had a high price. The costs limited their development and related researches. With the
advent of technology and knowledge of bioprinting, we have witnessed the birth of multiple
models of bioplotters, each with characteristics that reflect the needs of the individual creator
[12, 13], e.g., increasing the number of nozzles for simultaneous extrusion of several materials
[68] and changing the type of technology that controls the nozzle.

3.1.1. Inkjet bioplotter

Inkjet bioplotter was the first technique used in the 1980s in offices and then for domestic
use. It was readapted around the year 2000 to be used as a biological printer, replacing the
normal ink with a bioink, containing cells and biocompatible materials [69]. Droplets of the
biomaterial are extruded from very small orifices, deposited on a substrate, maintaining good
cell dispersion, viability, and functionality, even with different cellular types [70]. The stream
can be continuous, command-driven (drop on demand), and electrodynamic. Both piezoelec-
tric and thermal inkjet printers have been readapted for biological printing, offering many
advantages in terms of simplicity, versatility, and material control, both in terms of quantity
and speed in the printing process [71].

3.1.2. Laser technology

Laser-based direct writing was introduced in 1999 and is one of the most used laser-based
bioprinting techniques [72]. The technique involves a layer with biological material (donor
layer) and a layer that collect cells (acceptor layer) that are pushed by the laser through the
first layer. The pulsation of the laser creates bubbles which in turn generate a shockwave,
forcing the cells to pass from the donor layer to the acceptor layer. This technique allows to
have a good resolution but has some disadvantages, such as irreversible damage to the cells
because of the heat and light generated by the laser [65].

3.1.3. Extrusion-based bioprinter

The advent of TE has allowed extrusion technology to be thoroughly studied and applied to
the field of bioprinting, for the generation of living tissues. Extrusion technique includes a com-
bination of different delivery systems combined with an automatic robotic system for extru-
sion and 3D printing [73]. Deposition of the material takes place through extrusion to form a
cylindrical filament made of a biocompatible gelatinous material, in which the cells are encap-
sulated, maintaining the desired three-dimensional structure [74]. This type of extrusion can
be pneumatic or mechanical. Mechanical extrusion involves the use of a piston, which guides
the deposit of the material allowing a good flow control through the nozzle, or a screw, which
allows the extrusion of more viscous substances, but which can cause leakage of pressure,
causing damage to cells. This technique also has some limits, particularly during the develop-
ment of the biomaterial which must have the right viscosity to be extruded and the ability to
be easily homogenized with cell suspension and to maintain three-dimensional structure [65].

3.2. Hydrogel and bioink

One of the fundamental elements that characterize the bioprinting process is the development
of biomaterial, which must have specific characteristics: biocompatibility, printability, and

33



34 Recent Advances in Neurodegeneration

ability to maintain a three-dimensional structure once printed and maintained in culture [65].
The main feature of the hydrogel, biocompatible material used as a three-dimensional support
for cell growth, is the ability to be extremely hydrophilic, making it an excellent candidate in
terms of biocompatibility for its use in bioprinting. It was initially used in TE because it was
able to simulate the extracellular matrix, guarantying cell growth and communication [75].
Biomaterials are divided, According to their derivation, biomaterials are divided in natural or
synthetic compunds. There are naturally derived polymers such as sodium alginate, gelatin,
collagen, chitosan, fibrin, and GeIMA [76-78] and synthetic polymers such as Pluronic®, poly-
ethylene glycol (PEG), and polyurethanes [79, 80]. Over time, it has been seen how the natural
compounds are more performing when placed in contact with the cells than the synthetic
ones. Several cell types associated with different biomaterials to compose the bioink have
already been used in several research areas, where cellular viability and motility have been
demonstrated, as well as a spatial organization similar to in vivo tissue [81]. To create a new
biomaterial, we must consider different physical, mechanical, and biological characteristics
that are close to the tissue we want to recreate. Thus, researchers tend to create a combination
of biomaterials for each cell type, and with well-defined printability specifications, so as to
make the process as standardized and reproducible as possible, despite being a very open
field and full of new developments. New-generation bioinks are now able to maintain each
of these characteristics, thus improving the success in terms of bioprinting. All this is possible
if particular attention is paid to the following chemical, physical, and biological properties:
rheological studies (viscosity, thinning, viscoelasticity), biofunctional analysis, biodegrada-
tion, and polymerization (cytocompatibility, cell adhesion, migration, proliferation, and dif-
ferentiation) [82]. One of the most important features that has different biomaterials is the
ability to cross-link once the bioink has been printed, reticulating the bioink in which cells are
encapsulated, without affecting the viability, the differentiation, and the capacity of migration
[83]. The ability to polymerize depends on the material used; for example, collagen needs
chemical cross-link, through covalent bonds that bind free amines or carboxylic groups of col-
lagen that is able to reticulate, also through a biological process, and through the interaction
with transglutaminase. Other compounds, such as sodium alginate, use an ionic cross-link:
divalent cations such as Ca?" bind to two sodium alginate residues, cross-linking the struc-
ture. UV radiation is a very promising cross-link technique given its reaction speed but with
many questions regarding the possible damage induced to the cells included in the material.
Other materials, such as gelatin and agarose, are heat-sensitive, so they are used during the
printing process at the melting temperature and then stiffened with cooling [84-87]. One of
the most common types of bioink used in bioprinting techniques is the so-called cell-laden
hydrogel, which includes natural hydrogels such as agarose, sodium alginate, chitosan, col-
lagen, gelatin, fibrin, and hyaluronic acid and synthetic hydrogels such as Pluronic® and
PEG. Hydrogels can be used with the most common bioplotter that mount different printing
techniques, allowing the creation of bioinks that combine the advantages of the natural mate-
rial with the advantages of synthetic materials [88]. Recent findings have shown also the pos-
sibility to transfect cells with target DNA or plasmid, directly during the bioprinting process
[80]. A new promising method to develop bioinks is the base on decellularized extracellular
matrix. This kind of bioink consists in eliminating cells from a tissue of interest, keeping intact
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the extracellular matrix that is then pulverized and subsequently used as bioink once dis-
solved in a saline buffer. Finally, the cell suspension bioinks, characterized by a print that
does not have a support material, like a scaffold, are also very common. It uses aggregates of
cells in culture medium, placed in mono- or multicell spheres [73]. This technique is based on
the liquidity of the tissue and its fusion, such as to allow cells to assemble, merge, and create
cell-to-cell interconnections [89, 90]. Organovo was the first medical research company that
used this technique to create functional human tissues. They developed a liver model using
parenchyma cells and an extrusion printer of their own creation [91].

4. 3D bioprinting and neurodegeneration

In the last decade, the possibility of replacing dead cells in degenerative processes affecting the
central nervous system opened the way for a more intense and accurate study of stem cells and
their possibility of replacing damaged tissue [92]. It was also thought to exploit the ability of
stem cells to secrete cytokines and growth factors, offering benefits such as anti-inflammatory
effects, protection of neural cells, and endogenous recovery systems. Transplanting these cells
into damaged sites presents various problems such as low cell survival and limited engraft-
ment [93]. To minimize these problems, it was decided to use three-dimensional scaffold print-
ing that mimics the complexity both from the biological and functional points of view of the
tissue to be replaced [94].

The manufacture of three-dimensional prefabricated scaffolds has already given positive results
in the treatment and repair of spinal and nerve damage but with a great limitation in terms of
control of the external shape of the scaffold and of its internal architecture [95, 96]. These prob-
lems have been overcome with the 3D bioprinting, which leaves the operator complete freedom
regarding the shape, the material, and its internal architecture. The recent developments in the
field of 3D bioprinting are mostly aimed to the field of regenerative medicine, to respond to the
growing demand for tissues and organs for transplants, arriving only later for this technology
to be applied to basic scientific research. Until now only few studies have focused on using 3D
printing applied to the creation of neural tissue compared to other widely studied tissues such
as the skin, bones, heart tissue, and cartilaginous structures [97]. The few studies published so
far, in which they use nerve cells in 3D printing processes [98, 99], show a poor characterization
of bioinks to be used for nerve cells, due to the delicacy of the tissue to be recreated and of the
characteristics necessary for the optimal growth of the nervous tissue [94]. Recently, researchers
also think that the nervous tissue printed in 3D may be used for the neural regeneration, a huge
possibility in the field of neurodegeneration to replace degenerated neural tissue [78, 80].

The creation of nerve tissue by bioprinting is also used for pharmacological studies, for toxi-
cological screening, and for basic research. It is necessary to underline how this field is still in
its infancy and how it is necessary to validate this model for the applications described up to
now, to be sure that the model completely recapitulates the pathophysiology that we want to
investigate with this tool [94] in particular with regard to neurodegenerative diseases.
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5. Conclusions

In the last decade, two groundbreaking discoveries, i.e., somatic cell reprogramming into iPSCs
and 3D bioprinting, changed the way to modeling diseases, in particular for those pathologies
which are hard to study in simple cell cultures, such as neurodegenerative diseases. The first
one is permitted to obtain neural cell cultures in few months starting from adult somatic cells,
like fibroblasts and PBMCs, while 3D bioprinting consists in the print of hydrogel and cells, to
generate models that imitate tissue characteristics. While iPSCs are differentiated into neurons
in many papers for disease modeling, 3D bioprinting is actually used for few tissues, like the
cartilage, bone, and heart. Neural 3D cell cultures are still in development, there are no target
bioinks, and the studies that combine neuronal cells and 3D bioprinting are more complicated
than other tissues because of the fragility of such cells. Despite this hurdle, the possibility to
create an in vitro neural tissue would open many fields of research that today are unreachable,
first of all the opportunity to study the 3D spatial connection between different neuronal popu-
lations and how they communicate with each other. In combination with iPSC technology, we
can create a physiological model to understand physiological and pathological mechanisms
and to better understand mechanisms underlying neurodegenerative diseases.

Finally, the combination between 3D bioprinting and iPSC technology will open not only new
possibilities in many fields, drug screening, replacing expensive in vivo experiments, and
overcoming animal models’ issues, but also personalized medicine thanks to the use of cells
derived from patients. More intriguingly, the generation of a 3D neural tissue composed of
patient’s cell will allow the so-called neuro-regeneration, opening the possibility to replace a
degenerated tissue.
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Abstract

Alzheimer’s disease (AD) and Parkinson’s disease (PD) constitute the main causes of
dementia worldwide and the major health threats to elderly people. Moreover, with
the ageing of the global population, neurodegenerative disorders, such as AD and PD,
constitute a major public health issue. Regrettably, significant advances regarding the
molecular aspects of these diseases have not yet been translated into real improve-
ments in AD/PD therapeutics. In this regard, both AD and PD are highly complex
and involve critical molecular events governing the establishment and progression
of each disease. Moreover, molecular alterations trigger pathophysiological cascades
involving the immune/inflammatory response, oxidative stress, and mitochondrial
dysfunction, among others, ultimately leading to neuronal death. Similarly, these
alterations also affect glial cells and brain vasculature, which contribute directly to
the progression of these disorders. Accordingly, the present paper aims to summarise
the main molecular elements related to AD and PD as well as the pathophysiologi-
cal implications of such alterations to improve our understanding of the cellular and
molecular responses observed during neurodegeneration. We believe that providing a
more comprehensive view of the pathophysiological cascade, including neurons and
glial cells, might prompt researchers to widen neurodegenerative disorder research
and therapeutic approaches.
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1. Brief introduction to ageing

Undoubtedly, the increased life expectancy of the global population constitutes a major
achievement of the modern world. However, it has also opened a gate for the development
of age-related conditions that are far from completely understood. In this regard, age-related
diseases, particularly neurodegenerative disorders, currently constitute a public health focal
point. Accordingly, in recent years, much attention has been focused on understanding both
the physiology of ageing and the critical events driving pathological ageing with the subse-
quent development of different age-related disorders, such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD) [1].

In this regard, ageing constitutes a natural, highly complex process that involves the pro-
gressive decay of several biological systems. Moreover, genetic and epigenetic heterogeneity
introduces variation in the ageing process from one individual to another [2, 3]. In addition,
an increased lifespan implies longer exposure to environmental pollutants that able to inter-
act and modify different biological molecules, including DNA, not only affecting the func-
tionality but also favouring the insurgence of several chronic degenerative disorders (http://
www.iarc.fr). Indeed, an altered DNA repair system, systemic and cellular redox imbalance
related to mitochondrial dysfunction, sustained pro-inflammatory conditions and impaired
immune system functionality are some of the several age-compromised homeostatic systems
that can be at the root of pathological changes observed during ageing. Relevantly, and as
occurs in other chronic degenerative processes, the breakdown of the homeostatic control
and the verification of these alterations seem to depend not only on the impairment of one of
the compromised systems but also on the concomitant failure of and crosstalk among others.

As an example, it can be noted that although a reduced methylation status has been rec-
ognised as a common condition of the aged genome, the promoter hypermethylation of
some genes, with subsequent gene silencing, has also been described [2, 4-7]. The promot-
ers of MutL homologue 1 (MLH1) and MutS homologue 2 (MSH2), both part of the DNA
mismatch repair system (MMR), have been reported to be hypermethylated due to arsenic
exposure, suggesting an epigenetic-induced DNA MMR impairment that will increase the
susceptibility of aged subjects to DNA damage [8]. Whether additional environmental pol-
lutants or inner cellular metabolism end-products can modify the epigenetic control of such
relevant mechanisms is an open question [9]. It is important to highlight that both MLH1
and MSH2 are related to the control of the impact that oxidative damage causes on DNA,
and both have been observed to decrease during ageing [10]. Concomitantly, and in accor-
dance with Harman'’s free radical theory [11], the redox balance has been well characterised
in aged subjects, indicating that along with the age-related increased production of reactive
oxygen and nitrogen species (ROS/RNS), mainly due to mitochondrial failure, the capability
of different tissues, including the brain, to buffer ROS/RNS is diminished, as indicated by an
increased oxidative status in older subjects [12, 13]. Indeed, the activity of the main ROS/RNS
scavengers, including superoxide dismutase (SOD), catalase (CAT), glutathione (GSH) and
glutathione peroxidase (GPx), has been demonstrated to decay with ageing, favouring ROS/
RNS-related damage, such as lipid peroxidation, protein denaturation and DNA mutations
[14, 15]. Moreover, mitochondrial dysfunction, which also constitutes a key element in ageing,
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is considered one of the major components of the neurodegenerative process observed in both
AD and PD. Importantly, beyond the energy impairment, mitochondrial alterations contrib-
ute significantly to the increased production of ROS/RNS, increasing the oxidative pressure on
the redox equilibrium (Figure 1).

On the other hand, it has been well established that chronic exposure to increased levels of pro-
oxidant species leads to the concurrent activation of the immune system and triggering of the
inflammatory cascade, both further sustained by the release of several pro-inflammatory medi-
ators, such as several interleukins (IL-1, IL-6, IL-8) and interferon-y (IFN-y) [16-19]. Moreover,
inflammation and the immune response both involve nuclear factor kb (NFxb), a common
point that crosslinks both responses. While toll-like receptors (TLRs), which are activated by
different subcellular molecular components (damage-associated molecular patterns, DAMPs),
signal through NF«kb to release several pro-inflammatory cytokines, leading to activation of the
immune response, the very same NFkb constitutes an oxidative stress sensor, connecting the
increased levels of ROS/RNS with activation of the inflammatory cascade [20, 21]. Additionally,
it must be considered that immunocompetence is usually compromised in aged individuals,
and several authors have shown that this decay is closely linked to the altered epigenetic control
of several immune-related genes [22-24]. Altogether, this evidence suggests that the difference
between “normal” and pathological ageing lies in the subtle equilibrium of different homeostatic

PD
AD
Environmental Challenge

Pro-inflammatory mediators Anti-inflammatory mediators
ROS/RNS Antioxidants

Mitochondrial dysfunction Mitochondrial proper function

DMA repair system failure Proficient DNA repair system
Whnit signaling downregulation Wni signaling

Healthy Aging
Equilibrium

Figure 1. Homeostatic balance against pathological ageing, Alzheimer’s disease (AD) and Parkinson’s disease (PD).
The delicate balance that sustains healthy ageing can be broken under several conditions. Environmental challenges,
pathological processes, such as AD and PD, or ageing itself might introduce further pressure in different homeostatic
systems, including the immune and redox systems. Moreover, the complex network of molecular alterations, organelle
dysfunction and cellular signalling, among others, increases the difficulty of properly addressing the cloudy edge
between healthy ageing, pathological ageing and age-related disorders.
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systems that can become imbalanced with any additional external/internal stimulus, leading to
failure of biological systems and the development of diverse pathological hallmarks.

In the following sections, we will summarise the most relevant aspects of AD and PD and the
key elements of each pathophysiological process in the context of the delicate balance of an
aged system.

2. Molecular event-driven neurodegeneration: lessons from
AD and PD

AD and PD constitute the two most common age-related neurodegenerative disorders [1, 25],
and their prevalence is expected to increase together with the ageing of the human popula-
tion [1]. Although they are different entities, both disorders share some similarities regarding
pathophysiological processes (Figure 2).

2.1. Alzheimer’s disease

In general terms, AD compromises patient memory and cognitive performance. Initially mani-
festing as mood instability, the clinical scenario progresses from the compromise of short-term
memory to the loss of long-term memory. As superior functions are lost, patients become abso-
lutely dependent on a caregiver to complete even the most elementary tasks. Atrophy of the
frontal cortex, limbic area and hippocampus due to neuronal death are the basis of these clinical
alterations. Histopathologically, AD shows the extracellular accumulation of amyloid p (Ap)
plaques and the intraneuronal formation of neurofibrillary tangles (NFTs) composed of hyper-
phosphorylated tau protein [26]. However, even when these molecular events are considered the
hallmarks of AD, these alterations are accompanied by an increased oxidative stress status, mito-
chondrial dysfunction and a chronic inflammatory response, among others, which ultimately
serve to explain the synaptic damage, neuronal loss and neuronal circuitry breakdown [26, 27].

Relevantly, although AD constitutes an age-related disorder, an early onset presentation linked
to the genetic background should not be omitted. In this regard, while late-onset AD (LOAD) is
associated with patients over 65 years old, familial or early-onset AD (EOAD) appears before
this threshold, with cases reported as soon as 30 years old. Of course, in EOAD, there is a
relevant genetic background in at least three genes (amyloid precursor protein, APP; presenilin
1, PSENT; and presenilin 2, PSEN2). On the other hand, in the case of LOAD, age and lifestyle
are considered to be the main causative factors. Importantly, the apolipoprotein E epsilon 4
(ApoEe4) allele has been identified as a relevant risk factor for both presentation forms [28].

Independent of the presentation form, and as noted previously, Af deposition and NFT
formation constitute the key molecular features of AD. Moreover, considering that each of
the additional pathological alterations often observed during progression of the pathologi-
cal process can be derived from each of these two hallmarks, each of them has led to the
development of individual hypotheses. Although the crosstalk between the amyloid and tau
hypotheses is evident, it must be noted that the scientific community has not yet agreed on
which one encompasses the whole spectrum of the disease, and the aetiological trigger of the
pathological molecular cascade remains unknown.
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ALZHEIMER DISEASE PARKINSON DISEASE

Figure 2. Alzheimer’s disease (AD) and Parkinson’s disease (PD). Pathological milieu overview. AD and PD are highly
complex disorders. In both cases, in addition to the molecular hallmarks, cellular alterations are verified. Although
several risk factors have been identified, the aetiology of both disorders is still unknown. AD is characterised by neuronal
loss, mainly in the hippocampus. The pathognomonic feature of AD is the deposition of amyloid-p aggregates (senile
plaques) and the formation of neurofibrillary tangles composed of hyperphosphorylated tau protein. These molecular
alterations not only affect neurons but also induce microglial and astrocytic activation, leading to the release of several
pro-inflammatory mediators. Additionally, cellular and molecular events will cause an increased production of reactive
oxygen/nitrogen species, which will further damage the surrounding neurons and activate the surrounding glial cells,
perpetuating the inflammatory response. In contrast, PD is characterised by the loss of dopaminergic circuitry beginning
at the basal forebrain (substantia nigra pars compacta (SNpc), nucleus accumbens and ventral tegmental area (VTA))
and spreading to the striatum. The molecular hallmark of PD is the formation of Lewy bodies and neurites, which
are composed of aggregated a-synuclein (SNCA), causing severe cellular stress affecting the cytoskeleton, neuronal
trafficking and the synthesis of dopamine because of the direct inhibition of tyrosine hydroxylase (TH). SCNA can be
exocytosed, causing it to be internalised by astrocytes, where it can further aggregate. Similarly, it will cause microglial
activation. Neurons, astrocytes and microglia release pro-inflammatory mediators as well as ROS/RNS. A common
feature of both disorders is mitochondrial dysfunction, which can be due to the pathological process or the result of the
homeostatic imbalance verified during abnormal ageing.

Even with several additional hypotheses having been developed since the first description
of AD by Dr. Alois Alzheimer, including the “cholinergic hypothesis” [29], from our limited
expertise in the field, we approach AD considering the increased production and subsequent
accumulation of Ap within the brain as the starting point. Indeed, synaptic failure, mitochon-
drial dysfunction, tau hyperphosphorylation, glial activation and neuronal death, among
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others, can be explained by the Af dynamics [27, 30]. According to this theory, AD results
from the increased levels of Af, a 37- to 49-amino acid peptide derived from the proteolytic
processing of APP, because of an unbalanced production/clearance rate [31-33]. In this regard,
under the AD scenario, the non-amyloidogenic processing of APP, carried out by the alpha
(o) and gamma (y) secretases, which leads to the release of soluble APPa (sAPPa) and the p3
fragment, is overwhelmed by amyloidogenic processing, with beta (f) secretase (BACE1) as
the main player, leading to an increased release of the neurotoxic A peptide [30, 33]. On the
other hand, under balanced physiological conditions, Af is cleared to the blood stream and
cerebrospinal fluid (CSF), with the involvement of ApoE, the Ap chaperone [30, 31], through
several transporter proteins, including members of the ATP-binding cassette family of trans-
porters, such as ABCB1, ABCC2 and ABCG4, and the low-density lipoprotein receptor-related
protein/ApoE receptor (LRP/APOER), the main receptor responsible for Ap clearance through
the blood-brain barrier (BBB) [30, 34-36]. ApoE deficiency/incompetence (ApoEe4), altered
Ap-related transporter expression, choroid plexus and BBB damage will impair AP clearance,
increasing brain Ap levels. Additionally, the reduced activity of Ap-degrading enzymes, such
as disintegrin and metalloproteases (ADAM 9, 10 and 17A) and neprilysin, will further con-
tribute to its accumulation within the brain [32, 33, 37-40]. At this point, the increased levels
of AP will favour its self-aggregation, leading to the formation of different Ap species, such as
oligomers, fibrils and/or even larger aggregates, such as plaques [26, 29]. Moreover, the pres-
ence of APP together with its proteolytic machinery within the subcellular compartments,
such as the Golgi and endoplasmic reticulum (ER), as well as the presence of Af peptide in
the mitochondria, suggests that the intracellular APP dynamics can also be part of the patho-
logical scenario along with the extracellular accumulation of Af peptide. Indeed, it has been
demonstrated that in the presence of high levels of Af, the peptide can enter the cell through
the presynaptica 7 nicotinic acetylcholine receptor and that this influx could be the basis for
tau hyperphosphorylation, thereby causing neurite atrophy and synapse failure [30].

2.2. Parkinson’s disease

PD is the second most common neurodegenerative disorder and can be classified as a synu-
cleinopathy. It is characterised by failure of the dopaminergic circuitry because of the loss of
dopaminergic neurons of the substantia nigra pars compacta (SNpc). Histopathologically,
PD shows neuronal inclusions of aggregated a-synuclein (SNCA) protein in both the cell
soma and neurites, forming Lewy bodies and neurites [25]. Although the effects of the loss
of dopaminergic neurons help to explain the symptomatology, mainly associated with motor
compromise, the mechanisms by which SNCA aggregates in relation to the whole molecular
and clinical picture have remained elusive. Ranging from non-motor symptoms, including
hyposmia and sleep disturbances, PD progresses to bradykinesia and rigidity and can be
accompanied by impairments in memory, mainly prospective memory [25, 41, 42].

Similar to AD, genetic background also accounts for a small proportion of PD cases worldwide.
B-Glucocerebrosidase (GBA), leucine-rich repeat kinase 2 (LRRK2), SNCA, parkin (PRKN),
protein/nucleic acid deglycase (DJ1) and phosphatase and tensin homologue (PTEN)-induced
putative kinase 1 (PINK1) have been recognised as the most relevant genes associated with
PD presentation [25, 43]. On the other hand, sporadic PD has been related to age and lifestyle,
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mainly regarding exposure to different types of chemicals, including agrochemicals and
drugs [25, 44]. With the increase in life expectancy, the global PD prevalence is expected to
double over the next decade.

As noted previously, independent of the presentation form, SNCA aggregates constitute the
pathological hallmark of PD. In this regard, SNCA corresponds to a monomeric 140-amino
acid protein localised at the presynaptic terminal, which is thought to be involved in the
recycling of synaptic vesicle pools [45—-47]. Although 50% of the protein can be found at the
cytosolic level within the terminals, the remaining SNCA is associated with the membrane
of both vesicles and early endosomes. Indeed, SNCA has been described as a chaperone pro-
tein of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
proteins [48]. However, the mechanisms related to the interaction of SNCA with SNARE or
additional presynaptic proteins, such as Piccolo/Bassoon or Rab, and its function in regulat-
ing the dynamics of the synaptic terminal are still unknown [43, 49, 50]. Under pathological
conditions, SNCA changes from a monomeric membrane-associated protein to an unbound
monomer capable of forming B-sheet aggregates, which ultimately will form SNCA amyloid
fibrils [50-52]. Moreover, SNCA can not only interfere with tyrosine hydroxylase, the dopa-
mine synthesis enzyme, affecting both its expression and activity [53], but also interact with
the dopamine transporter (DAT) [54]. At this point, and considering the altered synaptic ves-
icle dynamics, the dopaminergic synapse is severely compromised, constituting the basis of
the PD synaptopathy. Additionally, similar to AD, this initial molecular event can be related
to the additional features observed during the pathological process, including mitochondrial
dysfunction, increased oxidative stress, and neuroinflammation.

3. Pathophysiological cascade in AD and PD

3.1. Inflammation and the CNS

Immunocompetence constitutes a fundamental feature for ensuring the preservation of any
living organism. The rapid and coordinated elimination of potentially harmful elements is
critical to maintain organism homeostasis and prevent irreversible damage to biological sys-
tems. In this regard, the innate and adaptive immune systems constitute the two subsystems
that able to detect and induce a primary unspecific response to pathogens, coordinate a sec-
ondary response and develop an immune memory, the hallmark of adaptive immunity. As
the first response element, the innate immune system depends on the effectiveness of several
unspecific elements, including physical and chemical barriers, the complement system, the
activity of surveillance cells, and inflammation. Through these complementary elements, a
fundamental physiological process is triggered to constrain the insult and repair the damage.
In general, whether because of a pathogen, toxic and/or damaged-cell end-products, the cel-
lular microenvironment will change, leading to the activation of immunocompetent cells and
causing the release of pro- and anti-inflammatory cytokines, such as tumour necrosis factor la
(TNF-1a), interleukins (IL-1, IL-8, IL-10), interferon y (INF-y) and transforming growth factor
1 (TGF-1), to orchestrate a coordinated response against the primary insult, limiting its dam-
age [55, 56]. Importantly, to appropriately answer signals of harm/damage, surveillance cells
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need to express several types of receptors. Moreover, considering that harm/damage signals
can be both exogenous, such as those from bacteria and viruses, and endogenous, such as
those from DNA or ATP, these receptors should be able to interact with a wide range of these
elements. Among the latter, TLRs constitute a key element of the innate immune response
related to sterile inflammatory pathological processes, such as AD and PD. It is important to
highlight that even when it was initially considered an immune-privileged system, because of
its high specialisation and partial isolation from the rest of the organism, the central nervous
system (CNS) is able to generate full-range immune responses. In this context, microglia and
astrocytes are responsible for immune surveillance in the CNS, with microglia being the only
immune-derived cells within the brain. Due to the critical role of the brain microenviron-
ment, evidence suggests that the inflammatory response is tightly controlled to prevent the
detrimental effects of an exacerbated process. Indeed, it has been determined that the brain
parenchyma constitutes an anti-inflammatory environment with relevant levels of TGF and
IL-10 [57, 58].

3.2. TLR-mediated neuroinflammatory response

TLRs are able to detect DAMPs, which are subcellular components, such as ATP, released into
the extracellular media reflecting cell damage. Several members of the TLR family have been
described and can be expressed at the plasma membrane, such as TLRs 1, 2, 4, 5, and 6, or
in association with endosomes, such as TLRs 3, 7, 8, and 9. Importantly, TLRs are expressed
by brain cells, including astrocytes, microglia, neurons and oligodendrocytes, with microglia
and neurons expressing all TLR subtypes and astrocytes expressing a more limited repertoire,
including TLR2, TLR3, TLR4, TLR9 and TLR11 [59, 60]. Briefly, the TLR-mediated modulation
of the inflammatory response begins with the recruitment of myeloid differentiation factor 88
(MyD88), causing activation of the IL-1 receptor-associated kinase (IRAK) family of proteins.
IRAK activates TNF receptor-associated factor 6 (TRAF6), causing the recruitment of TGEF-
p-activated kinase 1 (TAK1). TAK1, along with TAK1-binding proteins (TABs), will activate
the IKK complex, causing phosphorylation of the IkB factor and the subsequent release of
NF-kB to translocate into the nucleus, leading to the expression of NF-kB-related inflamma-
tory genes. Importantly, TLRs 3 and 4 can also signal via a secondary TIR-containing adaptor
inducing an IFN-f (TRIF)-mediated pathway. Additionally, in the latter case, NF-kB will be
released, but IFN-f will be produced because of the phosphorylation of IFN regulatory fac-
tors 3 and 7 (IRF3-7) via IKKe/TANK-binding kinase 1 (TBK1). Independent of the cascade
triggered through TLRs, the final outcome will be the production and release of cytokines,
chemokines, complement proteins and enzymes, including several members of the IL family,
such as IL-1, IL-6, IL-10, IL-11, and IL-12, as well as TNF, TGF, IFN, CCL2, CCL5, CXCL8 and
CXCL10 [59-62]. An additional clue about the necessity of tightly controlling this process
within a highly specialised organ, such as the brain, emerges from the property of these mol-
ecules to further activate TLRs, a situation that can lead to re-activation of the inflammatory
cascade and a state of chronic inflammation.

In this regard, the inflammatory component of AD and PD has been demonstrated to be fun-
damental for both pathological processes. Moreover, it has been shown that both Af and
SNCA can induce direct activation of the inflammatory response and that their sustained
accumulation and aggregation lead to the genesis of a pro-inflammatory environment [21, 63,
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64]. Indeed, during the recent year, the modulation and control of the inflammatory cascade
have emerged as target elements of future therapeutic interventions aimed at improving AD
and PD outcomes [34, 64, 65].

3.2.1. TLRs and Ap peptide in AD

Evidence indicates that TLR2 and TLR4 are able to react with A, leading to the release of
several pro-inflammatory mediators, such as IL-1p, IL-6, IL-12, TNF-a, cyclooxygenase 2
(COX2) and inducible nitric oxide synthase (iNOS) [66]. As noted previously, such receptors
are expressed by different cell types present in the brain, suggesting both the whole-brain
commitment to the inflammatory response and the potential contribution of all these cells
to the further release of pro-inflammatory mediators. In this regard, of the most relevance is
the self-perpetuation of the inflammatory cycle induced by the continuous release of these
molecules. Some of the pro-inflammatory cytokines, such as IL-6, which can be produced
as part of the response to the initial insult (Af), can also be a consequence of the secondary
effect induced by other cytokines, such as IL-1f [67]. Thus, if this response is not controlled,
the environment can be perfectly suited to a sustained pro-inflammatory status that will over-
whelm homeostatic mechanisms and damage the surrounding tissue.

Furthermore, A can trigger additional molecular events within neurons. Beyond its pro-
inflammatory effects, it has been demonstrated that Ap can induce the hyperphosphoryla-
tion of tau protein, which will alter the neuronal cytoskeleton, ultimately leading to neuronal
apoptosis with the release of further DAMPs [26, 27, 29, 35]. Evidently, this situation can also
promote TLR activation, contributing to perpetuation of the inflammatory cycle. Similarly,
astrocytes, which express a more limited repertoire of TLRs, are also fundamental for ade-
quate AP metabolism. In the case of AD, astrocytes are responsible for the release of ApoE, the
AP chaperone protein necessary for its removal from the brain. In this context, defective astro-
cytes, such as inflammatory-challenged astrocytes, or ApoE-related genetic conditions, such
as the ApoEe4 allele, can lead to impaired ApoE activity, causing an increase in the Af level
[31]. Again, these astrocyte-related conditions can compromise the brain’s ability to resolve
the inflammatory process and further contribute to enhancing a detrimental inflammatory
response. In contrast, microglia, as the only representative of the immune system within the
brain parenchyma, are the main cells responsible for surveying and initiating the immune
response against exogenous and endogenous insults, acting as the macrophages of the brain.
Microglia develop a close interaction with neurons through microglial chemokine (C-X-C
motif) receptor 1 (CXCR1) and CD200L, with neuronal CX3CL1 and CD200, respectively
[68, 69]. In the absence of a challenging stimulus, microglia remain in a non-inflammatory or
“resting” state. However, when inflammatory signals, such as the loss of neuronal contact or
DAMPs, are detected, microglia undergo morphological and physiological changes leading
to an inflammatory or “activated” state. Among the several receptors expressed by microglia,
TLRs 1-9 and the co-receptor CD14 are the most important for its activation [21]. Although it
has been demonstrated that Af directly activates TLR2 and TLR4, it has recently been shown
that additional elements are involved in the activity of microglia in response to aggregated
forms of Af. Complement receptor 1 (CR1), cluster of differentiation 33 (CD33) and triggering
receptor expressed on myeloid cells 2 (TREM2) have proven to be necessary for the successful
phagocytosis of Ap [70-72]. Moreover, it has been suggested that TREM2 acts as a receptor
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for Ap, thereby modulating the microglial inflammatory response [73]. The relevance of the
functions related to TREM2 activity has led us to consider its proteolytic products (soluble
TREM?2) as potential biomarkers for AD, mainly because sSTREM2 levels have been reported
to be elevated in the plasma and CSF of AD patients [73-75]. The precise impact of such find-
ings is just emerging, and some discrepancies have already been identified regarding which
should be the appropriate approach to a TREM2-related intervention [76, 77].

3.2.2. TLRs and SNCA in PD

Similar to Ap, different research groups have shown that SNCA induces the inflammatory
response through a TLR2- and TLR4-mediated mechanism, leading to TNF-a, IL-6 and CXCL1
expression via the MyD88-NF-kB pathway [78-80]. Interestingly, it has been demonstrated
that while monomeric SNCA activates TLR2, the oligomeric forms tend to activate TLR4 [81].
Complimentarily, a relevant issue has emerged from recent research which has demonstrated
that inflammation itself, through a caspase-mediated mechanism, can favour the aggregation
of SNCA [51, 52]. This latter finding further support the idea of a self-sustained cycle which
amplifies the initial damage exerted by the SNCA and contributes to the progression of the
pathology. However, beyond the TLR-NF-kB axis and the production of pro-inflammatory
mediators, additional aspects should be considered regarding SNCA hallmarks.

Within neurons, aggregated SNCA, whether in the soma or in neurites, will cause cell death
with the subsequent release of cellular content, the components of which will release addi-
tional DAMPs capable of interacting with additional TLRs [82]. Moreover, it has been demon-
strated that SNCA can be exocytosed actively from neurons, incorporated by the surrounding
astrocytes, and then further aggregated, causing the formation of inclusion bodies within the
new host cells [83]. Considering that the primary function of astrocytes is related to provid-
ing metabolic support to neurons and modulating the neurotransmitter metabolism within
synapses, the SNCA pathology will not only involve the inflammatory response of astrocytes
but will compromise its physiology, enhancing the neuronal network damage verified dur-
ing PD pathophysiology [84-86]. On the other hand, although microglia will react to SNCA
through TLRs, SNCA can also influence the activity of activated microglia against further
pro-inflammatory signals, suggesting that SNCA can induce a priming effect on the microglia
population, exerting a type of modulation on the strength of the inflammatory response [70,
87]. Thus, in the case of SNCA, this molecule can not only induce/perpetuate a pro-inflamma-
tory status but also lead to an increased susceptibility to any inflammatory process.

3.3. Mitochondrial dysfunction

An additional common feature of both pathologies is the increased production of ROS/
RNS. Indeed, an important end point of glial activation is that in response to the initial inflam-
matory trigger, AP in the case of AD and SNCA in PD, astrocytes and microglia will produce
not only further inflammatory mediators, such as TNF-a and ILs, but also ROS/RNS [85]. The
increased production of ROS and RNS will alter the surrounding microenvironment, and these
species will be able to interact with the lipids of the plasma membrane, proteins and nucleic
acids of the contiguous cells, ultimately affecting component of the neuronal circuitry, such
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as synapses, axons and whole cell structures [88-90]. In this context, mitochondrial activity,
which is fundamental to sustaining neuronal activity, is one of the major sources of the con-
tinuous production of superoxide anions. This highly reactive species, if not neutralised, will
severely damage subcellular structures. Under regular conditions, superoxide anions are scav-
enged as soon as they are produced through hydrogen peroxide formation. However, under
altered redox conditions, such as those during ageing, cellular mechanisms to manage both
physiological and pathological ROS/RNS production are overwhelmed [12-15]. Thus, AD and
PD cause additional pressure on the mitochondria in an already poorly balanced system.

In this regard, both Ap and SNCA have been demonstrated to be able to alter mitochondria.
While A has been found within mitochondria, indicating a direct effect on mitochondrial func-
tionality [91, 92], SNCA can impair mitochondrial function mainly via altered cell trafficking.
Indeed, it has recently been suggested that the cytoskeletal alterations induced by SNCA will
modulate the localization of dynamin-related protein 1 (Drpl), a key protein related to mito-
chondrial dynamics and whose malfunction will lead to mitochondrial dysfunction [93, 94].
Complimentarily, Af, and probably SNCA, can induce ER stress, leading to the intracellular
release of Ca*, which can increase the mitochondrial challenge, leading to further ROS/RNS
production and causing the subsequent activation of classical pro-apoptotic pathways, such as
ROS-mediated apoptosis through apoptosis signal-regulated kinase (ASK1) and activation of
the B cell lymphoma 2 (BCL2)-beclin 1 (BECN1) complex [91, 92]. It should not be forgotten that
ROS/RNS can trigger the inflammatory response in surrounding cells, such as glial cells and
neighbouring neurons, in a TLR- and DAMP-mediated manner. Moreover, it is possible that
prior to the pathological process, these aged individuals have some degree of inflammation,
oxidative stress and mitochondrial impairment, which might facilitate the establishment and/
or progression of both diseases.

4. Wnt signalling in the context of AD and PD anti-inflammatory
therapeutics

Currently, neurodegenerative disorders, especially AD and PD, are considered a major con-
cern in public health because of the ageing of the global population. Although some progress
has been made regarding pharmacological strategies, regrettably, no effective therapies are
currently available to stop or reverse these pathologies. Among the alternative approaches
to overcome such situations, the identification and further modulation of key cellular
pathways involved in the pathophysiology of neurodegenerative disorders should not be
underestimated. In this regard, even when it is well recognised that inflammation is one of
the most relevant features of AD and PD, anti-inflammatory therapies have remained over-
looked, although some epidemiological data have suggested a significant effect in terms of
risk reduction with the use of some nonsteroidal anti-inflammatory drugs (NSAIDs) [95, 96].
Interestingly, the main effects related to the use of such a family of drugs have been observed
prior to the onset of pathology; however, the efficacy of an anti-inflammatory therapy cannot
be fully discarded. Indeed, the reasons behind the failure of some clinical trials exploring the
beneficial effects of NSAIDs in AD and PD have not been properly addressed [97]. Moreover,
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a quick search of scientific databases, such as PubMed, will return over 3000 and 1000 entries
for AD and PD, respectively, when both “anti-inflammatory therapy” and “AD/PD” are used
as search terms. This issue not only reinforces the fact that inflammation is a key element
of both pathologies but also indicates that the inflammatory cascade is closely related to
several signalling pathways that have been linked to the pathophysiology of these diseases.
Regrettably, our understanding of these mechanisms is incomplete, limiting our capacity to
properly address and exploit such relationships.

In this regard, over several decades, our laboratory has been working on Wnt signalling, a mas-
ter cellular pathway involved in both physiological and pathological conditions. The activity
of Wnt signalling varies with ageing depending on the tissue [98]. Specifically, in the brain, an
overall downregulation of the Wnt pathway is observed, suggesting that some of the impair-
ments associated with age might be mediated by this Wnt decay [98, 99]. Accordingly, this
situation suggests that the rescuing of its activity might be a promising strategy to prevent and
alleviate some of the pathological features of AD and PD.

4.1. Wnt signalling pathway

From the initial steps during embryogenesis to the less explored adult neurogenesis, the
Wnt pathway constitutes the core molecular signalling pathway of cellular physiology. Its
relevance is demonstrated by the evolutionary conservation of this system among different
species, and its potentialities are cross-linked with the outcome of different neurodegenera-
tive disorders, including AD and PD [100, 101].

The Wnt pathway is commonly divided into two canonical or p-catenin-dependent and non-
canonical pathways, with the latter further divided into Wnt/Ca™ and planar cell polarity
(JNK). Briefly, in the canonical pathway, the Wnt ligands bind to Frizzled receptor/low-
density lipoprotein receptor-related protein 5/6 (Fz/LRP5/6) and the subsequent activation
of Dishevelled. This situation leads to disassembly of the p-catenin destruction complex
comprising adenoma polyposis coli (APC), Axin, GSK3p and casein kinase 1 (CK1), leaving
p-catenin free to translocate to the nucleus and initiate transcription of the Wnt target genes
together with the T-cell factor/lymphoid enhancer factor (TCF/Lef) transcription factor. In the
absence of Wnt ligands, the destruction complex remains active, and GSK3b phosphorylates
p-catenin, causing its proteasomal degradation. On the other hand, in Wnt/planar cell polar-
ity, the binding of Wnt ligands will induce cytoskeletal rearrangements via J]NK-mediated
mechanisms; in the Wnt/Ca™ pathway, ligand binding induces the release of Ca* from the ER,
causing the activation of several calcium-related proteins, such as protein kinase C (PKC) and
calcium/calmodulin-dependent protein kinase (Ca*/CamKII) [21, 100].

Additionally, the different cascades described for Wnt signalling can interact with several
cellular pathways, including the forkhead box O (FOXO), Notch and hypoxia-inducible factor
1 alpha (HIF1a) pathways [93]. Precisely, the wide range of molecular interactions established
by Wnt signalling serves to explain how its altered activity can not only favour or directly
induce different pathological conditions, including neurodegenerative disorders and cancer,
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but also act as a relevant player in the ageing process. In this regard, we have recently demon-
strated that the loss of Wnt signalling favours the appearance of several pathological markers
linked to AD in a wild-type murine model [102]. Moreover, we found that Wnt signalling is
involved in the neuronal energy metabolism and that its activation rescues energy imbal-
ance because of improved glucose utilisation [103]. On the other hand, Wnt signalling also
plays a relevant role in PD. It has been demonstrated that LRRK2 can interact with several
members of the f-catenin destruction complex, including Dvl, Axin, GSK3f and p-catenin
[104]. Similarly, PRKN is related to the ubiquitination of p-catenin, playing a direct role in
the modulation of this pathway [105]. The relevance of such regulation has prompted some
researchers to propose the pharmacological modulation of Wnt signalling as a relevant target
in PD [106]. Complimentary to these well-established effects, Wnt signalling has also been
linked to modulation and crosstalk within the inflammatory cascade.

4.2. Wnt signalling and the inflammatory pathway

Although it could be considered circumstantial, the inflammatory status and Wnt signalling
are inversely correlated during the ageing process; in other words, while the pro-inflammatory
status increases with age, Wnt signalling decreases. Of course, additional signalling pathways
are impaired during ageing; however, the fact that Wnt is able to modulate the NF-kB pathway
strongly suggests that this particular pathway has a direct impact on the immune/inflamma-
tory response observed during the ageing process. Moreover, it should be considered that
even when it is well accepted that canonical Wnt signalling has anti-inflammatory activity and
the non-canonical pathway exerts a pro-inflammatory effect, these opposing functions can be
carried out by the same ligand, such as Wnt5a [21, 101]. This latter finding also suggests that
depending on the physiological or pathological status of the biological system, Wnt compo-
nents can exert different modulatory effects to contribute to the maintenance of system bal-
ance. In contrast, inflammation can also modulate Wnt activity. In this regard, TLR activation
can downregulate the canonical Wnt signalling pathway. While TLR4 causes the blockade of
the Fz-LRP5/6 complex [107], MyD88-mediated TLR activity activates nemo-like kinase (NLK),
which interacts with the nuclear p-catenin-TCF/Lef complex. Similarly, MyD88-independent
TLR signalling activates IKKe/TBK1, which can directly phosphorylate Akt, leading to GSK3p
inhibition and blocking the activity of the p-catenin destruction complex [108-111].

Although evidence demonstrates a close relationship between Wnt signalling and the inflam-
matory process, our knowledge regarding this issue remains limited. Moreover, the already
proven involvement and the critical role that Wnt signalling seems to play in different aspects
of physiological and pathological cellular mechanisms certainly indicate that this pathway
needs to be investigated deeply to properly assess the effects of finely modulating Wnt signal-
ling, including its potentially beneficial effects in the context of the inflammatory response.
In this regard, part of our work suggests that lithium and andrographolide, both well-estab-
lished canonical Wnt agonists that act via GSK3f inhibition, can play a relevant role not only
under pathological conditions but also as exogenous support of a healthy ageing process by
reducing several markers of unhealthy conditions, including neuroinflammation [112].
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5. Final considerations

According to the available evidence, ageing constitutes a vulnerable stage for cell fate mainly
because of the delicate balance of several molecular conditions. Under these conditions, any
additional challenge to any homeostatic system can trigger the breakdown of such equilib-
rium, leading to the manifestation of pathological processes, such as neurodegenerative dis-
orders. AD and PD, the first and second most prevalent age-related diseases, can be favoured
by a spontaneous imbalance in the homeostatic system and, once initiated, further contribute
to increasing the homeostatic imbalance. A complex network of molecular alterations, organ-
elle dysfunction and cellular signalling, among others, increases the difficulty of properly
addressing the cloudy edge between healthy ageing, pathological ageing and age-related
disorders. However, neuroinflammation and the perpetuation of a chronic pro-inflammatory
status have emerged as a central axis connecting all these conditions. Although our knowl-
edge regarding the inflammatory process has increased during years, the intricate molecular
network that drives the final inflammatory response is still incomplete. In this regard, Wnt
signalling, which has been demonstrated to be a relevant player in ageing and age-related
disorders, such as AD and PD, should also be considered among the potentially relevant
molecular pathways that could be involved in the modulation of the inflammatory process.
Moreover, the still limited information regarding the Wnt-inflammatory response crosstalk
already suggests interesting potentialities of an anti-inflammatory intervention based on the
modulation of Wnt signalling. On the other hand, based on our research and considering the
age-related changes in Wnt activity, it is possible to suggest that Wnt signalling can also be an
interesting target to support physiological ageing.
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Abstract

Neurodegenerative diseases present substantial clinical challenges. Their processes
have been linked with various genetic causes, including mutations of genes encoding
proteins associated with mitochondrial dynamics. Biallelic mutations in SLC25A46 have
been identified as novel causes of a wide spectrum of neurological diseases with reces-
sive inheritance, including optic atrophy, Charcot-Marie-Tooth neuropathy (CMT) type
2A neuropathy, Leigh syndrome, progressive myoclonic ataxia, and lethal congenital
pontocerebellar hypoplasia. SLC25A46 (solute carrier family 25 member 46) is a mem-
brane transit protein that is expressed in the mitochondrial outer membrane where it
plays a major role in mitochondrial dynamics and cristae maintenance. This chapter
presents recent findings on: (1) the clinical heterogeneity of SLC25A46-related neurop-
athies; (2) the SLC25A46 mutation spectrum and associated genotype-phenotype corre-
lation; and (3) pathophysiological functions of SLC25A46 as characterized in cells and
mouse models. A better understanding of the etiology of SLC25146-linked diseases will
elucidate therapeutic perspectives.

Keywords: neurodegeneration, SLC25A46, mitochondrial dynamics, optic atrophy,
CMT-2 neuropathy, pontocerebellar hypoplasia

1. Introduction

Mitochondria have long been recognized as critical organelles for cellular energy generation.
They produce ~90% of neuronal adenosine triphosphate (ATP), which is continuously required
for maintaining the complex morphology and specialized functions of neurons, including elec-
trical excitability and synaptic transmission [1], and are regenerated continuously in postmitotic
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neurons through biogenesis. In addition to undergoing the dynamic processes of mitochondrial
fission and fusion, mitochondria are transported bidirectionally within neurites, in which they
are distributed purposefully, facilitating energy transmission over long distances to meet local
demands and, when necessary, undergo controlled degradation by mitophagy [2, 3]. Thus,
mitochondrial dynamics play critical roles in neuronal homeostasis and survival.

Recent evidence suggests that abnormal mitochondrial dynamics may contribute to both
familial and sporadic neurodegenerative diseases [4]. Most proteins related to mitochondrial
dynamics are encoded by genes in the nucleus. Mutations in such nuclear-encoded genes can
cause monogenic disorders in which mitochondrial dysfunction is unequivocally central to the
pathogenesis of the disease. For example, mutations in MFN1/2 and OPA1 cause Charcot-
Marie-Tooth neuropathy (CMT) type 2A [5-7] and autosomal dominant optic atrophy (ADOA)
[8-10], respectively. A dominant negative allele of DRPI was identified in a neonate with a
lethal mitochondrial and peroxisomal fission defect associated with abnormal brain develop-
ment, optic atrophy, and various other congenital anomalies [11]. Defects in proteins involved
in axonal transport have also been identified in patients with CMT and related neuropathies
[12-14]. In addition, there is increasing evidence linking mitochondrial dysfunction to neuro-
nal loss in age-related neurodegenerative disorders, including Alzheimer’s disease and
Parkinson’s disease [15, 16].

Recent studies have implicated the 46th isoform of subfamily A of the solute carrier (SLC) family
25, termed SLC25A46, in mitochondrial dysfunction pathology. SLC25A46 is a mitochondrial
outer membrane protein that was shown recently to be involved in mitochondrial dynamics,
either playing a role in mitochondrial fission or serving as a regulator of mitofusin (MFN)1/2
oligomerization [17, 18]. Disorders caused by recessive SLC25A46 mutations were defined
recently as a new syndrome (introduced and elaborated in Section 3.1) that has a broad clinical
spectrum of neurological phenotypes, including peripheral neuropathy, early-onset optic atro-
phy, cerebellar degeneration, and congenital pontocerebellar hypoplasia (PCH), with variable
ages of onset and severities [17, 19-26]. In this chapter, we will focus on the phenotypic and
genetic characteristics of SLC25A46-related neurological diseases and our current understanding
of the pathophysiological mechanisms linking dysfunctional SLC25A46 to neurodegeneration.

2. SLC25 family and the discovery of SLC25A46

SLC25A46 belongs to the solute carrier family 25 (SLC25), a superfamily that contains 53
nuclear-encoded mitochondrial carrier proteins in humans [27]. SLC25 members are character-
ized by the presence of three tandem repeats of about 100 amino acids, each containing two
transmembrane alpha helices linked by a large loop [28]. The mature carrier protein thus
consists of six transmembrane helices that form an aqueous pore and have a highly conserved
consensus sequence, P-X-[D/E]-X-X-[R/K], at the C-terminal ends of the three odd-numbered
transmembrane alpha helices, whose charged residues form salt bridges that close the pore on
the matrix side [29]. SLC25 proteins may shuttle a variety of solutes across the mitochondrial
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membrane to participate in various metabolic pathways [30]. Although common mechanisms
of substrate translocation have been proposed, SLC25 members vary greatly in their size, the
nature of substrates they transport, the modes of transport employed, and the driving forces
they employ [30-32].

A number of genetic conditions associated with SLC25 mitochondrial transporters have been
characterized biochemically and genetically [33]. SLC25 members mediate a variety of cellular
functions, and mutations in SLC25 genes have been linked to various defects, such as carnitine/
acylcarnitine carrier deficiency (OMIM 212138), HHH syndrome (OMIM 238970), aspartate/
glutamate isoform 1 and 2 deficiencies (OMIM 612949, 603471, 605814), congenital Amish

A

HMSN VIB

Figure 1. Schematic diagram of SLC25A46 structure and its interactions. (A) SLC25A46 consists of six conserved trans-
membrane alpha helices. (B) 3D structure of SLC25A46. (C) Potential interactions of SLC25A46 with dynamic proteins.
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microcephaly (OMIM 607196), neuropathy with bilateral striatal necrosis (OMIM 613710),
congenital sideroblastic anemia (OMIM 205950), neonatal epileptic encephalopathy (OMIM
609304), and citrate carrier deficiency (OMIM 190315) [33]. These disorders are characterized
by specific metabolic dysfunctions related to the role of the particular carrier that has been
affected. Most disease-related SLC25 members have been characterized in terms of substrate
identification and associated metabolic pathways, with the exception of two orphan SLC25
members, namely SLC25A38 and SLC25A46 [33].

SLC25A46 was first mapped to chromosome 5 by genomic sequence analysis in 2006 [27]. Its
location was further refined to chromosome 5q22.1 based on sequence alignment with NCBI's
standard reference human assembly sequence, that is, the Genome Reference Consortium
Human genome build 38. The largest transcript isoform of SLC25A46 contains eight exons,
which encode a 418-amino acid protein. Quantitative real-time polymerase chain reaction (PCR)
experiments in rodents have demonstrated variable expression of SLC25A46 in all tissues exam-
ined, with the highest levels occurring in the hindbrain, spinal cord, and coronal brain sections
containing the corpus callosum, fornix, optic chiasm, thalamus, hypothalamus, midbrain, pons,
and cerebellum, with particularly high levels in mouse embryo cerebellum [27].

Given the typical SLC25 molecular structure, the primary sequence of the SLC25A46 protein has
been predicted to form six conserved transmembrane alpha helices, TM1-TM6, spanning a
region between amino acids 100418 (Figure 1) [22]. However, the otherwise highly conserved
P-X-(D/E)-X-X-(R/K) consensus sequence characteristic of SLC25 proteins is altered in SLC25A46.
Moreover, the N-terminus of SLC25A46 is about five times longer than that of other members of
the family (~100 vs. <20 amino acids). These unusual characteristics suggest that SLC25A46 is
unlikely to have a conventional metabolite carrier function. Recently, studies have proposed that
unlike most SLC25 members that are located in the inner mitochondrial membrane, SLC25A46
may be anchored to the outer mitochondrial membrane where it may act as a regulator of
mitochondrial dynamics rather than as a substrate transporter.

3. Clinical phenotypes of SLC25A46-related diseases

3.1. Hereditary motor and sensory neuropathy type VIB (HMSN6B)

In 2015, recessive mutations in SLC25A46 in eight patients from four unrelated families of
various ethnic origins were first reported. The proband phenotypes encompassed ADOA-like
optic atrophy, CMT-like axonal peripheral neuropathy, and cerebellar atrophy with a variable
age of onset and disease course (Table 1) [17]. This new neurodegenerative syndrome is now
defined as HMSN6B in OMIM (OMIM: 616505). ADOA and CMT type 2 are hereditary
neurodegenerative disorders commonly caused by mutations in the mitochondrial fusion
genes OPAI and MFN2, respectively. However, both diseases lack a genetic diagnosis in up to
60% of patients due to genetic heterogeneity [34, 35].

SLC25A46 provides a new locus in genetic testing for patients with ADOA and CMT-like
phenotypes. Indeed, four independent clinical reports published in 2016 and 2017 identified
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homogenous SLC25A46 mutations in an additional nine patients (age range, 7 days to 28 years)
from five unrelated families who presented with neurological phenotypes similar to the core
features of HMSN6B. Among these nine patients, eight had optic atrophy (the exception was a
patient with an age of onset 23 years) and eight had cerebellar atrophy (the exception was a
28-year-old patient without remarkable cerebellar atrophy or axonal neuropathy) (Table 1) [19,
21, 23, 26]. Beyond the key clinical features of optic atrophy, peripheral neuropathy, and
cerebellar atrophy, the presently documented population of 17 patients with HMSN6B (or
an HMSNG6B-like condition) exhibited other clinical symptoms sporadically, including ataxia,
hypotonia, myoclonus, dysmetria, nystagmus, speech difficulties, abnormal brain imaging, and
elevated lactic acid (Table 1). The clinical manifestations, medical examination findings, and
differential diagnoses for these patients were strongly suggestive of a progressive mitochondrial
disorder.

3.2. SLC25A46-related PCH and Leigh syndrome

A recent study reported the identification of SLC25A46 loss-of-function mutations in four
patients from two unrelated families with a diagnosis of severe congenital PCH, leading to
very early mortality [22]. Then, two independent groups reported an additional seven patients
from three unrelated families with severe PCH associated with truncating mutations of
SLC25A46 (Table 1) [24, 25].

PCH is a rare, heterogeneous group of prenatal onset neurodegenerative disorders, mainly
(but not exclusively) affecting the cerebellum and pons. The current PCH classification scheme
includes 10 distinct PCH subtypes defined by clinical features and genetic etiology. PCH1 is
distinguished from the other PCH subtypes by its association with spinal muscular atrophy
due to spinal motoneuron degeneration; it often leads to early death. All patients with obvious
loss-of-function SLC25A46 genotypes in the literature suffered severe lethal congenital PCH,
presenting with the phenotypic hallmarks of cerebellar and brainstem degeneration as well as
spinal muscular atrophy, respiratory failure, early death, occasional optic nerve atrophy, and
axonal neuropathy. Based on these features, SLC25A46-associated PCH could be classified as
PCH]1, and perhaps a new PCH1 subtype, PCH1D, clinically distinguished from other PCH1
subtypes (mutations in VRK1, EXOSC3, and EXOSCS8 are associated with PCH1A, PCHI1B,
and PCHIC, respectively) [25]. However, the most severe clinical presentation associated with
SLC25A46 mutations is probably not restricted to PCH. A homozygous SLC25A46 mutation that
resulted in the complete absence of the protein was identified recently in a terminally ill child
with progressive brain lesions consistent with those seen in Leigh syndrome (Table 1) [20].

Cerebellar and brainstem atrophy are shared phenotypic features of PCH, Leigh syndrome,
and most variant SLC25A46-related HMSN6B cases. Meanwhile, optic nerve and peripheral
nerve axonal pathology are seen consistently in HMSN6B. Features that are prominent in later-
onset cases might be overlooked or not assessed in neonatally lethal cases. Thus, SLC25A46-
related PCH or Leigh syndrome could be extreme forms of HMSNG6B.

To sum up, SLC25A46-related neurological disease has high clinical heterogeneity. Patients
with biallelic SLC25A46 mutations show high phenotypic variability with respect to age of
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onset, clinical features, and disease course. The severity of presentation even varies between
siblings. The phenotype spectrum ranges from severe disease at birth with early death to
manifestation in late childhood with survival beyond 50 years of age.

4. Mutation spectrum of SLC25A46 and genotype-phenotype correlation

4.1. Mutation spectrum of SLC25A46

The SLC25A46 gene, located on chromosome 5q22.1, spans approximately 27 kb and is com-
posed of eight exons. The main protein isoform has 418 amino acids and is encoded by a
1257-nucleotide-long open reading frame. Since SLC25A46 mutations associated with neuro-
logical disease were first reported in 2015, more than 28 patients with various mutations from
16 unrelated families have been diagnosed genetically, most by whole-exome sequencing,
leading to the discovery of a total of 18 pathogenic mutations in the last 2 years (Figure 2). Of
these, 50% are missense mutations; 16.7% are nonsense mutations; 11.1% are splice variants;
and 22.2% are micro-deletions, insertions, or duplications. The mutation sizes range from a
single nucleotide polymorphism to a 2.4-kb deletion. Although some mutations have been
found in all exons except exons 2, 6, and 7, 50% of the mutations are located in exon 8, the
largest exon, which accounts for half of the SLC25A46 open reading frame (Figure 2).
Although there is no suspected mutation hotspot site, the ¢.1081C>T variant was observed in
3 of 16 independent families (Table 1). The identification and genetic diagnosis of additional
cases in the future may reveal a SLC25A46 mutation pattern.

4.2. Genotype-phenotype correlation

A systemic genotype-phenotype analysis of all available cases indicates that phenotype sever-
ity correlates strongly with the magnitude of SLC25A46 protein level reduction caused by each

SLC25A48
NM_1387731 J
(26,167bp) &

Figure 2. Schematic diagram of reported pathogenic SLC25A46 variants. Exons 1-8 are represented by blue blocks.
Mutations are color coded as follows: red, nonsense and missense mutations that would be expected to destabilize the
protein; blue, micro-deletions/insertions/duplications; orange, splice-site mutations; and black, regular missense
mutations.
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mutation. As shown in Table 1, very severe SLC25A46-related disease has been linked to
mutations that yield markedly reduced SLC25A46 levels, including homozygous or
compound heterozygous nonsense mutations, (c.691C>T, p.Arg231*; c.736A>T, p.Arg246%;
c42C>G, p.Tyrl4*), a splice site variant (c.462+1G>A), and a micro-deletion (g.chr5:
110738771_11074670del). In addition, Wan et al. and Janer et al. verified that the three
missense mutations ¢.1022T>C (p.Leu341Pro), c.998C>T (p.Pro333Leu), and c.425C>T (p.
Thr142lle) destabilize the protein without nonsense-mediated mRNA decay, causing a
marked loss of SLC25A46 function. Such protein-depriving mutations lead to severe clinical
symptoms of PCH or Leigh syndrome. In contrast, missense mutations of SLC25A46 that
are associated with normal or mildly reduced protein levels tend to result in a relatively
mild phenotype. For instance, stable expression of the p.Gly249Asp mutant protein pro-
duces low-severity manifestations of optic atrophy spectrum disorder [17, 22] (Table 1).
Thus, the more stable, functional, and abundant the mutant protein, the less severe the
clinical manifestations.

In conclusion, the main molecular causes of SLC25A46-related neurological disease appear to
be SLC25A46 loss of function or deficiency. The recessive inheritance pattern observed in all
pathogenic SLC25A46 mutation-affected individuals and families thus far contrast with the
dominant inheritance pattern observed with other mitochondrial dynamic genes, including
OPA1, MFN1/2, and DRP1, for which haplo-insufficiency and dominant negative effects are
observed [8, 36, 37].

5. Pathophysiological function of SLC25A46

In the last 2 years, a series of experiments aiming at resolving the function of SLC25A46 and
the pathogenesis of SLC25A46-associated diseases were conducted. Primary cultures of skin
fibroblasts from HMSNG6B patients (including PCH or Leigh syndrome patients) have been
studied to investigate the pathophysiology of the diseases. Simultaneously, mutant
SLC25A46 alleles or SLC25A46-targeted RNA-interference molecules were transfected into
common cell lines (e.g., COS-7, HeLa, HEK293T, and HCT116) to study the consequences of
the mutations or protein knock-down in a homogeneous genetic background. Finally,
zebrafish, murine, and bovine models have been employed to examine the pathophysiolog-
ical effects of SLC25A46 mutations in vivo (Table 2).

5.1. Function of SLC25A46 in mitochondrial dynamics

In silico analysis led to the identification of a SLC25A46 homolog in yeast, namely Ugol. The
Ugol protein is a modified mitochondrial solute carrier expressed in the mitochondrial outer
membrane that operates as a mitochondrial fusion factor and interacts physically with Mgm1
(homolog of human OPA1) and Fzo (homolog of human MFN2) [38]. A succession of studies
in cells demonstrated consistently that, like Ugol, MTCH1, and MTCH2, SLC25A46 also
localizes to the mitochondrial outer membrane [17, 20, 22].
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Knock down of SLC25A46 in various cell lines by different research groups caused mitochon-
drial hyperfusion and abnormal cristae architecture visualized with fluorescent staining and
electron microscopy [17, 20, 22]. In concordance, in an ultrastructural study of a SLC25A46
knock-out mouse model, we observed enlarged mitochondria with swollen cristae in Purkinje
cell (PC) dendrites and sciatic nerves (Table 2) [39]. Hyperfused mitochondria consequent to
SLC25A46 loss was unexpected because loss of Ugo1 function usually results in mitochondrial
fission; however, it should be noted that strikingly similar cristae architecture abnormalities
from loss of function are common to both genes [38, 40, 41]. Interestingly, in SLC25A46 mutant
Purkinje cell bodies, ring-shaped or C-shaped mitochondria (a rarely reported morphology)
were more commonly observed than hyperfused mitochondria [39, 42]. Furthermore, mito-
chondria were found to have an abnormal distribution and impaired movement within
mutant Purkinje cells in a primary culture of mouse cerebellar cells [39]. These findings
confirm that SLC25A46 plays an important role in the regulation of mitochondrial dynamics,
including mitochondrial fusion/fission, distribution, and movement, as well as the mainte-
nance of cristae architecture. Regarding the molecular actions of SLC25A46 in the balance of
mitochondrial dynamics, recent research findings present three possible explanations: (1)
SLC25A46 may act as an independent pro-fission factor; (2) SLC25A46 may serve as a regula-
tor by interacting with mitochondrial fusion machinery, such as through an association with
MEN1/2 oligomerization; and (3) SLC25A46 may regulate mitochondrial dynamics through its
functions in lipid transfer between the endoplasmic reticulum (ER) and mitochondria.

In an inter-institution collaborative exploratory study employing immunoprecipitation assays
and mass spectrometry analysis, there was no evidence of SLC25A46 interacting with MFN2
or OPA1 in HEK293T cells, but rather SLC25A46 was observed forming a complex with
mitofilin that was independent of MFN2 [17]. Furthermore, overexpression of wild-type
SLC25A46 protein led to mitochondrial fragmentation and disruption of the mitochondrial
network. Thus, SLC25A46 was proposed to act as a pro-fission factor [17]. In contrast, two
subsequent studies using similar immunoprecipitation approaches in patient fibroblasts and
two cell lines (HEK293T with stable wild-type SLC25A46 expression and LAN5 neuronal cells)
showed SLC25A46 interactions with proteins involved in fission and fusion, including MFN1/
2 and OPA1, as well as with components of the MICOS (mitochondrial contact site and cristae
organizing system) complex (Figure 1) [18, 20]. Moreover, decreased expression of SLC25A46
resulted in increased stability and oligomerization of MFN1 and MFN2 in association with
mitochondria, thus promoting mitochondrial hyperfusion [18]. In SLC25A46 knock-out mice,
two independent mass spectrometry studies yielded opposite results regarding the interaction
between SLC25A46 and common dynamic proteins [42, 43]. Hence, although it seems reason-
able that SLC25A46 would have interaction relationships with MFN1/MFN2 and the MICOS
complex similar to those of Ugol, further studies are needed to resolve its molecular mecha-
nisms given the current conflicting results in the literature.

MEFN?2 tethers the ER to the mitochondrial network, suggesting that the ER may have a
physical relationship with the mitochondrial network [44]. SLC25A46 has also been shown to
interact with all nine components of the endoplasmic reticulum membrane complex (EMC)
[18, 20], an ER protein complex recently shown to be necessary for phospholipid transfer from
the ER to mitochondria in yeast. Most mitochondrial phospholipid species were altered
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dramatically by the loss of SLC25A46, indicating that SLC25A46 provides direct coupling of
lipid flux between the ER and mitochondria at outer-inner mitochondrial membrane contacts
[20]. Meanwhile, endoplasmic reticulum chaperone BiP (a.k.a. 78 kDa glucose-regulated pro-
tein), which acts at the ER-mitochondria interface under stress conditions and is considered as
a major regulator of the ER, was down-regulated in SLC25A46 knock-out mice [43]. These
findings support the notion that the facilitation of lipid flux at ER contact sites may be a
primary function of SLC25A46.

Studies implicating OPA1 and the MICOS complex in the maintenance of cristae architecture
are compelling, but it is unclear how they may interact [45]. The observation that SLC25A46
interacts with OPA1 and MIC60, the major MICOS organizer, provides a molecular link that
may integrate their functions in modulating cristae architecture [18, 20].

It now seems likely that SLC25A46 may possess multiple homeostatic functions in mitochon-
drial dynamics. Further studies are expected to reveal more refined details of the pathophys-
iological functions of SLC25A46, such as which domain interacts with dynamic proteins and
which domain recognizes and communicates with the ER.

5.2. Consequences of SLC25A46 dysfunction on mitochondrial metabolism

Disorganization of cristae leads to disruption of the assembly of the respiratory supercomplexes
that mediate oxidative phosphorylation, which reduces the activity of their components (i.e.,
respiratory complexes I-V) and, thus, diminishes respiration efficiency [46, 47]. Mitochondrial
metabolism is disrupted in both patients with mutant SLC25A46 alleles and animal models of
disrupted SLC25A46. Fibroblasts from patients harboring mutant SLC25A46 showed varying
extents of decreased oxygen consumption rate and glycolytic shift (decreased oxygen consump-
tion rate-to-extracellular acidification rate ratio), consistent with the increased lactate levels
indicated by magnetic resonance spectroscopy (MRS) [17]. Moreover, siRNA-mediated suppres-
sion of SLC25A46 in control fibroblasts phenocopied the basal oxygen consumption defect
observed in the cells of patients with mutant SLC25A46, confirming a specific function of
SLC25A46 in respiration [20]. Given the specificity of each tissue and each cell type in
responding to physiological stresses and mutations, mitochondria isolated from the cerebellum
of SLC25A46 knock-out mouse displayed a remarkable decrease in the activities of respiratory
complexes I-1V, and thus a dramatically reduced ATP production potential [39]. Taken together,
these observations support the hypothesis of an energetic defect being a principal cause of
SLC25A46-related neurological disease.

5.3. SLC25A46 dysfunction in pathology

Mitochondrial pathobiology has long been linked to the pathogenesis of neurodegenerative
diseases, in part because neurons are highly dependent upon mitochondrial metabolism.
Autopsy on a pair of deceased siblings who died due to SLC25A46 mutations showed a very
small cerebellum, as well as degenerative changes in the inferior olive nucleus. Histology of the
cervical spinal cord illustrated loss and ongoing degeneration of spinal motoneurons in the
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medial anterior horn at all levels from the cervical to the lumbar region. Rectus femoris muscle
biopsies showed severely atrophied muscle fibers of all types, without type grouping [48].

For now, most anatomical and histological analyses for SLC25A46-related diseases are based
on animal models. Four SLC25A46 mutant mammalian models have been discovered or
designed, including a calf model and 3 mouse models with different genetic backgrounds
(Table 2). Turning calf syndrome, a neurodegenerative disease, is characterized during mas-
sive inbreeding in cattle. Genetic study determines that this disease resulted from a single
substitution in the coding region of the SLC25A46 [43]. All affected calves manifested early
onset of ataxia, especially of hind limbs, and paraparesis (2-6 weeks old). Despite symptomatic
care, nervous symptoms progressed over the next months, leading to repetitive falls and
ultimately resulting in permanent recumbency and inevitably euthanasia. Characteristic
degenerative microscopic lesions were found in both gray matter (brainstem lateral vestibular
nuclei and spinal cord thoracic nuclei) and white matter (dorsolateral and ventromedial funic-
uli of the spinal cord) regions of the central nervous system, as well as demyelination of some
peripheral nerves [49]. Electron microscopy confirmed this neuropathy phenotype, revealing
discrete demyelinating lesions and some enlarged nodes of Ranvier.

Three SLC25A46 knock-out mouse models with different genetic backgrounds, including FVB/
N, C57BL/6], and B6D2, were generated, respectively (Table 2). In spite of various mutation
positions and sizes, three mouse lines displayed very similar phenotypes, including growth
delay, progressive ataxia, optic atrophy, short life span, which recapitulated the pathological
state in human. Further histopathologic studies have shown tissue- and cell-specific lesions in
both the central nervous system and peripheral nervous system (Table 2).

Although macroscopic examination showed no overt abnormalities in the gross anatomy of
mutant brain, histological staining revealed markedly reduced cerebellums, with Purkinje cells
(PCs) that had stunted dendrites and were reduced in number. Degeneration (evidenced by
Fluoro-Jade C dye) was selectively present in mutant PCs [39]. Examination via electron
microscopy (EM) revealed that degenerated PC dendrites exhibited disorganized cytoskeleton,
often containing remnants of mitochondria and other organelles. Numerous atypical mito-
chondria with cytoplasmic inclusions were found both in the soma and dendrites of PCs. In
addition, a significant reduction in vGlutl and vGlut2 immunoreactivity both in PCs and
molecular layer indicated a paucity of glutamatergic synapses in mutant mice [42]. Apart from
PCs, degenerative signals were also aggregated in the vestibular nucleus of brainstem, deep
cerebellar nuclei, the striatum, the corpus callosum, and the spinal cord, but not in other parts
of the brain [39]. The neurodegeneration was associated with astrogliosis and microgliosis in
the cerebellum and spinal cord, indicating high levels of neuroinflammation [39, 42]. These
observations suggest that although SLC25A46 mRNA is transcribed in most neural tissues,
SLC25A46 may have a tissue- or cell-specific function. Interestingly, mice with conditional
knock-out MFN2 or DRP1 mutations showed a similar phenomenon, with major changes in
cerebellar Purkinje cells, whereas granule cells seemed to be spared [50]. It is not yet known
why specific neurons are selectively affected by mitochondrial dysfunction. It could be that a
large neuronal size makes particular neurons susceptible; Purkinje cells are one of the largest
neuron types in the brain with long axons and extremely extensive dendritic branches. Their
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complex architecture requires the transport and distribution of highly organized organelles,
including mitochondria.

Aged SLC25A46 mutant mice displayed enhanced hind limb clasping reflex and muscle atrophy,
suggesting potential peripheral neuropathy. Acquiring compound muscle action potentials
(CMAPs) reduced in mutant sciatic nerve measured by electromyography (EMG) in vivo [39].
Mutant peripheral nerves exhibited sporadic degenerative lesions with local macrophages
containing lipid debris and signs of demyelination. In addition, the size of individual endplates
in mutant mice was significantly reduced. Retarded neuromuscular junction maturation and
improper innervation, early hallmarks of CMT2D, were also documented in mutant muscle
[42]. All of these alterations are indicative of peripheral neuropathy.

Optical coherence tomography (OCT) scanning on retina for live mice revealed that although
the optic discs were grossly normal in terms of retinal appearance, retinas were thinner in aged
SLC25A46 mutant mice [39]. Further quantitative measurements indicated that ganglion cell
complex (GCC) thicknesses, which includes the nerve fiber layer (NFL), ganglion cell layer
(GCL), and inner plexiform layer (IPL), were significantly reduced in adult mutant mice.
Retinal and these reductions were associated with retinal ganglion cell loss and atypically
small optic nerve axons with reduced neurofilament expression, as well as some axons that
exhibited signs of degeneration and demyelination [39, 42]. Pax6+ and GAD65+ GABAergic
amacrine cells—both of which form synapses with retinal ganglion cells—were also signifi-
cantly reduced. These pathological changes are in line with the phenotypic features of ADOA.

Ultrastructural studies revealed dysmorphic mitochondria in both the central and peripheral
nervous systems. Numerous enlarged and round mitochondria with abnormal cristae were
found in Purkinje cell dendrites, while ring- or C-shaped mitochondria were commonly
observed in soma. Peripheral nerve axons also had abnormal round, fused, and aggregated
mitochondria in myelinated and non-myelinated fibers [39, 43].

Given the degeneration in long peripheral axons and distal optic nerves of SLC25A46 knock-
out animal models, the aforementioned findings support the idea that neurons with long
axons or complicated dendrites are more sensitive to abnormal mitochondrial dynamics.
Similar to the findings in mutant Purkinje cells, this sensitivity could also be due to the
impaired transport of hyperfused mitochondria along axons and dendrites, probably due to
their abnormal size and/or reduced ATP availability in the distal portions of long axons
secondary to mitochondrial dysfunction. Further studies are needed to clarify this point.

6. Conclusion

SLC25A46 plays a critical role in mitochondrial dynamics and the maintenance of mitochon-
drial cristae, which are particularly important in neurodevelopment and neurodegeneration.
Loss of SLC25A46 function causes a wide spectrum of neurodegenerative diseases, including
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optic atrophy, peripheral neuropathy, progressive ataxia, Leigh syndrome, and lethal congen-
ital pontocerebellar hypoplasia. In SLC25A46-related neurodegenerative diseases, phenotype
severity correlates strongly with the magnitude of SLC25A46 level deficit observed.
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