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One of the most common cyclitols found in eukaryotic cells - Myo-inositol (MI) and its derivatives play a key role in
many cellular processes such as ion channel physiology, signal transduction, phosphate storage, cell wall

formation, membrane biogenesis and osmoregulation.

myo-inositol d-pinitol inositol phosphates neurodegenerative disorders

| 1. Introduction

In the brain, constant changes in inositol levels in extracellular and intracellular compartments regulate the activity
of neuronal and glial cells . MI and scyllo-inositol (SI) are the most common forms of inositol found in the brain.
Ml is found in large amounts in the glial cells and acts as an osmolyte. The concentrations of Ml and Sl are several
times higher than the values found in the blood serum and are on average 100 times higher ZE!. |n the nervous
system, the highest concentration of inositol is in the brain - 6 mM. Then, Ml occurs in cerebrospinal fluid (0,2 mM)
and plasma of nervous cells (0.03 mM) MEIE S) is found in relatively high concentrations in the human brain than
in other tissues, although it has a 12 times lower concentration than ml WE&. |n nervous system diseases,
researchers notice the occurrence of unproper Ml’'s metabolism to phosphates and its secondary accumulation. Ml
has been found to be a marker of gliosis in demyelinating lesions. Elevated levels of Ml have also been
documented in glioblastomas. Ml is also involved in the phosphatidylinositol secondary messenger system, which
is associated with depression (91). Disorders in MI's metabolism and distribution have been found in many

neurodegenerative diseases.

| 2. Alzheimer’s Disease

Alzheimer’s Disease (AD) is a chronic, progressive, neurodegenerative disease of the brain that causes nerve cell
atrophy. AD is characterized by the occurrence of progressive dementia and at the same time is the most common
cause of dementia among the elderly . In the course of AD, researchers can distinguish symptoms such as
memory loss and the progressive loss of cognitive functions 19, Common neuropathological features of AD are
neuronal loss, the aggregation of insoluble forms of B-amyloid (AB) forming plagues in extracellular spaces and
microtubule T protein hyperphosphorylation in the form of neurofibrillary tangles (NFTs) located in neuronal cells.
Changes are usually located firstly in the cortex of frontal and temporal lobes and then slowly spread to the other

parts of the brain tissue (1. Researchers can distinguish the sporadic form of AD (Sporadic Alzheimer’s Disease -
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SAD) and the familial form (Familial Alzheimer’s disease - FAD). FAD occurs much less frequently in about 5% of
AD patients [12. SAD tends to occur in the elderly and is the most common form of AD, while FAD will appear more
frequently in middle age and is associated with mutations in the genes encoding the presenilin 1 and 2 proteins
(PS 1,2) and the amyloid precursor protein (APP) [ZQIL3]4I15][16] APP is normally transformed through several
reactions of proteolysis into two types of A - AB40 and ApB42.

In AD researchers can observe the unfavourable ratio of AB42 and AB40 levels, with a predominance of AB42 - the
more neurodegenerating one L8l |n AD patients according to the literature inositol metabolism is disturbed in
several ways. It was proven that AD patients have higher concentrations of Ml and Sl in their brains compared to
healthy people, despite of pathogenesis of the illness 222921 |n Firbank et al. paper AD patients’ Ml levels
seemed to be raised by about 15% but with no evidence for an increase in any particular brain region. Higher M
levels are also seen in adults with Down’s syndrome and it has been shown that these patients will mostly develop
AD in the future 22, High MI levels are also detected in presymptomatic patients and those with mild cognitive
impairment (MCI), which indicates the possibility of using Ml as a marker of the early stages of AD [22123]1241[25] The
metabolism of inositol in AD patients can be impaired at every stage causing the deregulation of Ca* neuronal
homeostasis which leads to neurodegenerative disorders. The intracellular calcium concentration must be
constantly maintained at the appropriate level for all processes to take place properly. Disturbances in calcium
levels can lead to serious malfunctions in its functioning. Calcium regulates the processes of growth, development
and apoptosis, and its inadequate level can even lead to cell death 281271281291 |n human cells, the level of calcium
is regulated by several mechanisms. Calcium can enter cells from the extracellular space or it can be taken from
the intracellular calcium store, which is the ER. Many studies indicate the enormous role of MI derivatives in
regulating these processes. The role of IP3 in the elevation of intracellular calcium levels by releasing it from ER
was described, but it is also worth mentioning that the activation of calcium influx from the extracellular space - the
so-called Ca-influx also plays a significant role in the pathomechanism of AD and other neurodegenerative
disorders B9 There are reports indicating that Ca-influx can be as well stimulated by another Ml derivative -
Inositol 1,3,4,5-tetrakisphosphate (IP4) 32338 Many papers considering this topic focused on disruptions to the
function of IP3R. Former literature report a decreased level of binding sites of IP3R in AD patients 2435 and more
recent studies highlight the over-activation of these channels. There is a strong correlation between the overactivity
of IP3R and mutations in the presenilin genes B8I3738] | presenilin transgenic mice (PS1 FAD mutant mice)
increased activity of IP3R was observed which subsequently enhances IICR and leads to increased intracellular
calcium levels. Under conditions of increased Ca?* levels, together with the additional oxidative stress
characteristic of AD, a non-specific pore in the inner mitochondrial membrane is opened, known as the
mitochondrial permeability transition pore (mPTP). The opening of mPTP allows the passage of molecules smaller
than 1.5 kDa, and therefore, also protons. Consequently, this leads to the depletion of ATP stores and cell death (23]
(391140141 "1t was proven that genetic modifications including the reduction of IP3R1 contributed to the equalization
of Ca?* levels 181421 Moreover, elevated levels of calcium activate calpain - a protein belonging to the family of
calcium-dependent, non-lysosomal cystine proteases. Calpain has many isoforms, but to date, two of them have
been most extensively studied - p-calpain and m-calpain, otherwise known as calpain 1 and calpain 2, respectively.

Both of them are activated by calcium ions and inhibited by a specific endogenous inhibitor - calpastatin (CAST).
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Calpain regulates many processes inside the cell, including the proper course of the cell cycle, cell proliferation,
signal transduction, proper functioning of key protein kinases and phosphatases, apoptosis, memory, learning and
in neurons - long term potentiation (LTP) which is a specific function for this type of cell “3l44] With increasing age
and in the course of neurodegenerative disorders such as AD, there is an excessive, uncontrolled activation of
calpain, as a response to higher levels of intracellular Ca2*. It was shown that CAST concentrations are additionally
lowered in the prefrontal cortex in AD patients, thus, apart from the over-stimulation of calpain by calcium, its
inhibition also does not work properly 221481 Qverly elevated calpain promotes the aggregation of AR and NFTs, as
well as induces the dephosphorylation (deactivation) of cAMP-response element-binding protein (CREB) - a key
protein essential for converting a short-term memory to a long-term memory and other memory and learning
processes 44, Opinions about the role of calcium in the process of direct cell damage are divided, and the authors
now tend to emphasize the subtle effects of calcium on the slow progression of neurodegenerative changes, rather
than the rapid process leading to cell death 28149 Another interesting linkage between disturbances in Ml
metabolism and the presence of AD is MI's influence on catalase. Catalase allows the H,O, to break down to
harmless water and oxygen, and thus, together with other antioxidants such as glutathione peroxidase, reduces the
formation of reactive oxygen species (ROS) and saves the cells from oxidative stress B9, One of the most recent
works on the influence of MI on the course of AD focuses on the inhibition of catalase function by MI, while other
polyols such as mannitol, sorbitol and glycerol have been shown to have an activating effect on catalase.
Researchers suggest that the inhibitory effect of Ml may be due to Ml binding to an active site of catalase or that Ml
causes conformational changes in the structure which can result in loss of activity. The loss of the antioxidant
capacity of catalase may result in the occurrence of oxidative stress in cells, which was proven to be significantly
increased in the course of AD and other neurodegenerative diseases 2451, On the other hand, previous reports
suggest that MI supplementation results in an increase in the activity of antioxidant agents. Jiang et al. research
has shown that antioxidative enzymes’ activity such as catalase, glutathione peroxidase and glutathione reductase

were improved along with the increasing Ml levels in the diet of juvenile Jian carp (Cyprinus carpio var. Jian) 52,

| 3. Parkinson’s Disease

Parkinson’s Disease (PD) is the second most common neurodegenerative disease after AD, occurring in about 2—
3% of people over the age of 65. In its course, there is a gradual loss of substantia nigra neurons leading to a
decrease in dopamine levels in the striatal brain regions and the deposition of intracellular aggregates of a-
synuclein. Many researchers also emphasize the important role of progressive dysfunction of mitochondrial
function and the resulting increase in oxidative stress and increase in ROS. Clinical manifestations of PD include
bradykinesia and at least one of the additional motor impairments: rigidity or rest tremor. Motor disorders usually

occur asymmetrically 581,

Research on animals and cells has shown that IP6 has a protective effect on nerve cells in models of Parkinson’s
disease. Researchers have demonstrated significant protection against ROS and lipid peroxidation product

malondialdehyde (MDA) in PD’s model cells - 6-OHDA (6-hydroxydopamine) previously exposed to IP6. IP6 was
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shown to inhibit the activation of key proteins involved in apoptosis. Therefore, IP6 due to its anti-apoptotic effect is

proven to be neuroprotective against the loss of dopaminergic neurons in PD model cells [24155],

Considering PD, the researchers also focused on examining the levels of receptors for IP3 and, as in older studies
on AD, showed reduced levels of IP3 binding sites. A 50% reduced level of IP3 binding sites in the caudate

nucleus, putamen and pallidum with no differences in the frontal cortex at the same time 281,

PD is still diagnosed based on the presence of characteristic clinical symptoms when the disease is already at a
significant stage. Many authors have searched for potential diagnostic biomarkers of PD and other
neurodegenerative diseases. Magnetic resonance spectroscopy (MRS) is a useful tool that allows for quantitative,
non-invasive analysis of selected brain region biochemistry B4, Of the substances present in the brain that have
been studied, many researchers have focused on evaluating the concentration of MI. In Mazuel et al.’s research
PD patients and healthy controls were examined with the use of hydrogen 1 proton magnetic resonance
spectroscopy (*H-MRS) for the assessment of the metabolic profile in the putamen. As a result, the Ml was
significantly lower in drug-off PD patients and the Ml level did not change even when the therapy was reintroduced
B8l Groger et al. also used 'H-MRS to investigate the distribution of brain metabolites and focused on the ratios
between different substations. It has been shown that the rostral substantia nigra regions of PD patients showed a
trend towards decreased MI and total creatine (creatine + phosphocreatine, tCr) ratio compared with healthy
controls whereas in the caudal substantia nigra regions the MI/Cr ratios were increased in PD patients compared
with healthy controls 569,

Progressive Supranuclear Palsy (PSP) also known as Steele—Richardson—Olszewski syndrome is a chronic
neurodegenerative disorder also involving the deposition of Tau protein aggregates, clinically resembling PD, and
therefore, was often being misdiagnosed for this reason in the past. Typical symptoms of PSP include bradykinesia
with disproportionate postural instability, upright posture with neck stiffness, frontal behavioral and cognitive
changes, vertical gaze palsy and other brainstem deficits [¢1l. One of the areas of the brain affected by the disease
is the Supplementary Motor Area (SMA). An Italian group of researchers focused on demonstrating PSP-specific
neurobiochemical changes within the SMA using 'H-MRS [Bl. Research has shown reduced scyllo-inositol levels in
the SMA portion of the brains of PSP patients. The researchers stress that there are reports stating the Sl's
neuroprotective ability against the deposition of protein aggregates in neurodegenerative diseases. In another
paper, researchers administered 12 g of inositol daily to nine PD patients. They showed no significant positive Ml
effects but suggested possible beneficial effects of supplementation in patients with additional depressive

symptoms and anxiety (62,

| 4. Huntington’s Disease

Huntington’s disease (HD) is a progressive, autosomal-dominant neurodegenerative disorder, manifested by
chorea, dystonia, decreased motor coordination, cognitive decline and behavioral changes. Usually, the first
symptoms of the disease appear in middle age but may occur at any stage of the patient’s life 6384, The genetic

basis of HD is an occurrence of expanded CAG repeat in exon 1 of the huntingtin gene (polyglutamine, polyQ
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expansion) causing the formation of mutant huntingtin (mHtt) protein. mHtt occurs is found in all types of cells, but
it appears to be toxic only for neurons of specific brain regions: cortex, caudate nucleus and putamen 2. Many
reports confirm, that in HD deregulation of IP3R also takes place, this time due to the direct binding of mHtt protein
to IP3R1 in its C-terminal region 8. It was proven that mHitt sensitized activation of IP3R by IP3 in medium spiny
striatal neurons (MSNSs), while normal huntingtin protein showed no such ability. HD transgenic model mice used in
research considering alterations in IP3R functions are yeast artificial chromosome (YAC) and mice with a targeted
disruption of both Htt-associated protein-1A (HAP1) gene alleles. HAP1 was the first Htt-binding protein to be
found. It was shown that HAP1 is present in MSNs and it intensifies the action of mHtt, resulting in increased IICR
and elevated calcium levels 3. Moreover, IP3R is an allosteric protein and its function can be disrupted by
changes in its conformation. One of the enzymes that can disturb IP3R’s allostery is transglutaminase type 2 (TG2)
and its regulation is based on the covalent posttranslational modification of the GIn2746 residue which TG2 tethers
to the communicating subunit 8. Both GIn2746 changes and IP3R dysregulation were detected in HD models,
confirming the involvement of IP3R dysregulation in disease pathogenesis 4887 TG2 ablation in model mice
prolonged their lifespan and improved motor function 28, Other researchers report that in the course of HD, there
is an increase in the activity of inositol hexakisphosphate kinase type 2 (IP6K2), which, among other things, leads
to a reduction in Akt phosphorylation, which may lead to cell death and promotes autophagy. Upon activation,
IP6K2 is released from the nucleoplasm into the cytoplasm. It was shown that in HD lymphoblasts IP6K2 was
present mainly in the cytoplasm of the cell, while in control cells it remained in the nucleus. IP6K2 catalyzes the
reaction of transforming IP6 into inositol pyrophosphate diphosphoinositolpentakisphopshate (IP7; PPIP5). In HD

lymphoblast cells, increased levels of IP7 were detected compared to control cells, and IP7 promotes cell death [68]
)

| 5. Spinocerebellar Ataxias

Another neurodegenerative disorder group that will be discussed is Spinocerebellar Ataxias (SCAs). SCAs are a
group of hereditary autosomal dominant neurodegenerative disorders characterized by progressive ataxia. To date,
there are more than 40 identified types of SCA L9, Each of the SCA types are based on a mutation, deletion or
polyglutamine (poly-Q) expansion at a different gene locus 1. The characteristic symptoms in the course of SCA
include loss of balance and coordination, dysarthria and nystagmus 2. SCAs cause damage to the brain tissue
and mostly affects the cerebellar Purkinje neurons, leading to cerebellar cortex atrophy, neuronal loss, and
irreversible degeneration of spinocerebellar tracts, dentate nucleus and pontinelZ8l. There are many reports in the
literature on the relationship between SCAs and dysregulation of IP3R function. Some papers indicate that reduced
IP3R abundance is observed in SCAs, while others emphasize the phenomenon of hypersensitivity of IP3R for its

ligand—IP3, and excessive IP3R activation 4],

SCA1, SCA2 and SCA3 are caused by intracellular poly-Q (CAG) expansions of cytosolic ataxin protein. It is
already known that researchers are looking for potential diagnostic biomarkers for the effective detection of
neurodegenerative diseases. In the Oz et al. paper, researchers focused on the analysis of levels of total NAA (N-

acetylaspartate + N-acetylaspartylglutamate, tNAA), glutamate, glutamine, tCr and MI. The levels of tNAA and
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glutamate were decreased, while glutamine, tCR and Ml levels were elevated. Along with increased neuronal loss
and astrocytosis, elevated levels of Ml were detected in the pons and cerebellar hemispheres of SCA 1 patients.
Differences in Ml levels in the study groups allowed for the complete separation of patient and healthy controls
(104). In SCA2 there is the occurrence of Purkinje cells depletion and degeneration of the inferior olives, pontine
nuclei, as well as pontocerebellar fibers. Ataxin protein-2 specifically binds the IP3R and increases IP3R sensitivity
to its activation by IP3. Due to the IP3R overactivation supranormal calcium release from Purkinje cells’
endoplasmic reticulum can be observed, elevated levels of CaZ* play a key role in the development of
neurodegenerative pathologies. In the paper by Kasumu et al., the authors present a study on a SCA2-58Q
transgenic mouse model. In SCA2-58Q mice the IP3R activation is chronically downregulated consequently
lowering related calcium signaling. This downregulation is obtained through overexpression of the Inositol 1,4,5-
phosphatase enzyme (5PP) in Purkinje cells of SCA2 transgenic mice. Their results supported the hypothesis that
5PP overexpression suppresses InsP3-induced Ca?* release, and moreover, that Ca?* release suppression

prevents the progressive dysfunction of Purkinje cells in SCA2 mice 1. SCA-3 is less severe than SCA-2 (25).

The deletion of the IP3R1 gene located on chromosome 3 leads to SCA type 15/16 with late/adult onset, SCA 29
with an early onset type, and also sporadic infantile-onset SCA [RIZ8II7I78] Researchers suggest that deletion of
the IP3R/ITPR1 gene leads to impaired IP3R function. A Western blot of lymphoblastoid cell line proteins confirmed
reduced IP3R levels. In conclusion, gene mutations in the course of SCAs lead to reduced activity, as well as IP3R

levels.
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