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Abstract: Inositols are sugar-like compounds that are widely distributed in nature and are a part of
membrane molecules, participating as second messengers in several cell-signaling processes. Isolation
and characterization of inositol phosphoglycans containing myo- or d-chiro-inositol have been
milestones for understanding the physiological regulation of insulin signaling. Other functions of
inositols have been derived from the existence of multiple stereoisomers, which may confer antioxidant
properties. In the brain, fluctuation of inositols in extracellular and intracellular compartments
regulates neuronal and glial activity. Myo-inositol imbalance is observed in psychiatric diseases
and its use shows efficacy for treatment of depression, anxiety, and compulsive disorders. Epi- and
scyllo-inositol isomers are capable of stabilizing non-toxic forms of β-amyloid proteins, which are
characteristic of Alzheimer’s disease and cognitive dementia in Down’s syndrome, both associated
with brain insulin resistance. However, uncertainties of the intrinsic mechanisms of inositols regarding
their biology are still unsolved. This work presents a critical review of inositol actions on insulin
signaling, oxidative stress, and endothelial dysfunction, and its potential for either preventing or
delaying cognitive impairment in aging and neurodegenerative diseases. The biomedical uses of
inositols may represent a paradigm in the industrial approach perspective, which has generated
growing interest for two decades, accompanied by clinical trials for Alzheimer’s disease.

Keywords: Alzheimer’s disease; psychiatric disease; depression; anxiety; Down’s syndrome; inositol;
nutraceutical; insulin signaling; antioxidant; aging

1. Introduction: Human Brain Aging and Inositols

The aging process in humans is associated with physical decline and impairment of metabolic
homeostasis [1]. The dysregulation of the metabolic network leads to an age-related elevated risk of
suffering from chronic metabolic disorders, especially insulin resistance-related pathologies. In addition
to the well-known peripheral role of insulin on glucose and energy storage, insulin also regulates
a series of cognitive processes, such as memory formation, through its effects on glial–neuronal
metabolic coupling. Central insulin resistance is a common feature linked to premature aging and is
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observed in neurological disorders, including early stages of Alzheimer’s disease (AD) and Down’s
syndrome (DS) [2].

Currently, 16% of the EU population is over 65, and this figure is expected to rise to 25% by 2030.
Taking this trend into consideration and the prevalence of dementia, including AD, the World Health
Organization estimates that population aging will lead to a dramatic increase in dementia prevalence.
By 2050, more than 131.5 million people are expected to be affected. AD leads to a loss of memory
and neurodegenerative cognitive functions and affects 10% of the population aged over 65 years.
Delaying a cognitive decline in AD is a major research challenge and a clinical need, considering the
incidence of this disease in the elderly. Common features of AD are the aggregation of β-amyloid
(Aβ) plaques and tau protein hyperphosphorylation, leading to neural damage. An approach for
slowing down the progress of the disease is targeting the factors that might accelerate neural damage.
Present results suggest that unhealthy dietary habits, microbiota changes, and oxidative stress favor the
development of brain insulin resistance, which could contribute to a neuroinflammatory profile, directly
activating both the resident immune cells of the brain (microglia) and astrocytes, promoting an adverse
environment for neuronal survival in the context of AD [3,4]. Accordingly, a more detailed in-depth
analysis of central insulin resistance contribution to cognitive impairment is discussed later in this
review. A relevant issue on the clinical approach to AD and related pathologies that lead to cognitive
impairment is the fact that most of the research efforts on therapeutics have focused on either fighting
the symptoms by boosting certain deteriorated transmission pathways (e.g., anti-acetylcholinesterase
drugs to enhance cholinergic transmission) or reducing Aβ load via immunotherapy. However, there
is a clear lack of therapeutic development designed to restore metabolic impairments associated with
these neurodegenerative disorders.

The lack of a “metabolic approach to AD therapeutics” might offer an opportunity to inositols,
since in the past years they have gained close attention regarding treatment of pathologies associated
with altered insulin signaling. Inositols are sugar-like cyclic alcohols constituent of cells, which are
normally incorporated as part of the human diet. Given their structure, there are at least eight isomers
of inositols that occur in nature (myo-, muco-, neo-, scyllo-, l-chiro-, d-chiro-, epi-, and allo-inositol) and
one non-occurring in nature (cis-inositol) (Figure 1A) [5]. Inositols act as second messengers of the
insulin-signaling pathway and their administration exerts insulin-sensitizing and mimetic effects,
lowering blood glucose and promoting hepatic glycogen synthesis. d-chiro-inositol has been widely
used as a treatment for pathologies associated with insulin resistance, e.g., polycystic ovary syndrome
(PCOS) and diabetes [6,7]. Given their polar structure, other inositols show different properties, such
as scyllo-inositol, which stabilizes soluble Aβ oligomers and is being tested under clinical trials as
a promising therapy for AD [8]. The use of inositols for medical purposes is closely related to their
“nutraceutical” nature, although the definition of the term is still debated. Since inositols are acquired
through the diet, inositol extracts can be considered a nutraceutical under the definition of an isolated
or purified product from natural sources, with specific health benefits against diseases or medical
conditions or a protective effect against chronic diseases. Hence, these natural compounds arise as
alternatives to treatments for central and peripheral insulin resistance-related disorders.

In the present review, we provide a short description of the structure and pharmacology of
inositols. However, it is not the scope of this review to describe the particular chemical characteristics
of inositols or to compile their application for metabolic disorders in peripheral tissues, since several
works have already elegantly described these concepts previously [5,9–11]. The further sections herein
try to establish a descriptive line, detailing the importance of inositols and their derivatives, such as
inositol-(phospho)glycans (IPGs or simply IGs) in physiological processes, highlighting their role in
insulin signaling, as well as their function in the central nervous system and the perspective of their
use in the treatment of neurodegenerative diseases, with a special emphasis on AD and behavioral
disorders here.
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Figure 1. Structure in the chair conformation of inositol stereoisomers (A), inositol methyl derivatives (B),
natural and synthetic inositol phosphoglycan cores, and insulin-mimicking inositol phosphoglycans (C).
Glycophosphatidyl inositol phospholipase D (GPI-PLC) hydrolyzes phosphate inositol-lipid linkage,
releasing unphosphorylated inositol. Phosphatidylinositol phospholipase C (PI-PLC) hydrolyzes
phosphate inositol-lipid linkage in α(1→6) myo-inositol (but not α(1→2) d-chiro-inositol) structures
when the C2 position is not occupied by an acyl-lipid chain, promoting cyclic (1,2) phosphate linkage
to myo-inositol.

2. Inositols in Organisms

2.1. Structure of Inositol Isomers and Inositol Phospholipids

Inositols are naturally occurring substances that resemble simple sugars. They have a cyclic
structure of six carbons and six alcohols, being classified as sugar alcohols (polyols with one hydroxyl
group attached to each carbon atom). In addition, both inositols and methyl-derived inositols are
also classified as cyclitols (cycloalkanes containing at least three hydroxyl groups attached to the
carbon atoms).
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Thus far, the role of inositols on the body is both structural, as constituents of complex
phospholipids in plasma membrane, and functional, since they act on metabolic pathways as second
messengers of insulin signaling. Regarding their structural function, in mammalian tissues, inositols
are found in the external part of the membrane of phosphoglycerides. The attachment of sugar residues
to inositols constitutes the glycosylphosphatidylinositols (GPIs), which are elements of the outer
leaflet of the plasma membrane that may serve as anchors for extracellular proteins attached to the
membrane. As second messengers, inositols are a well-known part of signal transduction, as they form
phosphatidylinositols (PIs) and their phosphorylated forms, phosphoinositides (PIPs) and inositol
phosphates (IPs), which are responsible for membrane trafficking and cell signaling as substrates
for other protein kinases. The most important members of this family are phosphatidylinositol
(4,5)-bisphosphate (PI(4,5)P2, simplified as PIP2), a substrate for the phosphoinositide 3-kinase (PI3K),
whose phosphorylation and conversion into phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3,
simplified as PIP3) is a key step in the insulin/IGF-1 pathway. PIP2 is also a substrate for phospholipase
C and the formation of inositol 1,4,5-trisphosphate (IP3), a second messenger mainly involved in
intracellular Ca2+ trafficking in the endoplasmic reticulum.

2.2. Inositol Incorporation in Organisms

Despite eight out of the nine inositol isomers occurring naturally, only myo-inositol
(MI; cis-1,2,3,5-trans-4,6-cyclohexanehexol), scyllo-inositol (SI; cis-1,3,5-trans-2,4,6-cyclohexanehexol),
and d-chiro-inositol (DCI; cis-1,2,4-trans-3,5,6-cyclohexanehexol) have been detected as major
inositols present in mammalian tissue. Some studies have reported the possible presence of
neo-inositol (NI; cis-1,2,3-trans-4-5-6-cyclohexanehexol) in bovine brains [12] and also epi-inositol (EI;
cis-1-trans-2,3,4,5,6-cyclohexanehexol) and muco-inositol (cis-1,4-trans-2,3,5,6-cyclohexanehexol) in
the liver, muscle, blood, brain, and several other rat tissues with a rate of isomerization from MI of
0.6% [13]. MI interconverts to other inositols via an specific epimerase [13,14] that differs from the
epimerase catalyzing the conversion from MI to DCI [15,16]. MI and SI are the most abundant forms of
inositols in organisms, representing over 90% of the total inositol content of mammalian cells. SI has
been reported to be incorporated into lipids in plants [17]. However, SI is not incorporated into PI lipids
at detectable levels, even under SI administration in mammalian tissue [18]. The other inositol found
in great levels in mammals is DCI, which acts as a second messenger for insulin signaling, presumably
as IG, as will be depicted later. A summary of the current knowledge on inositol stereoisomers sources,
distribution, and pharmacological properties can be found in Table 1.

Table 1. Biological sources of inositol stereoisomers, distribution in mammalian tissue, and current
pharmacological applications for the treatment of human diseases. PIs: Phosphatidylinositols; IP3:
Inositol 1,4,5-trisphosphate; GPIs: Glycosylphosphatidylinositols.

Inositol Stereoisomer Mainly Found in Distribution and Function
in Mammals Pharmacological Properties

Myo-inositol

• Plants
• Mammals
• Bacteria

• Found in all tissues.
• Part of membrane PIs.
• MI in PIP2 and PIP3 acts in

several intracellular
signaling pathways.

• MI in IP3 regulates metabolic
flux, intracellular Ca2+, and
membrane excitability.

• Acts as an osmolyte.

• Treatment of polycystic ovary
syndrome (PCOS) related to
insulin resistance and
hyperandrogenism in
combination with DCI [6,7].

• Prevention of gestational
diabetes mellitus in combination
with DCI [19].

• Treatment of
obsessive-compulsive disorder,
panic disorder, and
depression [20–22].
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Table 1. Cont.

Inositol Stereoisomer Mainly Found in Distribution and Function
in Mammals Pharmacological Properties

Epi-inositol • Plants

• Found in brain, liver, muscle,
blood, and other tissues,
epimerized from
myo-inositol [13].

• Biological function unknown.

• Decreases the aggregation of
toxic forms of β-amyloid protein
in Alzheimer’s disease [23,24].

Scyllo-inositol

• Plants
• Mammals
• Bacteria

• Found preeminently in the
brain [12,13,25].

• Acts as an osmolyte.
• Competes with MI for active

transport into the cell.

• Decreases the aggregation of
toxic forms of β-amyloid protein
in Alzheimer’s disease [23,24].

• Inhibits the aggregation of
α-synuclein in Parkinson’s
disease [26].

Neo-inositol • Plants • Detected in brain [12].
• Biological function unknown.

• No pharmacological
properties described.

Muco-inositol • Plants

• Found in brain, liver, muscle,
blood, and other tissues,
epimerized from
myo-inositol [13].

• Biological function unknown.

• No pharmacological
properties described.

d-chiro-inositol

• Plants
• Mammals
• Bacteria

• Mainly found in
insulin-responsive tissues.

• Acts as a second messenger in
insulin signaling pathway, likely
as a part of GPIs.

• Treatment of polycystic ovary
syndrome (PCOS) related to
insulin resistance and
hyperandrogenism in
combination with MI [6,7].

• Prevention of gestational
diabetes mellitus in combination
with MI [27].

l-chiro-inositol • Plants • Not detected in
mammalian tissue.

• No pharmacological
properties described.

Allo-inositol
• Plants
• Mammals
• Bacteria

• Not detected in
mammalian tissue.

• Non-potent inhibitor of the
aggregation of toxic forms of
β-amyloid protein in
Alzheimer’s disease [28]

Cis-inositol • Non-naturally occurring • Not detected in
mammalian tissue.

• No pharmacological
properties described.

Inositols can be obtained from the diet as they are abundant components of the cell membrane
in plants and animals. The most abundant form of MI incorporation is either free, or in the form
of (myo)-inositol hexaphosphate or IP6 (1,2,3,4,5,6-hexayl hexakis (dihydrogen (phosphate))), also
known as phytic acid. Major sources of IP6 are plants, as IP6 is a major reservoir of phosphorus,
energy, and a source of cations and MI in the cell wall. However, IP6 cannot be obtained from dietetic
sources because its bioavailability is very limited. This is due to its negative charge density, being
necessary to be dephosphorylated via bacterial phytases and phosphatases, providing free MI or
other IPs before entering bloodstream [29,30]. The only animals that can carry out this transformation
belong to the ruminant mammal group. Western diets can provide around 0.5–1 g/day of MI [31,32].
DCI is mainly obtained as the methylated form d-pinitol (DPIN; 3-o-methyl-d-chiro-inositol), which is
demethylated to DCI under acidic conditions in the gastrointestinal tract. DPIN acts as an osmolyte in
plants, allowing tolerance to heat, high salinity, and drought stress [33]. The Leguminosae family is a
major source of DPIN, especially carob pods, which provide 10–80 g/kg of DPIN [34]. Many herbal
extracts contain methyl-inositol derivatives like sequoyitol (5-o-methyl-myo-inositol) or l-quebrachitol
(2-o-methyl-l-chiro-inositol) (Figure 1B) [35,36]. Dietary supply of other inositols seems to be scarce,
as evidenced by their low presence in organisms.

Although inositols can be obtained from diet, the main inositol isomer, MI, is also synthesized in
the body in great enough quantities for the whole supply required, as kidneys produce 2 g/day each of
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MI (4 g total) and other tissues contribute to a small extent to MI synthesis, like the brain and testis [37].
De novo MI synthesis occurs primarily from glucose into cytosol. The process follows glucose
phosphorylation into glucose-6-phosphate (G6P) via hexokinase. D-3-myo-inositol-phosphate synthase
(MIPS) catalyzes the conversion from G6P into myo-inositol 3-phosphate (MIP), and dephosphorylation
occurs with inositol monophosphatase (IMPase), rendering free MI. MIPS is a phosphoprotein whose
activity is regulated by the glycogen synthase kinase 3 (GSK3) homolog MCK1 in yeast [38,39].
Although this may suggest GSK3 regulation of MIPS activity in humans, there are no data of this
proposed mechanism in mammalian cells. Expression of inositol-3-phosphate synthase 1 (Isyna1),
a gene encoder for IMPase transcription, is tightly regulated by the disposal of phosphatidic acid
(PA) and inositol hexakisphosphate synthase 1 (IP6K1). PA is considered a “metabolic sensor”, as its
synthesis is upregulated by high levels of glucose or the presence of growth factors and promotes cell
growth via a mammalian target of rapamycin (mTOR) [40,41]. Interaction of PA with IP6K1 leads to
its translocation into the nucleus and synthesis of IP7, which negatively regulates Isyna1 via DNA
methylation [42].

The transport of inositol isomers into cells is regulated by the sodium-myo-inositol co-transporters
(SMIT1 and SMIT2) with a 2 Na+ to 1 myo-inositol stoichiometric ratio, similar to that of the
sodium-glucose co-transporter SGLT1 [43–45]. SMIT1 and SMIT2 both have a different affinity for
inositol isomers, which are competitors for inositol transport, and are differentially regulated by
monosaccharides. DCI and MI are both effectively transported into cells via SMIT2 with a similar
affinity, whereas DPIN, a methyl derivative of DCI, binds to SMIT2 with lower affinity and is a
competitor for MI/DCI transport [46]. SI has also a high affinity for the SMIT1 and SMIT2 transporters,
whereas other inositol derivatives like sequoyitol, D-ononitol (4-o-methyl-d-chiro-inositol), or viburnitol
(1-deoxy-l-chiro-inositol) are also transported with lower affinity [47]. Inositol transport is inhibited
in the presence of l-fructose and d-glucose, as they are also competitors of SMIT1 and SMIT2 [46,47].
SMIT2 is highly expressed in mammalian kidneys and is responsible for the reabsorption of inositols
into the bloodstream [48,49]. DCI uptake via SMIT2 is highly upregulated in the presence of insulin in
human L6 myoblasts, which could explain the lower concentration of DCI in insulin-sensitive tissues
and lower DCI re-uptake in the renal tubes in cases of hyperglycemia and insulin resistance [46,50,51],
along with decreased epimerase activity [15,16]. The fact that inositol transport is highly dependent on
glucose concentrations and insulin signaling limits its potential use in association with food (i.e., as an
ingredient), where it would be necessary to adjust the timing, dose, and number of doses to the given
metabolic profile of the user.

Inositols may also be transported by a described H+/myo-inositol transporter (HMIT) in a
1 H+ to 1 myo-inositol stoichiometric ratio [43,52]. Inositol HMIT transport is pH-dependent and
phlorizin-sensitive [52]. HMIT is highly expressed in the brain, but its transcript is also detected in
white, brown, and epididymal adipose tissues, and also in the kidney in rats [52]. HMIT is reported
to transport MI, SI, DCI, and muco-inositol, but not allo-inositol, and is blocked by phloretin and
phlorizin, which are well-described inhibitors of the Na+/glucose transporters SGLT1 and SGLT2. [52].
There are not many reports about the physiological role of HMIT in inositol transport in the peripheral
tissues. HMIT differently controls inositol transport and signaling in the neurons and astrocytes
along with SMIT1 and SMIT2, which may stand for a specific role of inositols in osmoregulation,
insulin signaling, Ca2+ mobilization, and membrane composition in the brain [52–55]. A more detailed
mechanism of inositol transport in the brain will be discussed in the other sections of this review.

MI, when available in the cell, is incorporated into PI. All MI-containing phospholipids are derived
from PI, which is the most abundant form throughout the cell, constituting 10–15% of mammalian
membrane phospholipids [56]. PI synthesis is performed next to the endoplasmic reticulum via PI
synthase (PIS). This process requires cytidine diphosphate diacylglycerol (CDP-DAG) and MI. PIS has
a low affinity for MI, hence MI availability is the rate-limiting factor for PI synthesis (ref). Some PI is
channeled to the luminal face of the endoplasmic reticulum to later derive glycan PI or GPIs, which
are acylated and transported to plasma membrane, serving as “anchors” for proteins in the external
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surface of the plasma membrane [57]. PIs may also be substrate for PI kinases, deriving PI-3, -4, and
-5 monophosphate (PI(3)P, PI(4)P, and PI(5)P), which may suffer posterior phosphorylation and be
converted into PI-3,5, -3,4, and -4,5 biphosphate (PI(3,5)P2, PI(3,4)P2, and PI(4,5)P2), the latter also
rendering the triphosphate form PI(3,4,5)P3, as reviewed in [57,58]. Phospholipase C may cleave
PI(4,5)P2 and form inositol (3,4,5) phosphate or IP3, which is subsequently derived into other IPs or
recycled back to MI [58].

3. Insulin-Mimetic and Insulin-Sensitizing Properties of Inositols

3.1. Revisiting the Proposed Role of Inositols in Insulin Signaling

Two complementary mechanisms by which inositols modulate the insulin signaling pathway
have been proposed [10,59,60] and revised [61,62]. Some questions regarding these models (depicted
later) have been addressed, yet there are no clear answers. Recent findings may shed light on some of
these unknowns and add other interactors in the signaling mechanism.

3.1.1. Canonical Insulin Signaling

The classical mechanism of action in insulin signaling has been extensively described and
reviewed [63–65]. Briefly, the binding of insulin to its receptor (IR) in target tissues promotes
tyrosine autophosphorylation, recruiting IR substrates as the IRS and Shc proteins. Shc activates the
Ras/MEK/ERK pathway, which accounts for mostly the growth-promoting effects of insulin. On the
other hand, IRS1 and IRS2 continue the PI3K/Akt/mTOR pathway. IRS proteins recruit the p85 regulatory
domain of phosphatidylinositol 3 kinase (PI3K), leading to phosphatidylinositol-3,4,5-triphosphate
(PIP3), and activating the phosphorylation of Akt (also known as PKB). Full activation of Akt needs
complementary phosphorylation by mammalian target of rapamycin (mTOR) complex 2 (mTORC2).
Akt then mediates most of the insulin effects, as it phosphorylates and inhibits glycogen synthase kinase
3-β (GSK3-β), preventing the inhibition of glycogen synthase (GS) and leading to increased glycogen
synthesis. Akt also promotes glucose uptake by the mobilization of glucose transporter 4 (GLUT4) and
activates the mTOR complex 1 (mTORC1) via inhibition of tuberous sclerosis 1 (TSC1) and 2 (TSC1),
leading to protein and lipid synthesis. Insulin signaling is a more complex process that involves major
proteins that participate in the glucogenic pathway, such as fructose 2,6-bisphosphatase (FBPase-2), or
the lipogenic pathway, like hormone-sensitive lipase (HSL), which are negatively regulated by protein
kinase A (PKA) and also inactivated by Akt.

3.1.2. Non-Canonical Insulin Signaling and the Role of IPGs

The role for inositols in insulin signaling has long been presumed, as early experiments showed
the capacity of inositols to promote glycogen synthesis in the liver or as lipid synthesis in adipocytes.
The paradigm of insulin signaling changed upon the discovery of insulin modulators that were
produced upon phospholipase activity in GPIs, enhancing pyruvate dehydrogenase (PDH) activity
and decreasing cAMP production [66,67]. Further research lead to the description of two types of IPGs
based on their structure and activity. Type A IPGs (IPG-A) contain myo-inositol and d-glucosamine
and inhibit cAMP production and AMPK activity, promoting lipogenesis. The others, named as type
G IPGs (IPG-G), consist of a 3-o-methyl-d-chiro-inositol (d-pinitol) and galactosamine, promoting
glycogenesis via mitochondrial PDH activation [68–70]. Larner et al. carried out isolation from beef
livers and later confirmed the structure of an insulin second messenger (INS-2) with a molar ratio of
1:1 of 3-o-methyl-d-chiro-inositol (d-pinitol) and galactosamine linked by a β-1,4 bond [71] (Figure 1C).
INS-2 that contains an inositol glycan structure of the so-called IPG-Ps is an allosteric modulator
of PP2Cα [72], which is known to dephosphorylate and activate GS [73], PI3K [74], and inactivate
AMPK [75]. INS-2 might also be present under the chelated form with Mn2+. Chelated INS-2 is an
allosteric modulator of mitochondrial PDH phosphatase (PDHP) activity and promotes PDH-mediated
glycogen synthesis [71]. It should be remarked that the structures of DCI-GPIs are still unknown and
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may not share structural similarity with MI-GPIs and differ in terms of the axial orientation of the
phosphatidyl moiety, as reported by cleavage studies with synthetic DCI-GPIs (Figure 1C) [76].

Larner and colleagues described the role of a Gq/11 protein as a putative pathway of insulin
signaling [77], hence linking the activity of a phospholipase that could explain the release of IPGs
from GPI and explain the crucial role for IPGs in insulin signaling. However, the exact structures
of circulating inositols released by insulin stimulus are still unknown. This model proposed by
Larner [10] raised some questions that were later added to new uncertainties in the review by Croze
and Soulage [61]. Deep revision and the current data may help address some of these uncertainties.

The less widespread Müller’s theory [59,60] describes the role of IPGs in activating insulin
signaling externally. This may be sustained by the observation that IPG internalization is not necessary
to stimulate lipogenesis in rat epididymal adipocytes with a maximal activity of 47% of the maximum
insulin response [78]. This theory is based on the existence of membrane detergent/carbonate-insoluble
glycolipid-enriched raft microdomains (DIGs), which are formed by the high presence of cholesterol
(hcDIG) or the low presence of cholesterol (lcDIG) in the plasma membrane. Some portion of insulin
receptors seem to be associated with caveolins, mainly located in “caveolae”, which are structures in
hcDIGs. GPI-anchored proteins would have a natural tendency to move to lcDIGs but are retained
in hcDIGs by binding to a membrane protein, presumably p115. Insulin stimulus would lead to the
activation of a GPI-PLC, which would release the IPGs. These IPGs may interfere in the binding of the
GPI-anchored proteins to the receptor, allowing their displacement to the lcDIGs. This would also lead
to a displacement of a protein kinase, pp59Lyn, previously attached to caveolin, which would mediate
tyrosine phosphorylation on IRS1 or IRS2.

This theory would involve recognizing the existence of a GPI-PLC whose gene has not been
identified in mammals, in addition to assuming that cholesterol microdomains are present in all cell
types where insulin activity is shown, and this does not explain why IPGs may allosterically modulate
intracellular elements of the insulin pathway. While this model cannot be ruled out, this may not
represent a generalized mechanism and would serve as an additional route of complementary insulin
signaling, but is not strictly necessary for insulin activity, rather than describing the main mechanism
of action of the IPGs.

Whether there might be different IPGs contributing to insulin signaling depending on tissue or
cell type might depend on the species and tissue proportion of inositol accumulation. Insulin markedly
promotes the biosynthesis of DCI-GPIs after 15 min of addition to rat fibroblasts expressing the human
IR, whereas a decrease in MI-GPI content is observed after 5 min of insulin treatment, which suggests
that insulin promotes epimerase activity and conversion of MI to DCI [15]. DCI-containing IPGs might
be the main mediators of insulin signaling, especially those involving glycogen synthesis. MI and SI
are more prominent in the brain than DCI, whereas conversion of MI to DCI is far more prominent in
fat, liver, muscle, or gonadal tissues [79]. It is foreseeable that DCI-IPGs would exert more important
control over insulin signaling, effectively depending on the place of action.

Other debate has been raised between the intracellular or extracellular release of IPGs. The answer
implies the interplay of three different proteins. Early experiments showed that IPGs are more likely to
be extracellularly formed after GPI cleaving and are later actively transported in the cell. The presence
of anti-IPG antibody blocks the activation of intracellular PDH, hence presuming that binding to
extracellularly-generated IPGs to the antibody prevents access to the cell interior [80]. As such, some
authors have described the existence of an ATP-dependent inositol glycan transporter that is stimulated
upon insulin signaling. This plasmatic membrane transporter was first discovered in hepatocytes and
has been well described [81]. Thus, it is a putative IPG transporter that would support the extracellular
release of IPGs.
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Since IPGs are part of the polar head of GPIs, their release relies on phospholipase activity.
The proposed mechanism implies an alternate pathway to tyrosine phosphorylation or IRs, with IRs
also coupling to a heteromeric protein Gq and the activation of a GPI-phospholipase [10]. Both GPI-PLC
and GPI-PLD have been proposed as candidates. Early experiments have determined the generation
of IPGs under the activity of bacterial GPI-PLC and GPI-PLD [60,68,71,82]. However, gene encoding
for a mammalian GPI-PLC has not been identified yet. Presumably, insulin mediates the generation of
IPGs through a GPI-PLD, as has been described [83,84]. GPI-PLD expression is ubiquitous throughout
all tissues and is especially prevalent in the liver and circulating in plasma [85]. Current studies
appoint the relevance of GPI-PLD in insulin resistance. Significantly increased levels of GPI-PLD
have been identified as a novel biomarker of early prediabetes in humans [86] and early stages of
latent autoimmune diabetes in adults and those with type 2 diabetes [87]. It has been observed that
both insulin and glucose stimulate the secretion of GPI-PLD in rat pancreatic islets [88]. GPI-PLD
levels also seem to be higher in the pancreas under islet hyperactivity and lower in the liver from
insulin-resistant (ob/ob) mice [88].

In relation to the above, despite the fact that there is no evidence of the mammalian gene for
GPI-PLC in humans, this possibility cannot be ruled out yet due to identification of a GPI-PLC-like
protein in bovine brains and rat intestines [89,90], but also to the lack of knowledge of the chemical
structure of the various IPGs that can be generated in the body. These doubts are raised by the
experiments carried out with synthetic IPGs. In one study, it was observed that the phosphate
group that binds carbon 1 of inositol to the membrane lipid needs to be maintained after cleavage of
phospholipase and forms a cyclic linkage with carbons 1 and 2 of inositol for certain synthetic IPGs that
have an insulin-mimetic activity [70]. This is only achieved through the action of a PI-PLC, since the
hydrolysis of the phosphate is carried out on the O− radical bound to the membrane lipid, whereas a
GPI-PLC performs a cleavage on the O− radical of inositol, maintaining the phosphate group in the lipid
after the release of the IPG (Figure 1C) [76]. In addition to this, synthetic DCI-GPI anchors with α(1→2)
linkage of glucosamine and DCI cannot be a substrate for PI-PLC hydrolysis, but this can be mediated
by GPI-PLD (Figure 1C) [76]. This suggests that possible DCI-GPIs are structurally similar to MI-GPI
anchors with α(1→6) linkage of glucosamine and that MI relies on GPI-PLD activity. Fagopyritols
are galactose and DCI analogs found in plants and are classified according to the binding (type A
with galactose-α(1→3)-DCI linkage and type B with galactose-α(1→2)-DCI linkage). Fagopyritol B1, a
galactose-α(1→2)-DCI, is a structural analog of the core of the proposed DCI-GPI anchors and has
a more powerful insulin-mimetic effect than free DCI, highlighting the possible role of DCI-IPGs in
insulin signaling (Figure 1C) [91].

PI-PLC cannot hydrolyze and release IPGs with cyclic phosphate when inositol carbon 2 is
palmitoyl-acylated, which is often the case for non-anchored protein-free GPIs [92]. In contrast, GPI-PLD
may be cleaved when inositol groups are acylated, supposedly releasing acylated IPGs (A-IPGs)
(Figure 1C) [92]. Synthetic A-IPGs also show a strong insulin-mimetic activity [93]. Non-protein linked
GPIs are intermediate GPIs, as they quickly bind proteins when reaching the plasma membrane surface.
However, non-protein-linked GPIs have been observed to reside both in the inner and outer leaflets
of the plasma membrane [94]. GPI-PLD release of acylated IPGs (A-IPGs) is speculated to occur in
the intracellular compartment, yet this has not been corroborated [94]. The fact that anti-IPGs block
some of the insulin-mediated actions suggests that intracellularly-released A-IPGs have a minor, yet
complementary, role in inulin signaling [80]. Besides insulin, GPI-PLD expression is associated with
lipid levels [95–97] and its activity is also associated with triglyceride [98] and lipid metabolism in the
liver [99], which may be somehow related to the improved lipid profiles of patients suffering from
metabolic diseases after supplementation with inositols like DCI [100].
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Assuming this approach, inositol supplementation may restore pathologically low levels of IPGs,
given that the rate-limiting aspect of GPI synthesis is cytosolic-free inositol supply, as phosphoinositol
synthase has a relatively low affinity [57]. Thus, a higher concentration of inositols, especially DCI,
which is much more scarce than MI and has a more prominent role in insulin signaling, supports the
idea that inositol supplementation would help the synthesis of DCI-GPIs and later form DCI-IPGs
when insulin epimerase’s activity is diminished in insulin resistance.

Albeit that this model seems to be a fairly close approach to the true role for inositols as
insulin-sensitizers (Figure 2), data on supplementation with inositol derivatives might question
whether IPGs are the only way for inositols to modulate insulin signaling.
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Figure 2. Proposed mechanism of action of inositols in insulin signaling. Non-canonical insulin signaling
through the Gq protein presumably stimulates glycophosphatidylinositol phospholipase D (GPI-PLD)
and/or (glycol)phosphatidylinositol phospholipase C (PI-PLC), mediating the hydrolysis of phosphate
linkage between inositol and membrane lipids, leading to the release of inositol phosphoglycans (IPGs).
Acylated-IPGs are formed in the plasma membrane and endoplasmic reticulum. IPGs are internalized
via an IPG transporter. Insulin-sensitizing properties of inositols correspond to (A) allosteric modulation
of protein phosphatase 1A (PP2Cα) and (B) pyruvate dehydrogenase phosphatase (PDHP), as observed
by d-chiro-inositol glycan (INS-2), and (C) the inhibition of adenylate cyclase (AC) and protein kinase
A (PKA) activity (observed with myo-inositol glycans). IPGs may also upregulate IRS1 signaling by
(D) activating the upstream modulator pp59Lyn localized in lipid rafts. Free inositols such as d-pinitol
also exert (E) insulin-mimetic properties in the absence of an insulin stimulus.
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3.2. Are Inositols Direct Insulin Mimetics Rather than Insulin Sensitizers?

Apart from the proposed model of IPGs in insulin signaling, some early in vitro studies of
inositol supplementation have shown the direct effect of inositol isomers in insulin signaling
apart from IPG activity. It was shown that a 1 mM dose of DCI, DPIN, l-chiro-inositol (LCI;
cis-1,2,4-trans-3,5,6-ciclohexanehexol), EI, and muco-I stimulated glucose uptake in rat L6 myotubes
in vitro and also promoted that translocation of GLUT4 to the plasma membrane in L6 myotubes
in vitro and the skeletal muscles of rats ex vivo to a similar extent as 100 nM of insulin [101]. It should be
noted that cells were grown in a medium supplemented with fetal bovine serum (FBS) and starved 18 h
prior to the glucose uptake assay with a medium containing 0.2% FBS, so the possibility of insulin traces
remaining in the cell culture media should not be ruled out, as these could account for the inositol effect
on GLUT4 translocation and glucose uptake at the given concentrations. MI was also supplemented at
same concentrations and did not elicit any insulin-mediated response on glucose uptake [101].

When administered to endothelial cells in vitro, both 1 mM of MI and DCI promoted an increased
phosphorylation of Akt, ERK1, and ERK2 in human vascular endothelial cells (HUVEC) to a greater
extent than 100 nM of insulin [102]. Since cells were serum-starved before MI and DCI treatment, MI and
DCI induced kinase phosphorylation in the absence of insulin. It is noteworthy that the Ras/MEK/ERK
signaling pathway was also involved, as inositols are regarded to exert insulin-sensitizing effects on
the PI3K/Akt/mTOR signaling pathway.

Our recent study has shown that the administration of DPIN to fasting rats promotes a significant
reduction of circulating insulin without affecting plasma glucose levels [103]. These results may imply
a direct action of DPIN on insulin signaling. An increase in ghrelin levels was also observed upon DPIN
administration, which could account for the decreased secretion of insulin in pancreatic β cells [103].

These results show that inositols may act on upstream regulators of insulin signaling. Some
experiments agree with this hypothesis. Sequoyitol pretreatment enhances insulin signaling with
increased phosphorylation of IRS1 and Akt in HepG2 hepatocytes and 3T3-L1 adipocytes [104].
Interestingly, sequoyitol pretreatment also reverses decreased IR autophosphorylation in the presence
of tumor necrosis factor (TNF-α), a well described inhibitor of IR activity [104,105]. TNF-α is known
to also inhibit SMIT expression in cultured endothelial cells [106]. Inositol depletion might partially
explain the insulin-sensitizing effect of sequoyitol on insulin-resistant cells but does not account for
enhanced IR autophosphorylation.

Increased IR autophosphorylation has also been observed in primary hippocampal neurons from
rats when administered 100 µM of DCI, DPIN, or INS-2 in a similar way to 1 µM insulin treatment [107].
Moreover, after media replacement with a serum-free HEPES buffer, DCI administration has been
shown to promote IR internalization, a mechanism required for ERK activation, in a similar way to
insulin [107]. Given that insulin was depleted from the media, again, this mechanism of IR trafficking
from dendrites to soma elicits a direct effect of DCI as a free inositol in insulin signaling.

The way free inositols participate in the insulin signaling pathway remains unknown. Given
that PLD levels are relatively high in all tissues, insulin stimulation of GPI-PLD might not be crucial
for its activity. Somehow, a stimulus would be needed to increase IPG production, which would rely
on the basal activity of GPI-PLD [108]. Based on the results obtained both in vitro and in vivo, the
group of Ashida suggested an insulin-independent mechanism, implying the activation of PI3K and/or
AMPK [101,109]. It has been described that INS-2 allosterically modulates PP2Cα [72], which is known
to dephosphorylate and activate PI3K [74] and inactivate AMPK [75]. IPG production could account for
GLUT4 translocation and enhanced glucose uptake in muscles. However, inositol supply and increased
IPG production does not account for the direct actions of inositols regarding IR autophosphorylation,
since their target starts insulin signaling downstream of PI3K and possibly IRS1.
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Although unlikely, some hypotheses have arisen regarding the means of IR activity. One of them
is the possible allosteric modulation of IR by inositols. A study has identified the molecular docking of
MI with active sites of PPARγ, GLUT4, and IR [108]. However, contrasting docking analysis requires
specific studies of protein–molecule inhibition or inhibition of the protein target to determine the
correlation of effective interactions in a biological system and in silico predictions. Moreover, the fact
that MI is predicted to interact with different molecules of the same signaling pathway undermines the
reliability of this mechanism. Another possibility could involve the repression of negative regulators
of IR. Protein tyrosine phosphatase 1B (PTP1B) is a well-described inhibitor of IR tyrosine kinase
activity. PTP1B is activated under different stimuli, including the presence of TNF-α [110]. Other
known inhibitors of IR are c-Jun N-terminal protein kinase (JNK) or suppressor of cytokine signaling 3
(SOCS3). It is still unknown if inositols may interact and downregulate one of the inhibitory pathways
of IR autophosphorylation,

Mechanisms of the insulin signaling pathway may involve different downstream elements, but
they all share a common activation of IRS1/2, PI3K, and Akt. In order to elucidate the target for free
inositols, we propose an in vitro study of cultured hepatocytes or myocytes, as highly-responsive
cells to insulin stimulus, and the blockade, one by one, of elements composing the cascade of the
insulin signaling pathway (IR, IRS1, PI3K, PDK, Akt, mTOR, and AMPK) in a top-down manner. This
could be easily achieved via the use of small interfering RNA (siRNA) and transient siRNA-mediated
knockdown of IR and their downstream elements [111,112]. Measuring the GLUT4-translocation
response of insulin-depleted cells to inositol addition could determine the exact point at which inositols
enhance IR signaling in the absence of insulin. In vitro studies let us control medium conditions and
eliminate external elements that could interfere with the insulin sensitivity. Alternatively, the use
of specific inhibitors for each element could be considered. Identification of inositol targets would
make way for further analysis of the exact mechanism of interaction, as well cyclitols, regarding
their specificity.

3.3. Putative Role of Inositols in IGF-1 Signaling

Insulin and insulin-like growth factor 1 (IGF-1) are both hormones with a high structural similarity
and share some cross-reactivity due to the low-affinity binding of insulin to the IGF-1 receptor (IGF-1R)
and from IGF-1 to IR. The existence of active IGF-1/IR heterodimers has also been demonstrated,
although their physiological role has not been fully described. In contrast to insulin, IGF-1 is released
in the liver and is stimulated by the growth hormone and its function is strongly anabolic. IGF-1
circulates as a ternary complex consisting of IGF-1, IGF binding protein 3 (IGFBP-3) or 5 (IGFBP-5),
and the acid labile subunit (ALS), avoiding IGF-1 non-specific insulin-like hypoglycemic activity.
The metalloproteinase pregnancy-associated plasma protein A2 (PAPP-A2) is involved in the proteolysis
of the IGF-1 ternary complex, releasing free and active IGF-1 on target tissues [113].

Like insulin, IGF-1 is also able to stimulate GPI cleavage and IPG formation, as seen in vitro in
3T3 fibroblasts, BC3H-1 myocytes, and Chinese hamster ovary (CHO) cell lines [114–116]. Moreover,
antibody binding to IPGs formed after the addition of IGF-1 blocks the growth-promoting effect on
the ears of chicken embryos [117]. However, the addition IPGs without the presence of IGF-1 has a
negligible effect on growth, which suggests that IPG formation is necessary, but not necessarily able to
promote an IGF-1-mediated growth effect [117]. This effect is likely mediated by IPG-A, since IPG
activity has been measured by its capacity of inhibiting PKA [117]. Another study showed that the
addition of antibodies against IPG-P blocked the stimulatory effects of both IGF-1 on progesterone
synthesis by swine ovary granulosa cells [118]. However, in adult rat hepatocytes, insulin mediates
GPI cleavage and IPG formation, and it has been observed that fetal hepatocyte formation of IPGs
is dependent on IGF-1 but not insulin activity. Furthermore, the addition of isolated IPG-P, but not
insulin, has reduced the activity of glycogen phosphorylase (the rate limiting enzyme for glycogen
hydrolysis) [119].
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The results mentioned earlier suggest a role for IPGs as putative mediators of IGF-1 signaling.
The involvement of IPGs on IGF-1 activity seems to be complementary to the canonical IGF-1
activation of the PI3K/Akt/mTOR and Ras/MEK/ERK pathways during development, acquiring a more
prominent role for insulin signaling in adulthood. Despite these results, the study of inositols for
IGF-1-like properties has long been neglected and no more recent data are available, including a lack of
complementary in vivo results. It is yet to be unveiled whether inositol deficiencies may cause growth
and development problems due to poor IGF-1 signaling. The addition of free inositols as compared to
inositol glycans during postnatal growth may provide deeper insight inositol mechanisms of action for
insulin/IGF-1 signaling.

4. The Antioxidant Capacity of Inositols

In addition to the modulation of insulin signaling, inositols are polyols that might act as modulators
of oxidative metabolism, helping to decrease the burden of oxidative stress. Oxidative stress is the most
common factor responsible for metabolic disturbances caused by insulin resistance. Under normal
reduction-oxidation conditions, physiological metabolism, especially via aerobic processes, produces a
series of sub-products called reactive oxygen species (ROS) that include superoxides (O2

−), hydrogen
peroxides (H2O2), and hydroxyl radicals (OH−) as part of the oxidation of metabolites. Normally,
antioxidants present in organisms can compensate the generation of ROS, as they accept electrons of
negatively charged oxygen molecules, deriving them into H2O.

A common feature of insulin resistance is the elevated production of cytokines such as TNF-α and
interleukin-6. A pro-inflammatory state contributes, along with hyperglycemia and decreased insulin
signaling, to a deregulated metabolism and excessive generation of ROS. Oxidative stress in adipose
tissue, along with an exacerbated release of cytokines, also promotes a pro-inflammatory state that
contributes to the development of insulin resistance, diabetes, and concomitantly increases the risk of
obesity-associated metabolic syndrome. In presence of nitric oxide (NO), a quick cross-reaction with O2

−

produces cytotoxic peroxynitrite (ONOO−) as part of the reactive nitrogen species (RNS). Both ROS and
RNS attack biological components of cells, including DNA, RNA, protein, or lipid peroxidation, causing
severe damage to plasma and organelle membranes [120]. Oxidative/nitrosative stress during insulin
resistance causes endothelial dysfunction and vascular complications or atherosclerosis. Endothelial
cell production of NO is promoted by insulin via PI3K/Akt signaling, which leads to the activation of
endothelial nitric oxide synthase (eNOS) [121,122]. However, decreased insulin signaling, along with
elevated NADPH oxidase activity and increased generation of O2

−, leads to a low bioavailability and
bioactivity of NO [123].

In phenolic compounds, hydroxyl groups can transfer their hydrogen to negatively charged free
radicals (R−) in order to be stabilized as neutrally charged radicals (RH). As inositols are polyalcohol
molecules, it has long been presumed that they possess antioxidant potential due to the presence of
hydroxyl groups. The first approaches to inositol derivative molecules focused on the antioxidant
potential of the inositol phosphorylated derivative phytic acid (IP6) as an iron (Fe3+) chelator. In normal
conditions, free radicals are generated in the Fenton reaction by the oxidation of Fe2+ as follows:
Fe2+ + H2O2 → Fe3+ + HO• + OH−. However, the sequestering of Fe3+ by IP6 leads to a rapid
depletion of Fe2+, which is oxidized by molecular oxygen (O2), but not by H2O2, hence blocking
free radical formation [124,125]. Antioxidant activity of IP6 is seen to be especially relevant for the
xanthine/xanthine oxidase system, which generates H2O2 by consecutive hypoxanthine to xanthine
and xanthine to uric acid oxidation reactions [126].
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The beneficial effects of free inositols in oxidative stress have also been related to radical scavenging
properties. An in vitro study showed that the addition of DPIN exhibited dose-dependent inhibition
of superoxide and nitric oxide formation [127]. In endothelial cell cultures under high glucose
conditions, the addition of DPIN, DCI, and synthetic 3,4-dibutyryl-DCI (db-DCI) has been shown to
dose-dependently scavenge superoxide in an xanthine/xanthine oxidase system [128]. It was shown
that db-DCI was most effective at reducing ROS levels and exhibited an Fe3+-related mechanism of
action, suggesting that db-DCI acts similarly to IP6, although the detailed mechanism of this has not
been determined yet [128]. Interestingly, quebrachitol has also been described as an active component
displaying a ONOO− scavenging activity [36].

The efficacy of inositols as antioxidants may also be attributed to an enhanced activity of
antioxidant enzymes. Recent studies on Jian carp have shown that MI supplementation increased the
activities of catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR) in copper
(Cu)-induced toxicity, but also superoxide dismutase (SOD) and glutathione-S-transferase (GST), both
in normal and Cu-induced damage conditions [129,130]. DPIN has also showed an enhancement of
endogenous antioxidant activity. DPIN at a dose of 200 mg/kg inhibits oxidative stress caused by
7,12-dimethylbenz(a)anthracene (DMBA) in rats, along with an increased activity of the antioxidant
enzymes SOD, CAT, GPx, and GST [127]. In a mouse model of cisplatin-induced oxidative stress,
the administration of DPIN increased GSH, SOD, and CAT activities [131]. The administration of an
DCI-enriched extract to streptozotocin-induced diabetic mice significantly increased glutathione (GSH)
and decreased malondialdehyde (MDA) in the liver, accompanied by decreased pro-inflammatory
TNF-α and increased anti-inflammatory IL-6 and interferon gamma (IFN-γ) in the sera [132].

As described previously, endothelial dysfunction is a common pathology derived from insulin
resistance. Regarding this, use of inositols yields a synergistic effect for both antioxidant and
insulin-sensitizing activities. The administration of MI and DCI in HUVEC cells promotes Akt
phosphorylation [106]. The in vitro addition of DPIN, DCI, and db-DCI impaired contraction by the
eNOS inhibitor L-NAME and increased NO effectiveness [128]. It has also been shown that db-DCI
decreases reduced PKC activation, hexosamine pathway activity, and advanced glycation end products
to basal levels in high glucose conditions [128].

Given the increasing problems arising from an unhealthy diet and living conditions, dietary
use of inositols should be considered because of their antioxidant and insulin-sensitizing properties
(Figure 3). It is still necessary to determine the exact mechanism of free radical scavenging in inositols.
Structure differences are likely to contribute to the net antioxidant capacity, as differences have been
observed between the sugar alcohols MI and DCI and methyl derivatives DPIN or db-DCI. There are
no available research data on the antioxidant activity of IPGs, since PI-derivative structures like IP6

could be active compounds of inositol activity.
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Figure 3. Proposed antioxidant mechanisms of inositol derivatives. Phytic acid (IP6) chelates and
sequesters Fe3+, redirecting Fe2+ via the Fenton reaction to oxidation with O2. Four molecules of Fe2+

are necessary to oxidize one molecule of O2, which generates O2
−, which is later converted in H2O2,

and finally inactive H2O. Reactive oxygen species (ROS) are scavenged by the antioxidant enzymes
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). Inositols upregulate
antioxidant enzyme levels and activity. The activation of insulin signaling in the endothelium results in
increased NO production. l-quebrachitol and 3,4-dibutyryl-d-chiro-inositol scavenge peroxynitrite
(ONOO−) and ROS species, respectively, although the mechanisms of this have not been unveiled yet.

5. Inositols in the Brain

5.1. Sources and Distribution of Inositols in the Brain

For many years, inositol disposition in the brain has gained much attention due to the observation
that inositol levels are 7-fold higher in the cerebrospinal fluid relative to plasma, and some 50- to
200-fold higher in the brain, in addition to several reports of altered MI and SI levels with different
neuropathologies [133]. As in the rest of the body, MI is the main inositol present in mammalian brain
tissue, followed by SI and small traces of DCI, NI, EI, or muco-I [12,13,25].

Inositol supply in the brain comes from three major sources, namely, the recycling of PI derivatives,
de novo synthesis, and inositol active transport from the peripheral tissues. The synthesis of inositols
produced in the brain occurs to a lesser extent relative to the peripheral tissues [37]. The activity of
MIPS has been detected in the microvasculature of mammalian brains [134]. In vitro studies with
neuroblastoma cells have shown that the expression of the inositol synthesis enzyme IMPase is
necessary for GSK3-α but not GSK3-β activity [135]. However, other previous results did not detect
IMPase activity in vitro in NT2-N neurons [136]. There are still some discrepancies regarding whether
de novo synthesis and inositol recycling are major sources of free inositol for normal neuronal and
glial activities without the need for active transport from peripheral sources of inositols. Homozygous
SMIT1 KO animals show remarkedly decreased MI levels in the whole brain, especially in the frontal
cortex (55% reduction) and hippocampus (60% reduction), but normal levels of PI, IP5, and IP6, which
may suggest de novo MI synthesis maintains PI-derivative levels in the brain [137–139]. However,
IMPase KO mice show a 65% decrease in IMPase activity but normal MI levels in the hippocampus [140].
We suspect these differences may rely on compensatory mechanisms of inositol replenishment, a pool
of inositol reserves as PI, or differences in inositol content and metabolism in neurons versus glia.
Although PI intracellular levels do not change in SMIT KO mice, overexpression of SMIT in transfected
cells has shown the same PI levels as the control cells and intracellular PIP and PIP2 levels increased,
which may suggest a different or minor pool for PI-derived signaling molecules responsive to SMIT or
MI levels and these are not sensitive enough to contribute to the total PI pool in the cell [141,142].
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The distribution of MI in the brain is unequal and may be representative of particularities in
regional activity. MI levels are higher in hypothalamus relative to the hippocampus, as detected by
1H-magnetic resonance spectroscopy (MRS) in mouse brains [143]. MI uptake is also produced at a
higher rate when compared to the hippocampus, cortex, caudate, or cerebellum [144] in rat brains.
The hypothalamus is adjacent to the third ventricle, where the blood–brain barrier permeabilizes and
provides access to metabolic signals from the peripheral tissues like insulin, glucagon, leptin, gherlin,
or glucose itself [145]. Variation in regional MI might be due to different expressions of the inositol
transporters SMIT1 and SMIT2. Cerebellar mRNA expression of SMIT1 and SMIT2 is higher than
hippocampal and cortical expression in mice [47]. Apart from SMIT1 and SMIT2, HMIT has gained
relevance as it is expressed predominantly in the brain, especially in the neuronal population of the
human hippocampus and cortex, as determined by immunocytochemistry [52,54]. Analysis of RNA
expression of HMIT in rat brains has shown that the HMIT transcript is expressed predominantly in the
brain, with higher expression found in the cerebral cortex, hippocampus, hypothalamus, cerebellum,
and brainstem [52]. Inositol HMIT transport is pH-dependent and phlorizin-sensitive [52].

Importantly, different presences of SMIT1, SMIT2, and HMIT have been detected in astrocytes
and neurons. A study in cultured astrocytes and neurons showed that HMIT and SMIT1 are more
present in astroglia than SMIT2 and may contribute to a higher uptake of MI due to their affinity [55].
On the other hand, SMIT1, SMIT2, and HMIT are all expressed in neuronal cells, where SMIT2 is
expressed at higher levels [55]. Even though HMIT has been suggested to be relocated actively
between plasma membrane and vesicles via exocytosis in regions of nerve growth, further studies
have shown that HMIT is not actively expressed in the cell membrane of human neurons and does
not participate in inositol internalization [53,54]. HMIT is co-stained with Golgi markers in neurons,
indicating that it could participate in vesicular inositol trafficking. Since IP3 is a substrate for HMIT
transport, it has been speculated that the role of HMIT would be more committed to the regulation
of intracellular IP3 levels and Ca2+ signaling instead of participating in inositol internalization in
neurons [54]. The expression of HMIT has also been detected in astrocytes and it seems to be localized
both in intracellular and plasma membrane, as depicted by immunochemistry [52]. HMIT shows high
capacity/low affinity transport kinetics and is relevant for MI transport under physiologically relevant
MI concentrations, whereas under intracellular acidic conditions or lower extracellular MI conditions,
SMIT1 and SMIT2 (to a lesser extent) are the main mediators of inositol uptake in primary cultures of
mouse astrocytes [55]. This suggests that inositol transport in neurons and astrocytes is regionalized
and mediated by different transport systems, which could be associated with a specific role of inositols
in the intracellular signaling mechanism.

When incorporated into phospholipids, PI derivatives show specific functions in the nervous
system, as reviewed [146]. Briefly, PI(3)P is important for the hippocampal regulation of GABAergic
inhibitory transmission, PI(5)P regulates Notch cell signaling, PI(4,5)P2 is involved in different processes
of neuronal excitability, PI(3,5)P2 affect glutamatergic signaling, and both PI(3,4)P2 and PI(3,4,5)P3

have a role in dendrite development.
The recent interest of the inositol derivative lysophosphatidylinositol (LPI) as a central regulator

of memory and inflammatory processes should also be highlighted. LPI is formed by the action of
phospholipases A1 (PLA1) and A2 (PLA2) on PI and serves as an intermediate for the synthesis of
endocannabinoid 2-arachidonoylglycerol (2-AG). However, LPI has an important role in controlling
neuronal excitability and responsivity to external stimuli, as it acts as a putative ligand for cannabinoid
G protein-coupled receptor 55 (GPR55). In the periphery, GPR55 is known to modulate and increase
insulin secretion in beta-pancreatic islets via a mechanism involving the mobilization of intracellular
Ca2+ [147]. GPR55 is also known to be involved in energy metabolism and pain sensation [148,149].
Specifically in the brain, GPR55 has been shown to be expressed in the hippocampi of mice and
rats and is localized in the CA1 and CA3 layers of pyramidal cells [150]. The application of LPI to
hippocampal mouse slices enhances the long-term potentiation of CA1 neurons [150]. Moreover, central
administration of LPI and GPR55 agonists promotes procedural memory and provokes changes in
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spatial memory [151,152]. Central actions of GPR55 seem to rely on its ability to modulate intracellular
Ca2+ presynaptically and boost neurotransmitter release, as observed in the hippocampal CA1 to CA3
subregions of mice brain slices [153]. These results suggest that the inositol derivative LPI is able to
regulate cognitive processes through the activation of GPR55. A summary of inositol distribution in
the brain and the main activities can be found in Table 2.

Table 2. Distribution of inositols in the brain and the main functions of inositol derivatives. LPI:
Lysophosphatidylinositol; GPR55: Cannabinoid G protein-coupled receptor 55; HMIT: H+/myo-inositol
transporter; PIP2: Phosphatidylinositol (4,5)-bisphosphate; GIRK: G protein-gated inwardly
rectifying potassium.

Inositol Sources in the Brain Inositol Isoform Main Brain Target Described Mechanism

• De novo synthesis from active
transport from
peripheral tissues.

• SMIT1: A 2 Na+:1 myo-inositol
co-transporter, present in
microglia and neurons [55].
Expressed in the cerebellum,
hippocampus, and cortex [47].

• SMIT2: A 2 Na+:1 myo-inositol
co-transporter predominantly
present in neurons [55].
Expressed in the cerebellum,
hippocampus, and cortex [47].

• HMIT: H+/myo-inositol
co-transporter, present in
neurons and microglia [52,54].
Expression found in the
cerebral cortex, hippocampus,
hypothalamus, cerebellum,
and brainstem. Participates in
the regulation of intracellular
IP3 levels [52,54].

Myo-inositol Astrocytes.

• Acts as an osmolyte in astrocytes.
• Alterations in brain MI levels are

commonly observed in traumatic
and neurodegenerative
diseases [154–157].

LPI GPR55 in the
hippocampus.

• Binding of LPI to GPR55 enhances
long-term potentiation and
stimulates memory
formation [151,152] via the
mobilization of intracellular
Ca2+ [153].

IP3
Endoplasmic

reticulum in neurons.

• Mobilization of intracellular Ca2+

deposits in neurons, modulating
membrane excitability in a
mechanism associated with HMIT
transport [54].

PIP2

Potassium channels
GIRK and KCNQ2/3,
mainly found in the

hippocampus.

• PIP2 bioavailability modulates
neuronal excitability in a
SMIT1-KCNQ2/3-dependent
mechanism [158].

• PIP2 stimulates the opening of GIRK
and KCNQ2/3 channels, promoting
M-current [159,160].

PI(3)P GABA neurons in the
hippocampus.

• Promotes postsynaptic GABA
receptor clustering [161].

PI(4,5)P2
Ion channels found

in neurons.

• Regulation of neuronal excitability,
as a substrate for normal function of
ion channels in neurons [146,162].

PI(3,5)P2
NMDA and GluA1

channels in neurons.

• Altered PI(3,5)P2 impairs recycling
of NMDA and GluA1 channels,
affecting glutamatergic
transmission [163,164].

PI(3,4)P2 Neurites. • PI(3,4)P2 clustering is necessary for
neurite initiation [165].

A more detailed description of the role of inositols in the brain could clarify the possibilities of
their use as nutraceutical treatments. Nevertheless, when considering the external supply of inositols
in the brain, it should be considered that the administration of inositol derivatives like SI decreases the
concentration of MI, which may represent a shift in the inositol equilibrium, promoting MI degradation
to stabilize brain homeostasis [18]. Hence, the administration of inositol derivatives should be tightly
regulated in order to avoid an imbalance in inositol homeostasis.
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5.2. Inositols as Osmolytes in Astrocytes

Inositols are described as osmolytes in plants, protecting them from heat, high salinity, and
drought stress [33]. In mammals, higher concentrations of inositols in the brain, with respect to the
peripheral tissues, stand mainly for their osmoregulatory role in astrocytes, as multinuclear NMR
studies have suggested [166]. SMIT gene expression is increased under osmotic stress conditions and
rapidly decreased when iso-osmolarity is reestablished [167]. This mechanism allows astrocytes to
adapt their size in order to reduce the impact of an ionic imbalance in extracellular media. In hypotonic
conditions, the volume-sensitive organic osmolyte anion channel (VSOAC) mediates the rapid efflux
of inositol along with other osmolytes, leading to cell shrinkage [168].

This property of MI fluctuation in glial cells has led to its correlation as a widely accepted marker
for astrogliosis. An 1H-MRS study in brains showed reduced MI levels after a traumatic brain injury,
which was later normalized over time [169]. This decrease in brain MI may be a result of astrocyte cell
death or either a mechanism of osmoregulation to prevent the development of brain swelling [170].
However, the activation of microglia and astrocytes leads to the accumulation of osmolytes and
increased cell size, reflecting a higher MI content [171]. MI accumulation in astrogliosis is also a
common feature observed during aging in the hippocampus and cortex [172], which seems to reflect
changes in astroglia cell metabolism, a chronic inflammatory state, and oxidative stress [173,174].

As observed during aging, elevated MI levels in the brain are also observed during previous stages
of mild cognitive impairment (MCI), AD, and pre-AD patients with Down’s syndrome (DS), with a
negative correlation between MI levels and cognitive performance [154–157]. Altered MI levels are also
observed with bipolar disorder [175]. Changes observed in MI levels localized in the hippocampus and
frontal cortex, involved several functions, including memory and task decision, make MI a valuable
biomarker of early stages of cognitive decline as it can be detected in vivo in early stages of cognitive
decline and correlates time-dependently with its development.

5.3. Changes in Inositol Derivatives and Excitability in Neurons

It is well established that inositols are osmoregulators in astrocytes. Since this may also be true for
neuronal populations, an important role of SMIT transporters and inositol transfer within the cell has
been found as intrinsic modulators of neuronal excitability.

Membrane potential is highly influenced by the efflux of K+ through ion-, voltage-, or
metabolic-dependent channels, which are responsible for the inhibition of cell excitability. As a
substrate, the inositol derivative PIP2 acts as a “metabolic sensor” and interacts with the Kir6.2 and
SUR1 subunits of ATP-sensitive K+ channels (KATP), stabilizing the open state of the channel (as
opposed to ATP, which stabilizes the closed state of the channel), which is an important mechanism
of the pancreatic release of insulin [176–179]. In neurons, excitability is tightly controlled by G
protein-gated inwardly rectifying potassium (GIRK) channels and muscarine-sensitive voltage-gated
potassium (Kv) channels, where KCNQ2 and KCNQ3, forming the heteromer KCNQ2/3, are major
contributors in the hippocampus for M-current, a non-inactivating K+ that defines phasic versus tonic
firing [159,160]. As an intracellular signaling molecule, PIP2 promotes the opening of GIRK [180] and
KCNQ2/3 [181,182]. According to this, the KCNQ2/3 current is inhibited when PIP2 is depleted via the
activation of Gq-coupled receptors and the subsequent PLC cleavage of PIP2 [181].

Regarding the later information, PIP2 is necessary for the modulation of KCNQ2/3 heteromer
activity, but recent data point to a SMIT-mediated control of channel function. SMIT1 and SMIT2
interact physically and colocalize with KCNQ2/3 in sciatic nerve nodes of Ranvier and in axon initial
segments [158,183]. In the absence of MI, SMIT1 co-expression with KCNQ2/3 modulates channel
ion selectivity, gating, and pharmacology, making KCNQ2/3 less sensitive to extracellular K+ and
promoting M-current [183]. However, when MI is added, KCNQ2/3 currents augment with a seemingly
increased PIP2 synthesis [158]. This fact is supported by increased PIP and PIP2 levels in hypertonic
medium and faster cell recovery after drug-mediated suppression of KCNQ2/3 current [141]. Thus, both
SMIT and MI synergistically promote hyperpolarizing currents mediated by KCNQ2/3. Interestingly,
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GABA modulates KCNQ2/3 in a similar way as SMIT1. The activation of KCNQ2/3 seems to be
mediated by SMIT1 through KCNQ2, whereas GABA communicates with KCNQ3. GABA binds to a
S5 residue in both KCNQ2 and KCNQ3, mediating a conformational change that leads to loss of SMIT1
influence over KCNQ2/3. Since SMIT1 also binds the same S5 residues, its co-expression reduces GABA
potentiation with respect to KCNQ2/3. Thereby, the presence of GABA decreases SMIT1 influence over
KCNQ2/3 and vice versa as a negative feedback mechanism [160].

The finding that inositol regulates neuronal excitability is especially relevant regarding correlations
of altered KCNQ conductance in several models of neurodegenerative diseases. Alzheimer’s disease
(AD) has been correlated to a reduced expression of the GirK2, GirK3, GirK4, KCNQ2, and KCNQ3
subunits and genes encoding for the antioxidants SOD, 8-oxoguanine DNA glycosylase (OGG1), and
monoamine oxidase A (MAO-A) in rats [184]. Familial-inherited epilepsy has also been associated
with mutations in KCNQ2 and KCNQ3 [185–187]. The expression and function of KCNQ2 [188] and
KCNQ3 [189] are both also altered in cases of bipolar disorder. Crosstalk between SMIT/MI and KCNQ
channels is an important issue, as changing intracellular levels of MI and thus PIP2 levels may modulate
neuronal excitability in the hippocampus. The fact that many neuropathologies are related to either
SMIT- or KCNQ2/3-altered function highlights the importance of inositol in normal neuronal function.

6. Neurodegenerative Diseases: Perspectives for the Use of Inositols

6.1. Alzheimer’s Disease

6.1.1. Inositols and the Amyloid Pathology

AD dementia is the main clinical entity contributing to the increased prevalence of dementia.
In the absence of effective therapies to avoid the deposition of β-amyloid (Aβ) plaques, the main
pathogenic factor studied in AD, efforts are also focusing on procedures to delay the cognitive decline
associated with this anomalous protein accumulation.

One of the most characteristic features of AD development is the aberrant production and
deposition of Aβ peptides, either in Aβ40 or Aβ42 fragments. Amyloid precursor protein is subject
to protease activity by β-secretase (BACE1) and γ-secretase. Presenilin-1, the catalytic subunit of
γ-secretase, is regarded as a major contributor of increased Aβ production. Notably, γ-secretase also
contributes to the cleavage of other substrates like Notch, which is important for cell differentiation
in embryogenesis and adulthood [190]. The accumulation of Aβ oligomers extracellularly leads to
the appearance of Aβ-derived diffusible ligands (ADDLs), which are highly neurotoxic and mediate
the disruption of neuronal synapses, the depression of signaling, tau hyperphosphorylation (another
well studied factor in AD), the disruption of normal autophagic processes, the generation of ROS and
RNS, and cell death [107]. The combination of the above factors is seen to be the cause for cognitive
impairment and memory loss.

The tendency of Aβ accumulation seems to be facilitated by binding to peroxidized PI lipids as a
consequence of oxidative stress, inducing the conformational secondary structure of the β-sheet [191].
Based on this, it was hypothesized that free myo-inositol and inositol stereoisomers might interfere
with Aβ aggregation and fibril formation competing for Aβ-PI lipid binding and stabilizing soluble
forms of Aβ [23,24]. Early studies in vitro proved that MI, SI, and EI induced formations of stable
β-structures of Aβ42, but these structures did not result in Aβ42 progression to fibrillar structures
at a 1:1 ratio (by weight). The same studies showed that non-fibrillar Aβ42 oligomers, which may
cause neuronal toxicity as well, were non-toxic in the presence of EI and SI at a ratio of 1:20 [24]. DCI,
however, was unable to avoid Aβ42 fibrillar conformation and toxicity, which is suggested to be due to
the necessity of the hydroxyl groups to be oriented at positions 1, 3, and 5 or alternatively 2, 4, and 6 in
order to stabilize the inositol-Aβ42 complex structure [24].
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Further studies in vivo have shown that the prophylactic administration of SI and EI is effective for
preventing cognitive decline and Aβ aggregation at early stages in a mouse model of AD (TgCRND8)
and 1-month treatment of SI, but EI could not also reverse disease development [192]. Positive effects
with SI were corroborated with decreased astrogliosis and an improvement of synaptic transmission,
observed by increased levels of synaptophysin [192]. A later study corroborated higher levels of SI
in the brain after ad libitum administration to TgCRND8 mice, with reduced Aβ40 and Aβ42 brain
levels and decreased plaque formation [18]. Moreover, Aβ cerebroventricular-injected rats with ad
libitum access to SI in drinking water had improved performance for learning tasks than non-SI treated
rats [193]. Since SI showed better results than EI and other inositol stereoisomers, later studies focused
on the SI effect in the same and other murine models of AD, showing improvements in damaged
cortical microvasculature caused by Aβ accumulation and improved spatial learning [194–196].

These studies have been substantially reviewed and have raised the not-so-feasible properties
of SI (and, to a lesser extent, EI) and its ability to decrease Aβ aggregation and neuronal damage.
Some complaints have arisen from the concentration of SI or EI required for interaction with Aβ

and the disruption of fibril formation [197]. Other studies have shown the inefficacy of SI at a ratio
of 1:10 for inhibiting Aβ aggregation and toxicity, as well as cell death for PC-12 cells and mixed
primary rat hippocampal neurons mixed with glial cells [198]. Others have reported that SI binds
weakly to other minor-contributing amyloid fragments like Aβ25−35 (formed in aging brains after Aβ40

cleavage) [199,200]. Despite these concerns, SI levels are dramatically increased in the brain after ad
libitum access, thus being able to interfere in Aβ toxicity, as observed in animal models [18].

These results led to a phase II clinical study of SI (named as ELND005) for mild-to-moderate
AD. The administration of SI at a 250 mg dose resulted, after 78 weeks of treatment, in a slight
improvement in neurological performance, increased brain ventricle volume, and lower levels of CFS
Aβ42, accompanied by higher levels of SI in CSF, as observed in animal models [201]. Further clinical
trials have focused on SI effects on agitation and aggression in AD. Despite these results, higher doses
of SI resulted in early deaths (4 deceased for 1000 mg SI dose and 5 deceased for 2000 mg SI dose) [201].
SI toxicity may have been caused by renal failure, as uric acid was decreased dose-dependently in
SI-treated patients [201]. However, in young healthy subjects, 10-day administration of 2000 mg SI
every 12 h also resulted in higher SI levels in blood and CSF with no adverse effects [202]. Further
concerns about SI safety have led to the development of SI derivatives, aiming to increase brain
penetration, allowing for better efficacy with lower doses of SI for treating AD. A recent report has
highlighted AAD-66, a guanidine-appended SI derivative that has improved cognitive performance in
a 5xFAD mouse model of AD, concomitant with a reduction in Aβ deposition and glial reactivity as
compared to free SI when both were administered ad libitum at the same dose [203].

Although high doses of SI have not been approved for clinical use due to the adverse effects, the
search for inositol derivatives, especially those from SI, represent a promising reality in the use of
substances derived from natural compounds for the treatment of AD. Along with SI, DPIN is also being
tested in clinical trials for AD pathology treatments. DPIN has shown to be a γ-secretase inhibitor
that is Notch-sparing (that is, it does not affect Notch cleavage) in vitro [204]. These results show that
inositols can directly intervene in the Aβ pathology of different targets (Figure 4).
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Figure 4. Schematic view of inositol interplay in mechanisms leading to progression of Alzheimer’s
disease. Epi- and scyllo-inositol stabilize β-sheet conformation of β amyloid (Aβ) products of aberrant
APP hydrolysis by β-secretase (BACE1) and γ-secretase. Scyllo-inositol also prevents fibril formation
from Aβ oligomers. Pinitol is seen to inhibit γ-secretase cleavage of APP but not Notch products.
Brain insulin resistance contributes to amyloid pathology and ultimately to tau hyperphosphorylation,
forming toxic microtubule neurofibrillary tangles (NFTs). Mitochondrial dysfunction and presence of
Aβ-derived diffusible ligands (ADDLs) worsen the insulin response. d-chiro-inositol and d-pinitol
improve insulin sensitivity in the brain, counteracting the development of brain insulin resistance.
Inositols prevent early impairment in insulin signaling and the development of vascular dysfunction,
which promotes oxidative stress and the release of pro-inflammatory cytokines, ultimately contributing
to amyloid pathology in the context of brain insulin resistance in Alzheimer’s disease.

6.1.2. Inositol Use for Brain Insulin Resistance in Alzheimer’s Disease

Insulin resistance has emerged as one cause–effect of AD [205]. Recent studies have shown that
cognitive impairment and AD progression are related to a dysfunction in insulin signaling in the
hippocampus and frontal cortex. Postmortem analysis of human hippocampal tissue shows a correlation
between high serine-inhibitory phosphorylation of IRS1 and oligomeric Aβ plaques, which were
negatively associated with working memory and episodic memory [206]. The same study observed
that GSK3-β activity was correlated with insulin resistance and tau hyperphosphorylation [206].
Further studies have shown that early hyperactivation of insulin signaling may cause negative
feedback mediated by mTOR and decreased biliverdin-A reductase (BVR-A) activity, an oxidative
stress-sensitive antioxidant enzyme and second messenger in insulin signaling, controlling IRS1 and
Akt serine phosphorylation [207,208]. Brain insulin resistance and increased oxidative stress lead
to overall carbonyl and peroxynitrite protein modifications, leading to signaling dysfunction and a
decrease in cognitive performance [209]. An in vitro study showed that the accumulation of ADDLs
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caused a loss of surface IRs, and ADDL-induced oxidative stress and synaptic spine deterioration
could be completely prevented by insulin treatment [209].

Since insulin resistance is an accepted contributor to a worsening AD condition, some strategies
have been designed in order to restore insulin signaling in the brain. A proposed strategy is the
use of intranasal insulin [210], as it has been proven to be effective at restoring cognitive function,
decreasing Aβ aggregation, tau hyperphosphorylation, and nitrosative stress in a 3xTg mouse model
of AD [211]. Intranasal insulin has been part of clinical trials, with minimal safety concerns reported so
far [212]. Moreover, insulin is a short-life acting molecule, and some derivatives are currently under
development [212,213]. Although it is beyond the scope of this review to focus on the insulin molecule
itself as a potential treatment for brain insulin resistance-related pathologies, this short summary paves
the way for the use of naturally occurring insulin-mimetic compounds, the safety of which has been
tested in humans.

The potent stimulatory effect of DCI on insulin signaling is highly likely to contribute to an insulin
neuroprotective effect on AD. DCI is effectively transported through the blood–brain barrier and
stimulates insulin signaling, as seen in the hypothalamus [214]. An in vitro study showed that DCI, its
methyl derivative DPIN, and DCI-GPI INS-2 increased IR autophosphorylation at a dose of 100 µM in
primary rat hippocampal neurons [107]. Moreover, the same dose of DCI potentiated insulin-mediated
inhibition of ADDL binding to neuron spines and neurites and ADDL-induced synapse damage to
neurons [107]. This effect was not observed for MI and was suppressed after addition to PI3K, ERKm,
and IGF1R inhibitors, blocking insulin DCI-potentiated signaling [107]. Although these results suggest
inositols such as DCI or DPIN are an effective treatment for preserving insulin-deficient signaling in
the brain, there are few data on the use of insulin-mimetic inositols in vivo. This is likely due to biased
use of SI amongst all inositol derivatives, given its direct interaction with Aβ aggregates.

The use of strong insulin-sensitizers like DCI and their derivatives could serve as an alternative
treatment, based on compounds easily obtained from natural sources, whose use in high doses in
humans has proven to be safe and effective in other pathologies caused by insulin resistance [27,215].
Moreover, increasing evidence suggesting that peripheral type 2 diabetes exacerbates AD development
raises the interest for combinational therapies. The possible protective role of inositols in T2D and AD
comorbidity will be summarized in the next section.

6.1.3. Unhealthy Dietary Habits and Microvascular Damage in Alzheimer’s Disease: Preventive
Inositol Supplementation

Since brain insulin resistance contributes to AD development, increasing evidence suggests
that peripheral type 2 diabetes mellitus (T2DM) may overlap and exacerbate AD-related cognitive
impairment, neuroinflammation, oxidative stress, Aβ aggregation, tau hyperphosphorylation, and
synaptic dysfunction [216–218]. A meta-analysis has shown a 56% increased risk of AD in diabetic
patients, and a high prevalence of mixed pathologies [219].

A high fat diet in experimental models, leading to development of T2DM, produces Aβ deposition
through altered mechanisms of autophagy and apoptosis, as well as neuroinflammation though
alteration in the metabolism and the production of ROS and pro-inflammatory mediators [220–223].
Middle-aged patients with insulin resistance share common features with AD as the uncoupling of
macrovascular blood flow and microvascular perfusion, which is likely due to coupling through the
metabolic alterations derived from metabolic shifts induced by the oxidation of fatty acids [224,225].
In addition, high fat diets can modify microbiota compositions, altering the reaction of the intestinal
immune barrier. These events might result in changes in circulating levels of pro-inflammatory
mediators (cytokines, chemokines, endotoxin) produced at the intestinal levels [226].

The concomitant combination of insulin resistance, a chronic pro-inflammatory state, oxidative
stress, and vascular endothelial dysfunction might directly promote an adverse environment for
neuronal survival in the context of AD, thus worsening AD-related features. As we have previously
described, inositols have been effectively used for treatment of insulin resistance-related pathologies.
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Regarding insulin-based therapies in AD, the use of intranasal insulin has no cognitive benefits in
prediabetic animals compared to non-diabetic animals [227].

In this perspective, the fact that inositols exert an insulin sensitizing effect, but also directly
improve endothelial function and act as antioxidant molecules, suggests its use as a supplement in a
preventive way. Although no publication exists on the use of Alzheimer’s-associated inositols in the
context of insulin resistance, some patents have covered this issue. Pasinetti showed that treatment
with 100 mg/kg DPIN administered ad libitum in a Tg2576 mouse model of AD exposed to a high fat
diet reduced Aβ levels in the hippocampus, neocortex, and serum through the restoration in the brain
of insulin receptor signal transduction [204].

Because inositols are insulin-sensitizers that restore deficient insulin signaling without
hyperactivation of insulin signaling, avoiding insulin side-effects, their preventive use as prophylactic
agents has emerged as a powerful strategy to delay or lessen the impact of cognitive decline, protecting
from synaptic dysfunction. Therefore, we suggest a combination of inositol supplementation with
healthy dietary intervention, which is able to modulate microbial production of inositols like SI for the
pre-treatment and treatment of AD pathology [228].

6.2. Down’s Syndrome

DS is a high-risk factor for the early development of AD. Cognitive impairment in adults with DS
resembles that of AD patients [229]. As observed in AD, adults with DS present greater brain MI levels,
increasing with age [156]. This may be due to an extra copy of the SMIT1 gene in chromosome 21 [230].
Moreover, the overexpression of amyloid precursor APP due to its presence on chromosome 21 is
likely the cause for the increased production of Aβ fragments [231]. Brain insulin resistance is also
observed to be developed early in DS subjects, as seen in the inhibition of IRS1 and the uncoupling of
downstream elements of insulin signaling [232,233]. These alterations are a major factor for triggering
early AD in DS.

Given the prevalence of AD in DS, SI (ELND005) has been tested in a phase II clinical trial in
subjects with DS. Both doses of 250 mg/day and 250 mg/twice a day of SI resulted in no serious adverse
events, and increased SI concentration in plasma. Interestingly, although a small sample group was
tested, the subjects with double dose of 250 mg SI showed improvements in their “neuropsychiatric
inventory”, a behavioral measure that assesses symptoms like irritability and agitation [234]. A phase
III clinical trial with SI in DS is expected to start.

6.3. Anxiety, Compulsive, and Depressive Disorders

Anxiety or closely related disorders are characterized by fear and anxiety related to behavioral
disturbances, including panic disorder or obsessive-compulsive disorder (OCD). The search for new
treatments for anxiety disorders has long led to an analysis of the effect of MI administration. It has
been shown by 1H-MRS that frontal cortex MI levels are reduced in patients with depressive and
sleep disorders, and MI levels are negatively correlated with depression severity [235,236]. Despite a
mechanism of action that is partially unknown, many clinical trials in humans have probed MI at a
dose ranging from 12–18 g/day, finding that the dosage is effective for the treatment of panic disorders,
OCD, and depression, which are included in the broad spectrum of disorders mainly treated with
selective serotonin reuptake inhibitors (SSRIs) [20–22].

Since serotonin receptors (5-HTs) are G-protein-coupled receptors, the net effect of MI was thought
to be mediated by the replenishment of PI and PIP2 availability, avoiding receptor desensitization [237].
In a forced swim test in rats, MI administration reduced depressive behavior, which was abolished
by the addition of the specific 5-HT2A/5-HT2C antagonist ritanserin, but not the 5-HT1A/5-HT1B/β

adrenergic antagonist pindolol, which suggests that the MI anti-depressant mechanism specifically
involves 5-HT2 subtype receptors [238]. Moreover, the administration of 1.2 g/kg MI for 12 weeks
significantly increased type 2 dopamine (D2) and slightly increased 5-HT2 receptor density in the
striatum of guinea pigs, a region involved in locomotor and stereotype behavior [239]. Although the
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MI mechanism has not been fully elucidated, its use for anxiety and depressive disorders is still under
evaluation. It should also be noted that MI has no additive effect with SSRI treatment, which suggests
that somehow both families of compounds intersect regarding their mechanism of action [240,241].

7. From Patents to Clinical Trials of Inositols

The industrialized market for nutritional products, such as dietary supplements, has experienced
spectacular growth during the late 1990s and the last decade, and has been focused on the development
of functional and nutraceutical food products. One of the reasons for the expansion has been the
change in the trend of consumers towards the use of supplements with a natural origin. Because there
is no worldwide legislation that establishes a precise definition of nutraceuticals, their protection and
marketing have both raised certain doubts. Generally, an updated term for nutraceuticals is a product
of natural origin that possesses study-based beneficial effects on health.

As we have described throughout this review, inositols fall within these characteristics. The fact
that they are molecules with multiple beneficial functions for health (i.e., via their antioxidant capacity,
improvement of insulin resistance, and treatment of cardiovascular problems) has led to a high
competitiveness to patent their use in an ambit where effective treatments are not available. This is
the figure associated with the Alzheimer’s market. Since the mid-2000s, there has been a significant
increase in the number of patents related to the use of inositols in AD. To document this, we have
performed an advanced search on the World Intellectual Property Organization (WIPO) database,
combining results for all nine inositol stereoisomers and derivatives, excluding phosphate-linked forms
of inositols and Alzheimer’s disease. After compiling all the results that contained the terms described
in the title, abstract, or claims, we carried out a refinement process (elimination of duplicates, exclusion
of “inositol derivatives” if not specified) and obtained a total of 26 patents distributed according to the
mentioned compounds (Figure 5).

In this race to patent publication, however, it should be kept in mind that while some justify the
substantiated use of a specific compound, others rely on general formulations of inositols. On the
other hand, some of the studies that support the claims include AD either as the main objective in a set
of common diseases, or secondarily due to the overlap of previous patents or the lack of consistency
for results in an AD model. Despite the tendency slowing, the number of patents has continued to
increase during 2020s, with the search for functional radical-substituted inositol derivatives prioritized
over inositol stereoisomers. Although not depicted, many patents have emerged regarding the use of
inositols as “carriers” of other substances, allowing them to access targets in the brain.

The late goal of nutraceutical compounds is to be approved in clinical trials. The importance of
this resides in the definition of an adequate dose and the approval for use as adjuvant therapies, as
in the case of AD. Since nutraceuticals are generally marketed for safe human use, this results in an
advantage over synthetic drugs. From 2007 on, at least five phase II clinical trials for SI and two phase
II clinical trials for DPIN have been completed for AD and AD-like dementia (Table 3). As mentioned
earlier, some concerns have arisen regarding high dosages of SI. Nevertheless, a 250 mg dose of SI
results in some significant improvements in the biochemical and cognitive parameters of subjects.
Moreover, given the outcome of SI in prevention of AD in DS patients, it is expected that a phase III
trial will begin, as the phase II trial mentioned here only enrolled 23 participants. It should also be
expected that clinical trials for DPIN and DCI will be extended in the following years, as these are the
most promising candidates for the palliation of AD development.
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Table 3. Clinical trials of scyllo-inositol and d-pinitol in Alzheimer’s disease-related patients.
Alzheimer’s Disease Cooperative Study-Activities of Daily Living (ADCS-ADL), Alzheimer’s Disease
Cooperative Study Clinician’s Global Impression of Change (ADCS-CCGIC), Alzheimer’s Disease
Assessment Scale-Cognitive Subscale (ADAS-Cog), Clinical Dementia Rating-Sum of Boxes (CDR-SB),
Mini-Mental State Examination (MMSE), Neuropsychiatric Inventory (NPI), NPI-C Combined Agitation
and Aggression Subscores (NPI-C A+A), Neuropsychological Test Battery (NTB), Treatment Emergent
Adverse Events (TEAEs).

Inositol Title, NCT Number, and Date Dose Population Outcome Measures Published Results

Scyllo-inositol
(ELND005)

• ELND005 in Patients with
Mild to Moderate
Alzheimer’s Disease

• Study Start: December 2007
• Study Completion: May 2010
• NCT00568776

Placebo,
250 mg/kg;

1000 mg/kg;
2000 mg/kg at 78 weeks

• Enrollment: 353
• Age: 50 Years to 85

Years (Adult,
Older Adult)

• ADCS-ADL
• ADAS-Cog
• CDR-SB
• NPI
• NTB

[201]
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Table 3. Cont.

Inositol Title, NCT Number, and Date Dose Population Outcome Measures Published Results

• ELND005 Long-Term
Follow-up Study in Subjects
With Alzheimer’s Disease

• Study Start: June 2009
• Study Completion: June 2011
• NCT00934050

Placebo,
250 mg/kg;

post-Dec 2009, 2000
mg/kg; pre-Dec 2009,

48 weeks

• Enrollment: 103
• Age: Child, Adult,

Older Adult
• TEAEs Confidence

agreement

• Efficacy and Safety Study of
ELND005 as a Treatment for
Agitation and Aggression in
Alzheimer’s Disease

• Study Start: November 2012
• Study Completion: May 2015
• NCT01735630

Placebo, film coated
tablets, twice a day for

12 weeks

• Enrollment: 350
• Age: 50 Years to 95

Years (Adult,
Older Adult)

• ADCS-ADL
• ADCS-CGIC
• MMSE
• NPI-C A+A

Confidence
agreement

• A 36-Week Safety Extension
Study of ELND005 as a
Treatment for Agitation and
Aggression in
Alzheimer’s Disease

• Study Start: January 2013
• Study Completion:

August 2015
• NCT01766336

Continue at same dose
as previous clinical trial

for 36 weeks

• Enrollment: 296
• Age: 50 Years to 95

Years (Adult,
Older Adult)

• TEAEs Confidence
agreement

• A 4-Week Safety Study of
Oral ELND005 in Young
Adults With Down
Syndrome
Without Dementia

• Study Start: September 2013
• Study Completion: June 2014
• NCT01791725

Placebo,
250 mg/kg once a day;
250 mg/kg twice a day,

4 weeks

• Enrollment: 23
• Age: 18 Years to 45

Years (Adult)
• TEAEs [234]

d-pinitol
(NIC5-15)

• Development of NIC5-15 in
The Treatment of
Alzheimer’s Disease

• Study Start: January 2007
• Study Completion:

March 2010
• NCT00470418

Placebo;
dose not specified,

7 weeks

• Enrollment: 15
• Age: Child, Adult,

Older Adult

• TEAEs
• Clinical Measures

of Cognition at
Terminal Visit

[242]

• A Single Site, Randomized,
Double-blind, Placebo
Controlled Trial of NIC5-15
in Subjects With
Alzheimer’s Disease

• Study Start: April 2007
• Study Completion: June 2014
• NCT01928420

Placebo;
dose not specified,

24 weeks

• Enrollment: 30
• Age: 40 Years to 95

Years (Adult,
Older Adult)

• ADCS-ADL
• ADCS-CGIC
• ADAS-Cog
• MMSE
• NPI
• Changes in AD

biomarkers,
APO-E genotyping

N/A

8. Concluding Remarks

In this work, we have assessed the use of nutraceuticals such as inositols, which are mostly
components of human organisms and are generally acquired through diet. The nutraceutical industry
is booming due to the change in the perception of pharmacological drugs and the search for alternatives
based on natural compounds. These molecules can be derived from extraction processes in plants or
fermentation in bioreactors, which is an advantage over chemical synthesis processes.

Inositols, essentially MI and DCI, are usually a part of membrane structures like phospholipids.
As such, the study of inositols has been instrumental in understanding the mechanism of insulin
resistance. At a given concentration, inositol stereoisomers can stimulate insulin signaling, preferably
as IGs, but also show antioxidant capacity. However, after revising the proposed models for inositols
in insulin signaling, it is still uncertain whether inositols per se are capable of displaying these
characteristics. In addition to supporting insulin signaling, the importance of inositols in the brain
appears to lie in their ability to control neuron and glia responses to external environments. In this
regard, psychiatric disorders such as depression and anxiety were associated with imbalances in MI
content in brain. Treatment with MI has been shown to improve behavioral outcomes in depression,
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anxiety, panic, and obsessive-compulsive disorders in a mechanism of action related to serotonin
receptor activation. Albeit not fully elucidated, MI role may imply PI availability, standing out the
importance of MI in physiological regulation of serotonin signaling in behavior.

Inositols are solid candidates for developing new approaches for the treatment or improvement
of chronic diseases associated with aging, especially those linked to insulin resistance and oxidative
stress. Aging of the population is a challenge for developed countries due to the increasing incidence
of dementia. Amongst all types of dementia, sporadic AD represents a heavy burden for patients,
their families, and society. AD treatment is considered a high risk, high reward market. Different
strategies have been approached in an attempt to merge effective therapy when the disease is clinically
diagnosable. This process generally renders unsuccessful results due to the complexity and partial lack
of knowledge of the progression of AD development. We have approached AD from the point of view
of the initial stages of the disease, as the aging process is closely related to the development of metabolic
dysregulations leading to insulin resistance, where inositols might have a potential beneficial use.

This exhaustive review of the physiological role of inositols helps us to understand what benefits
can result from external administration, either to compensate for their deficiency or as an adjuvant in
oxidative stress processes. The specific position of the hydroxyl radicals gives certain stereoisomers
such as SI or EI specific characteristic to limit the aggregation of Aβ, one of the main pathophysiological
characteristics of AD and cognitive dementia observed in DS.

The different inositols offer complementary strategies for the preventive treatment of AD. Research
of inositols, especially those with a remarkable insulin-sensitizing capacity, such as DCI or its derivative
DPIN, may offer a different perspective on how insulin resistance develops in the brain and its
contribution to improving cognitive outcomes for AD. The fact that clinical studies on neurological
disorders with inositols have been carried out in the last decade meets a necessity and opens a way to
the expansion in the use of inositols, whose perspective is not that of being a therapeutic replacement,
but a bioactive compound that helps to prevent or suppress decline in neurodegenerative diseases.

Author Contributions: Conceptualization: C.S. and F.R.d.F.; writing—original draft preparation: A.J.L.-G. and
J.S.; writing—review and editing: P.J.S.-C. and F.R.d.F. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Agencia Estatal de Investigación, Ministerio de Economía y
Competitividad or Ministerio de Ciencia e Innovación, and European Regional Development Funds-European
Union (ERDF-EU), grant numbers RTC-2016-4983-1 and RTC-2019-007329-1; Instituto de Salud Carlos III (ISCIII)
and ERDF-EU, grant numbers DTS16/00115, PI19/00343, and COV20/00157; Consejería de Economía, Conocimiento,
Empresas y Universidad and ERDF-EU, grant number P18-TP-5194, and Consejería de Salud y Familia de la
Junta de Andalucía (NeuroRECA), grant number RIC-0111-2019. J.S. holds a “Miguel Servet II” research contract
from the National System of Health, ISCIII, ERDF-EU, FIMABIS, grant number CPII17/00024. A.J.L.-G. holds an
“i-PFIS” predoctoral research contract from the ISCIII, ERDF-EU, grant number IFI18/00042.

Conflicts of Interest: Carlos SanJuan declares he receives salary and has share from Euronutra company.
The remaining authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results.

References

1. Azzu, V.; Valencak, T.G. Energy metabolism and ageing in the mouse: A mini-review. Gerontology 2017,
63, 327–336. [CrossRef]

2. Surguchov, A. Caveolin: A new link between diabetes and ad. Cell. Mol. Neurobiol. 2020. [CrossRef]
[PubMed]

3. Verdile, G.; Keane, K.N.; Cruzat, V.F.; Medic, S.; Sabale, M.; Rowles, J.; Wijesekara, N.; Martins, R.N.;
Fraser, P.E.; Newsholme, P. Inflammation and oxidative stress: The molecular connectivity between insulin
resistance, obesity, and alzheimer’s disease. Mediat. Inflamm. 2015, 105828. [CrossRef] [PubMed]

http://dx.doi.org/10.1159/000454924
http://dx.doi.org/10.1007/s10571-020-00796-4
http://www.ncbi.nlm.nih.gov/pubmed/31974905
http://dx.doi.org/10.1155/2015/105828
http://www.ncbi.nlm.nih.gov/pubmed/26693205


Biomedicines 2020, 8, 295 28 of 40

4. Askarova, S.; Umbayev, B.; Masoud, A.-R.; Kaiyrlykyzy, A.; Safarova, Y.; Tsoy, A.; Olzhayev, F.;
Kushugulova, A. The links between the gut microbiome, aging, modern lifestyle and alzheimer’s disease.
Front. Cell Infect. Microbiol. 2020, 10, 104. [CrossRef] [PubMed]

5. Thomas, M.P.; Mills, S.J.; Potter, B.V. The "other" inositols and their phosphates: Synthesis, biology, and
medicine (with Recent Advances in myo-Inositol Chemistry). Angew. Chem. 2016, 55, 1614–1650. [CrossRef]
[PubMed]

6. Mancini, M.; Andreassi, A.; Salvioni, M.; Pelliccione, F.; Mantellassi, G.; Banderali, G. Myoinositol and
d-chiro inositol in improving insulin resistance in obese male children: Preliminary data. Int. J. Endocrinol.
2016, 8720342. [CrossRef]

7. Kalra, B.; Kalra, S.; Sharma, J.B. The inositols and polycystic ovary syndrome. Indian J. Endocrinol. Metab.
2016, 20, 720–724. [CrossRef]

8. Jin, M.; Selkoe, D.J. Systematic analysis of time-dependent neural effects of soluble amyloid β oligomers in
culture and in vivo: Prevention by scyllo-inositol. Neurobiol. Dis. 2015, 82, 152–163. [CrossRef]

9. Chhetri, D.R. Myo-Inositol and its derivatives: Their emerging role in the treatment of human diseases.
Front. Pharmacol. 2019, 10, 1172. [CrossRef]

10. Larner, J.; Brautigan, D.L.; Thorner, M.O. D-chiro-inositol glycans in insulin signaling and insulin resistance.
Mol. Med. 2010, 16, 543–552. [CrossRef]

11. Owczarczyk-Saczonek, A.; Lahuta, L.B.; Ligor, M.; Placek, W.; Górecki, R.J.; Buszewski, B.
The healing-promoting properties of selected cyclitols—A review. Nutrients 2018, 10, 1891. [CrossRef]
[PubMed]

12. Hipps, P.P.; Holland, W.H.; Sherman, W.R. Interconversion of myo- and scyllo-inositol with simultaneous
formation of neo-inositol by an NADP+ dependent epimerase from bovine brain. Biochem. Biophys.
Res. Commun. 1977, 77, 340–346. [CrossRef]

13. Pak, Y.; Huang, L.C.; Lilley, K.J.; Larner, J. In vivo conversion of [3H]myoinositol to [3H]chiroinositol in rat
tissues. J. Biol. Chem. 1992, 267, 16904–16910. [PubMed]

14. Hipps, P.P.; Ackermann, K.E.; Sherman, W.R. Inositol epimerase–inosose reductase from bovine brain.
Methods Enzymol. 1982, 89, 593–598. [CrossRef]

15. Pak, Y.; Paule, C.R.; Bao, Y.D.; Huang, L.C.; Larner, J. Insulin Stimulates The Biosynthesis of
Chiro-Inositol-Containing Phospholipids in a Rat Fibroblast Line Expressing the Human Insulin Receptor.
Proc. Natl. Acad. Sci. USA 1993, 90, 7759–7763. [CrossRef]

16. Sun, T.H.; Heimark, D.B.; Nguygen, T.; Nadler, J.L.; Larner, J. Both myo-inositol to chiro-inositol epimerase
activities and chiro-inositol to myo-inositol ratios are decreased in tissues of GK type 2 diabetic rats compared
to Wistar controls. Biochem. Biophys. Res. Commun. 2002, 293, 1092–1098. [CrossRef]

17. Ryals, P.E.; Kersting, M.C. Sodium-dependent uptake of [3H]scyllo-inositol by Tetrahymena: Incorporation
into phosphatidylinositol, phosphatidylinositol-linked glycans, and polyphosphoinositols. Arch. Biochem.
Biophys. 1999, 366, 261–266. [CrossRef]

18. Fenili, D.; Brown, M.; Rappaport, R.; McLaurin, J. Properties of scyllo–inositol as a therapeutic treatment of
AD-like pathology. J. Mol. Med. 2007, 85, 603–611. [CrossRef]

19. Santamaria, A.; Di Benedetto, A.; Petrella, E.; Pintaudi, B.; Corrado, F.; D’Anna, R.; Neri, I.; Facchinetti, F.
Myo-inositol may prevent gestational diabetes onset in overweight women: A randomized, controlled trial.
J. Matern. Fetal Neonatal Med. 2016, 29, 3234–3237. [CrossRef]

20. Benjamin, J.; Levine, J.; Fux, M.; Aviv, A.; Levy, D.; Belmaker, R.H. Double-blind, placebo-controlled, crossover
trial of inositol treatment for panic disorder. J. Clin. Psychopharmacol. 1995, 152, 1084–1086. [CrossRef]

21. Fux, M.; Levine, J.; Aviv, A.; Belmaker, R.H. Inositol treatment of obsessive-compulsive disorder. Am. J.
Psychiatry 1996, 153, 1219–1221. [CrossRef] [PubMed]

22. Chengappa, K.N.; Levine, J.; Gershon, S.; Mallinger, A.G.; Hardan, A.; Vagnucci, A.; Pollock, B.; Luther, J.;
Buttenfield, J.; Verfaille, S.; et al. Inositol as an add-on treatment for bipolar depression. Bipolar Disord. 2000,
2, 47–55. [CrossRef] [PubMed]

23. McLaurin, J.; Franklin, T.; Chakrabartty, A.; Fraser, P.E. Phosphatidylinositol and inositol involvement in
Alzheimer amyloid-beta fibril growth and arrest. J. Mol. Biol. 1998, 278, 183–194. [CrossRef] [PubMed]

24. McLaurin, J.; Golomb, R.; Jurewicz, A.; Antel, J.P.; Fraser, P.E. Inositol stereoisomers stabilize an oligomeric
aggregate of Alzheimer amyloid beta peptide and inhibit abeta -induced toxicity. J. Biol. Chem. 2000,
275, 18495–18502. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fcimb.2020.00104
http://www.ncbi.nlm.nih.gov/pubmed/32257964
http://dx.doi.org/10.1002/anie.201502227
http://www.ncbi.nlm.nih.gov/pubmed/26694856
http://dx.doi.org/10.1155/2016/8720342
http://dx.doi.org/10.4103/2230-8210.189231
http://dx.doi.org/10.1016/j.nbd.2015.05.020
http://dx.doi.org/10.3389/fphar.2019.01172
http://dx.doi.org/10.2119/molmed.2010.00107
http://dx.doi.org/10.3390/nu10121891
http://www.ncbi.nlm.nih.gov/pubmed/30513929
http://dx.doi.org/10.1016/S0006-291X(77)80202-7
http://www.ncbi.nlm.nih.gov/pubmed/1387397
http://dx.doi.org/10.1016/s0076-6879(82)89102-7
http://dx.doi.org/10.1073/pnas.90.16.7759
http://dx.doi.org/10.1016/S0006-291X(02)00313-3
http://dx.doi.org/10.1006/abbi.1999.1211
http://dx.doi.org/10.1007/s00109-007-0156-7
http://dx.doi.org/10.3109/14767058.2015.1121478
http://dx.doi.org/10.1176/ajp.152.7.1084
http://dx.doi.org/10.1176/ajp.153.9.1219
http://www.ncbi.nlm.nih.gov/pubmed/8780431
http://dx.doi.org/10.1034/j.1399-5618.2000.020107.x
http://www.ncbi.nlm.nih.gov/pubmed/11254020
http://dx.doi.org/10.1006/jmbi.1998.1677
http://www.ncbi.nlm.nih.gov/pubmed/9571042
http://dx.doi.org/10.1074/jbc.M906994199
http://www.ncbi.nlm.nih.gov/pubmed/10764800


Biomedicines 2020, 8, 295 29 of 40

25. Kaiser, L.G.; Schuff, N.; Cashdollar, N.; Weiner, M.W. Scyllo-inositol in normal aging human brain: 1H
magnetic resonance spectroscopy study at 4 Tesla. NMR Biomed. 2005, 18, 51–55. [CrossRef] [PubMed]

26. Vekrellis, K.; Xilouri, M.; Emmanouilidou, E.; Stefanis, L. Inducible over-expression of wild type
alpha-synuclein in human neuronal cells leads to caspase-dependent non-apoptotic death. J. Neurochem.
2009, 109, 1348–1362. [CrossRef]

27. Fraticelli, F.; Celentano, C.; Zecca, I.A.; Di Vieste, G.; Pintaudi, B.; Liberati, M.; Franzago, M.; Di Nicola, M.;
Vitacolonna, E. Effect of inositol stereoisomers at different dosages in gestational diabetes: An open-label,
parallel, randomized controlled trial. Acta Diabetol. 2018, 55, 805–812. [CrossRef]

28. Nitz, M.; Fenili, D.; Darabie, A.A.; Wu, L.; Cousins, J.E.; McLaurin, J. Modulation of amyloid-beta aggregation
and toxicity by inosose stereoisomers. FEBS J. 2008, 275, 1663–1674. [CrossRef]

29. Dersjant-Li, Y.; Awati, A.; Schulze, H.; Partridge, G. Phytase in non-ruminant animal nutrition: A critical
review on phytase activities in the gastrointestinal tract and influencing factors. J. Sci. Food Agric. 2015, 95,
878–896. [CrossRef]

30. Schlemmer, U.; Jany, K.D.; Berk, A.; Schulz, E.; Rechkemmer, G. Degradation of phytate in the gut of
pigs–pathway of gastro-intestinal inositol phosphate hydrolysis and enzymes involved. Arch. Fur. Tierernahr.
2001, 55, 255–280. [CrossRef]

31. Goodhart, R.S.; Shils, M. Modern Nutrition in Health and Disease; Lea & Febiger: Philadelphia, PA, USA, 1980.
32. Clements, R.S., Jr.; Darnell, B. Myo-inositol content of common foods: Development of a high-myo-inositol

diet. Am. J. Clin. Nutr. 1980, 33, 1954–1967. [CrossRef] [PubMed]
33. Ahn, C.-H.; Hossain, M.A.; Lee, E.; Kanth, B.K.; Park, P.B. Increased salt and drought tolerance by D-pinitol

production in transgenic Arabidopsis thaliana. Biochem. Biophys. Res. Commun. 2018, 504, 315–320.
[CrossRef] [PubMed]

34. Turhan, I. Relationship between sugar profile and d-pinitol content of pods of wild and cultivated types of
carob bean (Ceratonia siliqua L.). Int. J. Food Prop. 2014, 17, 363–370. [CrossRef]

35. Yang, X.W.; Zou, L.; Wu, Q.; Fu, D.X. Studies on chemical constituents from whole plants of Crossostephium
chinense. China J. Chin. Mater. Med. 2008, 33, 905–908.

36. Kim, A.R.; Zou, Y.N.; Park, T.H.; Shim, K.H.; Kim, M.S.; Kim, N.D.; Kim, J.D.; Bae, S.J.; Choi, J.S.; Chung, H.Y.
Active components from artemisia iwayomogi displaying ONOO− scavenging activity. Phytother. Res. 2004,
18, 1–7. [CrossRef]

37. Beemster, P.; Groenen, P.; Steegers-Theunissen, R. Involvement of inositol in reproduction. Nutr. Rev. 2002,
60, 80–87. [CrossRef]

38. Parthasarathy, R.N.; Lakshmanan, J.; Thangavel, M.; Seelan, R.S.; Stagner, J.I.; Janckila, A.J.; Vadnal, R.E.;
Casanova, M.F.; Parthasarathy, L.K. Rat brain myo-inositol 3-phosphate synthase is a phosphoprotein.
Mol. Cell. Biochem. 2013, 378, 83–89. [CrossRef]

39. Yu, W.; Daniel, J.; Mehta, D.; Maddipati, K.R.; Greenberg, M.L. MCK1 is a novel regulator of myo-inositol
phosphate synthase (MIPS) that is required for inhibition of inositol synthesis by the mood stabilizer valproate.
PLoS ONE 2017, 12, e0182534. [CrossRef]

40. Dinicola, S.; Minini, M.; Unfer, V.; Verna, R.; Cucina, A.; Bizzarri, M. Nutritional and Acquired Deficiencies
in Inositol Bioavailability. Correlations with Metabolic Disorders. Int. J. Mol. Sci. 2017, 18, 2187. [CrossRef]

41. Foster, D.A.; Salloum, D.; Menon, D.; Frias, M.A. Phospholipase D and the maintenance of phosphatidic
acid levels for regulation of mammalian target of rapamycin (mTOR). J. Biol. Chem. 2014, 289, 22583–22588.
[CrossRef]

42. Yu, W.; Ye, C.; Greenberg, M.L. Inositol Hexakisphosphate Kinase 1 (IP6K1) Regulates Inositol Synthesis in
Mammalian Cells. J. Biol. Chem. 2016, 291, 10437–10444. [CrossRef] [PubMed]

43. Bourgeois, F.; Coady, M.J.; Lapointe, J.Y. Determination of transport stoichiometry for two cation-coupled
myo-inositol cotransporters: SMIT2 and HMIT. J. Physiol. 2005, 563, 333–343. [CrossRef] [PubMed]

44. Ostlund, R.E., Jr.; Seemayer, R.; Gupta, S.; Kimmel, R.; Ostlund, E.L.; Sherman, W.R. A stereospecific
myo-inositol/D-chiro-inositol transporter in HepG2 liver cells. Identification with D-chiro-[3-3H]inositol.
J. Biol. Chem. 1996, 271, 10073–10078. [CrossRef] [PubMed]

45. Greene, D.A.; Lattimer, S.A. Sodium- and energy-dependent uptake of myo-inositol by rabbit peripheral
nerve. Competitive inhibition by glucose and lack of an insulin effect. J. Clin. Investig. 1982, 70, 1009–1018.
[CrossRef]

http://dx.doi.org/10.1002/nbm.927
http://www.ncbi.nlm.nih.gov/pubmed/15468140
http://dx.doi.org/10.1111/j.1471-4159.2009.06054.x
http://dx.doi.org/10.1007/s00592-018-1157-4
http://dx.doi.org/10.1111/j.1742-4658.2008.06321.x
http://dx.doi.org/10.1002/jsfa.6998
http://dx.doi.org/10.1080/17450390109386197
http://dx.doi.org/10.1093/ajcn/33.9.1954
http://www.ncbi.nlm.nih.gov/pubmed/7416064
http://dx.doi.org/10.1016/j.bbrc.2018.08.183
http://www.ncbi.nlm.nih.gov/pubmed/30180952
http://dx.doi.org/10.1080/10942912.2011.631255
http://dx.doi.org/10.1002/ptr.1358
http://dx.doi.org/10.1301/00296640260042748
http://dx.doi.org/10.1007/s11010-013-1597-7
http://dx.doi.org/10.1371/journal.pone.0182534
http://dx.doi.org/10.3390/ijms18102187
http://dx.doi.org/10.1074/jbc.R114.566091
http://dx.doi.org/10.1074/jbc.M116.714816
http://www.ncbi.nlm.nih.gov/pubmed/26953345
http://dx.doi.org/10.1113/jphysiol.2004.076679
http://www.ncbi.nlm.nih.gov/pubmed/15613375
http://dx.doi.org/10.1074/jbc.271.17.10073
http://www.ncbi.nlm.nih.gov/pubmed/8626564
http://dx.doi.org/10.1172/JCI110688


Biomedicines 2020, 8, 295 30 of 40

46. Lin, X.; Ma, L.; Fitzgerald, R.L.; Ostlund, R.E., Jr. Human sodium/inositol cotransporter 2 (SMIT2) transports
inositols but not glucose in L6 cells. Arch. Biochem. Biophys. 2009, 481, 197–201. [CrossRef]

47. Fenili, D.; Weng, Y.-Q.; Aubert, I.; Nitz, M.; McLaurin, J. Sodium/myo-Inositol transporters: Substrate
transport requirements and regional brain expression in the TgCRND8 mouse model of amyloid pathology.
PLoS ONE 2011, 6, e24032. [CrossRef]

48. Lahjouji, K.; Aouameur, R.; Bissonnette, P.; Coady, M.J.; Bichet, D.G.; Lapointe, J.Y. Expression and
functionality of the Na+/myo-inositol cotransporter SMIT2 in rabbit kidney. Biochim. Biophys. Acta Biomembr.
2007, 1768, 1154–1159. [CrossRef]

49. Bissonnette, P.; Coady, M.J.; Lapointe, J.Y. Expression of the sodium-myo-inositol cotransporter SMIT2 at the
apical membrane of Madin-Darby canine kidney cells. J. Physiol. 2004, 558, 759–768. [CrossRef]

50. Ostlund, R.E., Jr.; McGill, J.B.; Herskowitz, I.; Kipnis, D.M.; Santiago, J.V.; Sherman, W.R. D-chiro-inositol
Metabolism in Diabetes Mellitus. Proc. Natl. Acad. Sci. USA 1993, 90, 9988–9992. [CrossRef]

51. Asplin, I.; Galasko, G.; Larner, J. Chiro-inositol deficiency and insulin resistance: A comparison of the
chiro-inositol- and the myo-inositol-containing insulin mediators isolated from urine, hemodialysate, and
muscle of control and type ii diabetic subjects. Proc. Natl. Acad. Sci. USA 1993, 90, 5924–5928. [CrossRef]

52. Uldry, M.; Ibberson, M.; Horisberger, J.D.; Chatton, J.Y.; Riederer, B.M.; Thorens, B. Identification of
a mammalian H(+)-myo-inositol symporter expressed predominantly in the brain. EMBO J. 2001, 20,
4467–4477. [CrossRef] [PubMed]

53. Uldry, M.; Steiner, P.; Zurich, M.G.; Beguin, P.; Hirling, H.; Dolci, W.; Thorens, B. Regulated exocytosis of an
H+/myo-inositol symporter at synapses and growth cones. EMBO J. 2004, 23, 531–540. [CrossRef] [PubMed]

54. Di Daniel, E.; Mok, M.H.S.; Mead, E.; Mutinelli, C.; Zambello, E.; Caberlotto, L.L.; Pell, T.J.; Langmead, C.J.;
Shah, A.J.; Duddy, G.; et al. Evaluation of expression and function of the H+/myo-inositol transporter HMIT.
BMC Cell Biol. 2009, 10, 54. [CrossRef] [PubMed]

55. Fu, H.; Li, B.; Hertz, L.; Peng, L. Contributions in astrocytes of SMIT1/2 and HMIT to myo-inositol uptake at
different concentrations and pH. Neurochem. Int. 2012, 61, 187–194. [CrossRef]

56. Vance, J.E. Phospholipid synthesis and transport in mammalian cells. Traffic 2015, 16, 1–18. [CrossRef]
57. Michell, R.H. Do inositol supplements enhance phosphatidylinositol supply and thus support endoplasmic

reticulum function? Br. J. Nutr. 2018, 1–16. [CrossRef]
58. Abel, K.; Anderson, R.A.; Shears, S.B. Phosphatidylinositol and inositol phosphate metabolism. J. Cell Sci.

2001, 114, 2207–2208.
59. Muller, G. Dynamics of plasma membrane microdomains and cross-talk to the insulin signalling cascade.

FEBS Lett. 2002, 531, 81–87. [CrossRef]
60. Müller, G.; Schulz, A.; Wied, S.; Frick, W. Regulation of lipid raft proteins by glimepiride- and insulin-induced

glycosylphosphatidylinositol-specific phospholipase C in rat adipocytes. Biochem. Pharmacol. 2005, 69,
761–780. [CrossRef]

61. Croze, M.L.; Soulage, C.O. Potential role and therapeutic interests of myo-inositol in metabolic diseases.
Biochimie 2013, 95, 1811–1827. [CrossRef]

62. Goel, M.; Azev, V.N.; d’Alarcao, M. The biological activity of structurally defined inositol glycans. Future Med.
Chem. 2009, 1, 95–118. [CrossRef] [PubMed]

63. Boucher, J.; Kleinridders, A.; Kahn, C.R. Insulin receptor signaling in normal and insulin-resistant states.
Cold Spring Harb. Perspect. Biol. 2014, 6, a009191. [CrossRef] [PubMed]

64. Saltiel, A.R.; Pessin, J.E. Insulin signaling pathways in time and space. Trends Cell Biol. 2002, 12, 65–71.
[CrossRef]

65. Lizcano, J.M.; Alessi, D.R. The insulin signalling pathway. Curr. Biol. 2002, 12, R236–R238. [CrossRef]
66. Saltiel, A.R.; Siegel, M.I.; Jacobs, S.; Cuatrecasas, P. Putative mediators of insulin action: Regulation of

pyruvate dehydrogenase and adenylate cyclase activities. Proc. Natl. Acad. Sci. USA 1982, 79, 3513–3517.
[CrossRef]

67. Saltiel, A.R.; Cuatrecasas, P. Insulin Stimulates the Generation From Hepatic Plasma Membranes of
Modulators Derived from an Inositol Glycolipid. Proc. Natl. Acad. Sci. USA 1986, 83, 5793–5797. [CrossRef]

68. Kessler, A.; Muller, G.; Wied, S.; Crecelius, A.; Eckel, J. Signalling pathways of an insulin-mimetic
phosphoinositolglycan-peptide in muscle and adipose tissue. Biochem J. 1998, 330 Pt 1, 277–286. [CrossRef]

http://dx.doi.org/10.1016/j.abb.2008.11.008
http://dx.doi.org/10.1371/journal.pone.0024032
http://dx.doi.org/10.1016/j.bbamem.2007.01.007
http://dx.doi.org/10.1113/jphysiol.2004.064311
http://dx.doi.org/10.1073/pnas.90.21.9988
http://dx.doi.org/10.1073/pnas.90.13.5924
http://dx.doi.org/10.1093/emboj/20.16.4467
http://www.ncbi.nlm.nih.gov/pubmed/11500374
http://dx.doi.org/10.1038/sj.emboj.7600072
http://www.ncbi.nlm.nih.gov/pubmed/14749729
http://dx.doi.org/10.1186/1471-2121-10-54
http://www.ncbi.nlm.nih.gov/pubmed/19607714
http://dx.doi.org/10.1016/j.neuint.2012.04.010
http://dx.doi.org/10.1111/tra.12230
http://dx.doi.org/10.1017/S0007114518000946
http://dx.doi.org/10.1016/S0014-5793(02)03402-6
http://dx.doi.org/10.1016/j.bcp.2004.11.014
http://dx.doi.org/10.1016/j.biochi.2013.05.011
http://dx.doi.org/10.4155/fmc.09.6
http://www.ncbi.nlm.nih.gov/pubmed/20390053
http://dx.doi.org/10.1101/cshperspect.a009191
http://www.ncbi.nlm.nih.gov/pubmed/24384568
http://dx.doi.org/10.1016/S0962-8924(01)02207-3
http://dx.doi.org/10.1016/S0960-9822(02)00777-7
http://dx.doi.org/10.1073/pnas.79.11.3513
http://dx.doi.org/10.1073/pnas.83.16.5793
http://dx.doi.org/10.1042/bj3300277


Biomedicines 2020, 8, 295 31 of 40

69. Kunjara, S.; Wang, D.Y.; Greenbaum, A.L.; McLean, P.; Kurtz, A.; Rademacher, T.W. Inositol phosphoglycans
in diabetes and obesity: Urinary levels of IPG A-type and IPG P-type, and relationship to pathophysiological
changes. Mol. Genet. Metab. 1999, 68, 488–502. [CrossRef]

70. Frick, W.; Bauer, A.; Bauer, J.; Wied, S.; Muller, G. Structure-activity relationship of synthetic
phosphoinositolglycans mimicking metabolic insulin action. Biochemistry 1998, 37, 13421–13436. [CrossRef]

71. Larner, J.; Price, J.D.; Heimark, D.; Smith, L.; Rule, G.; Piccariello, T.; Fonteles, M.C.; Pontes, C.;
Vale, D.; Huang, L. Isolation, Structure, Synthesis, and Bioactivity of a Novel Putative Insulin Mediator.
A Galactosamine chiro-Inositol Pseudo-Disaccharide Mn2+ Chelate with Insulin-like Activity. J. Med. Chem.
2003, 46, 3283–3291. [CrossRef]

72. Brautigan, D.L.; Brown, M.; Grindrod, S.; Chinigo, G.; Kruszewski, A.; Lukasik, S.M.; Bushweller, J.H.;
Horal, M.; Keller, S.; Tamura, S.; et al. Allosteric activation of protein phosphatase 2C by
D-chiro-inositol-galactosamine, a putative mediator mimetic of insulin action. Biochemistry 2005, 44,
11067–11073. [CrossRef] [PubMed]

73. Hiraga, A.; Kikuchi, K.; Tamura, S.; Tsuiki, S. Purification and characterization of Mg2+-dependent glycogen
synthase phosphatase (phosphoprotein phosphatase IA) from rat liver. Eur. J. Biochem. 1981, 119, 503–510.
[CrossRef] [PubMed]

74. Yoshizaki, T.; Maegawa, H.; Egawa, K.; Ugi, S.; Nishio, Y.; Imamura, T.; Kobayashi, T.; Tamura, S.; Olefsky, J.M.;
Kashiwagi, A. Protein phosphatase-2C alpha as a positive regulator of insulin sensitivity through direct
activation of phosphatidylinositol 3-kinase in 3T3-L1 adipocytes. J. Biol. Chem. 2004, 279, 22715–22726.
[CrossRef]

75. Wang, M.Y.; Unger, R.H. Role of PP2C in cardiac lipid accumulation in obese rodents and its prevention by
troglitazone. Am. J. Physiol. Endocrinol. Metab. 2005, 288, E216–E221. [CrossRef] [PubMed]

76. Bonilla, J.B.; Cid, M.B.; Contreras, F.X.; Goni, F.M.; Martin-Lomas, M. Phospholipase cleavage of D- and
L-chiro-glycosylphosphoinositides asymmetrically incorporated into liposomal membranes. Chemistry 2006,
12, 1513–1528. [CrossRef] [PubMed]

77. Sleight, S.; Wilson, B.A.; Heimark, D.B.; Larner, J. G(q/11) is involved in insulin-stimulated inositol
phosphoglycan putative mediator generation in rat liver membranes: Co-localization of G(q/11) with the
insulin receptor in membrane vesicles. Biochem. Biophys. Res. Commun. 2002, 295, 561–569. [CrossRef]

78. Turner, D.I.; Chakraborty, N.; d’Alarcao, M. A fluorescent inositol phosphate glycan stimulates lipogenesis in
rat adipocytes by extracellular activation alone. Bioorganic Med. Chem. Lett. 2005, 15, 2023–2025. [CrossRef]

79. Larner, J. D-chiro-inositol–its functional role in insulin action and its deficit in insulin resistance. Int. J. Exp.
Diabetes Res. 2002, 3, 47–60. [CrossRef]

80. Romero, G.; Gamez, G.; Huang, L.C.; Lilley, K.; Luttrell, L. Anti-inositolglycan antibodies selectively block
some of the actions of insulin in intact BC3H1 cells. Proc. Natl. Acad. Sci. USA 1990, 87, 1476–1480. [CrossRef]

81. Alvarez, J.F.; Sánchez-Arias, J.A.; Guadaño, A.; Estévez, F.; Varela, I.; Felíu, J.E.; Mato, J.M. Transport in
isolated rat hepatocytes of the phospho-oligosaccharide that mimics insulin action. Effects of adrenalectomy
and glucocorticoid treatment. Biochem J. 1991, 274 Pt 2, 369–374. [CrossRef]

82. Suzuki, S.; Sugawara, K.; Satoh, Y.; Toyota, T. Insulin stimulates the generation of two putative insulin
mediators, inositol-glycan and diacylglycerol in BC3H-1 myocytes. J. Biol. Chem. 1991, 266, 8115–8121.
[PubMed]

83. Kristiansen, S.; Richter, E.A. GLUT4-containing vesicles are released from membranes by phospholipase D
cleavage of a GPI anchor. Am. J. Physiol. Endocrinol. Metab. 2002, 283, E374–E382. [CrossRef] [PubMed]

84. Ruiz-Albusac, J.M.; Velazquez, E.; Iglesias, J.; Jimenez, E.; Blazquez, E. Insulin promotes the hydrolysis of
a glycosyl phosphatidylinositol in cultured rat astroglial cells. J. Neurochem. 1997, 68, 10–19. [CrossRef]
[PubMed]

85. LeBoeuf, R.C.; Caldwell, M.; Guo, Y.; Metz, C.; Davitz, M.A.; Olson, L.K.; Deeg, M.A. Mouse
glycosylphosphatidylinositol-specific phospholipase D (Gpld1) characterization. Mamm. Genome Off.
J. Int. Mamm. Genome Soc. 1998, 9, 710–714. [CrossRef]

86. Von Toerne, C.; Huth, C.; de Las Heras Gala, T.; Kronenberg, F.; Herder, C.; Koenig, W.; Meisinger, C.;
Rathmann, W.; Waldenberger, M.; Roden, M.; et al. MASP1, THBS1, GPLD1 and ApoA-IV are novel
biomarkers associated with prediabetes: The KORA F4 study. Diabetologia 2016, 59, 1882–1892. [CrossRef]

http://dx.doi.org/10.1006/mgme.1999.2936
http://dx.doi.org/10.1021/bi9806201
http://dx.doi.org/10.1021/jm030071j
http://dx.doi.org/10.1021/bi0508845
http://www.ncbi.nlm.nih.gov/pubmed/16101290
http://dx.doi.org/10.1111/j.1432-1033.1981.tb05636.x
http://www.ncbi.nlm.nih.gov/pubmed/6273162
http://dx.doi.org/10.1074/jbc.M313745200
http://dx.doi.org/10.1152/ajpendo.00004.2004
http://www.ncbi.nlm.nih.gov/pubmed/15367397
http://dx.doi.org/10.1002/chem.200500833
http://www.ncbi.nlm.nih.gov/pubmed/16315198
http://dx.doi.org/10.1016/S0006-291X(02)00701-5
http://dx.doi.org/10.1016/j.bmcl.2005.02.061
http://dx.doi.org/10.1080/15604280212528
http://dx.doi.org/10.1073/pnas.87.4.1476
http://dx.doi.org/10.1042/bj2740369
http://www.ncbi.nlm.nih.gov/pubmed/2022633
http://dx.doi.org/10.1152/ajpendo.00441.2001
http://www.ncbi.nlm.nih.gov/pubmed/12110545
http://dx.doi.org/10.1046/j.1471-4159.1997.68010010.x
http://www.ncbi.nlm.nih.gov/pubmed/8978704
http://dx.doi.org/10.1007/s003359900851
http://dx.doi.org/10.1007/s00125-016-4024-2


Biomedicines 2020, 8, 295 32 of 40

87. Qin, W.; Liang, Y.Z.; Qin, B.Y.; Zhang, J.L.; Xia, N. The Clinical Significance of Glycoprotein Phospholipase D
Levels in Distinguishing Early Stage Latent Autoimmune Diabetes in Adults and Type 2 Diabetes. PLoS ONE
2016, 11, e0156959. [CrossRef]

88. Bowen, R.F.; Raikwar, N.S.; Olson, L.K.; Deeg, M.A. Glucose and insulin regulate
glycosylphosphatidylinositol-specific phospholipase D expression in islet beta cells. Metab. Clin. Exp. 2001,
50, 1489–1492. [CrossRef]

89. Suh, P.G.; Ryu, S.H.; Moon, K.H.; Suh, H.W.; Rhee, S.G. Inositol phospholipid-specific phospholipase
C: Complete cDNA and protein sequences and sequence homology to tyrosine kinase-related oncogene
products. Proc. Natl. Acad. Sci. USA 1988, 85, 5419–5423. [CrossRef]

90. Eliakim, R.; Becich, M.J.; Green, K.; Alpers, D.H. Both tissue and serum phospholipases release rat intestinal
alkaline phosphatase. Am. J. Physiol. 1990, 259, G618–G625. [CrossRef]

91. Wu, W.; Wang, L.; Qiu, J.; Li, Z. The analysis of fagopyritols from tartary buckwheat and their anti-diabetic
effects in KK-Ay type 2 diabetic mice and HepG2 cells. J. Funct. Foods 2018, 50, 137–146. [CrossRef]

92. Jones, D.R.; Avila, M.A.; Sanz, C.; Varela-Nieto, I. Glycosyl-phosphatidylinositol-phospholipase type D: A
possible candidate for the generation of second messengers. Biochem. Biophys. Res. Commun. 1997, 233,
432–437. [CrossRef] [PubMed]

93. Suzuki, S.; Suzuki, C.; Hinokio, Y.; Ishigaki, Y.; Katagiri, H.; Kanzaki, M.; Azev, V.N.; Chakraborty, N.;
d’Alarcao, M. Insulin-mimicking bioactivities of acylated inositol glycans in several mouse models of diabetes
with or without obesity. PLoS ONE 2014, 9, e100466. [CrossRef] [PubMed]

94. Mann, K.J.; Hepworth, M.R.; Raikwar, N.S.; Deeg, M.A.; Sevlever, D. Effect of glycosylphosphatidylinositol
(GPI)-phospholipase D overexpression on GPI metabolism. Biochem. J. 2004, 378, 641–648. [CrossRef]
[PubMed]

95. Gray, D.L.; O’Brien, K.D.; D’Alessio, D.A.; Brehm, B.J.; Deeg, M.A. Plasma
glycosylphosphatidylinositol-specific phospholipase D predicts the change in insulin sensitivity in
response to a low-fat but not a low-carbohydrate diet in obese women. Metab. Clin. Exp. 2008, 57, 473–478.
[CrossRef]

96. Deeg, M.A. GPI-specific phospholipase D as an apolipoprotein. Braz. J. Med. Biol. Res. Rev. Bras. Pesqui.
Med. Biol. 1994, 27, 375–381.

97. Deeg, M.A.; Bierman, E.L.; Cheung, M.C. GPI-specific phospholipase D associates with an apoA-I- and
apoA-IV-containing complex. J. Lipid Res. 2001, 42, 442–451.

98. Raikwar, N.S.; Cho, W.K.; Bowen, R.F.; Deeg, M.A. Glycosylphosphatidylinositol-specific phospholipase D
influences triglyceride-rich lipoprotein metabolism. Am. J. Physiol. Endocrinol. Metab. 2006, 290, E463–E470.
[CrossRef]

99. Chalasani, N.; Vuppalanchi, R.; Raikwar, N.S.; Deeg, M.A. Glycosylphosphatidylinositol-specific
phospholipase d in nonalcoholic Fatty liver disease: A preliminary study. J. Clin. Endocrinol. Metab.
2006, 91, 2279–2285. [CrossRef]

100. Tabrizi, R.; Ostadmohammadi, V.; Lankarani, K.B.; Peymani, P.; Akbari, M.; Kolahdooz, F.; Asemi, Z. The
effects of inositol supplementation on lipid profiles among patients with metabolic diseases: A systematic
review and meta-analysis of randomized controlled trials. Lipids Health Dis. 2018, 17, 123. [CrossRef]

101. Yap, A.; Nishiumi, S.; Yoshida, K.; Ashida, H. Rat L6 myotubes as an in vitro model system to study
GLUT4-dependent glucose uptake stimulated by inositol derivatives. Cytotechnology 2007, 55, 103–108.
[CrossRef]

102. D’Oria, R.; Laviola, L.; Giorgino, F.; Unfer, V.; Bettocchi, S.; Scioscia, M. PKB/Akt and MAPK/ERK
phosphorylation is highly induced by inositols: Novel potential insights in endothelial dysfunction in
preeclampsia. Pregnancy Hypertens. 2017, 10, 107–112. [CrossRef] [PubMed]

103. Navarro, J.A.; Decara, J.; Medina-Vera, D.; Tovar, R.; Suarez, J.; Pavon, J.; Serrano, A.; Vida, M.;
Gutierrez-Adan, A.; Sanjuan, C.; et al. D-Pinitol from Ceratonia siliqua is an orally active natural inositol
that reduces pancreas insulin secretion and increases circulating ghrelin levels in Wistar rats. Nutrients 2020,
12, 2030. [CrossRef] [PubMed]

104. Shen, H.; Shao, M.; Cho, K.W.; Wang, S.; Chen, Z.; Sheng, L.; Wang, T.; Liu, Y.; Rui, L. Herbal constituent
sequoyitol improves hyperglycemia and glucose intolerance by targeting hepatocytes, adipocytes, and
β-cells. Am. J. Physiol. Endocrinol. Metab. 2012, 302, E932–E940. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0156959
http://dx.doi.org/10.1053/meta.2001.28087
http://dx.doi.org/10.1073/pnas.85.15.5419
http://dx.doi.org/10.1152/ajpgi.1990.259.4.G618
http://dx.doi.org/10.1016/j.jff.2018.09.032
http://dx.doi.org/10.1006/bbrc.1997.6475
http://www.ncbi.nlm.nih.gov/pubmed/9144552
http://dx.doi.org/10.1371/journal.pone.0100466
http://www.ncbi.nlm.nih.gov/pubmed/24971987
http://dx.doi.org/10.1042/bj20031326
http://www.ncbi.nlm.nih.gov/pubmed/14611645
http://dx.doi.org/10.1016/j.metabol.2007.11.007
http://dx.doi.org/10.1152/ajpendo.00593.2004
http://dx.doi.org/10.1210/jc.2006-0075
http://dx.doi.org/10.1186/s12944-018-0779-4
http://dx.doi.org/10.1007/s10616-007-9107-y
http://dx.doi.org/10.1016/j.preghy.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/29153661
http://dx.doi.org/10.3390/nu12072030
http://www.ncbi.nlm.nih.gov/pubmed/32650579
http://dx.doi.org/10.1152/ajpendo.00479.2011
http://www.ncbi.nlm.nih.gov/pubmed/22297305


Biomedicines 2020, 8, 295 33 of 40

105. Hotamisligil, G.S.; Murray, D.L.; Choy, L.N.; Spiegelman, B.M. Tumor necrosis factor alpha inhibits signaling
from the insulin receptor. Proc. Natl. Acad. Sci. USA 1994, 91, 4854–4858. [CrossRef]

106. Yorek, M.A.; Dunlap, J.A.; Thomas, M.J.; Cammarata, P.R.; Zhou, C.; Lowe, W.L., Jr. Effect of TNF-alpha on
SMIT mRNA levels and myo-inositol accumulation in cultured endothelial cells. Am. J. Physiol. 1998, 274,
C58–C71. [CrossRef] [PubMed]

107. Pitt, J.; Thorner, M.; Brautigan, D.; Larner, J.; Klein, W.L. Protection against the synaptic targeting and toxicity
of Alzheimer’s-associated Aβ oligomers by insulin mimetic chiro-inositols. FASEB J. 2013, 27, 199–207.
[CrossRef]

108. Antony, P.J.; Gandhi, G.R.; Stalin, A.; Balakrishna, K.; Toppo, E.; Sivasankaran, K.; Ignacimuthu, S.;
Al-Dhabi, N.A. Myoinositol ameliorates high-fat diet and streptozotocin-induced diabetes in rats through
promoting insulin receptor signaling. Biomed. Pharmacother. 2017, 88, 1098–1113. [CrossRef]

109. Dang, N.T.; Mukai, R.; Yoshida, K.; Ashida, H. D-pinitol and myo-inositol stimulate translocation of glucose
transporter 4 in skeletal muscle of C57BL/6 mice. Biosci. Biotechnol. Biochem. 2010, 74, 1062–1067. [CrossRef]

110. Lorenzo, M.; Fernandez-Veledo, S.; Vila-Bedmar, R.; Garcia-Guerra, L.; De Alvaro, C.; Nieto-Vazquez, I.
Insulin resistance induced by tumor necrosis factor-alpha in myocytes and brown adipocytes. J. Anim. Sci.
2008, 86, E94–E104. [CrossRef]

111. Czauderna, F.; Fechtner, M.; Aygün, H.; Arnold, W.; Klippel, A.; Giese, K.; Kaufmann, J. Functional studies of
the PI(3)-kinase signalling pathway employing synthetic and expressed siRNA. Nucleic Acids Res. 2003, 31,
670–682. [CrossRef]

112. Zhou, Q.L.; Park, J.G.; Jiang, Z.Y.; Holik, J.J.; Mitra, P.; Semiz, S.; Guilherme, A.; Powelka, A.M.; Tang, X.;
Virbasius, J.; et al. Analysis of insulin signalling by RNAi-based gene silencing. Biochem. Soc. Trans. 2004, 32,
817–821. [CrossRef] [PubMed]

113. Oxvig, C. The role of PAPP-A in the IGF system: Location, location, location. J. Cell Commun. Signal. 2015, 9,
177–187. [CrossRef] [PubMed]

114. Farese, R.V.; Nair, G.P.; Standaert, M.L.; Cooper, D.R. Epidermal growth factor and insulin-like growth
factor I stimulate the hydrolysis of the insulin-sensitive phosphatidylinositol-glycan in BC3H-1 myocytes.
Biochem. Biophys. Res. Commun. 1988, 156, 1346–1352. [CrossRef]

115. Kojima, I.; Kitaoka, M.; Ogata, E. Insulin-like growth factor-I stimulates diacylglycerol production via
multiple pathways in Balb/c 3T3 cells. J. Biol. Chem. 1990, 265, 16846–16850.

116. Villalba, M.; Alvarez, J.F.; Russell, D.S.; Mato, J.M.; Rosen, O.M. Hydrolysis of glycosyl-phosphatidylinositol
in response to insulin is reduced in cells bearing kinase-deficient insulin receptors. Growth Factors 1990, 2,
91–97. [CrossRef]

117. León, Y.; Vazquez, E.; Sanz, C.; Vega, J.A.; Mato, J.M.; Giraldez, F.; Represa, J.; Varela-Nieto, I.
Insulin-like growth factor-I regulates cell proliferation in the developing inner ear, activating
glycosyl-phosphatidylinositol hydrolysis and Fos expression. Endocrinology 1995, 136, 3494–3503. [CrossRef]

118. Romero, G.; Garmey, J.C.; Veldhuis, J.D. The involvement of inositol phosphoglycan mediators in the
modulation of steroidogenesis by insulin and insulin-like growth factor-I. Endocrinology 1993, 132, 1561–1568.
[CrossRef]

119. Ruiz-Albusac, J.M.; Zueco, J.A.; Velazquez, E.; Blazquez, E. Insulin does not induce the hydrolysis of a
glycosyl phosphatidylinositol in rat fetal hepatocytes. Diabetes 1993, 42, 1262–1272. [CrossRef]

120. Butterfield, D.A.; Di Domenico, F.; Barone, E. Elevated risk of type 2 diabetes for development of Alzheimer
disease: A key role for oxidative stress in brain. Biochim. Biophys. Acta 2014, 1842, 1693–1706. [CrossRef]

121. Maeno, Y.; Li, Q.; Park, K.; Rask-Madsen, C.; Gao, B.; Matsumoto, M.; Liu, Y.; Wu, I.H.; White, M.F.; Feener, E.P.;
et al. Inhibition of insulin signaling in endothelial cells by protein kinase C-induced phosphorylation of p85
subunit of phosphatidylinositol 3-kinase (PI3K). J. Biol. Chem. 2012, 287, 4518–4530. [CrossRef]

122. Dimmeler, S.; Fleming, I.; Fisslthaler, B.; Hermann, C.; Busse, R.; Zeiher, A.M. Activation of nitric oxide
synthase in endothelial cells by Akt-dependent phosphorylation. Nature 1999, 399, 601–605. [CrossRef]
[PubMed]

123. Duncan, E.R.; Crossey, P.A.; Walker, S.; Anilkumar, N.; Poston, L.; Douglas, G.; Ezzat, V.A.; Wheatcroft, S.B.;
Shah, A.M.; Kearney, M.T. Effect of endothelium-specific insulin resistance on endothelial function in vivo.
Diabetes 2008, 57, 3307–3314. [CrossRef] [PubMed]

124. Graf, E.; Empson, K.L.; Eaton, J.W. Phytic acid. A natural antioxidant. J. Biol. Chem. 1987, 262, 11647–11650.
[PubMed]

http://dx.doi.org/10.1073/pnas.91.11.4854
http://dx.doi.org/10.1152/ajpcell.1998.274.1.C58
http://www.ncbi.nlm.nih.gov/pubmed/9458713
http://dx.doi.org/10.1096/fj.12-211896
http://dx.doi.org/10.1016/j.biopha.2017.01.170
http://dx.doi.org/10.1271/bbb.90963
http://dx.doi.org/10.2527/jas.2007-0462
http://dx.doi.org/10.1093/nar/gkg141
http://dx.doi.org/10.1042/BST0320817
http://www.ncbi.nlm.nih.gov/pubmed/15494023
http://dx.doi.org/10.1007/s12079-015-0259-9
http://www.ncbi.nlm.nih.gov/pubmed/25617049
http://dx.doi.org/10.1016/S0006-291X(88)80780-0
http://dx.doi.org/10.3109/08977199009071496
http://dx.doi.org/10.1210/endo.136.8.7628386
http://dx.doi.org/10.1210/endo.132.4.8462454
http://dx.doi.org/10.2337/diab.42.9.1262
http://dx.doi.org/10.1016/j.bbadis.2014.06.010
http://dx.doi.org/10.1074/jbc.M111.286591
http://dx.doi.org/10.1038/21224
http://www.ncbi.nlm.nih.gov/pubmed/10376603
http://dx.doi.org/10.2337/db07-1111
http://www.ncbi.nlm.nih.gov/pubmed/18835939
http://www.ncbi.nlm.nih.gov/pubmed/3040709


Biomedicines 2020, 8, 295 34 of 40

125. Graf, E.; Eaton, J.W. Antioxidant functions of phytic acid. Free Radic. Biol. Med. 1990, 8, 61–69. [CrossRef]
126. Muraoka, S.; Miura, T. Inhibition of xanthine oxidase by phytic acid and its antioxidative action. Life Sci.

2004, 74, 1691–1700. [CrossRef]
127. Rengarajan, T.; Rajendran, P.; Nandakumar, N.; Balasubramanian, M.P.; Nishigaki, I. Free radical scavenging

and antioxidant activity of D-pinitol against 7, 12 dimethylbenz (a) anthracene induced breast cancer in
sprague dawley rats. Asian Pac. J. Trop. Dis. 2014, 4, 384–390. [CrossRef]

128. Nascimento, N.R.F.; Lessa, L.M.A.; Kerntopf, M.R.; Sousa, C.M.; Alves, R.S.; Queiroz, M.G.R.; Price, J.;
Heimark, D.B.; Larner, J.; Du, X.; et al. Inositols prevent and reverse endothelial dysfunction in diabetic rat
and rabbit vasculature metabolically and by scavenging superoxide. Proc. Natl. Acad. Sci. USA 2006, 103,
218–223. [CrossRef]

129. Jiang, W.D.; Wu, P.; Kuang, S.Y.; Liu, Y.; Jiang, J.; Hu, K.; Li, S.H.; Tang, L.; Feng, L.; Zhou, X.Q. Myo-inositol
prevents copper-induced oxidative damage and changes in antioxidant capacity in various organs and the
enterocytes of juvenile Jian carp (Cyprinus carpio var. Jian). Aquat. Toxicol. 2011, 105, 543–551. [CrossRef]

130. Jiang, W.-D.; Feng, L.; Liu, Y.; Jiang, J.; Zhou, X.-Q. Myo-inositol prevents oxidative damage, inhibits oxygen
radical generation and increases antioxidant enzyme activities of juvenile Jian carp (Cyprinus carpio var.
Jian). Aquac. Res. 2009, 40, 1770–1776. [CrossRef]

131. Vasaikar, N.; Mahajan, U.; Patil, K.R.; Suchal, K.; Patil, C.R.; Ojha, S.; Goyal, S.N. D-pinitol attenuates
cisplatin-induced nephrotoxicity in rats: Impact on pro-inflammatory cytokines. Chem. Biol. Interact. 2018,
290, 6–11. [CrossRef]

132. Roman-Ramos, R.; Almanza-Perez, J.C.; Fortis-Barrera, A.; Angeles-Mejia, S.; Banderas-Dorantes, T.R.;
Zamilpa-Alvarez, A.; Diaz-Flores, M.; Jasso, I.; Blancas-Flores, G.; Gomez, J.; et al. Antioxidant and
anti-inflammatory effects of a hypoglycemic fraction from Cucurbita ficifolia Bouche in streptozotocin-induced
diabetes mice. Am. J. Chin. Med. 2012, 40, 97–110. [CrossRef] [PubMed]

133. Fisher, S.K.; Novak, J.E.; Agranoff, B.W. Inositol and higher inositol phosphates in neural tissues: Homeostasis,
metabolism and functional significance. J. Neurochem. 2002, 82, 736–754. [CrossRef] [PubMed]

134. Wong, Y.H.; Kalmbach, S.J.; Hartman, B.K.; Sherman, W.R. Immunohistochemical staining and enzyme
activity measurements show myo-inositol-1-phosphate synthase to be localized in the vasculature of brain.
J. Neurochem. 1987, 48, 1434–1442. [CrossRef] [PubMed]

135. Mejias-Aponte, C.A.; Ye, C.; Bonci, A.; Kiyatkin, E.A.; Morales, M. A subpopulation of
neurochemically-identified ventral tegmental area dopamine neurons is excited by intravenous cocaine.
J. Neurosci. Off. J. Soc. Neurosci. 2015, 35, 1965–1978. [CrossRef]

136. Novak, J.E.; Turner, R.S.; Agranoff, B.W.; Fisher, S.K. Differentiated human NT2-N neurons possess a high
intracellular content of myo-inositol. J. Neurochem. 1999, 72, 1431–1440. [CrossRef] [PubMed]

137. Berry, G.T.; Wu, S.; Buccafusca, R.; Ren, J.; Gonzales, L.W.; Ballard, P.L.; Golden, J.A.; Stevens, M.J.; Greer, J.J.
Loss of Murine Na+/myo-Inositol Cotransporter Leads to Brain myo-Inositol Depletion and Central Apnea.
J. Biol. Chem. 2003, 278, 18297–18302. [CrossRef]

138. Buccafusca, R.; Venditti, C.P.; Kenyon, L.C.; Johanson, R.A.; Van Bockstaele, E.; Ren, J.; Pagliardini, S.;
Minarcik, J.; Golden, J.A.; Coady, M.J.; et al. Characterization of the null murine sodium/myo-inositol
cotransporter 1 (Smit1 or Slc5a3) phenotype: Myo-inositol rescue is independent of expression of its cognate
mitochondrial ribosomal protein subunit 6 (Mrps6) gene and of phosphatidylinositol levels in neonatal brain.
Mol. Genet. Metab. 2008, 95, 81–95. [CrossRef]

139. Bersudsky, Y.; Shaldubina, A.; Agam, G.; Berry, G.T.; Belmaker, R.H. Homozygote inositol transporter
knockout mice show a lithium-like phenotype. Bipolar Disord. 2008, 10, 453–459. [CrossRef]

140. Cryns, K.; Shamir, A.; Van Acker, N.; Levi, I.; Daneels, G.; Goris, I.; Bouwknecht, J.A.; Andries, L.; Kass, S.;
Agam, G.; et al. IMPA1 is essential for embryonic development and lithium-like pilocarpine sensitivity.
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2008, 33, 674–684. [CrossRef]

141. Dai, G.; Yu, H.; Kruse, M.; Traynor-Kaplan, A.; Hille, B. Osmoregulatory inositol transporter SMIT1 modulates
electrical activity by adjusting PI(4,5)P2 levels. Proc. Natl. Acad. Sci. USA 2016, 113, E3290–E3299. [CrossRef]

142. Dickson, E.J.; Jensen, J.B.; Hille, B. Golgi and plasma membrane pools of PI(4)P contribute to plasma
membrane PI(4,5)P2 and maintenance of KCNQ2/3 ion channel current. Proc. Natl. Acad. Sci. USA 2014, 111,
E2281–E2290. [CrossRef] [PubMed]

143. Lei, H.; Poitry-Yamate, C.; Preitner, F.; Thorens, B.; Gruetter, R. Neurochemical profile of the mouse
hypothalamus using in vivo 1H MRS at 14.1T. NMR Biomed. 2010, 23, 578–583. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0891-5849(90)90146-A
http://dx.doi.org/10.1016/j.lfs.2003.09.040
http://dx.doi.org/10.1016/S2222-1808(14)60592-2
http://dx.doi.org/10.1073/pnas.0509779103
http://dx.doi.org/10.1016/j.aquatox.2011.08.012
http://dx.doi.org/10.1111/j.1365-2109.2009.02283.x
http://dx.doi.org/10.1016/j.cbi.2018.05.003
http://dx.doi.org/10.1142/S0192415X12500085
http://www.ncbi.nlm.nih.gov/pubmed/22298451
http://dx.doi.org/10.1046/j.1471-4159.2002.01041.x
http://www.ncbi.nlm.nih.gov/pubmed/12358779
http://dx.doi.org/10.1111/j.1471-4159.1987.tb05682.x
http://www.ncbi.nlm.nih.gov/pubmed/2435847
http://dx.doi.org/10.1523/jneurosci.3422-13.2015
http://dx.doi.org/10.1046/j.1471-4159.1999.721431.x
http://www.ncbi.nlm.nih.gov/pubmed/10098846
http://dx.doi.org/10.1074/jbc.M213176200
http://dx.doi.org/10.1016/j.ymgme.2008.05.008
http://dx.doi.org/10.1111/j.1399-5618.2007.00546.x
http://dx.doi.org/10.1038/sj.npp.1301431
http://dx.doi.org/10.1073/pnas.1606348113
http://dx.doi.org/10.1073/pnas.1407133111
http://www.ncbi.nlm.nih.gov/pubmed/24843134
http://dx.doi.org/10.1002/nbm.1498
http://www.ncbi.nlm.nih.gov/pubmed/20235335


Biomedicines 2020, 8, 295 35 of 40

144. Patishi, Y.; Lubrich, B.; Berger, M.; Kofman, O.; van Calker, D.; Belmaker, R.H. Differential uptake of
myo-inositol in vivo into rat brain areas. Eur. Neuropsychopharmacol. 1996, 6, 73–75. [CrossRef]

145. López-Gambero, A.J.; Martínez, F.; Salazar, K.; Cifuentes, M.; Nualart, F. Brain Glucose-Sensing Mechanism
and Energy Homeostasis. Mol. Neurobiol. 2019, 56, 769–796. [CrossRef] [PubMed]

146. Raghu, P.; Joseph, A.; Krishnan, H.; Singh, P.; Saha, S. Phosphoinositides: Regulators of Nervous System
Function in Health and Disease. Front. Mol. Neurosci. 2019, 12. [CrossRef]

147. Liu, B.; Song, S.; Ruz-Maldonado, I.; Pingitore, A.; Huang, G.C.; Baker, D.; Jones, P.M.; Persaud, S.J.
GPR55-dependent stimulation of insulin secretion from isolated mouse and human islets of Langerhans.
Diabetes Obes. Metab. 2016, 18, 1263–1273. [CrossRef]

148. Bjursell, M.; Ryberg, E.; Wu, T.; Greasley, P.J.; Bohlooly-Y., M.; Hjorth, S. Deletion of Gpr55 Results in Subtle
Effects on Energy Metabolism, Motor Activity and Thermal Pain Sensation. PLoS ONE 2016, 11, e0167965.
[CrossRef]

149. Deliu, E.; Sperow, M.; Console-Bram, L.; Carter, R.L.; Tilley, D.G.; Kalamarides, D.J.; Kirby, L.G.; Brailoiu, G.C.;
Brailoiu, E.; Benamar, K.; et al. The Lysophosphatidylinositol Receptor GPR55 Modulates Pain Perception in
the Periaqueductal Gray. Mol. Pharmacol. 2015, 88, 265–272. [CrossRef]

150. Hurst, K.; Badgley, C.; Ellsworth, T.; Bell, S.; Friend, L.; Prince, B.; Welch, J.; Cowan, Z.; Williamson, R.;
Lyon, C.; et al. A putative lysophosphatidylinositol receptor GPR55 modulates hippocampal synaptic
plasticity. Hippocampus 2017, 27, 985–998. [CrossRef]

151. Marichal-Cancino, B.A.; Fajardo-Valdez, A.; Ruiz-Contreras, A.E.; Méndez-Díaz, M.; Prospéro-García, O.
Possible role of hippocampal GPR55 in spatial learning and memory in rats. Acta Neurobiol. Exp. 2018, 78,
41–50. [CrossRef]

152. Marichal-Cancino, B.A.; Sánchez-Fuentes, A.; Méndez-Díaz, M.; Ruiz-Contreras, A.E.; Prospéro-García, O.
Blockade of GPR55 in the dorsolateral striatum impairs performance of rats in a T-maze paradigm.
Behav. Pharmacol. 2016, 27, 393–396. [CrossRef] [PubMed]

153. Sylantyev, S.; Jensen, T.P.; Ross, R.A.; Rusakov, D.A. Cannabinoid- and lysophosphatidylinositol-sensitive
receptor GPR55 boosts neurotransmitter release at central synapses. Proc. Natl. Acad. Sci. USA 2013, 110,
5193–5198. [CrossRef] [PubMed]

154. Waragai, M.; Moriya, M.; Nojo, T. Decreased N-Acetyl Aspartate/Myo-Inositol Ratio in the Posterior
Cingulate Cortex Shown by Magnetic Resonance Spectroscopy May Be One of the Risk Markers of Preclinical
Alzheimer’s Disease: A 7-Year Follow-Up Study. J. Alzheimer’s Dis. 2017, 60, 1411–1427. [CrossRef] [PubMed]

155. Mitolo, M.; Stanzani-Maserati, M.; Capellari, S.; Testa, C.; Rucci, P.; Poda, R.; Oppi, F.; Gallassi, R.; Sambati, L.;
Rizzo, G.; et al. Predicting conversion from mild cognitive impairment to Alzheimer’s disease using brain
(1)H-MRS and volumetric changes: A two- year retrospective follow-up study. Neuroimage Clin. 2019, 23,
101843. [CrossRef] [PubMed]

156. Huang, W.; Alexander, G.E.; Daly, E.M.; Shetty, H.U.; Krasuski, J.S.; Rapoport, S.I.; Schapiro, M.B. High Brain
myo-Inositol Levels in the Predementia Phase of Alzheimer’s Disease in Adults With Down’s Syndrome: A
1H MRS Study. Am. J. Psychiatry 1999, 156, 1879–1886. [CrossRef]

157. Beacher, F.; Simmons, A.; Daly, E.; Prasher, V.; Adams, C.; Margallo-Lana, M.L.; Morris, R.; Lovestone, S.;
Murphy, K.; Murphy, D.G.M. Hippocampal Myo-inositol and Cognitive Ability in Adults With Down
Syndrome: An In Vivo Proton Magnetic Resonance Spectroscopy Study. Arch. Gen. Psychiatry 2005, 62,
1360–1365. [CrossRef]

158. Neverisky, D.L.; Abbott, G.W. KCNQ-SMIT complex formation facilitates ion channel-solute transporter
cross talk. FASEB J. 2017, 31, 2828–2838. [CrossRef]

159. Wang, H.S.; Pan, Z.; Shi, W.; Brown, B.S.; Wymore, R.S.; Cohen, I.S.; Dixon, J.E.; McKinnon, D. KCNQ2 and
KCNQ3 potassium channel subunits: Molecular correlates of the M-channel. Science 1998, 282, 1890–1893.
[CrossRef]

160. Manville, R.W.; Abbott, G.W. Potassium channels act as chemosensors for solute transporters. Commun. Biol.
2020, 3, 90. [CrossRef]

161. Papadopoulos, T.; Rhee, H.J.; Subramanian, D.; Paraskevopoulou, F.; Mueller, R.; Schultz, C.; Brose, N.;
Rhee, J.S.; Betz, H. Endosomal Phosphatidylinositol 3-Phosphate Promotes Gephyrin Clustering and
GABAergic Neurotransmission at Inhibitory Postsynapses. J. Biol. Chem. 2017, 292, 1160–1177. [CrossRef]

162. Hille, B.; Dickson, E.J.; Kruse, M.; Vivas, O.; Suh, B.C. Phosphoinositides regulate ion channels.
Biochim. Biophys. Acta 2015, 1851, 844–856. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0924-977X(95)00061-S
http://dx.doi.org/10.1007/s12035-018-1099-4
http://www.ncbi.nlm.nih.gov/pubmed/29796992
http://dx.doi.org/10.3389/fnmol.2019.00208
http://dx.doi.org/10.1111/dom.12780
http://dx.doi.org/10.1371/journal.pone.0167965
http://dx.doi.org/10.1124/mol.115.099333
http://dx.doi.org/10.1002/hipo.22747
http://dx.doi.org/10.21307/ane-2018-001
http://dx.doi.org/10.1097/FBP.0000000000000185
http://www.ncbi.nlm.nih.gov/pubmed/26292188
http://dx.doi.org/10.1073/pnas.1211204110
http://www.ncbi.nlm.nih.gov/pubmed/23472002
http://dx.doi.org/10.3233/JAD-170450
http://www.ncbi.nlm.nih.gov/pubmed/28968236
http://dx.doi.org/10.1016/j.nicl.2019.101843
http://www.ncbi.nlm.nih.gov/pubmed/31071594
http://dx.doi.org/10.1176/ajp.156.12.1879
http://dx.doi.org/10.1001/archpsyc.62.12.1360
http://dx.doi.org/10.1096/fj.201601334R
http://dx.doi.org/10.1126/science.282.5395.1890
http://dx.doi.org/10.1038/s42003-020-0820-9
http://dx.doi.org/10.1074/jbc.M116.771592
http://dx.doi.org/10.1016/j.bbalip.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25241941


Biomedicines 2020, 8, 295 36 of 40

163. Tsuruta, F.; Green, E.M.; Rousset, M.; Dolmetsch, R.E. PIKfyve regulates CaV1.2 degradation and prevents
excitotoxic cell death. J. Cell Biol. 2009, 187, 279–294. [CrossRef] [PubMed]

164. Seebohm, G.; Neumann, S.; Theiss, C.; Novkovic, T.; Hill, E.V.; Tavaré, J.M.; Lang, F.; Hollmann, M.;
Manahan-Vaughan, D.; Strutz-Seebohm, N. Identification of a novel signaling pathway and its relevance for
GluA1 recycling. PLoS ONE 2012, 7, e33889. [CrossRef] [PubMed]

165. Zhang, S.X.; Duan, L.H.; He, S.J.; Zhuang, G.F.; Yu, X. Phosphatidylinositol 3,4-bisphosphate regulates
neurite initiation and dendrite morphogenesis via actin aggregation. Cell Res. 2017, 27, 253–273. [CrossRef]
[PubMed]

166. Brand, A.; Richter-Landsberg, C.; Leibfritz, D. Multinuclear NMR studies on the energy metabolism of glial
and neuronal cells. Dev. Neurosci. 1993, 15, 289–298. [CrossRef] [PubMed]

167. Ibsen, L.; Strange, K. In situ localization and osmotic regulation of the Na(+)-myo-inositol cotransporter in
rat brain. Am. J. Physiol. 1996, 271, F877–F885. [CrossRef]

168. Jackson, P.S.; Morrison, R.; Strange, K. The volume-sensitive organic osmolyte-anion channel VSOAC is
regulated by nonhydrolytic ATP binding. Am. J. Physiol. 1994, 267, C1203–C1209. [CrossRef]

169. Harris, J.L.; Yeh, H.-W.; Choi, I.-Y.; Lee, P.; Berman, N.E.; Swerdlow, R.H.; Craciunas, S.C.; Brooks, W.M.
Altered neurochemical profile after traumatic brain injury: (1)H-MRS biomarkers of pathological mechanisms.
J. Cereb. Blood Flow Metab. 2012, 32, 2122–2134. [CrossRef]

170. Cordoba, J.; Gottstein, J.; Blei, A.T. Glutamine, myo-inositol, and organic brain osmolytes after portocaval
anastomosis in the rat: Implications for ammonia-induced brain edema. Hepatology 1996, 24, 919–923.
[CrossRef]

171. Filibian, M.; Frasca, A.; Maggioni, D.; Micotti, E.; Vezzani, A.; Ravizza, T. In vivo imaging of glia activation
using 1H-magnetic resonance spectroscopy to detect putative biomarkers of tissue epileptogenicity. Epilepsia
2012, 53, 1907–1916. [CrossRef]

172. Harris, J.L.; Yeh, H.-W.; Swerdlow, R.H.; Choi, I.-Y.; Lee, P.; Brooks, W.M. High-field proton magnetic
resonance spectroscopy reveals metabolic effects of normal brain aging. Neurobiol. Aging 2014, 35, 1686–1694.
[CrossRef] [PubMed]

173. Zhang, X.; Liu, H.; Wu, J.; Zhang, X.; Liu, M.; Wang, Y. Metabonomic alterations in hippocampus, temporal
and prefrontal cortex with age in rats. Neurochem. Int. 2009, 54, 481–487. [CrossRef] [PubMed]

174. von Leden, R.E.; Khayrullina, G.; Moritz, K.E.; Byrnes, K.R. Age exacerbates microglial activation, oxidative
stress, inflammatory and NOX2 gene expression, and delays functional recovery in a middle-aged rodent
model of spinal cord injury. J. NeuroInflamm. 2017, 14, 161. [CrossRef] [PubMed]

175. Silverstone, P.H.; McGrath, B.M.; Kim, H. Bipolar disorder and myo-inositol: A review of the magnetic
resonance spectroscopy findings. Bipolar Disord. 2005, 7, 1–10. [CrossRef]

176. Shyng, S.L.; Nichols, C.G. Membrane phospholipid control of nucleotide sensitivity of KATP channels.
Science 1998, 282, 1138–1141. [CrossRef]

177. Baukrowitz, T.; Schulte, U.; Oliver, D.; Herlitze, S.; Krauter, T.; Tucker, S.J.; Ruppersberg, J.P.; Fakler, B. PIP2
and PIP as determinants for ATP inhibition of KATP channels. Science 1998, 282, 1141–1144. [CrossRef]

178. Ribalet, B.; John, S.A.; Weiss, J.N. Regulation of cloned ATP-sensitive K channels by phosphorylation,
MgADP, and phosphatidylinositol bisphosphate (PIP(2)): A study of channel rundown and reactivation.
J. Gen. Physiol. 2000, 116, 391–410. [CrossRef]

179. Enkvetchakul, D.; Loussouarn, G.; Makhina, E.; Shyng, S.L.; Nichols, C.G. The kinetic and physical basis
of K(ATP) channel gating: Toward a unified molecular understanding. Biophys. J. 2000, 78, 2334–2348.
[CrossRef]

180. Lacin, E.; Aryal, P.; Glaaser, I.W.; Bodhinathan, K.; Tsai, E.; Marsh, N.; Tucker, S.J.; Sansom, M.S.P.;
Slesinger, P.A. Dynamic role of the tether helix in PIP(2)-dependent gating of a G protein-gated potassium
channel. J. Gen. Physiol. 2017, 149, 799–811. [CrossRef]

181. Zhang, H.; Craciun, L.C.; Mirshahi, T.; Rohacs, T.; Lopes, C.M.; Jin, T.; Logothetis, D.E. PIP(2) activates
KCNQ channels, and its hydrolysis underlies receptor-mediated inhibition of M currents. Neuron 2003, 37,
963–975. [CrossRef]

182. Suh, B.-C.; Hille, B. Electrostatic interaction of internal Mg2+ with membrane PIP2 Seen with KCNQ K+

channels. J. Gen. Physiol. 2007, 130, 241–256. [CrossRef] [PubMed]
183. Manville, R.W.; Neverisky, D.L.; Abbott, G.W. SMIT1 Modifies KCNQ Channel Function and Pharmacology

by Physical Interaction with the Pore. Biophys. J. 2017, 113, 613–626. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.200903028
http://www.ncbi.nlm.nih.gov/pubmed/19841139
http://dx.doi.org/10.1371/journal.pone.0033889
http://www.ncbi.nlm.nih.gov/pubmed/22470488
http://dx.doi.org/10.1038/cr.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28106075
http://dx.doi.org/10.1159/000111347
http://www.ncbi.nlm.nih.gov/pubmed/7805581
http://dx.doi.org/10.1152/ajprenal.1996.271.4.F877
http://dx.doi.org/10.1152/ajpcell.1994.267.5.C1203
http://dx.doi.org/10.1038/jcbfm.2012.114
http://dx.doi.org/10.1053/jhep.1996.v24.pm0008855198
http://dx.doi.org/10.1111/j.1528-1167.2012.03685.x
http://dx.doi.org/10.1016/j.neurobiolaging.2014.01.018
http://www.ncbi.nlm.nih.gov/pubmed/24559659
http://dx.doi.org/10.1016/j.neuint.2009.02.004
http://www.ncbi.nlm.nih.gov/pubmed/19428792
http://dx.doi.org/10.1186/s12974-017-0933-3
http://www.ncbi.nlm.nih.gov/pubmed/28821269
http://dx.doi.org/10.1111/j.1399-5618.2004.00174.x
http://dx.doi.org/10.1126/science.282.5391.1138
http://dx.doi.org/10.1126/science.282.5391.1141
http://dx.doi.org/10.1085/jgp.116.3.391
http://dx.doi.org/10.1016/S0006-3495(00)76779-8
http://dx.doi.org/10.1085/jgp.201711801
http://dx.doi.org/10.1016/S0896-6273(03)00125-9
http://dx.doi.org/10.1085/jgp.200709821
http://www.ncbi.nlm.nih.gov/pubmed/17724161
http://dx.doi.org/10.1016/j.bpj.2017.06.055
http://www.ncbi.nlm.nih.gov/pubmed/28793216


Biomedicines 2020, 8, 295 37 of 40

184. Mayordomo-Cava, J.; Yajeya, J.; Navarro-López, J.D.; Jiménez-Díaz, L. Amyloid-β(25-35) Modulates the
Expression of GirK and KCNQ Channel Genes in the Hippocampus. PLoS ONE 2015, 10, e0134385. [CrossRef]
[PubMed]

185. Charlier, C.; Singh, N.A.; Ryan, S.G.; Lewis, T.B.; Reus, B.E.; Leach, R.J.; Leppert, M. A pore mutation in
a novel KQT-like potassium channel gene in an idiopathic epilepsy family. Nat. Genet. 1998, 18, 53–55.
[CrossRef] [PubMed]

186. Singh, N.A.; Charlier, C.; Stauffer, D.; DuPont, B.R.; Leach, R.J.; Melis, R.; Ronen, G.M.; Bjerre, I.;
Quattlebaum, T.; Murphy, J.V.; et al. A novel potassium channel gene, KCNQ2, is mutated in an inherited
epilepsy of newborns. Nat. Genet. 1998, 18, 25–29. [CrossRef]

187. Maljevic, S.; Vejzovic, S.; Bernhard, M.K.; Bertsche, A.; Weise, S.; Döcker, M.; Lerche, H.; Lemke, J.R.;
Merkenschlager, A.; Syrbe, S. Novel KCNQ3 Mutation in a Large Family with Benign Familial Neonatal
Epilepsy: A Rare Cause of Neonatal Seizures. Mol. Syndr. 2016, 7, 189–196. [CrossRef]

188. Judy, J.T.; Seifuddin, F.; Pirooznia, M.; Mahon, P.B.; Bipolar Genome Study, C.; Jancic, D.; Goes, F.S.; Schulze, T.;
Cichon, S.; Noethen, M.; et al. Converging Evidence for Epistasis between ANK3 and Potassium Channel
Gene KCNQ2 in Bipolar Disorder. Front. Genet. 2013, 4, 87. [CrossRef]

189. Kaminsky, Z.; Jones, I.; Verma, R.; Saleh, L.; Trivedi, H.; Guintivano, J.; Akman, R.; Zandi, P.; Lee, R.S.;
Potash, J.B. DNA methylation and expression of KCNQ3 in bipolar disorder. Bipolar Disord. 2015, 17, 150–159.
[CrossRef]

190. Augelli-Szafran, C.E.; Wei, H.X.; Lu, D.; Zhang, J.; Gu, Y.; Yang, T.; Osenkowski, P.; Ye, W.; Wolfe, M.S.
Discovery of notch-sparing gamma-secretase inhibitors. Curr. Alzheimer Res. 2010, 7, 207–209. [CrossRef]

191. Koppaka, V.; Axelsen, P.H. Accelerated accumulation of amyloid beta proteins on oxidatively damaged lipid
membranes. Biochemistry 2000, 39, 10011–10016. [CrossRef]

192. McLaurin, J.; Kierstead, M.E.; Brown, M.E.; Hawkes, C.A.; Lambermon, M.H.; Phinney, A.L.; Darabie, A.A.;
Cousins, J.E.; French, J.E.; Lan, M.F.; et al. Cyclohexanehexol inhibitors of Abeta aggregation prevent and
reverse Alzheimer phenotype in a mouse model. Nat. Med. 2006, 12, 801–808. [CrossRef] [PubMed]

193. Townsend, M.; Cleary, J.P.; Mehta, T.; Hofmeister, J.; Lesne, S.; O’Hare, E.; Walsh, D.M.; Selkoe, D.J.
Orally available compound prevents deficits in memory caused by the Alzheimer amyloid-beta oligomers.
Ann. Neurol. 2006, 60, 668–676. [CrossRef] [PubMed]

194. Morrone, C.D.; Bazzigaluppi, P.; Beckett, T.L.; Hill, M.E.; Koletar, M.M.; Stefanovic, B.; McLaurin, J. Regional
differences in Alzheimer’s disease pathology confound behavioural rescue after amyloid-β attenuation.
Brain 2019, 143, 359–373. [CrossRef] [PubMed]

195. Aytan, N.; Choi, J.-K.; Carreras, I.; Kowall, N.W.; Jenkins, B.G.; Dedeoglu, A. Combination therapy in a
transgenic model of Alzheimer’s disease. Exp. Neurol. 2013, 250, 228–238. [CrossRef] [PubMed]

196. Dorr, A.; Sahota, B.; Chinta, L.V.; Brown, M.E.; Lai, A.Y.; Ma, K.; Hawkes, C.A.; McLaurin, J.; Stefanovic, B.
Amyloid-β-dependent compromise of microvascular structure and function in a model of Alzheimer’s
disease. Brain 2012, 135, 3039–3050. [CrossRef] [PubMed]

197. Wang, H.; Raleigh, D.P. General amyloid inhibitors? A critical examination of the inhibition of IAPP amyloid
formation by inositol stereoisomers. PLoS ONE 2014, 9, e104023. [CrossRef]

198. Sinha, S.; Du, Z.; Maiti, P.; Klärner, F.-G.; Schrader, T.; Wang, C.; Bitan, G. Comparison of three amyloid
assembly inhibitors: The sugar scyllo-inositol, the polyphenol epigallocatechin gallate, and the molecular
tweezer CLR01. ACS Chem. Neurosci. 2012, 3, 451–458. [CrossRef]

199. Wei, G.; Shea, J.E. Effects of solvent on the structure of the Alzheimer amyloid-beta(25-35) peptide. Biophys. J.
2006, 91, 1638–1647. [CrossRef]

200. Bleiholder, C.; Do, T.D.; Wu, C.; Economou, N.J.; Bernstein, S.S.; Buratto, S.K.; Shea, J.E.; Bowers, M.T. Ion
mobility spectrometry reveals the mechanism of amyloid formation of Abeta(25-35) and its modulation by
inhibitors at the molecular level: Epigallocatechin gallate and scyllo-inositol. J. Am. Chem. Soc. 2013, 135,
16926–16937. [CrossRef]

201. Salloway, S.; Sperling, R.; Keren, R.; Porsteinsson, A.P.; van Dyck, C.H.; Tariot, P.N.; Gilman, S.; Arnold, D.;
Abushakra, S.; Hernandez, C.; et al. A phase 2 randomized trial of ELND005, scyllo-inositol, in mild to
moderate Alzheimer disease. Neurology 2011, 77, 1253–1262. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0134385
http://www.ncbi.nlm.nih.gov/pubmed/26218288
http://dx.doi.org/10.1038/ng0198-53
http://www.ncbi.nlm.nih.gov/pubmed/9425900
http://dx.doi.org/10.1038/ng0198-25
http://dx.doi.org/10.1159/000447461
http://dx.doi.org/10.3389/fgene.2013.00087
http://dx.doi.org/10.1111/bdi.12230
http://dx.doi.org/10.2174/156720510791050920
http://dx.doi.org/10.1021/bi000619d
http://dx.doi.org/10.1038/nm1423
http://www.ncbi.nlm.nih.gov/pubmed/16767098
http://dx.doi.org/10.1002/ana.21051
http://www.ncbi.nlm.nih.gov/pubmed/17192927
http://dx.doi.org/10.1093/brain/awz371
http://www.ncbi.nlm.nih.gov/pubmed/31782760
http://dx.doi.org/10.1016/j.expneurol.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24120437
http://dx.doi.org/10.1093/brain/aws243
http://www.ncbi.nlm.nih.gov/pubmed/23065792
http://dx.doi.org/10.1371/journal.pone.0104023
http://dx.doi.org/10.1021/cn200133x
http://dx.doi.org/10.1529/biophysj.105.079186
http://dx.doi.org/10.1021/ja406197f
http://dx.doi.org/10.1212/WNL.0b013e3182309fa5


Biomedicines 2020, 8, 295 38 of 40

202. Liang, E.; Garzone, P.; Cedarbaum, J.M.; Koller, M.; Tran, T.; Xu, V.; Ross, B.; Jhee, S.S.; Ereshefsky, L.;
Pastrak, A.; et al. Pharmacokinetic Profile of Orally Administered Scyllo-Inositol (Elnd005) in
Plasma, Cerebrospinal Fluid and Brain, and Corresponding Effect on Amyloid-Beta in Healthy Subjects.
Clin. Pharmacol. Drug Dev. 2013, 2, 186–194. [CrossRef] [PubMed]

203. Lee, D.; Lee, W.-S.; Lim, S.; Kim, Y.K.; Jung, H.-Y.; Das, S.; Lee, J.; Luo, W.; Kim, K.-T.; Chung, S.-K. A
guanidine-appended scyllo-inositol derivative AAD-66 enhances brain delivery and ameliorates Alzheimer’s
phenotypes. Sci. Rep. 2017, 7, 14125. [CrossRef] [PubMed]

204. Pasinetti, G.M. Compositions and Methods for Treating Alzheimer’s Disease and Related Disorders and
Promoting A Healthy Nervous System. U.S. Patent 8,921,347, 30 December 2014.

205. De Felice, F.G.; Vieira, M.N.; Bomfim, T.R.; Decker, H.; Velasco, P.T.; Lambert, M.P.; Viola, K.L.; Zhao, W.Q.;
Ferreira, S.T.; Klein, W.L. Protection of synapses against Alzheimer’s-linked toxins: Insulin signaling prevents
the pathogenic binding of Abeta oligomers. Proc. Natl. Acad. Sci. USA 2009, 106, 1971–1976. [CrossRef]

206. Talbot, K.; Wang, H.-Y.; Kazi, H.; Han, L.-Y.; Bakshi, K.P.; Stucky, A.; Fuino, R.L.; Kawaguchi, K.R.;
Samoyedny, A.J.; Wilson, R.S.; et al. Demonstrated brain insulin resistance in Alzheimer’s disease patients
is associated with IGF-1 resistance, IRS-1 dysregulation, and cognitive decline. J. Clin. Investig. 2012, 122,
1316–1338. [CrossRef] [PubMed]

207. Barone, E.; Di Domenico, F.; Cassano, T.; Arena, A.; Tramutola, A.; Lavecchia, M.A.; Coccia, R.;
Butterfield, D.A.; Perluigi, M. Impairment of biliverdin reductase-A promotes brain insulin resistance
in Alzheimer disease: A new paradigm. Free Radic. Biol. Med. 2016, 91, 127–142. [CrossRef] [PubMed]

208. Barone, E.; Di Domenico, F.; Cenini, G.; Sultana, R.; Cini, C.; Preziosi, P.; Perluigi, M.; Mancuso, C.;
Butterfield, D.A. Biliverdin reductase-A protein levels and activity in the brains of subjects with Alzheimer
disease and mild cognitive impairment. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2011, 1812, 480–487.
[CrossRef] [PubMed]

209. Butterfield, D.A.; Reed, T.T.; Perluigi, M.; De Marco, C.; Coccia, R.; Keller, J.N.; Markesbery, W.R.;
Sultana, R. Elevated levels of 3-nitrotyrosine in brain from subjects with amnestic mild cognitive impairment:
Implications for the role of nitration in the progression of Alzheimer’s disease. Brain Res. 2007, 1148, 243–248.
[CrossRef]

210. Hanson, L.R.; Frey, W.H. Strategies for Intranasal Delivery of Therapeutics for the Prevention and Treatment
of NeuroAIDS. J. Neuroimmune Pharmacol. 2007, 2, 81–86. [CrossRef]

211. Barone, E.; Tramutola, A.; Triani, F.; Calcagnini, S.; Di Domenico, F.; Ripoli, C.; Gaetani, S.; Grassi, C.;
Butterfield, D.A.; Cassano, T.; et al. Biliverdin Reductase-A Mediates the Beneficial Effects of Intranasal
Insulin in Alzheimer Disease. Mol. Neurobiol. 2019, 56, 2922–2943. [CrossRef]

212. Santiago, J.C.P.; Hallschmid, M. Outcomes and clinical implications of intranasal insulin administration to
the central nervous system. Exp. Neurol. 2019, 317, 180–190. [CrossRef]

213. Claxton, A.; Baker, L.D.; Hanson, A.; Trittschuh, E.H.; Cholerton, B.; Morgan, A.; Callaghan, M.; Arbuckle, M.;
Behl, C.; Craft, S. Long-acting intranasal insulin detemir improves cognition for adults with mild cognitive
impairment or early-stage Alzheimer’s disease dementia. J. Alzheimer’s Dis. 2015, 44, 897–906. [CrossRef]
[PubMed]

214. Isoda, F.; Shiry, L.; Abergel, J.; Allan, G.; Mobbs, C. D-chiro-Inositol enhances effects of hypothalamic toxin
gold-thioglucose. Brain Res. 2003, 993, 172–176. [CrossRef] [PubMed]

215. Maurizi, A.R.; Menduni, M.; Del Toro, R.; Kyanvash, S.; Maggi, D.; Guglielmi, C.; Pantano, A.L.; Defeudis, G.;
Fioriti, E.; Manfrini, S.; et al. A pilot study of D-chiro-inositol plus folic acid in overweight patients with type
1 diabetes. Acta Diabetol. 2017, 54, 361–365. [CrossRef] [PubMed]

216. Holscher, C. Diabetes as a risk factor for Alzheimer’s disease: Insulin signalling impairment in the brain as
an alternative model of Alzheimer’s disease. Biochem. Soc. Trans. 2011, 39, 891–897. [CrossRef]

217. Chatterjee, S.; Mudher, A. Alzheimer’s Disease and Type 2 Diabetes: A Critical Assessment of the Shared
Pathological Traits. Front. Neurosci. 2018, 12, 383. [CrossRef]

218. De la Monte, S.M.; Wands, J.R. Alzheimer’s disease is type 3 diabetes-evidence reviewed. J. Diabetes
Sci. Technol. 2008, 2, 1101–1113. [CrossRef]

219. Wong, C.H.Y.; Wanrooy, B.J.; Bruce, D.G. Chapter 10-Neuroinflammation, Type 2 Diabetes, and Dementia.
In Type 2 Diabetes and Dementia; Srikanth, V., Arvanitakis, Z., Eds.; Academic Press: London, UK, 2018;
pp. 195–209. [CrossRef]

http://dx.doi.org/10.1002/cpdd.14
http://www.ncbi.nlm.nih.gov/pubmed/27121673
http://dx.doi.org/10.1038/s41598-017-14559-7
http://www.ncbi.nlm.nih.gov/pubmed/29074878
http://dx.doi.org/10.1073/pnas.0809158106
http://dx.doi.org/10.1172/JCI59903
http://www.ncbi.nlm.nih.gov/pubmed/22476197
http://dx.doi.org/10.1016/j.freeradbiomed.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26698666
http://dx.doi.org/10.1016/j.bbadis.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21241799
http://dx.doi.org/10.1016/j.brainres.2007.02.084
http://dx.doi.org/10.1007/s11481-006-9039-x
http://dx.doi.org/10.1007/s12035-018-1231-5
http://dx.doi.org/10.1016/j.expneurol.2019.03.007
http://dx.doi.org/10.3233/JAD-141791
http://www.ncbi.nlm.nih.gov/pubmed/25374101
http://dx.doi.org/10.1016/j.brainres.2003.09.008
http://www.ncbi.nlm.nih.gov/pubmed/14642843
http://dx.doi.org/10.1007/s00592-016-0954-x
http://www.ncbi.nlm.nih.gov/pubmed/28039583
http://dx.doi.org/10.1042/BST0390891
http://dx.doi.org/10.3389/fnins.2018.00383
http://dx.doi.org/10.1177/193229680800200619
http://dx.doi.org/10.1016/B978-0-12-809454-9.00010-X


Biomedicines 2020, 8, 295 39 of 40

220. Busquets, O.; Ettcheto, M.; Pallas, M.; Beas-Zarate, C.; Verdaguer, E.; Auladell, C.; Folch, J.; Camins, A.
Long-term exposition to a high fat diet favors the appearance of beta-amyloid depositions in the brain of
C57BL/6J mice. A potential model of sporadic Alzheimer’s disease. Mech. Ageing Dev. 2017, 162, 38–45.
[CrossRef]

221. Pistell, P.J.; Morrison, C.D.; Gupta, S.; Knight, A.G.; Keller, J.N.; Ingram, D.K.; Bruce-Keller, A.J. Cognitive
impairment following high fat diet consumption is associated with brain inflammation. J. Neuroimmunol.
2010, 219, 25–32. [CrossRef]

222. Kim, M.S.; Choi, M.-S.; Han, S.N. High fat diet-induced obesity leads to proinflammatory response associated
with higher expression of NOD2 protein. Nutr. Res. Pract. 2011, 5, 219–223. [CrossRef]

223. Ho, L.; Qin, W.; Pompl, P.N.; Xiang, Z.; Wang, J.; Zhao, Z.; Peng, Y.; Cambareri, G.; Rocher, A.; Mobbs, C.V.; et al.
Diet-induced insulin resistance promotes amyloidosis in a transgenic mouse model of Alzheimer’s disease.
FASEB J. 2004, 18, 902–904. [CrossRef]

224. Hoscheidt, S.M.; Kellawan, J.M.; Berman, S.E.; Rivera-Rivera, L.A.; Krause, R.A.; Oh, J.M.; Beeri, M.S.;
Rowley, H.A.; Wieben, O.; Carlsson, C.M.; et al. Insulin resistance is associated with lower arterial blood flow
and reduced cortical perfusion in cognitively asymptomatic middle-aged adults. J. Cereb. Blood Flow Metab.
2017, 37, 2249–2261. [CrossRef] [PubMed]

225. Lourenco, C.F.; Ledo, A.; Barbosa, R.M.; Laranjinha, J. Neurovascular uncoupling in the triple transgenic
model of Alzheimer’s disease: Impaired cerebral blood flow response to neuronal-derived nitric oxide
signaling. Exp. Neurol. 2017, 291, 36–43. [CrossRef] [PubMed]

226. Duan, Y.; Zeng, L.; Zheng, C.; Song, B.; Li, F.; Kong, X.; Xu, K. Inflammatory Links Between High Fat Diets
and Diseases. Front. Immunol. 2018, 9, 2649. [CrossRef] [PubMed]

227. Marks, D.R.; Tucker, K.; Cavallin, M.A.; Mast, T.G.; Fadool, D.A. Awake intranasal insulin delivery modifies
protein complexes and alters memory, anxiety, and olfactory behaviors. J. Neurosci. 2009, 29, 6734–6751.
[CrossRef] [PubMed]

228. Hoffman, J.D.; Yanckello, L.M.; Chlipala, G.; Hammond, T.C.; McCulloch, S.D.; Parikh, I.; Sun, S.;
Morganti, J.M.; Green, S.J.; Lin, A.L. Dietary inulin alters the gut microbiome, enhances systemic metabolism
and reduces neuroinflammation in an APOE4 mouse model. PLoS ONE 2019, 14, e0221828. [CrossRef]

229. Oliver, C.; Crayton, L.; Holland, A.; Hall, S.; Bradbury, J. A four year prospective study of age-related
cognitive change in adults with Down’s syndrome. Psychol. Med. 1998, 28, 1365–1377. [CrossRef]

230. Cardenas, A.M.; Fernandez-Olivares, P.; Diaz-Franulic, I.; Gonzalez-Jamett, A.M.; Shimahara, T.;
Segura-Aguilar, J.; Caviedes, R.; Caviedes, P. Knockdown of Myo-Inositol Transporter SMIT1 Normalizes
Cholinergic and Glutamatergic Function in an Immortalized Cell Line Established from the Cerebral Cortex
of a Trisomy 16 Fetal Mouse, an Animal Model of Human Trisomy 21 (Down Syndrome). Neurotox. Res.
2017, 32, 614–623. [CrossRef]

231. Rumble, B.; Retallack, R.; Hilbich, C.; Simms, G.; Multhaup, G.; Martins, R.; Hockey, A.; Montgomery, P.;
Beyreuther, K.; Masters, C.L. Amyloid A4 protein and its precursor in Down’s syndrome and Alzheimer’s
disease. New Engl. J. Med. 1989, 320, 1446–1452. [CrossRef]

232. Perluigi, M.; Pupo, G.; Tramutola, A.; Cini, C.; Coccia, R.; Barone, E.; Head, E.; Butterfield, D.A.; Di Domenico, F.
Neuropathological role of PI3K/Akt/mTOR axis in Down syndrome brain. Biochim. Biophys. Acta 2014, 1842,
1144–1153. [CrossRef]

233. Tramutola, A.; Lanzillotta, C.; Di Domenico, F.; Head, E.; Butterfield, D.A.; Perluigi, M.; Barone, E. Brain
insulin resistance triggers early onset Alzheimer disease in Down syndrome. Neurobiol. Dis. 2020, 137, 104772.
[CrossRef]

234. Rafii, M.S.; Skotko, B.G.; McDonough, M.E.; Pulsifer, M.; Evans, C.; Doran, E.; Muranevici, G.; Kesslak, P.;
Abushakra, S.; Lott, I.T.; et al. A Randomized, Double-Blind, Placebo-Controlled, Phase II Study of Oral
ELND005 (scyllo-Inositol) in Young Adults with Down Syndrome without Dementia. J. Alzheimer’s Dis. 2017,
58, 401–411. [CrossRef] [PubMed]

235. Frey, R.; Metzler, D.; Fischer, P.; Heiden, A.; Scharfetter, J.; Moser, E.; Kasper, S. Myo-inositol in depressive
and healthy subjects determined by frontal 1H-magnetic resonance spectroscopy at 1.5 tesla. J. Psychiatr. Res.
1998, 32, 411–420. [CrossRef]

236. Urrila, A.S.; Hakkarainen, A.; Castaneda, A.; Paunio, T.; Marttunen, M.; Lundbom, N. Frontal Cortex
Myo-Inositol Is Associated with Sleep and Depression in Adolescents: A Proton Magnetic Resonance
Spectroscopy Study. Neuropsychobiology 2017, 75, 21–31. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.mad.2016.11.002
http://dx.doi.org/10.1016/j.jneuroim.2009.11.010
http://dx.doi.org/10.4162/nrp.2011.5.3.219
http://dx.doi.org/10.1096/fj.03-0978fje
http://dx.doi.org/10.1177/0271678X16663214
http://www.ncbi.nlm.nih.gov/pubmed/27488909
http://dx.doi.org/10.1016/j.expneurol.2017.01.013
http://www.ncbi.nlm.nih.gov/pubmed/28161255
http://dx.doi.org/10.3389/fimmu.2018.02649
http://www.ncbi.nlm.nih.gov/pubmed/30483273
http://dx.doi.org/10.1523/JNEUROSCI.1350-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19458242
http://dx.doi.org/10.1371/journal.pone.0221828
http://dx.doi.org/10.1017/S0033291798007417
http://dx.doi.org/10.1007/s12640-017-9775-0
http://dx.doi.org/10.1056/NEJM198906013202203
http://dx.doi.org/10.1016/j.bbadis.2014.04.007
http://dx.doi.org/10.1016/j.nbd.2020.104772
http://dx.doi.org/10.3233/JAD-160965
http://www.ncbi.nlm.nih.gov/pubmed/28453471
http://dx.doi.org/10.1016/S0022-3956(98)00033-8
http://dx.doi.org/10.1159/000478861
http://www.ncbi.nlm.nih.gov/pubmed/28793304


Biomedicines 2020, 8, 295 40 of 40

237. Rahman, S.; Neuman, R.S. Myo-inositol reduces serotonin (5-HT2) receptor induced homologous and
heterologous desensitization. Brain Res. 1993, 631, 349–351. [CrossRef]

238. Einat, H.; Clenet, F.; Shaldubina, A.; Belmaker, R.H.; Bourin, M. The antidepressant activity of inositol in the
forced swim test involves 5-HT2 receptors. Behav. Brain Res. 2001, 118, 77–83. [CrossRef]

239. Harvey, B.H.; Scheepers, A.; Brand, L.; Stein, D.J. Chronic inositol increases striatal D(2) receptors but does not
modify dexamphetamine-induced motor behavior. Relev. Obs. Compuls. Disord. Pharmacol. Biochem. Behav.
2001, 68, 245–253. [CrossRef]

240. Leppink, E.W.; Redden, S.A.; Grant, J.E. A double-blind, placebo-controlled study of inositol in
trichotillomania. Int. Clin. Psychopharmacol. 2017, 32, 107–114. [CrossRef]

241. Seedat, S.; Stein, D.J. Inositol augmentation of serotonin reuptake inhibitors in treatment-refractory
obsessive-compulsive disorder: An open trial. Int. Clin. Psychopharmacol. 1999, 14, 353–356. [CrossRef]

242. Grossman, H.; Marzloff, G.; Luo, X.; LeRoith, D.; Sano, M.; Pasinetti, G. P1-279: NIC5-15 as a treatment for
Alzheimer’s: Safety, pharmacokinetics and clinical variables. Alzheimer’s Dement. 2009, 5, 259. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0006-8993(93)91557-9
http://dx.doi.org/10.1016/S0166-4328(00)00314-4
http://dx.doi.org/10.1016/S0091-3057(00)00459-7
http://dx.doi.org/10.1097/YIC.0000000000000156
http://dx.doi.org/10.1097/00004850-199911000-00005
http://dx.doi.org/10.1016/j.jalz.2009.04.287
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction: Human Brain Aging and Inositols 
	Inositols in Organisms 
	Structure of Inositol Isomers and Inositol Phospholipids 
	Inositol Incorporation in Organisms 

	Insulin-Mimetic and Insulin-Sensitizing Properties of Inositols 
	Revisiting the Proposed Role of Inositols in Insulin Signaling 
	Canonical Insulin Signaling 
	Non-Canonical Insulin Signaling and the Role of IPGs 

	Are Inositols Direct Insulin Mimetics Rather than Insulin Sensitizers? 
	Putative Role of Inositols in IGF-1 Signaling 

	The Antioxidant Capacity of Inositols 
	Inositols in the Brain 
	Sources and Distribution of Inositols in the Brain 
	Inositols as Osmolytes in Astrocytes 
	Changes in Inositol Derivatives and Excitability in Neurons 

	Neurodegenerative Diseases: Perspectives for the Use of Inositols 
	Alzheimer’s Disease 
	Inositols and the Amyloid Pathology 
	Inositol Use for Brain Insulin Resistance in Alzheimer’s Disease 
	Unhealthy Dietary Habits and Microvascular Damage in Alzheimer’s Disease: Preventive Inositol Supplementation 

	Down’s Syndrome 
	Anxiety, Compulsive, and Depressive Disorders 

	From Patents to Clinical Trials of Inositols 
	Concluding Remarks 
	References

