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Abstract

Preclinical development of scyllo-inositol for the treatment of Alzheim-
er’s disease (AD) has been investigated in both iz vitro and in vivo models
with positive results. scyllo-Inositol stabilized a small conformer of Ap42
in vitro, neutralized cell derived AP trimers and promoted low molecular
weight AP species i1 vivo. These interactions resulted in decreased neuronal
toxicity, increased long-term potentiation (LTP) and ablation of cognitive
deficits in multiple mouse models of AD. scyllo-Inositol bioavailability,
pharmacokinetics, and small animal toxicology studies demonstrated the
potential for translation to human patients. The results of Phase I and Phase
I clinical trials for AD are presented. Furthermore, the use of this compound
for imaging and other amyloid related disorders is discussed.

I. Introduction

scyllo-Inositol has been referred to by a number of names over the
course of preclinical and clinical development. Specifically, scyllo-inositol
has been called scyllo-cyclohexanehexol, 1,3,5/2,4,6-cyclohexanehexol,
AZD-103, and ELNDO0OS, all of which refer to the same compound. The
discovery and developmental timeline of scyllo-inositol is illustrated in
Fig. 1. The use of scyllo-inositol as a potential Alzheimer’s disease (AD)
therapeutic began with the investigations into the mechanism of AB-fibril
formation, the mechanism of Ap-mediated toxicity, and the role of Ap-lipid
interactions in these processes (Fenili et al., 2010). Early on it was discovered
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that incubation of AB40 and AB42 with acidic phospholipids resulted in a
random to B-structural transition of Ap peptides and subsequent disruption
of lipid bilayers (McLaurin & Chakrabartty, 1996). Of the acidic phos-
pholipids tested, phosphatidylinositol efficiently induced a f-structure in
AB42 (McLaurin & Chakrabartty, 1997). To elucidate the component of
phosphatidylinositol responsible for -structural induction, the headgroup,
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fatty acyl chains, and phosphorylation status were examined. It was found
that the headgroup of phosphatidylinositol, myo-inositol, induced an
immediate B-structure transition of AB42, but not when phosphorylated
(McLaurin et al., 1998). An important finding of this study was that while
myo-inositol induced a B-structure in Ap42, it did not lead to the formation
of fibrils as was seen when Ap was incubated alone or with phosphatidylino-
sitol (McLaurin et al., 1998); thus, the beginning of a 14-year journey that
still continues.

Il. Preclinical Development of scyllo-Inositol

The myo-inositol-induced formation of stable Af42 micelles probed the
investigation of other inositol stereoisomers (McLaurin et al., 2000). Inosi-
tols are polyols consisting of a six carbon ring structure with a hydroxyl
group at each carbon position, also known as cyclohexane-1,2,3,4,5,6-
hexol with a chemical formula of C.H{,O¢ (Bouveault, 1894; Posternak,
1965). There are nine stereoisomers of inositol based on the orientation of
the hydroxyl groups. myo-Inositol is the most abundant stereoisomer.
Other stereoisomers include scyllo-inositol, cis-inositol, epi-inositol, allo-
inositol, muco-inositol, neo-inositol, and the enantiomers D-chiro- and
L-chiro-inositols.

epi-Inositol, scyllo-inositol, and chiro-inositol were all tested for an
effect on AP structural transition and prevention of fibril formation (Fenili
et al., 2010; McLaurin et al., 2000). Both epi-inositol and scyllo-inositol,
similar to myo-inositol, induced a p-structure transition in Ap42 that did
not lead to fibril formation (McLaurin et al., 2000). chiro-Inositol on the
other hand did not induce a B-structure in AB42 and when incubated with
ApB42 lead to the formation of fibrils that were indistinguishable from those
formed when AB42 was incubated alone (McLaurin et al., 2000). The ino-
sitol stereoisomers differ in the orientation of their hydroxyl groups and
thus each has a different pattern of hydrogen donors and acceptors (McLau-
rin et al., 2000). These slight differences in the molecules lead the McLaurin
group (2000) to hypothesize that the pattern of hydrogen donors and accep-
tors may play an important role in determining the structure-activity rela-
tionship with AB. A more in depth discussion of the structure—function
relationship of the inositols is covered later in the chapter.

More recently, two groups confirmed the inhibition of Af aggregation
by scyllo-inositol using very different in vitro assays (Park et al., 2011;
Zhao et al., 2011). Zhao and colleagues developed novel ELISA assays for
screening AP aggregation inhibitor compounds based on the fact that A
oligomers adopt a conformation that has an exposed N-terminus and bur-
ied C-terminus thus providing a measure of differential signal for com-
pounds that affect early stages of oligomer formation (Zhao et al., 2011).
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In these assay systems, scyllo-inositol was shown to inhibit AB42 oligomer-
ization as well as shift the AB42 oligomerization equilibrium toward a
monomeric state. These results were confirmed using dynamic light scatter-
ing. In contrast, Park and colleagues developed a yeast-based screen to iden-
tify inhibitors of AB42 specific oligomerization (Park et al., 2011). In this
yeast model, AB42 was fused to the essential functional domain of the
translation release factor, Sup35 (MRF), which was overexpressed; this
resulted in the formation of SDS-stable low n-oligomers. In this system,
scyllo-inositol decreased oligomer formation by greater than 50% and res-
cued the growth defect without an increase in cell death. These results are
consistent with the previous iz vitro studies that demonstrated scyllo-inosi-
tol induced inhibition of A oligomerization (McLaurin et al., 2000;
Townsend et al., 2006).

Since the accumulation of AP oligomers/fibrils is believed to be a key
component in AD pathology (Karran et al., 2011), the effect of compounds
on the inhibition of fibrillogenesis is of great interest. In order for any com-
pound to undergo further investigation as a potential therapeutic, the toxic-
ity of the complex formed in the presence of Ap must be tested (Shaw et al.,
2011). It is well documented that AB oligomers are toxic, therefore com-
pounds that favor the stabilization of oligomers may enhance toxicity as
was seen for the naphthalene sulfonates and some N-methylated peptides
(Ferrao-Gonzales et al., 2005; Kokkoni et al., 2006); however, off-fiber
pathway oligomers are not toxic as was shown with resveratrol and RS-0406
compounds (Feng et al., 2009; Walsh et al., 2002). The differentiation of
these two oligomers by structure alone is not always possible and hence the
added information given by the toxicity assay is necessary for clinical devel-
opment (Shaw et al., 2011). Preincubation of AB42 with myo-inositol, epi-
inositol, or scyllo-inositol led to the increased survival of nerve growth
factor (NGF)-differentiated PC-12 cells and primary neuronal cultures com-
pared to neurons exposed to AB42 alone (McLaurin et al., 2000). Further,
when AB42 was incubated with PC-12 cells, it accumulated on the surface
of the cells. However, myo-, epi-, and scyllo-inositol inhibited the accumula-
tion of AP42 on the cell surface (McLaurin et al., 2000). This led to the
proposal that the observed reduction of toxicity may be in part a result of
the decreased interaction of AB with the cell membrane (McLaurin et al.,
2000). These combined results demonstrated that three of the nine inositol
stereoisomers demonstrated in vitro properties that are conducive to further
investigation.

Since myo-, epi-, and scyllo-inositol were all successful at inhibiting
fibrillogenesis in vitro, their efficacy in vivo was assessed. These three inosi-
tol stereoisomers were administered to a transgenic mouse model of AD—
the TgCRNDS8 model (Fenili et al., 2010; McLaurin et al., 2006). The
TgCRNDS8 mouse model is considered an aggressive model due to the over-
expression of the human amyloid precursor protein (APP6935) that contains
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the “Swedish” mutation (K670N, M671L) and the “Indiana” mutation
(V717F) (Chishti et al., 2001). These mice express a high AB42:40 ratio that
results in the development of amyloid deposits and cognitive deficits by 3
months of age (Chishti et al., 2001). Further, these mice have accelerated
mortality, a common consequence of AD in human patients (Chishti et al.,
2001; McLaurin et al., 2006). Treatment of TgCRNDS8 mice with myo-
inositol was not effective since no significant cognitive benefit was observed,
which may not be surprising because myo-inositol levels are highly regu-
lated within the central nervous system (CNS) (McLaurin et al., 2006; Fenili
et al., 2007). Treatment with epi-inositol appeared to have effects at the
early stages of disease, 4 months of age; however, as the disease progressed
no beneficial effects were detected (McLaurin et al., 2006). In contrast to
myo- and epi-inositol, scyllo-inositol treatment improved AD-like pathol-
ogy when given prophylactically starting at 6 weeks of age and continuing
until 4 and 6 months of age (McLaurin et al., 2006). Treatment of TgCRND8
mice with scyllo-inositol increased survival from 42% to 72% at 6 months
of age (p=0.02) and the treated mice showed a complete improvement of
cognitive deficits when assessed by the Morris water maze test of spatial
memory at both ages (McLaurin et al., 2006).

Further confirmation of improved cognition in the treated TgCRND8
mice was the reduction of synaptic toxicity illustrated by 146% increase in
synaptophysin positive boutons and cell bodies in the hippocampus at 6
months of age (Fenili et al., 2010; McLaurin et al., 2006). scyllo-Inositol
treatment reduced total AB40 (p < 0.001) and AP42 (p < 0.05) and
decreased parenchymal plaque load throughout the brain (p < 0.05)
(McLaurin et al., 2006). Fig. 2 shows Af plaques, in brown, at 6 months of
age in TgCRNDS8 untreated (A and B) and scyllo-inositol treated (D and E)
mice in the hippocampus and cortex, respectively. High magnification
images of untreated (2C) and scyllo-inositol treated (2F) TgCRNDS brain
illustrate the decrease in mean plaque size as a result of scyllo-inositol
treatment. Treatment also decreased the size of cerebrovascular Ap depos-
its and reduced the percentage of brain area covered by vascular amyloid.
Treatment with scyllo-inositol reduced the amount of high molecular
weight AP species and increased the levels of trimeric and monomeric Af
species, suggesting that the beneficial effects of scyllo-inositol are due to
the inhibition and/or disaggregation of high molecular weight Ap species
(McLaurin et al., 2006). Lastly, scyllo-inositol improved the neuroinflam-
matory status of treated TgCRND8 mice through the reduction of micro-
gliosis and astrogliosis (McLaurin et al., 2006). Decreased astrogliosis is
shown in Fig. 2 where scyllo-inositol treatment decreased the number of
reactive astrocytes (labeled in red) throughout the hippocampus (2A) and
cortex (2B) compared to that of the controls (2D, 2E). As shown in high
magnification, astrogliosis is reduced surrounding AB plaques as well as
nonplaque associated regions (2C, 2F).
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FIGURE 2 scyllo-Inositol treatment decreased A plaque load and reduced astrogliosis in
the TgCRNDS brain at 6 months of age. Ap plaques are brown and reactive astrocytes are
red. AB plaques and astrocytes in the hippocampus and cortex of untreated TgCRNDS8 brain
are shown in A and B respectively. Decreased AB plaque load and astrogliosis as a result of
scyllo-inositol treatment in the hippocampus and cortex are shown in D and E. C and F show
the differences between control and scyllo-inositol treatment in high magnification.
(Modified from McLaurin et al., 2006). For interpretation of the references to color in this
figure legend, the reader is referred to the online version of this book.

It is evident that scyllo-inositol can inhibit the development of AD-like
pathology in TgCRNDS8 mice when administered prior to the expression of
the AD-like phenotype. However, for scyllo-inositol to be a treatment for
AD, it would need to be effective once the disease has already begun, since
AD is initiated approximately 10 years prior to the onset of clinical symp-
toms (Shim & Morris, 2011). To determine therapeutic potential, scyllo-
inositol was administered to TgCRNDS8 mice for 28 days starting at 5
months of age (Fenili et al., 2010; McLaurin et al., 2006). At this age, the
mice have significant AB and plaque loads as well as cognitive deficits
(Chishti et al., 2001). Assessment of these mice at 6 months of age, using the
Morris water maze test, showed that treated TgCRND8 mice had signifi-
cantly improved performance compared to untreated TgCRND8 mice
(p=0.01), and their performance was not significantly different from non-
transgenic littermates (p=0.11) (McLaurin et al., 2006). Similar to the
results of the prophylactic experiments, scyllo-inositol treatment after dis-
ease onset reduced insoluble AB40 (p < 0.05) and AB42 (p < 0.05) levels in
the brain and significantly reduced plaque burden (p < 0.05) (McLaurin
et al., 2006). Overall the beneficial effects were similar to those from the
prophylactic studies (McLaurin et al., 2006).

Following the publication of the effects of scyllo-inositol on the AD-like
phenotype in TgCRNDS8 mice, further investigation utilizing different
in vitro and in vivo models confirmed the effects of scyllo-inositol. Townsend
and colleagues found that scyllo-inositol could prevent AB-oligomer-induced
inhibition of long-term potentiation (LTP) in hippocampal mouse brain
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slices (Townsend et al., 2006). When scyllo-inositol was preincubated with
AP or applied to cells producing Af, inhibition of LTP normally caused by
AP was significantly reduced (Townsend et al., 2006). However, when
scyllo-inositol was applied to the brain section after A was applied, there
was no protection of LTP (Townsend et al., 2006). The authors confirmed
that protection of LTP by scyllo-inositol was a result of neutralization of
secreted AP trimers (Townsend et al., 2006). Further support for scyllo-
inositol-induced neutralization of Af oligomers comes from the observation
that simultaneous application of scyllo-inositol and A oligomers prevented
oligomer-induced decrease in dendritic spine density (Shankar et al., 2007).
These in vitro studies correlate well with the rescue of cognitive deficits in
the TgCRNDS8 mouse studies.

The effect of scyllo-inositol to reverse or diminish Af-induced cognitive
deficits in an acute model of AB-toxicity was examined using i1 vivo studies
in rats (Townsend et al., 2006). Intracerebroventricular (ICV) injection of
AP in rats increases switching and perseveration errors in the alternating
lever cyclic ratio assay, which is a test of complex reference memory
(Townsend et al., 2006). When scyllo-inositol is incubated with A prior to
ICV injection both types of errors are decreased. These errors also returned
to baseline when scyllo-inositol was orally administered for 3 days prior to
ICV injection of AR (Townsend et al., 2006). These findings suggest that
scyllo-inositol is effective in an acute AD model.

It is evident from imaging studies that the amyloid load and presumably
the AP load in patients varies greatly (Devanand et al., 2010). Since we are
presently unable to predict the AB load in patients with AD, understanding
the effectiveness of a potential compound in various mouse models of differ-
ent genetic backgrounds and varying A loads is important for translation
to a highly variable AD population. In order to determine the effect of
scyllo-inositol in a more aggressive transgenic model of AD, the treatment
of disease-bearing PS1 (M146L +1.286V) x TgCRNDS mouse (PS1 x APP)
(Chishti et al., 2001) with scyllo-inositol for 4 weeks was examined (DaSilva
et al., 2009; McLaurin, unpublished results). The PS1 x APP mouse model
exhibits high A load and significant plaque burden by 1 month of age, and
continues to rapidly accumulate AB to that of end-stage AD patients by 2
months of age; this is in comparison to TgCRNDS singly-transgenic mice
which have AB load equivalent to end-stage AD patients at 7 months of age
(Chishti et al., 2001). The high expression of A is the result of incorpora-
tion of two familial AD mutations into both APP and presenilin-1. The
rapid accumulation of AB plaques is the result of the high Ap42:Ap40 ratio,
14:1, and the greater propensity of AB42 to aggregate. Since AP is produced
at supra-physiological levels, any significant changes in amyloid load seen in
this model would be indicative of a potent compound.

Effective inhibition of AB plaque deposition once treatment was initi-
ated demonstrated that even at supra-pathological A levels, scyllo-inositol
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was highly potent (DaSilva et al., 2009). Both plaque count and percentage
brain area occupied by plaques were reduced by 50% (Fig. 3A and B),
which is greater than the reductions seen in TgCRNDS8 mice treated at 5
months of age for 28 days (McLaurin et al., 2006). Insoluble AB40 and
AB42 and soluble AB42 were also significantly reduced after scyllo-inositol
treatment with reductions that were equivalent to those observed in
TgCRNDS8 mice (McLaurin et al., 2006). Previous studies demonstrated
that scyllo-inositol decreased high molecular weight AB oligomers and pop-
ulated trimeric and monomeric AB species thereby rescuing cognitive defi-
cits in this model (McLaurin et al., 2006). Here soluble oligomeric species
(greater than 40kDa) increased following treatment, while monomeric,
dimeric, and trimeric Ap aggregates were also increased (Fig. 3C). The high
level of AB expression in this mouse model may preclude effective removal
of soluble AP species. Moreover, these results correlate with previous vac-
cine studies in TgAPP mice, which demonstrate a robust decrease in Ap
plaques and cognitive improvements with no change in total brain Ap levels
(Janus et al., 2000).

Recent reports have pointed to soluble Ap oligomers as the neurotoxic
species capable of inhibiting LTP, learning, and memory (Klyubin et al.,
2005; Townsend et al., 2006; Walsh et al., 2002). Ultrastructurally soluble
AP oligomers have been localized to cell processes in AD brains (Kokubo
et al., 2005), and appear to be targeted to synapses in cultured hippocampal
neurons (Lacor et al., 2004). Exposure of neurons to oligomers causes
abnormal spine morphology, decreased spine density, and decreased expres-
sion of synaptic markers such as synaptophysin (Ishibashi et al., 2006;
Lacor et al., 2007; Shankar et al., 2007). Indeed, decreases in synaptophy-
sin, syntaxin, and dynamin-1 have been correlated with cognitive decline in
transgenic models of AD (Kelly et al., 2005; Oakley et al., 2006). Treatment
with scyllo-inositol after the appearance of AP oligomers (at 1 month)
appears to restore synaptic architecture, as seen by increases in the expres-
sion of the presynaptic markers synaptophysin, syntaxin, synapsin, and
dynamin-1 (Fig. 3D; DaSilva et al., 2009; McLaurin unpublished results).
This was seen irrespective of the increased levels of monomers, dimers, tri-
mers, and higher molecular-weight oligomers (>40kDa). This is in agree-
ment with previous findings where treatment with scyllo-inositol increased
synaptophysin levels in both prophylactic and treatment paradigms (McLau-
rin et al., 2006). Thus, scyllo-inositol protected against synaptic dysfunction
in PST x APP mice and demonstrated the potency of scyllo-inositol in an
aggressive model of AD.

Another mouse model, 5 x FAD, which contains five familial AD muta-
tions—APP 695 K670N/M679L (Swedish), 1716V (Florida), V7171
(London), and PS1 M146L and L.286V mutations, was utilized as an alter-
nate model of A pathology (Oakley et al., 2006). These mice show cerebral
amyloid plaques and gliosis by 2 months of age and have increased Ap42
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FIGURE 3 Evaluation of the effect of scyllo-inositol on plaque load and synaptic health in an
aggressive transgenic mouse model of AD. scyllo-Inositol treatment for 4 weeks starting at 4
weeks of age in PS1 x APP transgenic mouse model of AD decreased percentage brain area cov-
ered by plaques (A) and plaque count (B) by approximately 50%. scyllo-Inositol also increased
monomeric, dimeric and trimeric A (D) as well as rescued synaptic architecture as shown by
the increase in synaptic markers synaptophysin, syntaxin, synapsin and dynamin-1 (E).

levels detected as early as 1.5 months of age. The 5 x FAD mice first develop
plaques in the cortex and subiculum, which then progress to the hippocam-
pus, thalamus, brain stem, and olfactory bulbs. Further, these mice display
neuronal loss and exhibit memory deficits between 4 and 5 months of age
(Oakley et al., 2006). Aytan and colleagues administered scyllo-inositol to
5 x FAD mice for 1 month after amyloid pathology was evident (Aytan
et al., 2011). The scyllo-inositol treated mice were compared to untreated
5 x FAD wild-type mice and 5 x FAD treated mice in combination with
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scyllo-inositol and R-flurbiprofen. Image analyses demonstrated that scyllo-
inositol treated mice had 38% and 34% reduction in Ap42 and AB40 con-
taining deposits as well as parallel peptide reductions as measured by ELISA.
These reductions were accompanied by improvement in performance in the
radial arm water maze task of spatial memory. Surprisingly, treatment with
scyllo-inositol in the presence of R-flurbiprofen was less effective both cog-
nitively and pathologically than scyllo-inositol treatment alone (Aytan et al.,
2011). These results further demonstrate the effectiveness of scyllo-inositol
in mouse models containing varying familial mutations, genetic backgrounds,

and AP burdens.

Ill. Sources of scyllo-Inositol

Alzheimer’s Disease International estimated in 2009 that there were 36
million people suffering from dementia worldwide and this number will
increase to 66 million by 2030 and 115 million by 2050. In 2010 alone,
worldwide cost for dementia was $604 billion (Prince et al., 2011). For a
naturally occurring compound to be used as a pharmaceutical to treat AD,
it needs to be available in large quantities. Furthermore, the isolation proce-
dures or synthetic pathways necessary to achieve this requirement must also
be done in a reasonable time frame and at reasonable cost.

A. Natural Sources

scyllo-Inositol was first discovered in sharks and skates in 1858 by
Staedler and Frerichs; it was extracted from the kidney, liver, spleen, and
gills of the shark Scyllium canicula and skates Raja batis and Raja clavata
(Fenili et al., 2010; Staedler & Frerichs, 1858). scyllo-Inositol is present in
all organs of the skate Raja erinacea, with highest levels in the liver and
kidney; it is found at a much higher concentration in most organs of skates
compared to myo-inositol, except the brain and the peripheral nerve (Sher-
man et al., 1978). Skates have slow growth and low reproductive rates
making them a poor choice for scyllo-inositol isolation in bulk quantities
(Mcphie & Campana 2009; Williams et al., 2011). scyllo-Inositol is also
found in a variety of plant tissues including coconut, soursop, flowers of dog-
wood, and the bark of white and English oak (Goodson, 1920; Hann &
Sando, 1926; Muller, 1907; Muller, 1912). Alternatively, scyllo-inositol has
been reported in grapes, some citrus fruit, and vegetables of the Apiaceae fam-
ily (Fenili et al., 2010; Sanz et al., 2004; Soria et al., 2009). It is even found in
insects such as locusts, cockroaches, and blow flies (Candy, 1967). Although
many higher plants express compounds in quantities that are sufficient for
raw materials for scientific and commercial applications, there are excep-
tions such as inositol and B-carotene which are very expensive due to the
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extraction, isolation, and purification process (Balandrin et al., 19835; Fenili
et al., 2010).

B. Chemical Synthesis

Besides natural sources, scyllo-inositol can be synthesized chemically.
seyllo-Inositol has been synthesized historically by a number of synthetic
routes including from halobenzenes, tetrahydroxyquinone, sugars, and
other inositols (Anderson & Wallis, 1948; Angyal et al., 1995; Kowarski
& Sarel, 1973; Mandel & Hudlicky 1993; Watanabe et al., 1987; Taglia-
ferri et al., 1990). However, these methodologies have low efficiencies for
industrial scale use. More recent methods demonstrate increased efficien-
cies and are discussed here. One methodology involves the didehydroxyl-
ation of myo-inositol via the intermediate conduritol B to produce gram
scale quantities of scyllo-inositol. In this method, myo-inositol diols are
converted to conduritol B, which was epoxidized, followed by ring open-
ing to produce chiro- and scyllo-inositol isomers with the scyllo-inositol
isomer in much lower yield (Chung & Kwon, 1999). Although this syn-
thetic route produced gram scale quantities, the yield of scyllo-inositol is
only 16%.

To increase yield, Podeshwa and colleagues employed the production of
inositol stereoisomers from enantiomerically pure building blocks (Podeshwa
et al., 2003). These building blocks were diacetoxy-dibromocyclohex-5-
ene (+) or (=), which are easily made from p-benzoquinone. Similar to the
method by Chung and Kwon, diacetoxy-dibromocyclohex-5-ene (+) is
converted to a conduritol B intermediate, which undergoes epoxidation.
Regioselective opening of the epoxide yields a scyllo-isomer, which
becomes scyllo-inositol after hydrogenation (Podeshwa et al., 2003). This
method produces scyllo-inositol in much higher yield, yet requires purifica-
tion steps.

To improve the yield of scyllo-inositol, methodological development
was further employed. The use of 6-deoxyhex-5-enopyranosides as the
starting compound instead of myo-inositol (Takahashi et al., 2001), com-
bined with Ferrier-II carbocyclization, efficiently produces chiral-substituted
cyclohexanones. This reaction was catalyzed by palladium dichloride to
produce B-hydroxycyclohexanones. Stereoselective reduction of p-
hydroxycyclohexanones with NaBH, resulted in scyllo-inositol in good
yield, 86% of starting material (Takahashi et al., 2001). This method has
the advantage of abundant starting material at low cost and a controlled
efficient production of scyllo-inositol.

To further improve the yield of scyllo-inositol, Sarmah and Shashidhar
developed another synthetic scheme (Sarmah & Shashidhar, 2003). The over-
all yield to produce scyllo-inositol from myo-inositol via an orthoformate
intermediate was 64 % using this method. In this method, myo-inositol was
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first converted to myo-inositol orthoformate using a convenient high-yielding
methodology without the use of time consuming chromatography (Praveen
& Shashidhar, 2001). myo-Inositol orthoformate was then benzoylated to
yield 2-benzoate. Sulfonylation of 2-benzoate with subsequent Swern oxida-
tion and reduction produced scyllo-ditosylate. Through a series of methano-
lysis, acetylation, and aminolysis, scyllo-inositol orthoformate was made.
The final step of hydrolysis with aqueous acid converted scyllo-inositol ortho-
formate to scyllo-inositol (Sarmah & Shashidhar, 2003). This methodology
improved upon the synthetic strategies based on myo-inositol, but it still had
a lower yield than some of the previous synthetic pathways.

Although chemical synthesis of pure scyllo-inositol has improved with
yields up to 86% from starting material, this represents a labor intensive
process including purification steps.

C. Biological Synthesis

Biological synthesis of scyllo-inositol started with the discovery of
enzymes that convert the abundant myo-inositol to the other stereoisomers
(Larner et al., 1956; Ramaley et al., 1979). In 1977, Hipps and colleagues
discovered an epimerase from bovine brain extract, specifically in the
unbound DEAE-cellulose fraction, which converts myo-inositol to neo- and
scyllo-inositol (Hipps et al., 1977). This epimerase functions at an optimal
pH of 9.5 in the presence of dithiothreitol. Incubation of the epimerase with
NADP+ allows for a much greater conversion of myo-inositol to neo- and
scyllo-inositol than with NAD+ (Hipps et al., 1977). Although the presence
of the epimerase in bovine brain has been known for a long time, utilization
of this enzyme for translation into biological or industrial use has not been
reported.

Evolutionary studies have shown that archaea, several bacteria, and
eukaryotes synthesize and utilize myo-inositol for various functions
(Michell, 2008). More recently it has also been recognized that scyllo-ino-
sitol can be utilized as readily as myo-inositol in these organisms (Michell,
2008). Gram positive bacteria, bacillus subtilis, have a unique inositol
metabolism pathway that involves myo-, chiro-, and scyllo-inositols
(Holub, 1986; Yoshida et al., 2008). This bacterial strain was genetically
modified in 2006 to generate a cell factory for the production of chiro-
inositol after the discovery that chiro-inositol may have a benefit for diabe-
tes (Yoshida et al., 2006). More recently, this same system, bacillus subtilis,
was modified as a cell factory to convert myo-inositol to scyllo-inositol as
an inexpensive method to produce scyllo-inositol (Yamaoka et al., 2011).
Under normal conditions, bacillus subtilis convert myo-Inositol to scyllo-
inosose by the myo-inositol dehydrogenase, IolG, coupled with the reduc-
tion of NAD* to NADH. Multiple step degradation of scyllo-inosose
produces the final myo-inositol degradation products—dihydroxyacetone
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phosphate and acetyl-CoA. Alternatively, scyllo-Inosose can be converted
to scyllo-inositol by the distinct myo-inositol dehydrogenase, IolW, cou-
pled with NADPH oxidation to NADP+. The identification of the iolE41
missense mutation allele in genetically modified Bacillis subtilis results in
interference with the degradation of scyllo-inosose. The resultant intracel-
lular accumulation of scyllo-inosose increased the production of scyllo-
inositol from scyllo-inosose by IolW (Yamaoka et al., 2011). This cell
factory method of scyllo-inositol production converts close to 10g/L of
myo-inositol to scyllo-inositol in 48h.

An alternate method for scyllo-inositol production involves the biocon-
version of myo-inositol to scyllo-inositol using microorganisms optimized
for industrial-scale production (Reddy et al., 2011). In this bioconversion,
microorganisms of the Acetobactor and Burkholderia genera were used to
convert myo-inositol to scyllo-inosose and scyllo-inositol in a fermentation
mixture. This mixture is then treated with a base and subjected to heat to
degrade scyllo-inosose and lyse the cells. The remaining bioconversion
product, scyllo-inositol, is reacted with boric acid and sodium hydroxide to
form scyllo-inositol-diborate-disodium salt complex. This complex is then
hydrolyzed to yield crude scyllo-inositol before crystallization to produce
the final product of scyllo-inositol.

Yamaguchi and colleagues identified a novel NAD*-independent myo-
inositol 2-dehydrogenase in Acetobacer, strain AB10253, which catalyzes
an efficient conversion of myo-inositol to scyllo-inosose (Yamaguchi et al.,
2004). AB10253 or any microorganisms containing NAD*-independent
myo-inositol 2-dehydrogenase can be used to produce scyllo-inositol from
myo-inositol. The resulting product from the bioconversion of myo-inositol,
scyllo-inosose can be reduced to scyllo-inositol via scyllo-inositol dehydro-
genase in a NADH/NADPH-dependent manner. Once scyllo-inositol is pro-
duced in the microorganism, it is precipitated to form a complex of low
solubility. This complex is then dissolved in acid and purified by either ion
exchange resin or a water-soluble organic solvent extraction to produce
scyllo-inositol.

These combined bioconversion studies show the potential for the pro-
duction of pharmaceutical quantities of scyllo-inositol at reasonable costs.
The method by Yamuguchi and colleagues was utilized for both the
preclinical development and Phase I and II clinical trials of scyllo-inositol.

IV. Bioavailability and Metabolism

The next major hurdle normally encountered for the development of
CNS drugs is brain bioavailability. In fact many active compounds fail to
proceed further in development due to the lack of adequate CNS bioavail-
ability. For an aging population and long-term delivery, oral bioavailability
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is the most convenient and readily compliant method for drug administra-
tion. In the preclinical studies, oral administration of scyllo-inositol had
beneficial effects; however, the mechanism of transport of scyllo-inositol
across the blood-brain barrier (BBB) was unknown.

To prove that orally administered scyllo-inositol was acting within the
CNS, gas chromatography/mass spectrometry was performed to determine
scyllo-inositol levels in the CSF and brain after oral administration in the
TgCRNDS8 mouse model (Fenili et al., 2007). Analysis of scyllo-inositol ad
libitum treatment showed a 16-fold increase (p < 0.001) in CSF scyllo-ino-
sitol levels and a 7.6-fold increase (p < 0.001) in brain scyllo-inositol levels
(Fenili et al., 2007). scyllo-Inositol treatment did not significantly alter myo-
inositol levels in the CSF, which is advantageous since myo-inositol is an
organic osmolyte and is involved in cell signaling in the brain (Fenili et al.,
2007). Furthermore, scyllo-inositol levels were significantly higher after ad
libitum treatment compared to a single daily dose. This would suggest that
receiving multiple doses throughout the day over the course of treatment
may allow for high CNS scyllo-inositol levels to be maintained. A twice
daily gavage regiment resulted in similar cognitive and pathological readout
measures as was seen for ad libitum administration (McLaurin et al., 2006).

seyllo-Inositol levels in the brain can also be measured using magnetic
resonance spectroscopy (MRS). MRS is useful for detecting neurochemi-
cal changes in the brain of AD mouse models and has been utilized to
distinguish AD from other dementias in patients (Watanabe et al., 2010).
Using two mouse models of AD, scyllo-inositol levels were measured from
brain tissue extracts and intact hippocampal and cortical tissue (Choi
et al.,, 2010). The mouse models utilized in this study were the
Tg2576xPS1{M146V] (Holcomb et al., 1998) while the second model was
a triple transgenic, 3XTg, that expresses human APP [Swedish mutation],
PS1 [M146V] and Tau [P301L] mutations (Oddo et al., 2003). The mod-
els differ not only in the inclusion of the Tau P301L mutation but also in
the expression level of Ap and genetic background. scyllo-Inositol was
administered ad libitum for a final dose of 3.3mg/Kg/day, as was previ-
ously shown to be effective in mice (McLaurin et al., 2006). Isolation of
tissue homogenates for solution MRS and intact brain regions for high
resolution magic angle spinning spectroscopy analyses of treated and
untreated mice were harvested (Choi et al., 2010). Analyses of tissue
homogenates demonstrated a 3-fold increase in scyllo-inositol treated ver-
sus untreated mice, which was confirmed using magic angle spectroscopy.
seyllo-Inositol levels were increased in both the hippocampus and the
frontal cortex with higher levels found in the hippocampus in both mouse
models (Choi et al., 2010). These studies confirmed the increase in scyllo-
inositol in TgCRNDS8 mice.

The oral availability of scyllo-inositol was further tested in long-term
toxicology studies in rats and dogs, which demonstrated that scyllo-inositol
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was completely orally bioavailable (http://www.transitiontherapeutics.com/
media/news.php). Further development required understanding the phar-
macokinetic properties of scyllo-inositol in the brain (Quinn et al., 2009). In
order to determine brain and CSF exposure, Spraque-Dawley rats were
gavaged with scyllo-inositol at three doses twice daily for 5 days. The con-
centration of scyllo-inositol in plasma, CSF, and frontal cortices was deter-
mined at 1-24 h after the last dose by gas-chromatography mass
spectrometry (Quinn et al., 2009). Plasma scyllo-inositol levels increased
disproportionately to dose as did CSF and brain levels. The CSF scyllo-
inositol concentration was half plasma levels while brain was 10-fold
increased over plasma and remained constant over the course of the experi-
ment. The CSF levels decayed in parallel with the plasma levels. The absorp-
tion of scyllo-inositol was rapid with time of maximum uptake within 1-3
h of dosing. Brain concentrations reached 4-, 8-, and 12-fold increased lev-
els over endogenous scyllo-inositol when dosed at 5, 15, and 30mg/Kg BID
(Quinn et al., 2009). The combined rodent studies show that scyllo-inositol
is CNS bioavailable, which would suggest that scyllo-inositol is either
actively transported or passively diffused into the brain.

In 1976, it was recognized that transport of myo-inositol into the
CNS was through a saturable transport system in the choroid plexus
(Spector, 1976). Subsequently, the three inositol transporters were
reported: sodium/myo-inositol transporter 1 (SMIT1), sodium/myo-inosi-
tol transporter 2 (SMIT2), and proton/myo-inositol transporter (HMIT).
SMIT1 was the first of the inositol transporters to be discovered (Kwon
et al., 1992). The discovery of SMIT2 and HMIT, similar to SMIT1,
occurred through further investigations into cellular osmoregulation
and general inositol transport (Kwon et al., 1992; Coady et al., 2002;
Uldry et al., 2001). More recently the role of SMIT1/2 and HMIT in
seyllo-inositol CNS bioavailablity and how this may impact the potential
therapeutic effects of scyllo-inositol for AD have been investigated (Fenili
etal., 2011).

A. Sodium/myo-Inositol Transporter |

The SMIT1 is member number three of the solute carrier family five,
thus is also referred to as SLCSA3 (Berry et al., 1995). SMIT1 has greater
than 93% homology across human, mouse, canine, and bovine species
(McVeigh et al., 2000). SMIT1 mRNA has been found in human brain,
kidney, placenta, pancreas, and lung tissue, as well as in heart and skeletal
muscle (Berry et al., 19935; Fenili et al., 2010). Analysis of the rat brain
revealed that the choroid plexus contained the highest levels of SMIT1
mRNA, with expression also in the pineal gland, area postrema, hippocam-
pus, locus coeruleus, suprachiasmatic nucleus, olfactory bulb, and the pur-
kinji and granular cell layers of the cerebellum (Inoue et al., 1996). Further,
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SMIT1 expression was present in neurons and glia-like cells across the rat
brain (Inoue et al., 1996). The majority of myo-inositol transport into the
brain likely occurs through SMIT1, as SMIT1-/-- mouse pups show a 92%
reduction in brain myo-inositol and do not survive for long after birth (Berry
et al., 2003). In addition, SMIT1 +/- mice show a 15% reduction of myo-
inositol in the cortex and a 25% reduction in the hippocampus (Shaldubina
et al.,, 2007) suggesting that SMIT1 is also important in transport of
myo-inositol to these areas of the brain.

SMIT1 cotransports Na* and myo-inositol in a ratio of 2:1 (Matskev-
itch et al., 1998), but as shown in Xenopus oocytes expressing SMIT1, this
transporter has the ability to transport numerous other sugars with the fol-
lowing specificity; myo-inositol = scyllo-inositol > L-fucose > L-xylose > L-
glucose = D-glucose = alpha-methyl-D-glucopyranoside > D-galactose =
D-fucose = 3-O-methyl-D-glucose = 2-deoxy-D-glucose > D-xylose ~ (Hager
et al.,, 1995; Fenili et al., 2010). The equal affinity of SMIT1 for myo-
inositol and scyllo-inositol is unique among the inositol transporters (Fenili
et al., 2010). SMIT1 is expressed on the plasma membrane, and in polar-
ized cells it allows for myo-inositol to be taken up on the basolateral side of
the cell (Kwon et al., 1992). In porcine choroid plexus cells myo-inositol
was transported from the basolateral to the apical side of cells, resembling
transport that may occur from blood to cerebral spinal fluid (Hakvoort
et al., 1998).

B. Sodium/myo-Inositol Transporter 2

The most recently discovered inositol transporter is SMIT2, also known
as member 11 of the solute carrier family five (Lin et al., 2009). The highest
expression of SMIT2 mRNA has been found in heart, skeletal muscle, kid-
ney, liver, and placenta tissue, with weaker expression also reported in the
brain of humans (Roll et al., 2002). The SMIT2 sequence is 43 % similar to
that of SMIT1 and similarly cotransports Na* and myo-inositol in a 2:1
ratio (Coady et al., 2002; Fenili et al., 2010). However, these proteins show
some interesting differences in their transport properties. SMIT2 exhibits
stereospecificity transport of sugars, transporting D-glucose and D-xylose,
but not their L-enantiomers (Coady et al., 2002; Ostlund et al., 1996). This
is unlike SMIT1, which shows no glucose stereospecificity (Coady et al.,
2002; Ostlund et al., 1996). Further, SMIT2 shows similar affinity for myo-
inositol and D-chiro-inositol (Lin et al., 2009), while SMIT1 does not
appear to transport D-chiro-inositol (Coady et al., 2002; Ostlund et al.,
1996).

Both SMIT1 and 2 are expressed on the plasma membrane; however, in
polarized cells such as Madin-Darby canine kidney cells, SMIT2 is located
on the apical membrane while SMIT1 is located on the basolateral mem-
brane (Bissonnette et al., 2004; Fenili et al., 2010). In these same cells,
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hyperosmotic conditions increase both SMIT1 and 2 activities. Interest-
ingly, SMITT1 activity is increased at low hyperosmotic levels and SMIT2
activity is increased at higher hyperosmotic levels (Bissonnette et al., 2008).
In addition, SMIT2 activity appears to be induced quicker and peaks faster
than SMIT1 (Bissonnette et al., 2008). These findings suggest that SMIT1
and SMIT2 may work together to regulate inositol levels and osmolarity
within tissues.

C. Proton/myo-Inositol Transporter

The HMIT is one of the 13 members of the facilitative glucose trans-
porter family of proteins (Fenili et al., 2010; Uldry et al., 2001; Zhao &
Keating, 2007). Despite belonging to a family of glucose transporters,
HMIT does not transport glucose or any of the related hexoses (Uldry et al.,
2001). HMIT is a proton/myo-inositol symporter; however, rat HMITs
have been shown to also transport scyllo-inositol, muco-inositol, and chiro-
inositol, but to a lesser extent than myo-inositol (Uldry et al., 2001). The
90% homology of rat and human HMIT would suggest similar transport
properties between these species (Fenili et al., 2010).

HMIT is expressed in small amounts in adipose tissue and the kid-
ney, but its expression is greatest in the brain (Uldry et al., 2001). The
highest expression of HMIT has been found in the cerebral cortex, hip-
pocampus, hypothalamus, cerebellum, and brainstem (Uldry et al.,
2001). HMIT expression in the brain has been localized to neurons (Di
Daniel et al., 2009; Uldry et al., 2001) and astrocytes (Uldry et al., 2001).
Uldry and colleagues (2004) also found that expression of HMIT on the
plasma membrane was triggered by cell depolarization, protein kinase C
activation, and increased intracellular calcium concentration. Con-
versely, Di Daniel and colleagues found that the majority of HMIT in rat
and human brain is located intracellularly, and in primary rat cortical
cultures was colocalized with a golgi apparatus marker (Di Daniel et al.,
2009). These results suggest that HMIT plays a role in regulating intra-
cellular inositol and may not be involved in inositol transport into cells
(Di Daniel et al., 2009).

D. myo-Inositol Transporters as a Function of Disease

For scyllo-inositol to have an effect on the AD brain, transport of scyllo-
inositol into the CNS and within the brain is required. Evidence suggests
that SMIT1 and SMIT?2 are likely responsible for transport of scyllo-inositol
into the brain, and expression has been found in the three regions of the
brain affected by AD, the cortex, hippocampus, and cerebellum (Fenili
et al., 2011). In the TgCRND8 AD model, SMITT1 levels in these three areas
were similar when the mice were 2 months of age; however, SMIT1 in the
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FIGURE 4 SMIT1 and SMIT2 expressions in the TgCRNDS brain as A pathology
advances. SMIT1 and SMIT2 expressions in the cortex, hippocampus and cerebellum in the
TgCRNDS8 brain are not altered by age or disease progression.* p < 0.05.

(Reproduced from Fenili et al., 2011)

cerebellum were significantly higher than in the cortex and hippocampus at
4 and 6 months of age (p < 0.05). In contrast, in 2, 4, and 6 month old
TgCRNDS mice, SMIT2 levels in the cortex and cerebellum were signifi-
cantly higher than hippocampal levels (p < 0.05) (Fenili et al., 2011). These
data suggest that SMIT1 and SMIT?2 expression in the brain remained stable
with both age and advancing Ap pathology (Fig. 4; Fenili et al., 2011). Fur-
ther it would suggest that the areas of the brain most affected by AD may
have adequate scyllo-inositol availability even in the advanced stages of the
disease.

E. Efflux

It is at least somewhat clear how scyllo-inositol gains entry into the
brain and into cells. However, to date, there have been no studies focused
specifically on scyllo-inositol efflux from cells. This is likely due to the fact
that the function of endogenous scyllo-inositol has not been elucidated.
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Work has been done on the efflux of the more abundant of the inositol ste-
reoisomer, myo-inositol (Seaquist & Gruetter, 1998). Experiments using
NT2-N neurons, primary rat astrocyte cultures, and neuroblastoma cells all
suggest that myo-inositol efflux occurs through a volume-sensitive organic
osmolyte-anion channel (VSOAC) (Isaacks et al., 1999; Loveday et al.,
2003; Novak et al., 2000). myo-Inositol efflux is stimulated by hypo osmotic
conditions and to some extent can be regulated by protein kinase C activity
and intracellular Ca2* levels (Loveday et al., 2003; Novak et al., 2000).
While VSOAC is a nonselective Cl- channel, it is hard to predict whether it
may be involved in scyllo-inositol efflux.

Similar to efflux, very little is known about the degradation pathway of
scyllo-inositol. At least some of the scyllo-inositol in the body is removed by
direct excretion in the kidney, as scyllo-inositol has been identified in human
urine (Yap et al., 2010; reviewed in Sherman et al., 1968). It is also possible
that scyllo-inositol is converted into myo-inositol, which is then degraded
through pathways in the kidney and liver. In bovine brain extracts, an NADP+*-
dependent epimerase was identified that was capable of converting myo-ino-
sitol to scyllo-inositol and neo-inositol (Hipps et al., 1977). Further, in rats
and rabbits it was found that scyllo-inositol and myo-inositol were able to
interconvert through the intermediate myo-inosose-2 (Sherman et al., 1968).
It should also be noted that scyllo-inositol levels in the CNS have been linked
to myo-inositol levels; thus it has been speculated that scyllo-inositol functions
as a precursor for myo-inositol or may be a byproduct of its metabolism
(Fisher et al., 2002). Although speculative, another possibility is that scyllo-
inositol may be degraded in the same pathway as myo-inositol, but without
conversion to myo-inositol.

V. Human Clinical Trials of scyllo-Inositol as
an AD Therapeutic

With successful results from preclinical studies, scyllo-inositol was
approved for Phase I human clinical trial in Canada. This Phase I trial was
single blinded, randomized, and placebo controlled with 12 healthy volun-
teers (http://www.transitiontherapeutics.com/media/news.php). Escalating
doses of scyllo-inositol were administered to these subjects and favorable
profiles of pharmacokinetics, safety, and tolerability were demonstrated.
The United States Food and Drug Administration then approved a Phase I
clinical trial in the United States. Overall, approximately 110 subjects par-
ticipated in the Phase I clinical study and scyllo-inositol showed favorable
safety profile and tolerability (http://www.transitiontherapeutics.com/medi
a/news.php; Fenili et al., 2010). The pharmacokinetics of scyllo-inositol was
assessed in the brain, CSF, and plasma in healthy volunteers. In vivo
scyllo-inositol levels can be measured noninvasively using MRS (Garzone
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et al., 2009). Healthy men between the ages of 24-53 were given 2000mg
doses of scyllo-inositol BID for 10 days. MRS was used to quantify the brain
concentration of scyllo-inositol in the gray and white matter, the posterior
cingulate gyrus, and left parietal lobe, respectively. scyllo-Inositol levels
were determined with creatine as the reference and found to increase from
baseline to day 8 in all brain regions. In this study, plasma scyllo-inositol
levels reached steady state in 5-6 days and CSF levels increased throughout
the 10 days of the experiment (Garzone et al., 2009). These studies in com-
bination demonstrated that scyllo-inositol is available orally and crosses the
BBB to reach levels that are effective in animal models of AD.

Following safety and pharmacokinetic analyses of scyllo-inositol in
Phase I clinical trial, scyllo-inositol underwent a double-blind, randomized,
dose-ranging, and placebo-controlled Phase II clinical trial (Salloway et al.,
2011; Fenili et al., 2010). Based on the pharmacokinetic and Phase I studies,
three doses of 250, 1000, and 2000mg BID of scyllo-inositol were chosen.
Subjects recruited for the clinical trial were between the ages of 50-85 with
probable AD as determined by the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association, with a Mini-Mental State Examination score
between 16-26, Rosen Modified Hachinski score<4, and a magnetic reso-
nance imaging (MRI) scan indicating AD but healthy otherwise. The mild or
moderate AD patients were randomly assigned to either the placebo group
or one of the three groups of increasing scyllo-inositol doses, with each group
consisting of 84-91 subjects. The efficacy of scyllo-inositol was measured by
a battery of cognitive tests expressed as changes from baseline to week 78 of
treatment. The Neuropsychological Test Battery (NTB) and the Alzheimer’s
Disease Cooperative Study-Activities of Daily Living (ADCS-ADL) were
chosen as primary tests and outcome measures from the Alzheimer’s Disease
Assessment Scale Cognitive Subscale (ADAS-Cog), Clinical Dementia Rat-
ing-Sum of Boxes (CDR-SB), and the Neuropsychiatric Inventory (NPI) were
assessed as secondary outcome measures (Salloway et al., 2011). In addition,
brain ventricular volume, whole brain volume, hippocampal volume, and
cortical ribbon thickness at 78 weeks of treatment were assessed using MR
Two subsets of patients were also assessed for scyllo-inositol and myo-inosi-
tol levels in the brain using MRS and CSF. Levels of Af and tau were analyzed
in CSF samples as biomarkers of disease progression.

One predesignated subset analysis was to determine the population phar-
macokinetic properties of scyllo-inositol in AD patients (Liang et al., 2009).
Data analyses demonstrated that plasma concentrations of scyllo-inositol
reached steady state no later than 12 weeks of administration and concentra-
tions were proportional to the dose. The CSF/brain concentrations reached
steady state at 24 weeks and reached saturation above 1000mg BID. Overall,
the patient pharmacokinetics showed moderate absorption, rapid distribution
from vascular to brain with a rate-limiting step associated with a slow
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clearance (Liang et al., 2009). The clearance of scyllo-inositol was slower in AD
patients versus healthy controls, in males versus females, and as a function of
renal activity (Liang et al., 2009). These data provide a pharmacokinetic model
that was utilized in the analyses of exposure-response in the Phase II trial.

To determine the overall safety of scyllo-inositol treatment in AD
patients, monitoring included assessment of treatment emergent adverse
effects (TEAE), clinical laboratory tests, electrocardiograms, vital signs
data, and MRI every 6 months (Salloway et al., 2011). The overall incidence
of TEAE was not significantly different between the groups or as a function
of ApoE &4 genotype. However, the incidence of withdrawals was greater in
the two higher doses and the number of serious adverse effects was greater
in the treatment groups versus the placebo. The incidence of serious infec-
tions as well as neurologic and psychiatric adverse effects was lower in
the mild AD patient population. The overall incidence of serious adverse
effects was similar between mild and moderate patients. The independent
safety monitoring committee analyzed the data at 48 weeks and reported
more infections in the 2000mg dose and a higher incidence of death in
the two highest doses (http://ir.elan.com/phoenix.zhtml?c=88326&p=irol-
newsArticle&ID=1365793&highlight=; Salloway et al., 2011). Although 9
of the 10 deaths were not directly attributed to scyllo-inositol, those doses
were electively removed from the trial. The lower dose was continued and
no further deaths were reported. The only clinical laboratory measure that
was reported to change was a dose-dependent decrease in uric acid. The
mechanism of scyllo-inositol-induced infections and lower uric acid levels
are unknown; however, they are under investigation (Salloway et al., 2011).

The discontinuation of the two highest doses resulted in the cognitive
endpoint analyses being based on 82 placebo and 84 patients treated with
250mg scyllo-inositol BID (Salloway et al., 2011). Overall, none of the pri-
mary or secondary endpoints reached statistical significance. The clinical
trial design included subgroup analyses of mild AD, moderate AD, ApoE ¢4
carriers, and noncarriers. There were no statistically significant changes for
any cognitive endpoint for the moderate AD group or effect of ApoEe4
genotype. Subgroup analysis on scyllo-inositol efficacy in compliant mild
AD patients showed that the 250mg dose of scyllo-inositol treatment was
significantly different compared to placebo controls as measured by the
NTB z-score (p=0.007) (Salloway et al., 2011). Although overall, including
both mild and moderate patients, NTB did not show a significant difference
in the 250mg treated patients compared to placebo. The effect in mild pop-
ulation may be the result of the NTB having greater sensitivity in evaluating
mild AD patients, whereas ADAS-Cog is more sensitive for evaluating mod-
erate AD patients. Although not significant, the Clinical Dementia Rating-
Sum of the Boxes had a similar trend to that of the NTB for mild patients.
These subgroup results aid in the selection of appropriate patient popula-
tions for future studies (Salloway et al., 2011.)
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The use of biomarkers as primary endpoints is an area that is presently
considered a vital component of drug trials for AD by physicians and is
under consideration by FDA. Both imaging and CSF biomarkers were incor-
porated into the trial design (Salloway et al., 2011). Volumetric MRI was
assessed from baseline to week 78 with ventricular volume the primary
readout measure, with the inclusion of whole brain volume, hippocampal
volume, and cortical ribbon thickness as exploratory measures. The well-
characterized CSF biomarkers Afx-40, Apx-42, total tau, and phospho-
taul81 were measured for changes seen between baseline and 24 weeks
(steady state) or 78 weeks. scyllo-Inositol at 250mg dose showed a signifi-
cant increase in ventricular volume compared to placebo controls although
the magnitude of the change was small (Salloway et al., 2011). This finding
is consistent with previous active and passive immunization trials for AD
(Fox et al., 2005; Rinne et al., 2010). None of the other imaging exploratory
measures were significant. The CSF biomarkers measured at 24 weeks were
not significantly different from baseline; however, at 78 weeks, AB42 was
significantly lower than placebo. These results are consistent with the CSF
APB42 levels obtained after a 30-day treatment of TgCRND8 mouse model
of AD (McLaurin, unpublished data). The efficacy of scyllo-inositol was not
determined in this phase II trial as the power of the study was decreased due
to the removal of the highest two doses. This study further established the
safety profile of scyllo-inositol (Salloway et al., 2011). Investigation of
scyllo-inositol as a therapeutic for AD continues as the understanding of AD
evolves both pathologically and clinically.

VI. Structure-Function Analysis of scyllo-Inositol

Many AD clinical trials have been initiated over the last 10 years, none
of which have shown efficacy as a disease modifying treatment. The failure
of these compounds may be attributed to many factors beyond the lack of
compound efficacy involving poor trial design, such as targeting the wrong
patient population, utilizing the wrong outcome measures, or under-
developed preclinical data thereby overestimating potential effect size. It is
becoming clear that in order to design better clinical trials with an improved
ability to determine disease modifying potential, one must have a detailed
understanding of the preclinical measures both directly and indirectly
effected by a specific compound. In light of this, the investigation into the
structure—function relationship between scyllo-inositol and Af42 both
in vitro and in vivo continued during clinical development.

In order to determine the binding properties that are necessary to elicit
the antiaggregation activity of scyllo-inositol, a series of compounds substi-
tuting the hydroxyl groups with alternative functional groups were synthe-
sized (Sun et al., 2008). The derivatives were designed to investigate the role
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of both hydrogen bonding and hydrophobic interactions to the A binding
motif. Previous studies using inositol stereoisomers demonstrated that the
all equatorial positions of the hydroxyl groups results in the most effective
aggregation inhibitor and therefore was maintained in the new compounds
(McLaurin et al., 2000). However, the role of each hydroxyl group as well
as the hydrophobic face of the ring structure may play varying roles in effi-
cient binding. The chemical equivalency of the scyllo-inositol structure
allows investigation of the entire surface using substitutions at two oppos-
ing sites on the ring. Derivatives of scyllo-inositol were synthesized and each
derivative was incubated with AB42 to examine inhibition of aggregation
(Sun et al.,, 2008). Removal of one or two hydroxyl groups forming
1-deoxy-scyllo-inositol or 1,4-dideoxy-scyllo-inositol, respectively, resulted
in the formation of fibers comparable to that of AB42 aggregation alone
(Sun et al., 2008). This indicates that all hydroxyl groups are required to
inhibit AB42 aggregation. To determine the extent hydrogen bonding con-
tributes to this inhibition, fluorine and chlorine substitutes were synthesized.
A conservative substitution with fluorine was tested because fluorine is sim-
ilar in size and polarity to oxygen and it is able to act as a weak hydrogen
bond acceptor, while chlorine cannot. AB42 incubation with 1-deoxy-1-
fluoro-scyllo-inositol showed small amorphous aggregates, similar to the
inhibitory effect of scyllo-inositol. However, 1,4-dideoxy-1,4-difluoro-
scyllo-inositol was less effective (Sun et al., 2008). Single chlorine substitution
showed a weaker inhibitory effect than single fluorine substitution, while
the double chlorine substitution resulted in enhanced fibrillogenesis (Sun
et al., 2008). To test the role of hydrophobicity, methyl groups were added,
which increases the hydrophobic properties of scyllo-inositol and if impor-
tant may enhance inhibition. 1-O-methyl-scyllo-inositol has an anti-aggre-
gation effect by stabilizing protofibrillar AB42; whereas, two methyl
substituted hydroxyl groups, 1,4-di-O-methyl-scyllo-inositol, showed fewer
and shorter fibers than AB42 alone. These studies confirm the necessity for
all six hydroxyl groups positioned equatorially around the inositol ring for
optimal stabilization of small nontoxic AB42 oligomers.

The anti-AB-aggregation effects of 1-deoxy-1-fluoro-scyllo-inositol and
1,4-di-O-methyl-scyllo-inositol were further investigated i1 vivo because it
was postulated that they may represent novel positron emission tomography
(PET) imaging agents of soluble Ap.

A. |-deoxy-I-fluoro-scyllo-Inositol

1-deoxy-1-fluoro-scyllo-inositol is an analogue of scyllo-inositol with a
conservative substitution of fluorine for a hydroxyl group at the C1 position
of the inositol ring. In general terms, a fluorine substitution not only
enhances adsorption, distribution, and metabolic stability, it can also
improve protein-ligand binding (Muller et al., 2007). Incubation of
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1-deoxy-1-fluoro-scyllo-inositol with AB42 resulted in small amorphous
aggregates that bind the B-structure specific dye thioflavin T, similar to the
parent compound scyllo-inositol (Hawkes et al., 2012; Sun et al., 2008). In
order to determine whether the fluorine substitution would affect CNS bio-
availability, 1-deoxy-1-fluoro-scyllo-inositol was assessed in an SMIT-1/2
transporter assay, which showed active transport suggesting oral adminis-
tration would be efficient. When administered to the TgCRNDS8 mouse
model of AD, improvement in spatial memory deficits was observed. Pro-
phylactically, 1-deoxy-1-fluoro-scyllo-inositol showed a dose-dependent
improvement in spatial memory with the highest dose eliciting spatial mem-
ory equivalent to that of the nontransgenic littermates (Hawkes et al., 2012).
To correlate improved spatial memory with pathological markers of AD,
cerebral AB load was analyzed. Total AB40 and AB42 levels did not change
with 1-deoxy-1-fluoro-scyllo-inositol treatment, yet Af plaque load was
decreased (Hawkes et al., 2012). Along with this observation, histological
investigation demonstrated that microglial cells, distributed throughout the
hippocampus and cortex, have processes that contain intracellular AB. The
highest dose of 1-deoxy-1-fluoro-scyllo-inositol treated TgCRNDS8 mice
showed a significant increase in AB-positive microglia in the hippocampus
compared to untreated TgCRNDS8 mice (Hawkes et al., 2012). These brain-
resident microglia were not associated with Ap plaques. These results dem-
onstrate that Ap bound to 1-deoxy-1-fluoro-scyllo-inositol was taken up by
microglial cells within the brain and targeted for degradation. To determine
whether intra-brain degradation is a mechanism for scyllo-inositol effects, a
similar histological investigation demonstrated a dose-dependent increase in
microglial-associated Af after scyllo-inositol treatment (McLaurin, unpub-
lished results). These findings are consistent with the decrease in CSF Af
after scyllo-inositol treatment in this mouse model as well as the human
Phase II clinical trial and demonstrate that scyllo-inositol bound Af is
degraded within the CNS. Furthermore, the beneficial effects of 1-deoxy-1-
fluoro-scyllo-inositol further demonstrate the potential for translation to a
PET imaging agent for AD.

B. 1,4-di-O-methyl-scyllo-Inositol

Similar to 1-deoxy-1-fluoro-scyllo-inositol, in vivo studies with 1,4-
di-O-methyl-scyllo-inositol yielded favorable results. In vitro studies
showed that 1,4-di-O-methyl-scyllo-inositol prevented Ap42 fibrilliza-
tion by stabilizing AB42 protofibrils (Hawkes et al., 2010; Shaw et al.,
2011). Prophylactic treatment with 1,4-di-O-methyl-scyllo-inositol to
TgCRNDS mice also reduced escape latency in the Morris water maze
test in a dose-dependent manner, indicating a rescue of spatial memory.
However, treatment did not improve spatial memory to that of the non-
transgenic littermates (Hawkes et al., 2010). Analysis of AB levels in the
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brain revealed a decrease in insoluble AB42 levels with a concomitant
increase in soluble levels. No change in AB40 levels was observed, while
plaque load was decreased by 30%. Taken together, the decrease in insol-
uble AB and increase in soluble AB could be explained by the significant
increase in monomeric Af after 1,4-di-O-methyl-scyllo-inositol treatment
(Hawkes et al., 2010). The changes in Ap42 but not AB40 suggested that
this compound would not have the specificity necessary for A PET imag-
ing in AD.

C. Positron Emission Tomography Radiopharmaceuticals Based
on scyllo-Inositol

A number of groups simultaneously have been developing PET radio-
pharmaceuticals based on scyllo-inositol (Elmaleh et al., 2010; Shoup et al.,
2009; Vasdev et al., 2009). The first hurdle was to develop a synthetic
scheme that renders a high radiochemical yield with a minimum of steps and
maintenance of the stereospecificity. Two distinct synthetic schemes have
been published that produced ['3F]-1-deoxy-1-fluoro-scyllo-inositol (Vas-
dev et al., 2009) and one scheme for production of 2-[!8F]fluoro-2-deoxy-
scyllo-inositol (Pal et al., 2009). The highest radiochemical yield being
synthesized from a very stable multifunctional precursor, 1,6;3,4-bis-[O-
(2,3-dimethoxybutane-2,3-diyl)]-2-O-trifluoromethanesulphonyl-5-O-
benzoyl-myo-inositol, in 80min (Vasdev et al., 2009). No matter which
synthetic scheme was utilized, small animal imaging studies demonstrated
very low brain penetration and high accumulation in the kidneys. Acetyla-
tion of the tracer increased brain penetrance; however, it was still below the
standard for successful translation of CNS radiotracers to humans (Shoup
et al., 2009). An alternate approach synthesized a series of scyllo-inositol
derivatives attached to 2-ethyl-8-methyl-2,8-diazospiro-4,5-decan-1,3-
dione to improve bioavailability (Elmaleh et al., 2010). The radiofluorina-
tion yields were high and brain uptake was greater than those reported for
the PIB compound in rodents. These compounds are undergoing further
investigation to determine their potential translation to AD patients.

D. Development of Novel Compounds Based on scyllo-Inositol

To further determine an optimal structural backbone based on scyllo-
inositol for translation into more effective aggregation inhibitors or PET
radiopharmaceuticals, establishment of a screening process was required
(Shaw et al., 2011). The criterion for the development of a novel compound
was stabilization of low molecular weight nontoxic oligomeric AB42 spe-
cies, as was determined for the parent compound scyllo-inositol. The work
plan was developed to address the effect of scyllo-inositol-based compounds
on both structure and toxicity of Ap. Stabilization of oligomeric A species
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was determined using an oligomeric specific ELISA assay, followed by struc-
tural determination using atomic force microscopy to rule out presence of
amyloid fibers. It is well known that Af oligomers are toxic, therefore com-
pounds that favor the stabilization of oligomers may enhance toxicity
requiring toxicity assay inclusion.

Using this compound screening protocol, scyllo-inositol-based com-
pounds with various substitutions were tested to optimize a backbone
structure with maximal Af anti-aggregation/binding properties. The com-
pounds were carefully chosen to maintain the polar periphery of the inosi-
tol ring, while allowing the exploration of potential hydrophobic binding
sites. scyllo-Inositol was linked through either aldoxime, hydroxamate,
carbamate, or amide to generate novel scyllo-inositol derivatives. Of the
structures tested, oxime is the only linkage that positioned the phenyl sub-
stitution coplanar to the scyllo-inositol ring. This co-planar aromatic con-
formation is analogous to the aromatic structure of polyphenols, which are
inhibitors of fiber formation (Bastianetto et al., 2008). Application of the
polyphenol-Af structure—function relationship to the phenyl ring with
oxime linkage to scyllo-inositol did not yield favorable oligomerization
profile or improve inhibition of fiber formation compared to scyllo-inosi-
tol; thus distinguishing these flat aromatic compounds from previously
reported polyphenols (Bastianetto et al., 2008). Electrospray ionization
Orbitrap high-resolution mass spectrometry revealed strong binding
between of the phenyl- and napthyl-oxime derivatives to Ap42 and less
stable binding between the azide derivative and AB42 (Shaw et al., 2011).
These studies demonstrate a backbone structure that now can be utilized to
develop more efficient aggregation inhibitors as well as radiopharmaceuti-
cals for PET imaging.

VII. Inositol for the Treatment of Other Disorders

The use of inositol stereoisomers as treatment paradigms for disease has
been extensively investigated. #2yo-Inositol, epi-inositol, and D-chiro-inositol
have been examined for their potential therapeutic benefit to treat a variety
of conditions ranging from depression to neural tube defects (reviewed in
Fenili et al., 2007, 2010). However, the therapeutic properties of scyllo-
inositol had not been investigated until 2006 (McLaurin et al., 2006). Since
then other groups have corroborated the effectiveness of scyllo-inositol as a
potential AD therapeutic. Interestingly scyllo-inositol has recently been pro-
posed for potential therapeutic effectiveness in other conditions based on
AD clinical trial data, involvement of Ap in other disorders, and preclinical
model studies.

The phase II clinical trial for AD demonstrated a positive clinical labo-
ratory finding that has the potential to be translated to a number of diseases



scyllo-Inositol for Treatment of Alzheimer’s Disease 203

associated with hyperuricemia (Cedarbaum, 2010). The clinical laboratory
serum analyses demonstrated a scyllo-inositol-induced dose-dependent
decrease in uric acid (Salloway et al., 2011). Hyperuricemia has been shown
to be associated with, represent a risk factor for, or exacerbate certain dis-
eases such as gout, renal disease, cardiovascular disease, metabolic syn-
drome, urate lithiasis, atherocleropathy, and hypertension. It was therefore
proposed that scyllo-inositol may have beneficial effects in these disorders.

Further, the results of the phase II clinical trial, for scyllo-inositol treat-
ment of AD, brought attention to the positive role of scyllo-inositol in
reducing the development of neuropsychiatric symptoms in moderate AD
patients (Salloway et al., 2011). Thus, it has been proposed that scyllo-ino-
sitol may have additional uses in the treatment of psychiatric disorders such
as bipolar disease (http://newsroom.elan.com/phoenix.zhtml?c=88326&p=i
rol-newsArticle&ID=16344788&highlight=). The utility of scyllo-inositol in
these or related disorders will need to wait further consultation with experts
and appropriate proof of concept Phase II clinical trials.

Investigation into the potential utility of scyllo-inositol for the treat-
ment of macular degeneration was initiated based on the role of AB accu-
mulation during retina degeneration (Cruz, 2010). Macular degeneration is
characterized by progressive loss of central vision and is the leading cause of
blindness in the aging population. Risk factors associated with AD, ApoE
genotype, and high cholesterol diet are also risk factors for macular degen-
eration (Cruz, 2010). In mouse models of age-related macular degeneration,
scyllo-inositol prevented retinal defects associated with high cholesterol diet
(Cruz, 2010). These preclinical mouse studies demonstrate the potential for
scyllo-inositol effect in age-related macular degeneration; however, clinical
investigations will need to be done to prove a cause-effect for this disorder.

The use of a single compound for the treatment of multiple aggregation
prone proteins has been extensively investigated with considerable success in
preclinical models. The potential translation of scyllo-inositol to other neuro-
degenerative disorders has also been investigated. Vekrellis and colleagues
demonstrated that scyllo-inositol could rescue the caspase-dependent non-
apoptotic death induced by overexpression of wildtype o-synuclein in a
human neuronal cell line (Vekrellis et al., 2009). The potential of scyllo-
inositol to inhibit other aggregation prone proteins will need further pre-
clinical data in both cellular and animal models.

scyllo-Inositol and myo-inositol have also been investigated for effects
on pentylenetetrazol-(PTZ) induced seizures in rats (Nozadze et al., 2011).
PTZ is a GABA, antagonist that is used to generate animal models of epi-
lepsy. PTZ induces convulsions similar to petit mal or absence seizures in
humans. Substances able to modify the threshold for different phases of the
convulsions or decrease duration of the seizure in animal models are consid-
ered to be antiepileptic (Dhir, 2012). Both scyllo-inositol and myo-inositol
showed anticonvulsant properties, as they significantly reduced seizure
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score, delayed the latent period for seizure onset, and decreased seizure
duration (Nozadze et al., 2011). Although there were no significant differ-
ences between the myo- and scyllo-inositol treated groups it was found that
scyllo-inositol was effective at a much lower dose compared to myo-inositol
(Nozadze et al., 2011).

The investigation of [18F]-1-deoxy-1-fluoro-scyllo-inositol for use in
cancer as an alternate to the present standard, ['8F]2-fluoro-2-deoxy-
D-glucose (FDG), was initiated after it was realized that peripheral tissues
express SMIT1/2 (McLarty et al., 2011; Vasdev et al., 2009). Furthermore,
follow up studies in breast cancer patients result in a high rate of false-
positive readings as areas of inflammation have high FDG uptake and simi-
larly high FDG uptake in the brain confounds use for detection of brain
metastases (Cook, 2007). The proof of concept rodent studies utilized three
human breast cancer or glioma xenograft models and turpentine-oil-induced
inflammation to compare peripheral uptake of [!3F]-1-deoxy-1-fluoro-
scyllo-inositol with FDG. An intracranial graft of a human glioblastoma
multiforme, U-87, was successfully visualized by PET with both [18F]-1-
deoxy-1-fluoro-scyllo-inositol and FDG. The uptake of [!8F]-1-deoxy-1-
fluoro-scyllo-inositol in all breast cancer and glioma xenografts was
comparable or lower than FDG; however [18F]-1-deoxy-1-fluoro-scyllo-ino-
sitol accumulated to a lesser degree in inflammation than FDG suggesting an
improvement in the ability to distinguish tumor from inflammatory tissue
(McLarty et al., 2011). The brain uptake associated with the intracranial
glioma over normal tissue for [!8F]-1-deoxy-1-fluoro-scyllo-inositol was
fivefold greater than that for FDG. Due to the enhanced contrast the glioma
was more easily visualized utilizing ['8F]-1-deoxy-1-fluoro-scyllo-inositol
and demonstrates a viable opportunity for imaging brain tumors. These
studies are ongoing both at the mechanistic and translational level.

VIIl. Conclusion

The combined preclinical and clinical data that have been generated
surrounding scyllo-inositol treatment of Ap-related diseases, with the pre-
dominant disease Alzheimers, have also generated great interest in this natu-
rally occurring compound. Since the first report in 2000 on Ap-inositol
interactions, many groups have contributed to our understanding of the
structure—function relationship both iz vitro and in vivo. The transition to
human clinical trials in a population that will most benefit from this treat-
ment is still under investigation, although as presented, the possibilities are
extensive. Further understanding of the down-stream mechanisms that are
altered after removal of toxic AP species from the brain by scyllo-inositol
are presently underway and may lead to new understanding of disease
progression.
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Abbreviations

Acetyl-CoA acetyl-coenzyme A
Ap amyloid beta peptide
ADAS-Cog Alzheimer’s disease assessment scale cognitive subscale
ADCS-ADL Alzheimer’s disease cooperative study-activities
of daily living

ApoE apolipoprotein E
APP amyloid precursor protein
BBB blood-brain barrier
BID bis in die (twice daily)
CDR-SB clinical dementia rating-sum of boxes
CNS central nervous system
CSF cerebral spinal fluid
DEAE diethylaminoethyl
FAD familial Alzheimers disease
FDA Food and Drug Administration
FDG ['8F]2-fluoro-2-deoxy-D-glucose
N-terminus —Amino terminus
GABA, gamma-aminobutyric acid receptor A
HMIT proton/myo-inositol transporter
ICV intracerebroventricular
LTP long-term potentiation
MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
NAD+ nicotinamide adenine dinucleotide (electron accepting
form)
NADP+ nicotinamide adenine dinucleotide phosphate
NGF nerve growth factor
NPI neuropsychiatric inventory
NTB neuropsychological test battery
NT2-N teratocarcinoma-derived Ntera2/D1 neuron-like cells
PC-12 pheochromocytoma cells 12

PET positron emission tomography
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PIB Pittsburg compound B

PTZ pentylenetetrazol

SLC5A3 solute carrier family five, member three

SMIT1 sodium/myo-inositol transporter one

SMIT2 sodium/myo-inositol transporter two

TEAE treatment emergent adverse side effects

VSOAC volume-sensitive organic osmolyte-anion channel
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