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Abstract Based on a multimodal drug design strategy for
age-related neurodegenerative diseases, we have synthe-
sized a multifunctional nontoxic, brain-permeable iron-
chelating compound, M30, possessing the neuroprotective
N-propargyl moiety of the anti-Parkinsonian drug, mono-
amine oxidase-B inhibitor, rasagiline and the antioxidant—
iron chelator moiety of the 8-hydroxyquinoline derivative of
the iron chelator, VK28. In the present short overview, we
describe the neuroprotective and the neurorestorative activity
of M30, acting against multiple brain targets, including regu-
lation on amyloid (3, neurogenesis, and activation of hypoxia
inducible factor signaling pathways. The diverse pharmaco-
logical properties and several pathological targets of M30
make this drug potential valuable for therapeutic strategy of
Alzheimer's-like neuropathology and aging.
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Introduction and Discussion

Increasing evidence has indicated that in ageing and Alzheimer's
disease (AD) there is dysregulation of brain iron, which contrib-
utes to the process of oxidative stress and regulation and pro-
cessing of amyloid precursor protein (APP) resulting in
generation of A3 peptide, with formation of toxic A3 oligomers
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[2-5]. Based on a multimodal drug design paradigm, we have
designed and synthesized a series of multifunctional (multi-
target) non-toxic, brain-permeable iron-chelating compounds
for AD. The multi-target M30 [6, 7] (Fig. 1) possesses the
neuroprotective N-propargyl moiety of our anti-Parkinsonian
drug, monoamine oxidase (MAO)-B inhibitor, rasagiline
(Azilect) and the antioxidant-iron chelator moiety of an 8-
hydroxyquinoline derivative of our iron chelator, VK28 [8].
Previously, we have shown that M30 is a potent brain selective
monoamine oxidase A and B inhibitor, with little inhibition of
liver and small intestine [9] and thus, has limited potentiation of
tyramine sympathomimetic activity (“The Cheese Reaction”)

Fig. 1 Chemical structure of the brain-permeable multimodal hybrid
iron-chelating drug, M30 (5-[N-methyl-N-propargylaminomethyl]-8-
hydroxyquinoline), containing the propargyl moiety of the anti-
Parkinsonian MAO-B inhibitor drugs, rasagiline and the antioxidant—
iron-chelating moiety of VK28 (5-[4-(2-hydroxyethyl) piperazine-1-
ylmethyl]-quinoline-8-ol) [6]
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Fig. 2 Effect of M30 treatment on cerebral amyloidosis in APP/
PS1 mice. a Immunofluorescence images of mouse brain sections
from the indicated regions stained with Thioflavin S. Percentages
of Thioflavin S-positive burden were calculated by quantitative
image analysis [21]. b Immunohistochemical images showing brain

[10]. This “cheese effect” is one of the limiting factors of non-
selective MAO inhibitors in the clinic.

In two models of Parkinson's disease, namely N-methyl-
4-phenyl-tetrahydropyridine (MPTP) and lactacystin, an
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coronal frozen sections from the frontal cortex, hippocampus and parietal
cortex stained with A3 (6E10) antibody. Percentages of A3 antibody-
immunoreactive A3 plaques were calculated by quantitative image anal-
ysis. Data are mean = SEM (n=3 animals per group; four to eight separate
fields for each animal). ¥p<0.05 vs APP/PS1 vehicle-treated mice [21]

inhibitor of ubiquitin—proteasome system, M30 has neuro-
protective and neurorestorative activity in post-degeneration
of nigrostriatal dopamine neurons [9, 11, 12]. This has been
attributed to neurogenesis as seen by hippocampal BrdU
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Fig. 3 Schematic diagram
illustrating the potential targets
identified for the multi-target
iron-chelating compound, M30,
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deposit observed in the MPTP-treated animal [11]. The neuro-
genesis could be related to the ability of M30 to induce
activation of hypoxia inducible factor (HIF-1x), via inhibation
of the activity of iron-dependent prolyl-4-hydroxylase that
regulates HIF-1 [13]. Activation of prolyl-4-hydroxylase
results in degradation of HIF-1 by the ubiquitin—proteasome
system, while its inhibition results in stabilization/activation of
HIF-1o and the consequent activation of a brood set of HIF-1
target genes [14—-16]. HIF-1 is known to regulate numerous
antioxidant genes and a battery of neurotrophins including
brain-derived neurotrophic factor (BDNF), vascular endothe-
lial growth factor, erythropoietin and enolase [17, 18, 19].
Indeed, we have shown that M30 does induce expression
level of the neurotrophins BDNF and glial cell-derived neuro-
trophic factor in neuronal cell cultures and in mice brain [18,
19]. We have recently reported [20] that a chronic systemic
treatment of aged mice with M30 (1 and 5 mg/kg; four times
weekly for 6 months) had a significant positive impact on
neuropsychiatry functions and cognitive age-related impair-
ment. M30 significantly reduced cerebral iron accumulation,
as demonstrated by Perl's staining, accompanied by a marked
decrease in cerebral AR [20]. In addition, our results demon-
strate that M30 caused a significant irreversible inhibition of
both MAO-A and MAO-B activities in the cerebellum of aged
mice, compared with vehicle-treated aged control mice. These
studies in aged mice indicate that the novel MAO inhibitor/
iron-chelating drug, M30, acting against multiple brain targets
reverses age-associated memory impairment and thus may
provide a potential treatment against the progression of neuro-
degeneration in ageing. We have further extended these studies
in APP/presenilin 1 (PS1) double transgenic (Tg) mouse mod-
elof AD [21]. To evaluate the therapeutic effect of M30 on AD
neuropathology and deficits of spatial learning and memory in
the double-Tg AD mice [21].

Systematic treatment of APP/PS1 Tg mice with M30 (1
and 5 mg/kg, PO) for 9 months, highly significantly atten-
uated cognitive impairments in a variety of tasks of spatial
learning and memory retention, working memory, learning
abilities, anxiety levels and memory for novel food and
nesting behaviour [21]. Furthermore, we found that M30
reduced cerebral (hippocampus) iron accumulation. This
was accompanied by a marked decrease in several AD-like

219
M30
sices | i g:lu(;s J,thnle Fez*pooli‘e - ABDNF
rim’ )i (N T e
Siteeskop |
¢MAO aclwlty R ¢
fCataIase

phenotypes, including cerebral (hippocampus, frontal cortex
and parietal cortex) APP levels, A} levels and plaques
(Fig. 2), phospho-APP and phospho-tau. Signalling studies
revealed that M30 markedly downregulated the levels of
phosphorylated cyclin-dependent kinase 5 and increased
protein kinase B and glycogen synthase kinase 33 phos-
phorylation (Fig. 3).

Accumulation and deposition of brain iron is central to
various neuropathological processes in AD, including oxida-
tive stress, amyloid deposition and tau phosphorylation [21].
Thus, the concept of iron chelation and inhibition of MAO A
and B, resulting in prevention of generation of reactive hy-
droxyl radical from hydrogen peroxide liberated by MAO
reaction, holds considerable promise as a therapeutic strategy
for AD pathogenesis. Here, for the first time, we have dem-
onstrated that when systemically administered to APP/PS1
mice, our novel multifunctional iron chelator/radical scaven-
ger compound, M30, effectively reduced A3 accumulation
and tau phosphorylation and attenuated memory deficits.
These findings suggest that M30 is a potential therapeutic
agent for the prevention and treatment of AD. Furthermore,
M30 being a potent irreversible MAO A and B possesses anti-
Parkinsonian and anti-depressant activities [9]. These proper-
ties could be important for the treatment of Parkinsonism seen
in 40 % of AD subject (Lewy Body disease) and pre-
disposition to depression in AD subjects, where there are
deficit in raphe nucleus (serotonin) and locus coeruleus
(noradrenaline).

Commercial interest MBH Youdim is the scientific founder of
Varinel Inc and has commercial interest in M30 drug.
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