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ABSTRACT: To date, no truly efficacious drugs for Alzheimer’s disease (AD) have been developed; moreover, all new anti-AD drugs developed since

2003 have failed. To succeed where previous ones have failed in drug development, new approaches for AD therapy are needed. Here we discuss the

potential application of network medicine as a new approach to AD treatment. Unlike traditional approaches focused on a single target/pathway, net-

work medicine targets and restores disease-disrupted networks through simultaneous modulation of numerous proteins (targets)/pathways involved in

AD pathogenesis. We consider several drug candidates under development for AD therapy, including Keapl-Nrf2 regulators, endogenous neurogenic

agents, and hypoxia-inducible factor 1 (HIF-1) activators. These drug candidates are multi-target ligands with the potential to further develop as net-

work medicines, since they act as master regulators to initiate a broad range of cellular defense mechanisms/cytoprotective genes that exert their efficacy

in a holistic way. We also explore their diverse mechanisms of action and potential disease-modifying effects, which may have profound implications

for drug discovery.
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Introduction and may revolutionize our approaches to next-generation
Alzheimer’sdisease(AD)isafatal,complex,neurodegenerative drug design and development. From the network medicine
disease affecting over 5 million Americans as of 2014, with perspective, diseases are the results of system breakdown of
one new AD case being reported every 67 seconds in the biological networks within the body because of suppression
United States.! The annual cost for AD treatment is esti- or activation of certain stages, leading to an unbalance of
mated to be approximately 172 billion dollars in USA and input-output in the biological networks.® The goal of ther-
anticipated to soar to 1.1 trillion dollars by 2050.! Unfortu- apy is to restore the disturbed disease networks by simul-
nately, to date, no truly effective drugs have been developed taneously targeting key components in disease networks.®
for AD treatment. And moreover, all new anti-AD drugs However, most disturbed disease networks are difficult to
developed since 2003 have failed.? To succeed where pre- restore through intervention of a single node (protein/signal-
vious ones have failed in drug discovery, new therapeutic ing pathway) in the network, because there exist robust and
approaches must be developed. Recently, network medicine redundant cell mechanisms in biological systems.” These may
has attracted increasing interest as a promising alternative for be the reasons that conventional approaches (one drug, one
effectively treating complex diseases like AD and cancer.®* target) have yet to yield effective drugs for treating complex
'The advances in network medicine have greatly increased our diseases, no matter how strongly these drugs bind to their
knowledge of multi-pathway interactions in complex diseases respective targets.®
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Complex diseases are network-related diseases, which are
rarely caused by a single gene (or single signaling pathway) dys-
function. Instead, these diseases are likely a result of disturbed
disease networks, involving dysfunction of numerous genes,
proteins, and signaling pathways.® System biology suggests
that effective treatment of complex diseases — like AD and
cancer — needs to restore disrupted disease networks, which
often requires simultaneous (or even dynamically simultaneous)
modulation of multiple proteins (targets)/pathways.* In AD
patients, many brain networks are disrupted, including default
mode network (DMN), sensory-motor network (SMN),
dorsal attention network (DAN), salience network (SAL),
and control network (CON). A recent study that included
510 adults (average age 77 years) demonstrated that brain net-
works, like DMN, SMN, DAN, SAL, and COM, exhibited
reduced correlations in mild AD patients. DMN, a network of
brain regions that becomes active when the mind is at rest, was
disrupted in individuals with very mild to mild AD. Cross-
network relations were consistently lost with increasing AD
severity.” In addition, widespread loss of both intra-network
and inter-network connections was also seen with AD progres-
sion.) Other studies found that brain networks were decayed
and disrupted in early AD, which occurred at about the same
time that AP levels began to rise and tau levels started to drop
in spinal fluid.!! Moreover, DMN disruption, which emerges
during the presymptomatic phase and intensifies with AD pro-
gression, was linked to core memory and visuospatial deficits.}?
Studies also found that there was obvious loss in parietal cortex
functional connectivity in AD.!3 The loss of communication
between different functional brain regions reflected cognitive
decline in AD patients.™

'The fundamental principles of network medicine have
been used intentionally or unintentionally in the develop-
ment of multi-target and cocktail drugs. Multi-target and
cocktail drugs may not be considered as network medicines,
but they could be further developed into network medicines.
In fact, clinical studies have demonstrated that multi-target
and cocktail drugs are more efficacious than single-target
drugs in treating complex diseases such as cancer, HIV,
and depression.'*1® In AD treatment, cocktail drugs (eg,
memantine plus donepezil) produce substantially reduced
rates of clinical worsening, demonstrate good safety and
tolerability, and offer greater improvement in cognition,
function, and global status in patients with moderate and
severe AD."

In this review, we examine several drug candidates
under development for AD therapy, including Kelch like-
ECH-associated protein 1 (Keapl)—nuclear factor (erythroid-
derived 2)-like 2 (Nrf2) regulators, endogenous neurogenic
agents, and hypoxia-inducible factor 1 (HIF-1) activators.
These candidates are multi-target ligands that may be viewed
as network medicines, since they act as master regulators of
cellular defense mechanisms or cytoprotective genes that may
function synergistically to exert their efficacy in a holistic way.

We also explore their underlying mechanisms of action and
potential disease-modifying effects, which may have profound
implications for drug discovery.

Keap1-Nrf2 Regulators

A large body of evidence has demonstrated that oxidative
stress (OS) in the brain plays a pivotal role in AD pathogen-
esis.® OS occurs at early stages of AD before the appear-
ance of amyloid plaques and neurofibrillary tangles and acts
to exacerbate the disease progression. It induces and activates
multiple cell signaling pathways that contribute to neurode-
generation in AD.” In addition, OS is closely associated with
AR, in which OS increases AP production and subsequently
AP aggregation that further induces and exacerbates OS. This
represents a vicious circle that favors AP toxicity and neuro-
degeneration.’”?3 In fact, several reports have demonstrated
antioxidants functioning as effective anti-AD drugs.?*>* And
a wide variety of antioxidants have shown promising results
in culture and animal AD models.?3-2° However, large-scale
clinical trials on antioxidants for AD therapy so far have been
rather controversial and elusive, and none of the investigated
antioxidant drugs survive.?* Various factors may contribute to
this failure, which may include: (1) the beneficial effects of
most antioxidants are tested in animal models, and in most
cases, these animal models do not sufficiently reflect dis-
ease in humans. (2) The poor bioavailability to targeted site
(brain) and low antioxidant capacity to counteract the wide
variety of sources and sites of OS. (3) Many antioxidants may
also induce OS in high concentrations or under unfavored
environmental conditions. The pro-oxidative property of anti-
oxidants may counteract the benefits of antioxidants in the
clinic. (4) The complexity of OS network in the human body.
OS is a complex cellular process with numerous sources and
sites of production, and without specific treatment target or a
major metabolic pathway. Treating with only a single exog-
enous antioxidant may not be sufficient to restore the unbal-
anced network in body’s defense system.

In 2013, FDA approved Tecfidera for the treatment of
multiple sclerosis (MS). MS is a chronic inflammatory disease
of the central nervous system (CNS), inwhich oxidative damage
is extensive and widespread in the disease lesions. The oxida-
tive damage is seen predominantly in MS initial stage, which
contributes to the underlying neurodegeneration.?¢ Therefore,
antioxidant therapy has been long proposed as a promising
treatment for MS. Indeed, a wide variety of antioxidants have
been shown to be beneficial in culture and animal models for
MS treatment.?® However, prior to the discovery of Tecfidera,
no antioxidants demonstrated therapeutic efficacy in MS
treatment in phase 3 clinical trials.?3?” Tecfidera or dimethyl
fumarate (DMF) is a novel antioxidant that is intrinsically dif-
ferent from those failed antioxidants. In phase 3 trials, DMF
(240 mg, three times daily for 2 years) reduced annualized
relapse rate (ARR) 51% and the risk of relapse 50% in patients
with relapsing-remitting MS, compared with placebo. DMF
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was generally well tolerated with an acceptable safety profile
and similar side effects across treatment groups.?8

The recent FDA approval of DMF for MS treatment has
profound implications in drug discovery for designing novel
antioxidant drugs, which may be more effective than cur-
rent antioxidant drugs for treating OS-related diseases. It is
known that most of the antioxidant drugs that failed in clini-
cal trials are exogenous antioxidants. These antioxidants may
act through several mechanisms including scavenging oxidant
species, neutralizing radicals, and/or chelating metal ions that
catalyze radicals generation. By contrast, DMF works by com-
bined or synergistic effects of diverse endogenous antioxidants
produced upon activation of the Keapl-Nrf2 stress response
pathway.?’ Nrf2 is a transcription factor that plays a key role
in cellular stress responses. Under normal conditions, Keapl
binds to Nrf2 in the cytoplasm, promoting Nrf2 ubiquitina-
tion, and subsequent degradation by the proteasome. Under
OS or in the presence of Nrf2 activators, the binding of Keapl
with Nrf2 is disrupted, which releases Nrf2. 'The released
Nrf2 translocates from the cytoplasm into the nucleus where
it forms heterodimers with other transcription factors such
as c-Jun and binds to antioxidant response elements (AREs).
This ARE-Nrf2 binding leads to activation of the Keapl-
Nrf2 pathway, which induces the expression of over 100 cyto-
protective genes. The induced genes include (1) the cellular
antioxidant and anti-inflammatory defense enzymes such as
NAD(P)H quinone oxyreductase, glutathione. (2) Glutathi-
one biosynthesis enzymes, extracellular superoxide dismutase,
and glutamate-6-phosphate dehydrogenase. (3) Pro- and anti-
inflammatory enzymes such as cyclooxygenase-2 (COX-2),
inducible nitric oxide synthase (iNOS), and heme oxygenase-1
(HO-1). In addition, Nrf2 activation also induces the expres-
sion of genes that regulate mitochondrial biogenesis and
glycolytic metabolism, angiogenesis, cell survival, apoptosis,
and other processes that interfere with cell survival.3® There-
fore, Nrf2 activators act as master regulators to activate a
broad range of cellular defense processes and cytoprotective
genes. These activated genes and processes may work together
or even synergistically to exert their efficacy in a holistic
way. In this regard, Nrf2 activators may be considered as net-
work medicines.

The underlying mechanisms of action of DMF have
profound implications for drug discovery. Accumulated evi-
dence has revealed that DMF is a novel antioxidant intrinsi-
cally different from those failed antioxidants in the clinic. It
has multiple activities, including acting as an Nrf2 activator
and working on both antioxidant and immunomodulatory
pathways.?? DMF, after oral intake, was rapidly converted
into its active metabolite monomethyl fumarate (MMF), and
administration of either DMF or MMF before an oxidative
challenge prevented free radical-mediated cell death in pri-
mary astrocytes and neurons in an Nrf2-dependent manner.
Either DMF or MMF treatment was found to increase
cellular redox potential, glutathione, ATP levels, and improve

mitochondrial function. In addition, studies have shown
that DMF, via either Nrf2-dependent or Nrf2-independent
pathway, promoted anti-inflammatory activities including
(1) attenuation of pro-inflammatory cytokine production’l;
(2) regulation of NFkB activation?; and (3) reduced activa-
tion of macrophages, microglia, and astrocytes.>* DMF also
acted as an immunomodulator to regulate immune homeo-
stasis and reduce CNS infiltration of immune cells. Other
activities of DMF include: (1) regulation of OS-induced
intracellular Ca?* accumulation; (2) modulation of IL-12
and IL-23 production to ameliorate inflammatory autoim-
mune diseases®¥; (3) potential protection against multiple
forms of neurodegenerative stimuli such as excitotoxicity and
demyelination.?’

Taken together, DMF is indeed a multi-target ligand,
acting primarily as an Nrf2 activator that initiates a wide vari-
ety of cellular processes. Figure 1 summarizes the multiple
activities and important mechanisms of DMF action.

The success story of the Nrf2 activator DMF for MS
treatment has clearly shown that the Keapl-Nrf2 pathway
is a viable target with excellent therapeutic potential. In fact,
besides for treating MS, Nrf2 activators may be therapeuti-
cally advantageous in other neurodegenerative diseases includ-
ing AD, Parkinson’s disease (PD), and Amyotrophic lateral
sclerosis (ALS).3>7 Previous studies have revealed that the
Keapl-Nrf2 pathway can regulate many processes related to
AD pathogenesis, including AP deposition, iron homeostasis,

FDA Anti-MS drug tecfidera
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Figure 1. The multiple targets and diverse pharmacological activities of
FDA-approved anti-MS drug Tecfidera (DMF).
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OS, mitochondrial dysfunction, astrocyte activation, and
glucose metabolism.3® HIF-1 regulators have potential to
reduce AP-promoted astrocyte activation, prevent AP toxi-
city, and improve brain glucose metabolism. For example,
Soucek et al showed that activation of HIF-1 by overexpres-
sion of a non-degradable HIF-1ow prevented A, ,,-induced
toxicity; pre-treating with the HIF-lot inducer mimosine
rendered neuronal cells resistant to toxicity induced by sub-
sequent lethal dose of AP through HIF-1o induction; and
APB-induced changes in glucose metabolism were mediated
by HIF-1a activation.®® In addition, Schubert et al (2009)
showed that AB-dependent astrocyte activation led to a long-
term decrease in HIF-1a expression and a reduction in the rate
of glycolysis.® The astrocyte activation and glycolytic changes
were reversed by maintenance of HIF-1ot levels with the con-
ditions that prevent HIF-1at proteolysis.*® AP was also found
to inhibit (2-6 hours) then activate (24 hours) proteasome
activity, leading to a transient increase then a net decrease in
HIF-1o expression.® Some HIF-1o activators, such as DFO
and curcumin, have shown promising results for AD treat-
ment. For example, in a single clinical trial conducted in AD
patients, intramuscular injection of DFO (twice daily) was
found to slow cognitive decline by 50% in 2 years.*> However,
DFO has poor bioavailability in the brain and potential
side effects," which hinder its further development as an
anti-AD drug.

A new generation of Nrf2 activators has been deve-
loped in order to avoid the potential side effects of most
current known Nrf2 activators. DMF, like most of the
current known Nrf2 activators, including endogenous
metabolites and natural products, acts as an electrophile
and inhibits Keapl-Nrf2 interaction through covalent
S-alkylation of cysteine thiols of Keapl. This nonselective
covalent modification of cysteine raises additional con-
cerns about the potential side effects, because these Nrf2
activators potentially react with other cysteine-containing
proteins and enzymes. These concerns are deepening
because of the serious side effects of the electrophilic
Nrf2 activator, bardoxolone methyl, which led to the
termination of its clinical trials in patients with type 2
diabetes mellitus (T2DM) and stage 4 chronic kidney
disease (CKD).* To avoid the potential risk of “off-target”
toxic effects because of nonspecific cysteine modification,
several new Nrf2 activators have been developed. These new
Nrf2 activators inhibit Keapl-Nrf2 interaction through
reversibly binding to Keapl. One such example is compound
2, as shown in Figure 2. Compound 2 has been reported to
be the most potent Nrf2 activator to date, which binds to
Keapl to directly disrupt the Keap1-Nrf2 interaction with
an EC of 28.6 nM in the fluorescence polarization assay.
Compound 2 was found to remarkably activate the Keapl—
Nrf2 pathway and significantly increase the transcription of
the Nrf2 targeting genes. However, the poor cell permea-
bility of compound 2 may hinder its further development.®
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Figure 2. Structures of Nrf2 activators DMF and 2, neurogenic agents
allopregnanolone and P7C3, and multi-target ligand M30, fumarate (13)
and CDDO-Me (14).

Neurogenic Agents

AD is characterized by progressive loss of neurons in the cor-
tical area (especially hippocampal) and cholinergic neurons
with massive brain atrophy and degeneration. This neuronal
loss has been correlated with cognitive deterioration and
memory loss in AD patients.** Accordingly, drugs with the
ability to prevent neuron death, to salvage dying neurons,
and especially to induce neuron regeneration, have great
potential for AD treatment.*>*® It is known that neurogen-
esis, although most active during prenatal development, still
occurs in adult brain, which plays an important role in various
forms of learning and memory.*” Neurogenesis is impaired
in AD brain, along with a concomitant decline in cognitive
function.* The impairment of neurogenesis occurred early in
AD etiology, which preceded plaque and tangle formation
in AD 3xTg mouse models.*® Enhancement of neurogenesis
to promote neuron regeneration has shown improved cogni-
tion in AD animal models.* However, many challenges still
remain to the approaches to regenerate the lost neurons to
restore cognitive function in AD patients. Neural stem cells,
despite having great potential for neuron regeneration, have
limited use in the clinic because of the challenge of their
delivery to the brain.’®*! An alternative approach that may
be more amenable to clinical application in patients may
be to identify small molecules with neurogenic activity. In
fact, induction of neurogenesis through the brain-permeable
molecules has attracted increasing interest, and numerous
molecules with neurogenic activity have been identified in

52,53

vitro. However, only a few such compounds have been

investigated in terms of their in vivo neurogenic activity.***
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Among these, allopregnanolone (Fig. 2) has been investigated
as a potential anti-AD drug and may serve as proof of con-
cept for therapeutics that target endogenous regeneration.*
Allopregnanolone is a prototypic neurosteroid that exhibits
an age- and AD-associated decrease in the brain. Allopreg-
nanolone acts as a potent modulator of GABAA receptors.
In vitro, allopregnanolone was found to induce neurogenesis
in human and rat neural progenitors in a dose-dependent
and steroid-specific manner.”® In vivo with 3xTgAD mouse
models, allopregnanolone significantly increased neurogen-
esis within the subgranular zone of dentate gyrus and the
subventricular zone. It also reversed neurogenic deficits in
the hippocampus of young and aging 3xTgAD mice. In addi-
tion, allopregnanolone reversed the learning and memory
deficits in the 3xTgAD mouse and restored both regenerative
and cognitive function to that of the normal nontransgenic
mouse.’® Chronic administration of allopregnanolone signifi-
cantly increased the survival of newly generated neurons with
simultaneous reduction of AP oligomer accumulation and
microglia activation in the 3xTgAD mouse.”’
Allopregnanolone is currently moving from laboratory
discovery to clinical trial as a potential regenerative drug for
the treatment of AD.*® However, safety concerns exist with
chronic exposure to allopregnanolone because allopregnano-
lone possesses sedative hypnotic and/or antiseizure effects.”’
Moreover, oral delivery of allopregnanolone presents a chal-
lenge because of its low solubility and metabolism in the
digestive tract and liver.”” In addition, negative results of allo-
pregnanolone effects on cognitive function in human and ani-
mal studies have been reported, in which chronic treatment
with allopregnanolone was found to accelerate AD develop-

ment in ABPP(Swe)PSEN1(AE9) mice and impair episodic
memory in healthy women.6%-61

In summary, although allopregnanolone offers hope for
AD patients, liabilities including, but not limited to, adverse
side effects and poor bioavailability may limit its therapeutic
utility. The novel neurogenic P7C3 class of compounds were
uncovered from iz vivo chemical library screen in 2011.%
Among these compounds, the lead P7C3 (Fig. 2) was found to
significantly increase the number of mature neurons in the hip-
pocampus of aged rats and concomitantly improve cognitive
performance as evaluated by the Morris water maze test.*

HIF-1 Regulators

Hypoxia-inducible factor 1 (HIF-1) is a transcriptional factor,
which consists of HIF-1o. and HIF-1 subunits. Under nor-
moxic conditions, prolyl hydroxylase domain (PHD) enzymes
mediate HIF-1o. hydroxylation resulting in an immediate
ubiquitination and subsequent proteasomal degradation. Under
hypoxia or in the presence of HIF-1 activators, PHDs become
stable and interact with p300 coactivator, forming the active
HIF complex. This complex binds to hypoxia-responsive ele-
ments in promoter regions of HIF-1-target genes, resulting in
the expression of diverse genes that regulate diverse processes.

The regulated processes include iron metabolism, cell cycle
control, cell proliferation and death, energy metabolism,
angiogenesis, and erythropoiesis. Over 100 protective genes
can be activated by regulation of HIF-1 pathway, including
erythropoietin (EPO), transferrin (TfR), angiogenic vascu-
lar endothelial growth factor (VEGF), glucose transporter-1
(GLUT-1), antioxidant enzymes (Mn-SOD), neurotrans-
mitter synthesis (TH), and glycolytic enzymes aldolase and
enolase—1.%% Therefore HIF-1 activators may be considered as
network medicines that have great potential for treating com-
plex diseases like AD, PD, and stroke.®? In fact, numerous
HIF-1 activators have been identified, and some of them have
been investigated as potential drugs for AD and PD.63:64

In our efforts to develop new multi-target anti-AD/PD
drugs, a series of new compounds were designed, synthe-
sized, and investigated. Among these compounds, M30 or
5-[N-methyl-N-propargylaminomethyl]-8-hydroxyquinoline
was identified as a new promising anti-AD/PD drug for fur-
ther development.®>~*” M30 was found to exhibit a wide range
of activities including activation of HIF-1 pathway. It acts as
an HIF-1 activator to upregulate HIF-1a. and significantly
increases the levels of HIF-1-dependent neuroprotective genes
both in vitro and in vive. In vitro studies, M30 at 1 WM con-
centration significantly increased expression levels of HIF-1
protein and mRNA in rat primary cortical neurons, and
subsequently induced expression of neuroprotective HIF-1-
dependent genes.® Those induced genes include VEGF, EPO,
enolase-1, p21, tyrosine hydroxylase (TH), TfR, and iNOS in
motor neuron-like NSC-34 cells and rat primary embryonic
cortical neurons.®® In vivo studies, M30 was demonstrated
to differentially induce the transcription of diverse HIF-
1-related protective genes such as EPO, VEGF, GLUT-1,
TfR, heme oxygenase 1, and iNOS, in various brain regions
(eg cortex, striatum, and hippocampus) and spinal cord of
adult mice.%%%

Previous studies reported that HIF-1 levels were
decreased in AD brains compared to age-matched controls,
and overexpression of HIF-1 was sufficient to protect neurons
from AP neurotoxicity.*®”? In conformity with this, in vitro
studies demonstrated that M30 induced activation of several
HIF-lo-target genes (eg enolase-1, VEGE, EPO, and p21)
in cultured cortical neurons and NSC-34 cells, accompanied
by protecting against AB,. ;.- and mutant G93A-SOD-1-
induced toxicity, respectively.”!

In vivo studies found that M30 significantly extended
the survival of G93A-SOD-1 ALS mice and delayed the onset
of the disease.”* In addition, M30 treatment increased HIF-1
expression and reduced AP accumulation/plaque formation in
APPswe/PSEN1 mouse model of AD.®

PHD contains a non—heme-bound Fe?* in its catalytic
center and binding to the Fe?* leads to inhibition of PHD
activity, and subsequent induction of HIF-1ot target genes.®?
The prototype iron chelator DFO was shown to activate HIF-1
pathway by binding to the Fe?* in PHD catalytic center, and
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exert its neuroprotective effects. As M30 has been shown to be
a strong iron chelator with binding affinity comparable to that
of DFO,% it is likely that this mechanism may also play an
important role in the neuroprotective effects of M30. Besides
acting as an HIF-1 activator, M30 also functions as an MAO
A/B inhibitor. In vitro, M30 highly inhibited both MAO-A
and B activity with IC jvalues of 0.037 + 0.02 uM and
0.057 £0.01 uM, respectively, when tested in rat brain homo-
genates.*® In vivo, M30 selectively inhibited brain MAO-A
and B activity with poor inhibition of these enzymes in the
liver and small intestine.®> This unique property conferred
M30 potential antidepressant activity with limited potentia-
tion of the tyramine pressor effect.”?

M30 was rationally designed by combining a metal pro-
tein attenuating and ionophore moiety and neurogenesis/
neuroprotection (propargylamine) moiety from the FDA-
approved anti-PD drug rasagiline.”® Rasagiline was the first
drug marketed with an apparent disease-moditying effect, at
a dose of 1 mg per day.” This disease-modifying effect was
shown to be caused by its key pharmacophore or propargylam-
ine moiety that interacts with an array of neuroprotective/
neurorescue pathways.”> As M30 contains propargylamine
moiety in its structure, it may exhibit similar activities like
rasagiline. Indeed, studies have shown that M30 possessed
activities of neurogenesis, neurorescue, and neuroprotection
in various cell culture and animal models.”»7® In witro, the
neurogenesis activity of M30 was examined in SH-SY5Y and
PC12 cells, which showed that M 30 stimulated neuronal dif-
ferentiation, cell body elongation, and neurite outgrowth.”” In
NSC-34 motor neuron cells, M30 induced cell elongation and
stimulated neurite outgrowth.”!

'The neurorescue activity of M30 was investigated both iz
vitro and in vivoe. In vitro with SH-SY5Y cell serum depriva-
tion models, serum deprivation (3 days) was found to induce
an extreme apoptotic damage to SH-SYSY cells. Treatment
with M30 markedly decreased the apoptotic damage com-
pared with control cells.”® In vivo, M30, when given post-
treatment with MPTP to mice, restored the severe reduction
in dopaminergic cell count, striatal dopamine content, and
TH activity and expression levels, while water-treated mice
did not show any spontaneous recovery.” Further studies
found that treatment with M30 in G93A-SOD1 mutant
amyotrophic lateral sclerosis mice significantly increased
lifespan and delayed the onset of neurological dysfunction,
even when the treatment was initiated at a relatively advanced
stage of the disease.”!

A wide range of neuroprotection activities of M30
were demonstrated by different experiments. Some of these
activities include: (1) decrease in cell death induced by serum
deprivation and 6-hydroxydopamine in rat pheochromocy-
toma (PC12) cells®; (2) increase in the expression levels of
the transcripts of brain-derived neurotrophic factor (BDNF)
and growth-associated protein-43 (GAP43) in primary
cortical cells; (3) protection against hydrogen peroxide or

3-morpholinosydnonimine-induced neurotoxicity in mouse
NSC-34 motor neuron cells. M30also enhanced mRNA expres-
sion levels of BDNF in the cortex and striatum and induced
expression of glial cell-derived neurotrophic factor (GDNF) in
the hippocampus and spinal cord of mouse brain.®®

M30 shows protective actions against AD-related A}
toxicity and improves cognitive performance in AD mouse
models. For example, in vitro, M30 markedly lowered the
secreted levels of AP in the conditioned medium and the cel-
lular B-CTF in CHO/ANL cells stably transfected with the
APP “Swedish” mutation, and significantly increased the
release of soluble APPo into the conditioned medium.®0 Ir
vivo, chronic treatment of aged mice with M30 (1 and 5 mg/
kg; four times weekly for 6 months) significantly improved
neuropsychiatry functions and age-related cognition impair-
ment.?® In addition, M30 significantly reduced cerebral AP
level and iron accumulation in the treated mice.”® Chronic
administration of M30 also attenuated cerebral AP pathol-
ogy and behavioral deficits in an APP/PS1 transgenic mouse
model of AD.8!

In APP and presenilin 1 (PS1) double transgenic mice,
M30 significantly elevated cortical insulin and insulin recep-
tor (InsR) transcript and protein expression, and increased the
phosphorylated form of glycogen synthase kinase-3f in the
frontal cortex. M30 treatment increased the hepatic protein
expression levels of InsR and Glut-1 and lowered the increased
blood glucose levels in the APP/PS1 mice. Since dysregula-
tion of brain insulin/InsR and insulin signaling cascade has
been related to AD pathogenesis, drugs that regulate brain
glucose metabolism might be beneficial for AD therapy.*’

In summary, M30 possesses diverse pharmacological
properties, interacts with multiple targets, and regulates
numerous neurorescue and neuroprotection pathways related
to AD pathogenesis. M30 also acts as an HIF-1 activator to
induce several endogenous antioxidant enzymes and tran-
scription of numerous HIF-1- adaptive target genes. This
unique profile of M30 makes it potentially valuable for AD
therapy to delay further neurodegeneration. Figure 3 illus-
trates the multiple targets of M30 and its diverse pharmaco-
logical activities.

Conclusions

AD is a complex brain network-disrupted disease, and the
development of effective drugs for its treatment faces many
challenges. The successful treatment of AD will require novel
approaches not only to treat cognitive and behavior symptoms
but also to rescue damaged neurons and to regenerate new
neurons, and even to halt or stop neurodegeneration. To date,
no current approaches simultaneously address these issues,
but network medicines may offer a promising alternative. This
review has briefly covered three classes of multi-target ligands
(Keapl-Nrf2 regulators, endogenous neurogenic agents, and
HIF-1 activators) as potential drugs for AD. These ligands

act as master modulators to trigger numerous processes that
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Figure 3. The multiple targets and diverse pharmacological activities of
experimental drug M30.

may function together or even synergistically to exert their
efficacy, and thus may be considered as network medicines.
The fundamental principles of network medicine have been
successfully applied to develop combination therapy or multi-
target ligands for effectively treating complex diseases such as
AIDS, cancer, and depression. Moreover, drug development
turther demonstrates the potential of network medicines for
complex diseases, which may open up a new avenue for AD
therapy.>$2
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