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ABSTRACT: Alzheimer’s disease (AD) is a debilitating
neurodegenerative disorder affecting millions worldwide.
Currently, there are only four approved treatments for AD,
which improve symptoms modestly. AD is believed to be
caused by the formation of intercellular plaques and
intracellular tangles in the brain, but thus far all new drugs
which target these pathologies have failed clinical trials. New
research highlights the link between AD and Type II Diabetes
(T2D), and some believe that AD is actually a brain specific
form of it termed Type III Diabetes (T3D). Drugs which are
currently approved for the treatment of T2D, such as
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metformin, have shown promising results in improving cognitive function and even preventing the development of AD in
diabetic patients. Recent studies shed light on the relationship between the brain and cardiovascular system in which the brain
and heart communicate with one another via the vasculature to regulate fluid and nutrient homeostasis. This line of research
reveals how the brain—heart axis regulates hypertension and diabetes, both of which can impact cognitive function. In this
review we survey past and ongoing research and clinical trials for AD, and argue that AD is a complex and systemic disorder
which requires comprehensive approaches beyond the brain for effective prevention and/or treatment.
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B INTRODUCTION

Alzheimer’s Disease Pathogenesis. Alzheimer’s disease
(AD) is a fatal neurodegenerative disease thought to account
for up to 70% of dementia cases. In the United States alone,
nearly 6 million people are estimated to have AD, and this
figure is projected to reach 13.8 million by 2050.” The primary
molecular hallmarks thought to drive the pathogenesis of AD
are the generation of plaques comprised of amyloid # (Af}) and
neurofibrillary tangles (NFTs) formed within neuronal cell
bodies due to hyperphosphorylation of the microtubule-
associated protein, tau.' Only four FDA approved therapies
are currently used to treat AD; three central cholinesterase
inhibitors (ChEIs) (donepezil, galantamine, and rivastigmine),
and the N-methyl-p-aspartate (NMDA) receptor blocker
memantine. While each drug, or a combination of memantine
and ChEIs modestly improves cognitive scores in patients
compared to placebo, no novel therapeutics have demon-
strated efficacy in global trials to treat AD in over 15 years.”*

Clinical Trials/Failures. Therapies designed to prevent Af
accumulation (f-site amyloid precursor peptide cleaving
enzyme 1 (BACEL) and y-secretase inhibitors) and accelerate
Ap clearance (monoclonal antibodies) have largely failed in
phase III clinical trials (summarized in Table 1). The BACE1
inhibition with Verubecestat failed to improve cognitive
function® while trials testing the BACE1 inhibitors lanabecestat
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and elenbecestat were halted for futility and unfavorable risk/
benefit ratios according to recent press releases from
AstraZeneca and Eisai/Biogen. y-Secretase inhibitors Sem-
agacestat and Avagacestat resulted in severe adverse outcomes
including weight loss, infection, and skin cancer with no
improvement in cognitive status; higher doses of Semagacestat
even correlated to worsened cognitive function compared to
placebo.”” Patients treated with the Notch-sparing y-secretase
inhibitor tarenflurbil experienced less severe adverse events
than those taking nonselective inhibitors, but did not show
improved cognition compared to placebo.® Monoclonal
antibodies bapineuzumab, solanezumab, crenezumab, and
gantenerumab failed to show efficacy in phase III trials despite
evidence of amyloid clearance in treatment groups.” "
Notably, exploratory analyses from the Gantenerumab SCarlet
RoAD trial suggested a potential need for higher dosages to
attain clinical efficacy; as a result, two new phase III trials
(NCT03443973, NCT03444870) have started to evaluate
higher doses of gantenerumab in patients with early AD.'?
Aducanumab phase III trials “Emerge” and “Engage” were
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Table 2. Outcomes of Clinical Trials Using Diabetic Therapies to Treat AD

therapy target trial outcome associated trials
metformin AMPK, cAMP and others  improved executive function and trends toward increased learning, memory, and ~ NCT01965756
attention in phase II crossover study”®
inhaled blood glucose failed in phase II/III-lack of efficacy NCTO01767909
insulin
pioglitazone PPARy terminated in phase III—lack of efficacy NCT01931566
rosiglitazone PPARy failed in phase III-lack of efficacy™ NCT00428090 (REFLECT-1)

liraglutide GLP-1 analogue ongoing in phase II

NCT00348309 (REFLECT-2)
NCT00550420
NCT01843075 (ELAD)

halted in March 2019 as a futility analysis concluded that the
trials were unlikely to meet their primary end points.
Unexpectedly, Biogen recently filed for FDA approval for
aducanumab. Biogen stated that the futility analysis was based
on data from 1748 patients who completed the 18-month
treatment; however, data from additional patients became
available allowing Biogen to repeat the analysis with a total of
2066 patients who completed the treatment. With this
expanded database, Biogen concluded that while the Engage
trial still missed its primary end point, the Emerge trial met its
primary end point, slowing cognitive decline by ~23%
compared to placebo in the high dose treatment group.
Notably, higher doses of Aducanumab also positively
correlated with amyloid related imaging abnormalities-edema
(ARIA-E). In a Chinese cohort, GV-971, an oligosaccharide
which targets Af, improved cognitive scores at 36 weeks of
treatment compared to placebo in a phase III trial; Shanghai
Green Valley Pharmaceutical is looking to test GV-971 in a
global phase III trial in the near future.

Tau has also been targeted therapeutically. The tau
aggregate inhibitor LMTM failed to demonstrate efficacy in
phase III clinical trial; however, a posthoc subgroup analysis
suggested LMTM may be salutary as a monotherapy.'” A new
trial (NCT03539380) is underway to evaluate the efficacy of
LMTM in patients with early and mild-moderate AD who are
not currently taking approved AD drugs. Phase II trials
targeting the glycogen synthase kinase 3 (GSK3) failed to
reduce phosphorylated levels of its downstream target, tau, in
cerebrospinal fluid (CSF) or improve cognitive perform-
ance.'”"” The tau vaccine AADvacl demonstrated safety and
tolerability in a phase II clinical trial with promising trends in
reduced phosphorylated tau and improved cognitive function;
thus, phase III trials will begin soon.

While some therapies targeting Af and tau remain
underway, most therapies to date have failed to meet primary
end points in phase II/III trials. It has been hypothesized that
many of these treatments have been administered too late;
once plaques and NFTs form, cytotoxicity and neuro-
degeneration may be irreversible.’ However, recent trials
testing crenezumab, gantenerumab, and LMTM in patients
with early disease states also failed to show efficacy. Moreover,
transgenic mouse models overexpressing Af42 did not
recapitulate memory deficits or neurodegeneration seen in
amyloid precursor peptide (APP) transgenic models, but still
generated amyloid plaques suggesting amyloid aggregation is
not inherently cytotoxic.'® In addition, PET scans have
established that subgroups of patients with cognitive impair-
ment may have little to no amyloid accumulation, whereas
elderly individuals with normal cognition may have extensive
amyloid accumulation as seen in dementia patients.'” Thus, it
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has been argued that AD pathology is multifactorial rather than
driven by a single process.”"”

B DIABETES EXACERBATES ALZHEIMER’S DISEASE

Growing evidence suggests a link between diabetes and AD.
Patients with diabetes mellitus have a 65% increased risk of
developing AD.'® Among AD patients within the Mayo Clinic
Alzheimer’s Disease Patient Registry, 35% also had type II
diabetes mellitus (T2D) and another 46% had impaired fasting
glucose.19 Glucose utilization, as well as insulin and insulin-like
growth factor (IGF) signaling are impaired in the brains of
patients with AD.”" However, mice challenged with high fat
diet did not exhibit AD histopathology, amyloid plaque
formation, tau hyperphosphorylation, or impaired IGF signal-
ing despite increased insulin resistance in the brain and
peripheral tissues, increased tau protein levels, and mild brain
atrophy, suggesting that T2D does not cause AD, but may
contribute to disease progression.”’ Furthermore, the
Honolulu—Asia aging study established that patients with
T2D had elevated risks for vascular brain damage and
neurodegeneration.””

Intriguingly, a single intracerebral injection of streptozotocin
(STZ) in rats markedly impaired insulin signaling, caused
substantial brain atrophy, activated GSK-3f, increased tau
phosphorylation, and increased Af accumulation without
elevating blood glucose or insulin levels.”' Remarkably,
treatment with peroxisome proliferator-activated receptor
(PPAR)-5 or PPAR-y agonists partially prevented STZ-
mediated neurodegeneration and cell loss, tau phosphoryla-
tion, learning and memory impairments, and partially restored
insulin signaling, suggesting that treatment with insulin
sensitizing agents may be neuroprotective in patients. Thus,
the de la Monte group has proposed that AD is a distinct,
“brain specific” form of diabetes, “type 3 diabetes” (T3D).”'

Using Diabetic Therapies To Treat AD. Due to the
epidemiological link observed between T2D and AD as well as
preclinical studies suggesting AD is a brain specific form of
diabetes itself, diabetic therapies have been tested in clinical
trials to treat AD in nondiabetics (summarized in Table 2).
Thus far, PPAR-y agonists pioglitazone and rosiglitazone and
inhaled insulin have failed to demonstrate efficacy in phase III
trials.”>~>° However, the device used to administer inhaled
insulin was subject to malfunctioning and was switched out for
a new device partway through the study. According to the
authors, posthoc analyses on the group using the original
device showed improved cognitive scores after 6 months of
treatment compared to placebo. Intriguingly, the incidence of
dementia and cognitive impairment was significantly lower in
diabetics taking metformin than in diabetics not taking
metformin, suggesting it may be effective at preventing the
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development of AD in diabetics.”® A phase II crossover study
indicated improved executive function with trends toward
improved learning, memory, and attention in patients treated
with metformin, compared to placebo.”” Due to the link
between T2D and AD, it is possible that effective treatment for
T2D in turn reduces the development of AD. Metformin may
have additional neuroprotective properties independent from
its role in controlling T2D.

Recent studies suggest that targeting the incretin hormone
glucagon-like peptide-1 (GLP-1), which promotes insulin
secretion, shows promise for AD treatment. GLP-1 receptors
are present in the brain and natural circulating GLP-1 receptor
agonists can cross the blood-brain-barrier (BBB), thus opening
the possibility to target this pathway in AD patients.”>*” GLP-
1 agonists prevented cognitive decline in preclinical models
and liraglutide, a GLP-1 analogue currently used to treat T2D
is being tested in a phase II clinical trial for mild AD
(NCT01843075).>>*' Moreover, a combination of GLP-1 and
another incretin hormone, glucose independent insulinotropic
polypeptide (GIP), has shown increased neuroprotective
effects compared to GLP-1 alone.™

Inhibitors of the protease that degrades GLP-1, dipeptidyl
peptidase-4 (DPP-4), such as vildagliptin and sitagliptin are
also currently used to treat T2D. Brain GLP-1 and GLP-1
receptor levels are decreased both in human AD patients and
in mouse models of AD. Furthermore, DPP4 inhibition
restored brain expression of GLP-1 and GLP-1 receptor,
improved learning and memory, and decreased tau phosphor-
ylation and Af accumulation in mice suggesting a promising
avenue for treating AD.”

Finally, sodium—glucose cotransporter 2 (SGLT2) inhib-
itors including empagliflozin, dapagliflozin, and canagliflozin,
which are widely utilized to treat T2D, are also being explored
for the treatment of AD.” Diabetic mice treated with
empagliflozin exhibited significant improvement in cognitive
abilities which was linked to decreased cerebral oxidative stress
and DNA damage.’* A new phase I clinical trial
(NCT03852901) will evaluate the effect of empagliflozin on
ketone levels and cognitive function.

B ALZHEIMER’S DISEASE IS SYSTEMIC

The origin of A accumulation in the brain is somewhat
controversial; A and APP are produced both in the brain and
in peripheral tissues.”> Circulating A can cross the BBB via
the receptor for advanced glycation end products (RAGE)**
and is sufficient to drive AD pathology in mice.>® In addition,
hypertension induces RAGE expression, thereby promoting Af
accumulation in the brain.”” The RAGE inhibitor azeliragon
was tested in patients with mild AD but failed to show efficacy
in a phase III clinical trial (NCT02080364). Moreover, it has
been observed that Af also accumulates and may contribute to
pathogenesis in peripheral tissues.”® Recently, A accumu-
lation was observed within cardiomyocytes from AD patient
hearts, which coincided with trends toward cardiac diastolic
dysfunction in early onset AD populations, thickening of the
left ventricle walls in late-onset AD populations, and calcium
homeostasis defects in isolated cardiomyocytes.”” Despite the
limited sample size, this study identifies an intriguing link
between AD and cardiac dysfunction warranting further
investigation.

Numerous studies have revealed a clear link between
cardiovascular and neurodegenerative diseases. It has been
observed that cardiovascular disease decreases cerebral blood
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flow (CBF) resulting in oxidative stress and neurodegenera-
tion; moreover, decreased CBF is a substantial risk factor for
AD and promotes A deposition.””*® Furthermore, heart
failure is positively correlated to cognitive decline.”” It has also
been established that genetic mutations within presenilin
(PSEN) 1 and 2 genes are linked to both AD and dilated
cardiomyopathy, suggesting common pathogenesis for both
diseases.””*" With this in mind we propose to take a closer
look at the brain—heart axis and its role in AD.

Renin-Angiotensin System. The renin-angiotensin sys-
tem (RAS) is a key regulator of blood pressure and
vasoconstriction. In this system, renin catalyzes the conversion
of angiotensinogen (AGT) into angiotensin I (ANGI), which
is subsequently converted to angiotensin II (ANGII) via the
angiotensin converting enzyme 1 (ACE1). ANGII binds to
angiotensin receptors (ATRs) which stimulate a wide variety
of signaling cascades resulting in increased blood pressure.
Renin also stimulates the conversion of AGT to ANGII via
activation of the pro-renin receptor (PRR), which increases the
enzymatic activity of pro-renin. While activation of RAS in the
short term can have beneficial effects, chronic RAS activation
leads to hypertension with deleterious effects on the renal and
cardiovascular systems including hypertrophy and fibrosis.**

Hypertension and diabetes are two of the most common risk
factors for cardiovascular disease and are often observed
together.”” Many pathways activated by ANGII are also
deregulated in patients with diabetes, including oxidative stress
and inflammation. Further, increased reactive oxygen species
triggered by chronic ANGII activation can lead to insulin
resistance and dyslipidemia thereby causing diabetes, and can
lead to increased sodium retention thereby contributing to
hypertension.”> In support of their interconnected role ACE
and ATR inhibitors reduce mortality in patients with both
hypertension and diabetes.

It has been more recently established that all of the major
RAS players are expressed in astrocytes, glial cells, and
neurons, and they are most abundant in areas of the brain
which regulate the heart and fluid homeostasis** (Figure 1).
This brain RAS system appears to play a major role in
regulating systemic blood pressure. Brain specific knockout of
AGT, PRR, or ATRs can blunt hypertension, and brain specific
overexpression of genes which promote ANGII production in
the brain can induce hypertension in rodents.*

Increased RAS activity in the brain is associated with
increased resting metabolic rate, and inhibition of ATRs in the
brain can impair weight loss by preventing sympathetic
activation of brown adipose tissue.”’ Angiotensin and leptin
hormone receptors can be found on the same neurons in the
brain suggesting that the two are interconnected. Given the
link between obesity and hypertension/diabetes, this suggests
that brain RAS may be a major regulator of metabolism and
that alterations could lead to metabolic syndrome and its
associated cardiovascular and neurological disorders.

Intriguingly, brain ACE activity is increased in patients with
cardiovascular disease, and ACE inhibitors have been
demonstrated to reduce cognitive decline in elderly patients.**
Thus, this axis could be an important way in which the brain
and heart can interact with one another and could be a novel
therapeutic target."” For example, ~25% of the 80 million
Americans who are hypertensive do not respond to classical
RAS inhibitors and have been classified as having “resistant
hypertension”.** Xu et al, propose using novel brain PRR
antagonists which block pathological activity of PRRs and
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Figure 1. Depiction of renin angiotensin (RAS) and natriuretic
peptide (NP) players and their expression levels in the brain. Blue text
refers to the controversial nature of whether renin is expressed in the
brain: (*) only protein detected, not mRNA; (+) expressed; (&)
expressed at lower levels compared to other cell types.

inhibit hypertension.”” This avenue is currently limited as
existing peptide antagonists cannot pass the BBB, but remains
a promising target to reduce hypertension and thereby
decrease the risk of both T2D and “T3D”.

Natriuretic Peptides. The natriuretic peptides (NPs) are a
group of hormones which regulate fluid volume and blood
pressure by the stimulation of sodium excretion, in direct
opposition to RAS. The three NPs are atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP), and C-type
natriuretic peptide (CNP). NPs bind to the three natriuretic
peptide receptors (NPRs)-NPRA (binds ANP/BNP), NPRB
(binds CNP), and NPRC which binds to all three and is
responsible for their turnover. It is well-known that NPs are
expressed in cardiomyocytes during early development but are
also re-expressed during cardiac remodeling in response to
stress. As mentioned, hypertension is a major risk factor for
T2D, which in turn affects brain function. Thus, just as the
heart—brain relationship of RAS could be targeted therapeuti-
cally, perhaps so could the NPs.

NPRA and NPRB are expressed in the brain, with B being
the more abundant variant which is expressed ubiquitously
throughout the brain®® (Figure 1). All three NPs are also
detected in the brain, but the lack of BNP mRNA indicates
that it is synthesized elsewhere. In vitro experiments suggest
that NPs have neuroprotective effects given that they increase
cortical spreading depression, which can protect the brain from
ischemia. In vivo studies suggest that large doses of ANP in the
brain can decrease blood pressure, but only at supra-
physiological levels. In contrast, intracerebroventricular deliv-
ery of CNP in sheep depressed blood pressure, suggesting that
it may be the more potent player in the brain.

T2D AD
Verubecestat Semagacestat Bapineuzumab
Lanabecestat  Avagacestat Solanezumab
Elenbecestat Tarenflurbil Crenezumab
Gantenerumab
HYPERTENSION APP BACET Aducanumab
N e BAN2401
LY 0 €
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Figure 2. Diagram depicting the interconnection of diabetes, hypertension, cardiovascular disease, and AD and how disease progression has been
targeted clinically thus far. Causative factors driving increased circulating Af and IGF resistance in the brain (blue text) remain incompletely

understood despite being tightly linked to AD pathogenesis.
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Human patients with brain injuries and stroke show
increased levels of BNP. Additionally, the AGES study
established a significant correlation between increased
abundance of a precursor form of BNP and brain atrophy.*’
Given that the brain cannot create its own BNP, this implies
that another tissue, possibly the heart, must respond to brain
injuries resulting in BNP activation, and further, that changes
in the heart directly affect the brain. In a post-mortem study of
AD vs healthy patients an increased number of NPRA
receptors were observed in the brains of Alzheimer’s patients,
and a decrease in NPRB receptors were observed in the CSF
suggesting that there is a dynamic regulation of NP activity in
the central nervous system of patients with AD. Complicating
things, inhibitors of NP degrading peptidases such as
neprilysin, which are currently used to combat hypertension,
have recently come under scrutiny for potential side-effects in
the brain. Neprilysin can also inhibit the endopeptidases which
degrade Ap, which could increase Af accumulation in the
brain, thereby increasing the risk of AD. Thus, elucidating
additional mechanisms to promote the NP pathways in the
brain may be necessary for effective treatment.

B PERSPECTIVES

Alzheimer’s disease is a complex, multifactorial disease that we
do not fully understand. Brain-centric therapies have not
succeeded clinically, as monotherapies or in conjunction with
existing therapies including ChEIs and memantine thus far.
Diabetes and AD are closely linked, and diabetic therapies
(metformin specifically) have been demonstrated to prevent
the development of AD suggesting that strategies to target
insulin and IGF resistance in the brain may be the way of the
future. Both AD and T2D have a strong connection to
hypertension, and the pathways which regulate blood pressure
and sodium retention have a strong relationship between the
brain and the heart (Figure 2). Therefore, combination
therapies that target T2D, hypertension, and AD may provide
additional benefit to patients. We propose that future studies
should take a more holistic approach to understanding the
effects of AD and think outside the brain to uncover novel
druggable targets to prevent or treat Alzheimer’s disease.
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ACEl:angiotensin converting enzyme I
AD:Alzheimer’s disease

AGT:angiotensinogen

ANGI:angiotensin I

ANGII:angiotensin II

ANP:atrial natriuretic peptide

APP:amyloid precursor peptide

ATR:angiotensin receptor

BACEL:f-site amyloid precursor peptide cleaving enzyme 1
BBB:blood brain barrier

BNP:brain natriuretic peptide

CBF:cerebral blood flow

ChEl:central cholinesterase inhibitor

CNP:C-type natriuretic peptide

CSF:cerebrospinal fluid

DPP4:dipeptidyl peptidase-4

GIP:glucose independent insulinotropic polypeptide
GLP-1:glucagon-like peptide-1

GSK3:glycogen synthase kinase 3

IGF:insulin-like growth factor

LMTM:leuco- methylthioninium bis (hydromethanesulfo-
nate)

NFT:neurofibrillary tangles
NMDA:N-methyl-p-aspartate

NP:natriuretic peptide

NPR:natriuretic peptide receptor

PPAR:peroxisome proliferator-activated receptor
PRR:pro-renin receptor

PSEN:presenilin

RAGE:receptor for advanced glycation end products
RAS:renin angiotensin system
SGLT2:sodium—glucose cotransporter 2
STZ:streptozotocin

T2D:type 2 diabetes

T3D:type 3 diabetes
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