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Abstract

Numerous factors predispose to progression of cognitive impairment to Alzheimer’s
disease and related dementias (ADRD), most notably age, APOE(e4) alleles, traumatic
brain injury, heart disease, hypertension, obesity/diabetes, and Down’s syndrome.
Protein aggregation is diagnostic for neurodegenerative diseases, and may be causal
through promotion of chronic neuroinflammation. We isolated aggregates from
postmortem hippocampi of ADRD patients, heart-disease patients, and age-matched
controls. Aggregates, characterized by high-resolution proteomics (with or without
crosslinking), were significantly elevated in heart-disease and ADRD hippocampi.
Hexokinase-1 (HK1) and 14-3-3G/y proteins, previously implicated in neuronal signaling
and neurodegeneration, are especially enriched in ADRD and heart-disease aggregates
vs. controls (each P<0.008), and their interaction was implied by extensive crosslinking
in both disease groups. Screening the hexokinase-1::14-3-3G interface with FDA-
approved drug structures predicted strong affinity for ezetimibe, a benign cholesterol-
lowering medication. Diverse cultured human-cell and whole-nematode models of ADRD
aggregation showed that this drug potently disrupts HK1::14-3-3G adhesion, reduces
disease-associated aggregation, and activates autophagy. Mining clinical databases
supports drug reduction of ADRD risk, decreasing it to 0.14 overall (P<0.0001; 95% C.1.
0.06-0.34), and <0.12 in high-risk heart-disease subjects (P<0.006). These results
suggest that drug disruption of the 14-3-3G::HK1 interface blocks an early “lynchpin”

adhesion, prospectively reducing aggregate accrual and progression of ADRD.



Introduction

Neurodegenerative diseases, of which Alzheimer’s disease (AD) is the most prevalent
form, are debilitating and costly in terms of both human suffering and health-care costs’.
Aging is the most important risk factor for AD onset and progression, although genetic
factors (APOE[e4] alleles or Down’s syndrome) also confer high susceptibility. Other
predisposing conditions include traumatic brain injury, coronary artery disease (and other
heart disease), hypertension, obesity/diabetes, and smoking? 3. Most, if not all, of these
predispositions are reflected in the burden of aggregate accumulation in the brain, in
particular the hippocampus. Both AD and heart disease elevate aggregate load in human
hippocampi* °, but our most compelling evidence comes from studies of mouse models
that simulate many of the above risk factors. Experimentally-induced hypertension®,
myocardial infarction®, and traumatic brain injury’, as well as diet-induced obesity? and
aging® %1, are all associated with increased accrual of protein aggregates in humans and
model organisms; and interventions which mitigate that accrual confer protection from
cognitive impairment'>'°, Mouse models have been developed that exacerbate the
normal, age-progressive growth of cerebral aggregates, producing deficits in cognition
and learning® 7. A mechanistic link between aggregation and dementia, although
unproven, is supported by the strong negative correlation between aggregate burden and

cognitive performance’® 19,

Hexokinase-1 (HK1) and multiple 14-3-3 paralogs have been implicated in cancer,
aging, and neurodegenerative diseases including AD'? 20-24_ Expression of the 14-3-3
protein family is altered during aging and in age-related diseases such as AD?% 22 25,
Pathways that influence protein homeostasis, including autophagy, are positively

regulated by 14-3-3 proteins?® 27. Decreased glucose metabolism is a significant



contributor to AD pathogenesis?® 2°, and expression and activity of hexokinase, the rate-
limiting enzyme of glucose metabolism, are reduced in AD brain, fibroblasts, leukocytes

and microvessels?4.

HK-1 is normally associated with the mitochondrial outer membrane, but in AD it
disassociates from mitochondria leading to release of IL-1[3, activation of inflammasomes,
and apoptosis of neurons3® 3. Accumulation of amyloid B in plaque®? and formation of a-
synuclein fibers?® were found to stimulate HK-1 release from the mitochondrial outer
membrane, causing it to depolarize; moreover, HK-1 expression increases after reduction
of IL-1B levels®'. Synthetic hexokinase-1 peptides improve mitochondrial function in a
cell-culture model of ALS33. We reported increased accumulation of both 14-3-3 and
hexokinase-1 in detergent-insoluble aggregates, while protein-protein interaction (PPI)
inhibitors disrupting these interactions reduce protein aggregation and improve

physiological function in AD models’2.

We focus here on the well-documented AD risk elevation among heart-disease
patients3* 35, estimated to confer a 1.4—1.9 relative risk for AD3¢ 37 (see also Tables 2 and
3). Remarkably, hippocampi from heart-disease patients display >50% increase in their
aggregate load, relative to age-matched controls (this study). Constituent proteins of
these aggregates overlap substantially with those from AD brains, suggesting that heart

disease may promote AD onset by the same mechanisms through which aging favors AD.



Methods and Materials

C. elegans strains

All nematodes were cultured using standard methods as previously described® 2.
Strains were maintained at 20°C on 2% (w/v) agar plates incorporating nematode growth
medium'? and covered with a central lawn of E. coli strain OP50, unless otherwise
specified. This study employed C. elegans strains MT14355, carrying a 14-3-3 (ftt-2)
deletion (ftt-2[n4426 X]); UA57, expressing GFP in dopaminergic neurons [bals4 (Pdat-
1::GFP, Pdat-1::CAT-2)], VH255, expressing tau in body-wall muscle [hdEx82
(F25B3.3::tau3529WT)+pha-1(+)] and becoming paralyzed with age; and CL2355
(dvisb50[pCL45(snb-1::AB1-42::3'UTR (long)+mtl-2::GFP]), a model of amyloid deposition
with pan-neuronal expression of human AB1-42 peptide. These strains were all provided
by The Caenorhabditis Genetics Center (CGC; Minneapolis, MN, USA). Strain UA355
(balnb1 [Peat-4::APOE&g4, Punc-54::tdTomato]; baln34 [Peat.4::AB, Pmyo-2::mCherry]; adls1240

[Peat-4::GFP]) was a gift from Drs. Guy and Kim Caldwell (University of Alabama).

Nematode culture

C. elegans were grown at 20°C on 100-mm NGM-agar Petri dishes seeded with a
central lawn of E. coli (strain OP50) and either ezetimibe or DMSO vehicle (controls).
Gravid young-adult worms were lysed, releasing unlaid eggs to initiate a synchronized-

aging cohort. Equal numbers of eggs were placed on each plate.

Chemotaxis of transgenic C. elegans expressing neuronal A
C. elegans strain CL2355, expressing human AB1-42in all neurons, were aged to adult

day 5 at 20°C. Chemotaxis to n-butanol was assayed as described previously* 12.



Paralysis assay in a transgenic C. elegans strain expressing human tau in muscle
Cohorts of C. elegans strain VH255, expressing human tau in muscle, were
maintained as described above, with or without ezetimibe; paralyzed and motile worms

were counted on days 8 and 13 post-hatch.

Neuronal degeneration assay
Synchronized cohorts of strain UA57 worms, expressing GFP in all dopaminergic
neurons, were maintained as described above, with or without 10-uM ezetimibe. Surviving

neurons were visualized and quantified by GFP fluorescence.

Ezetimibe treatment of cultured human cell lines

Cultures of SH-SY5Y-APPsw (neuroblastoma cells expressing a familial-AD mutant of
Amyloid Precursor Protein), HEK-tau (human embryonic kidney cells overexpressing
tau), and SY5Y-tau (human neuroblastoma cells overexpressing tau), were maintained in
exponential growth at 37°C in DMEM + F12 (Life Technologies; Carlsbad, CA, USA)
supplemented with 10% (v/v) FBS. Cells were trypsinized and replated at 5000-10,000
cells/well in 96-well plates and grown 16 h at 37°C as above. Ezetimibe or vehicle was
added to cultures at ~40% confluence, and cells were fixed in 4% formaldehyde after 48
h, stained with 0.1% w/v Thioflavin T, washed 4x, and aggregation was quantified by
fluorescence, imaging 9 fields per well. Thioflavin T (green) fluorescence was divided by
the number of DAPI+ nuclei per field to obtain normalized values (amyloid per cell),

summarized as means + SEM.

Quantitation of autophagy
SY5Y-APPsw neuroblastoma cells were plated at 10,000 cells per well in 8-chambered
slides. Ezetimibe or vehicle (control) were added after 16 hours, and autophagy assessed

48 h later using an Autophagy Assay Kit (ab139484, Abcam). A Keyence™ microscope



automated quantitation of FITC (green) fluorescence and counting of DAPI-stained nuclei

(blue) per field.

Isolation of protein aggregates

Human hippocampi, and pellets of C. elegans strain MT14355 (14-3-3/ftt-2 deletion),
were flash-frozen in liquid nitrogen and homogenized at 0°C in buffer containing 1% v/v
NP40, 20-mM HEPES (pH 7.4), 300-mM NacCl, 2-mM MgClz, and protease/phosphatase
inhibitors (CalBiochem; San Diego, CA). Lysates were centrifuged (2000 rpm; 492 x g) 5
min at 4°C to remove debris, and supernatants sonicated to disrupt cells and membrane-
bound organelles. Protein was quantified with Bradford reagent (Bio-Rad; Hercules, CA
USA), and 1.0-mg aliquots were incubated 12 hours with 14-3-3 antibody-coated
Dynabeads™ (MA5-12242, ThermoFisher). Bound proteins were recovered, suspended
in 0.1-M HEPES (pH 7.4) containing 1% v/v sarcosyl and 5-mM EDTA, and centrifuged
30 min at 100,000 x g. Pellets (sarkosyl-insoluble proteins) were resuspended by boiling
5 min in Laemmli buffer containing 50-mM dithiothreitol and 2% v/v sodium dodecyl
sulfate (SDS), and resolved by electrophoresis on 4-20% polyacrylamide gradient gels
containing 1% w/v SDS. Gels were stained with SYPRO-Ruby (ThermoFisher; Waltham,

MA, USA) to visualize and quantify protein.

Source metadata for human hippocampal tissue
Human hippocampi were obtained from the UAMS Brain Bank (maintained by Dr. Sue

T. Griffin) where they have been stored at —80°C following postmortem dissection.



Metadata for the tissue-source patients are as follows:

ApoE
Age Race / Sex genotype

AMC1 69 White Male 3,3
AMC 2 83 White Male 3,3
AMC 3 80 White Male 3,3
Mean AMC age: 77.3

AD1 74 White Male 4,4
AD 2 74 White Male 4,4
AD 3 82 White Male 4,4
Mean AD age: 76.7

HtD 1 75 White Male 2,3
HtD 2 58 White Male 3,4
HtD 3 87 White Male 3,3

Mean HtD age: 73.3

GeLC-MS/MS Analysis — Orbitrap Fusion

Each SDS-PAGE gel lane was robotically sectioned into 12 segments of equal
volume. Each segment was subjected to in-gel trypsin digestion as follows. Gel slices
were destained in 50% methanol (Fisher), 50-mM ammonium bicarbonate (Sigma-
Aldrich), followed by reduction in 10-mM Tris[2-carboxyethyl]phosphine (Pierce) and
alkylation in 50-mM iodoacetamide (Sigma-Aldrich). Gel slices were then dehydrated in
acetonitrile (Fisher), followed by addition of 100 ng porcine sequencing-grade modified
trypsin (Promega) in 50-mM ammonium bicarbonate (Sigma-Aldrich) and incubation at
37°C for 12 —16 hours. Peptide products were then acidified in 0.1% formic acid (Pierce)
and separated by reverse-phase chromatography on XSelect CSH C18 2.5-uym resin
(Waters) on an in-line 150 x 0.075 mm column using the UltiMate 3000 RSLCnano system
(Thermo). Peptides were eluted using a 45 min gradient from 98:2 to 65:35 buffer A:B
ratio. Eluted peptides were ionized by electrospray (2.2 kV) followed by MS/MS analysis
using higher-energy collisional dissociation (HCD) on an Orbitrap Fusion Tribrid mass

spectrometer (Thermo) in top-speed data-dependent mode. MS data were acquired using



the FTMS analyzer in profile mode at a resolution of 240,000 over a range from 375 —
1500 m/z. Following HCD activation, MS/MS data were acquired using the ion trap
analyzer in centroid mode and normal mass range with precursor mass-dependent
normalized collision energy between 28.0 and 31.0.

Proteins were identified by database search using Mascot (Matrix Science) with a
parent ion tolerance of 3 ppm and a fragment ion tolerance of 0.5 Da. Scaffold (Proteome
Software) was used to verify MS/MS based peptide and protein identifications. Peptide
identifications were accepted if they could be established with < 1.0% false discovery by
the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be
established with <1.0% false discovery and contained at least 2 identified peptides.

Protein probabilities were assigned by the Protein Prophet algorithm?32,

Immunoprecipitation with 14-3-3 antibody and western-blot analysis

Tissues from AD, heart-disease and age-matched-control (AMC) hippocampi, and
cohorts of C. elegans 14-3-3 deletion worms, were flash-frozen and pulverized in a mortar
and pestle cooled on dry ice as previously described*. Samples were incubated with
DYNAL Protein-G magnetic beads coated with antibody against the human 14-3-3
conserved core region. Bound proteins were rinsed, eluted and resuspended in
0.1 M HEPES buffer (pH 7.4) with 1% v/v sarcosyl, 5-mm EDTA, and protease inhibitors.

After centrifugation 30 min at 100,000 x g, pellets were resuspended as above and

immuno-pulldown (IP) complexes were resolved on 1% SDS-acrylamide gels. Aggregate
complexes, isolated by 14-3-3 immuno-pulldown from ezetimibe-treated or control SH-
SY5Y-APPsw neuroblastoma cells, were electrophoresed 2 h at 100 V on 4-20% gradient
bis-tris acrylamide gels (BioRad Life Science, Hercules, CA, USA) and transferred to

nitrocellulose membranes (BioRad). Blots, blocked with BSA blocker (Pierce), were



incubated 14 h at 4°C with primary antibodies to 14-3-3 (14-3-3 Pan-Antibody, 1:5000
dilution; ThermoFisher, Waltham, MA, USA), or to Hexokinase-1 (MA5-14789; 1:10,000

dilution; ThermoFisher).

Structure retrieval and preparation

Structures of 14-3-3 paralogs (14-3-3S/o, 14-3-3Gly, 14-3-3Z/C) were obtained from
PDB (www.rcsb.org; accessed 25 May 2021) or modeled using [-TASSER
(https://zhanggroup.org/I-TASSER/ accessed 2 June 2021). Retrieved and modelled
structures were prepared by adding polar hydrogens and missing atoms/sidechains, as

determined by Schrédinger Maestro (version 11.9.011).

Protein-protein interaction modeling

Protein-protein interactions (PPI) were modeled using Hex (v.8.0), an interactive PPI
modeling and molecular-superposition program that predicts the most stable (lowest
AGvinding) interaction of target proteins. PPl complexes modelled under default parameters
were analyzed to detect druggable pockets or interfaces using the Discovery Studio

Receptor Cavities plug-in'2.

Molecular-Dynamic simulations

Target PPIs alone, or in complexes with drugs, were simulated using Desmond.
Complexes were prepared using Maestro preprocessing wizard with default parameters,
immersed in orthorhombic boxes, and neutralized by adding the requisite ions (Na*, CI7);
a further 0.15-M NaCl was added to mimic physiological conditions. Temperature and
pressure were held constant at 300°K and 1.1023 bar, respectively. Each simulation was
initiated with a random-seed number, and maintained for 200 ns (unless otherwise
indicated) and replicated =3 times with new seeds. Simulation trajectories were analyzed

using Maestro Viewer’s Simulation Interaction Diagram plugin.



High-throughput virtual screening

An FDA-approved drug library was retrieved from SelleckChem and converted to
SYBYL TRIPOS format using Discovery Studio Visualizer. The top 10% of drugs from
first-stage virtual docking screens (AutoDock-Vina) were re-analyzed with AutoDock-Vina
in high-precision mode, followed by MM-GBSA simulations to assess AGboinding for each

drug::target complex.

Statistical analysis

Significance of differences between groups was assessed by homoscedastic
“Student’s” t tests for groups of N = 8 with like variance; smaller groups, or groups of
unequal variance, used heteroscedastic t tests (Excel option 3). The intra-experiment
significance of proportion shifts was assessed by Chi-squared or Fisher's exact tests (as
appropriate to group sizes). As indicated in figure legends, multiple replicate assays were
sometimes treated as single points and inter-experimental reproducibility was assessed

by heteroscedastic f tests.



Results

Protein aggregation is significantly increased in hippocampi of heart disease and
AD individuals

We showed that hippocampal aggregates are at least 60% more abundant in
postmortem brains from Alzheimer’s disease (AD) than from age-matched controls®.
Subsequent studies of brain aggregates from heart-disease patients revealed surprisingly
similar increments. Figure 1A shows examples of sarcosyl-insoluble aggregate proteins
resuspended in Laemmli buffer at 100°C, resolved by acrylamide-gel electrophoresis, and
stained for protein. Quantitations of protein per lane, summarized in Figure 1B, indicate
a 65% increase in heart-disease (HtD) aggregates relative to age-matched controls
(AMC), and an ~80% increase in aggregates from AD patients carrying the APOE(¢4,£4)
genotype (each P<0.04 by heteroscedastic t test). The high aggregate burden in “AD44”

patients is attributed to the combination of AD and the APOE4,4 genotype*.

14-3-3G and hexokinase-1 are enriched in heart-disease and AD brain aggregates
We predicted 14-3-3 proteins to be very influential in AD-specific aggregation, using
neural networks as we had previously reported'? 3% 40 Since all seven human 14-3-3
paralogs are enriched in AD aggregates* '?, detergent-insoluble aggregates were isolated
by pulldown with antibody to the 14-3-3 central core, conserved across the 14-3-3 family.
Aggregate content of 14-3-3G (gamma) protein is elevated ~2-fold in AD and nearly 3-
fold in heart-disease hippocampi (each P<0.0001), over AMC (Figure 1C). Hexokinase-
1, a protein-protein interaction partner of 14-3-3G, was not observed in AMC aggregates,
but was consistently found in AD hippocampal aggregates, and elevated a further 10-fold

in HtD aggregates (each P<0.0001) as shown in Figure 1D.



Deletion of a 14-3-3 gene in C. elegans reduces soluble and insoluble aggregates
The enrichment of 14-3-3 proteins in heart-disease and AD aggregates led us to ask
whether genetic deletion of one of two C. elegans 14-3-3 genes, ftt-2, would reduce
protein aggregation. Both sarcosyl-soluble and sarcosyl-insoluble aggregates were
isolated from a C. elegans 14-3-3/ftt-2 knockout strain. Soluble protein aggregates were
reduced 35%, and insoluble aggregates ~50% (each P<0.01), in day-3 adults relative to

an isogenic wild-type control strain (Bristol-N2 [DRM]) (Figure 1 E,F).

Machine-learning analyses of AD interactomes identify aggregate “lynchpin” PPls

Interactome modeling based on aggregate-crosslink analysis identified numerous
PPIs unique to AD*'. To identify influential interactions that may play key roles in initiating,
augmenting, and stabilizing AD B-amyloid aggregates, we calculated the fold increase in
the number of direct contacts (i.e., degree) of each node in the AD interactome as its
AD/AMC "degree ratio” (Figure 2A). The 14-3-3G subnetwork comprises 18 interacting
partners that were absent from AMC aggregates but observed at 50-340 spectral counts
per sample in AD, and thus are effectively disease-specific. Another 4 partners were less
abundant in AD aggregates, and two dd not change significantly. We focused on the HK1

interaction with 14-3-3G, based on their previous implication in AD and heart disease 2%

22,24,25,31,42

Screening FDA-approved drugs in silico

We used our own in-house implementation of molecular-modeling tools to create a 3D
model of the adherent protein pair, 14-3-3G:: HK1 (Figure 2B). Molecular-dynamic
simulations of this PPI predict stable protein-protein interaction in the absence of drug.
The 14-3-3G::HK1 model then served as a target for computational multi-stage screening

of structures among the >1800 FDA-approved drugs (i.e., all available drugs except



chemotherapy agents, excluded due to genotoxicity) for predicted affinity to this protein-
interface target. Estimates of the binding free energy prioritized 6 top drugs, ranked by
predicted affinity for the 14-3-3G::HK1 interface (Table 1). The top-ranked candidates
were pursued by literature and patent research, and in silico prediction of ADMET
properties (e.g., computational predictions of solubility, mouse and human pharmaco-
kinetics, and extent of blood-brain-barrier penetration) using Discovery Studio™. Six
drugs were initially predicted to have robust binding to this target, ezetimibe was selected
for validation and pursuit as a candidate aggregation inhibitor, targeting disruption of 14-
3-3G::HK1 adhesion. The free energy of ezetimibe binding (AGpinding) at the 14-3-3G::HK1
interface is —9.7 kCal/mol (Figure 2C). Intermolecular hydrogen bonds between 14-3-
3G and HK1 were predicted across a 200-ns Molecular-Dynamic simulation, in the
absence vs. presence of ezetimibe (Figure 2D), excluding the first 10 ns to permit initial
equilibration. Ezetimibe was estimated to reduce H-bonds between the target proteins

by ~30% (P<1E—142 by 2-tailed t test).

Table 1. Top drugs predicted to bind the 14-3-3G::hexokinase-1 interface

DRUG NAME | BINDING DRUG TYPE AGGREGATE CHEMOTAXIS SIDE EFFECTS,
AFFINITY (CONDITION TREATED) REDUCTION (%) RESCUE (%) | OTHER DEMERITS

Conivaptan | —-11.4 Vasopressin inhib. (low | 48.6 53.6 Hypotension
blood sodium)

Lumacaftor | —10.6 Protein chaperone 66.7 48.5 Hepatotoxicity
(cystic fibrosis)

Ebastine -10.2 H, antihistamine; low 8.3 15.5 No BBB transit
narcolepsy

Digitoxin -10.1 Cardiac glycoside 7.2 52.8 Toxicity, other
(cong. heart failure) side effects

Astemizole | —10 Antihistamine used to 16.6 11.8 May cause
treat allergies arrhythmia

Ezetimibe -9.7 Lowers blood 55 52.3 Diarrhea,
cholesterol respiratory
(hyperlipidemia) infections (rare)




Ezetimibe blocks 14-3-3G interaction with HK1

To test the proposed mechanism of drug action, we asked whether ezetimibe impedes
14-3-3G interaction with HK1 in aggregates from human cells. SH-SY5Y-APPsw neuro-
blastoma cells, expressing a mutant Amyloid Precursor Protein (APPsw) implicated in
familial AD, were treated with ezetimibe under normal conditions, or after a hypoxic
interval to simulate the effects of myocardial infarction®. Complexes containing 14-3-3
were recovered from cell lysates by immunoprecipitation (IP) and proteins were separated
on SDS-PAGE, immobilized on nitrocellulose membranes, and western blots were then
probed with antibodies to 14-3-3 or HK1. Ezetimibe blocked 14-3-3::HK1 interaction, so
that 14-3-3 IP yielded only ~40% as much bound HK1 relative to 14-3-3 recovery (e.qg.,
“14-3-3 bound” in Figure 2E), from hypoxic cells in 3 independent cultures. Nonhypoxic
cells had only 65% as much HK1 co-IP recovery as hypoxic cells, of which ezetimibe

blocked about half (Figure 2E).

Human cultured cells are protected by ezetimibe from amyloid aggregate accrual
To evaluate protection of human AD-model cells, neuroblastoma cells lines (SY5Y-
APPsw and SY5Y-tau) and embryonic kidney cells (HEK-tau) were treated with ezetimibe
at several concentrations, and then stained with Thioflavin T or Proteostat to quantify
relative amyloid burden. SY5Y-APPsw cells treated with 0.1-uM ezetimibe had only ~40%
as much aggregate as control cells exposed to vehicle without drug. HEK-tau and SY5Y-
tau cells exposed to 0.01-uM ezetimibe had ~60% and 32% as much aggregate staining,
respectively, as control cells (Figure 3, A-C summarizes data and shows typical images

at optimal drug concentrations).



Ezetimibe enhances autophagy, reducing protein aggregate levels

Autophagy plays a key role in the clearance of aggregates and damaged organelles*®
44 Defective autophagy has been repeatedly implicated as a mechanistic contributor to
the development and progression of neurodegenerative disorders, consistent with failure
to clear toxic protein aggregates from cells in which autophagy is deficient*3 44, 14-3-3
proteins modulate autophagy by binding to regulatory proteins such as Beclin-14%. Given
the evidence that aggregation in human, brain-derived cells is alleviated by ezetimibe
(Figure 3, A—C), and that this drug disrupts 14-3-3G::hexokinase-1 interaction (Figure 2E),
we assessed its impact on autophagy. Ezetimibe at 0.1 uM significantly enhanced
autophagy in SY5Y-APPsw neuroblastoma cells (Figure 3D; P<0.02). In view of our
earlier evidence that this same cell line accrues 60% less aggregate in the presence of
ezetimibe (Figure 3A), this result suggests that ezetimibe either activates autophagy
(perhaps by liberating 14-3-3G, which stimulates autophagy, from aggregates), or
reduces the demand for it by lowering the aggregate burden. Physiological levels of 14-

3-3 were shown to be depleted in AD??, thereby diminishing autophagy by disruption of

14-3-3 interactions*®.

Ezetimibe reduces aggregation in cultured neuronal and glial cells under hypoxia

Since 14-3-3G and HK1 are enriched in brain aggregates from AD and especially
heart-disease (Figure 1 C,D), we evaluated the aggregation-limiting effects of ezetimibe
in cultured human neuronal and glial cells. NT2 (neuroblastoma) and T98G (glioma) cell
lines were exposed to ezetimibe at 0.01-1 uM for 48 h, either with or without prior hypoxia
(94% N2, 6% CO2 for 7 hr), and aggregates were then stained with Thioflavin T. While

hypoxia alone increased aggregation by 18-40%, ezetimibe conferred significant



protection against protein aggregation to both neuronal and glial cells, with or without

hypoxia (Figure 4, A and B respectively).

Ezetimibe protects nematodes from amyloid aggregate accrual

C. elegans strain CL2355 is a model of amyloid aggregation due to neuronal expression
of human AB1-42, resulting in impaired chemotaxis, either with age* or following late-larval
induction*t. While chemotaxis (attraction to n-butanol) is >90% in young WT wormes, it
drops to 37% in aged controls; however, exposure to 10-uM ezetimibe restores it to 72%
(Figure 4C; P<0.0001). Strain VH255, a model of Alzheimer’s disease in which normal
human tau is highly expressed in body-wall muscle, undergoes progressive paralysis with
age. Continuous ezetimibe exposure from hatch reduced paralysis by 40% on day 8, and

50% on day 13 post-hatch (Figure 4D).

Ezetimibe reduces aggregates in C.elegans expressing neuronal AB1-42:: mCherry

C. elegans strain UA355 combines transgenes encoding human AB1-42 fused in-frame
to mCherry, and human ApoE4, co-expressed in glutamatergic neurons. These worms
accrue red-fluorescent AR amyloid in neurons of mature adults, largely rescued by
ezetimibe. UA355 worms were treated from egg hatch for 5 days with 10-uM ezetimibe
or vehicle and then assessed for AB::mCherry amyloid deposits, quantified in
fluorescence images (see images and histogram, Figure 4E). Ezetimibe reduced
AB42::mCherry accrual >60% in these worms (2-tailed ¢ test P<0.01), and reduced age-
associated neuron loss 10-20% in a C. elegans neuronal-reporter strain (Figure 5;

P<0.03).



Ezetimibe significantly reduces ADRD incidence in normal elderly subjects, and in
a high-risk subset of patients with Coronary Artery Disease (CAD)

We analyzed data in the PharMetrics-Plus IQVIA database, comprising 2006—2020
clinical data. From this database, we found 4361 patients receiving ezetimibe, and
selected ~945,000 age-matched controls (mean age 65 £ 5 years). Untreated and treated
groups have comparable sex ratios (46 vs. 54% males), and prevalence of hypertension
(37 vs. 33%) and diabetes (18 vs. 17%). Remarkably, the incidence of ADRD during
follow-up differed by 8-fold (0.8% vs. 0.1%), reflecting a relative risk (RR) of 0.14 for those
on ezetimibe (Table 2, 95% confidence interval 0.06—0.34; P<0.0001), using a time-

dependent regression model to adjust for the observation time interval.

A subset of these subjects had been diagnosed with Coronary Artery Disease (CAD).
Among those with CAD, we identified 547 patients prescribed ezetimibe and 73,387
CAD/CHD age-matched controls. In this cohort, with a known elevated likelihood of
subsequent AD or related cognitive impairment, the relative risk for ADRD diagnosis
during follow-up was 0.122 for ezetimibe recipients relative to controls (Table 3, 95% C.I.:
0.02-0.88; P<0.006). Taken together, these findings suggest that ezetimibe confers
highly significant protection from ADRD, to individuals with and without CAD. While the
mechanisms warrant further investigation, these data provide compelling evidence to
support pursuit of ezetimibe for neuroprotection, especially in those at elevated risk of

ADRD.



Discussion

Worldwide incidence of dementia is projected to increase from 57.4 million cases in
2019 to over 150 million by 2050, mainly due to aging of the population*’. Alzheimer’s
disease and ADRD pose a daunting challenge to those afflicted, their caregivers, and the
health-care system undertaking their treatment. Those with predisposing conditions,
which include advanced age, hypertension, heart disease, obesity, diabetes, traumatic
brain injury, or the presence of an APOE4 allele, may be prime candidates for prophylactic

“off-label” treatment with ezetimibe.

The mechanism through which heart disease elevates ADRD risk has been the
subject of intensive investigation. Cardiac aging and MI can increase reactive oxygen
species (ROS), implicated in the etiology of chronic inflammation and ADRD%.
Inflammatory serum markers are elevated in AD*°, and neuro-inflammation is a common
sequela of MI%0-52, These features suggest early roles of inflammation in both Ml and AD.
Age-associated chronic inflammation, even of moderate severity, contributes to protein
aggregation in and around neurons®3, which in turn augments neuro-inflammation®,
creating a positive-feedback loop or vicious cycle. Both aggregation and inflammation
have been implicated in the onset and progression of neurodegenerative disorders, and

in the underlying process of aging % 6.

All paralogs of the 14-3-3 protein family share a conserved central domain
comprising 9 helical segments, and divergent N- and C-terminal domains that are
intrinsically disordered'?. Through these unstructured domains, in concert with the central
“cradle”, 14-3-3 proteins form induced-fit interactions with diverse partners to regulate
diverse signaling pathways, including autophagy, cellular metabolism, and stress

responses, with impacts on neurodegeneration. We reported that 14-3-3 paralogs are



enriched in aggregates from brain, muscle, and heart* ¢ 10.57 Detection of 14-3-3 proteins
in cerebrospinal fluid is diagnostic of Creutzfeldt-Jakob disease, but may also be
associated with other dementias including Alzheimer’s, or intracerebral hemorrhages®8.
Immunostaining of AD-patient hippocampi for tau suggests colocalization of 14-3-3
proteins with neurofibrillary tangles*?. Individuals with specific polymorphisms in both tau
and 14-3-3Z are at 2.5-fold lower risk of AD%°. Interacting partners of 14-3-3 proteins,
such as FOXO and TFEB transcription factors, coordinate physiological processes
governing lifespan, stress responses, and autophagy; whereas other partners including
the p53 tumor suppressor, p21/WAF1, and the p85 regulatory subunit of class-I PI3K,
modulate cell proliferation, replicative senescence, cancer, insulin and insulinlike
signaling, and longevity??60.61 \We found that 14-3-3 proteins themselves, as well as their
immediate interacting contacts, are enriched in hippocampal aggregates from AD and

heart-disease patients'? %7,

RNAIi knockdown of either 14-3-3 proteins or one of their critical disease-specific
interacting partners reduces aggregate burden'. This strategy would not be advisable
to alleviate risk of future diseases, in the light of evidence that disruption of 14-3-3 proteins
may cause or exacerbate diabetic cardiomyopathy®? and neurodegeneration?® 6366 \We
therefore opted not to target the interactive terminal regions of these proteins, but rather
to disrupt an interface unique to pathological aggregates — the 14-3-3G::hexokinase-1
adhesion zone. This protein-protein interaction is abundant in AD aggregates but absent
from healthy brains of the same age, implying that it is disease-specific but not

symptomatic of aging per se.

Neuroprotective effects of ezetimibe were not unheralded, as it had been previously

shown to improve memory in mice fed a high-fat diet®”, but no mechanism had been



proposed. Ezetimibe was also shown to reduce neuronal apoptosis by activating
autophagy in a rat model of arterial occlusion®. While these benefits may have been
assumed to be secondary to cholesterol reduction, via sparing of vascular inflammation,
our human cell-culture and intact-nematode experiments support a direct neuroprotective

effect via disruption of aggregate-specific protein interactions.

Enhanced autophagy offers an alternative mechanism, given the prior evidence that
14-3-3G itself promotes autophagy?®; its sequestration in aggregates would thus be
expected to impair that process. Ezetimibe reduction of aggregates, in both C. elegans
and human cell-culture models of AD, could be attributed to its ability to enhance
autophagy (Figure 3D), an expected consequence of 14-3-3G sequestration. However,
in view of the vicious cycle between inflammation and aggregation, an anti-inflammatory

mechanism (possibly secondary to rescue from aggregation) cannot be excluded.

The animal and cultured-cell models for which we present data substantiate that
ezetimibe indeed reduces aggregates across a broad spectrum of biological systems, and
that it does so by blocking or dissociating dysfunctional (or non-functional) interaction
between 14-3-3G and hexokinase-1. However, the most compelling evidence that
ezetimibe can prospectively prevent AD comes from our interrogation of a large clinical
database. We employed a time-dependent regression model to evaluate the association
between ezetimibe use and ADRD incidence in a large compilation of clinical data
collected over varying observation intervals. Although this was a retrospective analysis
of previously collected data, the magnitude of the ezetimibe effect (>7-fold reduction in
risk, P<<10~ for the general aged population; 8-fold, P<0.006, for the CAD subset) far
exceeds the protection arising from any previous intervention. Further studies are needed

to optimize doses for repurposing this drug to protect those at highest risk of ADRD. As



only minor side effects of ezetimibe were identified during widespread use for over 20

years, we believe that potential neuroprotective benefits far outweigh the risks.
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Figure Legends

Figure 1. Analysis of sarcosyl-insoluble aggregates reveals significantly elevated
14-3-3 and associated proteins in heart-disease aggregate tissues.

(A) Gel electrophoresis of resuspended hippocampal aggregate proteins from age-
matched controls (AMC), heart disease (HtD), and Alzheimer’s patients carrying the
APOE4/E4 genotype (AD44). (B) Quantitation of gel lanes, as illustrated in panel A (N =
5 — 6 per group). *Adjusted P<0.04 by heteroscedastic t test, treating each experiment
as a single data point. Enrichment of (C)14-3-3G and (D) hexokinase-1 in aggregates
from AD or heart disease (HtD) hippocampi, based on LC-MS/MS spectral counts
identified as peptides from these proteins. (A — D) Significances of inter-group differences
were determined by chi-squared or Fisher exact tests, as appropriate to the observed
numbers: *P<0.05; **P<0.01; ***P<0.001. (E) Detergent-soluble and detergent-insoluble
aggregates are reduced in C. elegans with a 14-3-3 knockout (ftt-2 KO, “~") vs. WT (“+”).
(F) Quantitation of soluble and insoluble aggregates from C. elegans ftt-2 knockout strain
vs. WT (biological N=5-6 per group). **P<0.01 by heteroscedastic t test, treating each

experiment as a single data point to evaluate reproducibility.

Figure 2. 14-3-3 proteins co-aggregate with hexokinase-1 in AD and heart-disease
brain tissue.

(A) Interactome subnetwork of 14-3-3G and its direct contacts, derived by crosslinking
AB-IP aggregates from AMC vs. AD hippocampi. (B) Molecular model of 14-3-3G (blue)
adhesion to HK1 (green). The crosslink-based interface, coinciding with the druggable
pocket targeted in library screens, is highlighted in maroon. (C) The FDA-approved drug
ezetimibe is predicted to bind avidly to the 14-3-3G::hexokinase-1 interface, based on
AG values from Molecular-Dynamic simulations. (D) Average intermolecular H-bonds
between 14-3-3 and HK1 were predicted for 10 — 200 ns of simulation; error bars
represent £+ SEM. ****P< 1E-142 by 2-tailed t test. (E) Co-immunoprecipitation (co-IP)
of 14-3-3 recovers less hexokinase (indicated by lower HK1/14-3-3 ratios) from human
SY5Y-APPsw neuroblastoma cells treated 48 hours with 10-uM ezetimibe. The
histogram combines data from triplicate assays (each P<0.01 by 2-tailed hetero-
scedastic t tests). Within-assay P values (indicated over brackets) were assessed by

chi-squared tests.



Figure 3. Ezetimibe reduces aggregation in 3 human-cell models of AD aggregation.
(A) SY5Y-APPsw neuroblastoma cells expressing an APPsw transgene from a familial-AD
pedigree; (B) HEK-tau cells, human embryonic kidney cells expressing normal human
tau; (C) SY5Y-tau, human neuroblastoma cells expressing normal human tau. Cells were
imaged after 48 hr. of treatment with vehicle (control) or ezetimibe at near-optimal doses
indicated. **P<0.01; ***P<1E -5, by 2-tailed t tests (each N = 30). In the typical images
under A-C, green fluorescence reflects Thioflavin T staining for amyloid; blue
fluorescence shows DAPI staining of nuclear DNA, used to count cells per field. Under
panel C, SY5Y-tau cells were treated with ezetimibe and stained with Proteostat, another
molecular-rotor dye, showing a reduction in tau aggregation after ezetimibe. (D) Images
of SYSY-APPsw cells treated with rapamycin (10 uM for 24 hr.) to induce autophagy, +
ezetimibe as indicated. The histogram summarizes green fluorescence intensity per cell
(directly proportional to autophagy induction), calculated from fluorescence images; error
bars represent SEM. *P<0.02, based on a 2-tailed heteroscedastic t test for 3 independent

experiments assaying different cell expansions.

Figure 4. Ezetimibe reduces aggregation and its sequelae in multiple AD models.
Ezetimibe reduces protein aggregation in (A) human NT2 neuroblastoma cells, and (B)
human T98G glioma cells. (C) Ezetimibe treatment of C. elegans strain CL2355,
expressing human AB1-42 in all neurons, improves chemotaxis >2-fold. (D) Ezetimibe
treatment of C. elegans strain VH255, expressing normal human tau protein in muscle,
reduces paralysis at days 8 and 13 post-hatch. (E) Ezetimibe (10 yuM) reduces amyloid
burden in transgenic C. elegans strain expressing AB::mCherry in neurons (red
fluorescence). (A, B) Significance of differences by 2-tailed t tests (each N > 30):
*P<0.05; **P<0.005; ***P<0.001; (C — E) *P<0.05; **P<0.01; ***P<1E- 4 by 2-tailed

heteroscedastic f tests.
Figure 5. Ezetimibe protects against age-associated neuronal loss.

Worms of C. elegans strain UA57, expressing GFP in all dopaminergic neurons, were
treated with 0.01% DMSO (control), or 10-uM ezetimibe, and imaged at 22 days post-
hatch, capturing fluorescence with a Keyence microscope BZ-X series (IL, U.S.A). The
histogram shows replicate results, and means + 1 Standard Deviation. *The intergroup

difference is significant by 2-tailed heteroscedastic t test at P<0.03.
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Figure 2
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Figure 3
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Figure 4
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Figure 5

CONTROL

CONTROL

EZETIMIBE 10 pm

'\:. ‘/

EZETIMIBE 10 pm

Average Neuronal Fluorescence
(arbitrary units)

250 -

200 -

150 -

100 -

Ul
[=]
'

o
'

n




Table 2. General characteristics of populations used to calculate relative risk * ezetimibe

Characteristics

Study Population (n, %)

No Ezetimibe use Ezetimibe use SMD
Total number (n, %) 944983 (100.0) 4361 (100.0) 0.017
Entry age (mean (SD)) 64.94 (5.20) 64.86 (4.58) 0.156
Sex =M (%) 437410 (46.3) 2357 (54.0) 0.014
Followup duration category (% of subjects)
<1lyr 247726 (26.2) 1119 (25.7)
1-3 yrs 29609.2 (31.3) 1387 (31.8)
>3 yrs 401165 (42.5) 1855 (42.5)
Stroke 11521 (1.2) 31(0.7) 0.052
Hypertension 352882 (37.3) 1427 (32.7) 0.097
Diabetes 169247 (17.9) 736 (16.9) 0.027
Depression 41626 (4.4) 97 (2.2) 0.122
CKD 51126 (5.4) 145 (3.3) 0.102
CAD 73387 (7.8) 547 (12.5) 0.159
AMI 1628 (0.2) 7(0.2) 0.003
ADRD 7467 (0.8) 5(0.1) 0.101

Abbreviation: SMD, Standardized Mean Difference

Relative Risk = 0.14 (95% Confidence Interval 0.06 — 0.34, P<0.0001)




Table 3. Analysis of characteristics and ADRD incidence among CAD patients, used to
calculate relative risk in this ADRD-predisposed subgroup, * ezetimibe

Characteristics

Study Population (n, %)

No Ezetimibe use Ezetimibe use SMD

Total number (n, %) 73387 (100.0) 547 (1000) 0.148
Entry age (mean (SD)) 66.56 (4.89) 65.85 (4.61) 0.217
Sex =M (%) 51342 (70.0) 434 (79.3) 0.104
Followup duration category (% of subjects)

<1lyr 6861 (9.3) 68 (12.4)

1-3 yrs 18481 (25.2) 140 (25.6)

>3 yrs 48045 (65.5) 339 (62.0)
Stroke 2152 (2.9) 9 (1.6) 0.086
Hypertension 49222 (67.1) 297 (54.3) 0.264
Diabetes 22068 (30.1) 92 (168) 0.317
Depression 3467 (4.7) 11 (2.0) 0.151
CKD 7888 (107) 21(3.8) 0.268
CAD 73387 (100.0) 547 (100.0) <0.001
AMI 1608 (2.2) 7(1.3) 0.07
ADRD 1076 (1.5) 1(0.2) 0.142

Abbreviation: SMD, Standardized Mean Difference

Relative Risk = 0.122 (95% Confidence Interval 0.02 — 0.88, P<0.006)




	SY5Y-APPSw neuroblastoma cells were plated at 10,000 cells per well in 8-chambered slides. Ezetimibe or vehicle (control) were added after 16 hours, and autophagy assessed 48 h later using an Autophagy Assay Kit (ab139484, Abcam).   A KeyenceTM m...

