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ABSTRACT

Cellular senescence is a hallmark of aging and the age-related condition, Alzheimer’s disease (AD). How
senescence contributes to cholinergic and neuropathologic changes in AD remains uncertain. Furthermore, little
is known about the relationship between senescence and cholinesterases (ChEs). Acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE) are important in neurotransmission, cell cycle regulation, and AD amyloid-8
(AB) pathology. Senolytic agents have shown therapeutic promise in AD models. Therefore, we evaluated in
vitro and in silico activity of senolytics, dasatinib (1), nintedanib (2), fisetin (3), quercetin (4), GW2580 (5), and
nootropic, meclofenoxate hydrochloride (6), toward AChE and BChE. As ChEs associated with AD pathology
have altered biochemical properties, we also evaluated agents 1-6 in AD brain tissues. Enzyme kinetics showed
agents 1, 3, 4, and 6 inhibited both ChEs, while 2 and 5 inhibited only AChE. Histochemistry showed inhibition
of AB plaque-associated ChEs (1 and 2: both ChEs; 5: BChE; 6: AChE), but not normal neural-associated ChEs.
Modeling studies showed 1-6 interacted with the same five binding locations of both ChEs, some of which may
be allosteric sites. These agents may exert their beneficial effects, in part, by inhibiting ChEs associated with AD
pathology and provide new avenues for development of next-generation inhibitors targeting pathology-
associated ChEs.

INTRODUCTION

The concept of cellular senescence was first used
to describe diploid cells that ceased to proliferate
[1]. Under normal conditions, cellular senescence
has been suggested to be involved in maintaining
tissue homeostasis during embryonic development,
wound healing and repair, and suppression of tumor
proliferation [2]. However, chronic accumulation of
these cells can lead to deleterious effects. Cellular
senescence is described as a hallmark of aging and
age-related conditions such as Alzheimer’s disease
(AD) [2, 3].

Cellular senescence is identified by permanent cell
cycle arrest and resistance to apoptosis in proliferative

cells such as astrocytes, microglia, oligodendrocytes,
and endothelial cells [2]. It is independently regulated
by the tumor suppressor p53/p21 and pl6/pRB
pathways [3] that result in preventing G; to S phase
transition in the cell cycle [4, 5]. Cellular senescence is
triggered by activation of harmful genes and sustained
endogenous and exogenous stresses, including DNA
and oxidative damage, telomere shortening, mitogenic
and oncogenic signaling, mitochondrial dysfunction,
and chromatin and lysosomal alterations [2].

Senescent cells are characterized by increased
accumulation of the lysosomal enzyme senescence-
associated-p-galactosidase [6] and lipofuscin [7], as
well as the robust secretion of senescence-associated
secretory phenotype (SASP) factors [8] including
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activated inflammatory cytokines (e.g. interleukin 1§
(IL-1B), interleukin 6 (IL-6), and tumor necrosis factor
o (TNFa), chemokines, metalloproteinases, extracellular
matrix components, and growth factors and regulators
[2, 9]. Non-proliferative post-mitotic cells, like neurons,
can also exhibit an increase in senescence-associated-f-
galactosidase and lipofuscin. They also secrete SASP
inflammatory factors [10], the hallmarks of senescence.

For more than 30 years, there has been an interest
in the association between cognitive decline and
cholinergic neurotransmission in aging, particularly
in AD [11-13]. Regarding brain senescence, many
facets of the cholinergic system, such as the
neurotransmitter acetylcholine, synthesizing enzyme
choline acetyltransferase (ChAT) and nicotinic and
muscarinic acetylcholine receptors (nAChR and mAChR,
respectively), have received great attention [14-18].
However, there have been few studies exploring the
relationship between senescence and cholinesterases
(ChEs) [18-23].

Acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) are related serine hydrolases that co-regulate the
cholinergic system through hydrolysis of acetylcholine
[24, 25]. In the normal brain, BChE is primarily
expressed in white matter, glia and distinct subcortical
populations of neurons important for cognition and
behavior while AChE is found in neurons and neuropil
throughout the brain, with very little in white matter
[24, 26, 27]. Although both ChEs share structural
similarities [28] and functional homology [29], both
AChE and BChE have distinct functions in health and
disease beyond neurotransmission [25, 30].

In normal aging, there is a gradual decline in cholinergic
function resulting in reduced levels of acetylcholine,
ChAT, nAChRs, mAChRs, and AChE [31]. On the
other hand, BChE activity has been shown to increase
with age in the normal brain [32]. These changes have
been correlated with age-related cognitive decline
[11, 33]. In AD, pronounced cholinergic dysfunction is
attributed to widespread loss of cholinergic neurons and
significantly reduced acetylcholine levels that contribute
to the salient cognitive and behavioural deficits
characteristic of the disease [34, 35]. In turn, AChE
levels are significantly reduced [36], while BChE levels
remain the same [37] or increase [36, 38]. AChE and
BChE are associated with the pathological hallmarks of
AD, amyloid-B (AB) plaques and tau neurofibrillary
tangles [39, 40], however, these enzymes are not
associated with other dementia-related neuropathologies
[41-43]. A role for BChE in the maturation of AP
plaques, and consequently, AD progression [39] has
been suggested due to its distinct association with
the “malignant” fibrillar plaques of AD brains but not

the “benign” non-fibrillar plaques typically found in
cognitively normal, aged brains [40, 41]. Plaque-bound
ChEs appear to undergo a conformational change that
alters their biochemical properties and differentiates
these enzymes from those associated with normal neural
elements [37, 44-46]. These biochemical changes lead
to altered binding affinities [44, 47] and subsequent
inhibitor sensitivities between ChEs associated with AD
pathology and with normal neural elements [37, 44, 45].
Such alterations have significant implications in the
design and development of potential next-generation
therapeutic approaches targeting AChE and BChE for
treatment of AD.

In addition to termination of cholinergic signaling,
BChE is also involved in hydrolysis of the growth
hormone secretagogue ghrelin, drug hydrolysis, lipid
metabolism, detoxification of xenobiotics, and protein
interaction and modification [25, 48, 49]. Moreover,
both ChEs are also involved in cell proliferation
and neural development [50, 51]. The non-cholinergic
functions of AChE and BChE have been attributed
to sharing similar sequence homologies of cell
adhesion and ChE-like cell adhesion molecules [52,
53]. However, under pathological conditions, cell
proliferation and apoptotic functions of ChEs appear
altered. For instance, high levels of BChE activity and
BCHE expression have been implicated in the rapid
undifferentiated cellular proliferation of several brain
tumor types [54, 55]. However, this rate of proliferation
was reduced through the abolition of BCHE and BChE
enzyme [55]. The BCHE gene has been shown to be
upregulated in cell immortality in tumor development,
whereby unchecked cell proliferation and evasion of
cell death prevail, however, BChE suppression was
shown to increase the rate of apoptotic processes [56].

Many approved and experimental cancer therapies
are pro-apoptotic agents that exert their effects by
targeting several intrinsic and extrinsic signaling
pathways, including tumor suppressor pathways [57].
Furthermore, a number of these anti-cancer agents
have been repurposed as senolytic agents as they
also exhibit suppression of cellular senescence [58].
However, only a few senolytics have been identified
as potential ChE inhibitors (ChEIs) [59, 60]. ChEls
that target AChE, BChE, or both [61], are a class
of drugs that have been widely used for the treatment
of several conditions, most notably the cognitive
and behavioral symptoms associated with AD [62].
Several ChEls, such as the AChE-selective donepezil
and galantamine and the BChE-selective rivastigmine
have shown to modulate apoptotic pathways and exert
potent anti-inflammatory effects, in addition to their
primary mode of action of increasing acetylcholine
levels [63-65].

WWWw.aging-us.com

AGING



Cellular senescence is a significant contributor to low
levels of chronic inflammation in normal aging, with
notably increased levels of inflammatory cytokines in
AD [2]. There is an established relationship between
cholinergic function and immunomodulation [66-
69]. Immune cells are equipped with the necessary
cholinergic components, including ChAT, nAChRs and
mMAChRs, as well as AChE and BChE, required for
modulation of cell activity through the cholinergic
anti-inflammatory pathway (CAIP). ChEls stimulate
CAIP [70, 71], leading to decreases in macrophage and
microglial secretion of pro-inflammatory cytokines such
TNFa, IL-1B, and IL-6 [66, 67, 72].

Senolytic agents such as dasatinib, nintedanib, fisetin,
and quercetin and the nootropic, anti-aging agent
meclofenoxate hydrochloride (also referred to as
centrophenoxine) (Figure 1) have undergone or are
currently undergoing human clinical trials in patients
with age-related diseases [73-75]. They, along with the
senolytic GW2580, have also had promising results in
ameliorating inflammation, decreasing pathological
load, and improving cognition in preclinical models of
aging and AD [76-84]. However, the mechanism(s) by
which senescent cells and their pro-inflammatory SASP
factors contribute to aging and neurodegeneration,
including neuropathology and dysfunction of the
cholinergic system and CAIP is unknown. It has
been suggested that increasing the bioavailability
of acetylcholine for CAIP activation, via ChE
inhibition, could be an attractive avenue for decreasing
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neuroinflammation and modulating apoptotic activity
in aging and AD [72, 85].

Because of the importance of ChEs in cell
communication, the cell cycle, CAIP and AD neuro-
pathology, we evaluated the enzyme Kinetic properties
of several senolytic and nootropic agents towards
AChE and BChE to determine if they were inhibitors of
these enzymes. In addition, since biochemical
properties of ChEs associated with AD pathology are
different from those associated with normal neural
elements, using histochemical methods, we also
evaluated whether these compounds inhibited ChEs
that are associated with AP plaques in AD.
We show that the selected senolytics and nootropic
inhibit ChEs associated with plaques but not the
enzymes associated with normal neural elements.
Together, these findings suggest that these senolytic
agents may exert their beneficial effects, in part, by
inhibiting ChE-associated with AP pathology and
providing new avenues for the development of the next
generation of ChE inhibitors targeting AD pathology-
associated ChEs.

RESULTS
Enzyme Kinetic studies
To determine experimental inhibition constants (Ki

values) and mode of inhibition for senolytic and
nootropic compounds 1-6 with ChEs, Lineweaver-Burk
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Figure 1. Chemical structures of approved and investigational senolytic (1-5) and nootropic (6) agents. Structures were drawn
using ChemDoodle: 2D Chemical Drawing, Publishing and Informatics (Version 11.10, iChemLabs, LLC, Somerset, NJ, USA).
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plots were generated (Figures 2, 3), as described
previously [86]. Calculated experimental K; values
(uM) are shown in Table 1. Where ChE inhibition
constants for compounds were identified previously in
the literature [60, 87], K; values observed herein were
also similar (Table 1). All compounds showed some
degree of ChE inhibition, except for 2 and 5 which did
not inhibit BChE. Nintedanib (2) showed activity that
was too low to conduct a full inhibition study.

Modes of inhibition were determined from Lineweaver-
Burk plots, with most compounds showing mixed
non-competitive inhibition, often indicative of allosteric
binding — double reciprocal plot trendlines crossing
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between x- and y-axes (Figures 2, 3). Fisetin (3) was
the exception, showing robust competitive inhibition
for AChE — trendlines crossing at the y-axis (Figure
2C), and clear uncompetitive inhibition with BChE —
trendlines are parallel (Figure 3B). These results show
that 3 outcompetes acetylthiocholine iodide (ATChl)
for the active site of AChE; while 3 only targets the
enzyme-butyrylthiocholine iodide (BTChl) complex at
which point it could bind to the active or allosteric sites
to render inhibition of BChE. All other senolytic and
nootropic agents are likely binding to only allosteric
sites or a combination of active and allosteric sites, to
produce the observed mixed non-competitive inhibitory
responses.
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Figure 2. Lineweaver-Burk (LB) plots showing inhibition of acetylcholinesterase (AChE) upon treatment with varying concentrations of
senolytic and nootropic agents 1-6 (A—F, respectively). Each compound was assessed at a range of concentrations (0-83 uM), with 0 M (A),
middle concentration (®), and highest concentration (m). Slopes from LB plot trendlines were plotted against compound concentrations to
generate K; values as the x-intercept (insert graphs). Enzyme kinetic experiments were performed in triplicate and kinetic parameter values

were averaged.
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Histochemical studies

Of the AD brains selected for this study (Table 2),
three cases were previously described to have robust
AB-, AChE-, and BChE-associated plaque loads in the
cerebral cortex [42, 46, 88]. The fourth case, BB11-010,
also showed severe AD and ChE-associated pathology,
consistent with the other selected cases.

Histochemical staining was done at pH 6.8 to allow
for the visualization of ChE activity associated with
plaques, while pH 8.0 was used to visualize ChE
activity associated with normal neural elements, as
shown previously [37, 88]. The staining quality of ChEs
in tissues selected for this study were examined using
the standard Karnovsky-Roots (KR) substrate staining
method and found to be appropriate prior to treatment
with compounds 1-6.

The use of senolytic and nootropic compounds 1-6 in
KR histochemical staining resulted in varying degrees
of inhibition of AChE and BChE activity associated
with normal neural elements (pH 8.0) and plaques
(pH 6.8) in human AD brain tissues, ranging from
no inhibition (-) to strong inhibition (xxx). Qualitative
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analysis of each of the four AD cases selected is
described as the average rankings for each compound
in Table 3. Representative photomicrographs showing
AChE and BChE histochemical staining of AD brain
tissues with or without treatment with compounds 1-6
are shown in Figures 4-9.

In the presence of compound 1, AChE staining
associated with plaques was reduced by varying
degrees when compared with control staining at pH 6.8
(Table 3 and Figure 4A, 4B). While two of the AD
cases showed complete inhibition of AChE-associated
plaques, the remaining cases only showed moderate
reduction in staining. Compound 1 showed complete
inhibition of BChE activity associated with plaques in
all cases, although white matter staining remained when
compared to control staining at pH 6.8 (Table 3 and
Figure 4E, 4F). There was no inhibition of AChE or
BChE staining associated with normal neural elements
(pH 8.0) in any cases, relative to controls, when treated
with compound 1 (Figure 4C, 4D, 4G, 4H).

Similarly, complete inhibition of both AChE and
BChE activity associated with plaques, compared to
controls, was observed in the presence of compound 2
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Figure 3. Lineweaver-Burk (LB) plots showing inhibition of butyrylcholinesterase (BChE) upon treatment with varying concentrations of
senolytic and nootropic agents 1, 3, 4 and 6 (A-D, respectively). Compounds 2 and 5 showed too little inhibition to complete LB kinetics. Each
compound was assessed at a range of concentrations (0-140 uM), with 0 M (A ), middle concentration (e), and highest concentration (m).
Slopes from LB plot trendlines were plotted against compound concentrations to generate K; values as the x-intercept (insert graphs). Enzyme
kinetic experiments were performed in triplicate and kinetic parameter values were averaged.
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Table 1. Experimental inhibition constants (K values) and mode of inhibition for
compounds 1-6 with acetylcholinesterase (AChE) and butyrylcholinesterase (BChE).

Experimental AChE K; (uM)

Experimental BChE K; (uM)

Compound (Mode of inhibition) (Mode of inhibition)
Literature AChE Kivalues Literature BChE K values
28.22 3.36
Dasatinib (1) . .\ . -
(Mixed Non-competitive) (Mixed Non-competitive)
7.10 No Inhibiti
Nintedanib (2) . . o Tmhibion
(Mixed Non-competitive)
109.81 94.35
Fisetin (3) (Competitive) (Uncompetitive)
100.2? 94.22
62.19 51.49
Quercetin (4) (Mixed Non-competitive) (Mixed Non-competitive)
38.3%,76.2° 68.0%, 46.8°
70.97 No Inhibiti
GW2580 (5) _ , o HhibiHen
(Mixed Non-competitive)
Meclofenoxate 63.20 76.30
Hydrochloride (6) (Mixed Non-competitive) (Mixed Non-competitive)

aKi values taken from Katalini¢ et al. [60].
bK; values taken from Orhan et al. [87].

Table 2. Demographic information for Alzheimer’s disease (AD) brain tissues used.

Case # Neur(;)i[:‘ agtliloosli(;glcal Sex Age (y) weli;;l“:‘tn(g) Braak stage CERzzi)orElaque
BB11-010 AD M 93 1254 v Frequent
BB11-026 AD M 98 1066 v Frequent
BB11-039 AD F 92 1009 v Frequent
BB12-035 AD F 84 1120 VI Frequent

2CERAD, Consortium to Establish a Registry for Alzheimer’s Disease.

(Figure 5A, 5B, 5E, 5F). There was no inhibition of
ChE staining associated with normal neural elements
(Table 3 and Figure 5C, 5D, 5G, 5H).

The two flavonoids, compounds 3 and 4, produced
identical results under KR histochemical conditions
(Table 3 and Figures 6, 7). When the aqueous stock
solutions of 3 and 4 were added to their KR staining
solutions, there were noticeable color and solubility
changes from the original stocks. The stock solution of
compound 3 was a cloudy, peach color, which turned
umber and precipitated upon addition to the KR
solution. The stock solution of compound 4 was a
cloudy, neon yellow color, which turned brown and
likewise precipitated when added to the KR solution.
These observations indicated that the lack of ChE
staining at pH 6.8 and 8.0 for tissues tested with

compounds 3 and 4 (Figures 6, 7) were likely due to
both flavonoids forming complexes with metal ions of
the KR solution, iron and/or copper [89, 90], necessary
for the staining reaction to occur. Thus, producing the
false impression of inhibitory activity.

Compound 5 did not inhibit staining of AChE
associated with plaques; however, it did inhibit staining
of BChE associated with plaques when compared to
control staining (Table 3 and Figure 8A, 8B, 8E, 8F).
Furthermore, compound 5 did not inhibit either ChE
associated with normal neural elements compared to
controls (Table 3 and Figure 8C, 8D, 8G, 8H).

Lastly, compound 6 showed moderate to strong
inhibition of AChE-associated plaque staining
and slight inhibition of BChE-associated plaque
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Table 3. Qualitative analysis of senolytic and nootropic compound inhibition of Karnovsky-
Roots staining for acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
associated with B-amyloid plaques (pH 6.8) and normal neural elements (pH 8.0) in human
orbitofrontal cortex and thalamus Alzheimer’s disease brain tissues.

Staining results

Senolytic compound

AChE pH 6.8 BChE pH 6.8 AChE pH 8.0 BChE pH 8.0

Dasatinib (1) XX/x? XXX - -
Nintedanib (2) XXX XXX - -
Fisetin (3) See below® See below® See below® See below®
Quercetin (4) See below® See below® See below® See below®
GW2580 (5) - X/XX - -
Meclofenoxate XX/X X - -
Hydrochloride (6)

@The inhibition in AChE or BChE staining resulting from senolytic and nootropic compound
competition was categorized as: — (no inhibition), x (slight inhibition), xx (moderate inhibition), or xxx
(strong inhibition).

bThe presence of these compounds in the reaction mixture led to the chelation and precipitation of
metal ions necessary for the Karnovsky-Roots method. Thus, histochemical staining could not be done.

staining when compared to control staining for AChE
and BChE, respectively (Figure 9A, 9B, 9E, 9F).
Although reduced, the appearance of AChE inhibition
associated with plaques varied when comparing all AD
cases. Cases with a relatively higher plaque burden
appeared to have less reduction in ChE staining than
cases with a relatively lower plaque burden. When
comparing appropriate control sections to those stained
in the presence of compound 6, the degree of inhibition
remained the same in amongst all cases (not shown).
Compound 6 did not inhibit AChE or BChE staining
associated with normal neural elements (Table 3 and
Figure 9C, 9D, 9G, 9H).

Molecular docking studies

Cholinesterase inhibitors are known to bind to varying
sites on ChEs to yield effects on catalytic activity.
In silico molecular docking studies provide a means of
assessing potential enzyme binding sites and amino
acid residue interactions that could contribute to the
observed activity of compounds. As such, understanding
the structural characteristics and features of AChE
and BChE is essential to appropriately investigate the
potential mechanisms of action for active compounds.
Structural features of ChEs used to analyze molecular
docking studies were based on the published x-ray
crystal structures of these enzymes [91, 92].

AChE and BChE possess many of the same structural
components and similar amino acid residues that are
essential for catalytic activity. Though the volume of
the active site gorge and the diameter of the gorge
opening are larger in BChE than in AChE (~500 A3 vs.

~300 A3, ~16 A vs. ~11 A) [93], they both have a
similar depth of ~20 A and contain the same five main
active site regions with key residues and structural
features (acyl loop, Q-loop, -helix) shown in Figure
10. These five regions include: 1) the catalytic active
site (CAS) at the base of the gorge, comprised of
the catalytic triad, serine (S203 for AChE, S198 for
BChE), histidine (H447, H438), and glutamate (E334,
E325); 2) the acyl binding pocket (ABP) at the mouth
of the gorge; 3) the peripheral anionic site (PAS) at
the mouth of the gorge; 4) the m-cationic site (PCS)
midway down the gorge; and 5) the oxyanion hole
(OAH) next to the catalytic serine at the bottom of the
gorge (Supplementary Figure 1).

In addition to the main active site gorge, there are
several proposed sites that are entry/exit routes for
substrates and hydrolysis products that surround and
share some residues of the active site gorge, the acyl
and Q-loops, and the g-helix. These sites are denoted
as the acyl, side, and back doors (Figure 10A) [94—
97]. The discovery of the back door was originally
hypothesized as an alternate exit route for choline from
the active site of AChE following the hydrolysis of
acetylcholine, and offered a possible explanation for its
high turnover rate despite the restricted opening of the
active site gorge [97]. The side and acyl doors were
later proposed as additional entry/exit points to the
gorge (Figure 10A) [94, 96, 98]. While these “doors”
have not been described in detail in the literature for
BChE, their key residues and structural components are
likewise present in the BChE structure (Figure 10B),
with many of the residues conserved between the two
enzymes.
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Figure 4. Effect of dasatinib (1) on histochemical staining of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE).
Representative photomicrographs of histochemical staining of AChE (A-D) and BChE (E—H). Staining at pH 6.8 demonstrates AChE- (A) and
BChE (E)-associated plaques in the Alzheimer’s disease (AD) orbitofrontal cortex (arrows). Staining at pH 8.0 demonstrates AChE (C) and BChE
(G) associated with normal neural structures in the AD thalamus (arrowheads showing neurons). Dasatinib (1) inhibits AChE (B) and BChE (F)
associated with AD plaques but not AChE (D) and BChE (H) associated with normal neural elements. Note, for ease of reference, identical
images of the positive control staining of AChE and BChE at pH 6.8 and 8.0 (A, C, E, G) were used herein and in Figures 5-9 (A, C, E, G) to help
compare directly the effects of each senolytic or nootropic agent on the standard Karnovsky-Roots (KR) histochemical staining method.
Abbreviations: OFC, orbitofrontal cortex; VA, ventroanterior thalamic nucleus; WM, white matter. Scale bar = 500 um.

Figure 5. Effect of nintedanib (2) on histochemical staining of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE).
Representative photomicrographs of histochemical staining of AChE (A-D) and BChE (E—H). Staining at pH 6.8 demonstrates AChE- (A) and
BChE (E)-associated plaques in the Alzheimer’s disease (AD) orbitofrontal cortex (arrows). Staining at pH 8.0 demonstrates AChE (C) and BChE
(G) associated with normal neural structures in the AD thalamus (arrowheads showing neurons). Nintedanib (2) inhibits AChE (B) and BChE
(F) associated with AD plaques but not AChE (D) and BChE (H) associated with normal neural elements. Note, for ease of reference, identical
images of the positive control staining of AChE and BChE at pH 6.8 and 8.0 (A, C, E, G) were used herein and in Figures 4, 6-9 (A, C, E, G) to
help compare directly the effects of each senolytic or nootropic agent on the standard Karnovsky-Roots (KR) histochemical staining method.
Abbreviations: OFC, orbitofrontal cortex; VA, ventroanterior thalamic nucleus; WM, white matter. Scale bar = 500 um.
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Figure 6. Effect of fisetin (3) on histochemical staining of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE).
Representative photomicrographs of histochemical staining of AChE (A-D) and BChE (E—H). Staining at pH 6.8 demonstrates AChE- (A) and
BChE (E)-associated plaques in the Alzheimer’s disease (AD) orbitofrontal cortex (arrows). Staining at pH 8.0 demonstrates AChE (C) and BChE
(G) associated with normal neural structures in the AD thalamus (arrowheads showing neurons). Staining reactions for AChE and BChE at pH
6.8 (B and F) or pH 8.0 (D and H) in the presence of fisetin (3) could not be done due to compound 3 precipitating out of solution, most likely
due to chelating with metal ions required for the Karnovsky-Roots (KR) staining method. Note, for ease of reference, identical images of the
positive control staining of AChE and BChE at pH 6.8 and 8.0 (A, C, E, G) were used herein and in Figures 4, 5, 7-9 (A, C, E, G) to help compare
directly the effects of each senolytic or nootropic agent on the standard KR histochemical staining method. Abbreviations: OFC, orbitofrontal
cortex; VA, ventroanterior thalamic nucleus; WM, white matter. Scale bar = 500 um.

A

-

Figure 7. Effect of quercetin (4) on histochemical staining of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE).
Representative photomicrographs of histochemical staining of AChE (A-D) and BChE (E—H). Staining at pH 6.8 demonstrates AChE- (A) and
BChE (E)-associated plaques in the Alzheimer’s disease (AD) orbitofrontal cortex (arrows). Staining at pH 8.0 demonstrates AChE (C) and BChE
(G) associated with normal neural structures in the AD thalamus (arrowheads showing neurons). Staining reactions for AChE and BChE at pH
6.8 (B and F) or pH 8.0 (D and H) in the presence of quercetin (4) could not be done due to compound 4 precipitating out of solution, most likely
due to chelating with metal ions required for the Karnovsky-Roots (KR) staining method. Note, for ease of reference, identical images of the
positive control staining of AChE and BChE at pH 6.8 and 8.0 (A, C, E, G) were used herein and in Figures 4-6, 8, 9 (A, C, E, G) to help compare
directly the effects of each senolytic or nootropic agent on the standard BChE KR histochemical staining method. Abbreviations: OFC,
orbitofrontal cortex; VA, ventroanterior thalamic nucleus; WM, white matter. Scale bar = 500 um.

WWw.aging-us.com 830 AGING



Figure 8. Effect of GW2580 (5) on histochemical staining of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE).
Representative photomicrographs of histochemical staining of AChE (A-D) and BChE (E—H). Staining at pH 6.8 demonstrates AChE- (A) and BChE
(E)-associated plaques in the Alzheimer’s disease (AD) orbitofrontal cortex (arrows). Staining at pH 8.0 demonstrates AChE (C) and BChE (G)
associated with normal neural structures in the AD thalamus (arrowheads showing neurons). GW2580 (5) inhibits BChE (F) but not AChE (B)
associated with AD plaques but not AChE (D) and BChE (H) associated with normal neural elements. Note, for ease of reference, identical images
of the positive control staining of AChE and BChE at pH 6.8 and 8.0 (A, C, E, G) were used herein and in Figures 4-7, 9 (A, C, E, G) to help compare
directly the effects of each senolytic or nootropic agent on the standard Karnovsky-Roots (KR) histochemical staining method. Abbreviations:
OFC, orbitofrontal cortex; VA, ventroanterior thalamic nucleus; WM, white matter. Scale bar = 500 pm.

Figure 9. Effect of meclofenoxate hydrochloride (6) on histochemical staining of acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE). Representative photomicrographs of histochemical staining of AChE (A-D) and BChE (E—H). Staining at pH
6.8 demonstrates AChE- (A) and BChE (E)-associated plaques in the Alzheimer’s disease (AD) orbitofrontal cortex (arrows). Staining at pH 8.0
demonstrates AChE (C) and BChE (G) associated with normal neural structures in the AD thalamus (arrowheads showing neurons).
Meclofenoxate hydrochloride (6) inhibits AChE (B) and, to a certain extent, BChE (F) associated with AD plaques but not AChE (D) and BChE
(H) associated with normal neural elements. Note, for ease of reference, identical images of the positive control staining of AChE and BChE at
pH 6.8 and 8.0 (A, C, E, G) were used herein and in Figures 4-8 (A, C, E, G) to help compare directly the effects of each senolytic or nootropic
agent on the standard Karnovsky-Roots (KR) histochemical staining method. Abbreviations: OFC, orbitofrontal cortex; VA, ventroanterior
thalamic nucleus; WM, white matter. Scale bar = 500 um.
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Utilizing a blind docking approach [99], with five
docking poses generated in each docking experiment
and repeated in triplicate, compounds 1-6 localized
to the same five main ChE sites (Figure 10C, 10D)
identified using the Molecular Operating Environment
(MOE) Site Finder feature. These five sites are denoted
as follows: (I) enzyme active site gorge, (Il) pocket
behind ChE acyl loop, (I11) pocket behind ChE catalytic
glutamate and €-helix, (IV) pocket behind key ChE

A

Acyl Loop

Active Site Y124
g-helix Gorge 4

active site tryptophan (“Back Door”), and (V) other site
located on the opposite side of the enzyme, away from
the active site gorge. While blind docking experiments
with compounds 1-6 did not show all five of these sites
in each experiment, compound blind docking poses
were distributed between these five ChE enzyme
locations (Supplementary Table 1). These five binding
pockets are displayed for each ChE crystal structure in
Figure 10C, 10D.

Acyl Loop

Figure 10. Structural components and amino acid residues that are essential for the catalytic activity of acetylcholinesterase
(AChE) and butyrylcholinesterse (BChE). (A) 2D depiction of the entry/exit routes (“doors”) to the active site gorge of AChE. Amino acids
are labelled and arranged according to their structural placement around the gorge, with those located on the opposite side to the viewing
plane shown through the transparent green gorge wall. (B) AChE (PDB: 4MOE, 2.00 A) [91] and BChE (BChE; PDB: 4TPK, 2.70 A) [92] enzyme
ribbon structures are overlayed to show structural conservation between the two enzymes. The catalytic triad residues are shown in yellow.
(C, D) The five main compound binding site pockets (I-V) of AChE (C) and BChE (D) are identified as the enzyme active site gorge (lime green,
1), pocket behind ChE acyl loop (pink, 11), pocket behind ChE catalytic glutamate (orange, Ill), pocket behind ChE active site tryptophan (Back
Door, blue, V), and other binding pocket (teal, V). Structural features of AChE and BChE including the acyl loop (pink), Q-loop (blue), and €-
helix (orange) are shown throughout each panel. Figures were generated using Microsoft PowerPoint for Microsoft 365 MSO (version 2409
build 18025.20104; Microsoft Corporation, Redmond, WA, USA) and Molecular Operating Environment 2022.02 (Chemical Computing Group

ULC, Montreal, Quebec, Canada).
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Senolytics 1 and 2 did not find the active site of
either ChE enzyme in blind docking experiments
(Supplementary Table 1). Compounds 3-6 localized
to the active site of AChE, while compounds 3, 4,
and 6 showed affinities for the active site of BChE
(Supplementary Table 1). Compound 5 did not find the
active site of BChE. Though compounds 3, 4, and 6
found the active site of both enzymes, only quercetin
(4) with BChE and fisetin (3) with AChE showed
predominant affinity for the active site gorge in blind
docking poses (Supplementary Table 1). Compounds
that did not find the active site (1, 2 for AChE; 1, 2, 5
for BChE) — or those that did not localize to the active
site in the majority of blind docking poses (4, 5 for
AChE; 3 for BChE) — showed affinity most frequently
to one major site on each enzyme, site 1l for AChE
and site Il for BChE (Supplementary Table 1).
Meclofenoxate hydrochloride (6) with both ChEs, and
nintedanib (2) with AChE showed equal affinity (6/15
poses) for two sites. For compound 2, these sites were
Il and 111 of AChE (Supplementary Table 1), while for
6 these were sites | and 11l with BChE, and I and IV
with AChE.

While it remains uncertain if the frequency of
localization of blind docking poses to specific enzyme
sites is indicative of true compound preference for
that site, or simply a result of varying factors related
to the blind modeling process [99-101], it is generally
accepted that the failure of a compound to find the active
site of an enzyme during blind docking experiments is
predictive of the compound not interacting with that
active site experimentally [99, 102-104]. Localization
to sites beyond the active site gorge of an enzyme may
indicate compound affinity for allosteric binding sites;
thus, all compounds were assessed in site-directed
docking experiments at all identified ChE sites. This
resulted in some compounds having multiple calculated
inhibition constants (K;i values) for different binding
sites, which are summarized in the Supplementary
Materials (Supplementary Table 2).

Predicted K; values were generally within the same
order of magnitude as experimentally determined
Ki values but were highly variable depending on
the enzyme site used for site-directed docking. For
example, dasatinib (1) docked with BChE at site 11 had
a sub-micromolar predicted K;, while the dock directed
to site 11l showed a predicted K; that was almost
identical to the experimental K; value (Supplementary
Table 2). Similarly, fisetin (3) and quercetin (4) found
the active sites of both ChEs in blind docks but
predicted K; values at these sites were much lower than
experimental values. However, the predicted K; values
at alternate sites for compounds 3 and 4 were closer to
their experimental values (Table 1 and Supplementary

Table 2). For AChE, site Il consistently showed K;
values closest to those determined experimentally (Table
1 and Supplementary Table 2). For BChE, there was
more variability in alternate sites, but site 111 produced
more accurate K; values for several compounds (Table
1 and Supplementary Table 2).

Key amino acid interactions between compounds 1-6
and residues of each ChE were analyzed for the top
site-directed docking pose at each identified site
(I-V; Supplementary Table 3). Their interaction type,
bond lengths, and residues’ location on the enzyme
were identified, with most being hydrogen bonding
interactions. Overall, similar amino acid residue
interactions were observed for compounds docked to
the same site (I-V). Likewise, many of these residues
were components of the acyl and Q-loops, the €-helix,
or were residues of the five main regions of the ChE
active site gorge (CAS, ABP, PAS, PCS, and OAH).

DISCUSSION

In normal aging, as well as in age-related diseases such
as AD, there is abnormal accumulation of senescent
cells in the brain [2, 3]. To address this, several
senolytic agents have been used to mitigate cellular
consequences of senescence [73, 74]. Both normal
aging and AD are characterized by changes to the
cholinergic system as reflected by reduction in the
levels of acetylcholine, ChAT, nAChRs, mAChRs, and
AChE [13, 31, 36], and an increase [32, 36, 38] or no
change [37] to the levels of BChE. AChE and BChE
are both associated with AD AP plaques and tau
neurofibrillary tangles [37, 39, 40]. The present work
was undertaken to determine whether compounds used
as senolytics or nootropics will inhibit ChEs, as these
compounds display the clinical benefits of reducing
senescent cells, SASP factors or lipofuscin and
improving cognitive functions [73, 76-79, 81, 82].
It was reasoned that this knowledge might facilitate
the development of next-generation ChEls/senolytics
to treat AD. We focused on evaluating the effects of
senolytic and nootropic agents 1-6 on ChEs associated
with AP plaques and normal neural elements in human
AD brain tissues, as well as evaluating the kinetic and
in silico profiles of compounds to gain insights into
their mechanisms of action.

Results from the experimental analyses undertaken
showed that compounds 1-6 are ChE inhibitors, with
most compounds showing inhibition of both ChEs using
Ellman’s method, with K; values ranging from 7-110 uM
for AChE and 3-95 uM for BChE. In enzyme kinetic
studies, compounds showed mixed non-competitive
inhibition, often indicative of allosteric binding [105],
apart from fisetin (3) which was a competitive inhibitor
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of AChE and an uncompetitive inhibitor of BChE. The
potency of senolytic and nootropic agents 1-6 for ChEs
is comparable to the known clinical ChE inhibitors that
were previously investigated in in vitro and in situ
studies [37]. For example, galantamine, a ChEI used in
the symptomatic treatment of AD, showed inhibition
of human AChE and BChE in the pM to sub-uM K;
range (0.52 uM for AChE, 2.09 uM for BChE) [37],
indicating that senolytic and nootropic ChE inhibition
is within pharmacological range to warrant future drug
development of novel ChEls based on senolytic and
nootropic agents.

Questions about the mechanistic behavior of compounds
1-6 towards ChEs arose in relation to their behavior
in histochemical studies. While it is relevant that
compounds 1-6 inhibited ChEs in enzyme Kinetic
studies, it is known that the biochemical properties of
AChE and BChE are altered when they are bound to
AD pathology compared to when they are associated
with normal neural structures [37, 44-46]. This is
emphasized by the finding that compounds 1, 2, 5,
and 6 selectively inhibit the histochemical staining of
both ChEs associated with AP plaques but not those
associated with normal neural structures. Further, it is of
note that the AD drug galantamine inhibits ChE staining
associated with both plaques and normal neural elements
[37]. The selective, differential inhibition pattern of
ChEs with some senolytics is a unique feature that will
be desirable in the development of next-generation AD-
modifying drugs that solely target pathology-associated
ChEs. The selective inhibition of ChEs is consistent
with a previous study that observed no effect on
AChE activity in the brains of middle-aged and aged
female wild-type mice when treated with a cocktail of
compounds 1 and 3 [106]. As the KR histochemical
method requires potassium ferricyanide and copper
sulfate, we found that compounds 3 and 4 most likely
chelated with these metals, precluding staining.

Molecular modeling studies were undertaken to
determine potential compound binding interactions with
ChEs and to help gain insight into their mechanisms
of action. Overall, binding studies showed that all
compounds have the propensity to bind to ChEs,
with some of those being at the active site gorge and
others at alternate enzyme binding sites that may
represent allosteric binding pockets. Allosteric binding
is of relevance as it remains to be determined which
region(s) of AChE and BChE bind to AB plaques, and
allosteric inhibitors may provide insight to this question.
Previous studies have suggested that the PAS is the
one of the key locations for AP binding with AChE
[107-109] and BChE [110], and ChE association with
AP can produce inhibitory or activating effects on ChE
catalytic function [110, 111]. Given the observation that

plaque-bound ChEs but not normal neural-associated
ChEs are inhibited by senolytic and nootropic agents in
AD brain tissues, it is likely that the affinity of these
compounds for ChE binding sites is increased when
AP plaques are bound, either through binding to the
active site gorge or allosteric sites. The major alternate
binding sites on ChEs identified in molecular modeling
studies (binding sites Il and IlI; Figure 10) contain key
amino acid residues and structural features that are
already identified as important for substrate binding
and catalysis. At site Il this is the ABP and acyl loop
[94, 112-116], while at site Il this is the catalytic
glutamate and Y332 (Y341 for BChE), which are
important residues of the g-helix [117-119]. Therefore,
it is plausible that compound binding in or near these
sites would alter catalytic activity or inhibit catalysis
altogether. Generally, in silico docking studies showed
that there are four main putative allosteric sites on
ChEs that compounds 1-6 may be binding to produce
inhibitory activity. As these sites are of relevance to
both inhibition of activity and AP interactions [110, 111],
they could be utilized as targets for the development of
future ChEls.

There are several limitations within the current study.
This includes a broader, qualitative analysis of a
relatively small sample size of sex- and age-matched
human AD brain tissues, which precluded us from
statistical analysis and examining the potential impact
of sex, age and plaque load on the senolytic and
nootropic inhibition of ChEs associated with AD
pathology. The incidence of AD increases with age and
this neurodegenerative disorder is more prevalent in
females than males, not accounted for by longer life
expectancy in females [120]. Studies have demonstrated
that higher AD neuropathology is attendant with greater
cognitive decline in females [121, 122]. Moreover,
it has been shown that when BChE is knocked-out in
the 5XFAD mouse model of amyloidosis, there is a
significantly lower percentage of fibrillar AP plaques
in cortical and subcortical regions than in the parent
5XFAD strain, an effect more pronounced in males
[123, 124]. This finding makes the relationship of
sex, age and ChE-related AD pathology to be a point
of interest, particularly in the context of senolytic and
nootropic inhibition. A larger sex and age-matched
sample size would allow for identifying such differences,
if any, and help facilitate development of disease-
modifying senolytic or nootropic drugs that have sex-
specific targets towards personalized medicine.

Previous studies in the senescence-accelerated prone 8
(SAMP8) mouse, a model of aging that recapitulates
many of the cognitive and neuropathological
characteristics of AD [125, 126], showed that AChE
activity is unchanged while BChE activity is 2-fold
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higher in the brain when compared to senescent-
resistant control mice [22, 23]. AChE and BChE
expression in the SAMP8 mouse brain was unchanged
[22, 23] or not significantly changed [18] compared
to control mice, with the exception of significantly
increased BChE expression in the SAMP8 hippocampus
[18]. The upregulation of BChE activity in the SAMP8
model is in accordance with similar findings in human
AD brains [38, 41] and in AD mouse models of
amyloidosis [123, 127]. The increase in activity but not
expression of BChE in SAMP8 mice was primarily
attributed to the increased abundance and phenotypic
changes of neuroglia [22, 23], a major source of brain
BChE [28, 128-132]. The upregulated proliferation
and activation of neuroglia, as well as their sustained
release of pro-inflammatory cytokines [22, 23], are
characteristic hallmarks of SAMP8 mouse brains [133,
134], as well as human age-related senescent and AD
brains [2].

Since the increasing accumulation of AP plaque
deposits and senescent cells are capable of increasing
inflammation through secretion of pro-inflammatory
cytokines, the CAIP becomes important in modulating
anti-inflammatory activities. In this pathway, there is
increased inflammation with low levels of acetylcholine
leading to the secretion of pro-inflammatory cytokines
such as TNF-a, IL-1p, and IL-6; however, in the presence
of appropriate or increased levels of acetylcholine there
is protection against inflammation via suppression of
secreted pro-inflammatory cytokines [66, 67, 69, 72].
Due to the close, intrinsic relationship between BChE
and neuroinflammation in age-related senescence and
AD, there is justification for the use of BChE inhibitors
[70, 71] to increase the availability of acetylcholine
thereby modulating anti-inflammatory effects via the
CAIP [61, 133, 135]. In this regard, all the senolytic and
nootropic compounds evaluated herein are inhibitors of
ChEs, particularly AChE and BChE that are bound to
AD pathology. Although the anti-inflammatory effects
of 1-6 could not be investigated in the post-mortem
tissue model employed herein, it could be inferred
that any possible anti-inflammatory effects of these
compounds, produced through the inhibition of SASP
factors, may be, in part, through modulation of the
CAIP [71]. However, there may be other pathways that
are also involved [136], including allosteric sites that
could be involved in pre-empting association of these
enzymes to AD pathology. Future work investigating
the anti-inflammatory effect of compounds 1-6 on the
CAIP or other pathways in in vivo or in vitro models
will require further investigations.

In conclusion, the senolytic compounds evaluated
herein may have beneficial effects on both aging and
AD, at least in part, through modulation of AChE and

BChE associated with AD pathology. This work
provides new opportunities for the development of the
next generation of ChE inhibitors that specifically target
AChE and BChE associated with AD pathology.

MATERIALS AND METHODS
Materials

Acetonitrile was purchased from Fisher Scientific
(Ottawa, Ontario, Canada). Acetylthiocholine iodide
(ATChI), butyrylthiocholine iodide (BTChl), BW 284c51,
cobalt chloride, cupric sulfate, 3,3’-diaminobenzidine
tetrahydrochloride (DAB), 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB), ethanol, ethopropazine, gelatin, potassium
ferricyanide, recombinant human AChE, and sodium
citrate were purchased from MilliporeSigma Canada
Ltd. (Oakville, Ontario, Canada). Dasatinib, nintedanib
(Bibfl120), fisentin, quercetin, and GW2580 were
purchased from Adooq Biosciences (Irvine, CA, USA).
Meclofenoxate hydrochloride was purchased from
Combi-Blocks (San Diego, CA, USA). All chemicals
were used as received from suppliers. BChE purified
from human plasma was a gift from Dr. Oksana
Lockridge (Eppley Institute, University of Nebraska
Medical Center, Omaha, NE, USA). Enzyme Kinetic
experiments were performed using a VWR UV-1600PC
spectrophotometer (VWR International LLC, Canada,
Mississauga, Ontario, Canada) with M.Wave Professional
software 1.0.20 (Azzota Scientific, DE, USA). All
enzyme Kinetic data were analyzed, and Lineweaver-
Burk plots were generated for each enzyme Kinetic
experiment using Microsoft Excel for Microsoft 365
MSO (version 2409 build 18025.20104; Microsoft
Corporation, Redmond, WA, USA). Plots were assembled
into figures using Adobe Photoshop (CS 5, Version 12.0,
San Diego, CA, USA).

Enzyme Kinetic studies

Enzyme Kinetic studies were performed as previously
described [86], using Ellman’s assay [137]. Briefly,
in a quartz cuvette (1 cm pathlength), a 0.577 mM
DTNB solution in 0.1 M potassium phosphate buffer
(1.6 mL, pH 7.0) was combined at room temperature
with either recombinant AChE (0.1 mL, 3.7 nM) in
0.005% aqueous gelatin or purified human serum BChE
(0.1 mL, 5.85 nM) in 0.005% aqueous gelatin and
mixed with a senolytic or nootropic compound (Figure
1) dissolved in 50% (v/v) aqueous acetonitrile (0.05
mL). Absorbance of the cuvette solution was measured
at 412 nm and the instrument zeroed before initiation
of the reaction with either the AChE substrate ATChl
(0.05 mL, 166 uM) or the BChE substrate BTChI
(0.05 mL, 166 pM), dissolved in water. Substrate
concentrations were kept constant while the senolytic
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concentrations varied (0-140 pM). Changes in
absorbance (AA/min), reflecting the rate of ATChI or
BTChl hydrolysis with their respective enzymes, were
recorded spectrophotometrically every 5 seconds for 1
minute.

As done previously [86], Lineweaver-Burk plots were
generated for each senolytic and nootropic compound
with the velocity (v) of each reaction determined using
Beer’s Law, where v = (AA/min)/(gl), € is the molar
extinction coefficient for 5-thio-2-nitrobenzoic acid
(TNB) (13600 M~! cm™), and | is the cuvette pathlength
(1 cm). Replotting the calculated slopes from each
double reciprocal plot against senolytic and nootropic
concentrations, gave the inhibitor constant (Ki, M) as the
x-intercept. The mode of inhibition (competitive, non-
competitive, mixed non-competitive, or uncompetitive)
was also determined by analyzing the relational pattern
of linear regressions for varying concentrations of the
same senolytic or nootropic compound. Enzyme kinetic
experiments were performed in triplicate and Kinetic
parameter values were averaged.

Brain tissues

Human orbitofrontal cortex and thalamic brain tissues
were used to evaluate the effects of senolytic and
nootropic compounds on brain ChE activity associated
with AP plaques and normal neural elements (i.e.
neurons, neuropil, and axons), respectively. Brain regions
were chosen based on the known distribution of AChE
and BChE associated with normal neural elements (i.e.
thalamus) and AP plaques (i.e. orbitofrontal cortex),
as done previously [41, 138]. Following approval from
the Nova Scotia Health Research Ethics Board, post-
mortem brain tissues from sex- and age-matched AD
cases that fulfilled clinical [139] and neuropathological
[140-142] criteria for AD were obtained from the
Maritime Brain Tissue Bank, a Centralized Operation of
Research Equipment and Supports (CORES) facility,
Faculty of Medicine, Dalhousie University (Halifax,
Nova Scotia, Canada). Demographic information related
to the cases used in this study can be found in Table 2.

The brains were removed between 10-23 hr after death
and bisected at the midline. One half of the brain was
sent for neuropathological examination, and the other
was used for histochemical studies. The tissues used
for histochemical studies were cut into approximately
1 cm-thick coronal slabs and immersion fixed in 10%
buffered formalin between 2.11-4 days. Slabs were
cryoprotected in a graded series of sucrose (10-40%) in
0.1 M phosphate buffer (pH 7.4; PB) for a minimum
of 48 hr per sucrose solution and stored in PB with
40% sucrose and 0.6% sodium azide. Orbitofrontal and
thalamic regions were sub-sectioned from the slabs and

tissue blocks were cut into 50 pM-thick serial sections
using a Leica SM2000R microtome with a Physitemp
freezing stage and BFS-40MPA controller (Physitemp
Instruments LLC, Clifton, NJ, USA). Tissue sections
were stored at -20° C in in PB with 40% sucrose and
0.05% sodium azide until used.

Histochemical studies

Histochemical staining for AChE and BChE activity in
brain tissues was done using a modified [42] Karnovsky-
Roots (KR) method [143]. Tissue sections were first
rinsed for 30 min in 0.1 M PB, followed by 30 min in 0.1
M PB with 15% hydrogen peroxide (H:O,) and then
rinsed for 30 min with 0.1 M maleate buffer (MB; pH 6.8
or 7.4) prior to incubation in the KR solution. Sections
stained for AChE were incubated in the KR solution for
1.75 hr, while sections stained for BChE were incubated
for 2.5 hr. The KR staining solution contained 0.5 mM
sodium citrate, 0.47 mM cupric sulfate, and 0.05 mM of
potassium ferricyanide, a thioester ChE substrate and ChE
inhibitor in MB at pH 6.8 to stain for ChEs associated
with AD pathology or pH 8.0 to stain for ChEs associated
with normal neural elements. For AChE staining, ATChl
(0.4 mM) was used as the substrate and ethopropazine
(0.06 mM) was used to inhibit BChE. For BChE staining,
BTChl (0.8 mM) was used as the substrate and BW
284c51 (0.01 mM) was used to inhibit AChE. Following
incubation in KR, sections were rinsed in distilled water
(dH20) for 30 min, incubated in a 0.1% cobalt chloride
solution in dH,O for 10 min, and rinsed again in dH»0
for 30 min. Sections were incubated in 1.39 mM
3,3’-diaminobenzidine tetrahydrochloride (DAB) in PB
(pH 7.4) for 5 min and then developed using 50 pL of
0.3% H20, per mL of DAB solution. The reaction was
stopped by a 30 min rinse in 0.01 M acetate buffer (pH
3.3). Stained sections were mounted on glass slides,
cover-slipped and examined with brightfield microscopy.

To evaluate the interactions of senolytic and nootropic
compounds with ChEs in brain tissues, the above
histochemical technique was used with minor variations
to the KR incubation [88]. Senolytic and nootropic
compounds were dissolved in 50% aqueous acetonitrile
to make a stock solution. The same volume of each
compound was added individually to the KR solution;
0.25 mM dasatinib (1); 0.27 mM nintedanib (2); 1.3
mM fisetin (3); 1.3 mM quercetin (4); 0.4 mM GW2580
(5); and 1.3 mM meclofenoxate hydrochloride (6).
Following incubation for AChE (1.75 hr) and BChE
(2.5 hr) in the KR solution, staining was completed as
described above.

To ensure specificity of staining and that changes in
staining were due to the presence of compounds 1-6,
control experiments were conducted. Positive controls
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included staining for BChE and AChE activity at pH 6.8
and pH 8.0 without any additions. Negative controls
were utilized to validate staining specificity of BChE
and AChE at pH 6.8 and pH 8.0, where the substrates
(BTChl and ATCHhI, respectively) were omitted, as
previously described [88]. When the substrates were
omitted, no BChE or AChE staining was observed. An
additional control experiment was used to test the effect
of the carrier solvent for compounds 1-6 (50% aqueous
acetonitrile) on KR staining. Briefly, 50% aqueous
acetonitrile was added to the KR solution, without any
senolytic or nootropic compound, while maintaining
the same volume as the compound additives. When
50% aqueous acetonitrile was used in KR staining,
background staining intensity increased for AChE pH
6.8, while both AChE and BChE pH 6.8 plaques
showed some reduction in overall staining. The extent
of reduction by carrier solvent did not preclude
evaluation of the inhibitory effects of compounds 1-6 on
ChE histochemical staining. There were no observed
effects on normal neural elements at pH 8.0.

A qualitative method was used to evaluate the
effect of senolytic and nootropic compounds on
ChE histochemical staining, as done previously [88].
Inhibition of staining intensity was categorized as
follows: No reduction (-), slight (x), moderate (xx),
or strong (xxx). Tissue sections were analyzed using
brightfield microscopy on an Olympus BX50F
microscope (Olympus Optical Co., Ltd., Tokyo, Japan).
Photomicrographs of the stained tissue sections were
taken using a Zeiss Axio Scan.Z1 slide scanner with
Zen 3.1 Blue Edition software (Carl Zeiss Canada Ltd.,
Toronto, Ontario, Canada). Figures were assembled
using Adobe Photoshop (CS 5, Version 12.0, San
Diego, CA, USA). The brightness of each individual
image was adjusted to ensure backgrounds matched
for analysis.

Molecular docking studies

To determine predicted binding sites for the senolytic
and nootropic agents with human AChE and
BChE, compounds were docked using a reversible
inhibitor docking procedure with Molecular Operating
Environment (MOE) software 2022.02 (Chemical
Computing Group, Montreal, Canada), as previously
described [144, 145]. This docking procedure consisted
of a blind docking phase, in which all compounds
were allowed to dock anywhere on the enzyme, and
a site-directed docking phase, in which compounds
were directed to dock to their respective enzyme active
site or other sites identified through blind docking.
Blind docks were conducted to determine whether a
compound was likely to find the active site of a given
enzyme or if other enzyme locations, such as allosteric

sites, were also favorable for compound binding. Site-
directed docks were conducted to determine possible
key interactions between the compound and enzyme
residues and to predict inhibition constants (K; values).

Crystal structures for human AChE (Protein Databank
code (PDB): 4MOE, 2.00 A resolution) [91] and
BChE (PDB: 4TPK, 2.70 A) [92] were obtained
from the Protein Databank [146] and were selected
based on resolution and co-crystallization properties
deemed appropriate for molecular docking [100].
Crystal structures were prepared for molecular docking
as previously described [144] with all water molecules
removed. Enzyme sites from blind docks were analyzed
to identify locations for subsequent site-directed docks.
The binding energies of the top five returned site-
directed dock poses, key amino acid interactions, and
bond lengths were identified and measured within
MOE. Docks were completed in triplicate and their
binding energies were converted to predicted K; values
using Gibb’s free energy equation and averaged, as
done previously [147].
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SUPPLEMENTARY MATERIALS

Supplementary Figure

Acyl Loop

Supplementary Figure 1. Features and key amino acid residues of the active site gorge of acetylcholinesterase (AChE, (A) PDD: 4MOE, 2.00
&) [90] and butyrylcholinesterase (BChE, (B) PDB: 4TPK, 2.70 A). The catalytic triad is shown in yellow ((A) $203, E334, H447; (B) $198, E325,
H438), acyl binding pocket residues are shown in pink ((A) F295, F297; (B) W231, L286, V288, F329), peripheral anionic site residues are
shown in teal ((A) Y72, D76, Y124, W286, Y341, (B) D70, Y332), n-cationic site residues are shown in purple ((A) W86; (B) W82, A328), and
oxyanion hole residues are shown in lime green ((A) G120-G122; (B) G115-G117). Acyl loop, Q-loop, and €-helix are shown as pink, blue, and
orange ribbon structures, respectively. Images were generated with Molecular Operating Environment 2022.02 (Chemical Computing Group
ULC, Montreal, Quebec, Canada).
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Supplementary Tables

Supplementary Table 1. Enzyme binding sites identified in blind docking experiments with
acetylcholinesterase (AChE; PDB: 4MOE) [90] and butyrylcholinesterase (BChE; PDB: 4TPK) [91] for senolytic
and nootropic drugs 1-6 using Molecular Operating Environment 2022.02 (Chemical Computing Group ULC,
Montreal, Quebec, Canada).

Compound ' ' AChE blind doc.ks ' . . BChE Plind docks' :
SiteI  SiteII  Site ITI Site IV Site V Site I Site IT Site IIT Site IV Site V

1 2 12/15 3/15 - - - 6/15 9/15 - -

2 - 6/15 6/15 - 3/15 - - 12/15 - 3/15

3 12/15  3/15 - - - 3/15 - 9/15 3/15 -

4 6/15 9/15 - - - 9/15 - 6/15 - -

5 3/15 9/15 3/15 - - - - 15/15 - -

6 6/15 3/15 - 6/15 - 6/15 - 6/15 - 3/15

2The number of docking poses for 1-6 at each indicated binding site (enzyme active site gorge (l), cholinesterase (ChE)
pocket behind acyl loop (II), pocket behind ChE catalytic glutamate (lll), pocket behind key ChE active site tryptophan (Back
Door, 1V), or other site (V)) are shown from triplicate blind docking experiments (3 x 5 poses).

Supplementary Table 2. In silico predicted
inhibition constants (Ki values) for compounds
1-6 with acetylcholinesterase (AChE; PDB: 4MOE,
2.00 A) [91] and butyrylcholinesterase (BChE;
PDB: 4PTK, 2.70 A) [92].

Predicted AChE Predicted BChE

Compound K& (uM) K& (uM)

1 27.63* 0.35*

126.207 3.04%

16.17* 1.04+

2 61.33% 5.09¢
110.20¢

5.32 16.49

3 243.12%* 32.46%

55.330

4 5.14 16.66

177.24%* 24.76%

0.73 10.307
5 89.63*
361.53%

11.92 16.14

6 191.53* 42.967

299.720 48.38¢

aSites selected for directed docking were the enzyme active
site (Site I, no symbol) or alternate sites (II-V) identified
from blind docking experiments (Il, *; lll, T; 1V, 0; V, &).
Molecular docking experiments were completed using
Molecular Operating Environment 2022.02 (Chemical
Computing Group ULC, Montreal, Quebec, Canada).
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Supplementary Table 3. In silico binding interactions of senolytics 1-5 and nootropic 6 with acetylcholinesterase
(AChE, PDB: 4MOE) [91] and butyrylcholinesterse (BChE, PDB: 4TPK) [92] for top site-directed docking poses at
cholinesterase (ChE) binding sites I-V.

Compound Enzyme s];l:gl_li‘,g) lig?d(:::gs%' Bond type® Bond(}&e)n gth® Enzyme structure location®
1 N233 H-acceptor 3.08 Bottom wall of site gorge
R296 H-acceptor 2.89 Acyl Loop
AChE R296 H-acceptor 3.21 Acyl Loop
I K332 H-acceptor 3.00 Site gorge wall
R525 H-acceptor 3.19 Site gorge wall
R525 n-H 4.03 Site gorge wall
1 111 S235 H-acceptor 3.03 Acyl Loop
S235 H-acceptor 3.04 Acyl Loop
R242 H-acceptor 3.48 Acyl Loop
BChE V288 n-H 3.95 Acyl Loop, ABP
F357 H-donor 3.16 Site gorge wall
N397 H-acceptor 3.31 Site gorge wall
I D324 H-donor 2.92 Site gorge wall, beside €-helix
I R296 H-acceptor 3.06 Acyl Loop
R296 H-acceptor 3.21 Acyl Loop
AChE I R521 H-acceptor 3.06 Site gorge wall
R525 H-acceptor 3.50 Site gorge wall
5 A% Q181 n-H 3.92 Site gorge wall
I K323 H-acceptor 3.05 Site gorge wall
V377 n-H 4.69 Site gorge wall
BChE D391 H-donor 2.99 Site gorge wall
R515 H-acceptor 3.11 Site gorge wall
\Y4 - - - -
I Y72 H-donor 2.88 Q-loop, PAS
W86 H-donor 3.09 Q-loop, PCS
W86 -1 3.77 Q-loop, PCS
AChE W86 . 3.79 Q-loop, PCS
E202 H-donor 2.76 Bottom wall of site gorge
I R247 H-acceptor 3.02 Site gorge wall
I W82 -1 3.74 Q-loop, PCS
3 W82 -1 3.80 Q-loop, PCS
W82 H-donor 2.92 Q-loop, PCS
E197 H-donor 2.78 Bottom wall of site gorge
BChE 11} Y373 n-H 3.99 Site gorge wall
E387 H-donor 2.74 Site gorge wall
D391 H-donor 2.89 Site gorge wall
R515 H-acceptor 3.47 Site gorge wall
v H77 n-H 3.49 Q-loop
MS81 H-donor 3.81 Q-loop
I W86 -1 3.79 Q-loop, PCS
W86 T-T 3.86 Q-loop, PCS
AChE E202 H-donor 2.78 Bottom wall of site gorge
4 I R296 m-cation 3.48 Acyl Loop
R296 m-cation 3.94 Acyl Loop
I W82 -1 3.79 Q-loop, PCS
BChE W82 - 3.81 Q-loop, PCS
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E197 H-donor 2.77 Bottom wall of site gorge

I Y373 n-H 3.99 Site gorge wall
E387 H-donor 2.74 Site gorge wall
D391 H-donor 2.89 Site gorge wall
R515 H-acceptor 3.47 Site gorge wall
I Y341 H-n 4.23 €-helix, PAS
I N233 H-donor 3.66 Bottom wall of site gorge
AChE 11} S399 H-acceptor 2.96 Site gorge wall
5 D400 H-donor 2.82 Site gorge wall
W442 H-donor 2.86 Opposite S336 of €-helix
R525 m-cation 3.75 Site gorge wall
BChE 111 - - - )
I Y341 H-n 3.82 €-helix, PAS
H447 n-H 3.98 Catalytic Triad
AChE I R247 H-acceptor 3.06 Site gorge wall
R247 H-acceptor 3.08 Site gorge wall
v R463 H-acceptor 3.36 Site gorge wall
6 I W82 n-H 4.36 Q-loop, PCS
W82 n-H 4.43 Q-loop, PCS
I R515 H-acceptor 3.33 Site gorge wall
BChE Q517 H-acceptor 3.14 Site gorge wall
Q518 H-acceptor 3.07 Site gorge wall
v Q47 H-acceptor 3.13 Site gorge wall
Q176 H-acceptor 3.32 Site gorge wall

@Bonding interactions, type, and lengths were calculated using built-in Molecular Operating Environment (MOE) 2022.02
features (Chemical Computing Group ULC, Montreal, Quebec, Canada).

BChE active regions are also denoted, catalytic active site (CAS), peripheral anionic site (PAS), acyl binding pocket (ABP), m-
cationic site (PCS), and oxyanion hole (OAH). Docks that did not show any binding interactions are denoted with dashes.
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