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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by progressive loss of motor neu-
rons in the spinal cord. Although the disease’s pathophysiological mechanism remains poorly understood, multifactorial
mechanisms affecting motor neuron loss converge to worsen the disease. Although two FDA-approved drugs, riluzole and
edaravone, targeting excitotoxicity and oxidative stress, respectively, are available, their efficacies are limited to extending
survival by only a few months. Here, we developed combinatorial drugs targeting multifactorial mechanisms underlying key
components in ALS disease progression. Using data analysis based on the genetic information of patients with ALS-derived
cells and pharmacogenomic data of the drugs, a combination of nebivolol and donepezil (nebivolol-donepezil) was identified
for ALS therapy. Here, nebivolol-donepezil markedly reduced the levels of cytokines in the microglial cell line, inhibited
nuclear factor-kB (NF-kB) nucleus translocation in the HeLa cell and substantially protected against excitotoxicity-induced
neuronal loss by regulating the PI3K-Akt pathway. Nebivolol-donepezil significantly promoted the differentiation of neural
progenitor cells (NPC) into motor neurons. Furthermore, we verified the low dose efficacy of nebivolol-donepezil on multiple
indices corresponding to the quality of life of patients with ALS in vivo using SOD1%%** mice. Nebivolol-donepezil delayed
motor function deterioration and halted motor neuronal loss in the spinal cord. Drug administration effectively suppressed
muscle atrophy by mitigating the proportion of smaller myofibers and substantially reducing phospho-neurofilament heavy
chain (pNF-H) levels in the serum, a promising ALS biomarker. High-dose nebivolol-donepezil significantly prolonged
survival and delayed disease onset compared with vehicle-treated mice. These results indicate that the combination of
nebivolol-donepezil efficiently prevents ALS disease progression, benefiting the patients’ quality of life and life expectancy.
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Introduction Degeneration begins in the limb and bulbar muscles and

spreads across the body, eventually leading to muscle weak-

Amyotrophic lateral sclerosis (ALS) is a lethal neuromus-
cular disease that progressively deteriorates motor neurons
in the spinal cord and brain with severe muscle atrophy.
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ness, wasting, respiratory failure, and death within 3-5 years
of the first diagnosis [1]. Although the number of patients has
dramatically increased, the currently available FDA approved
drugs, riluzole and edaravone, could extend survival by a few
months with meager functional improvement [2—-6].

The pathophysiology of ALS involves multiple complex
processes and pathways at the tissue, cellular, and molecular
levels. This makes drug development particularly challeng-
ing, and ALS remains incurable despite vigorous efforts to
combat the disease. At the tissue level, ALS pathophysi-
ology involves inflammatory responses activated by reac-
tive astrocytes and microglia [7-9] and overproduction of
inflammatory cytokines [10, 11]. Neuroinflammation is
observed even in the earliest stages of ALS, emphasizing
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its role in the development and progression of the disease.
At the motor neuron level, deficits occur in the neuromus-
cular junction (NMJ) [12, 13], axons [14, 15], mitochon-
dria [16—18], and/or the cell nucleus [19]. Finally, at the
molecular level, several players are suspected of causing the
disease, including glutamate excitotoxicity [20, 21] and reac-
tive oxygen species [22].

Multiple clinical studies have suggested that therapeutic
approaches targeting multifactorial mechanisms using com-
bined drugs can successfully treat CNS disorders caused
by various pathophysiologies. For example, a recent clini-
cal trial of combinatorial therapy for multitargeting disease
pathology has been registered at ClinicalTrials.gov
(NCT04019704). The trial showed a significant antidepres-
sant effect in patients with major depressive disorder, provid-
ing a novel mechanism of action and reducing the side effects
of current antidepressants. In addition, a phase III clinical trial
of a combinatorial drug, sodium phenylbutyrate-taurursodiol,
which reduced neuronal death by mitigating endoplasmic
reticulum stress and mitochondrial dysfunction in patients
with ALS, was successful in slowing functional decline.

Accordingly, the approach of drug development target-
ing multifactorial mechanisms using combinatorial drugs
is essential to attenuate ALS disease progression compared
with the trials that have been developed so far.

Here, we discovered a novel combinatorial drug for ALS
therapy that reverses multiple pathological dysfunctions,
including motor neuronal loss. We used our proprietary
artificial intelligence (Al)-based screening technology that
can predict the candidates of combinatorial drugs based on
the genomes of patients with ALS and pharmacogenom-
ics, along with an in vitro screening system to evaluate the
drug’s therapeutic effect. To slow down the progression of
ALS using drug combinations targeting multiple mecha-
nisms, a combination of nebivolol-hydrochloride (HCI) and
donepezil-HCI (nebivolol-donepezil), FDA-approved drugs
originally approved for lowering blood pressure and demen-
tia, respectively, were finally selected.

After screening experiments, we further validated the
therapeutic effect of nebivolol-donepezil in multiple
systems. In vitro, nebivolol-donepezil significantly reduced
inflammatory cytokines induced by lipopolysaccharide
(LPS) stimulation and effectively protected against
excitotoxicity-induced neuronal loss. In addition,
nebivolol-donepezil considerably promoted neurogenesis,
enhancing the differentiation of motor neurons from
NPC. Subsequently, we verified the therapeutic effect of
oral administration of nebivolol-donepezil to SOD16%34
transgenic (TG) mice under the two-dose regimens.
Low-dose nebivolol-donepezil administration before
motor deterioration significantly improved functional
degeneration with reduced muscle atrophy compared with
vehicle-treated SOD1%%3A TG mice. Moreover, treatment
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with a high-dose drug combination after symptom onset
until death substantially prolonged survival.

Based on these results, we propose nebivolol-donepezil
as a potential therapeutic drug for ALS treatment to prevent
disease progression in patients with ALS.

Materials and Methods
Data Analysis

To process the expression data, we collected seven (six for
microarray and one for RNA-seq) ALS datasets, which were
from motor neurons and induced pluripotent stem cells in
the gene expression omnibus (GEO) database (Table S1)
[23-30]. WGCNA [31] or pathological networks, including
subnetworks, were generated using the seven transcriptomic
datasets. To measure the connectivity between pathological
networks and small molecules, we used pharmacogenomic
data from drugs that had passed phase II in clinical trials
and extracted the small molecule-induced expression data
from the LINCS L1000 project [32]. Furthermore, to iden-
tify gene expression signatures representing ALS, the most
upregulated and downregulated genes were extracted from
each network constructed using WGCNA and defined as a
set of ALS signature genes believed to be most relevant to
the disease. Finally, we compared the ranks (ranked by log
fold change) of signature genes that were identified from the
gene expression analysis in each pathological network with
those (ranked by Z-score) of the genes in chemical-induced
expression data with a rank-based non-parametric test [33],
resulting in CS at the modular level. To predict drugs in
the context of ALS therapeutic targets, more emphasis was
placed on the extent of co-regulation of genes relevant to
anti-inflammatory and cell differentiation, which was
reflected in calculating the final CS. To discover combinato-
rial drugs, synergy was predicted by calculating CS and rank
aggregation scores, which were based on the non-parametric
Kolmogorov—Smirnov test. However, the two methods were
applied differently according to the analysis purpose. The
schematic workflow for the entire process and algorithms
used in our analysis is depicted in Fig. S1.

Animals and Drugs

All animal experiments were conducted according to the
MEFDS guidelines for the maintenance and use of animals
and were approved by IACUC (IACUC number: KBIO-
TACUC-2022-090 and KNOTUS IACUC 20-KE-405). Male
TG mice (n=57) for human SOD1 G93A (B6SJL.SOD1-
G93A) and their male wild-type (WT) littermates (n=10)
were used in the experiments. Male SOD1%*4 and female
B6SJL WT mice were purchased from Jackson Laboratories
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and bred to produce F1 mice. Mouse ear or tail samples were
collected at the age of 15-21 days for genotype confirmation
through PCR analysis. PCR was conducted using forward
and reverse primers for the SOD1 transgene (5’-CATCAG
CCCTAATCCATCTGA-3’; 5°-CGCGACTAACAATCA
AAGTGA-3’) and the positive control gene (5’-CTAGGC
CACAGAATTGAAAGATCT-3’; 5’-GTAGGTGGAAAT
TCTAGCATCA TCC-3’). The heterozygous offspring were
selected for experiments. We used only the male mice for
consistency and stability of results, as discrepancy is found
in disease onset, behavior performance, muscle strength, etc.
between male and female SOD1 mutants. TG male mice
were designated to Veh or drug-treated groups such that
the average weights among the groups were comparable.
Nebivolol-HCI (nebivolol), donepezil-HCIl (donepezil),
or a mixture of nebivolol and donepezil (referred to as
nebivolol-donepezil) was administered once daily via
oral gavage. Notably, the animals in the vehicle group
were administered saline in the same manner. In addition,
nebivolol (Cat. CS-2142, Cat.S1549) was purchased from
AbaChemScene and Selleckchem for in vivo and in vitro
experiments, respectively, and donepezil (Cat. B1602) was
purchased from ApexBio.

NO Assay and MTT Assay

BV2 microglial cells were plated in 96-well plates at
2% 10> cells per well in DMEM high glucose medium
(Welgene, LM001-05) supplemented with 10% fetal
bovine serum (FBS; YOUNG IN, US-FBS-500) and 1%
penicillin—streptomycin (P-S; Gibco, 15070063). Six hours
after cell seeding, BV2 microglial cells were treated with
the drugs and 1 pg/ml LPS (Sigma, L4391) and incubated
(37 °C/5% CO,) for 18 h. After incubation, NO levels were
quantified from half of the cell media using a Griess reagent
assay kit (Promega, G2930). The assay was performed

following the manufacturer’s instructions. Colorimetric
changes in the media and Griess reagent mixture were
measured using a Synergy HTX Multi-Mode reader (Biotek)
at 540 nm. The remaining half of the BV2 cell media was
treated with 5 ug/ml of MTT (Thiazolyl Blue Tetrazolium
Bromide, Sigma, M5655) solution at 37 °C for 1 h, and
100 pul MTT solvent (DMSO) was added to each well.
Colorimetric changes in the solvent were measured using a
Synergy HTX Multi-Mode reader (Biotek) at 590 nm.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using Easy-Blue reagent (iNtRON
Biotechnology, #17,061). Reverse transcription was per-
formed using an iScript cDNA synthesis kit (Bio-Rad,
#108,890). Furthermore, qRT-PCR reactions were per-
formed in triplicate using iQ SYBR Green Supermix (Bio-
Rad, #170-8880) on a CFX 96TM Real-time System (Bio-
Rad). qRT-PCR data were analyzed using the comparative
cycle threshold (CT) method (2-AACT) in Bio-Rad CFX
Maestro software. The results are presented relative to the
GAPDH housekeeping gene. The primer sequences used are
listed in Table 1.

NF-kB Nucleus Translocation Assay

The HeLa cell line is well documented in literature to
analyze NF-xB nuclear translocation, as it has a large-sized
nucleus and a flat morphology that allows easy detection
of fluorescence intensity changes in the 2-D image [38].
HeLa cells were seeded in 96-well plates at 5000 cells
per well in DMEM/F12 medium (Welgene, #L.M002-08)
supplemented with 10% FBS (YOUNG IN, US-FBS-500),
1% P-S (Gibco, 15070063) and incubated at 37 °C/5%
CO, incubator. After 24 h, cells were pretreated with
the drugs for 1 h and stimulated with 10 ng/ml of IL-1a

Table 1 Primers used in the

ART-PCR analysis Primer Forward Reverse
GAPDH [34] AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
CCL5 CCTGCTGCTTTGCCTACCTICTC ACACACTTGGCGGTTCCTTCGA
CDS86 ACGTATTGGAAGGAGATTACAGCT TCTGTCAGCGTTACTATCCCGC
IL-1p TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG
IL-6 [35] AGGATACCACTCCCAACAGA ACTCCAGGTAGCTATGGTACTC
TNF-a [36] AAATGGGCTCCCTCTCATCAGTTC TCTGCTTGGTGGTTTGCTACGAC
iNOS GGGCAGCCTGTGAGACCTT TGAAGCGTTTCGGGATCTG
HB9 [37] GAGACCCAGGTGAAGATTTG CCTTCTGTTTICTCCGCTICC
BDNF CATCCGAGGACAAGGTGGCTTG GCCGAACTTTCTGGTCCTCATC
GDNF CCTTCGCGCTGACCAGTGACT GCCGCTTGTTTATCTGGTGACC
NGF ACCCGCAACATTACTGTGGACC GACCTCGAAGTCCAGATCCTGA
IGF-1 GTGGATGCTCTTCAGTTCGTGTG TCCAGTCTCCTCAGATCACAGC

Qiao et al. [34], Grgnhgj et al. [35], Yang et al. [36], Zhang et al. [37]
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(Peprotech, 200-01A) for 30 min. Cells were fixed in 10%
formalin solution (Sigma, HT5011-15 ml) for 20 min and
permeabilized in 0.1% TritonX-100 (Sigma, 93443). After
1 h blocking with 3% normal goat serum (CST, 5425S) and
1% bovine serum albumin (BSA) (RDT, C0082-100) in
0.2% TritonX-100 solution, cells were incubated with mouse
anti- NF-xB p65 antibody (1:500, Santacruz, SC-8008)
overnight at 4 °C. After washing with 0.1% TritonX-100,
cells were incubated with AlexaFluor-488 conjugated anti-
mouse IgG antibody (1:500, Invitrogen, A-10680) for 2 h.
Nuclei were stained with DAPI (1:1000, Thermo, D1306)
for 15 min. Furthermore, fluorescent images were acquired
using a Cytation 5 Automated Imaging Multi-Mode reader
(BioTek), and fluorescence disposition was measured using
a custom-written ImageJ macrocode in the Image J software.
The mean NF-xB p65 fluorescence intensity difference from
the nucleus and the adjacent cytoplasm was measured to
analyze fluorescence disposition.

Primary Cortical Neuronal Culture

Primary cortical neurons were prepared from pregnant
C57BL/6N mice at 16 embryonic days (Koatech). For
cortical neuronal culture, the brains were isolated, and
the olfactory bulb and cerebellum were removed. Corti-
ces were freed from meninges and chemically dissociated
using 0.25% trypsin (Hyclone, SH-30042.01). Subsequently,
the samples were gently triturated several times using a
flame-polished Pasteur pipette for mechanical dissociation.
Cells were cultured in Poly-D-Lysine- (Sigma, P6407) and
laminin- (Corning, 354232)-coated 96-well plates (Thermo,
167008) in neurobasal™ growth media (Gibco, 21103-049)
supplemented with 2 mM L-glutamine (Sigma, G7513),
1% P-S (Gibco, 15070063), and serum-free B27 (Gibco,
17504-044). The next day, 100 pl growth medium was
added to each well and maintained for 3 days. The cells were
used for drug experiments 5 days after the culture.

Neuronal Excitotoxicity Assay

Primary cortical neurons were plated in 96-well plates at 8
x 10* cells per well in a growth medium and incubated in a
37 °C/5% CO, incubator. After 4 days, the cells were pre-
treated with test drugs, including the positive control drug
MK-801 (Cat.CS-0020032), purchased from AbaChem-
Scene. Drugs were diluted in the treatment medium, where
B27 was substituted with B27 minus antioxidants (Gibco,
10889038). After 48 h of incubation, the treatment medium
containing 20 pM glutamate was added to the cells and incu-
bated for 24 h. Cells were fixed in 10% formalin solution
for 20 min and permeabilized in 0.1% TritonX-100. After
1 h blocking with 3% normal goat serum and 1% BSA in
0.2% TritonX-100 solution, the cells were incubated with
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mouse anti-neuronal marker (microtubule associated protein
2, MAP2) antibody (1:5000, Milipore, MAB3418) overnight
at 4 °C. After washing with 0.1% TritonX-100, samples were
incubated with AlexaFluor-488 conjugated anti-mouse-IgG
antibody (1:1000, Invitrogen, A-10680) for 2 h. In addition,
nuclei were stained with DAPI (1:1000, Thermo, D1306)
for 15 min. Fluorescent images were acquired using a Cyta-
tion 5 Automated Imaging Multi-Mode reader (BioTek), and
fluorescence levels were measured using a Synergy HTX
Multi-Mode reader (BioTek).

Differentiation to the Motor Neuron from NPC

ReN VM-immortalized cells were purchased from EMD
Millipore (SCCO008). ReN VM cells were cultured on
laminin (Corning, 354232)-coated 75 T Flask in the growth
medium, which is DMEM/F12 (Welgene, #L.M002-08)
supplemented with 20 ng/ml basic fibroblast growth factor
(bFGF; Gibco, 15750-060), 20 ng/ml epidermal growth fac-
tor (EGF; Sigma, E9644), serum-free B27 (Gibco, 17504-
044), 10 KU heparin (Sigma, H3393), and 1% gentamicin
(Gibco, 17504-044) to sustain cell growth. Cells were plated
in 96-well plates at 7000 cells per well in the growth media
in a 37 °C/5% CO, incubator for 3 days. Subsequently, the
growth medium was replaced with a differentiation medium
(growth medium without bFGF and EGF), and the cells
were treated with the drugs for 3 days. Immunostaining was
performed against HB9, a specific motor neuronal marker,
to assess the population of motor neurons. Briefly, drug-
treated ReN VM cells were fixed in 10% formalin solu-
tion for 20 min and permeabilized in 0.1% TritonX-100.
After incubation with Intercept® Blocking buffer (LI-COR,
927,60001) for 1 h, the cells were incubated with rabbit anti-
HBY antibody (1:300, Abcam, ab97541) overnight at 4 °C.
After washing with 0.1% TritonX-100 solution, cells were
incubated for 1 h with IRDye® 800 CW goat anti-rabbit IgG
(1:1000, LI-COR, 925-32211) and CellTag700 (1:1000, LI-
COR, 926-41090) for normalization of cell number. Fluo-
rescence intensity levels were measured using an Odyssey®
DLx Infrared Imaging System (LI-COR, CLS-2383).

In Vitro Muscle Atrophy Assay

To examine the drug’s effect on muscle atrophy, a mouse
myoblast cell line, namely, C2C12, was used. C2C12 cells
were purchased from ATCC (CRL-1772), seeded in 96-well
plates at 5 x 10* cells per well in growth medium containing
10% FBS and 1% P-S, and incubated for 24 h at 37 °C/5%
CO, incubator. The growth medium was changed to a
differentiation medium (growth medium with FBS reduced
to 1%) to induce myogenic differentiation. After 4 days of
differentiation, 10 ng/ml of TNF-a (R&D systems, 410-MT-
010/CF) and the drug were treated for 3 days. Cells were
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fixed in 10% formalin solution for 20 min and permeabilized
in 0.1% TritonX-100. After 1 h with Intercept® blocking
buffer (LI-COR, 927,60,001), the cells were incubated
with mouse anti-myosin heavy chain (MHC) antibody
(1:1000, DSHB, MF20) overnight at 4 °C. After washing
with 0.1% TritonX-100 solution, cells were incubated
with AlexaFluor-488 conjugated anti-mouse IgG antibody
(1:1000, Invitrogen, A-10680) for 2 h. Fluorescent images
were acquired using a Cytation 5 Automated Imaging Multi-
Mode reader (BioTek). The ratio of MHC-positive areas
in the field was measured using a custom-written ImagelJ
macrocode in the Image J software.

Dosing of Mice

For low-dose in vivo experiments, mice were orally adminis-
tered a combination of 5 mg/kg nebivolol and 3 mg/kg done-
pezil at 10 weeks of age for 70 days daily. In addition, mice
(n=20 mice per group) were assessed for motor capabilities,
and samples (n=10 mice per group) of serum, spinal cord, and
muscle were collected at 98 days of age for proof-of-concept
studies. For high-dose experiments (n=12 mice per group),
9 mg/kg nebivolol, 6 mg/kg donepezil, or their combination
was orally administered from 63 days of age until the mice
could not stand within 30 s. Body weight was measured once a
week at 63—109 days of age and three times a week at 109 days
of age until the end of the study. To determine the disease
onset, mouse age (in days) when body weight decreased by
more than 10% of the maximum weight was calculated. Fur-
thermore, the date of death or euthanasia (when the endpoint
was reached) was recorded for the survival analysis.

Motor Assessment

The rotarod test was conducted every week, starting at
70 days of age and continuing until day 140. Mice were
given 1 day to familiarize themselves with the rotarod tread-
mill JD-A-07RAS, B.S Technolab Inc., Korea) before the
test by placing them on a rod rotating at 4 rpm for 5 min.
In addition, mice were placed on a rod where the rotation
started at 4 rpm and gradually increased to 40 rpm within
300 s to analyze motor function. The time elapsed until the
mouse dropped from the rotarod was recorded.

pNF-H Chain ELISA

Serum samples (n=35 mice per group) were examined
for pNF-H levels using a pNF-H ELISA Kit (Arigobio,
#ARG81164), according to the manufacturer’s instructions.
Serum samples were diluted 1:4 with dilution buffer and
reacted with HRP-conjugated pNF-H antibody. The level
of pNF-H was measured using a Synergy HTX Multi-Mode
reader (Biotek) at 540 nm.

Immunohistochemistry and Imaging Analysis

The L2-L5 region of spinal cord samples was subjected to
Nissl staining to examine the density of neurons in the spinal
cord. Briefly, the samples were fixed and embedded in par-
affin. Paraffin sections (thickness, 5 pm) were stained with
0.25% Cresyl Violet and dehydrated in ethanol. Nissl-stained
spinal cord images were acquired under a light microscope
atx 20 magnification. Large-sized (diameter >20 um) [39, 40],
Nissl-positive neurons of the ventral horn of the spinal cord
were counted using a custom-written ImageJ macrocode in the
ImagelJ software. Two spinal cord sections were analyzed (and
summed) per mouse.

To assess myofibers, TA muscle samples were subjected
to laminin staining. The samples were fixed and embedded in
paraffin. Cross-sections (thickness=5 pm) were permeabilized
in 0.1% TritonX-100 for 10 min. After blocking with 3%
normal goat serum (Cell Signaling, 5425S) and 1% BSA in
0.2% TritonX-100 solution for 1 h, samples were incubated
with rat anti-laminin-2 (a-2-chain) antibody (1:100, Enzo,
#ALX-804-190-C100) overnight at 4 °C. After washing
with 0.1% TritonX-100 solution, samples were incubated
with anti-rat-Alexa 488(1:1000, Abcam, ab150157) for
2 h; subsequently, nuclei were stained with DAPI (1:1000,
Thermo, D1306) for 10 min. Five random fields per mouse
(total n=3 per group) were photographed using a Lionheart
LX Automated Microscope (BioTek). Cross-sectional area
(CSA) of myofibers were analyzed using a custom-written
Imagel] macrocode in the Image] software. For quantification,
400-700 myofibers per image were analyzed and a total of
6000-9000 myofibers per group were included. For myofiber
distribution histogram, CSA was binned according to group
(bin=300 pm?).

Statistical Analysis

All data were analyzed using the GraphPad Prism 9 soft-
ware. Statistical significance was assessed using a one-way
ANOVA or two-way ANOVA followed by Dunnett’s post-
hoc analysis unless otherwise noted. Kolmogorov—Smirnov
test was used to assess statistical significance between cumu-
lative distribution of myofiber CSA. All data are presented
as the mean + SEM, and significance was set at P <0.05.

Results

Identification of the Combinatorial Drug

We discovered a novel combinatorial drug for ALS ther-
apy using our proprietary Al-based screening technology

(Fig. S1), establishing the pathological network using
weighted correlation network analysis (WGCNA) and
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calculating the probability of combinatorial drugs that
can reverse the pathological subnetwork. Briefly, we con-
structed several subnetworks reflecting modular structures
observed in many pathological phenotypes of ALS and
calculated the connectivity scores (CS) between pathologi-
cal modular expression and chemical-induced expression.
Combinatorial drug candidates were prioritized by the
final scores, quantifying the extent to which the two drugs
complementarily modulate phenotype-related pathways
and reverse the expression patterns of the disease. Using
this novel data analysis, we identified 627 drug candidates
from 1834 drugs. For the primary screening, 205 single
drugs were examined for their anti-inflammatory effects
and differentiation of motor neurons using BV2 cells and
NPC, respectively, and 18 drugs showing tremendous sig-
nificance in both assays were identified. For secondary
screening, 100 different combinations of the selected sin-
gle drugs were screened for their anti-inflammatory and
neurogenic effects. Nebivolol and donepezil were finally
selected, and further in vitro and in vivo tests were per-
formed for validation as ALS therapies (Fig. 1).

e 627/1834 drugs

/Prediction of combinatorial drugs\

targeting anti-inflammation &
neurogenesis

il e kil
Sy - = L I

Nebivolol and Donepezil Reduce Inflammation
by Inhibiting NF-kB Nucleus Translocation

To validate the screening results, we assessed the effect
of nebivolol and donepezil on neuroinflammation in vitro
using a BV-2 mouse microglial cell line, which has a
primary role in mediating inflammatory responses in
the CNS. LPS treatment activates microglia and induces
inflammatory responses, including upregulation of nitric
oxide (NO) production and cytokine expression. LPS-
induced microglial activation significantly increased
NO production in the LPS-only treated group (LPS only)
(Fig. 2a—c) compared to the untreated control group (no
LPS). Nebivolol treatment at concentrations ranging
from 1.25 pM to 40 pM showed a significant reduction
in NO production at concentrations of 10-40 pM com-
pared to LPS only (Fig. 2a). Considering the toxicity
range of nebivolol (Fig. S2a), the reduction of NO in the
20 and 40 pM nebivolol-treated groups was due to cell
death. Next, donepezil was administered at concentra-
tions ranging from 1.25 pM to 40 pM and demonstrated a

e 18/205 drugs

14/100

combinations

-

1 combination

Secondary Drug

screening ) validation
Combination o000 ’ ‘ in vitro & in vivo
drugs for anti- /‘ validation of
inflammation / — Nebivolol:

neurogenesis Donepezil

Primary
. . screening
Pair #1 @D @D = Synergistic Single drug
i . screening on anti-
Pair #2 as Antagonistic inflammation
I /neurogenesis
S
a
9

Fig.1 The drug discovery process of the combinatorial drugs for
ALS. Data analysis predicted 627 single drugs of the 1834 single
drugs. Two hundred five single drugs with a high probability of the
627 in data analysis were tested for the primary screening, and 18 sin-
gle drugs were effective in anti-inflammation and neurogenesis. For
the secondary screening, 100 combinatorial drugs, composed of 2
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single drugs showing a significant effect in primary screening were
tested. Fourteen combinatorial drugs from secondary screening show
an excellent effect on inflammation and neurogenesis with a syner-
gistic effect compared to the single drugs. Finally, nebivolol-HCI and
donepezil-HCI (nebivolol-donepezil) were selected, and the drugs’
therapeutic effect was validated in vitro and in vivo
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Fig.2 Nebivolol and donepezil reduce inflammation by inhibiting
NF-kB nuclear translocation. a—¢ Histograms showing a relative NO
production from LPS-treated BV-2 microglia. Nebivolol (a), donepezil
(b), or a 1:1 molar ratio of combination (c¢) was co-treated with LPS.
NO concentration was normalized to the LPS-only-treated group (no
LPS: black bar, LPS only: white bar). d-i Histograms showing qRT-
PCR quantification results. The relative mRNA expression level of
iNOS (d), CCLS5 (e), IL-15 (f), IL-6 (g), TNF-a (h), and CDS6 (i) were
normalized to LPS untreated control group (black bar). j Representa-

significant reduction in NO production at concentrations
of 1.25-40 pM without affecting cell toxicity (Figs. 2b
and S2b). To evaluate the anti-inflammatory effect of the
combinational drug, we applied nebivolol and donepezil at
a fixed ratio (1:1) of escalating doses and observed a sig-
nificant attenuation of NO generation in a dose-dependent
manner. The NO-reducing effect of the combinational drug
was greater than the effects of every single drug of nebivo-
lol or donepezil at the respective concentrations (Fig. 2c¢).

tive microscopic images showing the compartment of NF-kB signal
in HeLa cell. The dashed line shows the boundary of the nucleus and
cytoplasm. Scale bar=50 pm. k Histogram showing quantification
result of NF-kB nuclear translocation. The mean NF-kB intensity dif-
ference between nuclear and cytoplasm was normalized to IL-1o only
treated group (as 100%) and IL-la untreated group (as 0). One-way
ANOVA followed by Dunnett’s post-hoc comparisons test. *P <0.05,
**P<0.01, ***P<0.001, ****P<0.0001. Data are expressed as
mean + SEM. Nebi =nebivolol, Done =donepezil

These results showed that nebivolol and/or donepezil
effectively attenuated NO production in LPS-stimulated
microglia, demonstrating the drug combination’s efficacy
in reducing neuroinflammation.

To confirm the effect of the drug combination on neu-
roinflammation, we evaluated the mRNA expression of
inflammation-related genes. iNOS mRNA expression was
robustly upregulated by LPS only, whereas nebivolol-
donepezil treatment significantly reduced iNOS expression
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(Fig. 2d). Considering a previous report on the role of the
iNOS gene in NO synthesis during inflammation [41],
decreased iNOS expression further supported the effect of
nebivolol-donepezil on NO reduction. In addition, mRNA
expression levels of pro-inflammatory cytokines, which are
critical modulators of inflammatory responses, and CD86,
the transmembrane protein of antigen-presenting cells that
provides stimulatory signals to immune cells, were signifi-
cantly decreased by treatment with the combination drug
(Fig. 2e—i). These results indicate that nebivolol-donepezil
effectively controlled inflammation by downregulating LPS-
induced cytokines.

Previous studies have demonstrated the anti-inflammatory
effects of nebivolol and donepezil via inhibition of NF-xB
nuclear translocation, which mediates the transcription of
inflammatory cytokines [42—44]. Therefore, we verified
whether nebivolol and donepezil could inhibit the nuclear
translocation of NF-kB under the effect of interleukin 1o (IL-
lar). IL-1a treatment at 10 ng/ml dramatically induced NF-xB
translocation to the nucleus in HeLa cells, whereas 5 pM
nebivolol or donepezil significantly reduced IL-1a-induced
nuclear translocation of NF-kB (Fig. 2k). Furthermore, the
two drugs in combination reduced NF-«B translocation more
than the single treatment with each drug (Fig. 2j, k). Col-
lectively, these results indicate that nebivolol and donepezil
exert potent anti-inflammatory effects by regulating NF-xB
nuclear translocation.

Nebivolol and Donepezil Protect Neuronal Death
from Excitotoxicity

One of the pathophysiological features facilitating motor
neuronal loss in ALS is the excitotoxicity caused by exces-
sive glutamate. Therefore, we investigated whether nebivolol
and donepezil effectively protected neurons from glutamate-
induced excitotoxicity in mouse primary cortical neuronal cul-
tures. Treatment with 20 pM glutamate dramatically caused
neuronal damage, which was examined using immunostaining
for the neuronal marker MAP2. In contrast, treatment with
the NMDA receptor antagonist MK801 as a positive control
significantly prevented neuronal loss, consistent with previ-
ous reports (Fig. 3a—d) [45, 46]. In this system, 0.01-2.5 pM
nebivolol or 0.01-10 pM donepezil dose-dependently
increased neuronal survival compared to the glutamate only
group, showing a protective effect of both drugs against exci-
totoxicity (Fig. 3a, b). In addition, combined treatment with
1 pM nebivolol and 1 pM donepezil was more protective than
each drug treated alone (Fig. 3b—d).

Donepezil has been reported to elicit neuroprotective
actions against excitotoxicity through PI3K-Akt signaling
[47]. Therefore, we evaluated whether the protective effect
of nebivolol-donepezil were PI3K-dependent. Treatment
with the PI3K inhibitor LY294002 and the combination drug
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significantly reversed the neuronal survival observed after
treatment with the combination drug alone, indicating that
nebivolol-donepezil protects neurons from excitotoxicity
through the PI3K signaling pathway (Fig. 3e).

Nebivolol and Donepezil Promote
the Differentiation of Motor Neurons by Increasing
the Neurotrophic Factor Expression

Protection from motor neuronal death and the restoration
of the neuronal population has been suggested as a vital
target for therapeutic approaches for ALS treatment. ReN
VM, which is an immortalized NPC line, was used to eval-
uate whether nebivolol and/or donepezil could accelerate
the differentiation of NPC into motor neurons. Nebivolol,
donepezil, and the combination of the two drugs signifi-
cantly increased HB9 (a motor neuron-specific marker)
expression compared to the control (Fig. 4a). We further
verified that drug treatment markedly increased HB9 mRNA
levels depending on the concentration of nebivolol and/or
donepezil (Fig. 4b). Several studies have demonstrated that
neurotrophic factors are strongly involved in neurogenesis
and neuronal differentiation [48, 49]. Next, we examined
whether nebivolol and donepezil regulated the expression
of neurotrophic factors. Nebivolol and donepezil markedly
elevated the mRINA expression levels of neurotrophic fac-
tors: brain-derived neurotrophic factor (BDNF), glial cell-
derived neurotrophic factor (GDNF), and nerve growth fac-
tor (NGF) (Fig. 4c—e). In addition, a significant increase in
neurotrophic factors was observed after treatment with 1 pM
nebivolol and 1 pM donepezil, consistent with HB9 protein
and mRNA levels. These data indicate that nebivolol and
donepezil promote motor neuronal differentiation of NPC
through the upregulation of neurotrophic factor expression.

Nebivolol-Donepezil Improves Motor Function
and Prevents Muscle Atrophy in ALS Mice

To evaluate the therapeutic effects of nebivolol and done-
pezil in an animal model of ALS, we orally administered the
drugs to hSOD1%%3A mice for 10 weeks. First, we assessed
the drug’s effect on motor function using the rotarod test,
which was performed weekly. The drug was administered at
70 days of age when motor deficits were not yet apparent in
the transgenic mice. Normal mice (WT) showed a signifi-
cant learning phase from 70 to 98 days and a steady phase
from 98 to 140 days in motor coordination, whereas the TG-
vehicle group (TG-Veh) showed early motor deterioration
with impaired motor function during the learning phase and
significantly decreased latency time during the steady phase
(Fig. 5a). Nebivolol-donepezil administration (TG-N5 +D3)
markedly prevented motor deficits during early disease pro-
gression, exhibiting a motor learning performance similar to
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Fig.3 Nebivolol and donepezil protect neurons from glutamate-
induced excitotoxicity. (a, b, d, e) Histograms showing quantifica-
tion results of relative MAP2 signal intensity. Glutamate 20 pM
was treated to induce excitotoxicity in neurons. MK801, which is an
NMDA receptor antagonist, was used as a positive control. Nebivo-
lol (a), donepezil (b), combination (d), combination and LY294002,
PI3K inhibitor (e), was treated to test the drug effect. MAP2 fluo-
rescence intensity was normalized to the control groups. ¢ Repre-

that of WT animals in the learning phase. In addition, nebiv-
olol-donepezil treatment significantly increased the rotarod
latency time in the steady phase compared to TG-Veh. When
the rotarod performance was calibrated to the individual ani-
mal’s baseline performance, the TG-Veh group showed sig-
nificant impairment from day 77. In contrast, the TG-N5 +D3
group showed a similar level of decline at day 126 compared
to the WT group (Fig. 5b). Therefore, drug treatment substan-
tially delayed motor degeneration in ALS mice.

To assess whether the drug’s effect on motor function is
related to the prevention of motor neuronal loss, we exam-
ined the number of motor neurons in the lumbar spinal cord
28 days after nebivolol-donepezil administration. Nissl
staining revealed that the number neurons in the ventral
horn of TG-Veh was significantly diminished. In contrast,

sentative microscopic images of primary culture immunolabelled
with a neuronal marker (MAP2, green) and nucleus (DAPI, blue).
Scale bar=300 pm. One-way ANOVA followed by Dunnett’s post-
hoc comparisons test (a—d). Two-way ANOVA followed by Sidak’s
post-hoc comparisons test (e). *P<0.05, **P<0.01, ***P<0.001,
*###%P <0.0001. n.s. indicates no significance. Data are expressed as
mean + SEM. N1+ D1 =nebivolol 1 pM +donepezil 1 pM

the number in TG-N5+ D3 was comparable to that of WT
controls, indicating that the drug treatment effectively
halted the motor neuron loss during disease progression
(WT:117.7+6.872 cells; n=10 mice, TG-Veh:64 +10.55
cells; n=6 mice, TG-N5+D3:181.7 +28.51 cells; n=6
mice) (Fig. 5c, d). Moreover, we investigated the therapeutic
effect of nebivolol-donepezil by measuring serum levels of
the phosphorylated neurofilament heavy protein (pNF-H), a
potential pharmacodynamic marker for ALS, after 28 days
of drug treatment. The pNF-H levels in the TG-N5 + D3
(0.63+0.2048 ng/ml, n=06) were significantly lower than
those in the TG-Veh (4.57 £ 1.255 ng/ml, n=6) (Fig. Se).
Muscle atrophy is one of the pathological hallmarks of
ALS and is directly associated with the loss of motor neurons
with innervated NMJ projecting to the muscle. Therefore,
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Fig.4 Nebivolol and donepezil promote the differentiation of motor
neurons by increasing neurotrophic factor expression. a Histogram
showing immunostaining results. The HB9 expression level was nor-
malized to the untreated control group. b—e Histograms showing qRT-
PCR results. The relative mRNA expression levels of HB9 (b), BDNF

we further explored whether the reversal of neuronal loss
in the TG-N5 + D3 group could effectively prevent muscle
atrophy. The cross-section of the tibialis anterior (TA) mus-
cle after 28 days of drug administration was immunostained
against laminin, and the number and size of the myofiber
cross-sectional area (CSA) were measured (Fig. 5f). Average
of CSA was significantly reduced in TG groups compared
to the WT group, while TG-NS5 + D3 group showed sig-
nificantly elevated mean CSA compared to TG-Veh group.
Also, analysis of the cumulative percentage distribution of
CSA of myofibers revealed a significant effect of the drug
(Fig. 5g). Although there were leftward shifts in the CSA
distributions for the TG groups compared to the WT group,
the CSA distribution of the TG-N5+ D3 group was shifted
to the right compared to that of the TG-Veh group. Previous
studies have shown that the proportion of myofibers with a
smaller CSA indicates muscle atrophy and is increased in
SOD1%*A mice [50-52]. Consistently, the TG-Veh group
exhibited a remarkable increase in the proportion of smaller
myofibers, ranging from 0 to 900 pm? of CSA, compared to
the WT (Fig. 5h). However, the TG-N5 + D3 group showed a
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(¢), GDNF (d), and NGF (e) were normalized to the untreated control
group. One-way ANOVA followed by Dunnett’s post-hoc comparison
test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Data are
expressed as mean+ SEM

significantly reduced proportion of smaller myofibers com-
pared to the TG-Veh group. Consequently, the overall mean
CSA was significantly larger in the TG-N5 + D3 group com-
pared to the TG-Veh group (Fig. 51). These results suggest
that nebivolol-donepezil effectively prevents muscle atrophy
in the mouse model of ALS.

Nebivolol-Donepezil Significantly Delays
the Disease Onset and Prolongs Survival in ALS Mice

We have demonstrated the therapeutic effects of nebivolol-
donepezil on motor performance and muscle atrophy, which
could positively affect the quality of life of patients with
ALS. However, TG-N5 + D3 showed no effect on survival
rates (Fig. S3) at low drug doses. We further verified that the
high dose (N9 +D6) of drugs could effectively extend sur-
vival rates by slowing down the onset of the disease in ALS
mice. To examine disease onset, administration of nebivolol-
donepezil was started after the symptom of disease when
the compound muscle action potential (CMAP), a feature of
electrophysiology in muscle, was significantly deteriorated
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Fig.5 Oral administration of nebivolol-donepezil improves motor
function and physiological features in ALS model mice. a Latency
to fall measured from the rotarod behavior test. The drug was orally
administered from 10 weeks of age every day. The Rotarod test
was performed daily. b Rotarod performance was calibrated to the
individual animal’s baseline latency (Day 70) and normalized to
WT control. TG-Veh group showed a significant motor deficit from
Day 77 (unpaired t-test, P=0.043), while drug-treated TG showed
a significant decline from Day 126 (unpaired t-test, P=0.042). ¢
Representative microscopic images of Nissl-stained ventral horn from
wild-type, TG-Veh, and TG-N5 + D3-treated mice. Scale bar=50 pm.
d Quantification of the Nissl-positive motor neuron numbers in
each group. e The concentration of pNF-H in serum from WT and

compared to the WT (Fig. S4). In addition, body weight was
measured to calculate the time when mice lose 10% of body
weight, which is considered the onset of disease in ALS
mice [53]. Administration of nebivolol-donepezil in ALS

CSA (um?)

TG mice was administered with a vehicle or drug for 4 weeks. f
Representative microscopic images of laminin-stained TA muscle
from ALS model mice. Nuclei were counter-stained with DAPI
(green). Scale bar=20 pm. g Cumulative distribution of myofiber
cross-sectional area (CSA). h Frequency histogram showing the
distribution of myofiber CSA. Data grouped into 300 pm? bins. i Mean
CSA of all myofibers analyzed. Repeated-measure two-way ANOVA
followed by Tukey’s post-hoc comparisons test (a). One-way ANOVA
followed by Tukey’s post-hoc comparisons test (d, e, h). Kolmogorov—
Smirnov test (g). *# P<0.05, ** P<0.01, *** P<0.001, ****
P <0.0001. Compared to WT (*) or TG-Veh (#). Data are expressed as
mean + SEM. N5 + D3 =nebivolol 5 mg/kg + donepezil 3 mg/kg

mice significantly delayed the disease onset (when average
weights were 23.2+0.72 g for TG-Veh and 22.6 +0.38 g for
TG-N9 + D6) with a time point of 70% intact mice shown at
105 days in TG-Veh compared to 117 days in TG-N9+D6
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delays disease onset and prolongs survival in ALS mice. a The onset
of disease was scored as the percentage of animals losing 10% of
peak body weight. P= 0.0331 by Gehan-Breslow-Wilcoxon test. b

(Fig. 6a). Finally, we evaluated whether the effects of nebiv-
olol-donepezil on disease onset could extend the survival
rates of ALS mice. Administration of nebivolol-donepezil
significantly prolonged the survival by extending survival
by 11 days (the time point of 70% survival probability was
125 and 136 days in TG-Veh and TG-N9 + D6, respectively)
(Fig. 6b). However, each high dose-single compound-treated
group had no beneficial effect on disease onset and survival
compared to the TG-Veh group (Fig. S5).

Overall, these data indicate that administration of nebiv-
olol-donepezil notably prolongs survival and delays disease
onset in ALS mice, suggesting the combined drug’s efficacy
in patients’ life span and not only their quality of life.

Discussion

Over the past few decades, a multitude of experimental
drugs have been shown to halt disease progression in pre-
clinical animal models of ALS. However, most studies failed
to show similar levels of efficacy in human clinical trials
[54-57]. The reasons for the discrepancy between preclinical
and clinical trials are: various, yet different, causes of the
disease and heterogeneity among patients. In addition, our
in vivo efficacy with combinational drugs is also restricted
to the SOD1 mutant, whereas ALS possesses greater genetic
complexity. Although an extensive study of all the genetic
models may not be possible, developing a multitargeting
drug that can resolve ALS symptoms regardless of genetic
background may overcome the failure in clinical trials and
lead to more innovative opportunities to cure ALS.
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drug-treated ALS mice (n=12 mice). P=0.0417 by Gehan-Breslow-
Wilcoxon test

In addition, previous drug development targeting one
mechanism for ALS therapy could increase the failure in
clinical trials or could not overcome the prominent therapeu-
tic effect in patients with ALS. The mechanisms of action
(MOA) of previous FDA-approved drugs for ALS, namely,
riluzole and edaravone, are relatively restricted or unknown.
Riluzole is a glutamate antagonist predicted to help patients
through its anti-excitotoxic effects [58—60], whereas the
only estimated mechanism of edaravone is anti-oxidation
[61-63]. The single-targeting properties of riluzole and
edaravone limit their efficacy in increasing survival by a
short period or in patients with milder symptoms and shorter
disease duration [57].

Recently, the combined administration of sodium phe-
nylbutyrate and taurursodiol received FDA approval because
of the drug’s ability to target multiple processes implicated
in the pathophysiology of ALS (NCT03127514). Phenylb-
utyrate-taurursodiol was reported to reduce neuronal cell
death by mitigating endoplasmic reticulum stress and mito-
chondrial dysfunction [64]. This successful trial increases
the rationale for drug development by multitargeting ALS
pathophysiology. Our extensive in vitro and in vivo data
demonstrated the diverse MOAs of our combinatorial drug
against ALS, providing sufficient evidence for nebivolol-
donepezil to advance further clinical investigations.

Benefiting from Al-based drug screening, nebivolol-
donepezil was identified for ALS therapy. Here, we describe
a novel drug combination that effectively targets the multi-
factorial mechanisms related to ALS (Fig. 7). We suggest
four different MOAs for the therapeutic effect of nebivolol-
donepezil: anti-inflammation, neuroprotection, neurogen-
esis, and muscle atrophy prevention.
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Fig.7 Mechanism of action
of nebivolol and donepezil.
AchR =acetylcholine recep-
tor; B2AR =beta-2 adrenergic
receptor

éi/[ Nebivolol

Protection against
muscle atrophy

Neuroinflammation is one of the most striking
pathological findings of ALS shared by familial and
sporadic patients and is characterized by extensive
microglial activation, astrogliosis, and infiltration of
monocytes and T-cells [65-69]. However, attempts to
eliminate downstream inflammatory genes in ALS animal
models are not helpful [70, 71] or even detrimental [72],
emphasizing the complexity of neuroinflammation in ALS.
A more successful approach would target the upstream
transcription factors responsible for inflammation, such as
NF-kB. The nuclear factor is a major regulator of microglial
inflammation [73] and is upregulated in the spinal cords of
patients with ALS and ALS model mice [74]. Constitutive
activation of NF-kB in microglia induces gliosis and motor
neuronal death in vitro and in vivo, providing a therapeutic
target for modulating the progression of ALS [75]. Studies
have demonstrated that adrenergic and cholinergic signaling
are associated with regulating microglial inflammation by
inhibiting NF-xB nuclear translocation [42—44]. Consistently,
we found reduced compartmentalization of NF-«xB in the
nucleus of HeLa cells following treatment with nebivolol
(partial adrenergic agonist), donepezil (acetylcholinesterase
inhibitor), or nebivolol-donepezil. Deletion of NF-kB
signaling and the resultant alleviation of inflammatory
responses are known to rescue motor neurons from
microglial-mediated death and extend survival in ALS mice
[75], which was also demonstrated by our in vivo results.
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The glutamate hypothesis is a well-established patho-
physiological mechanism of motor neuron injury in ALS
[20]. Due to their low endogenous calcium buffering capac-
ity, spinal and brainstem motor neurons are particularly
vulnerable to excessive glutamate, which disrupts muscle
calcium homeostasis [76, 77]. Interference of glutamate-
mediated excitotoxicity is one of the few neuroprotective
strategies that has slowed disease progression in patients
with ALS [78]. Treatment with nebivolol-donepezil dem-
onstrated a PI3K-dependent increase in neuronal viability
under glutamate excitotoxicity, thereby expanding the thera-
peutic capacity of the drug in ALS mice.

Increased expression of neurotrophins is strongly associ-
ated with anti-apoptosis, neuroprotection, and neurogenesis
[79, 80]. Multiple factors, including BDNF, ciliary neuro-
trophic factor (CNTF), GDNF, IGF-1, and granulocyte col-
ony-stimulating factor, have been investigated in preclinical
models of ALS [8]. The administration of neurotrophic fac-
tors remarkably affects the survival of degenerating motor
neurons in rodent ALS models [81]. Additionally, BDNF
[82], CNTF [83], and IGF-1 [84-86] have been examined in
large-scale human clinical trials. Therefore, elevated expres-
sion of neurotrophins, including BDNF, GDNF, and NGF,
along with increased differentiation of NPC to motor neu-
rons by nebivolol-donepezil treatment, were likely translated
in vivo as protection from spinal cord motor neuronal loss
and extended lifespan of SOD1 mice.
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Numerous studies have shown that increased levels of
insulin growth factor-1 (IGF-1) stimulate protein synthe-
sis and attenuate protein degradation in skeletal muscle,
which promotes muscle growth [8§7—-89]. Using differenti-
ated C2C12 myocytes, we observed significant upregula-
tion of /IGF-1 mRNA levels following nebivolol and done-
pezil treatment (Fig. S6a). In turn, we verified that the drug
effectively protected C2C12 cells from both tumor necrosis
factor-a (TNF-a)-induced atrophy (Fig. S6b). We suspect a
similar IGF-1-inducing mechanism was triggered in vivo,
that converted to improved myofiber health in the ALS ani-
mal model. Furthermore, IGF-1 overexpression improves
muscle function and extends the lifespan of mice suffering
from different types of muscle diseases [90, 91]. Therefore,
the IGF-1-inducing effect of our drug likely has a beneficial
influence on rotarod performance, weight loss, and survival.

In conclusion, a multitargeting approach using a com-
binational drug, nebivolol-donepezil, effectively delays
disease onset, including motor degeneration and motor
neuronal loss, and extends survival. Among the recently
growing number of clinical trials with combinational drugs
for CNS disorders, the multifactorial targeting drug nebivo-
lol-donepezil could provide therapeutic potential for patients
with ALS.
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