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Extended Abstract

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig's disease, is a highly
complex, devastating condition with a high unmet medical need that necessitates the
immediate development of disease-modifying drugs. ALS is considered a heterogeneous
fatal disease that affects multiple pathophysiological pathways; however, one of the most
studied pathways, which is well demonstrated in both preclinical ALS mouse models and
human clinical ALS cases, is oxidative stress. Further, hydrogen peroxide (H202) is one
of the most studied free radicals in the etiopathogenesis of ALS. The pathological
concentration of H202 causes aberrant oxidative modification and, hence, misfolding of
both human wildtype and mutant SOD1, the ubiquitous antioxidant SOD1 protein, a
known cause of both sporadic and familial ALS. Despite significant efforts, the scientific
community has had limited success in developing effective treatments for ALS. Since the
discovery of ALS in 1869 by Charcot, only two FDA-approved drugs, Edaravone (EDR),
an antioxidant, and Riluzole, an antiglutamatergic, have been widely used clinically, albeit
with modest effects on the clinical course of ALS disease progression. Additionally,
preclinical studies of both these drugs in SOD1 ALS mouse models have not shown any
significant survival benefit; however, some amelioration in disease progression has been
observed and has been translated from preclinical animal studies to clinical human
studies with these two molecules. Nevertheless, the potential of small molecule
therapeutics, such as EDR, which seeks to reduce the global oxidative stress implicated

in the pathophysiology of ALS, cannot be overlooked.

Therefore, our overall goal, as part of a longitudinal early-phase drug discovery project,

is to develop novel oxidative stress-targeting boron-based pyrazoles (B-Pyr) that could
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improve the neurological phenotypes, as well as modify other motor clinical disease
phenotypes, in the highly aggressive and early onset humanized SOD1-G37R line (42)
mice model of ALS. Herein, we report our investigations into the development of a
trifunctional boron-based pyrazole, NS-1-2 (Borsantrazole™), that can serve as a prodrug
of EDR, which has shown a satisfactory safety profile and statistically significant
preclinical, proof-of-concept efficacy in a humanized SOD1 mouse model of ALS. Overall,
these results validate the therapeutic potential of our B-Pyr scaffold for extending survival
and modifying the motor clinical disease phenotypes of ALS, in terms of delaying the
onset of disease, symptom onset, and reducing ALS-induced weight loss (cachexia).
Finally, comprehensive, global, quantitative, unbiased, and untargeted profiling of the
proteome and phosphoproteome in treated SOD1-G37R mice reveals changes and
differential regulation of known pathological proteins in ALS, as well as previously
unreported proteins and phosphoproteins associated with ALS. Additionally, the
previously unknown proteomic results show a pathological Ilink to other
neurodegenerative diseases. Therefore, tailoring the privileged scaffold of antioxidant
EDR with the added advantage of boron (vide infra) has the potential to increase upon
the marginal therapeutic benefits provided by current therapies. Overall, the translation
of the statistically significant survival benefit and slowing of disease progression reported
herein, via the selective targeting of oxidative stress by NS-1-2 (Borsantrazole™), a
trifunctional boron-based pyrazole, offers an opportunity to develop a best-in-class ALS
therapeutic. In addition, the reported changes in the global proteome and
phosphoproteome may represent novel druggable targets in ALS. Furthermore, as a part

of an early-phase drug development project, the EDR prodrug NS-1-2 was trademarked

11



as Borsantrazole™ following a strong international search report (ISR) from the World
Intellectual Property Organization (WIPO) for its novelty, inventive step, industrial
applicability, and utility. In the present work, we report that Borsantrazole has
demonstrated superior efficacy compared to currently approved therapies in ALS mouse
models and holds the potential to become a ‘best-in-class’ treatment for ALS with further
clinical development. Borsantrazole introduces a novel approach to small organic
molecule targeting global oxidative stress, which may reduce neuronal deterioration and
serve as a potential therapeutic option for other neurodegenerative diseases

characterized by oxidative stress.

Key Words: Amyotrophic lateral sclerosis, hydrogen peroxide, SOD1, oxidative stress,

edaravone, Borsantrazole™, SOD1-G37R ALS mouse model.
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Short Abstract

Amyotrophic lateral sclerosis (ALS) is a heterogeneous and fatal motor
neurodegenerative disease. Since ALS was discovered in 1869, only two FDA-approved
drugs, Edaravone (EDR) and Riluzole, have had clinically validated impacts on disease
progression. However, preclinical studies of these approved drugs in SOD1 ALS mouse
models haven't shown any survival benefits. Here, we report the discovery and
development of a boron-based improved version of FDA-approved EDR, which could
modify motor disease phenotypes in SOD1 ALS mice models, demonstrating target
engagement. Using a novel green chemistry approach, we synthesized four boron-based
EDR analogues and EDR prodrugs (B5-EDR). All six compounds showed excellent safety
and efficacy in vitro. Single and daily doses of NS-1-2 (10mg/kg) (Borsantrazole™)
caused no tissue toxicity in wild-type mice; furthermore, presymptomatic NS-1-2
treatment in G37R (42) mice effectively modified clinical motor disease phenotypes.
Moreover, the untargeted biomarker analysis showed differential protein expression in the
brain and spinal cord of SOD1 ALS mice, supporting the therapeutic potential of NS-1-2.
Furthermore, the lead compound NS-1-2 is registered as a trademark under the name

Borsantrazole™ (BSZ) and is protected by a patent. It is supported by a comprehensive

international search report from the World Intellectual Property Organization,

PCT/CA2023/051352 (WO/2024/103151), which affirms its novelty, inventive step,

industrial utility, and industrial applicability.

Key Words: Amyotrophic lateral sclerosis, hydrogen peroxide, SOD1, oxidative stress,

edaravone, Borsantrazole™, SOD1-G37R ALS mouse model.
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Graphical Abstract
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(KNN); Complexin 2 (Cplx2), Low-density lipoprotein receptor-related protein 4 (Lrp4);
sequestosome 1 (Sgstm1/p62); Gigaxonin(Gan/KLHL16); sorting nexin-13 (Snx13);
Neurofilament light chain (Nefl); and Neurofilament Heavy Chain (Nefh);
Phosphoglycerate kinase 1 (Pgk1) ;2-oxo-3-(phenylhydrazono)butanoic acid (OPB) ;
superoxide dismutase 1 (SOD1); hydroxyl radical (HO¢); reactive oxygen species (ROS);
N-butyl lithium (n-BuLi); directed Ortho metalation (DOM); isopropoxy 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (PINBOP); diethyl ether (DEE); neuroblastoma-spinal
cord (NSC); Dulbecco’s modified eagle medium (DMEM); Central Animal Care Services
(CACS); Polymerase Chain Reaction (PCR); dithiothreitol (DTT) ; acetonitrile (ACN) ;
trifluoracetic acid (TFA); data-dependent acquisition mode (DDA) ;K-nearest neighbor
(KNN) ; World Health Organization (WHO); RDH: Redox dyshomeostasis; MND: Motor
neurodegenerative disease ;Cu/Zn SOD, SOD1: Copper/zinc superoxide dismutase;
mSOD1: Mutant SOD1;ROS: Reactive oxygen species ;sALS: Sporadic ALS ;fALS:
Familial ALS; SOD1: Superoxide dismutase 1; H202: Hydrogen peroxide ;TDP-43: TAR-
DNA binding protein 43 ;NCI: Neuronal cytoplasmic inclusions; AD: Alzheimer’s disease;
PD; Parkinson’s disease; HD; Huntington’s disease; (O2): Molecular oxygen; Fe: Iron; Cu:
Copper; Complex IV: Cytochrome ¢ oxidase; (O2""): Superoxide radical anion ; (HO"):

Hydroxyl radical; Met: Methionine; Cys: Cysteine; (-SOH): Sulphenic acid; (SH): Sulhydryl
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or thiol group; (-S-S-): Disulphide bond; (-SO2H): Sulfinic acid (-SOsH): Sulfonic acid;
(NO"): Nitric oxide radical ;(ONOQO™): Peroxynitrite; RNS: Reactive nitrogen species; 3-NT
3-nitrotyrosine; PTMs: Post translational modifications; HOCI: Pypochlorous acid; (-
OOH): Hydroperoxide nucleophile;(O-0): Peroxide; (-S°): Thiolate;(SN2); Bimolecular
nucleophilic substitution;(QM-MM): Quantum-classical molecular dynamics simulations;
(Ca*?): calcium ion; NOXs: NAD(P)H oxidases; OP: oxidative potential; 4-HNE: 4-
Hydroxy-2-Nonenal; Fe*2: Ferrous ion; Fe*3: Ferric ion; C9ORF72: Chromosome 9 open
reading frame 72;FUS : RNA-binding protein fused in Sarcoma; Tg: Transgenic; Zn: Zinc;
hSOD1: HumanSOD1; Km: Michaelis constant; Kcat: turnover number of
the enzyme;(Cu, E SOD): Zn deficient SOD; MalPEG: Maleimide-polyethylene glycol;
ThT: Thioflavin T, SH-SY5Y: Neuroblastoma cell line; CSF: Cerebro spinal fluid. NS-
shuttle: Nucleocytoplasmic shuttle. NDDs: Neurodegenerative diseases; AD: Alzeimer’s
disease; PD: Parkinson’s disease; ATP: Adenosine triphosphate; Cu/Zn SOD, SOD1:
Copper/zinc superoxide dismutase; OS: Oxidative stress; RATM: Redox active transition
metals; Fe*?: Ferrous ion; Cu*: Cuprous ion; (O): Oxygen; (N): Nitrogen; CCS: Chaperone
for SOD1; CcO: Cytochrome c¢ oxidase; (-S-S-): Disulphide bond; Zn: Zinc;, TBARS:
Thiobarbituric acid reactive substances; HNE: 4-Hydroxynonenal; 8-OHG: 8-
hydroxyguanosine; 8-OHdG: 8-hydroxy-2'-deoxyguanosine; DNA/RNA: Deoxyribonucleic
acid/Ribonucleic acid; NOXs: NAD(P)H oxidases; (ONOO-): Peroxynitrite; 3-NO2Tyr: 3-
nitrotyrosine; (-OOH): Hydroperoxide; (ROO.): Lipid peroxides; (NO-): Nitric oxide radical
(Zn*?): Zinc ion; (Ca*?): Calcium ions; EAAT: Excitatory amino acid transporters;EAAT2:
Excitatory amino acid transporter 2; AMPA: Alpha-amino-3-hydroxy-5-methylisoxazole-4-

propionic acid; ER: Endoplasmic reticulum;(NMDAR): N-methyl-D-aspartic acid
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receptors; ApH: Proton gradient; PLA2: Phospholipase A2; PGE2: Prostaglandin E2;
SOD1: Superoxide dismutase; sHSPs: Small heat shock proteins; mTOR: Mammalian
target of rapamycin; CNS: Central nervous system; PINK1: PTEN-induced kinase 1; (Nf):
Neurofilaments; pNf: Phosphorylated neurofilament; CSF: Cerebrospinal fluid; NfL:
Neurofilament light chain; pNFH: Phosphorylated neurofilament heavy chain; MQC:

Mitochondrial quality control.
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1 Introduction

1.1 Neurodegeneration

Neurodegeneration refers to the pathological condition where there is a progressive death
and loss of function of neurons in the brain and spinal cord. Neurons are the basic unit of
the central nervous system (CNS), and they are incapable of self-repair and regeneration.
Neurodegenerative diseases (NDDs) are devastating and incurable, causing problems

with movement (ataxias) or resulting in neurological conditions called dementias[1].

To date, there is no well-defined cause of neurodegenerative diseases. However, aging
is regarded as the most important contributor to the development of NDDs such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and
amyotrophic lateral sclerosis (ALS) or Lou Gehrig’s disease. Thus, it is anticipated that
the incidence of neurodegenerative disease will increase due to the increasing average
age of the global population. Due to the unknown cause(s) of NDDs, there is no definitive
treatment available. However, substantial research has shown that the misfolding or
aggregation of specific proteins that are induced by reactive oxygen species (ROS) and
reactive nitrogen species (RNS) serves as a hallmark of NDDs[2]. Over 57 million people
worldwide are affected by NDDs, a number projected to double every two decades.
Despite this increasing prevalence, no cures currently exist, and treatment options are
limited. Challenges include clinical disease heterogeneity, lengthy preclinical and
prodromal stages, a poor understanding of underlying mechanisms, and difficulties in

diagnosis|[3].

36



1.2 Amyotrophic lateral sclerosis

The excerpt below has been adapted from the published manuscript with some

modifications for the thesis. Please see the full published paper in the appendix.

Sanghai, N.; Tranmer, G.K. Hydrogen Peroxide and Amyotrophic Lateral Sclerosis:
From Biochemistry to Pathophysiology. Antioxidants 2022, 11, 52.

https://doi.org/10.3390/antiox11010052

ALS is a motor neurodegenerative disease (MND) that is due to the gradual deterioration
of voluntary muscle function due to progressive loss of the lower and upper motor
neurons. It is a progressive paralytic disorder that causes degeneration of motor neurons
in the brain and spinal cord[4]. The disease was first described in 1869 by French
neurologist Jean-Martin Charcot. Therefore, ALS is also known as Charcot's disease in
honour of the first person who described it[4]. The disease became well known in the
United States (US) when famous baseball player Lou Gehrig was diagnosed with the
disease and died at the age of 37 years[5]. Early symptoms of ALS generally include
muscle weakness. Slowly, all voluntary muscles are wasted throughout the body, and
eventually, the brain loses its ability to control voluntary body movements. Individuals
suffering from ALS lose their strength, ability to speak, eat, move, and even breathe,
although their intellect is largely unaffected[5]. Eventually, people with ALS die due to
respiratory failure, usually within 3-5 years after first diagnosis[4, 6]. ALS is the most
common MND, and it accounts for 80-90% of all MND cases[7]. There is an increasing
number of patients diagnosed with ALS globally. Recent reports have shown that the
incidence of ALS is between 0.6 and 3.8 per 100,000 persons-years[8-11]. Recent studies
have reported that the prevalence of ALS is between 4.1 and 8.4 per 100,000 persons[11-
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15], showing the increase in the burden of ALS globally[15]. ALS is characterized by two
forms, sporadic (SALS) and familial (fALS). The most common form of this disease is
SALS (90-95%), the aetiology of which is still unknown, and there is no apparent genetic
component associated. The remaining (5-10%) of the cases are fALS, which is due to the
association of a dominant genetic inheritance factor[5].

ALS is a highly complex, incurable, idiopathic illness and a life-threatening disease. It is
thought to be a multifactorial disease, with no single cause being well established to
date[16]. In 1993, mutations in the superoxide dismutase (SOD1) gene encoding
Cu,ZnSOD1 protein were reported as the first genetic link to fALS[17]. Presently, more
than 185 mutations are reported in the SOD1 gene[18, 19]. Recent updates show the
presence of more than 200 SOD1 variants, primarily due to missense variants[20].

The most common cause of ALS is a mutation of the SOD1 gene encoding the ubiquitous
antioxidant enzyme SOD1[21]. Due to the high incidence of SOD1 mutations, which
account for 20-25% of fALS cases, representing 1-2% of all ALS cases, SOD1 is regarded
as the most comprehensively studied gene. It is one of the prime targets to find
therapeutic options for the treatment of ALS[22]. fALS, which includes mutant SOD1
(mSOD1), among other mutations, is almost identical to the late-onset, classical form of
ALS called sALS. Both of these forms of ALS are clinically indistinguishable and both
share common clinical features, such as the presence of inclusion bodies, motor neuron
death and dysfunction, and glial reactivity[23]. The only difference between SOD1-fALS
and classic sALS is that individuals with sALS have an average age of onset of 56 years,
compared with 46 years for fALS with SOD1 mutations[24]. The variability in the clinical

course of disease presentation among fALS patients is observed due to the presence of
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various genetic mutations in the SOD1 gene, which is similar in the case of sALS[25].
Research has shown that fALS cases are mainly due to the mutations of four genes: The
chromosome 9 open reading frame 72 (COORF72)[26], SOD1[17], RNA-binding protein
fused in Sarcoma (FUS)[27] and TAR DNA binding protein 43 (TDP-43)[28].

A large body of evidence suggested that SOD1 plays a critical role in the pathogenicity of
both forms of ALS, i.e., fALS and sALS, and is a common protein, which is pathologically
associated with both forms. In the case of fALS, a mutation in the SOD1 gene called
mSOD1 causes the misfolding of the SOD1 protein. On the other hand, in the case of
sALS, non-genetic post-translational modifications (PTMs), such as loss of metal,
disruption of quaternary structure, and oxidation of human wild-type SOD1 protein by free
radicals, could cause misfolding of the SOD1 protein[25, 29]. These aberrant
conformations cause wtSOD1, in the case of sALS, to acquire the same toxic function
that is observed for fALS-associated mSOD1variants[21, 22, 25, 30, 31]. Moreover,
previous studies have established that the misfolding of the SOD1 protein is the major
culprit in causing the loss of around 70% of spinal cord motor neurons[32-37]. In addition,
a breakthrough in ALS animal models was the discovery of SOD1 transgenic mutant mice
like (SOD1C%ATg), (SOD1%%"RTg) or (SOD1%8%RTg). These mSOD1mice developed a
motor neuron disease with many pathological changes reminiscent of human ALS[38]
and further increased our understanding towards the association of the SOD1 gene in
ALS[39].

1.2.1 Epidemiology: Incidence and prevalence of amyotrophic lateral sclerosis
Approximately 80% of people diagnosed with ALS worldwide die within 2 to 5 years[40].

ALS currently affects 2.16 in 1,000,000 people per year in Europe. Also, the incidence of
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this disease is higher in men (3.0 in 100,000 per year) than in women (2.4 in 100,000 per
year). The peak age range for onset of the disease is 58-63 years for sporadic cases (i.e.,
without family history) and 47-52 years for familial cases[41]. There is a report of 1 or 2
new cases of ALS every year per 100,000 people in Europe and the United States. The
prevalence of ALS in the USA is 5 in every 100,000 people. About 10% of cases are
familial, and the remaining 90% are sporadic. The first symptoms of ALS can manifest as
early as 12 months prior to diagnosis[42]. Approximately more than 200,000 people
worldwide are living with ALS; of these, more than 3,000 Canadians are suffering from
ALS[43]. Furthermore, 1000 Canadians are diagnosed annually, while a similar number
die from the disease in the same year[43]. Recently, it has been proposed that there will
be a huge surge in ALS cases from 222,801 in 2015 to 376,674 in 2040, representing an
epidemiologic increase of 69%([44].

1.2.2 Contributing risk factors for amyotrophic lateral sclerosis

The pathogenesis of ALS is still unknown. Extensive research is being conducted to
understand the etiology of this life-threatening and heterogeneous disease. Recent
knowledge states that ALS etiology is multifactorial, having complex genetic mechanisms

and molecular pathways[45]. Below are some risk factors of this incurable disease.

1.2.3 Physical exertion

Intense sports and physical activity during one’s lifetime can increase the risk of ALS.
Retrospective studies from the Italian Football League showed that the probability was
higher for the development of ALS in football/soccer players[46]. Recent studies
conducted by Chapman and his colleagues[47] investigated strenuous, anaerobic

physical activity as a risk factor for ALS. Additionally, a study by Julian and his team[48]
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employed the Mendelian randomisation approach and, interestingly, found a positive
causal relationship between ALS and physical exercise. Exercise is likely to cause motor
neuron injury only in patients with a specific genetic risk. However, further research is

warranted to establish a link between exercise and ALS.

1.2.4 Smoking

A study by the European Prospective Investigation Cohort showed that cigarette smoking
is one of the most significant contributing factors for developing ALS in a dose-dependent
manner[49]. Furthermore, research from large longitudinal studies supports the
hypothesis that cigarette smoking raises the risk of ALS. The significance of the age at
which smoking begins and the absence of a clear dose-response relationship warrant

further research[50].

1.2.5 Excitotoxicity
The excerpt and the schematic diagram below have been adapted from the
published manuscript with some modifications for the thesis. Please see the full

published paper in the appendix.

Sanghai, N.; Tranmer, G.K. Biochemical and Molecular Pathways in Neurodegenerative
Diseases: An Integrated View. Cells 2023, 12, 2318.

https://doi.org/10.3390/cells12182318

Glutamate-induced excitotoxicity is one of the risk factors for the pathogenesis of ALS.
Excessive excitation of N-methyl-D-aspartic acid receptors (NMDAR) and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors by glutamate in the

postsynaptic membranes of motor neurons triggers neuronal death through the activation
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of calcium influx (Ca*?) into the cytosol and mitochondria. This excitotoxicity results in
oxidative stress through the release of pathogenic free radicals and is thereby implicated

in the progression of motor neurodegeneration[51, 52].

The biochemical mechanism that triggers excitotoxicity involves alterations of glutamate
receptors, mainly NMDAR, which are highly permeable to (Ca*?) and sodium ions
(Na*)[53]. The prolonged or excessive activation of glutamate receptors initiates a
cascade of molecular pathways, including cation influx, mitochondrial dysfunction,
oxidative stress, and overproduction of ROS[54]. Mounting evidence shows that calcium
ions (Ca?*) play a crucial role in the biochemical pathways of ALS[55, 56] and other
neurodegenerative diseases, including AD[57] and PD[58]. This involves excitotoxic
neurotransmitter glutamate, Zn*?, and Fe*?, along with the cascade known as the

neurotoxic excitotoxicity cascade[59-62](Figure 1).
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Figure 1. Schematic presentation of various biochemical cross-talks, involving calcium
ion (Ca*?), ferrous ion (Fe*?), and Zinc ion (Zn*?) implicated in the progression of
neurodegenerative diseases like Alzheimer's disease (AD), Parkinson’s disease (PD),

and amyotrophic lateral sclerosis (ALS).

(A). Excitotoxicity (neuronal death) is triggered by the excessive release of the excitatory
neurotransmitter glutamate (neurotoxic) from the presynaptic neuron and leads to
activation of various biochemical cascades, leading to neurotoxicity and hence, neuronal
death. This process is initiated by the activation of N-methyl-D-aspartic acid receptors
(NMDARs) by excessive glutamate at postsynaptic neurons, thereby releasing and

accumulating toxic intraneuronal Ca?*. (B). Glutamate-mediated excitotoxicity is
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increased because of the astrocyte-mediated downregulation of excitatory amino acid
transporters 2 (EAAT2), which slows down the uptake of glutamate from the synaptic cleft
and incites the excitotoxicity cascade. (C). Ca2+ overload initiates most of the deleterious
downstream mechanisms of the cascade, through increasing Ca2+ overload in
mitochondria, induction of proteases (calpains and caspases), decreasing the proton
gradient (ApH), mitochondrial membrane potential (AWYm) and adenosine triphosphate
(ATP), activation of phospholipase A2 (PLAZ2) pathway initiating downstream activation
of arachidonic acid and prostaglandin E2 (PGEZ2), aggravation of mitochondrial and
endoplasmic reticulum stress leading to superoxide dismutase (SOD1) and TAR DNA-
binding protein (TDP-43) aggregation. (D). Surge of reactive oxygen species (ROS) like
hydrogen peroxide (H202) and hydroxyl radical (HO+), and reactive nitrogen species
(RNS) like nitric oxide (NO-) radical, formation of peroxynitrite anion (ONOO-) increases
the intraneuronal Zn?* mobilization, which targets mitochondria and further exacerbates
Ca?* dysregulation and ROS production. (E). Ca*? and Fe*? dysregulation participates in
the ferroptosis death of neurons. Iron dysregulation leads to Ca?* dysregulation and vice
versa. Excessive glutamate increases Fe*? intake inside neurons, thereby leading to

excitotoxicity and lipid peroxidation via Fenton'’s reaction, a process known as ferroptosis.
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1.2.6 Oxidative stress and metal ions
The excerpt and the schematic diagram below have been adapted from the
published manuscript with some modifications for the thesis. Please see the full

published paper in the appendix.

Sanghai, N.; Tranmer, G.K. Biochemical and Molecular Pathways in Neurodegenerative
Diseases: An Integrated View. Cells 2023, 12, 2318.

https://doi.org/10.3390/cells12182318

The human brain weighs merely ~1400 g; however, it consumes ~20% of the total basal
oxygen (O2) budget to power its ~86 billion neurons and their highly complex synapses,
fueled by adenosine triphosphate (ATP) formed in mitochondria. The O2 we breathe is a
mutagenic gas, due to its diradical and triplet spin state, and is implicated in the formation
of the precursors of all free radicals via superoxide anion radical (O2"7)[63]. The (O2™)
undergoes a chemical redox reaction to produce reactive oxygen species (ROS) or
reactive nitrogen species (RNS) including non-radicals, free radicals, and anions, such
as hydrogen peroxide (H202), hydroxyl radical (HO"), and peroxynitrite (ONOQO™), causing

an imbalance in cellular homeostasis called oxidative stress (OS) (Figure 2).

OS is primarily implicated in the biochemical pathophysiology of ALS and NDDs like AD
and PD[64]. Emerging evidence from various scientific studies over the years has
demonstrated the critical importance of redox balance in the CNS. Furthermore,
numerous metal ions like ferrous ion (Fe?*) and cuprous ion (Cu*), Zinc ion (Zn*?), and
bio-reactive free radicals act as common factors in altering redox signaling, thereby

initiating pathological processes in neuronal degeneration in the case of ALS[65-68] and

45


https://doi.org/10.3390/cells12182318

other NDDs like AD[69] and PD[68]. Additionally, these metals and OS biomarkers serve

as universal hallmarks of neurodegeneration across all NDDs[62] (Figure 2).
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Figure 2. Schematic presentation of various biochemical cross-talks and their detrimental
manifestations (A-l) in the brain provoked by oxidative stress and their implications in the
progression of neurodegenerative diseases like Alzheimer’s disease (AD), Parkinson’s

disease (PD), and amyotrophic lateral sclerosis (ALS).

Brain is highly vulnerable to oxidative stress due to low regenerative capacity, enrichment
of polyunsaturated fatty acids, high dependency on mitochondria for adenosine
triphosphate (ATP) generation, elevated glucose demand, high concentration of metals

like ferrous ion (Fe*?), cuprous ion (Cu*), zinc ion (Zn*?) and calcium ion (Ca*?),
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glutamate-induced excitotoxicity, high oxygen (O2) consumption, and relatively low
antioxidant system. These multiple factors initiate various reaction pathways to create
redox imbalance called oxidative and nitrosative stress in the brain, implicated in multiple
NDDs. (A). The triplet unstable Oz undergoes reduction to produce the precursor of all
radicals called superoxide anion radical (O2") via NAD(P)H oxidases (NOXs) pathway,
i.e., one-electron trans-membrane transfer to (O2) [95]. (B). Antioxidant superoxide
dismutase (SOD1) undergoes dismutation to scavenge (O2") to produce hydrogen
peroxide (H202). (C). The weakly liganded (Fe*?) and (Cu*) undergo reduction to produce
nature’s most vulnerable oxidant hydroxyl radical (HO") through Fenton’s reaction and
Haber-Weiss reaction. (D). The final 4th electron reduction of H202 in the presence of
antioxidants, like glutathione peroxidase (Gpx), catalase (cat), and peroxiredoxin system
(Prx), forms water (H20). (E). Overactivation of neuronal nitric oxide synthase (nNOS)
produces nitric oxide (NO") radicals from L-arginine, which create nitrosative stress by
modification of thiol group (SH) containing proteins. (F). Excessive superoxide anion
radicals lead to inactivation of nitric oxide production and switch the biology to production
of highly potent oxidant peroxynitrite anion (ONOQ™), which leads to the nitrosative stress
by (SH) modification of free tyrosine (Tyr) residues to form 3-nitrotyrosine (3-NO2Tyr) (G),
which acts as a versatile biomarker of nitrosative stress and NDDs. (H). Highly reactive
and mutagenic oxidant (HO*) damages the nucleic acid deoxyribonucleic acid/ribonucleic
acid (DNA/RNA) to form oxidative products 8-hydroxy-2'-deoxyguanosine(8-OHdG) and
(8-Ox0G), and acts as a universal biomarker for oxidative stress and NDDs (important to
note that guanine is the most oxidation prone nucleobase because of low reduction

potential [96]). Furthermore, the HO-radical causes lipid peroxidation in lipid-rich neuronal
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membranes, leading to neuronal cell death. Lipid peroxides (ROQO-) act as a biomarker of

oxidative stress and NDDs. Created with BioRender.com.

1.3 Hydrogen peroxide as a double-edged sword in the living cells
The excerpt and the schematic diagram below have been adapted from the
published manuscript with some modifications for the thesis. Please see the full

published paper in the appendix.

Sanghai, N.; Tranmer, G.K. Hydrogen Peroxide and Amyotrophic Lateral Sclerosis:
From Biochemistry to Pathophysiology. Antioxidants 2022, 11, 52.

https://doi.org/10.3390/antiox11010052

Hydrogen peroxide (H20:2) acts both as a redox signaling molecule and an oxidative stress
molecule. As a signal transduction molecule, H202 has a role in controlling various key
cellular processes like cell shape changes, initiating proliferation, recruitment of immune
cells, calcium ion (Ca*?) signaling in the lumen of endoplasmic reticulum, and
mitochondria-associated membranes([70, 71]. It acts as a secondary messenger in insulin
signalling and in several growth factor-induced signaling cascades[70]. Also, H20:2 is
involved in the chemical modifications of specific Cys amino acids, which are expressed
in some cellular proteins[72]. H202 generated during physiological oxidative stress
conditions in the concentration of around (1-10 nM) acts as a redox signalling molecule
in various cellular processes, creating oxidative eustress, although, higher or pathological
concentration of H202 of around (> 100 nM) is known to cause deleterious effects to

cellular biomolecules; this effect is called oxidative distress (figure 3)[73]. According to
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many reports, the higher pathological concentration of H202 in oxidative stress conditions
can go up to 150uM[30, 74, 75].

Various studies have been conducted to examine the concentration at which the H202
acts as a cytotoxic and neurotoxic agent. Further, multiple studies have investigated the
mode of cell death caused by H202, mainly due to apoptosis or necrosis[76-78]. It was
found that the effects of H202 are largely dependent upon the mode of cell death induced
(apoptosis or necrosis) depending on the cell type used, its physiological state, length of
exposure to H202, the H202 concentration used, and the cell culture media employed[76,
79]. Yoshiro and colleagues (2006)[80], investigated that 50uM of H202 exhibited
caspase-9 and caspase-3 activation, finally leading to apoptotic cell death in human T-
lymphoma Jurkat cells, whereas a higher concentration of 500 uM caused necrotic death.
Teramoto and the group (1999)[81], demonstrated that a lower concentration of 10-100
MM predominantly caused apoptosis, however, a higher concentration of 1-10mM induced
necrosis in human lung fibroblasts cells. Troyano and associates (2003)[82],
demonstrated caspase-9 and caspase-3 activation and death by apoptosis in U-937
human promonocytic cells, when treated with 200 uM H202. Although, treatment with
2 mM H202 caused necrosis. Gulden and the group (2010)[74], investigated in detail how
exposure time and cell concentration affect the cytotoxic potency of H20:2 in vitro. They
found that the median cytotoxic concentrations decreased from 500 to 30 yM as the
incubation time increased from 1 to 24 hours. The cytotoxic effects of H202 were also
evaluated in neuroblastoma x spinal cord motor neuron cell line (NSC34). A short (30
min) exposure to H202 caused delayed cell death with the median effective concentration

(ECs0) of ~1 mMI[83]. Also, treatment of 500 uM H20: for 24h in a hippocampal neuronal
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cell line (HT-22) induces around 50% of cell death[84]. Further investigation of exposure
to 1 mM H20z2 for 2 hours on human embryonic kidney 293 cells (HEK293) in vitro, cells
displayed the extent of programmed cell death, characterized by condensed chromatin
and apoptotic nuclei[85]. The above-reported studies and various other studies[86-90]
elucidated the H202 concentration-dependent change in cell signalling and death. A very
low concentration of H202 causes cell signalling and hence, cell growth, a mid-higher
concentration of around (120 pM to 150 pM) induces a temporary growth arrest, the
intermediate concentration of (250 uM -400 yM) causes permanent growth arrest, and a

higher concentration of (=1mM) causes cell damage by necrosis and hence death[91].

H202

2 Physiological
Pathological Concentration
Concentration 1-10 nM
>100 nM

Oxidative Oxidative
Distress Eustress

Figure 3. Role of H202 in controlling the oxidative redox balance of the cell at different

concentrations.

Hydrogen peroxide (H202) regulates the cell signaling process at physiological
concentrations, known as oxidative Eustress. Whereas, at pathological concentrations,

H202 causes cell death due to oxidative stress.
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1.4 Antioxidant superoxide dismutase enzyme
The excerpt and the schematic diagram below have been adapted from the
published manuscript with some modifications for the thesis. Please see the full

published paper in the appendix.

Sanghai, N.; Tranmer, G.K. Hydrogen Peroxide and Amyotrophic Lateral Sclerosis:
From Biochemistry to Pathophysiology. Antioxidants 2022, 11, 52.

https://doi.org/10.3390/antiox11010052

SOD1 is a highly conserved member of the human superoxide dismutase (SOD) family
of proteins, which also includes SOD2 and SOD3. All three proteins are distinct from each
other and act as antioxidants by scavenging O2" to H202[92]. SOD1 is mainly found in
the cytosol and the inner membrane of the mitochondria[93] and comprises ~1% of the
total protein in the cell[94]. SOD2 is found mainly in the mitochondrial matrix. Contrary to
SOD1 and SOD2, SOD3 is mostly located outside the cell in the extracellular matrix.
Another major difference is that SOD1 is a homodimer while SOD2 and SOD3 are
homotetrameric proteins; SOD1 and SOD3 catalyse the dismutation of O2*~ through
dismutation of Cu*?, whereas SOD2 utilizes manganese (Mn) as a redox-active transition
metal for dismutation. The SOD1 isoform of the protein is mainly involved in the pathology
of ALS[25].

The Eukaryotic SOD1 is a stable homodimer[95]. The dimer is held together principally
by hydrophobic interactions. Each SOD1 monomer contains two transition metal ions,
one Cu and one Zinc (Zn), both of which play an essential catalytic and structural role in
the enzyme[95]. SOD 1 is a 32 kDa homodimeric SOD1 protein and adopts an eight-
stranded Greek key beta-barrel structural motif. Homodimerization of the SOD1 protein
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reduces the solvent accessible area, making it more stable. The fully metalated form of
SOD1 protein melts at 85-95°C[96]. Two functional loops are present in SOD1: the
electrostatic loop that guides superoxide into the redox active site, where (Cu*?) and the
Zn-binding loop are located[29, 95]. The catalytic Cu is coordinated to SOD1 by four
histidine(46,48,63, and 120) residues in oxidised form Cu*? and three histidine residues
(46,48, and 120) in its reduced form(Cu*")[97, 98]. The structurally vital Zn ion acts as a
monodentate ligand and is thought to play an important role in maintaining the structure
of SOD1 and acts as a positive charge ion sink. The Zn ion is coordinated by three
histidines (63,71 and 80) and one aspartate (83). Coordination of Cu to SOD1 is required
for its catalytic dismutation activity to scavenge O2"~ [93] through a ping pong mechanism
(Figure 4)[29]. Other PTMs like coordination of Zn?*, modulating the folding free energy
of SOD1[99], and oxidation of a (-S-S-), are important to form the mature, structurally
stable SOD1 protein. A distinctive functional feature of SOD1 is the presence of an intra-
subunit (-S-S-) between Cys®” and Cys'4® (C%"—C'46), which is atypical for proteins that

reside in the highly reducing environment of the cytosol[91, 95].
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Figure 4. Structure of superoxide dismutase1 (SOD1) dimer (pdb code:1SPD).

The catalytic role of copper (Cu) in the dismutation reaction of superoxide radical anion

(O27).

1.5 Role of neurotoxic hydrogen peroxide (H202) in misfolding of SOD1

The excerpt and the schematic diagram below have been adapted from the
published manuscript with some modifications for the thesis. Please see the full

published paper in the appendix.
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As evidenced by the above literature findings, it can be said that ALS is a highly complex
disease, and its molecular mechanism and etiology remain unknown and unresolved.
However, a large body of evidence has shown that SOD1 is the major protein that serves
as a hallmark in the ALS disease progression. Current research and findings have
primarily identified two leading hypotheses, which are believed to play a crucial role in
ALS disease. Firstly, increased oxidative stress causes SOD1 toxicity, and secondly,
toxicity caused by aberrant misfolding of the SOD1 protein structure. These two factors
are interrelated to each other[100]. Before going into the hypothesis of SOD1 misfolding
herein, we should discuss what is misfolding of a protein. A protein is said to be folded if
it is present in its regular conformation or structure, including the elements of secondary

structure[29]. The native state of a protein is often folded and forms the operative structure
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of a protein. A protein is said to be unfolded if it does not possess a regular structure and
is highly soluble[101].

SOD1 maturation or SOD1 folding requires four post-translational maturation steps in
addition to N-terminal acetylation. Firstly, Cu insertion, secondly, Zn insertion, thirdly,
dimerization of monomer units, and lastly, (-S-S-) formation between monomer units.
These post-translational modifications (PTMs) contribute to the structure, function, and
stability of SOD1. Therefore, any alteration in these PTMs causes the accumulation of
immature SOD1, causing improper folding or unfolding of SOD1[29]. It is evident that
maturation of SOD1 to its functional form itself is a universal process that requires
oxidation; however, the misfolding of SOD1 that acquires toxic function is due to the result
of an oxidative environment of the motor neuron. Several reports have shown that
misfolding and toxicity are caused by oxidative free radicals[21, 100, 102, 103]. Therefore,
according to our current understanding, from the literature of the past three decades, we
aim to contemplate that the most important free radical responsible for the misfolding and
toxicity of SOD1 is H202, thereby playing a critical role in the pathophysiology of ALS.
Initial evidence to support our conjecture was given by Liu and co-workers (2020)[104],
they have for the first time, using unique micro dialysis and microcannula sampling
techniques in transgenic mutant mice, demonstrated that the levels of H202 and HO® are
significantly higher, than the level of O2"" in ALS transgenic mutant mice compared to
control. Showing the in vivo evidence that the “mSOD1 catalyzes” the formation of HO*
radical. In addition, these studies suggested that H202 formed by overexpression of
human SOD1 (hSOD1) is effectively degraded, while the additional H202 generated by

mSOD1 leaks into the tissue, potentially causing damaging HO*, thereby causing the
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oxidation of protein, DNA, and membrane phospholipids, causing motor degeneration in
ALS. Moreover, this study also supports the theory that mSOD1 acquires a toxic gain of
function, thus allowing more HO* formation from H202[104]. Furthermore, it indicates that
the SOD1 mutation hinders the usual H202 detoxification pathway.

The gain-of-function theory for mSOD1 in ALS pathogenesis was supported by Yim and
co-workers (1990)[105]. They demonstrated the enhancement of free radical formation
due to a decrease in the Michaelis constant (Km) for H202 as measured by the spin
trapping method in the SOD16%3A ALS model. According to their studies, the free radical-
generating function of the mutant G93A is enhanced compared to the wild-type enzyme,
particularly at lower concentrations of H202. This was found to be due to the decrease in
the value of Km for H202 for G93A, with the same turnover number of the enzyme (Kcat)
value for both mSOD1 and wSOD1; thus, the ALS symptom observed in the G93A ALS
model is due to the gain-of-function, i.e., an increase in the function to generate free
radicals[105]. Thus, this study supported the fact that H2O2 acts as a substrate to produce
an elevated amount of toxic free radicals HO", which is due to the low Km value of H202
for mSOD1 compared to wSOD1. This enhancement of the free radical generating
function is thought to inactivate the enzyme, through disturbance in the PTMs process to
form mature SOD1. Jewett and his team observed that the oxidation of mature SOD1 with
H202 causes a sequence of events, the first being the formation of 2-oxo-histidine, Cu
loss, and thus causing inactivation of the catalytic property of SOD1[106]. This study
again suggested the role of H202 as a substrate in the inactivation of SOD1.

Further, Sampson and co-workers (2001)[107], studied the effects of H202 on Zn-deficient

SOD (Cu, E SOD) and Cu,Zn SOD using bovine SOD in vitro. They demonstrated firstly
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that H202 exposure to Cu, E SOD inactivated zinc binding activity six times faster than
dismutase activity. Although the rate of loss of dismutase activity is the same for both the
SOD. Secondly, they detected through UV circular dichroism that H202 instigates elusive
changes in the tertiary structure of Cu, E SOD, but not the secondary structure. Finally,
they showed that H202 in a lower concentration of 1mM amplifies the toxicity of Zn-
deficient Cu, E SOD to motor neurons in ALS, manifesting the Zn loss from SOD[107].
The aberrant misfolding of mSOD1 adversely affects the binding of Zn in the Zn binding
sites of mSOD1, thereby decreasing the affinity of Zn in mSOD1[108-110]. The gain of
toxic function of SOD1 is due to the loss of Zn metal. Two primary factors are involved in
the loss of Zn from SOD1 in the case of ALS pathology. The first being the presence of
high levels of neurofilaments (NFs), and the second being the presence of a pathological
concentration of H202. NFs are intermediate filaments that comprise the neuronal
cytoskeleton and are abundant in the axons. Recent evidence has shown the presence
of elevated NFs light chain and phosphorylated NFs heavy chain levels in the CSF and
serum of ALS patients, suggesting the extensive damage of motor neurons and
axons[111-113]. Similar to SOD1, NFs are found abundantly in motor neurons and are
known to bind to metals[114]. In cases of elevated levels of NFs in ALS, NFs could act
as a sink for Zn and could remove Zn from both wSOD1 and mSOD1, making SOD1
deficient of Zn, thereby enhancing the catalysis of tyrosine nitration by ONOO~. Because
zinc shares a common histidine ligand with Cu, Zn deficiency may also alter the redox
properties of copper[115, 116]. Whereas the second factor is the neurotoxic levels of H202
that modify the (SH) status of both wSOD1 and mSOD1 to acquire the toxic gain of

function and thus, causing elimination of Zn. In the case of increased ROS in motor
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neurons, the pathological concentration of H202 makes the process of Zn recovery
irreversible and thus causing structural defects in SOD1 structure even in the presence
of small antioxidants inducing misfolding and thus toxicity to motor neurons[107]. The
above findings supported the fact that, the pool of Zn in SOD1 is an important factor in
the neuropathology of ALS.

The above findings were additionally supported by Rakhit and co-workers (2002)[100],
with the help of dynamic light scattering and analytical ultracentrifugation, they found that
the most aggregation prone species is Zn-deficient SOD1 and is amenable to form toxic
aggregates. As mSOD1 is less stable than wtSOD1, oxidative stress through the
generation of H202 as substrate causes the formation of an irreversible Zn-deficient and
consequently a monomeric intermediate state of the protein. These two intermediate acts
as a transition state intermediate before aggregation[100]. Thus, this study demonstrated
that oxidative stress-induced Zn-deficient SOD1 is vulnerable to aggregation and
misfolding.

Further, studies have identified that the disruption of Cu homeostasis due to oxidative
stress is responsible for toxic SOD1 aggregate formation[117, 118]. Also, Cu deficiency
was found in the spinal cord of transgenic mutant mice having poor locomotor function,
supporting the role of Cu in maintaining the integrity and folding of SOD1 structure[119,
120]. Evidence from literature have shown that pathological H202 attack the Cu binding
histidine[121, 122], eventually leads to Cu loss and hence, SOD1 deactivation[106].

The functional role of metals in maintaining the dynamics of SOD1 is well established by
the fact that SOD1 monomers, which are metal-deficient apoSOD1 species, are

vulnerable to changes in dynamics leading to misfolding and hence act as a precursor for
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aggregation. [29, 100, 123-125]. Therefore, both metals are vital in maintaining the
homeostasis and redox properties of the SOD1 protein, and the loss of metals, called
demetallation, due to oxidative stress caused by pathological H202 from holoSOD1, leads
to misfolding and, consequently, disease progression in ALS.

The peroxidase hypothesis describes that mSOD1 could act as a peroxidase and has the
ability to generate HO® radical from H202, thus creating an oxidative environment in motor
neurons, creating toxic aggregates[126]. Other studies showed that the biologically
ubiquitous bicarbonate buffer-dependent reaction initiated by H202 generated by
peroxidase activity of hSOD1 causes the formation of oxidation products of the hSOD1-
Trp32 residue, particularly the covalent dimer, in triggering the non-amyloid aggregation
of hSOD1[127]. This study was well supported by other reports, which suggested that the
overexpression of hSOD1WT in mice causes ALS[128], and the presence of over-
oxidized/carbonylated hSOD1WT in sporadic ALS patients[129].

Moreover, the importance of thiol (SH) status in the central nervous system (CNS) also
determines the cytotoxic level of H202. During the cellular process, (SH) oxidation mainly
of Cys and glutathione acts as a hot spot in the CNS, to produce neurotoxic H202, thereby
making neurons vulnerable to HO® radicals[130]. A large body of evidence has shown that
the redox modification of a Cys amino acid, primarily Cys''! in SOD1, by H20:2 is primarily
implicated in the pathology of ALS[131-134]. Cys'"" is a primary target for oxidative
modification and plays a crucial role in oxidative damage to hSOD1, including
mSOD1[131] (Figure 5). Bosco and colleagues (2010) [135], employed Fourier-transform
mass spectrometry (FT-MS) to confirm the oxidation of wtSOD1 with the exposure to

H202. They found that there was an increase of 48 Da for the predominant species in the
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spectrum of oxidised wSOD1, compared to unmodified wSOD1. Furthermore, they
confirmed, with the help of the electron capture dissociation (ECD) technique, that the
(SH) group in Cys'"!, encoded in exon 4, is the most vulnerable amino acid, which is
found to be irreversibly oxidized to a sulphonic acid through the addition of three atoms
of oxygen. Therefore, Cys''" acts as a hotspot for oxidative modification by H202[135].
Supporting the role of H202 in altering the spectroscopic and biophysical properties of

Cys'!!in SOD1[91, 132].

Figure 5. The X-ray crystallographic structure of wild-type SOD1 (wSOD1).

(Pdb#2C9V)[136] is shown, modelled in Chimera. Cysteine 111(Cys'""), highlighted in
yellow, acts as a “HOT SPOT” for oxidative modification by hydrogen peroxide (H202)
and is labelled red in the cartoon. The Zinc (Zn) and Copper (Cu) atoms are shown in

cyan and orange, respectively[135].
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Kong and group (2012)[133], examined the redox state of SOD1 Cys residues in the
G37R transgenic animal model under oxidative stress induced by H202 The data
suggested that with the progression of disease, there is an increase in oxidation of (SH)
groups of Cys residues due to an oxidative burden inside the spinal cord motor neurons.
This was further confirmed by an upper shift band in reducing SDS-PAGE, which was
identified as a Cys'"'-peroxidized SOD1 species using MalPEG. MalPEG is an alkylating
agent linked with 5 kDa PEG, readily reacts with sulfhydryl groups of Cys residues, and
causes a 5 kDa increase in molecular weight per one modification on SDS-PAGE. They
demonstrated that oxidation by H202 decreased the MalPEG modification and increased
Cys'""-peroxidation in G37R spinal cord extract. In addition, they also found formation of
different aggregates and multimers during the disease progression, which is thought to
be due to the formation of abnormal conformational change of SOD1 due to Cys''
modification[133]. Thus, the more reactive thiolate of Cys''"is critically involved in the
aggregation of the SOD1 process rather than a (-S-S-) causing (-S-S-) independent
SOD1 aggregation. Thus, this data supported the role of H20:2 in the aggregation of SOD1
via the formation of (-S°) in the Cys amino acid residue.

Like SOD1, TDP-43 is also implicated in the etiology of ALS, and this is well supported
by numerous studies[137-141]. Cohen (2012)[137] provided evidence that oxidative
stress inhibits TDP-43-mediated RNA regulatory functions. Further, they found that redox
imbalance caused by stressors like pathological concentration of H202 (1-10mM), causes
unusual TDP-43 cross-linking via Cys oxidation and (-S-S-) formation leading to
decreased TDP-43 solubility and hence, TDP-43 formation of toxic aggregates, implicated

in the pathology of ALS. Moreover, the pathological modification is due to the
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mislocalization of TDP-43 from the nucleus to the cytoplasm. Further, TDP-43
proteinopathies induced by pathological concentration of H202 were well demonstrated
by Chang (2013)[142]. Lin and group (2020)[143] demonstrated the phenomenon of
aberrant oxidative modification of sulphur-containing amino acid Met. The studies
mentioned above have shown the role of pathological H202 induced TDP-43
proteinopathy in the pathogenesis of ALS[144].

Cheng Xu and colleagues (2018)[141], explained how the pathological concentration of
H202 regulates the redox biology of Cys'"" and regulates the misfolding and toxicity of
SOD1 and TDP-43 associated with ALS and suggested that sulfenic acid modification of
wSOD1 plays a crucial role in the pathogenesis of sporadic ALS. They demonstrated
firstly that the increasing concentration of H202 from 20 to 200 uM increased the
concentration of apo-SOD1 filaments by incredibly increasing maximum thioflavin T (ThT)
fluorescence intensity. Secondly, they presented that a pathological concentration of
100 uM H20:2 activates the fibrillization of wild-type human SOD1 in the neuroblastoma
cell line (SH-SY5Y). Finally, they detected the sulfenic acid modification of SOD1 via the
sulfenation of Cys'"" by pathological concentrations of (0—200 uM) H202. Based on the
intriguing in vitro experimental data, they continued the experiments to see whether these
PTMs could also be observed in the cerebrospinal fluid (CSF) of sALS patients.
Interestingly, they observed the increased level of sulfenic acid-modified wild-type SOD1
level in cerebrospinal fluid (CSF) of 15 sALS patients compared with 6 age-matched non-
ALS control patients. Finally, they hypothesized that pathological concentration of H202
triggers SOD1 fibrillization, by overoxidizing the (SH) of Cys-111. These (-SOH) modified

SOD1 proteins are expected to cause cytoplasmic mislocalization of human TDP-43 (from
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the nucleus to the cytosol), resulting in the formation of cytoplasmic TDP-43
oligomers[141]. Thus, a change in the abnormal (SH) status of Cys'""in SOD1 has been
implicated in the toxicity of SOD1 and TDP-43 in motor neurons and is illustrated below
(Figure 6). These studies once again proved the role of pathological H202 in the
pathogenesis of ALS. Furthermore, it also supported the notion that SOD1 aggregates

could increase the propensity for TDP-43 aggregation[91].
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Figure 6. A hypothetical model implicating how pathological concentrations of hydrogen

peroxide (H20:2) trigger the toxic gain-of-function of superoxide dismutase (SOD1).

Pathological concentrations of H202 induce a change in the conformation and

biophysical properties of SOD1, primarily through alterations in the thiol (SH) status
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of Cys'", thereby triggering SOD1 and TAR DNA-binding protein (TDP-43) toxicity in
motor neuronal cells, ultimately leading to the degeneration of motor neurons in
amyotrophic lateral sclerosis (ALS). Nascent SOD1 (unfolded, apoSOD1) released
from the ribosomes, undergoes post-translational modifications (PTMs) to form
homodimerized mature SOD1 (folded, holoSOD1) through the addition of Copper
(Cu) and Zinc (Zn) to the correct binding sites of apoSOD1 and formation of a disulfide
bond (-S-S-). Mature SOD1 catalyzes the dismutation of superoxide radical anion
(O27) to H202. H202 acts as a double-edged sword molecule, and in low
concentrations, i.e., the physiological concentrations of (1-10nM), act as a signal
molecule to create eustress in the cell. However, at higher concentrations, i.e.,
pathological concentrations (> 100 nM), it acts to create an oxidative environment,
causing cellular distress. The pathological concentration of H202 acts as a reactive
oxygen species (ROS) and could cause misfolding of SOD1 via two molecular
pathways (Path a and Path b). Path a (black arrow): The pathological concentration
of H202 will cause an abnormal change in the thiol status of Cys'" (from SOD1-SH
to SOD1-SOH) from holoSOD1, called sulphenylation, and cause the release of
metal-bound ligands like Cu and Zn from the active site of holoSOD1, called
demetallation. Sulphenylation with demetallation (path a) leads to dissociation of
homodimerized holoSOD1 to its monomeric metal-deficient SOD1, hence,
encourages the oligomerization and aggregation of SOD1 to neurotoxic misfolded
oligomers and aggregates of SOD1, respectively. Both the oligomers and aggregates
of SOD1 are neurotoxic to motor neurons and are implicated in the pathogenesis of

ALS.
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Path b (Red arrow): The pathological concentration of H202 will cause disruptive post-
translational modifications (PTMs) via a change in the thiol status of Cys'"" (from SOD1-
SH to SOD1-SOH) called sulphenylation of apoSOD1. Sulphenylation thus provokes the
oligomerization and aggregation of SOD1 to neurotoxic misfolded oligomers and
aggregates of SOD1, respectively. Sulfenic acid-modified SOD1 oligomers could also
disrupt the nucleocytoplasmic shuttle (NS-shuttle) between nucleus and cytoplasm, which
is responsible for correct translocation of TDP-43 from cytoplasm to nucleus, thus inciting
the mislocalization of TDP-43 from nucleus to cytoplasm and therefore, provoking the
oligomerization and aggregation of TDP-43 to neurotoxic misfolded oligomers and
aggregates of TDP-43, respectively. Both the oligomers and aggregates of SOD1 and

TDP-43 are neurotoxic to motor neurons and are implicated in the pathogenesis of ALS.

1.6 Current treatment options available to treat amyotrophic lateral
sclerosis and their drawbacks

Dysregulation of redox homeostasis inside living cells produces abnormal oxidative stress
by creating ROS/RNS. These bioreactive, unstable species eventually participate in a
cascade of pathways that abnormally modify biomolecules in living cells, affecting the
central dogma of life. A large number of experiments and clinical trials are done to combat
these clinically proven fatal diseases, such as Ischemic stroke, AD, and ALS. However,
before 2017, a glutamatergic neurotransmission inhibitor known as Riluzole was the only
drug approved by the US Food and Drug Administration (USFDA) for ALS treatment and
provided only modest improvements in survival. Riluzole is a glutamate antagonist. It
blocks the abnormal increase of glutamate in motor neurons. Excessive glutamate causes

an influx of calcium ions into the glia and motor neurons, which in turn leads to the
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damage of nucleic acids, peroxidation of lipid membranes, and disruption of mitochondria.
Riluzole inhibits the excitotoxicity caused by the excessive release of glutamate and
therefore, prevents the calcium overload. On average, Riluzole extends survival time by
only 2-3 months, but this can extend up to approximately 9 months[145]. Riluzole

remained the only ALS treatment for 22 years, until EDR was approved for ALS in 2017.

More recently, an antioxidant drug, Edaravone (EDR), was developed by Mitsubishi
Tanabe Pharma (MTP) and was found to be effective in alleviating ALS progression
during the early stages[146]. EDR (3-methyl-1-phenyl-2-pyrazolin-5-one, MCI 186) is an
amphiphilic, low molecular weight redox regulator in cellular processes that acts by
reducing both ROS/RNS free radicals (i.e., superoxide anions, hydroxyl radicals, singlet
oxygen, peroxy radicals, hydrogen peroxide, peroxy nitrite) to their stable configuration
state. Since EDR is an amphoteric molecule, it can reduce both aqueous and lipid-soluble
free radicals by donating one electron to complete their octet and making them
electronically stable. This mechanism is called a single-electron transfer process
(SET)[147]. EDR diffuses into most organs to regulate the oxidation-reduction cycle,

including highly metabolic organs such as the brain and heart[148, 149].

Due to its diverse and versatile pharmacological importance as an anti-apoptotic, anti-
necrotic, and anti-cytokine agent, only parenteral solutions are available on the market.
Radicut® is the first parental dosage form developed, marketed, and approved by
Mitsubishi Tanabe Pharma (MTP) in 2001. It was also the first neuroprotective drug
produced in Japan for the treatment of cerebral ischemic stroke[149]. In 2005, it was
approved for the treatment of ALS in Japan. In 2017, it was approved by the USFDA for

the treatment of ALS[150]. A breakthrough occurred on October 4%, 2018, when Health
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Canada also approved Radicava® (EDR) for ALS treatment[151]. However, EDR has

several limitations, as listed below.

1.6.1 Patient compliance

The current intravenous (i.v.) formulation for treating ischemic stroke is available as a
single ampoule (30 mg EDR), diluted with physiological saline, and administered twice
daily over 14 days intravenously[152]. Whereas the recommended dose for Radicava®
for ALS is 60mg administered over a 60-minute period for 14 days, followed by a 14-day
drug-free period[153]. As NDDs are mostly prevalent in geriatric patients, daily IV.
Administration for 14 days is problematic. For these patients, the oral route is highly
preferable due to its ease of administration, flexibility in dose, reduced hospitalization

periods, cost-effectiveness, and improved quality of life[154].

1.6.2 Pharmacokinetics

EDR has a molecular weight of 174.2g/mol is defined as a class IV amphiphilic molecule
by the Biopharmaceutics Classification System (BCS) due to its poor aqueous solubility
(1.85mg/ml), permeability (Peff=3.18+0.0706 * 10" cm/s), short half-life of 0.15-5.16
hours, and pKa value of 7[150, 155]. Additionally, EDR is a substrate for P-glycoprotein
(P-gp) efflux pumps and is metabolized pre-systemically by CYP3A4 enzymes. It also
undergoes extensive phase Il metabolism, primarily through glucuronidation (68-83%) by
uridine 5-diphospho-glucurononosyl-transferase (UGT) enzymes and sulphation (5-13%)
by sulphotransferases, forming pharmacologically inactive glucuronide and sulphate
conjugates. This leads to high passive permeability and low therapeutic concentrations

at the target site[150, 156] (figure 7).
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Note: pKa is the negative logarithm of the acid dissociation constant (Ka) and indicates

acid strength; lower pKa values correspond to stronger acids.
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Figure 7. Structure of the primary phase Il metabolite of EDR excreted in urine.

1.6.3 Stability

EDR exists as a solid in keto tautomer form. However, its tautomeric enol form exists as
a highly unstable anion in aqueous solution. The pKa of EDR is 7.0, and its solubility in
aqueous solution depends upon the pH. As the pH of the solution increases beyond 8,
EDR acts as an acid and furnishes hydronium ions to form its conjugate base, EDR anion.
At physiological (pH 7.4), 71.5% of EDR exists as an anion, while the remaining 28.5%
exists in neutral form[147]. The anion is capable of reducing radicals or even molecular
oxygen through a single electron transfer process, forming stable EDR radicals that are
stabilized by three resonance structures (enol, keto, and amine forms). These radicals
subsequently form inactive EDR trimers in the absence of oxygen, which appear as a
yellow precipitate[157]. Molecular oxygen is prone to accepting single electrons and
forming highly reactive O2""radicals, which disproportionate to form H202. Decomposition

of EDR takes place to form oxidative, stable products like OPB, 4-Oxo EDR, EDR peroxy
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radical, BPOH, and the highly carcinogenic PHZ[158, 159] (figure 8). The poor oral
bioavailability of EDR is attributed to its low aqueous solubility, low permeability, poor

stability, and extensive pre-systemic metabolism[160].
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Figure 8. Mechanism for the release of Edaravone (EDR). The figure is adapted from
Watanabe T, Tahara M, Todo S. The novel antioxidant edaravone: from bench to bedside.
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Mechanism of action (MOA) of EDR radical by electron transfer from EDR anion to peroxy

radical and the formation of oxidation products[161].

1.6.4 Synthetic route
Below are the shortcomings present in the current synthetic route of EDR.
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e Compared to the new synthetic method developed herein, the conventional
method requires more time for the synthesis of EDR[162].

e Low purity of the isolated product EDR is due to the presence of impurities,
including phenyl hydrazine, and other oxygen-consuming catalysts like sodium
dithionate. In accordance with the specifications for EDR injection, the colour purity
of the EDR solution is required. In the present synthetic route, utilizing phenyl
hydrazine at temperatures higher than 30°C deepened the colour of EDR.

e Presence of the starting material, phenyl hydrazine, which is a colourless to yellow
oily liquid or crystals that can be oxidized to a brown-red colour in the presence of
light and air. Phenylhydrazine (PHZ) causes hematotoxicity, leading to hemolytic
anemia. It also inhibits erythropoietin binding to its corresponding receptor.
Moreover, it also acts as a genotoxic agent, causing breakage of single-stranded
DNA[163, 164].

e Presence of oxidizing chemicals in the reaction mixture oxidizes EDR to EDR
radical, thereby forming inactive EDR decomposition products.

e High costs of starting materials, such as ketone amide.

e Maintaining a pH of 6-6.5 is imperative during the reaction because EDR is highly
unstable and at high pH, it transforms into its conjugate base (EDR anion). EDR
anion reacts with molecular oxygen in the air to form EDR radical. This radical acts
as a precursor for the formation of insoluble EDR trimer, having a yellow precipitate
with no therapeutic value[158].

Present synthetic routes for the synthesis of EDR
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The first synthetic route invented for the synthesis of EDR was the Knorr pyrazole
synthesis, which utilizes PHZ and ethylacetoacetate as starting materials[162] (figure 9).
Afterwards, other routes were developed using this synthetic method as a foundation for
the synthesis of EDR. None of the reported synthetic methodology schemes for the
synthesis of EDR or EDR analogues is without the use of PHZ, a carcinogenic starting

material[165-170].

1. Ethanol, Water or acetic acid as solvent
in the acidic envioronment (tartaric acid, HCL, H

Sodium hydrogen sulphite or sulphuric acidpH6 O, H
0 0 or

NHNH, )J\/U\ Alkanine environment sodium bisulphite N< N/ CHs
+  HsC 0" CH, ©/

2. Recrystallization with minimum
ammount of diethyl ether
Reflux, 160°C Edraravone (EDR)
Phenylhydrazine Ethyacetoacetate 2-3 Hr Yield 60-70%
(PHZ)

Figure 9. Knorr pyrazole synthesis of EDR.

1.7 Structure-Activity Relationship (SAR) of EDR (3-methyl-1-phenyl-2-
pyrazolin-5-one)

First, the influence of the substituent at the 1-position was evaluated. While small steric
substituents like hydrogen and methyl did not exhibit activity, carbocyclic groups such as
cyclohexyl, naphthyl, and benzyl either maintained or enhanced the in vitro lipid
peroxidation-inhibitory activity. The low activity of a 2-hydroxyethyl compound was
attributed to the expectation that lipophilic substituents tend to be more effective. This
activity was further increased by lipophilic groups like alkyl and halogen, with longer alkyl
and alkoxy chains showing greater activity. Disubstituted halogen derivatives
demonstrated higher activity compared to monosubstituted halogen analogs, although a

disubstituted alkyl variant had different results. Regarding the 3-position substituents,
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lipophilic groups also improved activity, with longer alkyl chains enhancing effectiveness,
while nitrogen-containing heterocycles only showed moderate activity. Furthermore,
position-4 substituents by lipophilic group increase the activity, whereas the hydrophilic
group decreases the activity. In addition, 4, 4-disubstitution blocks the keto-enol
tautomerism, hence, no activity. The 5-position demonstrates keto-enol tautomerism,
which explains EDR's antioxidant activity. EDR has a PKa of 7, functioning as a weak
acid. At alkaline pH levels of 8-10, it forms an unstable EDR anion. This anion can
scavenge radicals by donating an electron to free radicals, including molecular oxygen,
producing the EDR radical. To reduce the instability of EDR anion in solutions, lowering
the pH, deoxygenating the solution, and stabilizing the EDR anion are effective strategies.

[157, 158, 171] (figure 10).

Lipophilic substituent increases
activity, whereas hydrophilllic

substituent showed no activity. .
N Longer alkyl substituents and

4,4 di substituted compounds showed lipophilic substituent increases activity

no activity due to blockage of keto-
enol tautomerism

N-heterocycles show moderate activity.

PKa of EDR is 7.0. It acts as a weak
acid.

' }
\

It dissociates in alkaline solution of pH

8-10 thereby forming EDR anion. \_/

EDR anion is unstable because it can

donate electron to free radicals

including molecular oxygen, to become

EDR radical.

EDR radical undergoes oxidation to

form degradation products. )

Liphophic moeity is essential for activity, whereas, Hydrophillic substituents at any position decreased
activity.

Small substituents like H, CH; do not display any in-vitro activity(Lipid-peroxidation)
Cyclic substituents like cyclohexyl, naphyl and benzyl increases or maintained the in-vitro activity

Any Substitution at 2 position decreses activity. Substitution of halogen at 3 and 4 position increases
activity.

Aromatic p-hydroxylation during phase I metabolism generates highly reactive phenolic derivative
having high redox capacity.
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Figure 10. Structure-Activity Relationship (SAR) of Edaravone (EDR).
1.8 Boron in drug discovery

1.8.1 Boron: A potential element

Boron (B) is a group 13 metalloid element. It is distinct from other group 13 elements,
having similar chemical properties to those of carbon (C) and silicon (Si). However, boron
is more electrophilic than both C and Si. Elemental boron was first isolated in 1808 by
British chemist Sir Humphry Davy and French chemists Joseph Louis Gay-Lussac and
Louis-dacques Thénard[172]. The ground-state electronic configuration of boron (B) is
1s22s22p*. B atom typically forms a trigonal geometry with Sp2 hybridization, having six
valence electrons in the outermost shell. It possesses the feature of electrophilicity
because of the presence of a vacant p-orbital. Due to six valence electrons, B is
isoelectronic to carbocations. Also, the isoelectronic nature of C=C and B-N has surged
the use of B in organic synthesis[173, 174]. The Lewis acid character of B has been
immensely exploited in medicinal chemistry. Furthermore, B can also form a negatively
charged tetravalent compound having Sp3 hybridization, with tetrahedral geometry[175].
With a history spanning over 160 years, B has attracted the attention of medicinal
chemists due to its wide range of applications, extending from chemistry to biochemistry.
Because of the stability and easy to synthesize, B has been utilized in various organic
chemistry reactions for the formation of various chemical bonds like hydroboration
reaction (C-H, C-OH bonds), Suzuki-Miyaura coupling (C-C bonds) and the Chan-Lam
coupling (C-N and C-O bonds). Among all the Suzuki-Miyaura coupling reactions brought
a revolution in the field of medicinal chemistry, due to several advantages, include the
use of mild reaction conditions, easy commercial and cost-effective availability of boronic

acid as reactants, and further its tolerance in wide reaction conditions, high conversion
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rates to products and mild conditions[176]. In 2014, after amide bond formation, the
Suzuki coupling reaction was used as the most resourceful reaction by the
pharmaceutical industry for forming carbon—carbon bonds with aromatic or heterocyclic

compounds groups[177].

Similar to the utility in the organic synthesis, the biochemistry of B organic boron
molecules arises from the ability of B to convert its trigonal planar geometry to tetrahedral
geometry by accepting a lone pair of electrons from a biological nucleophile, generally an
amino acid side chains in the protein biomolecule or from sugars of nucleic acids. Thus,
organoborane compounds are one of the versatile organic molecules that play a crucial
role in biological systems due to their ability to form reversible covalent bonds with
biomolecules containing hydroxyl or amine groups. The result of the reversible tetrahedral
complex is called borates, which is involved in covalent enzyme inhibition. This property
of protein target engagement confers the chameleonic ability to the organoboron
compound due to the change of uncharged (Sp?) hybridization to an anionic (Sp3)
hybridization, essential for target engagement and inactivation of the enzyme[178].
Recently, the electrophilic B compounds have been designated as covalent warheads
because of their ability to act as a reversible covalent ligation with the active site of
nucleophiles in biomolecules for their inhibition[179]. Organoboranes like boronic acid
also form reversible covalent complexes with sugars diols[180], amino alcohols[181],

alkoxides[182], and hydroxamic acids[183].

The boronic acid-sugar (BA-S) covalent complex could be used as a biomarker in certain
disease conditions like cancers where, carbohydrate-related antigens are found[184,

185]. Numerous reports in recent times have exploited the use of boronic acids to

73



recognize and sensing carbohydrates using fluorescence as an endpoint for
detection[186, 187]. This is because of the use of boronic acid, which shows a change in
fluorescence intensities upon binding with different sugar polyols[188-190]. Further, the
boronic acids give an additional advantage of increased pharmacophore binding with
amino acid residues, due to the presence of two hydroxyl groups rendering four lone pair
electrons and two hydrogen bond donors, thus offering six favourable opportunities for
hydrogen bonding with different biomolecules (figure 11). Furthermore, the enhanced
binding with the target even in the presence of drug-resistant gene abnormalities[191,
192]. In addition, boron has a unique property of emitting alfa particles under neutron
spray bombardment, this forms a basis for using B in Boron Neutron Capture Therapy

(BNCT) for the treatment of cancers, overcoming the challenges of clinical oncology[193].
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Figure 11. Diagram showing the potential of Boron (B).

A. Boron acting as a Lewis acid with vacant 2pz orbital B. Boron compounds act as
covalent warheads interacting with different biomolecules C. Boron interacts covalently

with carbohydrates under different pH of the solutions to act as sensors.

The potential of B as a therapeutic agent was realized with the discovery of bortezomib
(Velcade® ), in 2003, a first-in-class anticancer drug, approved by the Food and Drug

Administration (FDA) as a proteasome inhibitor for the treatment of relapsed multiple
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myeloma and mantle cell lymphoma[194]. Since then, several other B-containing
compounds have been approved by the FDA, which include
tavaborole(onychomycosis)[195], Ixazomib (multiple myeloma)[196], crisaborole (atopic
dermatitis)[197] and vaborbactam (bacterial infections)[198] (figure 12). Further, several
other B compounds are in clinical stages of development. It is noteworthy to mention the
role of B as a heterogeneous green catalyst in driving many chemical reactions,
eliminating the hazards of using metal catalysts [199]. The last few decades have
witnessed tremendous development in the potential of B in pharmaceuticals by exploring
the chemical properties of B, hence making it a special element. Further research is

warranted to uncover its future potential.
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Figure 12. Boron (B) in drug discovery. FDA-approved (B) containing compounds.
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1.8.2 Boric Acid containing boron with a low toxicological profile

Boric acid (BA) is a weak Lewis acid or weak monobasic acid with a pKa of 8.92-9.24,
which is sensitive to changes in temperature, ionic strength, and concentration. BA has a
general formula of B(OH)3 and has a trigonal planar sp? hybridization with a vacant 2pz-
orbital. BA, being an electrophile, accepts electrons from coordinating/nucleophilic
bases/ligands as H20 to yield the tetrahedral borate anion B(OH)4™. The pKa of the BA
changes with the concentration because it shows the property of polymerization above
0.02M and thus forms polynuclear complexes at higher concentrations [200]. Similar to
the reaction of H20 with the vacant p-orbital of BA, second and third or more molecules
of BA can react with each other to form reversible dimeric, trimeric, or cyclic polynuclear
complexes. Ingri et al. Showed that in concentration above 0.02M, there is the formation
of a trimeric cyclic anhydride, B3O3(OH)s, and its anion, B3O3(OH)4. These cyclo tricyclic
dehydration products are tricyclic anhydrides and are called boroxines 3 R— B(OH)2 —
R3B303 + 3 H20. There is a diverse use of boronic acid anhydrides; it is used for building

polymers, and covalent organic frameworks, in optics[201] (figure 13).

Tricyclic anhydrides(Boroxines)

B(OH)3 B(OH); 0-B
B(OH); Dimer Linear Trimer

2.H,0 OH

6-membered heterocyclic compound
B(OH); + H0*

Figure 13. Self-association of boric acid to boroxines.
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Scheme showing the self-association of boric acid to tricyclic anhydride product called

boroxines with increasing aqueous solution concentration of greater than 0.02 M.

BA forms complexes with sugars; therefore, it acts as a carrier for the transport of
carbohydrates and nucleotides. As a Lewis acid, it forms covalent reversible complexes
with hydroxyl groups of different amino acids, carboxylic acids, sugars, nucleotides, and
vitamins via esterification reactions. Monoesters are formed via partial esterification, while
bicyclic esters are formed via complete esterification of BA. These reactions are pH
dependent and ester formation with Di-ol sugars takes place in basic media, whereas
acidic media favours esterification with hydroxy-carboxylic acids. These esters are readily
hydrolyzed in aqueous media[202]. The binding of BA to sugars depends on both the
solution's pH and the pKa of the BA. Binding is more likely when the pH exceeds the BA's
pKa, encouraging the formation of the negatively charged, tetrahedral boronate species
that binds more effectively to the sugars’ diol structure. Research indicates that the BA
binding affinity is often related to its pKa, although the strongest binding does not always
occur near or above this value. In addition, several studies suggest that the optimal
interaction between BA and sugars happens at a pH level between the BA's pKa and the

pKa of the sugar's diol[203].

Cells regulate the concentration of B via a specialized transport system. Neutral B
complex could transport via passive diffusion; on the other hand, the charged borate
anions are transported with the help of aquaporins (AQP9)[204], or transporters like
ubiquitous Na*-coupled borate (B(OH)4™) transporter (NABC1) in human beings[205].
Sugar transporters help in the transport of Sugar boron complex (mostly the non-charged

borate complex). However, the charged borate complex is transported via the process of
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translocation[206]. Presumably, fructose transporter (Glut5) and glucose-6-phosphate
translocase are involved in the transport of the boron sugar complex. Because of the
differential expression of different sugar transporters in cancer cells, cancer cells are
more exposed to the boron sugar complex than normal cells in physiological

conditions[207].

BA is well absorbed in all species, including humans. The average half-life of BA is 1 day
and is and is excreted unchanged in the urine (>95%)[208-210]. Further, BA is not
metabolized and exists mainly in the form of BA in the blood of both humans and
animals[211, 212]. Greater than 90% of BA is excreted unchanged in the urine of animals
and humans, independent of the route of administration[200, 213]. The BA is not
metabolized by the living system because of the high bond dissociation energy of the
boron-oxygen bond (523 kJ/mol)[200]. Renal clearance is three times faster in rats
compared to humans. BA majorly accumulates in the bone however, it is well detected in
the brain, liver, and fatty tissues[212, 214]. The LD50 reported for BA in mice is 3450
mg/kg[212], whereas the LD50 of BA in rats is 2660-5140 mg boric acid/kg body
weight[212, 215]. A Single-dose acute oral LDso for sodium tetraborate decahydrate
(borax) in rats ranges from 3,493 to 6,080 mg borax/kg body weight[216]. The World
Health Organization (WHO) estimates that an acceptable safe range of boron intake for
human adults is 1-13 mg/day[217]. Importantly, the mean daily intakes of B from food
and drinks in male and female adults are 1.28 and 1.00 mg respectively[218]. It is now
evident that B compounds have the advantage of being a pharmaceutical product;
however, there is always a concern about the metabolite or the by-product of B medicinal

products. It is noteworthy to mention here that, B is an essential trace element that we
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eat on a daily basis and the main by-product of organoboron medicines mentioned above
is mainly BA, which has an LDso comparable to table salt, hence, the metabolites of B
drugs, doesn’t have any toxicity to the human cells, further, this also adds to the greener
approach of drug development from synthesis to Pharmacokinetics (PK) in living
cells[178, 218-221]. Notably, BA is a very common green agent in the environment, as
well as present in our daily diet[216].

1.8.3 Potential of boron-containing compounds in neurodegenerative
diseases

Recent lines of evidence have shown that B-containing compounds (BCCs) exert
therapeutic benefits in rescuing neurons from several etiopathological factors, including
oxidative stress, heavy metal toxicity, inflammation, and abnormal electrical firing.
Additionally, BCC, being an attractive element in multiple disease conditions described
above, has recently shown its potential as a neuroprotective and neuromodulatory agent
on neurons, mainly due to its neurotrophic, antioxidant, metal chelating, and anti-
inflammatory actions. Accumulating evidence has shown the positive effects of BCC in
AD and PD. However, several hypotheses could be generated by looking at the
overlapping and common pathways in neurodegeneration, such as AD, PD, and ALS.
Further, we will present scientific evidence of cross-talks between B and the etiology of
fatal and incurable ALS for our hypothesis that BCC could slow down the disease
progression and improve the QOL in ALS patients.

1.8.4 Evidence showing effects of boron-containing compounds in neurons as
neuroprotective Agents

Jun Lu et al[222]. discovered that BCC has multifunctional effects in rescuing

neurodegeneration in the case of AD. The novel compounds exhibit significant
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therapeutic efficacy as inhibitors of toxic amyloid-beta (AB) protein, ROS scavengers, and
biometal chelators. The newly synthesized compound 17h demonstrated significant
chelation activity towards Cu (ll) and Fe (Il). Further, studies by Ozansoy et al[223]
investigated the role of two BCC sodium borate decahydrate and BA in reducing the AB
toxicity, and hence increasing the survival of SH-SYSY (a cell model for
neurodegenerative disorders). Furthermore, the neuroprotective effects of these two
compounds are attributed to an increase in the expression of GSK-3a/f (cellular pro-
survival pathways) and Sirt1 (a NAD+-dependent histone deacetylase), which protects
against cellular oxidative insult. A current study by Ciofani and group[224] proposed the
innovative use of the piezoelectric effect of nanoparticles containing boron nitride
nanotubes, a structural analog of carbon nanotubes, to electrically stimulate the neuronal-
like PC12 cells. Electric stimulation of these neuronal cells using boron nitride nanotubes
resulted in neuronal extension and outgrowth compared to the control after 9 days of long-

term treatment. This technology could be further utilized for neuronal regeneration.

An important work was done by Cacciatore[225] and his team to synthesize new B-based
novel compounds as neuroprotective agents. The newly synthesized B-based hybrid
compounds showed increased cell viability due to inhibition of the cell death induced by
incubation of AB1-42 (neurotoxic amyloid 3 protein) in SH-SY5Y neuronal cell culture.
Moreover, the inhibition is shown to be due to the capacity to reduce oxidative stress in
pathological conditions. Moreover, the new molecules inhibit acetylcholinesterase
(AChE), which is found to be increased during the progression of AD. The latest study by
Maiti and his team[226] demonstrated that BCC like trans-beta-styryl-boronic-acid

(TBSA) improved neuropathological defects in vitro (N2a neuronal cells) and invivo
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(5xFAD mouse model). These novel compounds containing B reduced neurotoxicity by
alleviating A plaques and necrosis in the cortical and hippocampal regions of the brain,

thereby ameliorating cognitive function in 5xFAD AD mouse models.

Likewise, Routray and Ali[227]lt illustrated the indispensable role of element B in inhibiting
hyperapoptosis via stabilizing the changes in mitochondrial membrane potential.
Increased apoptosis is seen during the pathophysiology of several disease conditions,
including the NDDs, which is due to the disturbance in the homeostasis of mitochondrial
membrane potential[228]. Moreover, abnormal mitochondrial potential triggers apoptosis
by regulating matrix configuration and release of cytochrome c (proapoptotic protein), an
apoptosis-triggering protein, due to further activation of cysteine proteases called
caspases-3. The protective effects of B were due to the significant recovery of

mitochondrial potential, thus inhibiting the release of apoptotic mediators.

Besides this, Baldwin et al[229]. discovered a new oxazaborine ring containing B
compounds (NBC6) as inhibitors of the NOD-like receptor (NLR) family, pyrin domain-
containing protein 3 (NLRP3) inflammasome, without having any off-target effects on Ca*?
modulation. NLRP3 is associated with cytokine burst and is related to the etiology of
several diseases [230] including AD[231]Furthermore, the newly developed oxazoline
molecules were found to be potent and selective inhibitors of NLRP3, which could lead to
the development of new inhibitors in BCC as anti-inflammatory agents in several diseases

(figure 14).

Penland[232] with his eight years of work, he conducted five independent studies, both in
animals and humans, and found a meaningful connection between the physiological

intake of B and brain and psychological function. His pioneering work demonstrated that

82



a lack of a physiological amount of B results in poor cognitive and psychomotor function

in both higher animals and humans (figure 14).
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Figure 14. Boron-containing compounds are used as neuroprotective agents.

1.8.5 Neuroprotective role of boric acid, a by-product of boron-containing
compounds

Surmounting evidence has shown the detrimental role of ROS in NDDs like AD, PD, and
ALS due to redox dyshomeostasis[62]. Also, the dysregulation of redox homeostasis is

due to various factors, one being that most studies are due to toxic concentrations of

83



metal ions like Fe*?, Zn*2, Cu*?, Ca*?, and Al*® (Aluminium)[233-236]. Evidence from the
literature has shown that BA mitigates oxidative stress in neuronal cells. Below we will
explore some seminal work from various groups, who have demonstrated the role of BA

in combating oxidative stress and metal toxicity.

Recent studies from Ozdemir and group[237] have shown the beneficial role of BA
treatment in combating the streptozotocin (STZ) induced AD pathology in AD rat models.
In this study, BA significantly reduced oxidative stress based on the evaluation of markers
such as TAS, TOS, OSI, and PON-1 in rat brains. In addition, hippocampus integrity was
maintained after BA application, thereby positively affecting cognitive functions in the
case of AD. This study was well supported by evidence published by the important work
from Penland[238], where, he reviewed the beneficial role of B in the brain, improving
psychomotor and cognitive function. Likewise, Ince and the team recognized the potential
of BA and BCC, borax. They studied the supplementation of BA and borax in the rat diet
and showed a significant increase in the antioxidant defence mechanism and vitamins.
This therapeutic effect is supported by a decrease in lipid peroxides (MDA) levels, DNA
damage, and protein carbonylation levels in the blood. Additionally, it increases the water-
soluble vitamin C concentration in plasma and the GSH level in blood, which is

concomitant with a decrease in lipid peroxidation.

Similarly, Yildirim et al[239], investigated the potential of BA in ameliorating cisplatin-
induced peripheral neuropathy in rats. They observed a reduced level of lipid peroxidation
(MDA) level in the BA treatment group, which was elevated due to cisplatin. Also, there
was a significant increase in ubiquitous antioxidant SOD, which was decreased by

cisplatin. Moreover, the tissue histopathology exhibited a decrease in neuronal
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degeneration and vacuolization due to cisplatin. This study might be consistent with the
antioxidant effects of BA. The neuroprotective effects of BA in decreasing the
neurotoxicity induced by aluminum chloride (AICI3) in male Sprague-Dawley rats were
further explored by Colak et al. Furthermore, the study demonstrated that the low dose of
BA prevents the brain from the lethal effects of AICIs. Moreover, the tissue histology of
the cerebral cortex revealed that BA is a proteasome inhibitor, thereby exerting its
beneficial effects on AICI3-induced neurotoxicity. An important work by Ataizi et al.
examined the role of BA as a neuroprotective agent. This study showed that pre-treatment
of BA ameliorated traumatic brain injury (TBI) in rats. Furthermore, evidence of
neuroprotection was evident in the significant decrease in lipid peroxidation and the
increased catalase activity in the TBI group compared with the TBI+BA group. Also, brain
damage due to edema and death of neurons was visible in the TBI group. This study

further supports the results showing BA as an antioxidant, as reported in other literature.

Landmark studies by Kizilay et al[240], investigated the preventive effect of BA on axonal
and myelin damage. They studied the impact of BA on the Yasargil aneurysm clip-induced
model of sciatic nerve injury in rats. Furthermore, they demonstrated a significant
increase in nerve conduction velocity and the number of axons compared to the control
group with no BA. Moreover, the damage to myelin and immunoreactivity, as indicated by
the neuroinflammation marker NFKJ, is weak and reduced in the treatment group. These
benefits might be supported by the antioxidant effects of BA. Recently, the potential of
BA has been uncovered in AD. Hacioglu et al[241], investigated the role of co-treatment
of BA+curcumin in synaptosomes obtained from the rat cerebral cortex (an ex vivo model

of neurodegeneration). Co-treatment of BA+curcumin on AB1-42-exposed synaptosomes
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alleviates the DNA fragmentation values, MDA levels, and AChE activities. This study

strengthens the role of BA as an antioxidant.

1.8.6 Kinetics of boron-containing compounds with different free radicals

Boron, being electrophilic, reacts with strong free radical nucleophiles generated under
pathological concentrations in order of descending order of their nucleophilicity like
peroxynitrite (ONOO~)>hypohalous acid (HOCI)>"OOH under physiological conditions at
pH 7.4. Kuivila[242], in his exemplary work in 1954, reported the electrophilic
displacement reaction between H202 and phenylboronic acid. Further, he demonstrated
that the kinetics of BCC with H202 is slow compared to other free radicals[242]. The
second order reaction rate with H202 is (k ~1-2 M~" s71)[243]. However, the reaction rates
for ONOO™ and HOCI, at pH 7.4 of 106 M~'s™" and 104 M~'s™" respectively. The reaction
rates depend upon the stoichiometry of reactions; therefore, the BCC reacts
stoichiometrically (1:1) with ONOO™ millions of times faster than H202 to phenol[244, 245],
whereas the hypochlorite anion (OCI7) reacts 1000 times faster than H202 to yield
phenolic oxidative product[244]. Because of the weak nucleophilicity and stability of the
H202, in a buffered aqueous solution of (pH 7.4), the stoichiometry or the concentration
of H202 is high, thus oxidizing the BCC quantitatively. On the other hand, the physiological
concentration of H202 is low because it's being diffused and scavenged as a signal
molecule in different tissues; therefore, the stoichiometry or the concentration of BCC
should be high to scavenge the small concentration of H202. Cumulatively, the BCC could
be used as an imaging fluorescent probe for different pathological conditions to track the
pathophysiology of neurodegeneration due to oxidative stress[246]. To compare the

reaction times of BCC at an equal concentration of 0.1mM of phenyl boronates, the
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reaction time scales are seconds for (ONOQO™), seconds for (HOCI), and hours for
(H202)[244]. The potential of BCC as a scavenger of both reactive nitrogen species (RNS)
and ROS has given additional merit to the use of BCC as a detoxifying agent and imaging
probe in different pathological conditions instigated by both ROS/RNS NDDs. It is
important to note that BCC having conjugated ring scaffolds are generally used as a

fluorophore system (figure 15)[244].
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CIO™ (seconds) cr
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Figure 15. Free radicals directed oxidation product of coumarin-based boronic acid to

highly fluorescent hydroxycoumarin, using a user-friendly probe.

1.8.7 Added advantages of boron scaffold: pharmacokinetics, chemo
selectivity, blood-brain barrier permeability, and non-toxic by-products

As mentioned above, B is an indispensable element having a diverse and versatile role
in the evolution of living beings. It has vast potential in modulating biological activities;

therefore, several drugs have been approved by regulatory bodies in the past decades.
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One of the most important characteristics of including B scaffolds in the organic molecules
is their ability to positively modulate the pharmacokinetic activities of the organic
molecules, hence, affecting the absorption, distribution, metabolism, and excretion of
medicinal agents. High doses of medicinal agents are administered due to the poor
bioavailability and low solubility of drugs[247, 248]. Although this also increases the risk
of side effects and causes adverse drug reactions[249, 250]. Neurodegenerative
diseases are more prevalent in aged populations. further, the organ functions get poor in
the aging population; therefore, the pharmacokinetics of drugs is an important challenge
in the elderly population[251]. B compounds have been shown to overcome the challenge
of poor pharmacokinetics. A large number of studies have shown the role of ROS in the
pathogenesis of NDDS. Furthermore, H202 and metals like Fe and Cu are involved in the
formation of highly harmful bio-reactive species called hydroxyl radical (OH) via Fenton
and Haber-Weiss reaction in a living system. To mitigate the neurotoxicity of OH, the
‘boron advantage’ has been utilized by medicinal chemists, which gives an edge of having
chemo-selective H202-mediated deprotection or scavenging of H202 rather than
nonspecific oxidation with enhanced cell membrane permeability. The introduction of
masked chemo-selective boronate in drug discovery to scavenge ROS, like H202, gives
an edge in the field of neurodegenerative diseases and aging[252] (figure 16). Studies
have shown the distribution and accumulation of B across the brain, crossing the lipoidal

BBB, thereby taking advantage of B to target tumors.

The discovery of BNCT, to kill brain tumors, and glioma, was successful because the B
compounds were able to cross the BBB and concentrate on the tumors.

mercaptoundecahydrododecaborate (B12H11SH, BSH), was the first compound to lead
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to the discovery of BNCT to treat malignant glioma[253]. Treatment of glioma using BSH
gave profound evidence that BSH crosses the BBB and concentrates in tumors. This was
well supported by retrospective pharmacokinetic studies done by Kagegi et al[253] to
evaluate the tumor/blood (T/B) ratio of BSH after intravenous infusion in patients suffering
from brain gliomas. This seminal study further investigated that the high accumulation of
BSH in tumors clinically, which is due to the uptake of BSH across the BBB. Further,
studies by Mishima and colleagues[254] investigated the role of I-para-
boronophenylalanine (I-BPA), a boronated amino acid drug, in treating malignant
glioma[255]. This was due to the transport of I-BPA through the amino acid transport[256].
It has been well demonstrated three decades ago by Penland that B improves cognitive
function, thus B can cross the BBB[232, 238]. The evidence that B can cross the BBB is
supported by the evidence provided by Rabia Koc et al[257]. They demonstrated the
potential of B-containing compound borax in improving the neurological function and
reducing oxidative stress after ischemia/reperfusion (IR) injury of the rat spinal cord. Thus,

it acts as a neuroprotectant.

Surmounting evidence suggests that the accumulation of B in the brain alleviates the
neuronal injury. Experiments on dogs with BA have shown that the accumulation of BA is
highest in the gray matter of the brain[258] additional studies have shown evidence of B
being a neuroprotectant because of its antioxidant ability[259] and anti-inflammatory
properties[260]. Additionally, research has been demonstrated that boron-containing
nanoparticles can distribute preferentially in the brain and heart[261]. However, not all the
BCC crosses the BBB, because of the preferential transport system across the BBB. The

BBB allows BA to cross the BBB, but limits the distribution of bortezomib[262]. The BCC
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has shown potential in treating brain tumors in humans; however, the supporting evidence
of B being preferentially cross BBB could be utilized to target various NDDs, including

AD, PD, and ALS.
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Figure 16. A. Schematic representation of the chemo-selective reactive oxygen species

(ROS)-triggered prodrug concept.

The inactive drug becomes active in the presence of pathological ROS inside cells under
pathological conditions in neurodegeneration. The by-product, boric acid, is non-toxic and
excreted in urine. B. Putative mechanism of chemoselective and oxidative deboronation
reaction with pathological hydrogen peroxide (H202) in neurodegenerative diseases

(NDDs).
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Zhong et al[263]. synthesized a new boronic acid prodrug of tamoxifen called ZB497,
which readily converted to 4-OHT (active medicinal agent) in mice; also, the bioavailability
of 4-OHT increased 30 times when given at the same dose of either 4-OHT or tamoxifen.
The synthesis of a boronic acid prodrug of tamoxifen enhanced its bioavailability for
several reasons. Firstly, it bypasses the first-pass metabolism due to the microsomal
CYP2D6 enzyme, which is required for the activation of tamoxifen to 4-OHT. Secondly, it
bypasses the metabolic clearance by O-glucuronidation. Thirdly, the biotransformation of
ZB497 to 4-OHT (the active drug) is catalyzed by CYP450 enzymes through oxidative
deprotonation, utilizing a greener approach in situ, in the presence of a high concentration
of ROS in the tumor microenvironment. Lastly, the byproducts boric acid and pinacol are
non-toxic metabolites released; the LDso of BA is comparable to table salt, whereas the
LDso of pinacol is 3,380 mg/kg oral dose. These improved properties could lead to the
administration of lower dosages in clinics for elderly patients, improving compliance and

reducing the side effects of thrombosis and hot flashes.

Park and colleagues [264], recently synthesized hydrogen peroxide (H202) activated
estrogen receptor beta ligands to modulate inflammation in neurodegenerative disorders.
They used boronate esters (6¢) to mask the phenolic group, to increase the selectivity of
the pro-estrogen towards H202-rich pathological conditions, and further, release the ERB-

selective estrogen in neurodegeneration.

Charkoudian and coworkers[265], synthesized a boronate-based pro-chelator (BSIH),
which is selectively bio-transformed in situ in the presence of ROS like hydrogen
peroxide. Nature's most vulnerable free radical oxidant is the hydroxyl radical, which is

highly neurotoxic and formed via the Fenton reaction, prompted by ferrous (Fe*?) ions.
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However, it is important to note that ascorbic acid acts as a pro-oxidant and recycles the
ferric ion (Fe*3) to ferrous (Fe*?), thereby instigating the generation of ROS through the
Fenton’s reaction [91]cycles. The discovery of a new pro-chelator[266] is advantageous
over Iron chelates due to specificity because chelating agents compete with iron-
containing enzymes and with physiological metals like zinc and Cu that are important for
cellular function. Furthermore, they are associated with systemic toxicities[267] (figure.

17).
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Miller and group[268], synthesized a new class of chemo-selective peroxy sensors with

enhanced cell permeability, and a new class of fluorescent sensors to probe H202 in a
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micromolar range in physiological conditions, including hippocampal neuronal cells.
These compounds provide a merit of boronate deprotection, scavenging the micromolar
concentration of H20z2, in cells and neurons insulted by free radicals, hence protecting
them from the harmful effects of radicals. Moreover, these fluorescent boronate probes,
have improved permeability and, thereby, are used to measure the pathological
concentration of H202 inside cells (<50uM causes apoptosis, whereas higher than >50

MM causes necrosis)[269] and neurons.

Cadahia and team[270], synthesized new H202-sensitive prodrugs of methotrexate and
aminopterin for the treatment of rheumatoid arthritis. The new boronic acid prodrugs
showed improved pharmacokinetics, with increased solubility, and high chemical and
enzymatic stability, thereby bypassing the first-pass metabolism, and hence increasing
plasma concentration and therapeutic efficacy compared to parent drugs. This approach
with boronic acid properties could be exploited to increase the PK and mitigate the ROS

in NDDs. Also, this strategy of designing drugs gives high patient compliance (figure. 18).

Hoang and his colleagues[271] recognized the potential of B in rare, fatal, and complex
motor neurodegenerative diseases called ALS. Further, they synthesized a new ROS-
responsive semisynthetic mask phenyl boronic acid conjugate of human ANG
(angiogenin, a human ribonuclease, implicated in ALS progression[272, 273]). The novel
boronic acid compound impedes the nuclear activity of ANG. The active ANG, required
for neuroprotection through its intracellular ribonucleolytic activity, was released by the
cleavage of boronic acids in the presence of the most prevalent ROS (H202). Thus, the
masked ANG prevents astrocytes from the risk of oxidative stress, involved in the

pathophysiology of ALS[274]. Moreover, the by-products (BA and 4-hydroxybenzyl
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alcohol) of the unmasking boronic acid ANG conjugates, didn’t result in any physiological

toxicity in human astrocytes (figure 19).
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Figure 18. Boron-containing compounds are used as A. chemoselective fluorescent

sensors and B. chemoselective prodrug of methotrexate.
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Figure 19. Boron-containing compounds as chemo-selective prodrugs used in

neurodegenerative disease.

1.8.8 Cross-talk between boron and the most prevalent free radical, hydrogen
peroxide (H20-): Role in ALS disease progression

Substantial evidence suggests that oxidative stress is one of the major etiological factors
in the pathogenesis of both forms of ALS, sporadic (sALS) and familial (fALS). Damaging
free radicals due to oxidative stress causes degeneration of motor neurons both in the
spinal cord and motor cortex in ALS[275-278]. Further, various oxidative stress
biomarkers are reported in the postmortem tissue of both forms of ALS, suggesting the
pathological role of oxidative stress in motor neuron neurodegenerative disease[279-
284]. These results are consistent with the increase in oxidative stress biomarkers due to
the damaging effects of free radicals on proteins, lipids, and nucleic acids in mutant SOD1
(mSOD1) ALS mice mimicking the clinical phenotypes of ALS[284-286]. Moreover,

studies have revealed that the toxicity of both mSOD1 and wildtype(wSOD1) is due to
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toxic gain of function, leading to ALS pathogenesis in both forms of ALS. Mutations in the
SOD1 gene lead to a toxic gain-of-function of SOD1 proteins. These misfolded toxic
SOD1 proteins cause dysregulated biochemical and molecular pathways in the brain and
spinal cord, leading to the degeneration and death of motor neurons. Overexpression or
toxic gain of function of SOD1 leads to the generation of a pathological amount of H202,
which is a weak oxidizing agent and is a non-ionized, poorly reactive free radical.
Nevertheless, it produces highly reactive, unstable, and toxic free radical species called
hydroxyl radical (HO«), via Fenton’s reaction in the presence of ferrous ion (Fe*?) or
Haber-Weiss reaction in the presence of (02-) and (Fe*3). The (HO-) being a strong
oxidant of all the ROS reported leads to oxidative stress-induced lipid peroxidation,
mitochondrial dysfunction, excitotoxicity, and eventually results in redox dysregulation
within the cell, leading to neuronal death in the case of ALS[287-290]. Thus, the reported
evidence suggests that increased concentration of the most relevant ROS, H202, and Fe

load leads to the pathogenesis of Neuronal death due to the generation of HO- radicals.

Therefore, if we could find an approach to scavenge the excessive concentrations of
pathological H202 or Fe, this could alleviate oxidative stress in cells, thereby protecting
neurons. One novel approach is the utilization of BCC as H202 scavengers and
prochelators. The compounds containing B scaffolds selectively remove an excess of
pathological H202 and Fe*2. Moreover, the chemoselectivity of these BCCs has an added

feature of targeted bioimaging of the vulnerable areas of neurodegeneration.

B has several advantages, firstly, H202 scavengers in several oxidative stress-induced
neurotoxicity, secondly, pro chelators (H202, activated metal chelators) of Fe*? and Cu,

thirdly, bioimaging of H202, fourthly, targeted drug delivery, fifthly, as theragnostic agents
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(site specific detection or measurement of double edge sword molecule H202), sixthly,

minimizing the unwanted off-target effects of physiological metal-chelation and

physiological H202 (acting as a signal molecule in cellular processes), and lastly,

generation of non-toxic metabolites like BA, thus increasing the selectivity and improving

the therapeutic potential of drug[291-297].

Evidence from the reported literature to date supports our hypothesis that BCC is an

attractive scaffold for slowing the progression of fatal and incurable ALS by alleviating the

oxidative stress caused by the damaging and most prevalent free radicals, H202 (figure

20).

Heterocycle Containing
Boronate or Boronic

Acid Scaffold "OH
Fe*?
H»05
"OH
m <
Fe' ™\ 3%

‘o
VA S ;i g o3
[P
P iﬁ: P
\‘{"%

+2
H,0, Fe o)

H.02

(ALS) Pathology in
Brain and Spinal Cord
Due to

Oxidative Stress

Figure 20. Various emerging roles of boron (B) heterocycles in the drug discovery of

CNS therapeutics.

\
Chemoselective 'cj{\/)k 5'/ )}
Free Radical Scavengers ~ \‘,* ; //
(H:0,) e
/\ J w/ i s
TA
Prochelators (Fe, Cu) \
Byproduct
/’\ Non Toxic
Boric Acid (HsBO3 )/
<ol i Antioxidant &
Bioimaging Properties \

Targeted Drug Delivery
(Brain and Spinal Cord)

Excreted
. via Urine
Minimizing Off target
Effects
il =

>
’ Reduced Oxidative Stress
Healthy Motor Neuron
in Brain and Spinal Cord
(ALS)

98



The B scaffolds, such as boronic acids and boronates, act as a chemoselective moiety to
sequester the free radicals implicated in the pathophysiology of amyotrophic lateral
sclerosis (ALS). B scaffold containing heterocycles also acts as pro-chelators of transition
metals, such as copper (Cu) and Iron (Fe), implicated in oxidative stress (OS) and global
aging. Further, B molecules act as a fluorescent sensor to detect the delivery of B across
the central nervous system. The by-products of B organic molecules, such as boric acid
(BA), are nontoxic and exert their neuroprotective effects through their antioxidant

properties. They are highly water-soluble and pharmacokinetically excreted via urine.

2 Overall summary of research approaches

2.1 Rationale/Research Questions/Hypothesis/Objectives and AIMS

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive motor neurodegenerative
disease that results from the death of both upper motor neurons (UMN) and lower motor
neurons (LMN) in the brain and spinal cord. ALS is not a single disease, as it is a highly
complex, clinically heterogeneous, pathologically multifactorial neurodegenerative
disease. ALS is a rare neurodegenerative disease with an ultimately fatal clinical
endpoint. It is proposed that there will be a massive surge in ALS cases from 222,801 in
2015 to 376,674 in 2040, representing an epidemiologic increase of 69%[44]. Since the
discovery of ALS in 1869 by Jean-Martin Charcot and the landmark identification of the
SOD1 mutation by Rosen et al. in 1993 as a causal factor for the progression of human
familial ALS (fALS), only two FDA-approved drugs, Edaravone (EDR), an antioxidant, and
Riluzole (RLZ), an antiglutamatergic, have been widely accessible and used clinically,
though with limited impact on the disease course. Both drugs have been used in clinical
settings with modest effects on ALS progression. However, preclinical studies in SOD1
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ALS mouse models have not demonstrated any significant survival benefits[298-306].
However, some delay in disease progression has been observed, and this finding has
been translated to human studies. Despite this, the potential of small molecule
therapeutics, such as EDR, which aim to reduce the global oxidative stress involved in
ALS pathophysiology, remains significant. This is supported by the presence of oxidative
stress biomarkers during ALS progression in both transgenic ALS murine models of [307-
312] and patients with sporadic and familial ALS[307, 313-319], further confirming the role
of free radical-mediated oxidative damage in the disease's etiopathogenesis. Additionally,
it is important to note that the ALS scientific community has been making great efforts to
develop drugs that modify disease phenotypes in ALS patients, considering that they do
not have much time after diagnosis to wait for long-term treatment. However, recent
efforts have not yielded any benefits, and all the major clinical trials have recently
failed[320]. Recently, the FDA granted accelerated approval to tofersen based on its
ability to reduce neurofilament light chain (NfL), a pharmacodynamic biomarker. However,
NfL remains a nonspecific biomarker for neurodegenerative disease diagnosis and
complicates differentiation between ALS and other conditions[321]. Additionally, the
potential of the neurofilament heavy chain (NfH) is underestimated due to issues with
assay sensitivity[322]. Further, emerging evidence suggests that Tofersen use in patients
is non-compliant and causes serious neurological adverse events and warrants further

investigation of its benefit-to-risk ratio[323].

Emerging evidence from the last three decades after the discovery of SOD1 ALS mouse
models suggests that oxidative stress caused by pathological H20: is a key hallmark in

ALS pathology, making it a primary target for therapeutic intervention in ALS[324-331].
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Moreover, Cysteine 111 (Cys'") of the SOD1 protein serves as a hotspot for oxidative
modification under elevated concentrations of the neurotoxic H202[131, 133, 141, 332-
336]. The acquired toxicity of both mutant and wild-type human SOD1 triggers numerous
abnormal oxidative redox pathways in neurons and non-neuronal cells, leading to
progressive, fatal paralysis caused by motor neuron degeneration neurons[337]. In our
current early-phase drug discovery efforts, we have recognized the diverse and versatile
potential of small organic molecule EDR and have aimed to overcome its limitations
ranging from synthesis to formulation while enhancing safety and efficacy in humanized
SOD1 ALS mouse models. To achieve this, we employed a novel strategy that uniquely
incorporated a boron scaffold into the FDA-approved EDR molecule. Boron’s low toxicity
profile and its role as a chemoselective warhead targeting free radicals involved in motor
neuron degeneration in ALS could have significant advantages. However, several reports
have demonstrated the effective role of boron compounds as anti-cancer agents. In
addition, emerging reports have shown the potential of boron compounds in maintaining

neuronal health; none have been utilized to slow the progression of ALS.

Using this boron-based approach, we aim, for the first time, to modify several motor

disease phenotypes and extend survival in SOD1 ALS mice.

Based on investigations from emerging literature over the past three decades, we
asked a few key questions to develop our research hypothesis for the proof-of-

concept (POC) studies.

1. Is oxidative stress a key global etiological factor in both sALS and fALS?
2. Do the currently FDA-approved EDR and Riluzole effectively extend the

lifespans of ALS mouse models/and human ALS patients?
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. Do ALS mouse models provide strong support for transitioning from
preclinical to clinical studies?

. Can the new boron-containing EDR analogues be safe and effective in in
vitro studies compared to EDR?

. Is the new boron-containing EDR analogue safe and capable of prolonging
lifespan and improving clinical motor phenotypes in humanized SOD1 ALS
mice?

. Can the novel boron-containing EDR analogue demonstrate target
engagement and modulate the pathways implicated in neurodegeneration?
. Can discovery-based, unbiased, untargeted proteomic and
phosphoproteome profiling offer compelling evidence that correlates the
efficacy of the new boron-containing EDR analogue with its therapeutic

potential?

To answer these research questions, we formulated our hypothesis. It is anticipated that

the new analogs will improve pharmacokinetics, overcoming the present limitations of

EDR. The cost of edaravone is $1,424 per patient per day or $185,182 per patient

annually ($190,880 in the first year of treatment). Making it a costly drug. However, the

question of how long patients should take EDR remains unresolved. Moreover, the FDA

has not defined the limit for treatment duration. This creates a perplexing situation for

patients suffering from ALS. Additionally, intravenous administration creates further

apprehension in patients. It is anticipated that the new analogs of EDR would be able to

solve this issue. Additionally, the new synthetic route is expected to be more cost-effective

and less prone to synthetic hurdles compared to EDR[151].
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Therefore, our overall hypothesis is that tailored boron-based pyrazoles, which could
serve as EDR boron analogues and EDR prodrugs, could act as a novel, chemoselective,
H202-activatable warheads to mitigate the global pathological concentrations of free
radicals, such as H202, implicated in the pathophysiology of ALS. Furthermore, we
hypothesize that boron-containing EDR molecules can modulate oxidative stress
propagation both in the spinal cord and brain, thereby influencing clinical motor
phenotypes, delaying disease and symptom onset, extending survival, and mitigating
weight loss or ALS-induced cachexia in the humanized SOD1-G37R ALS preclinical
mouse model. Additionally, the new molecules containing boron could modulate the
expression of various known and unknown discovery-based global proteins and
phosphoproteins in the spinal cord and brain of preclinical SOD1 G37R ALS mice model.
We believe this work will represent the first discovery of best-in-class boron-containing
EDR analogues or prodrugs that could potentially slow the progression of ALS. This
advance signifies a promising step toward developing more effective treatments for this

high-need, fatal orphan disease.

2.2 Overall research aim

Synthesis, characterization, and development of boron-based EDR analogues (B°-EDR)

that can serve as potential redox regulators in combating the progression of ALS.

2.3 Overall research hypothesis

i) We are proposing that B>-EDR analogues could serve as prodrugs of EDR via an in

vitro and in vivo metabolic transformation.

ii) We are also proposing that B35-EDR analogues can serve as independent redox
regulators, and as stand-alone compounds via the therapeutic effects of boron.
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iii) As an added benefit, we propose that our B>-EDR analogues can also serve as a

triple-role therapeutic agent, via the benefits of the newly attached Boron scaffold

Below is the diagrammatic representation of the proposed research proposal (figure 21)
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Figure 21. Hypothetical representation of the proposed research

Below is the proposed mechanism (figure 22).
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Figure 22. Mechanism to show how (B°-EDR) analogues act as redox regulators (in vivo

reaction with H202) and prodrugs/generation for EDR.

2.4 Rationale for proposed hypothesis

We proposed different modifications in the EDR structure to tailor its pharmacokinetic

(PK) and pharmacodynamic (PD) properties.
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Modification in N-1-phenyl position of EDR: Blocking the para-hydroxylation
by introduction of a fluorine moiety is expected to decrease toxicity and increase
lipophilicity[338].

Modification in C-3 position of EDR: Bioisosteric replacement of a hydrogen
atom with fluorine mimics a methyl group. It is anticipated that fluorine substitution
would modulate potency, metabolism, and membrane permeability, decrease Pgp
recognition across the BBB, hence, increasing bioavailability across neurons in the
CNS, undergoing stress due to pathological concentrations of free radicals like
H202. Thus, expected to alleviate the oxidative stress implicated in the
pathophysiology of ALS[339].

Modification in C-4 position of EDR: EDR efficiently neutralizes free radicals
through single electron transfer in physiological conditions. The anionic form of
EDA is predicted to react 8.6 times faster than its neutral counterpart. The main
reaction mechanism varies with the form of EDA,; for the anionic form, single-
electron transfer (SET) plays a dominant role in reactivity. To accurately evaluate
edaravone's antioxidant activity, the ionic form must be taken into consideration.
SET can occur quickly, either before or alongside proton transfer from the C-4
methine proton, known as Sequential Electron-Proton Transfer (SEPT) and
Proton-Coupled Electron Transfer (PCET), respectively. Therefore, any
modification at the C-4 position will compromising EDR's antioxidant
capability[340, 341].

Modification in C-5 position of EDR with a boron atom: C-5 of EDR contains a

keto-enol tautomeric functional group, which is an essential functional group for
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antioxidant activity. Derivatization of this group by a non-toxic, chemoselective,
biocompatible boron pro-group is believed to be activated by ROS (e.g., H202) to
release a redox regulator (EDR or EDR analogues) that scavenge ROS/RNS.
Boron, being a metal chelator and antioxidant warhead, may alleviate the
genotoxic effects instigated by low doses of heavy metals in NDDs. However, we
can also modulate the electrophilicity and stability of the boron protecting group by
changing the different substituents in the progroup[342, 343].
Below is the diagrammatic representation of the rationale for the proposed hypothesis

for tailoring pharmacokinetic (PK) and pharmacodynamic (PD) properties (figure. 23).
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The following objectives and specific aims will test the above hypothesis:

3 Research approaches: Hypothesis/Aims/Objectives

1) We propose to synthesize boron-based B5-EDR prodrugs and analogues utilizing
the principles of green chemistry, overcoming the synthetic limitations of current EDR
synthetic procedures, that will serve as prodrugs of EDR via oxidative metabolic

transformations.

3.1 Objective 1: The synthesis of a series of B5-EDR prodrugs and B5-
EDR analogues.

3.1.1 Specific Aim 1 for Objective 1: To synthesize and characterize boron-
based edaravone prodrugs (B5-EDR).

3.1.2 Specific Aim 2for Objective 1: To synthesize and characterize additional
boron-based edaravone analogues (B5-EDR).

2) We hypothesize that the synthesized B5-EDR prodrugs will demonstrate in vitro
proof of concept by converting into edaravone in the oxidative environment created by

free radicals such as hydrogen peroxide (H202).
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3.2 Objective 2: The in vitro transformation of B5-EDR prodrugs into EDR
to establish a ‘proof-of-concept’ that our compounds can serve as
prodrugs of EDR.

3.2.1 Specific Aim 1 for Objective 2: To demonstrate the Proof-of-concept in
vitro transformation applying a novel synthetic procedure for
synthesizing EDR from Boron-based prodrugs (B5-EDR).

3.2.2 Specific Aim 2 for Objective 2: To demonstrate the Proof-of-concept in
vitro transformation applying a novel NMR kinetic experiment for
conversion of EDR from Boron-based prodrugs (B5-EDR).

3) We hypothesize that our B5-EDR prodrugs and analogues can serve as
independent redox regulators via the antioxidant effects of boron and serve as
neurocytoprotective agents, in a similar manner to EDR, including a similar

neurotoxicity/cell viability profile to EDR.
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3.3 Objective 3: To study the in vitro properties and antioxidant abilities
of our drug candidates and examine their capabilities to serve as
ROS/RNS scavengers.

3.3.1 Specific Aim 1 for Objective 3: To evaluate the neurotoxicity and cell
viability of B5-EDR prodrugs and analogues on neuroblastoma-spinal
cord hybrid cells (NSC-34) and primary cortical neuronal cells by WST-8
analysis, in comparison to EDR.

3.3.2 Specific Aim 2 for Objective 3: To evaluate the neuroprotective effects
of B5-EDR prodrugs and analogues against hydrogen peroxide-induced
oxidative stress on NSC-34 cells by WST-8 analysis, in comparison to
EDR.

3.3.3 Specific Aim 3 for Objective 3: To evaluate the change in mitochondrial
membrane potential by B5-EDR prodrug (NS-1-2) using staurosporine as
a positive control for apoptosis in comparison to EDR.

3.3.4 Specific Aim 4 for Objective 3: To evaluate the hydrogen peroxide (H203)
scavenging ability of B5-EDR prodrugs (NS-1-2) using an Amplex red
assay in comparison to EDR.

4) We hypothesize that our B5-EDR prodrugs NS-1-2 can reduce the fibrillization of

SOD1 monomers due to their antioxidant effects and redox regulatory function.

3.4 Objective 4: To study the effect of NS-1-2 on fibrillization of SOD1
monomers.

3.4.1 Specific Aim 1 for Objective 4: To evaluate the biochemical activity of
our drug candidates in reducing the fibrillization of SOD1 monomers.

5) We propose that our B5-EDR prodrug NS-1-2, containing a non-toxic boron

scaffold, will be safe in wild-type mice.
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3.5 Objective 5: To study the acute and chronic safety profile with
longitudinal monitoring of NS-1-2 in the wild-type mice.

3.5.1 Specific Aim 1 for Objective 5: To evaluate the acute toxicity profile
(single dose), with longitudinal monitoring of NS-1-2 in a wild-type mouse
in vivo.

3.5.2 Specific Aim 2 for Objective 5: To evaluate the chronic toxicity profile
(120 doses), with longitudinal monitoring of NS-1-2 in a wild-type mouse
in vivo.

6) We propose that our B5-EDR prodrug NS-1-2 can also serve as triple-role
therapeutic agents, via the benefits of the boron functionality and by serving as a prodrug
for EDR, and lead to a similar or improved therapeutic index to EDR and improved

pharmacokinetic properties.
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3.6 Objective 6: To study the therapeutic effects of NS-1-2 in modifying
disease phenotypes in the humanized SOD1-G37R (line 42) mouse
model of amyotrophic lateral sclerosis.

3.6.1

3.6.2

3.6.3

3.6.4

3.6.5

7)

Specific Aim 1 for Objective 6: To evaluate the efficacy of NS-1-2, in
terms of delaying the onset of disease in SOD1-G37R (line 42) mouse
model of amyotrophic lateral sclerosis: Time to peak body weight (days).

Specific Aim 2 for Objective 6: To evaluate the efficacy of NS-1-2, in
terms of delaying the symptom onset of disease in SOD1-G37R (line 42)
mouse model of amyotrophic lateral sclerosis: Loss of 10% body weight
based on the highest recorded weight (days) with muscle weakness.

Specific Aim 3 for Objective 6: To evaluate the efficacy of NS-1-2, in
terms of extending the survival age/life span of SOD1-G37R (line 42)
mouse model of amyotrophic lateral sclerosis: Principal primary
endpoint of preclinical studies.

Specific Aim 4 for Objective 6: To evaluate the efficacy of NS-1-2, in
terms of preventing weight loss (ALS-induced cachexia) in SOD1-G37R
(line 42) mouse model of amyotrophic lateral sclerosis: Prognostic
marker for ALS.

Specific Aim 4 for Objective 6: To evaluate the efficacy of NS-1-2, in
terms of improving clinical motor phenotypes with longitudinal
monitoring in SOD1-G37R (line 42) mouse model of amyotrophic lateral
sclerosis: Marker of motor neurodegeneration.

We propose that our B5-EDR prodrug NS-1-2 can show target engagement by

changing the expression of cellular proteins and phosphoproteins associated with motor

neurodegeneration.
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3.7 Objective 7: To apply global mass-spectrometry-based proteomic
and phosphoproteomic approaches to discover and identify
biomarkers within treated SOD1-G37R mice, B5-EDR prodrug NS-1-
2 versus sham controls.

3.7.1

3.7.2

3.7.3

3.7.4

Specific Aim 1 for Objective 7: To investigate the mechanism of a novel
(NS-1-2), utilizing a discovery-based untargeted/unbiased LC-MS based
global proteomics approach for the investigation/and discovery of
known/and novel biomarkers correlating with the efficacy of NS-1-2 in the
spinal cord of mutant human G37R SOD1 mice.

Specific Aim 1 for Objective 7: To investigate the mechanism of a novel
(NS-1-2), utilizing a discovery-based untargeted/unbiased LC-MS based
global proteomics approach for the investigation/and discovery of
known/and novel biomarkers correlating with the efficacy of NS-1-2 in the
brain of mutant human G37R SOD1 mice.

Specific Aim 2 for Objective 7: To investigate the mechanism of a novel
(NS-1-2), utilizing a discovery-based untargeted/unbiased discovery LC-
MS-based global phosphoproteome approach for the investigation/and
discovery of known/and novel biomarkers correlating with the efficacy of
NS-1-2 in the spinal cord of mutant human G37R SOD1 mice.

Specific Aim 2 for Objective 7: To investigate the mechanism of a novel
(NS-1-2), utilizing a discovery-based untargeted/unbiased discovery LC-
MS-based global phosphoproteome approach for the investigation/and
discovery of known/and novel biomarkers correlating with the efficacy of
NS-1-2 in the brain of mutant human G37R SOD1 mice.

8) We suggest that our B5-EDR prodrug NS-1-2 can improve the onset of symptoms in

G37R mice by preventing the 10% weight loss observed at the study endpoint,

demonstrating target engagement through alterations in the expression of cellular

proteins linked to motor neurodegeneration.
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3.8 Objective 8: To apply global mass spectrometry-based proteomic
approaches to discover and identify biomarkers from samples
collected at symptom onset, clinical end of study, and humane
endpoint within treated SOD1-G37R mice, B5-EDR prodrug NS-1-2
versus sham controls.

4 Results
Objective 1: The synthesis of a series of B5-EDR prodrugs and B5-EDR analogues.

Specific Aim 1 for Objective 1: To synthesize and characterize boron-based edaravone

prodrugs (B5-EDR).

4.1 Scheme I for the synthesis of the first prodrug of Edaravone
Scheme | for the synthesis of Edaravone prodrug NS-1-2 (N-arylated pyrazole

boronic acid pinacol ester) via a two-step synthetic procedure in situ.

The synthetic route for the synthesis of NS-1-2 involves the synthesis of N-arylated
pyrazole boronic acid pinacol ester from the commercially available N-arylated substituted
pyrazole starting material via a two-step synthetic procedure. The first step A) involves
lithiation at the C-5 position of N-arylated substituted pyrazole with N-butyl lithium (n-
BuLi), by a directed Ortho metalation (DOM) mechanism. The second step B) involves
the electrophilic substitution of Lithium at the C-5 position with isopropoxy 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (PINBOP). This is followed by an acidic workup, which
yielded N-arylated substituted pyrazole boronic acid pinacol ester as our first proposed
boron-based EDR prodrug, NS-1-2 (figure 24), with an experimental yield of 90- 95%.

Table 1.
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A. Lithiation CH3

T n-BuLi, THF 0-gA N
N -78°C, 0,45h ?o’ N

@ B. Borylation
PINBOP, -78°C, 1.5h;
warm to RT over 1h, AcOH NS-1-2

Kg~" i L

% Yield 90-95

Figure 24. Scheme | for synthesizing N-arylated pyrazole boronic acid pinacol ester NS-

1-2 from the commercially available N-arylated substituted pyrazole.

Table 1. Synthesis of the first boron-based EDR (B5-EDR) prodrug NS-1-2.

Entries Compound %Yield
0
-B
NS-1-2 °

WCH 90-95
N‘N/ 3

Q

4.2 Scheme Il for the synthesis of the second prodrug of Edaravone

Scheme Il for the synthesis of N-arylated pyrazole potassium trifluoroborates from

N-arylated substituted pyrazole boronic acid pinacol ester.

The synthetic route involves the synthesis of N-arylated pyrazole potassium
trifluoroborates from commercially available N-arylated substituted pyrazole starting

material. It is a two-step synthesis which involves lithiation in the first step, borylation in
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the second step to get N-arylated pyrazole boronic acid pinacol ester, followed by
conversion of the pinacolyl boronate to the corresponding trifluoro borate with aqueous
potassium hydrogen fluoride in the third step[344] as our second proposed boron-based

EDR prodrug, NS-1-21 (figure 25), with an experimental yield of 90-95%. Table 2.

Step 1 Step 3
cH,  Adlithiation CHs CHs
n-BULI, THF /F( KHF; Y
Y -78°C, 45min AN @) KEB Ty
N Stepz 0 MeOH,R.T. i
@ B.Borylation
PINBOP, -78°C , 1.5h; NS-1-21
warm to RTover 1h, AcOH %Yield 90-95

Figure 25. Scheme Il for synthesizing N-arylated pyrazole potassium trifluoroborates

(NS-1-21) from the commercially available N-arylated substituted pyrazole.

Table 2. Synthesis of second boron-based EDR (B5-EDR) prodrug.

Entries Compound %Yield

H

F3BK
NS-1-2 E\/N/g\cm 90-95

o

Specific Aim 2 for Objective 1: To synthesize and characterize boron-based edaravone

analogues (B5-EDR).
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4.3 Scheme Il for the synthesis of boron-based Edaravone analogues
(B5-EDR) from N-arylated substituted pyrazole boronic acid pinacol
ester

The synthetic route for the synthesis of NS-1-12 and NS-1-19 involves scheme | and
scheme |l, respectively. The only change is the starting material with substituted
trifluoromethyl in the C-3 position of N-arylated substituted pyrazole instead of C-3 methyl.
Following scheme | and scheme Il, NS-1-12 and NS-1-19 were synthesized (figures 1

and 2), with an experimental yield of 90- 95%. Table 3.

4.4 Scheme IV Synthesis of 4-fluoro-N-arylated pyrazole boronic acid
pinacol ester from 4-fluoro-N-arylated substituted pyrazole starting
material via a two-step synthetic procedure in situ

The synthetic route involves the synthesis of 4-fluoro-N-arylated pyrazole boronic acid
pinacol ester from 4-fluoro-N-arylated substituted pyrazole starting material via a two-step
synthetic procedure in situ. The first step involves Chan-Lam coupling with N-arylation of
pyrazoles with aryl boronic acids using heterogeneous Copper () oxide in methanol at
room temperature under base-free conditions. The second step involves lithiation at the
C-5 position of N-arylated substituted pyrazole with N-butyl lithium (n-BuLi), by directed
ortho metalation (DOM) mechanism, followed by the third step that involves electrophilic
substitution of Lithium at the C-5 position with isopropoxy 4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (PINBOP). This is followed by an acidic workup, which yielded 4-fluoro-N-
arylated pyrazole boronic acid pinacol ester. Following scheme |V, NS-1-23 was

synthesized (figure 26), with an experimental yield of 90- 95%. table 3.[345].
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Step 1 Step 2
R4

Chan-Lam Coupling R A Lithiation /[_\<
5.5 mole % Cu,0  {/ \N: T, L %075 =

HO\B/OH
HN/_/E ; N -78°C, 45m|n= o
N7 SR+ Open air, MeOH, Step 3 -
RT, 5hr B.Borylation
F PINBOP, -78°C , 1.5h;
F warm to RTover 1h, AcOH F
~$-CHj
R1 =
—3-CF4

Figure 26. Synthesis of 4-flouro-N-arylated pyrazole boronic acid pinacol ester from

4-fluoro-N-arylated substituted pyrazole starting material.

Table 3. Synthesis of boron-based EDR (B5-EDR) analogues.

Entries Compound %Yield

_B H
NS-1-12 ° 90-95

H

F3BK
NS-1-19 D\CFs 90-95

N

-0

S

o- H

NS-1-23 ol 90-95
N. 7~ —CF3

o

-

Objective 2: The in vitro transformation of B5-EDR prodrugs into EDR to establish a

o]

‘proof-of-concept’ that our compounds can serve as prodrugs of EDR.
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Specific Aim 1 for Objective 2: To demonstrate the Proof-of-concept in vitro
transformation applying a novel synthetic procedure for synthesizing EDR from Boron-

based prodrugs (B5-EDR).

4.5 Scheme lll (a) for the synthesis of Edaravone from boron-based
prodrugs (B*>-EDR)

4.5.1 First approach for biotransformation: Using both lactic acid and
hydrogen peroxide.

Synthesis of EDR involves chemoselective ijpso hydroxylation of boron-based prodrugs
under microwave conditions. Bio-based green reagents, which are biocompatible and
non-toxic, like boronic acid ester, trifloroborates, lactic acid, and hydrogen peroxide, were
utilized for the synthesis of EDR (figure 27), with an experimental yield of 90- 95%.

Table 4.

Microwave,10 mins, 50°C
3. Recrystallization

1. Lactic acid (10equiv)
2. Hydrogen Peroxide (1.1equiv) \
DEE (3.5mL) N,N

B5-EDR Prodrug Edaravone
% Yield 90-95
R3 =N\ O:BY
(0]
= -$BF,K

Figure 27. Scheme lll (a) synthesis of EDR from its prodrug (B5-EDR).
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4.6 Scheme lll (b) for the synthesis of Edaravone from boron-based
prodrugs (B*>-EDR)

4.6.1 Second approach for biotransformation: Using only hydrogen peroxide.

Synthesis of EDR involves chemoselective jpso hydroxylation of boron-based prodrugs
under microwave conditions. Bio-based green reagents, which are biocompatible and
non-toxic, like boronic acid ester, trifluoro borates, and hydrogen peroxide, were utilized

for the synthesis of EDR (figure 28), with an experimental yield of 85- 90%. Table 5.

CH3 1. Hydrogen Peroxide (2.2equiv) CHs
/ \ DEE (3.5mL)
Microwave,100 mins, 50°C ’

Z

BS-EDR Prodrug

R3 = O\/B:Zr‘?’

\
N
N
@ 3. Recrystallization i

Edaravone
% Yield 85-90

Figure 28. Scheme Il (b) synthesis of EDR from its prodrug (B5-EDR).

Table 4. Synthesis of EDR from (B5-EDR) prodrugs.

Entries

Compound %Yield

NS-1-10

ON ) 90-95
[¢]

NS-1-26

N <, 85-90
s
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*First approach; ** Second approach

4.7 Green, bio-inspired, catalyst-free method for the synthesis of
Edaravone from its boron-based prodrug (NS-1-2). In vitro proof of
concept of H.O»-induced oxidative transformation of B5-EDR to
Edaravone

Our current synthesis of EDR from its prodrug NS-1-2 is based on a green, bio-inspired,
catalyst-free transformation of NS-1-2 into EDR. Synthesis of EDR involves
chemoselective ipso-hydroxylation of boron-based prodrug NS-1-2 under microwave
conditions. Bio-based green reagents that are biocompatible and non-toxic, such as
boronic acid ester, lactic acid, and hydrogen peroxide (H202), were utilized for the
synthesis of EDR. To the best of our knowledge to date, no literature reports have detailed
this green chemistry approach for the synthesis of EDR. Further, we propose that our
chemical process mimics a chemoselective H202-induced oxidative transformation of
boron-based prodrugs within a cellular environment undergoing oxidative stress during
neurodegeneration. This concept could be further referred to as selective targeting of
neurodegenerative disease within regions of high oxidative stress, as a target-based

approach to mitigating the progression of motor neurodegeneration in ALS, (figure 29).
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In Vivo cellular oxidative stress conditions
during progression of neurodegeneration

. Pathological concentration
Chemoselective of H202/lactic acid (In Vivo)

Bio-active boronate linker

1. Lactic acid (10equiv)

t/__“ CH3 Lo “\\
Oﬂ 2. gétijro"%esn ieroxide (1.1equiv) I\(
; BTN a G-SmL) [ o N j/\OH \

o ,’: Microwave,10 mins, 50°C H3BO3 +
3. Recrystallization . Boric acid
T OH

Prodrug of Edaravone (NS-1-2) Pinacol

Edaravone

Non-toxic byproducts

TLC A TLCB

Figure 29. Schematic illustration of a hydrogen peroxide (H20:2) triggered boron-based

prodrug approach.

NS-1-2, (a boron-based prodrug of edaravone (EDR)) synthesized according to the
scheme | (see Methods and Materials), is masked with a H202-sensitive, pinacol boronate
prodrug moiety, a. The NS-1-2 prodrug is oxidatively transformed/deprotected in the
presence of H202 and lactic acid under microwave conditions in situ to form EDR, b. NS-
1-2 prodrug a is proposed to be biotransformed into EDR (b), in vivo on exposure to
pathological concentration of H202, with or without lactate, as associated with the
oxidative stress pathology of ALS. 1A-B shows examples of a chemical reaction between
B5-EDR analogue (a) and H202 to produce EDR (b) and corresponding TLC plots. TLC
A: SM = starting material; Mix = mixture of SM and CRM; CRM = Crude Reaction Mixture;
TLC B: ISO = isolated product; Mix = mixture of isolated product and EDR; and EDR =

Edaravone.
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4.8 Putative mechanism for biotransformation of boron-based Edaravone
prodrug NS-1-2 into Edaravone (EDR)

CH

H CHs H CH3 CHs
In Vi O\(g’H H \ /4_\(
n Vivo
O\ N mctabnhmz \Be / N L uuacd -H,0 IO _N
o —_—
Hzoz c\) B
0) \
7§< @ 0
L # 2
1

Hydrolysis of O-B bond

HO%—%OH - |[-B(OH);
d

CHj CH3

g iy
(0] N/N pKa=17 HO N

N

—eeeeeeeee

T
FDA-approved
drug for ALS

Edaravone (EDR) Edaravone (EDR)
Keto form Enol form

5

Figure 30. Schematic proposed mechanism to show how NS-1-2 could act as a redox
regulator prodrug under an oxidative cellular environment (in vivo biotransformation with

H20:2) for the generation of EDR.

The mechanism involves a) Nucleophilic attack from the increased concentration of
pathological hydrogen peroxide (H20:2) inside the cells during oxidative stress to the
empty p-orbital of the electron-deficient boron (B) atom to form a tetrahedral boronate
complex (1). b) The boronate complex 1 undergoes a rearrangement/migration of the C-
B sigma bond onto the adjacent oxygen atom facilitating the loss of a water molecule.
Lactic acid in step b can create an acidic environment facilitating the reaction in the
forward direction to form 2. ¢) Finally, hydrolysis O-B bond to afford deprotected ipso-

hydroxylation product to yield deprotected alcohol 3 and the by-product of pinacol and
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boric acid. d) The pKa of EDR is 7.0, and it exists as a solid in keto tautomer form 4.

However, its tautomeric enol form 5 exists as a highly unstable anion in aqueous solution.

4.9 The advantages of an optimized and efficient microwave synthesis of
Edaravone

The innovative synthetic methodology used for synthesizing FDA-approved EDR has
successfully resolved previous synthetic limitations. This new approach presents multiple
advantages. High-purity EDR was synthesized and characterized using cost-effective
starting materials. The toxicity associated with the starting material, phenylhydrazine, was
effectively mitigated through this facile synthetic route, which employed bio-based, green
reagents. These reagents such as boronic acid, lactic acid, and H202 demonstrate
biocompatibility and were utilized in the EDR synthesis. Furthermore, the catalyst-free
synthesis of EDR was marked by a simple work-up process, making purification and
extraction relatively simple. Additionally, the pH of the crude reaction mixture was
maintained by avoiding stronger oxidizing acids; instead, mild oxidizing acids were used,
keeping the reaction pH within the 6 to 6.5 range. The use of mild oxidizing agents
supported EDR's stability and prevented decomposition during the reaction, leading to a
higher yield (90-91%) compared to the conventional process (60-70%). The recrystallized
product demonstrates stability in aerobic conditions when stored at 4°C, with no
discoloration, likely due to the greater stability of the product resulting from the different
starting materials and reaction conditions. Energy minimization occurred as the reaction
was conducted for 10 minutes at 50°C in a microwave reactor, unlike conventional
methods that involve prolonged heating at higher temperatures of 160°C for 2 to 4 hours,

which can result in EDR degradation. The use of lactic acid, a bio-based green solvent,
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allows for catalyst-free oxidation of boronic esters and facilitates selective ipso
hydroxylation, producing phenolic compounds with high efficiency. In summary, with the
new synthetic procedure, we have achieved clean synthesis of FDA-approved EDR with
high purity by applying sustainable chemistry principles. Our new synthetic methodology
for the synthesis of EDR from its prodrug, utilizing principles of sustainable green

chemistry, is a unique approach with novelty, industrial utility, and applicability.

Specific Aim 2 for Objective 2: To demonstrate the Proof-of-concept in vitro
transformation applying a novel NMR kinetic experiment for conversion of EDR from

Boron-based prodrugs (B5-EDR).

4.10 NMR kinetics experiments to validate the proof of concept for the
conversion of Edaravone from its prodrug NS-1-2
The prodrug Edaravone NS-1-2 was well characterized using NMR and ESI-HRMS

techniques. Furthermore, the proof of concept for the transformation of NS-1-2 in the
oxidative environment of H202was optimized and validated through the following scheme,
and the formation of EDR was well characterized using NMR (H1 and C13) and ESI-
HRMS techniques. However, we aimed to investigate the sensitivity of NS-1-2 to H202
with the H1 NMR technique. For the first time, we developed and optimized the H1 NMR
technique to monitor the reaction's progress over time, converting the FDA-approved
EDR from its prodrug, NS-1-2. For the NMR kinetic experiment, we first optimized the
molar concentration of NS-1-2 to be dissolved with H202 for the conversion of NS-1-2 to
EDR. The TLC observation of the NMR sample prepared showed that in the presence of
H202, NS-1-2 was oxidized to generate EDR. As observed in the TLC, after 20 minutes

(TLC not shown), the NS-1-2 (SM) began to convert to EDR, and after 20 hours, 100% of
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the SM had converted into EDR. Nearly all of the boronic ester groups (40 mM) were
cleaved by a 10-fold excess of H202 (400 mM) in 20h. We could conclude that the
designed boron prodrugs undergo H202-triggered hydrolysis in a time-dependent manner
Figure 8. Furthermore, in the presence of H202, NS-1-2 was oxidized to generate EDR
in a time-dependent manner. This was confirmed by the appearance of new aromatic
proton peaks: evolution of 5.36 ppm (from 6.6 ppm) and 2.1 ppm (from 2.2 ppm), which
matches with the 1TH NMR spectra of control samples of both NS-1-2 and EDR before

hydrolysis (figure 31).

We aimed to investigate the reason for the change in chemical shift when EDR undergoes
H202-triggered oxidative hydrolysis of NS-1-2 to EDR. DMSO is an aprotic polar solvent
that utilizes its lone pair on oxygen to donate to the protons of other molecules, functioning
as an H-bond acceptor. This stabilizes the acidic hydrogen of the methine at the C-4
position in EDR, thereby shielding and decreasing the chemical shift of the methine
proton. Evolution of two new proton (H1) peaks at position C-4 and C-3 with the hydrolysis
of NS-1-2 to EDR with a time course is illustrated in (figures 33 and 34), respectively,

which matches with the control proton peaks (H1) in (figure 32).

As shown in figure 33, the evolution of EDR over time is clearly demonstrated by the
change in chemical shift of the methine proton at the C-4 position. The chemical shift of
the methine proton at the C-4 position in NS-1-2 is 6.6 ppm, while it is 5.3 ppm for EDR.
Over time, the 6.6 ppm chemical shift decreases as a 5.3 ppm chemical shift develops.
In the first 0-2 minutes, the 5.3 ppm peak corresponding to EDR begins to form, increasing

in height with time; by 21 hours, the height of the 5.3 ppm peak is nearly three times that
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of the 6.6 ppm peak, rising to four times by 24 hours, indicating approximately 90%

conversion of the NS-1-2 prodrug to EDR (figure 33).

Moreover, as illustrated in figure 34, the evolution of EDR over time is clearly
demonstrated by the change in chemical shift of the methyl proton at the C-3 position.
The chemical shift of the methyl proton at the C-3 position in NS-1-2 is 2.2 ppm, while it
is 2.1 ppm for EDR. Over time, the 2.2 ppm chemical shift vanishes as a 2.1 ppm chemical
shift develops. In the first 0-2 minutes, the 2.1 ppm peak corresponding to EDR begins to
form, increasing in height with time; by 21 hours, the height of the 2.1 ppm peak is nearly
three times that of the 2.2 ppm peak, rising to four times by 24 hours, indicating
approximately 90% conversion of the NS-1-2 prodrug to EDR (figure 34).

H,0, triggered the hydrolysis of the designed EDR prodrug (NS-1-2) to the FDA-approved EDR
Time-dependent conversion of NS-1-2 to FDA-approved EDR

c

Figure 31. The TLC observation demonstrated that, in the presence of H202, NS-1-2

containing boronate was oxidized to generate Edaravone (EDR) with keto-enol.

Panels a, b, and c display the progress of NS-1-2 boronate oxidation by H202,

leading to the generation of an equivalent amount of EDR. Almost all boronic ester
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groups (40 mM) were cleaved and consumed by a 10-fold excess of H202 (400 mM) over
20 hours, demonstrating that the designed boron prodrugs undergo H202-triggered
hydrolysis in a time-dependent manner. Edaravone (EDR) spots, Co-spot (C), starting
material (SM), and nuclear magnetic resonance (NMR) stocks were prepared ina 1.5 ml

tube by dissolving NS-1-2 (DMSO)+ H20:2 in dH20 at room temperature.

ControlSamples B
A NS-1-2 and Edaravone (EDR)
EDR
Edaravone Prodrug NS-1-2 Chemical shift values
Chemical shift values 5.371ppm; 2.111ppm

6.648 ppm; 2.278 ppm

ot
ot

HS=12 Edaravone
Non Acidic Methine Proton Acidic Methine proton

Figure 32. 1H NMR spectra illustrating the chemical shift values (ppm) of control samples

before hydrolysis.

A. Edaravone prodrug NS-1-2 before hydrolysis. The methine proton peak, which is not
acidic, shows a chemical shift of 6.6 ppm, while the methyl peak indicates a chemical shift
of 2.2 ppm. B. Edaravone (EDR) before hydrolysis. The methine proton peak is acidic,

exhibiting a chemical shift of 5.36 ppm due to the stabilization provided by the DMSO
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solvent, which acts as a hydrogen-bond acceptor. In contrast, the methyl peak exhibits a

chemical shift of 2.1 ppm due to the shielding effects of DMSO on the methine proton.

[ren)

EDR prodrug NS-1-2
A decrease in the 6.6 peak in the time course Evolution of the new 5.3ppm peak in the time course j 8

2.2ppm

G.Sppm s 5.36ppm [
-‘H ; CH} YH ) icHs 2.1ppm
O\Bl—,‘i« HOsn in Le
¢ 0 N Mo = 5.3ppm
S—
24h @ i ] 24h |
NS-1-2 o . [
Syt . SIATHYONG Evolution of EDR in NMR Test Tube
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Figure 33. 1H NMR spectra illustrate the chemical shift (ppm) values, demonstrating the

time-course conversion of NS-1-2 to edaravone (EDR).

1H NMR spectra illustrate the chemical shifts (ppm) of the EDR prodrug NS-1-2 after
H202-mediated oxidative hydrolysis, depicting the time-course conversion of NS-1-2 to
EDR at 0, 2 minutes, 30 minutes, 3 hours, and 24 hours. The emergence of a new signal
at 5.36 ppm (from 6.6 ppm in the NS-1-2 control samples) for the methine proton at

position C-4 corresponds to that of the control EDR samples.
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Figure 34. 1H NMR spectra illustrate the chemical shift (ppm) values, demonstrating the

time-course conversion of NS-1-2 to edaravone (EDR).

1H NMR spectra illustrate the chemical shifts (ppm) of the Edaravone prodrug NS-1-2

after H2O2-mediated oxidative hydrolysis, depicting the time-course conversion of NS-1-

2 to EDR at 0, 2 minutes, 30 minutes, 3 hours, and 24 hours. The emergence of a new

signal at 2.11 ppm (from 2.22 ppm in the NS-1-2 control samples) for the methyl proton

at position C-3 corresponds to that of the control EDR samples.

Specific Aim 1 for Objective 3: To evaluate the neurotoxicity and cell viability of B5-EDR

prodrugs and analogues on neuroblastoma-spinal cord hybrid cells (NSC-34) and primary

cortical neuronal cells by WST-8 analysis, in comparison to EDR.

131



4.11 Neurotoxicity and cell viability analysis

4.11.1 NSC-34 cell line as a suitable model to study ALS
The NSC-34 cell line, also called the neuroblastoma-spinal cord (NSC) hybrid cell line,

was first developed by Cashman et al. by fusing the aminopterin-sensitive neuroblastoma
N18TG2 with motor neuron-enriched embryonic day 12-14 spinal cord cells. These
mouse-mouse neural hybrid cell line hybrids possess characteristics of adherent
multipolar cells with long neurites that resemble motor neurons and display additional key
features of motor neurons, such as the generation of action potentials, expression of
neurofilament triplet proteins, and acetylcholine synthesis, storage, and release. These
immortalized, clonally uniform cell lines were developed as a tool for studying motor

neurons without the need for isolation from animals.

As primary motor neurons have low proliferative capacity, yield low quantities, and are
short-lived in culture, NSC-34 cells allow for extended passage (as a neuroblastoma) and
produce high quantities of motor neuron-like cells following differentiation. Functionally,
NSC-34 cells are similar to motor neurons, as demonstrated by their ability to form
transient synapses with myotubes, that is, neuromuscular junctions in vitro with muscle
cells. Several studies have extensively utilized NSC34 mouse motor neuron cells in drug
screening for ALS and in investigating biochemical pathways during neurodegeneration.
Therefore, these NSC34 mouse motor neuron cells serve as a suitable model to study

motor neuronal pathophysiology in neurodegenerative diseases like ALS[346-348].

4.11.2 Primary cortical neuronal cell cultures (PCNC)

Primary neurons exhibit various unique features that cell lines cannot adequately mimic.

Primary cortical neurons were collected from fetuses of CD1 mice at gestational day 17-
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18. The most crucial feature of primary embryonic rodent cultures is that they are
generally prepared from embryonic day 17-18 (E17-E18) brains, equivalent to the third
trimester of human pregnancy. Therefore, these rodent brains contain many more post-
mitotic neurons than the human fetal neuron cultures. PNCC provides several advantages
over neuronal cell culture lines. Firstly, PNCC maintains the same phenotype, including
morphological, neurochemical, and electrophysiological features similar to in vivo models
or situ neurons. Secondly, they can develop mature neurites under proper culture
conditions, comparable to human neurons. Lastly, the neurites from PNCC differentiate
into dendrites and axons with synapses, which are not present in typical cell lines in

culture[349].

4.11.3 WST-8 Assay (WST-8 Metabolism End point)

Principle: Dojindo developed highly water-soluble tetrazolium salts known as WSTs. The
WST-8 reagent serves as a surrogate for mitochondrial function, helping to determine cell
metabolism, which is regulated by mitochondrial reducing enzymes like NAD(P)H
dehydrogenase[350]. These enzymes belong to the class of oxidoreductases that
catalyze both oxidation and reduction reactions, also known as NADPH:acceptor
oxidoreductase. They play an important role in maintaining cellular homeostasis, cellular
metabolism, mitochondrial redox functions, signal transduction, aging, and cell death.
Thus, NADP-dehydrogenase systems should be regarded as a second line of defense to
maintain the effective functioning of the central antioxidative systems[351].
Cytotoxicity/cell viability assays in response to different treatments were evaluated using
the WST-8 assay. This assay is based on the reduction of the tetrazolium dye (WST-8) to

an orange-colored soluble formazan dye by mitochondrial dehydrogenases (reducing
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enzymes). An increase in the number of living cells leads to an increase in the activity of
mitochondrial dehydrogenases, which in turn results in a higher production of formazan
dye. This can be quantified by measuring the absorbance of the dye at OD=450 nm,

(figure 35).
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Figure 35. WST-8 conversion to colored formazan.

There are many advantages to using the WST reagent compared to the MTT assay.
Firstly, the toxicity of the organic solvent required to solubilize the needle-shaped
formazan crystals before measuring absorbance leads to cytotoxicity, causing the cells to
float and resulting in reading errors. In contrast, with WST-8, the formation of soluble
formazan eliminates the need for additional steps such as washing, harvesting, or cell
solubilization. Secondly, the CCK-8 assay involves most of the dehydrogenases in a cell,
while the MTT assay only involves mitochondrial dehydrogenase. Therefore, the MTT
assay is dependent on mitochondrial activity, rather than the cell itself[352].

4.11.4 Effect of Edaravone prodrug (NS-1-2, NS-1-21) and Edaravone

analogues (NS-1-12, NS-1-13, and NS-1-19) on neurotoxicity/cell viability
of NSC-34 cells and PCNC

As demonstrated in (figure 36a), EDR and EDR prodrug (NS-1-2, NS-1-21), showed

increased cell viability with no cytotoxicity and neurotoxicity compared to control groups.
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In addition, EDR and its prodrug demonstrated cell viability of approximately 85-100% at
nearly every concentration (1 to 100 uM). However, NS-1-2 at a higher concentration of
100uM showed slight neurotoxicity and cytotoxicity with a cell viability of 85.51% (P value
of 0.0468) towards NSC-34 motor neuronal cells. Further, as demonstrated in (figure
36bc), EDR and EDR analogues (NS-1-12, NS-1-13, and NS-1-19) showed increased
cell viability with no cytotoxicity and neurotoxicity compared to control groups. In addition,
EDR and its analogues demonstrated cell viability of approximately 85-100% across
nearly every concentration range (1 to 100 uM). However, EDR analogue NS-1-12
showed increased viability of approximately 118% compared to the control DMSO at a

concentration of 1 uM.
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Figure 36 (a,b,c). Evaluation of neurotoxicity/cell viability profile of Edaravone (EDR),

EDR prodrug (NS-1-2, NS-1-21), and EDR analogues (NS-1-12, NS-1-13, NS-1-19) on
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neuroblastoma-spinal cord hybrid NSC-34 cells using WST-8 analysis (a marker of

neurotoxicity) in vitro.

20kcells/100pl/well were seeded in 96 well plates for 20h in triplicates. After 20 hours at
confluency of 70%, the cells were treated with different concentrations of EDR (1, 25, 50,
and 100 uM), EDR prodrug (NS-1-2, NS-1-21), and EDR analogues (NS-1-12, NS-1-13,
NS-1-19) (1, 25, 50, and 100 uM) for 20 hours. After 20 hours of treatment, 10 yL of WST
reagent was added, and the readings were recorded after 2.5 hours at 450 nm. The data
represent the percentage viability relative to control (DMSO). The data were analyzed
using one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison
tests, with a significance level set at P < 0.05. Data are presented as a mean value +
standard error of mean (error bars), where n=9 data points or sample size. *P<0.05 versus
control (DMSO). Data are representative of three independent experiments, with each
concentration tested in triplicate. All the statistical analyses were carried out by using

GraphPad Prism 8 software (GraphPad Software, La Jolla, CA).

As demonstrated in (figure 37b,c,d), EDR, EDR prodrug (NS-1-2, NS-1-21), and EDR
analogues (NS-1-12, NS-1-19, and NS-1-13) showed increased cell viability with no
cytotoxicity and neurotoxicity compared to control groups. The lower dose of 1 and 10uM
demonstrates an excellent safety profile of around 90-100%. Whereas the higher doses

showed satisfactory cell viability of around 70-80%.
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Figure 37 (a). Diagram illustrating the schematic of the neurotoxicity and cell viability

experiment on primary cortical neuronal cells (PCNC), (b, c,d).

Evaluation of neurotoxicity/cell viability profile of Edaravone (EDR), EDR prodrug
(NS-1-2, NS-1-21), and EDR analogues (NS-1-12, NS-1-13, NS-1-19) on primary
cortical neuronal cells (PCNC) using WST-8 analysis (a marker of neurotoxicity) in
vitro. Data 100kcells/100ul/well were seeded in 96-well plates for 2Div. At 2Div, the
neurons were treated with different concentrations of EDR (1, 10, and 25 uM), EDR
prodrug (NS-1-2, NS-1-21), and EDR analogues (NS-1-12, NS-1-13, NS-1-19) incubated
until 8Div. On the 8th Div of neurons, 10ul of WST reagent was added, and the readings
were recorded after 2h at 450nm. The data were analyzed using one-way analysis of

variance (ANOVA) followed by Dunnett’'s multiple comparison tests, with a significance
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level set at P < 0.05. Data are presented as a mean value * standard error of mean (error
bars); where n=12 data points. *P<0.05 **P<0.005, ***P<0.0005 versus control (DMSO).
Data are representative of two independent experiments, with each concentration was
tested in (n=6). All the statistical analyses were carried out by using GraphPad Prism 8

software (GraphPad Software, La Jolla, CA).

4.11.5 Neurotoxicity effect of hydrogen peroxide (H202) on NSC-34 cells

To determine the optimal dose of H20: for evaluating the neuroprotective effects of EDR,
EDR prodrugs, and EDR analogues under H202 oxidative stress, we first assessed the
neurotoxicity profile of H20:2 at different concentrations in a dose-dependent manner (125,
250, 500, and 1000 pM). We found that at 250 yM of H202, approximately 50 £ 5% of
cells remain viable; therefore, we selected 250 uM as the optimal dose for subsequent

neuroprotection analysis (figure 38).
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Figure 38. Evaluation of neurotoxicity/cell viability profile of hydrogen peroxide (H202) on
neuroblastoma-spinal cord hybrid NSC-34 cells using WST-8 analysis (a marker of

neurotoxicity) in vitro.
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20kcells/100ul/well were seeded in 96-well plates for 20h in triplicates. After 20 hours at
confluency of 70%, the cells were treated with different concentrations of H202 (125, 250,
500, and 1000) uM for 20 hours. After 20 hours of treatment, 10 yL of WST reagent was
added, and the readings were recorded after 2.5 hours at 450 nm. The data represent the
percentage viability relative to control (untreated cells). The data were analyzed using
one-way analysis of variance (ANOVA) followed by Dunnett’'s multiple comparison tests,
with a significance level set at P < 0.05. Data are presented as a mean value + standard
error of mean (error bars), where n=9 data points or sample size. **P<0.05, ****P<0.0001
versus control (untreated cells). Data are representative of three independent
experiments, with each concentration tested in triplicate. All the statistical analyses were
carried out by using GraphPad Prism 8 software (GraphPad Software, La Jolla, CA).

4.11.6 Neuroprotective effect of Edaravone prodrug (NS-1-2, NS-1-21) and
Edaravone analogues (NS-1-12, NS-1-13, and NS-1-19) on NSC-34 cells

As demonstrated in (figure 39 a, b, ¢, d, e), prophylactic treatment of EDR, EDR
prodrugs, and analogues protected NSC-34 cells from loss of cell viability induced by 250
MM H202 neurotoxin. They demonstrated favorable neuroprotective activity against H202-

induced oxidative stress.
The following observations derive from the results obtained (figure 39 a, b, c, d, e).

e The 0.2% of DMSO has no significant effect on the cell viability of NSC-34 cells,
as shown by no significant difference between the cell viability of “control untreated

cells” and “control DMSO-treated cells”.
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It was also observed that 0.2% of DMSO has no hydrogen peroxide scavenging
activity. This can be shown by no significant difference between the cell viability of
“250 uM H20:2 treated group” and “250 yM H202; DMSO group”.

We found that “250 yM H202; DMSO group” reduces the cell viability to
approximately (59+1.8%; ###P<0.0001) compared to “control DMSO treated
cells”

EDR prodrugs (NS-1-2, NS-1-21) and EDR analogues (NS-1-13, NS-1-19, NS-1-
12) demonstrated highly significant results with nearly equal viability at a 50 yM
dose compared to EDR.

All five B5-EDR compounds, including prodrugs (NS-1-2, NS-1-21) and EDR
analogues (NS-1-13, NS-1-19, NS-1-12), demonstrated better neuroprotection by
scavenging the neurotoxic effects of H202 compared to EDR at lower doses (25
MM). This indicates that EDR prodrugs and analogues are more potent than EDR
in scavenging H20:2 at lower concentrations.

EDR prodrugs (NS-1-2 and NS-1-21) and EDR analogues (NS-1-13 and NS-1-19)
demonstrated greater neuroprotection in scavenging the neurotoxic effects of H202
compared to EDR at lower doses of 1uM. This indicates that EDR analogues are
more potent than EDR at lower doses in mitigating the neurotoxic effects of H20:.
With increased neuroprotection seen at lower doses of 1uM and 25uM, and equal
neuroprotection at 50uM, we found that higher doses of EDR prodrugs and

analogues, specifically 100 uM, exhibited 10-15% less viability compared to EDR.

140



Based on our findings, we can conclude that EDR analogues exhibit better
neuroprotection against neurotoxic H202 at lower doses, yielding highly significant values

compared to EDR. This indicates that the B5-EDR molecules are more potent than EDR.
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Figure 39 (a,b,c,d,e). Evaluation of neuroprotective profile of Edaravone (EDR), EDR

prodrug (NS-1-2, NS-1-21), and EDR analogues (NS-1-12, NS-1-13, NS-1-19) against
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hydrogen peroxide (H202) induced oxidative stress on neuroblastoma-spinal cord hybrid

cells by WST-8 analysis in vitro.

20kcells/100pl/well were seeded in 96 well plates for 20h in triplicates. After 20h at
confluency 70%, the cells were, pre-treated with different concentration of EDR (1, 25, 50
and 100 uM) and a) B5-EDR analogue NS-1-2 (1, 25, 50 and 100 uM) and b) B%-EDR
analogue NS-1-12 (1, 25, 50 and 100 uM) for 1h at 37°C and 5% CO: and then exposed
to 250uM of H20:2 for 2h at 37°C and 5% COz.. After a total time period of 3h, 10ul of WST
reagent was added and the readings were recorded after 2.5h at 450nm. The data
represent the percentage viability relative to control (DMSO). The data were analysed
using one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison
tests with the significance level set at P<0.05. Data are presented as a mean value +
standard error of mean (error bars); where n=9 data points or sample size. ###P<0.0001
control (DMSOQ), ‘P<0.05, "P<0.0005, ““P<0.0001 versus H202, DMSO. Data are
representative of three independent experiments, with each concentration tested in
triplicate. All the statistical analyses were carried out by using GraphPad Prism 8 software

(GraphPad Software, La Jolla, CA).

Further, we also aimed to investigate why the neuroprotective effects of B5-EDR prodrugs
and analogues are enhanced at lower doses, specifically 1 yM and 25 uM, compared to
EDR. This enhancement can be attributed to the physical and chemical stability of the

B5-EDR prodrugs and analogues at room temperature and under aerobic conditions.

As demonstrated in (figure 40), EDR at room temperature or even when kept at 4°C
under aerobic conditions, is degraded into yellow, brown-colored inactive products. This

was observed when we kept the solutions of EDR and EDR analogues at a lower
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temperature of 4 °C for 8 weeks, and we found that EDR is unstable. The newly
synthesized analogues were found to be highly stable under these conditions, (figure
40). So, we can conclude that due to instability, the lower dose of EDR shows less
significant effects in alleviating the effects of hydrogen peroxide compared to EDR
analogues (NS-1-2); (NS-1-13); (NS-1-21); (NS-1-12). The higher potency could also be
explained by the higher lipophilicity of the compound, which increases the penetrability
into the target site to protect the target neurons from the adverse effects of neurotoxic

H20o.

Figure 40. A demonstration of the stability of Edaravone (EDR), its prodrugs (NS-1-2,
NS-1-21), and EDR analogues (NS-1-12, NS-1-13, and NS-1-19) in cold aerobic

environments.
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Pale yellow precipitate formed during the storage of 50 mM EDR solution in DMSO at 4°C
for 8 weeks under aerobic conditions. In contrast, 50 mM solutions of NS-1-2, NS-1-12,
NS-1-13 in DMSO, as well as NS-1-19 and NS-1-21 in PBS, were found to be highly

stable with no discoloration at 4°C for 8 weeks under aerobic conditions.

Additionally, we aimed to understand why a higher dose of 100 pyM of B5-EDR
compounds, including prodrugs (NS-1-2, NS-1-21) and EDR analogues (NS-1-13, NS-1-
19, NS-1-12), resulted in 10-15% lower cell viability/neuroprotection, yet still significantly
protected against H20:2 toxicity when compared to the EDR 100 uM group. This can be

explained by the following points.

Reductive Stress: According to our hypothesis, the synthesized compounds are
expected to be depots of phenols and could show a dual mechanism of cell protection.
Firstly, the pro-moiety will show chemoselective biorthogonal reaction, with pathological
amount of H202, secondly, the released EDR after the biotransformation would be able to
scavenge hydroxyl radical induced by pathological H202, through Fenton’s reaction. In
this process (NS-1-2), having a pinacol boronate pro-moiety is expected to show a
combination of secondary and primary antioxidative action. The secondary antioxidant
action is due to its ability to show exquisite chemoselective reversible coordination profile
with a variety of nucleophiles and radicals at physiological pH and bio-transformed to
release primary antioxidant EDR, which is a known cytoprotective molecule. The
byproducts of this biotransformation are pinacol and boric acid, which have no
cytotoxicity[353, 354]. In addition, boric acid has an LDso that is comparable to table salt.
Interestingly, boric acid is a known antioxidant and is known to increase antioxidant

enzyme activity inside the cells. According to this discussion, it is anticipated that a low
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dose is sufficient to protect the cells; however, a high dose paradoxically leads to oxidative
stress, which is termed as reductive stress. It can be due to excessive scavenging of
physiological H202; biological nucleophiles also decrease mitochondrial performance and

activity of their dehydrogenases to reduce the WST reagent.

Stoichiometric Equivalents: A second plausible explanation could be due to the
stoichiometric equivalents required for boronate oxidation. It is expected that 100 yM of
EDR analogues are not entirely converted into EDR, or 2.5 times H20z2 is not sufficient for
boronate oxidation. However, 5- to 10-times of H20:2 is better scavenged by the boronate
group for all the synthesized analogues. In addition, (NS-1-19) and (NS-1-13) are found
to be highly effective in scavenging a 250-fold excess of neurotoxic H202 compared to

EDR.

Toxicity of Boric Acid: The third plausible explanation could be the toxicity caused by
100uM boric acid at higher concentrations. We assumed that 100 uM of (NS-1-2) after
complete biochemical transformation would yield 100 uM of boric acid (HsBO3) and 100
MM of EDR. H3BOs at this concentration could be toxic, decreasing the viability to 10-

15%.

To test this hypothesis, we repeated neuroprotective assays with the prophylactic addition
of boric acid at doses of 100 uM to 1 uM in the presence of 250 uM H20z2. Interestingly,
as shown in (figure 41a), HsBOs showed no effects on cell viability against H202. These
results, shown in (figure 41a), lead us to think whether the H3sBO3s formed during the
conversion of EDR prodrug NS-1-2 at higher concentration is interfering chemically with
EDR, forming adducts or borates as shown in (figure 42a,b), respectively, thereby

decreasing the cell viability of EDR and/or the ability of EDR to participate in mitigation of

145



H202 challenge. Assuming that H3BOs could interfere chemically, we repeated the
neuroprotective assay by incubating EDR+H3BOs at a concentration of 50-100uM.
Intriguingly, we discovered that the presence of 100 uM boric acid in combination with

100 uM Edaravone (EDR+BA) resulted in a 10-15% decrease in viability.

Formation of Adduct of Borates: As proposed in (figure 42a,b). A fourth plausible
explanation could be the formation of an adduct between boric acid and the EDR anion.
EDR shows keto enol tautomerism. It exists in a solid, stable keto form. Its pKa is 7.0,
and at pH 7, it exists as a 50:50 mixture of keto and enol forms in aqueous solution.
However, at physiological pH 7.4, it exists more in an anion form; at physiological pH 7.4,
71.5% of EDR exists as an anion, while the remaining 28.5% exists in neutral form. The
anion can reduce radicals or even molecular oxygen through a single electron transfer
process, forming stable EDR radicals that are stabilized by three resonance structures

(enol, keto, and amine forms).

The boric acid, being a Lewis acid, could form an adduct with the EDR enolate anion
(Where oxygen and carbon can both act as nucleophiles). In an alkaline physiological pH,
the formation of oxygen nucleophiles is favored compared to carbon nucleophiles. This
decreases the ROS scavenging activity of EDR by 10-15% at higher concentrations, or

the boric acid could form higher borates with the enol form of EDR.
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Figure 41. Evaluation of neuroprotective profile of boric acid (HsBOs), against hydrogen
peroxide (H202) induced oxidative stress on neuroblastoma-spinal cord hybrid cells by

WST-8 analysis in vitro.

20kcells/100pl/well were seeded in 96-well plates for 20h in ftriplicates. After 20h at
confluency 70%, the cells were pre-treated with different concentrations of HsBOs (1, 25,
50, and 100 uM) for 1h at 37°C and 5% CO2 and then exposed to 250uM of H202 for 2h
at 37°C and 5% CO2. After a total time period of 3h, 10ul of WST reagent was added and
the readings were recorded after 2.5h at 450nm. (a). Evaluation of neuroprotective
profile of boric acid (H3BO3), against hydrogen peroxide (H202) induced oxidative

stress on neuroblastoma-spinal cord hybrid cells by WST-8 analysis in vitro.

(b). Evaluation of neuroprotective profile of Edaravone (EDR), in the presence of
boric acid (HsBO3), against hydrogen peroxide (H202) induced oxidative stress on
neuroblastoma-spinal cord hybrid cells by WST-8 analysis in vitro.

20kcells/100pl/well were seeded in 96-well plates for 20h in triplicates. After 20h at
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confluency 70%, the cells were, pre-treated with different concentration of EDR and
H3BOs (1, 25, 50 and 100 uM) for 1h at 37°C and 5% CO2 and then exposed to 250uM
of H202 for 2h at 37°C and 5% CO2. After a total time period of 3h, 10ul of WST reagent
was added, and the readings were recorded after 2.5h at 450nm. The data represent the
percentage viability relative to control (DMSO). The data were analyzed using one-way
analysis of variance (ANOVA) followed by Dunnett’'s multiple comparison tests with the
significance level set at P<0.05. Data are presented as a mean value + standard error of
mean (error bars); where n=9 data points or sample size. ###P<0.0001 control (DMSO),
"P<0.05, ""P<0.0005, ““P<0.0001 and ns= nonsignificant versus H202, DMSO. Data are
representative of three independent experiments, with each concentration tested in
triplicate. All the statistical analyses were carried out by using GraphPad Prism 8 software

(GraphPad Software, La Jolla, CA).
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Figure 42. Schematic putative mechanism to show the effects of boric acid (BA), when
given in combination with edaravone (EDR) in neuroblastoma-spinal cord hybrid cells in

vitro.

The mechanism involves a) The nucleophilic attack of oxygen nucleophile to the empty
p-orbital of the electron-deficient boron (B) atom of BA to form a tetrahedral boronate
complex, an adduct with EDR. b) The esterification of BA with EDR involves an initial
esterification step wherein two molecules of EDR are esterified with BA to generate BA-

EDR ester intermediate products.

Specific Aim 3 for Objective 3: To evaluate the change in mitochondrial membrane
potential (AYm) by B5-EDR prodrug (NS-1-2) using staurosporine as a positive control

for apoptosis in comparison to EDR.

4.12 Effects of Edaravone and Edaravone prodrug NS-1-2 on the
mitochondrial membrane potential (AWM) of NSC-34 cells, using
staurosporin as a positive control for apoptosis

4.12.1 Principle for JC-10 Assay

The measurement of the mitochondrial membrane potential (AWM) is a key aspect in
determining cellular toxicity due to mitotoxicity caused by different toxic chemicals. The
electron transport chain activities generate a mitochondrial membrane potential through
various enzymes in the mitochondrial membranes. The healthy cell is maintained by a
high mitochondrial membrane potential and is said to be in a polarized state. However, in
case of cell toxicity, like in case of apoptosis, there is a collapse of the mitochondrial

membrane potential due to the opening of mitochondrial permeability transition pores,
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leading to the efflux or leaking of cytochrome enzymes into the cytosol and leading to a

decrease in depolarization of the mitochondrial membrane[355, 356].

The JC-10 probe (Catalog #MAK159), Sigma, USA) is a cationic, water-soluble
fluorescent dye used to detect mitochondrial membrane potential disturbance. The
principle of the dye is that in healthy cells, JC-10 forms red fluorescent aggregates as it
concentrates in the mitochondrial matrix upon membrane polarization. When cells
undergo apoptosis due to toxic effects, the mitochondrial membrane becomes
depolarized, and the dye switches to its monomeric form, emitting green fluorescence as
it diffuses out of the mitochondria that are unable to retain the dye inside mitochondria.
When excited at 490nm, the colour of the JC-10 changes reversibly from green to
greenish orange as the mitochondrial membrane potential becomes more polarized. It is
worth noting that the JC-1 probe is widely used in the detection of (AWM). However, it has
poor solubility in water, which makes JC-10 a superior alternative, as it has significantly

better water solubility.

4.12.2 Staurosporine as an Apoptotic Agent

Staurosporine is a microbial alkaloid isolated from Streptomyces sp. cultures.
Staurosporine has demonstrated antiproliferative activity in several human cancer cell
lines and, therefore, is an effective anti-cancer agent. The predominant effect of
staurosporine on cancer cells is to induce G2/M cell cycle arrest and to modulate G1
arrest of the cell cycle. Stauroporine is a non-selective inhibitor of protein kinase C (PKC)
and cyclin-dependent kinase (CDKs)[357]. Staurosporine is a potent inducer of apoptosis
and has been shown to activate endonucleases through a caspase-dependent

mechanism[358].
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As demonstrated in (figure 43b), EDR and its prodrug, NS-1-2, do not cause
depolarization of the mitochondrial membrane potential and, therefore, are not neurotoxic
in NSC-34 cells. However, 1 yM of NS-1-2 is found to induce mitochondrial polarization
compared to the control. NS-1-2 also showed better polarization of mitochondria
compared to EDR. Therefore, it is expected that NS-1-2 will confer better protection of

the mitochondria from oxidative damage caused by free radicals.

Mitochondrial Membrane Potential
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Figure 43. (a) Schematic diagram showing the brief experimental plan for the

determination of mitochondrial membrane potential (AWYM) in NSC-34 cells.

(b). Assessment of mitochondrial membrane potential (AWM) as an indicator of
neurotoxicity in mouse spinal cord neuroblastoma hybrid (NSC-34) cells using
different concentration of Edaravone (1-100 uM) Edaravone prodrug (NS-1-2) (1-100
MM) and Staurospourine (5uM) as (Positive control for apoptosis) by using JC-10
probe. The fluorescence intensities for both J-aggregates and monomeric forms of JC-

10 were monitored and measured at ExXEm=490/525nm and Ex/Em=540/590nm with
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BioTek, Gen5 Microplate Reader (bottom read mode). The change in mitochondrial
membrane potential was measured as the ratio between aggregate (EM=525nm) and
monomeric forms (EM=590nm) of JC-10. Increasing ratios % of control indicate
mitochondrial membrane depolarization. The data were analyzed using one-way analysis
of variance (ANOVA) followed by Dunnett’s multiple comparison tests, with a significance
level set at P < 0.05. Data are presented as a mean value * standard error of mean (error
bars); where (n=9) data points or sample size. ****P<0.0001,*P<0.05 versus control
(DMSO). Data are representative of three independent experiments, with each
concentration tested in triplicate. All the statistical analyses were carried out by using

GraphPad Prism 8 software (GraphPad Software, La Jolla, CA).

Specific Aim 4 for Objective 3: To evaluate the hydrogen peroxide (H202)
scavenging ability of B5-EDR prodrugs (NS-1-2) using an Amplex red assay in

comparison to EDR.

4.13 Hydrogen peroxide (H202) scavenging ability of EDR prodrug NS-1-2
It was hypothesized that EDR prodrug NS-1-2 could scavenge H202 during its H202-

mediated chemo-selective biorthogonal boronate oxidation. We therefore investigated the
ability of NS-1-2 to scavenge H20:2 using designed Amplex Red assay for EDR prodrug
containing pro group boronate at the C-5 position, Figure 44. The addition of NS-1-2 at
the concentrations of (500-50 uM) resulted in a markedly significant reduction in the
concentration of H202. Around 176 times the concentration of H202 is scavenged by 500
MM of both EDR and NS-1-2. Further, 352 times and 704 times of H202 were scavenged
by both EDR and NS-1-2 at the concentration of 250 uM and 125 pM simultaneously. In

contrast, EDR and NS-1-2 at the concentration of (50uM) marginally reduced the
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concentration of H202. However, the H202 scavenging activity at 50 yM of both EDR and

NS-1-2 is found to be significant, with a greater mean difference of 24.56 and 13.90,

respectively, against the positive H202 control. These observations demonstrate that NS-

1-2 readily reacts following chemo-selective biorthogonal chemistry with H202, exhibiting

efficient sequestration of H202 (figure 45a, b, c).

Brief Experimental Flow Diagram For Amplex Red Assay
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Figure 44. Schematic diagram showing the brief experimental plan for the determination

of hydrogen peroxide (H202) scavenging ability of B5-EDR prodrugs (NS-1-2) using an

Amplex red assay in comparison to EDR.
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Figure 45 (a). Schematic diagram showing the brief experimental plan for the
determination of hydrogen peroxide (H202) scavenging ability of B5-EDR prodrugs (NS-

1-2) using an Amplex red assay in comparison to EDR.

(b). H202-scavenging ability of Edaravone and NS-1-2. H202 solution (88 mM) was
mixed with Edaravone and NS-1-2 for 30 min, and the level of H202 was measured
by Amplex Red assay. The data represent the percentage viability relative to control
(DMSO). The data were analyzed using one-way analysis of variance (ANOVA) followed
by Dunnett’s multiple comparison tests, with a significance level set at P < 0.05. Data are
representative of three independent experiments, with each measurement tested six
times. Data are presented as a mean value + standard error of the mean (error bars);
where n = 18 data points or sample size. ****P<0.0001 positive control (H202) versus
EDR (500), EDR(250), EDR(125), EDR(50) and NS-1-2(500), NS-1-2(250), NS-1-2(125),

NS-1-2(50).
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(c). Schematic putative mechanism to show how NS-1-2 could act as a redox
regulator prodrug under an oxidative cellular environment (in vivo
biotransformation with H202) for the generation of EDR. The boronate ester at the C-
5 position of pyrazole acts as a chemoselective group due to the Lewis acidity of the
boron element. Boronates at the C-5 position of NS-1-2, in the presence of hydrogen

peroxide, undergo oxidative deboronation to form a keto-enol group, resulting in EDR.

Specific Aim 1 for Objective 4: To evaluate the biochemical activity of Edaravone
prodrug NS-1-2 in reducing the fibrillization of SOD1 monomers using Thioflavin

T (ThT) Assay.

Figure 46 illustrates the rationale for the determination of the anti-SOD1 monomer

fibrillization ability of B5-EDR prodrug (NS-1-2) using the Thioflavin T (ThT) Assay.

4.14 Anti-SOD1 monomer fibrillization activity of EDR prodrug NS-1-2
thioflavin T fluorescence (ThT)

A significant increase in fluorescence was detected due to SOD1 monomer fibrilization in
the presence of pre-formed SOD1 fibrils (figure 47a, b, ¢ and figure 48a, b, c). Further,
(figure 47a), regardless of the exact mechanism behind the decrease in ThT fluorescence
(ThT+SOD1 monomer+SOD1 preformed fibril) in the presence of Congo Red (CR), CR
is quenching or interfering with the ThT control fluorescence. This could be due to altering
the structure of ThT by CR, which prevents it from binding to the SOD1 fibrils.
Consequently, further investigation into this phenomenon is essential. Moreover, as
shown in figure 47b, methylene blue (MB) reduces ThT control fluorescence and the
SOD1 fibrilization. In addition, as illustrated in figure 47c, riluzole (RLZ) significantly

inhibits the fibrillization of SOD1, while the control ThT fluorescence remains unaffected.
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Furthermore, as shown in (figure 47d and figure 48a, b, c), there was no decrease in
ThT fluorescence with the addition of EDR, NS-1-2, and MPP, indicating that EDR, NS-1-
2, and MPP do not interfere with control ThT fluorescence. The increase in ThT
fluorescence from the fibrillization of SOD1 monomers was significantly enhanced by the
addition of MMP (figure 48b), likely due to its role in promoting the fibrilization of SOD1.
Conversely, the increase in ThT fluorescence associated with SOD1 monomers'
fibrillization was reduced by the introduction of EDR and NS-1-2, likely due to their
mechanism of action in decreasing the fibrilization of SOD1 monomers. As illustrated in
(figure 48c), there was a significant difference between EDR and NS-1-2 in reducing
SOD1 fibrillization, which led to revisiting the data for an additional analysis comparing
ThT and SOD1 preformed fibrils. Interestingly, we observed a significant increase in ThT
fluorescence in the ThT preformed fibril group compared to the ThT alone group,
suggesting that SOD1 preformed fibrils, which possess a B-sheet structure, are

responsible for this increase in ThT fluorescence.

Then we considered comparing the ThT-preformed fibril group with both the EDR and
NS-1-2 groups (figure 48c). We found that the difference is significant in the EDR group.
However, it is not significant with the NS-1-2 group. This suggests that both EDR and its
prodrug NS-1-2 treatment prevent additional fibrillation. Nevertheless, NS-1-2

demonstrates a more pronounced effect with a larger effect size compared to EDR.

Next, we asked why EDR and NS-1-2 substantially diminish SOD1 monomer fibrillization.
To explore this, we employed 3-methyl-1-phenylpyrazole (MMP) (figure 48d).
Additionally, we sought to investigate the structure-activity relationship (SAR) of these

chemical groups at the C-5 position. As illustrated in (figure 49), in contrast to EDR and
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NS-1-2, MMP significantly enhanced the fibrillization of SOD1, as evidenced by an
increase in ThT fluorescence. This finding suggests that the C-5 position in EDR, which
contains a keto-enol moiety and a boronate in NS-1-2 (figure 49), is crucial for attenuating
SOD1 fibrillization. Consequently, further investigation into this phenomenon is

warranted.

4.14.1 Strength of the Study

A robust, rapid, reliable, and reproducible assay was developed for the first time to
evaluate the inhibitory effects of boron-containing EDR prodrug (B5-EDR) NS-1-2 on the
modulation of SOD1 monomer fibrillization. Diverse controls were employed to investigate
the previously unknown mechanisms underlying the modulation of SOD1 monomer
fibrillization. CR, a negative control, was used to assess the potential interference of test
molecules with the fluorescence dye ThT. The positive control, methylene blue (MB), was
applied to evaluate the ability of NS-1-2 to inhibit SOD1 fibrillization. MPP was used to

investigate the structure-activity relationship of the compounds NS-1-2 and EDR.

4.14.2 Important observations

The increase in ThT fluorescence indicates the formation of fibrils, as it binds specifically
to amyloid-like structures. During fibrillation of SOD1 at 37 °C with plate shaking, a
significant increase in ThT fluorescence was observed. This assay offered important
insights (data not shown here). In contrast, without plate shaking, ThT fluorescence
remained constant for at least two hours. Furthermore, experiments conducted at
temperatures ranging from 20 to 25 °C did not show any rise in ThT fluorescence. These
results underscore the essential roles of agitation and temperature in the SOD1

fibrillization assay.
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Figure 46. Schematic diagram showing the brief rationale for the determination of the
anti-SOD1 monomer fibrillization ability of B5-EDR prodrug (NS-1-2) using Thioflavin T

(ThT) Assay.

(a). Human recombinant SOD1 monomer, also called an unfolded form of SOD1 or apo-
SOD1, is a demetallated form with free thiol groups. (b). The addition of human
recombinant SOD1 preformed fibrils initiates or seeds the fibrilization of human
recombinant SOD1 monomer. (c). leading to the formation of abundant (-sheet-
containing misfolded human SOD1 protein fibrils. (d). The misfolded human SOD1 protein
fibrils containing B-sheets bind to the B-sheet pocket of thioflavin T (ThT), leading to an

increase in ThT fluorescence and thus facilitating the detection of ThT fluorescence.
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Figure 47. Anti-SOD1 monomer fibrillization activity.

a) congo red (CR), b) methylene blue (MB), c) riluzole (RZ), and d) edaravone (EDR)

using thioflavin T fluorescence. Conditions: SOD1 monomers SOD1 Monomers
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(10png), SOD1 Preformed Fibrils (1pg), ThT (25uM), 250 RPM, 30mins, 37°C, 88 mM).
The data represent the fluorescence value (a.u) measured at excitation and
emission maxima around 450 nm and 485 nm. The data were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s (1-way ANOVA) Comparison between
the mean of each column and the mean of every other column, with a significance level
set at P < 0.05. Data are representative of three independent experiments, with each
measurement tested four times. Data are presented as a mean value * standard error of

*k*

the mean (error bars), where n = 12 data points or sample size. Here ***p<0.001,

*k%

p<0.001, *p<0.05 and ns= non-significant. All the statistical analyses were carried out

by using GraphPad Prism 8 software (GraphPad Software, La Jolla, CA).
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Figure 48. Anti-SOD1 monomer fibrillization activity.

a) NS-1-2, b) MPP c) EDR, and NS-1-2 using thioflavin T fluorescence, d) Structure
of NS-1-2, EDR and MPP with C-5 position functional group. Conditions: SOD1
monomers SOD1 Monomers (10ug), SOD1 Preformed Fibrils (1pg), ThT (25uM), 250
RPM, 30mins, 37°C88 mM). The data represent the fluorescence value (a.u)
measured at excitation and emission maxima around 450 nm and 485 nm. The data
were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s (1-way
ANOVA) Comparison between the mean of each column and the mean of every other

column, with a significance level set at P < 0.05. Data are representative of three
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independent experiments, with each measurement tested four times. Data are presented
as a mean value % standard error of the mean (error bars), where n = 12 data points or

*k%x

sample size. Here ***p<0.001, ***p<0.001, *p<0.05 and ns= non-significant. All the
statistical analyses were carried out by using GraphPad Prism 8 software (GraphPad

Software, La Jolla, CA).
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Figure 49. Structural activity relationship of 3-Methyl-1-Phenyl Pyrazole and the effects

of substituents at its C-5 position on anti-SOD1 monomer fibrillization activity.

Objective 5: To study the acute and chronic safety profile with longitudinal monitoring of

NS-1-2 in the wild-type mice.
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Specific Aim 1 for Objective 5: To evaluate the acute toxicity profile (single dose), with

longitudinal monitoring of NS-1-2 in a wild-type mouse in vivo.

4.15 Asingle dose (acute toxicity assessment) of Edaravone prodrug NS-

1-2 and 120 daily doses (chronic toxicity assessment) of NS-1-2 for
120 days, with longitudinal monitoring, demonstrate a satisfactory

safety profile
4.15.1

Morphological alteration:

As shown in the schematic representation (figures 50 and 51), which outlines the

experimental plan for evaluating the acute and chronic toxicity of the novel edaravone

prodrug NS-1-2 in non-transgenic wild-type mice.
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Figure 50. Schematic diagram showing acute toxicity evaluation and treatment plan, with

corresponding longitudinal monitoring (14 days) and n=6 for each group (3 male and 3

female).

163



Longitudinal Chronic Toxicity Study of Edaravone Prodrug
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Figure 51. Schematic diagram showing chronic toxicity evaluation and treatment plan,
with corresponding longitudinal monitoring (120 days) and n=6 for each group (3 male

and 3 female).

First, we investigated the safety profile of the newly synthesized prodrug of EDR, NS-1-2
in vivo. As shown in (figure 52), a single dose and 120 doses for 120 days daily with 10
mg/kg body weight of BSZ with longitudinal monitoring for 14 and 120 days, respectively,
showed no treatment-associated deaths or adverse events. Daily general observations
showed normal appearance and normal general behavior with well-conditioned body
condition. Furthermore, both the acute and chronic treatment of NS-1-2 did not cause
changes to the skin, fur color, eyes, mucous membrane, nor the occurrence of secretions

and excretions, and motor activities. IP administration of NS-1-2 (10mg/kg/day) daily for
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120 days, with (a total of 120 IP IJ, and 1200mg of total dose over 120 days), was
seemingly well tolerated by wildtype SOD1 mice. Moreover, NS-1-2 treated mice
developed no clinical signs of toxicity including a decrease in mean weight, hunched
posture, orbital tightening, piloerection, nor low activity compared to vehicle-treated (1:20,

DMSO: PBS) mice.

a bd cQ dQ

Control Group Treatment Group (BS2Z) Control Group Treatment Group (BSZ)
End of Study End of Study End of Study End of Study

(AGE 210 days) (AGE 210 days) (AGE 210 days) (AGE 210 days)

]

Figure 52. Chronic NS-1-2 treatment showed no NS-1-2-associated clinical signs of

toxicity in both sexes.

NS-1-2 was administered intraperitoneally to age- and sex-matched wild-type SOD1 mice
(120 doses, 10 mg/kg/day body weight) for 120 days with daily longitudinal monitoring
until the age of 210 days, end of study. The subset of control-treated (1:20, DMSO: PBS)
male mice (a) and female mice (c) showed no clinical signs of toxicity in terms of hunched
posture, orbital tightening, piloerection, low activity/respiration, and weight loss compared
to the NS-1-2 treated male (b) and female mice (c). Both groups exhibited normal posture
and activity at the end of the study.
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4.15.2 Assessment of body weight

Figures 53a and b highlight our acute and chronic toxicity evaluation plan, with
corresponding longitudinal monitoring (14 days and 120 days) and n=6 for each group (3

male and 3 female).

As shown in (figure 54), a single dose and 120 daily doses for 120 days with 10 mg/kg
bodyweight of BSZ with longitudinal monitoring for 14 and 120 days, respectively, did not
induce any abnormal changes in the body weight of the mice. Moreover, there was no
significant difference in the changes in body weight between the control group and the

treatment groups after 120 daily doses, which further supports the absence of toxicity.

a BSZ treatment End of study b BSZ treatment End of study
Single dose LP.1J Histomorphological 120 doses LR 1J Histomorphological

10mg/kg bodyweight analysis 10mg/kg bodyweight analysis
1 Longitudinal monitoring for 14 days l 1 Longitudinal monitoring for 120 days 1
Age 2 months Age 3 months

Age-matched animals (n=6/control)

Age-matched animals (n=6/control) (n=6/treatment)

(n=6/treatment)

Figure 53. a) Diagram depicting a single-dose acute toxicity treatment study plan. b)

Diagram depicting 120 doses of chronic toxicity treatment study plan for 120 days.

In the acute toxicity monitoring (figure 54a,b), the average initial body weight of the
control group (n = 6) was 23.31 g, while the treatment group (n = 6) averaged 23.61 g.
Additionally, in the chronic toxicity monitoring (figure 54c,d), the average initial body
weight for the control group (n = 5) was 23.74 g, compared to 25.75 g for the treatment
group (n = 6). This indicates that the mice in the acute cohorts had very similar average
weights at the beginning; however, a notable initial weight difference was observed in the

chronic toxicity study, with the treatment group (n = 6) being 8.4% heavier than the control
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group (n = 5). It is also noteworthy that after 14 days of monitoring in the acute toxicity
cohorts (following a single dose), the mean percentage change in body weight from
baseline (initial weight) was 3.7% in the treatment group (n = 6). In contrast, the control
group (n = 6) experienced a decrease of -0.88%. These results account for less than a
5% difference between the two groups, and although statistically significant (p=0.04,
figure 7b), the larger variation in the weight gain of the treated mice (two mice >5%, but
<10%) could account for this statistical difference between the control and treated groups.
However, based on our 120-day chronic safety study, histological data, and literature
reports detailing that weight changes greater than 10% are typically biologically relevant,
we believe that the acute safety study was successful. Furthermore, after 120 days of
treatment in the chronic toxicity cohorts, the mean percentage change in body weight
from baseline (initial weight) was found to be nearly the same (28%) with no significant
difference found between the two groups. Our findings from both the acute and chronic
toxicity studies show that a lack of biologically relevant percentage mean weight changes
from baseline demonstrates that the BSZ group, both in acute and chronic toxicity, did not
experience a large reduction in body weight compared to the controls. These results
suggest that there is no weight-based indication of toxicity from NS-1-2 in any group

(Figure 54 a-d).
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Figure 54. Results of acute and chronic toxicity assessments on mean body weight over

14 days (acute) and 120 days (chronic) starting at 60 and 90 days of age, respectively.

a) Mean body weight for control and treated groups over a 14-day period following a
single dose. b) Two-tailed (unpaired t-test) of the percentage mean body weight change
from baseline (initial weight) showing that NS-1-2 increases the percentage mean body

weight from -0.88% for wildtype (WT) SOD1 age-matched whole set of animals
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(control/n=6 mice), including (n=3 males and n=3 females) to 3.7% (NS-1-2/n=6 mice),
including (n=3 males and n=3 females).c) Mean body weight for control and treated
groups over 120 days with 120 daily doses. d) Two-tailed (unpaired t-test) of the
percentage mean body weight change from baseline (initial weight) showing that NS-1-2
does not increase the percentage mean body weight 28% for wildtype (WT) SOD1 age-
matched whole set of animals (control/n=5 mice), including (n=2 males and n=3 females)
to 28.4% (NS-1-2/n=6 mice), including (n=3 males and n=3 females). Data are presented
as percentage body weight mean difference from baseline (n=12)/acute toxicity and
(n=11)/chronic toxicity for the whole set of animals. Where, n= number of animals of the
designated genotype. Data were analyzed using a two-tailed (unpaired t-test), with a
significance set at p<0.05. Here, p=0.0404, p=0.9669 with *p<0.05 and ns respectively

versus control wildtype (WT) SOD1 animals.

4.15.3 Histopathological findings
A single dose determining acute toxicity (figures 55 and 56) and 120 daily doses for 120

days determining chronic toxicity (figures 57 and 58) with 10 mg/kg body weight of NS-
1-2 with longitudinal monitoring for 14 and 120 days, respectively, exhibited no signs of
treatment-associated hematological toxicity in tissues (Liver, kidney, spleen, lungs heart,
and brain) tissues from both the sexes (males/females). H&E staining images of all the
six major organs, as mentioned, showed no significant abnormal differences between the
histology of the control and treated (BSZ) group, with no signs of overt degeneration,

inflammation, and necrosis in any of the examined tissues.
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Figure 55. Photomicrographs of Hematoxylin and Eosin (H&E) stained sections of

wildtype (WT) SOD1, male mice from acute toxicity evaluation.

Beginning at 60 days of age, WT female mice received a single intraperitoneal (IP)
injection of NS-1-2 at a dose of 10 mg/kgbodyweight. The mice were longitudinally
observed and monitored for 14 days. At the experimental endpoint, animals were
euthanized, and tissues, including brain, heart, kidney, liver, lung, and spleen, were
collected for analysis. In the H&E staining images, the nucleus is blue, and the cytoplasm
is red. Collagen fibers show a varying red colour. There were six mice (Three male and
Three female) in each group, with original magnification 10x (Scale bar represents 20um).
All the images were taken with a Microscope: Axioskop 2 mot plus microscope using

AxioVision software version 4.8 (Carl Zeiss, Inc., Thornwood, NY).
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Figure 56. Photomicrographs of Hematoxylin and Eosin (H&E) stained sections of

wildtype (WT) SOD1, female mice from acute toxicity evaluation.

Beginning at 60 days of age, WT female mice received a single intraperitoneal (IP)
injection of NS-1-2 at a dose of 10 mg/kgbodyweight. The mice were longitudinally
observed and monitored for 14 days. At the experimental endpoint, animals were
euthanized and tissues, including brain, heart, kidney, liver, lung, and spleen, were
collected for analysis. In the H&E staining images, the nucleus is blue, and the cytoplasm
is red. Collagen fibers show a varying red colour. There were six mice (three male and
three female) in each group, with original magnification 10x (Scale bar represents 20um).
All the images were taken with a Microscope: Axioskop 2 mot plus microscope using

AxioVision software version 4.8 (Carl Zeiss, Inc., Thornwood, NY).
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. Liver: control male and treated (NS-1-2) male mice both illustrated normal lobular
architecture with central veins and radiating hepatic cords. Hepatocytes were
observed to be normal and there were no signs of inflammatory response in both
the control and NS-1-2 treated liver tissues.

. Kidney: control male and treated (NS-1-2) male mice both illustrating normal
glomerular structure of the kidney and no pathological changes were observed
between both the groups

. Spleen: control male and treated (NS-1-2) male mice both illustrating normal
micro-architecture of the white and red pulp with no morphological alteration.

. Heart: control male and treated (NS-1-2) male mice both had normal myocardium
morphology.

. Lungs: control male and treated (NS-1-2) male mice both displayed normal lung
architecture with no sign of alteration in alveolar architecture.

. Muscle: control male and treated (NS-1-2) male mice, both illustrating normal
homogeneous distribution of polygonal-shaped muscle fibers with peripheral
nuclei. There is no degeneration of fibres, and both the group had normal
morphology.

. Spinal cord: control male and treated (NS-1-2) male mice, both illustrating normal
morphology with central canal, neurons, and glial cells.

. Brain: control male and treated (NS-1-2) male mice, both illustrating normal
morphology of the hippocampus, demonstrated the regular architecture of the CA3
region, where the pyramidal cell layer neurons (P) were uniform in size and evenly

arranged.
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H&E staining images of these organs revealed no difference in histology between the
control and treated (NS-1-2) groups, with no signs of overt degeneration, inflammation,

or necrosis in any of the examined tissues.

Control Treatment Group Control Treatment Group
(R707, WT Female) (R708, WT Female) (R707, WT Female) (R708, WT Female)

s 3
b N R

Figure 57. Photomicrographs of Hematoxylin and Eosin (H&E) stained sections of

wildtype (WT) SOD1, male and female mice from chronic toxicity evaluation.

At 3 months of age, WT, male, and female mice received 10 mg/bodyweight of NS-1-2
daily for 120 days (a total of 120 doses). The mice were longitudinally observed and
monitored for 120 days. At the experimental endpoint, animals were euthanized, and
tissues, including brain, heart, kidney, liver, lung, and spleen, were collected for analysis.
In the H&E staining images, the nucleus is blue, and the cytoplasm is red. Collagen fibers
show a varying red colour. There were six mice (three male and three female) in each
group, with original magnification 10x (Scale bar represents 100um). H&E staining
images of such organs showed no difference between the histology of the control and

treated (NS-1-2) group, with no signs of overt degeneration, inflammation, and necrosis
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in any of the above-examined tissues. All the images were taken with a Zeiss Imager M2

microscope using ZEN 3 Pro software with a camera AxioCam HRc — colour.

Control Treatment Group Control Treatment Group
(R724, WT Male) (R723, WT Male) (R724, WT Male) (R723, WT Male)

Figure 58. Photomicrographs of Hematoxylin and Eosin (H&E) stained sections of

wildtype (WT) SOD1, male and female mice from chronic toxicity evaluation.

At 3 months of age, WT, male, and female mice received 10 mg/bodyweight of NS-1-2
daily for 120 days (a total of 120 doses). The mice were longitudinally observed and
monitored for 120 days. At the experimental endpoint, animals were euthanized and
tissues, including brain, heart, kidney, liver, lung, and spleen, were collected for analysis.
In the H&E staining images, the nucleus is blue, and the cytoplasm is red. Collagen fibers
show a varying red colour. There were six mice (Three male and Three female) in each
group, with original magnification 10x (Scale bar represents 100um). H&E staining
images of such organs showed no difference between the histology of the control and

treated (NS-1-2) group, with no signs of overt degeneration, inflammation, and necrosis
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in any of the above-examined tissues. All the images were taken with Microscope: Zeiss

Imager M2 microscope using ZEN 3 Pro software with camera AxioCam HRc — colour.

a)

b)

d)

f)

Liver: control male and treated (NS-1-2) male mice both illustrated normal lobular
architecture with central veins and radiating hepatic cords. Hepatocytes were
observed to be normal and there were no signs of inflammatory response in both
the control and NS-1-2 treated liver tissues.

Kidney: control male and treated (NS-1-2) male mice both illustrating normal
glomerular structure of the kidney and no pathological changes were observed
between both the groups

Spleen: control male and treated (NS-1-2) male mice both illustrating normal
micro-architecture of the white and red pulp with no morphological alteration.
Heart: control male and treated (NS-1-2) male mice both had normal myocardium
morphology.

Lungs: control male and treated (NS-1-2) male mice both displayed normal lung
architecture with no sign of alteration in alveolar architecture.

Brain: control male and treated (NS-1-2) male mice both illustrating normal
morphology of the hippocampus, demonstrating the regular architecture of the CA3
region where the pyramidal cell layer neurons (P) were uniform in size and evenly

arranged.
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4.16 Longitudinal preclinical study with Edaravone prodrug NS-1-2
delayed disease onset in SOD1-G37R mouse model of ALS

Figure 59 illustrates the experimental plan with different clinical stages of progression of
disease in G37R(line 42) mice. Figure 60 shows the experimental plan for the preclinical
study. Also, shows different ALS clinical phenotypes or pathologies that mimic the clinical
features of human ALS. In addition, it includes various defined humane endpoints for

preclinical research.

Disease onset was retrospectively defined as the age at which the mice reached peak
body weight before weight began to decline. As shown in (figure 61), daily intraperitoneal
injection (IP, IJ) with NS-1-2 starting pre-symptomatically from the age of 90 days until the
humane endpoint (end-stage) delayed the disease onset in the age-matched whole set
of animals and both sexes (male/female) of SOD1-G37R ALS mice demonstrating to a
statistically significant degree, p<0.05. For the whole set of animals, n=12/group including
(6 male and 6 female) both in the vehicle-treated (control) and NS-1-2 treated group, the
mean disease onset age differed significantly between the vehicle-treated (129.7 days)
and NS-1-2 treated group (155.2 days). Further, the disease onset was significantly
delayed by around 25.5 days in the BSZ treatment group compared to the control group.
On sexual segregation, we found that NS-1-2 treated males (n=6), and females (n=6)
displayed a delay of onset (21.1 days) and (29.9 days) compared to the control group
respectively, with a larger effect size in males (p=0.0008) compared to females
(p=0.0151). Sex segregation demonstrated a pronounced therapeutic effect of BSZ in
males compared to females, suggesting a stronger sex-specific efficacy of BSZ in

delaying the progression of early symptoms in ALS mice. Alternately, there is a greater
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sex-specific variability in the female control animals, compared to make control animals,

or both. The disease onset data is also in tabulated form (Table 6) below.

Symptom onset

Treatment start date  Disease onset

210 days

10% weight reduction ;0206 and point/
End stage

Presymptomatic Maximum body weight
Age: 90 days l l l
| I >I Max LifeSpan
SOD1 G37R |*> | *’
ALS mice 43
Pre-sym Early-sym Late-sym
Progression Progression

>

) Post-sym R

Longitudinal monitoring for peak body weight,
10%loss of weight and humane endpoint (end
stage)

Figure 59. Schematic illustration of the experimental plan with different clinical stages of

progression of disease in G37R(42) mice.

NS-1-2 Treatment
120 doses 1.P. 1J until
humane end point

Discovery based global
Brain/Spinal Cord
Proteomics Analysis

10mg/kg bodyweight
l Wong et. al.
Age-Sex matched Daily monitoring for 120 Days (end point indicators) 175-180days
animals (n=12/control) Max LifeSpan

210 days

%

(n=12/treatment)

Post-sym

Age!l

<

90-120 Days 120-170 Days 170-210 Days _
Pre-sym T Early-sym T Late-sym T
A
Di Onset  Di Onset  Disease Hunéanl‘\;;nd :° .
Peak body weight 10% reduction  progression a9

Humanized mutSOD1G37R (Line 42) Wong et. al.

Highly Aggressive X [ ALS Clinical Features ]
Fast Disease Progression 110-120days
Early Disease Onset Upper Motor Neuron Loss (Yes)

Lower Motor Neuron Loss (Yes)
Cytoplasmic Inclusions (No)
Gliosis (Yes)

NMJ Abnormalities (Yes)
Neuroinflammation (Yes)
Muscle Atrophy (Yes)

Motor Iimpairment/Paresis or
Paralysis (Yes)

Decrease in Body Weight (Yes)
Loss of Bladder Control (Yes)
Premature Death (Yes)

Humane End Points

1) Mouse laying or placed on its side is
unable to right itself with 15 seconds.

2) 25% loss of weight based on the
highest recorded weight.

3) Full paralysis of one or more limbs.
4) Loss of bladder functions; i.e. a
bladder larger than normal other can be
palpated.

5) Crusty eyes/loss of vision

6) Penile prolapse
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Figure 60. Schematic illustration of the experimental plan for the preclinical study in

Humanized mutSOD1G37R(42) mice.

Also, shows different ALS clinical phenotypes or pathologies that mimic the clinical

features of human ALS. In addition, it includes various defined humane endpoints for

preclinical research.
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Figure 61. Edaravone prodrug NS-1-2 delays the disease onset (based on age to peak

body weight before weight begins to decline).

a) Two-tailed (unpaired t-test) of the mean onset age showing that NS-1-2 delays the

mean onset age from 129.7 days for G37R age-matched whole set of animals

(control/n=12 mice; n=6 males and n=6 females) to 155.2 days (NS-1-2/n=12 mice; n=6

males and n=6 females); b) from 130.7 days for age-matched G37R males (control/n=6
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mice), to 151.8 days for age-matched G37R males (NS-1-2/n=6 mice); ¢) from 128.7 days
for age-matched G37R females (control/n=6 females), to 158.5 days for age-matched
G37R females (NS-1-2/n=6 females). Data are presented as mean £ SEM (n=12) for the
whole set of animals and n=6 for males and females. n= number of animals of the
designated genotype. Data were analyzed using a two-tailed (unpaired t-test), with a
significance set at p<0.05. Here, p=0.0001, p=0.0008 and p=0.015, with ***p<0.001,
***p<0.001 and *p<0.05 versus control G37R. d) Kaplan—Meier curves of the probability
of disease onset showing that BSZ delays the median onset from 130 days for age-
matched G37R whole set of animals (control/n=12 mice), including (h=6male and n=6
female) to 151 days (NS-1-2/n=12 mice), including (n=6male and n=6 female); e) from
130 days for age-matched G37R males (control/n=6 mice), to 150.5 days for age-
matched G37R males (NS-1-2/n=6 males); f) from 127 days for age-matched G37R
females (control/n=6 mice), to 155.5 days for age-matched G37R females (NS-1-2/n=6
females). Data are presented as mean + SEM, n= number of animals of the designated
genotype. Data were analyzed using a Kaplan-Meir Log-rank (Mantel-Cox) in SOD1-

G37R ALS mice, with a significance set at p<0.05. Here, p=0.0001, p=0.0006 and

p=0.0107 with ***p<0.001, ***p<0.001 and *p<0.05 versus control G37R.

4.17 Edaravone prodrug NS-1-2 delayed the progression of symptom
onset, defined as age to reach 10% weight loss, with muscle
weakness, in the SOD1-G37R mouse model of ALS

Symptom onset or early symptomatic stage was also assessed in treated and control
mice by measuring the age to reach a 10% loss of body weight based on the highest
recorded weight (with muscle weakness). As shown in (figure 62), daily intraperitoneal

injection (IP, IJ) with NS-1-2 starting pre-symptomatically from the age of 90 days until the
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humane endpoint (end-stage) delayed the progression of early symptom onset to a
statistically significant degree (p<0.05) in the age-matched whole set of animals and in
both the sexes (male/female) of SOD1-G37R ALS mice. For the whole set of animals,
n=12/group including (6 male and 6 female) both in the vehicle-treated (control) and NS-
1-2 treated group. The mean symptom onset age (loss of 10% body weight) differed
significantly between the vehicle-treated (160.4 days) and NS-1-2 treated group (185.3
days). Further, the progression of early symptom onset was significantly delayed by
around 24.9 days in the NS-1-2 treatment group compared to the control group. On sexual
segregation, we found that NS-1-2 treated age-matched males (n=6), and age-matched
females (n=6) displayed a delay of early-symptom onset (23.3 days) and (26.4 days)
compared to the control group respectively, with a larger effect size in males (p=0.0030)
compared to females (0.0622). Sex segregation demonstrated a pronounced therapeutic
effect of BSZ in males compared to females, suggesting a sex-specific efficacy of NS-1-
2. Alternately, there is a greater sex-specific variability in the female control animals,
compared to make control animals, or both. However, based on probability of symptom
onset analysis using a Kaplan-Meier Log-rank (Mantel-Cox), both sexes were found to be
statistically significant (p=0.0033 males, p=0.0195 females). The symptom onset data is

also in tabulated form (Table 5) below.
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Figure 62. Edaravone prodrug NS-1-2 delays the symptom onset or early symptom

progression (age to reach 10% weight loss, with muscle weakness).

a) Two-tailed (unpaired t-test) of the mean onset age showing that Ns-1-2 delays the
mean symptom onset age from 160.4 days for G37R age-matched whole set of animals
(control/n=12 mice; n=6 males and n=6 females) to 185.3 days (NS-1-2/n=12 mice;
n=6males and n=6 females); b) from 161.5 days for age-matched G37R males
(control/n=6 mice), to 184.8 days for age-matched G37R males (NS-1-2/n=6 mice); c)
from 159.3 days for age-matched G37R females (control/n=6 females), to 185.7 days for
age-matched G37R females (Ns-1-2/n=6 females). Data are presented as mean + SEM
(n=12), for the whole set of animals and (n=6) for males and females. n= number of

animals of the designated genotype. Data were analyzed using a two-tailed (unpaired ¢-
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test), with a significance set at p<0.05. Here, p=0.001, p=0.0030 and p=0.0622, with
**p<0.01, **p<0.01 and ns=non significant versus control G37R. d) Kaplan—Meier curves
of the probability of symptom onset showing that NS-1-2 delays the median symptom
onset from 157 days for age-matched G37R whole set of animals (control/n=12 mice),
including (n=6male and n=6 female) to 188.5 days (NS-1-2/n=12 mice), including
(n=6males and n=6 females); e) from 157 days for age-matched G37R males (control/n=6
mice), to 183 days for age-matched G37R males (Ns-1-2/n=6 males); f) from 156 days
for age-matched G37R females (control/n=6 mice), to 195 days for age-matched G37R
females (NS-1-2/n=6 females). Data are presented as mean + SEM. n= number of
animals of the designated genotype. Data were analyzed using a Kaplan-Meier Log-rank
(Mantel-Cox) in SOD1-G37R ALS mice, with a significance set at p<0.05. Here,
p=0.0009, p=0.0033 and p=0.0195 with ***p<0.001, **p<0.01 and *p<0.05 versus control

G37R.

4.18 Edaravone prodrug NS-1-2 prolongs the life span and increases
survival in the SOD1-G37R mouse model of ALS

As part of our current preclinical studies, we initiated the treatment of EDR prodrug NS-
1-2 pre-symptomatically at the age of 90 days until the age of 210 days, and monitored
daily longitudinally for several significant humane endpoint indicators throughout ALS
disease progression including: a) Mouse unable to right itself in 15 seconds; b) 25% loss
of weight on the highest recorded weight; c) Full paralysis of one or more hind limbs; d)
Loss of bladder functions; e) Crusty eyes/loss of vision; and f) Penile prolapse. Further,
the minimum primary humane endpoint of survival/lifespan/end stage of the mice was

defined as the point when the mice were unable to right themselves in 15 seconds and
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lost 25% of weight, which may also be accompanied by several other humane endpoint

indicators of disease progression, as listed above.

As shown in (figure 63) daily intraperitoneal injection (IP, 1J) with NS-1-2 starting pre-
symptomatically from the age of 90 days until the humane endpoint (end-stage)
significantly prolongs the life span (p<0.05) in the age-matched whole set of animals and
in SOD1-G37R ALS male mice, demonstrating the sex-specific differences following
treatment with NS-1-2 in extending the life span of mice. For the whole set of animals,
n=12/group including (6 male and 6 female) both in the vehicle-treated (control) and NS-
1-2-treated group, the mean age of survival differed significantly between the vehicle-
treated (177.9 days) and the NS-1-2-treated group (193 days). Further, the age of survival
was significantly prolonged by around 15.1 days in the NS-1-2 treatment group compared
to the control group. On sexual segregation, we found that NS-1-2-treated age-matched
males (n=6), and age-matched females (n=6) displayed an extension of life span (16.5
days) and (13.7 days) compared to the control group, respectively, with a larger effect
size in males (p=0.0192) compared to females (p=0.2972). Sex segregation
demonstrated a pronounced therapeutic effect of NS-1-2 in males compared to females,
suggesting a sex-specific efficacy of NS-1-2. Alternately, there is a greater sex-specific
variability in the female control animals, compared to make control animals, or both. Upon
closer inspection of the female cohort, the lack of statistical significance was largely due
to the variance in the life span of female controls, ranging from 139 to 201 days (62-day
span), as compared to male controls (162 to 195 days, 33-day span). The survival age

data is also in tabulated form (Table 5) below.
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Figure 63. Edaravone prodrug NS-1-2 extends the lifespan in SOD1-G37R ALS mice.

a) Two-tailed (unpaired t-test) of the mean onset age showing that Ns-1-2 delays the
mean symptom onset age from 177.9 days for G37R age-matched whole set of animals
(control/n=12 mice; n=6 males and n=6 females) to 193 days (NS-1-2/n=12 mice;
n=6males and n=6 females); b) from 179 days for age-matched G37R males (control/n=6
mice), to 195.5 days for age-matched G37R males (NS-1-2/n=6 mice); ¢) from 176.8 days
for age-matched G37R females (control/n=6 females), to 190.5 days for age-matched
G37R females (NS-1-2/n=6 females). Data are presented as mean + SEM (n=12), for the
whole set of animals and (n=6) for males and females. n= number of animals of the
designated genotype. Data were analyzed using a two-tailed (unpaired t-test), with a

significance set at p<0.05. Here, p=0.0326 (whole set), p=0.0192 (male) and p=0.2972
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(female), with *p<0.05 and ns=non significant versus control G37R. d) Kaplan—Meier
curves of the probability of symptom onset showing that NS-1-2 prolongs the median the
median survival from 184 days for age-matched G37R whole set of animals (control/n=12
mice), including (n=6male and n=6 female) to 197.5 days (NS-1-2/n=12 mice), including
(n=6male and n=6 female); e) from 181.5 days for age-matched G37R males (control/n=6
mice), to 198 days for age-matched G37R males (NS-1-2/n=6 males); f) from 186.5 days
for age-matched G37R females (control/n=6 mice), to 197.5 days for age-matched G37R
females (NS-1-2/n=6 females). Data are presented as mean + SEM. n= number of
animals of the designated genotype. Data were analyzed using a Kaplan-Meir Log-rank
(Mantel-cox) in SOD1G37R ALS mice, with a significance set at p<0.05. Here, p=0.0174
(whole set), p=0.0232 (male) and p=0.2322 (female) with *p<0.05 and ns versus control

G37R.

4.19 Edaravone prodrug NS-1-2 prevents ALS-induced weight loss or
cachexia in the SOD1-linked model of ALS

Additionally, initiating the treatment of EDR prodrug NS-1-2 pre-symptomatically at the
age of 90 days until the age of 210 days modified the clinical disease phenotypes of ALS-
induced cachexia. Weight loss is regarded as the clinical prognostic marker for ALS
disease progression due to muscle loss, fat loss, decreased caloric intake, and larger
metabolic demand [359]. During the clinical progression of the disease after disease
onset, the loss of motor neurons causes denervation which leads to loss of muscle fibers
resulting in a decrease in muscle mass. Rapid denervation-induced weight loss has been
recognized as an indicator of faster progression and shorter survival[359]. As part of our
current animal studies, we evaluated weight loss from highest recorded weight to weight

at humane endpoint/end stage for control versus treated. Body weight was monitored
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daily longitudinally starting from age 90 days until the age 210 days for a total of four

months.

As shown in (figure 64), daily intraperitoneal injection (IP, 1J) with NS-1-2 starting pre-
symptomatically from the age of 90 days until the humane endpoint (end-stage)
significantly prevented the weight loss in the age-matched whole set of animals and both
the sexes (male/female) of SOD1G37R ALS mice. For the whole set of animals,
n=12/group including (6 male and 6 female) in both the vehicle-treated (control) and NS-
1-2 treated group. The mean percentage loss of weight differed significantly between the
vehicle-treated (27.13%) and NS-1-2 treated group (18.29%), representing a reduction in
the overall percent weight loss in the NS-1-2 treatment group compared to the control of
8.838%. On segregation of sex, we found that NS-1-2 treated age-matched males (n=6),
and age-matched females (n=6) demonstrated significant prevention of percentage
weight loss (8.574%) and (9.103%) compared to the control group, respectively, with a
larger effect size in males (p=0.0004) compared to females (p=0.0071). Sex segregation
demonstrated a notable therapeutic effect of NS-1-2 in males compared to females,
suggesting a stronger sex-specific efficacy of NS-1-2, yet the reduction in weight loss was

significant in both sexes. The survival age data is also in tabulated form (Table 5) below.
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Figure 64. Edaravone prodrug NS-1-2 rescued weight loss in SOD1-G37R ALS mice.

a) Photograph showing progressive loss of motor neurons leads to loss in muscle fiber
and hence, weight loss in ALS; b) Two-tailed (unpaired t-test) of the mean percentage
loss of body weight at the humane endpoint showing that NS-1-2 prevented the weight
loss from 27.41% days for G37R age-matched whole set of animals (control/n=12 mice;

n=6 males and n=6 females) to 18.31% (NS-1-2/n=12 mice; n=6 males and n=6 females);
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c) from 26.84% for age-matched G37R males (control/n=6 mice), to 18.27% for age-
matched G37R males (NS-1-2/n=6 mice); d) from 27.41% for age-matched G37R
females (control/n=6 females), to 18.31% for age-matched G37R females (NS-1-2/n=6
females). Data are presented as mean £ SEM (n=12), for the whole set of animals and
(n=6) for males and females. n= number of animals of the designated genotype. Data
were analyzed using a two-tailed (unpaired t-fest), with a significance set at p<0.05. Here,
p=0.0001, p=0.0004 and p=0.0071 with ***p<0.001, **p<0.001 and *p<0.05 versus

control G37R.

4.20 Edaravone prodrug NS-1-2, with longitudinal monitoring, improves
several motor clinical phenotypes in the SOD1-G37R mouse model
of ALS

Presymptomatic treatment with BSZ starting at the age of 90 days until the age of 210
days with daily monitoring for four months for several humane endpoint indicators
ameliorated various clinical motor decline phenotypes in ALS mice, compared to vehicle-
treated mice. NS-1-2, improved several observed markers for motor neurodegeneration
during disease progression in SOD1-G37R ALS mice in terms of hindlimb clasping

behavior, abnormal hindlimb flexion, and abnormal splay of the toe fingers (figure 65).
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Figure 65. Representative pictures showing the longitudinal assessment of various gross
motor clinical phenotypes and the effects of treatment BSZ in modifying the motor disease

clinical phenotypes in G37R ALS mice.

Age-matched littermates (control vs treatment (NS-1-2)) showing various ALS clinical
phenotypes/ALS Motor functions phenotypes/disease progression. When the female and
male mice were suspended by their tail at the age of (187 and 179 days), respectively,
the vehicle-treated control groups a, and ¢, showed immobile hindlimbs (no limb flexion)
and hindlimbs falling towards midline of the abdomen (abnormal splay), whereas NS-1-2
treatment groups b and d showed mobile hindlimbs (limbs flexion), with hindlimbs splayed
outwards away from the abdomen. Both the male and female vehicle-treated/control
groups were unable to right themselves in 15 seconds compared to the NS-1-2 treated

group, at the age of 187 days (e), and at the age of 179 days (f).

Table 5. Total number of age and sex-matched SOD1-G37R (42) mouse model used to

evaluate the efficacy of the Edaravone prodrug NS-1-2 (BSZ).

The total number of age and sex-matched animals with segregation of sex in different

cohorts (control and treatment) used in the study, including assessment of various
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parameters (life span, disease onset, symptom onset, weight loss (%), with the total
number of intraperitoneal injections (IP, |J) was given to both cohorts. Note: NS-1-2 refers
to BSZ in figure 14 (a, b, c). NS-1-2 was initially developed in the lab and later

trademarked as Borsantrazole (BSZ).

To study the ic effects of (BSZ) in the SOD1-G37R mouse model
of amyotrophic lateral sclerosis
Protocol# 21-014, AC11693
Control Treatment (N=12) including age-matched (6 males and 6 females) BSZ Treatment (N=12) including age-matched (6 males and 6 females)
Life spaniAge | Total | A€ toreach Agetoreach| iy oo (o) at Life spanlAaeI Total |A0S toreach| Age toreach | ooy oo (0r)at
Animal ID| Sex of survival | number of clestee S humane end point |Animal ID| Sex of survival |number of GlEEs ST humane end point
onset (days) | onset (days) pol onset (days) | onset (days) pol
(days) IP,1J (days) 1P
Weight Loss>25% Weight Loss<25%
R651RR | Male 195 106 131 180 Weight Loss (%): R627R Male 201 112 143 199 Weight Loss (%):
25.324 17.056
Weight Loss<25% Weight Loss<25%
R644LL | Male 184 95 129 169 Weight Loss (%): R7T11R Male 201 112 143 171 Weight Loss (%):
23.52 18.91
. Weight Loss<25%
R624R | Male 179 90 140 166 |, eieightLosss26% | RTISLR | Male 205 116 156 184 Weight Loss (%):
eight Loss (%):33.6 19.67
Weight Loss<25% 5
R7T12LL | Male 170 81 131 158 WeightLoss (%): | R736L | Male 189 100 147 180 LEEReecss
24.60 Weight Loss (%): 20
Weight Loss>25% Weight Loss<25%
R751L Male 184 95 128 152 Weight Loss (%): R739RR | Male 195 106 154 193 Weight Loss (%):
26.17 15.68
Weight Loss>25% Weight Loss<25%
R738LL Male 162 73 125 154 Weight Loss (%): R635L Male 182 93 168 182 Weight Loss (%):
27.85 18.306
Weight Loss>25% Weight Loss<25%
R647LLR | Female 186 97 136 149 Weight Loss (%): R638L | Female 198 109 164 195 Weight Loss (%):
32.107 18.543
Weight Loss>25% Weight Loss<25%
R697LL | Female 187 98 106 163 Weight Loss (%): R639R | Female 203 114 163 203 Weight Loss (%):
26.923 10.122
Weight Loss<25% Weight Loss<25%
R699R | Female 198 109 131 186 Weight Loss (%): R605L | Female 197 108 188 196 Weight Loss (%):
23.58 13.66
Weight Loss>25% Weight Loss<25%
R705LR | Female 150 61 123 142 Weight Loss (%): R700LR | Female 204 115 148 195 Weight Loss (%):
26.90 18.548
Weight Loss<25% Weight Loss<25%
R703LL |Female 201 112 159 189 Weight Loss (%): R701L | Female 174 85 144 165 Weight Loss (%):
2488 23.34
Weight Loss>25% Weight Loss>25%
R634LL | Female 139 50 117 127 Weight Loss (%): R640LL | Female 167 78 144 160 Weight Loss (%):
30.081 25.64

4.21 Proteomic and phosphoproteomic analyses reveal differentially
regulated proteins in lumbar spinal cord samples from the SOD1-
G37R mouse model of ALS, correlating with the efficacy of Edaravone
prodrug NS-1-2

ALS is a highly complex and heterogeneous motor neurodegenerative disease resulting

from multiple wide interacting pathophysiological mechanisms, culminating in the
disruption of global proteome and phosphoproteome interacting networks in the brain,
spinal cord, and muscle/neuromuscular junctions[360-362]. To gain insights into the multi-

system changes in the proteomics and phosphoproteomics of the central nervous system

192



(CNS), the scientific community has recently utilized highly sensitive, reliable, precise,
deep-coverage, and reproducible mass-spectrometry-based proteomics and
phosphoproteomics approaches [363-365]. Further, proteomics studies have been
identified as a reliable tool in detecting and developing novel biomarkers[366], that could
help correlate the severity of ALS symptoms and the rate of disease progression
longitudinally [365, 367-370]. Moreover, the global proteomics biomarker approach
promotes a better understanding of meaningful drug target mechanisms and achieves
positive clinical outcomes[371-375]. In an attempt to explore the therapeutic efficacy of
novel boron-based EDR prodrug (NS-1-2), and to further move in our drug development
process, we utilized a discovery-based LC-MS detection technique to profile the global
changes in the proteome and phosphoproteome of mutant human G37R SOD1 mice

spinal cord samples (n=4) from both control and treatment groups.

In an attempt to explore and rationalize the therapeutic efficacy of the novel boron-based
EDR prodrug NS-1-2, and to further move forward in our drug development process, we
utilized a discovery-based LC-MS detection technique to profile the global changes in the
proteome and phosphoproteome of mutant human SOD1-G37R mice spinal cord
samples (n=4) from both control and treated groups. Considering the significant efficacy
results in the male cohort, we assessed the proteomic signatures of late-stage ALS male
mice, which is one of the limitations of our study (male sex specificity). A total of 6,270
proteins were quantified in all replicates of either sham (vehicle-treated) or NS-1-2-treated
samples. Differential analysis was performed using a moderated t-test (LIMMA)[376].
Intensities were log2-transformed, followed by K-nearest neighbor (KNN) imputation for

Missing at Random (MAR) values. A total of 51 proteins with adjusted p-values <0.05
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were statistically significantly differential between treated and sham. (see Supplementary

Data for full proteomics data).

The three known ALS-relevant proteins Cpix2, Lrp4, and Sqstm1/p62 were significantly
increased in NS-1-2 treated group, while Ca3 showed a significant decrease (see Table
6). These proteins are found to have a pathological link with the progression of ALS, and
these differential expressions of proteins represent a positive correlation with the efficacy
of the EDR prodrug NS-1-2 in terms of extension of survival, delay in onset, delay in
symptom onset, and rescuing weight loss. We further discovered increased expressions
of two proteins (Gan/KLHL16, Snx13) in the treatment (NS-1-2) group compared to the
control group. These two proteins are not specific to ALS; however, their increased
expression is implicated in the pathophysiology of neurodegenerative disease and in

maintaining neuronal health Table 6.

Figure 66 illustrates an overview of the sample processing workflow for LC/MS-based
global proteomics and phosphoproteomics from the lumbar spinal cord samples of G37R
male mice. Also, volcano plots showing the differential regulation of proteins expressed
in the lumbar spinal cord of hmutSOD1 G37R male mice. In addition, a Heat map showing
unsupervised hierarchical clustering of z-scored log2 intensities of the 51 significantly
regulated proteins for the BSZ and sham (control) group (see the list of all the 51

proteins in Table 7).

Table 6. Selected known and novel proteins with significantly differential abundance (adj
p<0.05; n=4) in the lumbar spinal cord of human mutantSOD1 G37R male mice treated

with NS-1-2 and sham (vehicle) based on quantitative proteomics.
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Pathological

UniProt Accession Abbreviated Protein Description adj. p-value ratio (BSZ/Sham) Association to ALS

Known/Novel

Number (Protein ID) (Gene Symbol)

P16015 Ca3 Carbonic anhydrase 3 0.0279 0.3 Known
Q8CAT2 Gan/KLHL16 Gigaxonin 0.0219 2.7 Novel
P84086 Cplx2 Complexin-2 0.00565 1.9 Known
QEPHS6 Snx13 Sorting nexin-13 0.00144 25 Novel

Low-density lipoprotein

Q8VIs6 Lrp4 receptor-related protein 4 0.01020 3.6 Known
Q64337 Sqstm1/p62 Sequestosome-1 0.01140 3.0 Known
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Figure 66 (a,b,c). Differential analysis of global proteome changes in hmutSOD1-G37R

ALS mice.

a) Overview of the sample processing workflow for LC/MS-based global proteomics and
phosphoproteomics from the lumbar spinal cord samples of G37R male mice. b) Volcano
plots showing the differential regulation of proteins expressed in the lumbar spinal cord

of hmutSOD1 G37R male mice. Based on log2-transformed intensities, 51 out of 6,270
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proteins were significantly differential (adj. p<0.05; n=4). Selected proteins that are either
up (red) or down (blue) regulated compared to controls are highlighted. ¢) Heat map
showing unsupervised hierarchical clustering of z-scored log2 intensities of the 51
significantly regulated proteins for NS-1-2 and sham (control) group. Heatmap generated

with Perseus 2.0.1.

Note: NS-1-2 refers to BSZ in figure 14 (a, b, ¢). NS-1-2 was initially developed in

the lab and later trademarked as Borsantrazole (BSZ).

Table 7. List of 51 proteins with significantly differential abundance (adj p<0.05; n=4) in
the lumbar spinal cord of human mutantSOD1 G37R male mice treated with BSZ, and

sham (vehicle), discovery-based, unbiased global quantitative proteomics.
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UniProt

log2 "fold-

ANcuc;T;:r Gene Sym bol Protein Description change" [BSE;I:am] adj. p-value
Protein ID L
Q5F2E7 Nufip2 FMR1-interacting protein NUFIP2 2.07 4.20 0.00000
(Q8CAGY Adgrai Adhesion G protein-coupled receptor A1 2M 4.03 0.00000
28BNV Trmt2a tRNA (uracil-5-}-methyltransferase homolog A 1.79 3.46 0.00000
Q3UHD2 Gfod1 Glucose-fructose oxdoreductase domain-containing protein 1 212 435 0.00000
P08101 Fcgr2 Low affinity immunoglobulin gamma Fc region receptor |l 1.26 2.39 0.00000
Q9CQAE3 Mrps17 285 ribosomal protein 517, mitochondrial 219 4 56 0.00001
QBENXM3 Tmem130 Transmembrane protein 130 223 4 69 0.00004
(J9ERZ 4 Chrm2 Muscarinic acetylcholine receptor M2 270 6.50 0.00014
Q8VBV3 Exosc2 Exosome complex component RRP4 -1.99 0.25 0.00041
Q8R035 Mmpl58 Peptidyl-tRNA hydrolase ICT1, mitochondrial 1.25 2.38 0.00061
(292254 Pde2a cGMP-dependent 3',5'-cyclic phosphodiesterase 1.06 2.08 0.00104
BOEJAZ Cttnbp2 Cortactin-binding protein 2 1.77 N 0.00129
Q3UKCH Tax1bp1 Tax1-binding protein 1 honolog 0.92 1.90 0.00137
QB6PHSE Snx13 Sorting nexin-13 1.30 2.46 0.00144
AZAJA9 Ajm1 Apical junction component 1 homolog 1.43 2. 69 0.00166
Q8BKT7 Thoc5 THO complex subunit 5 homolog 0.94 1.92 0.00168
(J99L 85 Elp5 Elongator complex protein 5 1.44 2.71 0.00329
(261290 Cacnaile Voltage-dependent R-type calcium channel subunit alpha-1E 2.1 432 0.00355
P84086 Cplx2 Conplexin-2 0.89 1.85 0.00565
P48542 Kenjé G protein-activated inward rectifier potassium channel 2 1.22 2.33 0.00607
QICWU4 UPF0690 protein C1orf52 homolog 1.91 3.76 0.00714
(BA0BS Cep170 Centrosomal protein of 170 kDa 0.84 1.78 0.00805
(JBCTE9 Cstf2t Cleavage stimulation factor subunit 2 tau variant 1.05 2.07 0.00871
Q8JZK9 Hmges1 Hydroxymethylglutaryl-CoA synthase, cytoplasmic -1.07 0.48 0.01020
(28VI56 Lmpd L ow-density lipoprotein receptor-related protein 4 1.83 3.56 0.01020
(J8CFI5 Pars2 Probable proline—tRNA ligase, mtochondrial 1.71 3.27 0.01110
Q9WuU42 Ncor2 Muclear receptor corepressor 2 1.41 2 66 0.01120
264337 Sgstm1 Sequestosome-1 1.60 3.03 0.01140
Q91W40 Kle3 Kinesin light chain 3 1.53 2.89 0.01200
Q4VGLE Re3h1 Roquin-1 1.21 2.3 0.01240
291W18 Tdrd3 Tudor domain-containing protein 3 1.28 243 0.01240
Pa7287 Mcl1 Induced myeloid leukemia cell differentiation protein Mcl-1 homolog 1.86 3.63 001270
QBNSE0 Fbxod1 F-box only protein 41 -1.11 0.46 0.01570
Q5S0aY2 Bod1 Biorientation of chromosomes in cell division protein 1 1.64 312 0.01910
Q3UNZB Cryzl2 CQuinone oxidoreductase-like protein 2 0.70 1.63 0.02100
(035465 Fkbp8 Peptidyl-prolyl cis-trans isomerase FKBPS -1.31 0.40 0.02120
Q8CAT2 Gan Gigaxonin 1.42 2.68 0.02190
Q8JZW4 Cpne5s Copine-5 2.42 5.35 0.02210
201063 Pdedd cAMP-specific 3" 5-cyclic phosphodiesterase 4D 1.37 258 0.02310
(JBCHP5S Pym1 Partner of Y14 and mago 1.31 2.48 0.02310
Q3TLH4 Prre2c Protein PRRC2C 0.99 1.98 0.02590
P16015 Cal Carbonic anhydrase 3 -1.95 0.26 0.02790
281005 Nmes1 Mormal mucosa of esophagus-specific gene 1 protein 1.17 225 0.02890
(J68FL4 Ahcyl2 Putative adenosylhomocysteinase 3 1.61 3.05 0.03080
29D5VE Syap1 Synapse-associated protein 1 1.03 2.04 0.03200
Q8VCDs Reep2 Receptor expression-enhancing protein 2 0.7 1.63 0.03320
AZAWPE Arhgef101 Rho guanine nuclectide exchange factor 10-like protein 1.74 3.34 0.03710
Q8C145 Slc39a6 Zinc transporter ZIP6 0.91 1.88 0.04110
28VCFO Mavs Mitochondrial antiviral-signaling protein 2.3 4 96 0.04370
(J8BL80 Arhgap22 Rho GTPase-activating protein 22 -1.42 0.37 0.04770
P52623 Uck1 Uridine-cytidine kinase 1 1.15 2.22 0.04810

197



A total of 9541 phosphorylation sites were quantified and further filtered to retain high-
quality data. Only phosphopeptides that were quantified in all 4 replicates of either treated
or sham were kept, resulting in a total of 3945 high-quality phosphopeptides. Differential
analysis was performed using a moderated t-test (LIMMA)[376]. Intensities were log2-
transformed, followed by K-nearest neighbor (KNN) imputation for Missing at Random
(MAR) values. A total of 29 phosphorylation sites with adjusted p-values <0.05 were
considered statistically significantly differential between treated (BSZ) and sham groups

Table 8.

Table 8. List of 29 phosphoproteins with significantly differential abundance (adj p<0.05;
n=4) in the lumbar spinal cord of human mutantSOD1 G37R male mice treated with BSZ,

and sham (vehicle), discovery-based, unbiased global quantitative phosphoproteomics.

UniProt
. log2 "fold- .
mc;?t:;" S(;fnnbf)l Protein Description Ph;e_stzho adj. p-value change” {BSE!mSII?am}
Protein ID (ESSStEn)
PE53668 Limk1 LIM domain kinase 1 T301 591E13 450 22,63
QIQYXT Pclo Protein piccolo 53545 242E-08 265 6.28
Q61194 Pik3c2a Pho sphatidyinositol 4-phosphate 3-kinase C2 domain-containing subunit alpha 5261 127E-07 183 356
P35564 Canx Calnexin 5563 2.33E-06 179 346
P05213 Tubalb Tubulin alpha-1B chain 5340 4 21E-05 -1.96 0.26
QOR078 Prkab1 5-AMP-activated protein kinase subunit beta-1 §108 559E-05 -1.95 026
Q99KKI Hars2 Histidine--tRNA ligase, mitochondrial 566 6.74E-05 1.38 2560
QIQYXT Pclo Protein piccolo 54598 1.67E-04 1.95 3386
P39053 Dnm1 Dynamin-1 S774 8.36E-04 -2.69 015
P09411 Pgkt Phosphoglycerate kinase 1 §203 223E-03 -1.43 037
P70392 Rasgrf2 Ras-specific guanine nucleotide-releasing factor 2 ST 232E-03 141 266
P83093 Stim2 Stromal interaction molecule 2 S612 346E-03 214 441
A2ARYE Sh3pxd2b SH3 and PX domain-containing protein 28 S768 551E-03 1.86 363
Q924H7 Wac WW domain-containing adapter protein with coiled-coil 8511 580E-03 189 3
P00441 SoD1 Superoxide dismutase [Cu-Zn] 5135 728E-03 248 558
P19246 Nefh MNeurofilament he avy polypeptide T72 T73E03 576 0.02
P16330 Cnp 2' 3-cyclic-nucleotide 3-phosphodiesterase 5169 9.06E-03 177 029
QOESKS Rbicct RB1-inducible coiled-coil protein 1 S243 1.05E-02 1.16 223
PE0904 Dnajcb DnaJ homolog subfamily C member 5 S10 1.34E-02 -1.80 029
PE0904 Dnajch DnaJ homolog subfamily C member & S12 158E-02 -1.41 038
E9Q3CH C2cd2 C2 domain-containing protein 2 5436 1.60E-02 -2.96 013
QBCGAZ Thc1d14 TBC 1 domain family member 14 5296 2.00E-02 208 423
QBC052 Mapis Microtubule-associated protein 15 S660 210E-02 -1.93 026
E9Q5KY Ythdc1 YTH domain-containing protein 1 8425 319E-02 -1.56 034
Q50H33 Kctdd BT B/POZ domain-containing protein KCTD8 831 355E-02 088 1.84
P47809 Map2k4 Dual specificity mitogen-activated protein kinase kinase 4 S88 3 86E-02 -1.63 032
PE4227 Stmn1 Stathmin 516 3.86E-02 -1.67 0.34
QBR554 Otudfa OT U domain-containing protein 7A T804 4 57TE-02 164 312
P08551 Nefl Meurofilament light polypeptide T317 4 72E-02 -1.60 033
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Our phosphoproteomics data unraveled new phosphorylation sites in known protein
biomarkers of ALS progression, Nefl and Nefh. We found that 58 and 8 phosphorylated
serine/threonine (S/T) sites are downregulated in the Nefh and Nefl region, respectively,
following treatment with NS-1-2, reflecting a combination of a general slight reduction in
protein expression also detected in our proteomics data and a decrease in
phosphorylation. Overall, this observable trend in downregulation of neurofilament light
and heavy chains correlates with the efficacy observed in our SOD1-G37R mouse model,
among treated animals, and is representative of the benefits of BSZ treatment using a
key marker of ALS disease progression (Nefh and Nefl). Importantly, phosphorylation of
T72 in Nefh and T317 in Nefl was significantly reduced in the NS-1-2-treated group, such

as $203 in Pgk1 (Table 9).

Table 9. Summary of known and novel proteins with significantly differential
phosphorylation (adj. p<0.05; n=4) in the lumbar spinal cord of mutant SOD1 G37R male
mice treated with BSZ and sham (vehicle), based on quantitative phosphoproteomics.
For a full summary of the phosphoproteomics data for NS-1-2 and Sham (vehicle)

samples, see Table 8.
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UniProt Accession Abbreviated Protein Phosphorylation adj. p-value ratio (BSZ/Sham)

Number (Protein ID) (Gene Symbol) Description Site

Neurofilament

P19246 Nefh heavy T72 7.73E-03 <0.1
polypeptide
P09411 Pgk1 RussplicalicoEe $203 2.23E-03 0.4
kinase 1
Neurofilament
P08551 Nefi . . T317 4.72E-02 0.3
light polypeptide

4.22 Proteomic and phosphoproteomic analyses reveal differentially
regulated proteins in the brain samples from the SOD1-G37R mouse
model of ALS, correlating with the efficacy of Edaravone prodrug NS-
1-2

Further, in an attempt to explore and rationalize the therapeutic efficacy of novel boron-

based EDR prodrug (NS-1-2), and to further move in our drug development process, we
utilized a discovery-based LC-MS detection technique to profile the global changes in the
proteome and phosphoproteome of mutant human G37R SOD1 mice brain samples

(n=4) from both control and treatment groups.

Considering the significant efficacy results in the male cohort, we assessed the proteomic
signatures of late-stage ALS male mice, which is one of the limitations of our study (male
sex specificity). A total of 8429 protein groups were quantified and further filtered to retain
high-quality data. Only protein groups that had been quantified with at least 2 peptides in

at least 3 out of 4 replicates of either sham or treated samples were retained.

Differential analysis was performed using a moderated t-test (LIMMA). Intensities were

log2-transformed, followed by K-nearest neighbor (KNN) imputation for Missing at
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Random (MAR) values. A total of 44 proteins with adjusted p-values <0.05 were

statistically significantly differential between treated and sham.

Table 10. List of 44 proteins with significantly differential abundance (adj p<0.05; n=4) in

the brain of human mutantSOD1 G37R male mice treated with BSZ, and sham (vehicle),

discovery-based, unbiased global quantitative proteomics.

log2 "fold-

UniProt ﬁr":;"i':"’l'l‘:'“”mber Gene Symbol Protein Description change” | s;::am] adj. p-value
(BSZ-Sham)

QENVT72 Wdep WD repeat and coiled-coil-containing protein 0.689 1.61 0.0000
Qri1T7? Nadsyn1 Glutamine-dependent NAD(+) synthetase -0.887 0.54 0.0000
QUJY3 Smpd3 Sphingomyelin phosphodiesterase 3 0.396 1.32 0.0003
Q8BML1:Q8CJ19 Mical2;Mical3 [F-actinkFmonooxygenase MICAL2 0.571 1.49 0.0004
QBK2Y9 Cem2 Cerebral cavernous malformations profein 2 homolog 0.341 1.27 0.0068
Q8BFW6G Entpd3 Ectonucleoside triphosphate diphosphohydrolase 3 0.367 1.29 0.0088
Q7TNT2 Far2 Fatty acyl-CoA reductase 2 0.628 1.55 0.0096
QrTT15 Galnt17 Polypeptide N-acetylgalactosaminyltransferase 17 -0.436 0.74 0.0106
Q3um1s Lsg1 Large subunit GTPase 1 homolog 0.755 1.69 0.0108
QBK354 Chr3 Carbonyl reductase [NADPH] 3 0.421 1.34 0.0114
Q8JZW4:Q1RLL3;Q0DC53 [Cphe5,Cpne8;Cpney Copine-9 0.573 1.49 0.0122
Q9ERLS Gucy1al Guanylate cyclase soluble subunit alpha-1 0.31 1.24 0.0123
P08556:Q61411 Hras:Nras GTPase NRas 0.243 1.18 0.0125
QBC1B7,Q8CHHY Septini1;Septing Septin-11 0.24 1.18 0.0156
Q61263 Soatt Sterol O-acyltransferase 1 -0.456 0.73 0.0167
Q3UEZB Slc10a4 Sodium/bile acid cotransporter 4 1.16 223 0.0169
Q61503 Nt5e 5-nuclectidase 0.478 1.39 0.0184
Q8BRUB Sle18a2 Synaptic vesicular amine transporter 1.34 2.53 0.0201
QoDCi9 Mrpl32 Large ribosomal subunit protein bL32m -0.265 0.83 0.0228
P16045 Lgals1 Galectin-1 -0.299 0.81 0.0231
Q8CcGQs Slc24a4 Sodium/potassium/calcium exchanger 4 0.302 1.23 0.0248
Q8cJ40 Crocc Rootletin 0.246 1.19 0.0250
QBEPFX8 Rimkla N-acetylaspartylglutamate synthase A -1.07 0.48 0.0252
Q8VEL9 Rem2 GTP-binding protein REM 2 0.726 1.65 0.0281
Qsc4u2 Tmem145 Transmembrane protein 145 -0.761 0.59 0.0204
Q61879,Q6URWBE Myh10;Myh14 Myosin-10 0.197 1.15 0.0295
P52432 Polric DNA-directed RNA polymerases | and Ill subunit RPACH -0.315 0.80 0.0323
P15626 Gstm2 Glutathione S4ransferase Mu 2 -0.261 0.83 0.0331
Q8R361 Rab11fip5 Rab11 family-interacting protein 5 -0.173 0.69 0.0338
QOGNCH inf2 Inverted formin-2 0.5 1.41 0.0340
P27671 Rasgrf1 Ras-specific guanine nucleotide-releasing factor 1 -0.232 0.85 0.0341
QE9Z88 Radil Ras-associating and dilute domain-containing protein 0.558 1.47 0.0343
QBJZW4 Cpnes Copine-5 0.648 1.57 0.0348
Q80WM4 Hapind Hyaluronan and proteoglycan link protein 4 -0.346 0.79 0.0351
Q8J7ZW4:Q9DC53 Cpne5.Cpne8 Copine-5 0.568 1.48 0.0356
Q91YY4 Atpaf2 ATP synthase mitochondrial F1 complex assembly factor 2 -0.31 0.81 0.0359
QOCR29 Ccdcd3 Coiled-coil domain-containing protein 43 -0.253 0.84 0.0368
QBC3X8 Lmf2 Lipase maturation factor 2 -0.289 0.81 0.0371
QBR3H9 Tic4 Tetratricopeptide repeat profein 4 -0.306 0.81 0.0377
Pa4227 Stmn1 Stathmin 0.205 1.15 0.0389
Pagn24 Tubb5 Tubulin beta-5 chain 0.231 1.17 0.0391
Q03249 Galt Galactose-1-phosphate uridylyltransferase 0.306 1.24 0.0393
PE3143 Kenab1 Voltage-gated potassium channel subunit beta-1 0.239 1.18 0.0394
Q7TSK2 Sezb Seizure protein 6 0.317 1.25 0.0450
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The two known ALS-relevant proteins Soat1/ACAT1, Lgals1 were significantly
decreased in the BSZ-treated group (see Table 8). These proteins are found to have a
pathological link with the progression of ALS, and these differential expressions of
proteins represent a positive correlation with the efficacy of the EDR prodrug BSZ in terms
of extension of survival, delay in onset, delay in symptom onset, and rescuing weight loss.
We further discovered increased expressions of three proteins (Ccm2,
Smpd3,Entpd3/NTPDase3) in the treatment (NS-1-2) group compared to the control
group. These two proteins are not specific to ALS; however, their increased expression is
implicated in the pathophysiology of neurodegenerative disease and in maintaining

neuronal health (Table 11).

Table 11. Selected known and novel proteins with significantly differential abundance (adj
p<0.05; n=4) in the brain of human mutantSOD1 G37R male mice treated with NS-1-2

and sham (vehicle) discovery-based, unbiased global quantitative proteomics.

: : : . Pathological
SRISIOLACCESSIOn Abbreviated(Gene Protein Description adj. p-value L Association to ALS

(BSZ/Sham) Known/Novel

Number (Protein ID) Symbol)

Sterol O-

Q61263 Soat1/ACAT1 0.0167 0.7 Known
acyltransferase 1
P16045 Lgals1 Galectin-1 0.0231 0.8 Known
Cerebral cavernous
Q8K2Y9 Cem2 malformations protein 0.00684 1.26 Novel
2 homolog

Sphingomyelin

phosphodiesterase 3 0.00029 1.32 Novel

Q9JJY3 Smpd3

Ectonucleoside
Q8BFW6 Entpd3/NTPDase3 triphosphate 0.00880 1.29 Novel
diphosphohydrolase 3

202



®

®

] @ K’
e

Phosphopeptide

Humanized Tissue Isglatte Plrc:telgs byt(SP3) Enrichment
SOD1 G37R Homogenization il L
male mice \ /

il I Data dependant
| a acquisition (DDA)
A ) Exploris 480

FragPipe computational platform Nano LC-MS/MS

for analyzing MS Proteomics/
Phosphoproteomics data

Figure 67. Overview of the sample processing workflow for LC/MS-based global

proteomics and phosphoproteomics from the brain samples of G37R male mice.
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Figure 68. Differential analysis of global proteome changes in hmutSOD1-G37R ALS

mice.

Volcano plots showing the differential regulation of proteins expressed in the brain of
hmutSOD1 G37R male mice. Based on log2-transformed intensities, 44 out of 8429
proteins were significantly differential (adj. p<0.05; n=4). Selected proteins that are either

up (red) or down (blue) regulated compared to controls are highlighted.

Note: NS-1-2 refers to BSZ in figure 68. NS-1-2 was initially developed in the lab

and later trademarked as Borsantrazole (BSZ).
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Figure 69. Differential analysis of global proteome changes in hmutSOD1-G37R ALS

mice.
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Heat map showing unsupervised hierarchical clustering of z-scored log2 intensities for
the 44 significantly regulated proteins in the NS-1-2 and sham (control) groups. Heatmap

generated with Perseus 2.0.1.

Note: NS-1-2 refers to BSZ in figure 69. NS-1-2 was initially developed in the lab

and later trademarked as Borsantrazole (BSZ).

Table 12. Summary of known and novel proteins with significantly differential
phosphorylation (adj. p<0.05; n=4) in the lumbar spinal cord and brain of mutant SOD1
G37R male mice treated with NS-1-2 and sham (vehicle), based on quantitative
phosphoproteomics and their pathological association and role with various neurological

diseases.
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. . i Increased expression of Sterol O-acyltransferase 1 causes
RioteomeBzall Soat1/ACAT1 Sterollog CAPEIMETS CIEEEES Cholesterol dyshomeostasis, Mitochondrial, and ER stress,
Decreased acyltransferase 1 Parkinson disease Amyloidosis
e Clearen Increased expression of Galectin-1 causes
R Lgals1 Galectin-1 Parkinson disease Axonopathy and Aging
Decreased N
Aging
Decreased expression of CCM2 (also known as OSM and
Cerebral Strok malcavernin) causes cerebral cavernous malformations
Proteome/Brain Cem2 I;ere rz; cavernto us 2 N I r° Ie defect (CCMs). These abnormalities are characterized by dilated
Increased cm ma Orm: |on|s protein euro gg.lca etects leaky blood vessels, especially in the neurovasculature, that
omolog elzures result in an increased risk of stroke, focal neurological
defects, and seizures.
Decreased expression of Sphingomyelin phosphodiesterase
. . . Alzheimer's disease 3
Proteome/Brain Smpd3 Sphingomyelin Duch ) causes
TEEeees) e phosphodiesterase 3 (S (TR Amyloidosis, Taupathy, Cognitive impairment, Defective
dystrophy proteostasis
Decreased expression causes a decrease in mitochondrial
Prot —_— Ectonucleoside ) ATP production. )
roteomerBrain Entpd3/NTPDased  triphosphate Alzheimer's disease Play a role in the hypothalamic regulation of homeostatic
Increased diphosphohydrolase 3 systems, including feeding, sleep-wake behavior, and
reproduction
Proteome/Spinal Cord . . Increased Expression of Carbonic anhydrase 3 causes
Dacreased Ca3 Carbonic anhydrase 3 Aging skeletal muscle damage in Neuromuscular disorders
Decreased expression of Gigaxonin causes impaired
Proteome/Spinal Cord Gan/KLHL16 Gigaxonin Giant axonal neuropathy autophagy, Neurofilament aggregation/disorganization,
Increased Axonopathy
Proteome/Spinal Cord Alzheimers disease Decreased expression of Complexin-2 causes Cognitive
Cplx2 Complexin-2 . . dysfunction
Increased Schizophrenia y
Development Decreased expression of Sorting nexin-13 causes growth
ctec e Spinaticold Snx13 Sorting nexin-13 protein/Cardiac retardation and heart failure.
Increased
performance
Decreased expression of Low-density lipoprotein receptor-
Y . related protein 4 causes amyloid aggregation and cognitive
Proteome/Spinal Cord L oW enstny |p|o;t)rzte|n Alzeimer's di impairment.
e p4 [SEALIFEELS Z8NDOUSICISeass It is required for neuromuscular junction formation. Studies
protein 4 have shown the presence of anti-LRP4 antibodies and
defective neuromuscular transmission in ALS.
. . Decreased expression of Sqstm1/p62 causes aggregation of
Proteome/Spinal Cord Alzeimer’s disease various neuropathological proteins via negative regulation of
Increased Sqstm1/p62 Sequestosome-1 Parkinson disease autophagy leading to neurodegeneration and aging.
Aging
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Objective 8: To apply global mass spectrometry-based proteomic approaches to discover
and identify biomarkers from samples collected at symptom onset, clinical end of study,
and humane endpoint within treated SOD1-G37R mice, B5-EDR prodrug NS-1-2 versus

sham controls.

4.23 Edaravone prodrug NS-1-2 ameliorated symptom onset (symptom
onset, defined as age to reach 10% weight loss, with muscle
weakness) in SOD1-G37R mouse model of ALS

Our findings from the untargeted, unbiased, unsupervised quantitative proteomics and
phosphoproteomic biomarker analysis of male mouse samples, which reached a humane
endpoint, opened avenues for further studies considering different clinical stages of ALS
progression with longitudinal monitoring. To further advance our drug development
process, we employed a discovery-based LC-MS detection technique to profile the global
changes in the proteome and phosphoproteome of brain and spinal cord samples from
mutant human SOD1-G37R mice (n=6) in both control and treated groups at different
stages of G37R ALS clinical progression. Firstly, we designed a symptom onset biomarker
study, where the mice were treated presymptomatically with both (vehicle/and NS-1-2)
daily until they reached symptom onset. For this study, we first defined the clinical end of

study humane endpoint as Symptom onset.

Symptom onset or early symptomatic stage was also assessed in treated and control
mice by measuring the age to reach a 10% loss of body weight based on the highest
recorded weight (with muscle weakness), with the end of study endpoint. The end of study
endpoint was defined as follows: If any one mouse from either the Sham/Treatment group

reaches the symptom onset of a 10% loss of body weight with muscle weakness, both
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the control and treatment groups will be euthanized at the same time point to isolate
different tissues for discovery-based proteomics and phosphoproteomics experiments.
Secondly, both males and females were included in this study. However, first, depending

on the availability of animals, we started with age-matched females (n = 3) in each group.

According to the experimental plan as shown in (figure 70), we performed the
experiments for the symptom onset biomarker study for the first time in G37R(42) mice
model. As demonstrated in (figure 71), daily intraperitoneal injection (IP, 1J) with NS-1-2
started pre-symptomatically from the age of 90 days until the end of the study, ameliorated
the weight loss in age-matched females of SOD1G37R ALS mice. We found that NS-1-
2-treated age-matched females (n = 3) demonstrated a prevention of percentage weight
loss (4.9%) at the study endpoint compared to the control group (n = 3). Furthermore, the
vehicle-treated females (n=3) lost more than 10% of their body weight according to the
study endpoint criteria. However, all the NS-1-2-treated females (n=3) lost less than 10%,
demonstrating that NS-1-2 prevented weight loss compared to the vehicle-treated group.
Additionally, all the control females (n=3) reached the study endpoint of symptom onset
at an average of 166.3 days, with a loss of more than 10% of body weight, indicating
clinical symptom onset. Moreover, this also shows less variation in the age at which the
control groups reached symptom onset. This evidence will aid in designing future
experiments. Both males and females were included in the study examining symptom
onset biomarkers with longitudinal weight monitoring. However, first, depending on the

availability of animals, we started with age-matched females (n = 3) in each group.
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Presymptomatic Maximum body weight End of Study End point: 10%

Age: 90 days l l lloss of body weight of either \
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Quantitative Proteomics/
Phosphoproteomics

Figure 70. Diagram outlining the experimental plan for symptom onset biomarker study

with end-of-study clinical humane endpoint in SOD1-G37R ALS mouse model of ALS.

The study design included dosing of vehicle and treatment presymptomatically at 90 days
of age in SOD1-G37R ALS female mice until the mice reached symptom onset, end of
study humane endpoint received a single intraperitoneal (IP) injection of BSZ at a dose
of 10 mg/kg bodyweight. The mice were longitudinally observed and monitored for until
the mice reached symptom onset. At the experimental end of the study endpoint, animals
were euthanized, and lumbar spinal cord tissues were collected for discovery-based

quantitative proteomics and phosphoproteomics.
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Figure 71. Edaravone prodrug NS-1-2 rescued ALS-induced weight loss at clinical

symptom onset.

Symptom onset or early symptomatic stage was also assessed in treated and control
mice by measuring the age to reach a 10% loss of body weight based on the highest
recorded weight (with muscle weakness), with the end of study endpoint. The end of study
endpoint was defined as follows: If any one mouse from either the Sham/Treatment group
reaches the symptom onset of a 10% loss of body weight with muscle weakness, both
the control and treatment groups will be euthanized at the same time point. a) Two-tailed
(unpaired t-test) of the mean percentage loss of body weight at the end of study humane
endpoint showing that BSZ prevented the weight loss from 12.1% for G37R age-matched

females (control/n=3 mice), to 7.2% (NS-1-2/n=3 mice); b) Pairwise comparisons of age-
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matched females from control and BSZ group. Vehicle-treated control (C) mice R71LL,
R865RR and R864R lost 12.5%, 12.9% and 10.8% weight, respectively, which is more
than 10% loss of body weight and more than end the study humane endpoint criteria. In
comparison to NS-1-2-treated (T) mice R76RR, R63LL, and R870L lost 8.8%, 3.4% and
9.3% respectively which is less than 10% loss of body weight and more than end of study
humane endpoint criteria. Data are presented as mean + SEM (n=6), for the whole set of
females. n= number of animals of the designated genotype. Data were analyzed using a
two-tailed (unpaired t-test), with a significance set at p<0.05. Here, p=0.0700, ns=non

significant versus control G37R.

4.24 Longitudinal symptom onset biomarker study: Proteomic analyses
reveal differentially regulated proteins in lumbar spinal cord samples
from the SOD1-G37R mouse model of ALS, correlating with the
efficacy of Edaravone prodrug NS-1-2

Our findings from the symptom onset biomarker study with longitudinal monitoring, which
defined the study endpoint as a 10% loss of body weight, demonstrated that NS-1-2
prevented weight loss compared to the vehicle-treated mice. These results supported our
hypothesis that NS-1-2 improves weight loss, a marker of neurodegeneration, and
correlates positively with clinical survival. However, to correlate these results of NS-1-2
preventing weight loss, we conducted global proteomic profiling of the lumbar spinal cord

isolated from G37R female mice at the study endpoint.

Atotal of 8263 protein groups were quantified at 1% false discovery rate (FDR) and further
filtered to retain high-quality data. Only protein groups that (i) had been quantified with at
least 2 peptides in all 3 replicates of either sham or treated samples were retained and
(i) had maximum relative standard deviation of 30% in both groups, were considered.
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The resulting list of 4975 proteins with high confidence quantitative data was further
analyzed using Perseus, including log2-transformation of intensities, imputation of
missing values, determination of ratios and p-values, as well as multiple testing correction
to report significantly differential proteins at an FDR of 5%. In addition, 2 proteins (Ncf4,
Raver1) that did not pass the significance threshold but were quantified with 2 peptides
in all three sham samples but not detected in all treated samples, were considered as

differentially regulated.

Table 13. List of 7 proteins with significantly differential abundance (adj p<0.05; n=3) in
the lumbar spinal cord of human mutantSOD1 G37R male mice treated with BSZ, and

sham (vehicle), discovery-based, unbiased global quantitative proteomics.

UniProt "
. log2 "fold- .
R L Protein Description change” . adj. p-value
Number Symbol P g (BSz/sham) | 2% P
. (BSZ-Sham)
Protein ID
Q9WUE4 Npri2 GATOR complex protein NPRL2 068 1.60 324
Q9R257 Hebp1 Heme-binding protein 1 -0.86 0.55 3.00
Q8R4C2 Rufy2 RUN and FYVE domain-containing protein 2 -0.98 0.51 283
Q8BQQA1 Zdhhc14 Palmitoyltransferase ZDHHC14 -1.05 0.48 366
P36423 Thxas1 Thromboxane-A synthase -1.06 0.48 237
P17918 Pcna Proliferating cell nuclear antigen -1.21 043 220
Q971B5 Mad2i1 Mitotic spindle assembly checkpoint protein MAD2A -1.56 0.34 207

We discovered decreased differential expressions of three proteins (Hebp1, Tbxas1 and
Pcna) and an increased differential expression of one protein (Npri2/ GATOR1 complex
subunit) in the treatment (BSZ) group compared to the control group. These four proteins
are not specific to ALS; however, their increased expression is implicated in the
pathophysiology of neurodegenerative disease and in maintaining neuronal health, Table

14.
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Table 14. Selected known and novel proteins with significantly differential abundance (adj

p<0.05; n=3) in the lumbar spinal cord of human mutantSOD1 G37R male mice treated

with BSZ, and sham (vehicle) based on quantitative proteomics.

Pathological Known
UniProt Accession Abbreviated Protein ratio (BSZ/Sham) Association to Pathological

Description ALS Association with

Number (Protein ID) (Gene Symbol)
Known/Novel Disease

GATOR 1 complex .
QIWUE4 Npri2 protein NPRL2 1.6 Novel Seizures
QOR257 Hebp1 Heme-binding 06 Novel Alzheimer's
protein 1 disease
P36423 Thxas1 Thromboxane-A 05 Novel Alzheimer's
synthase disease/Stroke
P17918 Pcna Proliferatinq cell 0.4 Wl Alzheimer's
nuclear antigen disease
Lumbar Spinal cord
| ., —— 30 R
r ]
\V/ L :f F2 ®V‘ f\'é)
-
Phosphopeptide
Humanized Tissue Isolate Proteins by Enrichment
SOD1 G37R Homogenization  (SP3) Proteolytic -
female mice Digestion

\

Data dependant
acquisition (DDA)
Exploris 480

FragPipe computational platform Nano LC-MS/MS

for analyzing MS Proteomics/
Phosphoproteomics data
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Figure 72. Overview of the sample processing workflow for LC/MS-based global
proteomics and phosphoproteomics from the lumbar spinal cord samples of G37R female

mice.
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Figure 73. Differential analysis of symptom onset global proteome changes in

hmutSOD1-G37R ALS mice.

Volcano plots showing the differential regulation of proteins expressed in the lumbar
spinal cord of hmutSOD1 G37R male mice. Based on log2-transformed intensities, 7 out
of 4975 proteins were significantly differential (adj. p<0.05; n=3). Selected proteins that

are either up (red) or down (blue) regulated compared to controls are highlighted.

Note: NS-1-2 (NS), which refers to BSZ in figure 73. NS-1-2 was initially developed

in the lab and later trademarked as Borsantrazole (BSZ).

214



5 Discussions
Alarge number of investigations, both in SOD1 ALS mouse models and in sALS and fALS

ALS patients, have demonstrated the potential role of oxidative stress in the
pathophysiology of ALS[377-379]. A recent study identified distinct molecular subtypes of
ALS from postmortem cortex samples of ALS patients. Out of 148 ALS postmortem cortex
samples collected from the NYGC ALS Consortium, most patients exhibited features of
SALS. The largest subgroup (61%) showed evidence of oxidative and proteotoxic
stress[380]. Furthermore, recent studies in 2025 from The NYGC ALS Consortium, which
included transcriptomes for 664 ALS and control spinal cord samples from 406 donors:
331 ALS and 75 non-ALS, showed that despite this heterogeneity, the transcriptional
patterns in ALS spinal cords were mainly driven by OS pathways. This emphasizes that

OS is a key contributor to disease pathology in ALS[381].

Therefore, alleviating or attenuating oxidative stress is an attractive therapeutic target and
offers an opportunity for protecting motor neurons both in the brain and spinal cord from
cellular redox damage[378]. Consequently, it is reasonable to develop small-molecule
antioxidants that represent a viable strategy for slowing down the death of motor neurons
during ALS progression and as a means to discover novel ALS therapeutics[377, 382]. To
date, several antioxidant compounds have been tested in human ALS clinical trials, but
none of the compounds have succeeded in meeting the primary endpoint of extending
survival[383]. Based on results from a pivotal phase 3 clinical trial in Japan, EDR is the
only small molecule antioxidant that demonstrated improvement in the physical functional
decline of ALS patients, as measured by the ALSFRS-R score and improved quality of

life as measured by the ALS 40-item assessment questionnaire[384]. However, EDR has
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failed to show a significant extension in the life span of ALS mice [305] and ALS
patients[385], although, EDR was successful in translating slower disease progression
between SOD1 ALS mice models to ALS patients. Regardless of its ineffectiveness in
extending survival in both preclinical animal models and ALS patients, EDR offers hope
to slow down the progression of ALS. Being a potent free radical scavenger, there are
several limitations of EDR, which we believe can be overcome by applying our novel

multifunctional boron-based prodrug approach.

In the present study, we tailored the EDR molecule through a novel synthetic methodology
to introduce a boron scaffold as a means to develop a trifunctional boron-containing
pyrazole ALS therapeutic. We first synthesized the boron prodrug of EDR by introducing
a boron functional group in the 5™ position of a pyrazole ring to produce the pre-clinical
drug candidate BSZ. Although EDR is considered a potent antioxidant, we recognized
several limitations of this approved drug, starting from its synthesis to its development as
a therapeutic agent for ALS patients. Firstly, the use of genotoxic, hemotoxic, tumorigenic,
air-sensitive, and temperature-sensitive phenyl hydrazine as a starting material for the
synthesis of EDR utilizing the Knorr pyrazole synthesis procedure[162, 386, 387].
Secondly, the presence of oxidizing chemicals in the reaction mixture using the
conventional Knorr pyrazole procedure leads to EDR decomposition during its synthesis
and hence, low yield. Thirdly, EDR is highly unstable in aerobic intravenous aqueous
solutions with pH>7 due to the presence of EDR anion, which undergoes decomposition
in the presence of aerobic conditions and leads to the formation of oxidatively stable
products like 2-oxo-3-(phenylhydrazono)butanoic acid (OPB) and an inactive stable

yellow-colored precipitate of EDR trimer and toxic phenylhydrazine[147, 158]. Fourthly,
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the use of sodium bisulfite (NaHSO3) as a stabilizer to prevent the oxidation of EDR[157],
causes severe allergic reactions, and the use is cautioned by the FDA[158]. Lastly, poor
patient compliance, due to daily, long-term intravenous infusions of 60mg EDR over 60
minutes once daily for an initial 14-days, followed by a 14-day drug—free period, for
several treatment cycles, with no defined limit of treatment cycles of EDR by the FDA for
achieving therapeutic benefit to slow down the progression of neurodegeneration[385].
Oral formulations of EDR do exist; however, the efficacy of oral EDR formulations has not
been independently evaluated. In the present work, we have recognized the potential of
EDR in reducing the etiology of global oxidative stress in ALS and overcome some of the
limitations of EDR by tailoring/modifying the privileged pyrazole core nucleus of EDR
using boron as a key strategy. Herein, we utilized a unique prodrug approach to introduce
a boron scaffold (boronates) in the C-5 position of a pyrazole ring to synthesize an
oxidatively activated boron prodrug of EDR. Derivatization of the C-5 (keto-enol) group of
EDR by a versatile, nature-abundant, non-toxic, free radical-loving, biocompatible, boron
functional group[388] that is believed to be activated under pathological cellular oxidative
stress ROS (e.g. H202)[389-391] conditions to release EDR in vivo, gave access to a

viable ALS therapeutic.

In our laboratory, for the first time, we have developed an alternate, greener, and
environmentally sustainable route for the synthesis of EDR. Until now, all reported
procedures for the synthesis of EDR utilize a Knorr pyrazole synthesis, using PHZ, a
hazardous chemical, as a starting material. Our current synthetic procedure has many
advantages over the conventional route. Firstly, the use of greener reagents, which are

biocompatible, such as boronic acid (isopropoxyboronic acid pinacol ester), lactic acid,
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and H202. The second is energy use minimization, as the reaction was carried out for 10
min at 50°C in a microwave synthesizer, in comparison to the prolonged heating at reflux,
found in the classical process for 2-4h, which causes degradation of EDR. Overall, using
the above procedure, the typical yield for the synthesis of EDR, following recrystallization,

is 85+%.

Overall, our current novel approach and strategy allows NS-1-2 to exert a triple mode of
therapeutic action with the added advantage of targeted drug delivery, (figure 74). Firstly,
NS-1-2 is chemoselectively oxidized by high or pathological concentrations of H202, and
proportionately, reducing H202-mediated neurotoxicity, and associated
neurodegeneration. Secondly, H202-mediated boronate oxidation results in the
generation of potent FDA-approved antioxidant EDR, which confers its antioxidant
activities and therapeutic nature to the neurons undergoing oxidative stress. Thirdly, the
by-product of this biotransformation is boric acid, which, according to emerging reports,
acts as an antioxidant to reduce cellular oxidative damage[392]. Recent reports have
shown that boric acid is known to activate Nrf2, an antioxidant response element[393].
Further, boric acid reduces oxidative stress by increasing the levels of thiol-containing
antioxidant glutathione[394]. In addition to the triple-role antioxidant effects, NS-1-2 will
also act as a targeted therapy for quenching excessive H202, as its biotransformation
would preferentially take place within regions of high oxidative stress, a known cause of
neurodegeneration. This gives the additional advantage of targeting regions of both upper
and lower motor neurodegeneration where oxidative stress is implicated as a primary
culprit. Additionally, other free radicals are implicated in the pathology of ALS, and we

propose that these free radicals (such as hydroxyl radicals (HO¢), lipid peroxides, or
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superoxide) also produce EDR through a redox reaction between the reactive oxygen
species (ROS) and boron. Appropriately, we propose that H202 should serve as the main
in vivo ROS that transforms NS-1-2 into EDR (prodrug action) as H202 has a long half-
life and is more stable than other ROS oxidants, whilst also being the product of
superoxide dismutase (SOD1) and mutant SOD1, whose toxic gain-of-function is a
predominant cause of fALS. Additionally, we would like to emphasize that BSZ should be
especially effective at targeting regions of high H202 production and/or high SOD1 activity,
such as in patients with mutant SOD1 fALS/sALS. The targeted nature of NS-1-2 provides
some notable advantages over EDR, such as tissue specificity (brain/spinal cord, where
H202 is known to be highly active) and stimulus sensitivity (target regions of high oxidative
stress), which should enhance the efficacy of the drug, with a decrease in side effects.
H202 tends to accumulate in cells in high concentrations that are experiencing oxidative
stress, resulting in a redox imbalance, and hence, causing impaired redox signaling
cascades vital for maintaining healthy cells, and often resulting in neurodegeneration. For
these reasons, the pathological concentration of H202 is a valid and attractive target for
neurodegenerative diseases like ALS (and other redox-sensitive diseases). NS-1-2, being
a H202 reactive prodrug, will be activated specifically in regions undergoing
overproduction of cellular H202, as demonstrated during the pathophysiology of ALS[326,

395], and should provide added therapeutic benefits compared to non-targeting EDR.
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Figure 74. Schematic illustration of the targeted delivery of a triple-role boron-based

pyrazole BSZ as an ALS therapeutic.

NS-1-2, (a boron-based prodrug of EDR) initially serves as an antioxidant by
chemoselective in vivo reaction with reactive oxygen species, such as H202, which results
in the generation of EDR (secondary role). Advantageously, the oxidative reaction also
results in the production of byproduct boric acid, a known neuroprotectant, as a tertiary

role.

In the current study, we have synthesized a ROS-responsive prodrug [252] of EDR by
taking advantage of boron as the key mediator for targeting neurodegeneration. Our initial

conjecture was that NS-1-2 would chemoselectively target the pathological concentration
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of neurotoxic free radical H202 [391] known to cause oxidative stress and misfolding of

SOD1 during the progression of ALS[133, 141, 324]. Figure 36
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1-12, NS-1-13, and NS-1-19) in NSC-34
cells (figure 36) and PCNC cells (figure ﬁ .
37).In the present study, we first asked the b

question of whether the newly synthesized novel prodrugs of EDR, analogues of EDR,
and EDR are safe in motor neuron-like systems in vitro and induce no neurotoxicity. To
test the effects on the cell viability of EDR prodrug (NS-1-2 and NS-1-21), EDR analogues
(NS-1-12, NS-1-13, and NS-1-19), and EDR, using the WST-8 metabolism endpoint, we
used neuroblastoma spinal cord hybrid cell line (NSC-34), which is a model for spinal
cord motor neuron study and is accepted for studying cellular-level ALS pathology[396].
We found that EDR and its prodrug (NS-1-2 and NS-1-21) and analogues (NS-1-2, NS-
1-13, and NS-1-19) demonstrated excellent cell viability at around 90-100% in the NSC-
34 cells with no neurotoxicity. Furthermore, to make this analysis more reliable and to
support the observed safety profile of newly synthesized small molecules EDR prodrugs
and EDR analogues in NSC-34 cells, we used primary cortical neurons (PCNC) prepared
from embryonic day 17-18 (E17-E18) mouse brain; equivalent to the third trimester of a
human pregnancy and exhibited various unique features that cannot be adequately
mimicked by cell lines. We found that lower concentrations (10uM and 1uM) of EDR

prodrugs and EDR analogues have shown good cell viability of around (90-100%) on
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PCNC, and is similar to that of EDR; however, higher concentrations of 25uM of EDR and

its prodrug (NS-1-2, NS-121) and its analogues (NS-1-2, NS-1-13, and NS-1-19) showed

around (70 £ 10%) cell viability on PCNC. Figure 37
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neuroprotective role of EDR, EDR prodrug (NS-1-2 and NS-1-21), and EDR analogues
(NS-1-12, NS-1-13, and NS-1-19) in NSC-34 cells against neurotoxic H202 challenge
(figure 39). The major ROS involved in the pathophysiology of ALS is H202[141]. The
pathological concentration of H202 is known to cause damage to neurons and further
creates an oxidizing cellular environment by initiating Fenton’s reaction and Heber-Weiss
reaction, leading to the generation of the highly reactive oxidant, hydroxyl radical (HO),
regarded as the most reactive free radical, subsequently causing neuronal damage and
death[325]. Therefore, H202 has been used by a large number of groups to induce
neuronal injury and explore the neuroprotective potential of new small organic molecules
therapeutics[397-402]. In the present study, we also used H202 neurotoxin to generate
an in vitro model of oxidative stress. The positive results from the in vitro safety profile
studies allowed us to ask further questions, such as, whether the newly synthesized drug,
like EDR prodrugs and EDR analogues could confer neuroprotective activity against

neurotoxic free radical H202 in spinal cord motor neuron-like cell lines (NSC-34). The
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prophylactic treatment of EDR prodrug (NS-1-2 and NS-1-21), EDR analogues (NS-1-12,
NS-1-13, and NS-1-19), and EDR significantly attenuated H202-induced neurotoxic
insults, maintaining neuronal viability. The EDR prodrug (NS-1-2 and NS-1-21) and EDR
analogues (NS-1-12, NS-1-13, and NS-1-19), demonstrated higher neuronal viability at
lower doses of (1uM and 25uM), showing that the novel EDR prodrugs and EDR
analogues are more potent than EDR; on the other hand, EDR prodrug (NS-1-2 and NS-

1-21), EDR analogues (NS-1-12, NS-1-13, and NS-1-19), provided equal neuroprotection

at higher concentrations of (50uM and 100 uM). Figure 39
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Furthermore, advancing our

early-phase drug discovery with the goal of moving toward preclinical studies in
humanized ALS mouse models and then in humans. All the novel EDR prodrugs (NS-1-
2 and NS-1-21) and EDR analogues (NS-1-12, NS-1-19, and NS-1-13) demonstrated

excellent safety and efficacy in preliminary in vitro experiments using neuronal-like cell
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lines. However, we selected NS-1-2, a closely related structural analogue and prodrug of
EDR, to progress in the preclinical humanized SOD1 ALS models. This decision was
based on several reasons. First, the synthesis of NS-1-2 was easier and more optimized
compared to other prodrugs and analogues, with no complicated purification steps.
Second, the yield of NS-1-2 was high, around 95%+, providing a basis for scalable
synthesis in grams for preclinical studies. Third, since NS-1-2 is the closest structural
analogue with a highly lipophilic boronate group at the 5th position of pyrazole, we
believed it would exhibit better pharmacokinetic properties than EDR and thus be a more
suitable candidate for animal studies. Therefore, we moved forward with the EDR prodrug
NS-1-2 for additional biochemical and in vitro studies to increase our confidence before

initiating in vivo preclinical trials.

We first evaluated the effect of NS-1-2 on mitochondrial potential (AWYM) of NSC-34 cells
using the JC-10 mitochondrial potential probe. Mitochondrial dysfunction is one of the
earliest pathological events in the clinical progression of both forms of ALS. Mutant SOD1
proteins tend to aggregate and accumulate in healthy mitochondria, leading to toxicity
and mitochondrial damage. This is primarily due to an increase in calcium ions, defects
in the electron transport chain, enhanced apoptotic signaling, and a pathological rise in
free radicals, such as H202[403]. Several reports have shown that pathological oxidative
stress causes depolarization and initiates cascades of pathological defects, causing
neurodegeneration [404, 405]. Therefore, we investigated the effects of EDR and its
prodrug, NS-1-2, on the mitochondrial membrane potential (AWM) of NSC-34 cells using
the JC-10 Assay and staurosporin as a positive control for apoptosis. Our findings (figure

43) indicated that both EDR and EDR prodrug NS-1-2, do not induce depolarization of
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the mitochondrial membrane of NSC-34 cells and therefore have a safe profile towards

mitochondria. However, the lower dose of 1 yM of NS-1-2 is found to induce mitochondrial

polarization compared to the control. Figure 43
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expected that NS-12 wil oy
confer better protection of the mitochondria from oxidative damage caused by free
radicals and restore their function, including normalizing mitochondrial potential. The
(AWM) is crucial for the mitochondrial energy (ATP). Compounds that stabilize (AWM) can
restore cellular energy levels and overall mitochondrial function. Reduced neuronal
(AWM), also known as mitochondrial depolarization, leads to increased oxidative stress,
resulting in pathological concentrations of free radicals, such as H202, which cause
defects in the electron transport chain (ETC). This is implicated in the pathophysiology of
both forms of ALS, i.e., fALS and sALS[406]. Furthermore, we used staurosporine, a well-
studied, cell-permeable, and validated inducer of neuronal apoptosis (programmed cell
death). It works by inhibiting protein kinase. Additionally, staurosporine is known to
increase oxidative stress and deplete glutathione, a mechanism that induces apoptosis
in both neuronal and non-neuronal cells[407]. Our experiments using staurosporine as a
positive control for mitochondrial depolarization demonstrated that both EDR and NS-1-
2 are non-toxic to NSC-34 cells through mechanisms that do not involve apoptosis or

oxidative stress. However, further studies using our compounds to determine if they can
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protect neuronal cells from staurosporine-induced apoptosis are necessary, and this will
be our focus in the future plan. Thus, this initial evidence of maintaining the mitochondrial
potential in NSC-34 neuronal-like cells by NS-1-2 encouraged us to move towards in vivo

experiments in ALS animal models as a means to slow down the progression of ALS.

Secondly, we investigated the ability of EDR prodrug NS-1-2 to scavenge H202 using the

Amplex Red assay (figure 45). Figure 45

The addition of EDR and NS- - b
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(500-120uM) resulted in a

significant reduction in the

concentration of neurotoxic
H202, supporting our belief SIS

that NS-1-2 readily reacts following biorthogonal chemistry with H202 to render efficient
removal of H20:2 in the biochemical assays. Thus, this initial evidence of the efficient H202
scavenging ability of NS-1-2 gave us an encouragement to move towards in vivo
experiments in ALS animal models as a means to slow down the progression of ALS via
removing pathological H202, while simultaneously holding a promising approach to

increase the selectivity/targeting and efficacy of an existing ALS therapeutic (EDR).

Further, for the first time, we have investigated the ability of EDR and EDR prodrug NS-
1-2 to inhibit the amyloid aggregation of SOD1 monomer protein in the presence of
preformed fibril. Both forms of SOD1, i.e., mutant SOD1 (mSOD1) and wildtype SOD1
(wSOD1), acquire a toxic gain of function, leading to a change in its structure and hence

misfolding to neurotoxic aggregates. Several reports have suggested that wSOD1
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proteins become neurotoxic under aberrant post-translational modifications, mimicking
fALS-linked SOD1 mutants[25]. Several studies have shown the presence of Human wild-
type SOD1 (HuwtSOD1) protein in both forms of ALS[138, 408, 409], i.e., sALS and fALS.
This toxic gain-of-function of both forms of SOD1 is due to oxidative stress. Modification
of the Cys111 residue with increased free radicals, such as H202, leads to a
conformational change and enhances the propensity for misfolding and aggregation
under oxidative conditions. Misfolded forms of human wildtype SOD1 (HuwtSOD1)
proteins in the absence of SOD1 mutations suggest that non-native conformers of SOD1
may play a key pathological role in all forms of ALS[324]. Further supporting the fact that,
regardless of the SOD1 genetic mutations, misfolding of wSOD1 and its biophysical
change with aberrant conformation under an oxidative environment is a common
pathological mechanism in both forms of ALS. Multiple studies indicate that apo-SOD1,
the monomeric form lacking metal cofactors (Cu and Zn), is more susceptible to oxidation
under oxidative stress, leading to misfolded SOD1 aggregates. In contrast, the native,
matured, or dimeric holo-SOD1, which contains these cofactors, is more stable. The
absence of metal cofactors and disulfide bonds makes monomeric forms less stable in
oxidative environments. These aggregates form toxic beta fibrils and are considered a
hallmark of ALS pathology. Consequently, reduced apo-SOD1 is the least stable and most
prone to misfolding[410-413]. Research by Furukawa and colleagues[414] shows that
apoSOD1, a reduced form lacking a disulfide bond between Cys57 and Cys146 but
containing thiol (-SH) groups, is especially prone to forming amyloid-like fibrillar
aggregates. This evidence was further supported by studies [415, 416] that demonstrate

the detection of only monomeric or misfolded SOD1 by specific antibodies that do not
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bind to the natively folded protein in spinal cord motor neurons of ALS patients with SOD1
mutations. In addition, various studies have investigated how SOD1 fibrils function as
seeds to trigger the aggregation of endogenously expressed SOD1, leading to the

propagation of pathology and further aggregation of SOD1 in ALS[417].

Considering that human wtSOD1 and the monomeric reduced form of SOD1 are
implicated in the pathophysiology of ALS, and SOD1 fibrils induce the aggregation of
SOD1, we conducted an experiment to assess whether EDR and NS-1-2 can inhibit the
fibrillization of human monomeric SOD1 in the presence of preformed fibrils. As
demonstrated in (figure 48), EDR prodrug NS-1-2 significantly inhibits the fibrillization of

monomeric SOD1, as shown by the decrease in the ThT fluorescence.

Figure 48
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In contrast to EDR and NS-1-2, MMP significantly enhanced the fibrillization of SOD1, as

evidenced by an increase in ThT fluorescence.

These observations reveal the structure-activity
relationship (SAR) between EDR, NS-1-2, and MMP,
highlighting the significance of the functional group at the
C-5 position in EDR, which contains a keto-enol group,
and in NS-1-2, which has a boronate (Figure 49), in

reducing SOD1 fibrillization. In contrast, MMP lacks a

Figure 49
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functional group at C-5 and shows increased fibrillization of SOD1. Our study for the first

time highlighted the importance of the C-5 position in the 3-methyl-1-phenyl pyrazole

core. Taken together, for the first time, boronate compounds have been investigated for

their anti-SOD1 fibrillization activity. Furthermore, our findings suggest that NS-1-2 could

be used as a potential compound in the search for anti-SOD1 amyloid drugs to slow down

the progression of amyloid propagation in neurodegeneration. Additionally, exploration of

this mechanism is necessary.

These supplemental in vitro experiments, which demonstrated excellent safety and

efficacy, supported our decision to proceed with further testing of the EDR prodrug NS-

1-2, now trademarked as Borsantrazole (BSZ).
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We evaluated the safety profile of the prodrug of EDR, NS-1-2 (BSZ), in wild-type animals.
We determined the safety of NS-1-2 with a single dose of 10mg/kgbodyweight (acute

toxicity, figure 54a, b) and 120 daily doses (chronic toxicity, 10mg/kgbodyweight/day,

figure 54c, d) with longitudinal monitoring.
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toxicity. Further, we also monitored any

symptoms associated with the treatment. Additionally, we considered to deduce the sex-
specific differences in toxicity in both male and female mice. Both the acute and chronic
safety evaluation with NS-1-2 demonstrated no symptoms of acute treatment-associated
toxicity in both the sexes. Secondly, no treatment-associated decrease in body weight
changes in the whole set of animals, and lastly, no signs of treatment-associated
hematological toxicity (acute toxicity figure 55,56) and (chronic toxicity figure 57, 58)

among the sexes were observed.

It is noteworthy to highlight that the results obtained from both the acute and chronic

toxicity studies demonstrate that the average percentage weight change from baseline
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indicates that the NS-1-2 group, in both acute and chronic toxicity evaluations, did not
demonstrate a reduction in body weight compared to the control group. This observation
suggests that there are no indications of toxicity associated with NS-1-2 at the end of the

study in either group (acute toxicity figure 55,56) and (chronic toxicity figure 57, 58).

Figure 55 Figure 56
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We also propose that during the in vivo metabolic biotransformation of NS-1-2 to EDR,
the major by-products of the biotransformation are boric acid and pinacol. The LDso of
pinacol in mice is 3,380 mg/kg oral dose[353], and the LDso of boric acid in rats is 2660
mg/kg[353]. In addition, the daily acceptable intake of boron recommended by the WHO
for adults is 1-13 mg/d. This clinical data suggests that side effects due to the boronate

scaffold in NS-1-2 should be minimal or non-existent[418]. The excellent preliminary
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safety profile of NS-1-2 gives us confidence to move further ahead with our efficacy study

in ALS mouse models.

Moreover, in the present preclinical study, we evaluated the disease-modifying effects of
an EDR prodrug NS-1-2 in the humanized SOD1-G37R mice model of ALS. Considering
the neuroprotective role of NS-1-2 in in vitro assays and its satisfactory safety profile in
both in vitro and in vivo models, gave an impetus to test the efficacy of BSZ in the SOD1-
G37R ALS mice model. As part of this early phase drug discovery process, we utilized a
pragmatic randomization of animals with a longitudinal monitoring approach, which we
hope to translate into human trials. We analyzed the disease-modifying effects of a newly
synthesized prodrug of EDR called NS-1-2 in high copy number, early onset, and fast
progressor hmutantSOD1-G37R familial mice model of ALS. The ALS clinical
features/clinical phenotypes/progression of disease in these humanized mice models of
ALS mimics clinical deterioration seen in human ALS. Long-term treatment with
longitudinal monitoring of NS-1-2 significantly delays the disease onset and symptom
onset in both sexes (male/female) of ALS mice. However, the delay in disease onset and
symptom onset is diminished in females compared to males (disease onset figure 61),

and (symptom onset figure 62).
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Figure 61

Figure 62
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Further, long-term treatment of a novel molecule (NS-1-2) significantly rescued ALS-

induced weight loss (cachexia) in both sexes (male/female) (figure 64).

However, the observed weight loss (male,

p=0.0004 VS female, p=0.0071)
demonstrates a larger clinical effect size in
males compared to females. In addition,
long-term treatment of NS-1-2
demonstrated an extension in survival in
both sexes. NS-1-2 treatment significantly
prolongs the life span of male ALS mice and

the whole set of animals overall (figure 63).
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The efficacy observed in terms of disease onset, symptom onset, life span, and weight

loss demonstrated the sex-specific differences of a newly synthesized prodrug of EDR,

NS-1-2, with males benefiting to a greater degree.
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We have also recognized limitations Figure 63
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is an early-onset and fast-progressing model, and considering the early onset nature of
the disease in these genetic (fALS) animal models, starting treatment at symptom onset
is not a pragmatic approach to see the efficacy of the drug in modifying disease pathology.
Secondly, the investigators used only female mice and did not account for the effect of
EDR in demonstrating sex-specific differences. Mounting evidence from previously
published studies shows sex differences in response to drug treatment; therefore, it is
important to include sex-specific analysis in preclinical trials as a means to better translate
animal models to human clinical trials[419]. In the present study, we have overcome these
limitations to improve the preclinical translational capability of EDR by choosing
presymptomatic treatment and included both sexes (male and female) in our treatment
and control groups. Moreover, in previous studies, EDR did not demonstrate statistically
significant differences in the mean extension of survival in female mice compared to the
control female mice. The increase was only 1.5 days and 2.2 days in 5-mg/kg and 15-
mg/kg EDR groups, respectively. Compared to these unsatisfactory survival results, NS-
1-2 or Borsantrazole (BSZ) in the present efficacy study has demonstrated an increase

in survival in both males (16.5 days) and females (13.7 days) with a significant extension
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of survival in males compared to females, and a significant extension in survival when
analysing the whole set of animals (i.e. males and females). It is noteworthy to mention
that we used 10mg/kgbodyweight of NS-1-2 compared to a higher dose of 15mg/kgbody
weight of EDR used in the previous /lto et al. studies. The potent efficacy of lower dose
NS-1-2 compared to EDR is supported by the in vitro low-dose neuroprotective role of
NS-1-2 in NSC-34 cells. One possible reason for increasing the life span of both sexes in
our study is the reduction of weight loss reported during the progression of ALS. Ito and
the group did not account for the effect of EDR treatment on weight loss due to ALS
progression. Potentially, the effect of EDR treatment on weight improvement was found
to be negligible, which is well evident with the negligible effect on the survival of female
mice. However, we have recognized weight loss as a clinical prognostic marker for ALS
progression[359] and included it in our analysis to see the effect of NS-1-2 in ameliorating
disease phenotype by preventing weight loss (ALS-induced cachexia). The prolonged life
span of both sexes following NS-1-2 treatment may be due to the reduction of weight loss
observed, resulting in a delay in disease progression in these familial mice models of
ALS. Further, NS-1-2 has shown a profound effect in ameliorating the disease phenotypes
in terms of delaying the disease onset and symptom onset while accounting for the sex-

specific differences.

Further, the only FDA and EMA-approved ALS drug known to prolong survival in ALS
patients is Riluzole, by only 2-3 months. However, despite the modest positive clinical trial
results in ALS patients, Riluzole has never been shown to extend the life span to a
statistically significant degree in familial mouse models of ALS[298]. Riluzole only

marginally improves median survival by 3.3% (p=0.0525), when used in the SOD1-G37R
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mice model, however, the major limitations of the study were firstly, the study did not
mention the line of G37R mice they used. Secondly, the study did not account for the
treatment response with sex differences, although they did mention the distribution and
randomization of the groups with equal genders[420]. In comparison to the efficacy of
Riluzole, the newly synthesized NS-1-2 demonstrated significant disease-modifying
effects in the highly aggressive line-42 SOD1-G37R mice model while also demonstrating
sex differences in response to treatment. NS-1-2 significantly prolonged the probability of
survival in the whole set of animals with p=0.0174. Further, treatment using NS-1-2
increased the probability of survival in both males and females, although only significantly
improved the probability of survival in males (p=0.0232) compared to females (p=0.2322).
Using clinically relevant and comprehensive treatment paradigms in the preclinical model,
the prodrug of EDR, NS-1-2, was found to be effective in modifying the disease
phenotypes in line 42 SOD1-G37R mice model, an early onset and highly aggressive

SOD1 familial ALS preclinical model.

Recently, in 2023, pridopidine, an oral small molecule designed to selectively bind to and
activate the sigma-1 receptor (S1R), a protein that is vital for the function and survival of
nerve cells, failed to meet its primary endpoints of survival in the phase 2 HEALEY human
platform clinical trial. We believe this failure of improving survival was observed previously
in animal models, as pridopidine treatment failed to prolong survival in the familial SOD1-
G93A mice model of ALS; however, pridopidine did prevent ALS-induced weight
loss/cachexia[421]. These reports from human clinical studies do not support the data
published in previous pre-clinical animal studies, according to which ALS-induced weight

loss is recognized as an independent predictor of a shorter life span in ALS[422]. Further,
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according to the ENMC report, weight is regarded as a preferable secondary endpoint to
be considered in preclinical studies[423]. Reassuringly, in the present preclinical study,
NS-1-2 was found to prevent ALS-induced cachexia in the high copy number G37R mice
model, which is a recognized marker of survival, which we hope to translate in future

human clinical trials.

Apart from reducing oxidative stress in familial SOD1 mice, we plan to also explore the
therapeutic avenues that are possible in targeting oxidative stress in TDP-43 mouse
models. Emerging new studies have shown that oxidative stress is also involved in the
abnormal misfolding of RNA processing protein (TDP-43), a major pathological hallmark
in all forms of ALS. TDP-43 gains cytotoxicity due to aggregation in the cytoplasm and
accounts for 90 to 95% of sALS cases[424, 425], and the majority of fALS cases[426].
The initial trigger for the abnormal aggregation of TDP-43 is due to pathological oxidative
stress[427, 428] caused by a global imbalance in the bioenergetics of mitochondria[429-
431], which increases the propensity of TDP-43 aggregations and hence the gain of
neurotoxic function, leading to the death of motor neurons[427]. Consequently, oxidative
boron targeting could be a novel avenue to slow down the progression in patients
suffering from TDP-43 pathology. In the future, we will be planning to utilize the triple role

benefit of NS-1-2 by targeting oxidative stress in the TDP-43 animal models of ALS.

Furthermore, to correlate the efficacy of NS-1-2 in the SOD1 G37R mice model of ALS,
we performed untargeted, unbiased discovery-based global proteomics and
phosphoproteomics of lumbar spinal cord samples from end-stage male mice. ALS is a
complex, heterogeneous, and incurable motor neurodegenerative disorder. It has been

nearly 150 years since French neurologist Dr. Jean-Martin Charcot first described ALS,
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and over 30 years since Gurney's 1994 discovery of the SOD1 preclinical mouse model
that mimics the clinical pathology and motor symptoms seen in humans. Despite this
progress, only a few drugs offer modest survival benefits. One major obstacle in ALS
clinical trials is the disease's heterogeneity and the involvement of multiple etiological
factors in its progression. Recent breakthroughs in quantitative, unbiased, global
proteomics could help address these challenges by revealing comprehensive changes at
each disease stage in mouse models, surpassing the limitations of traditional Western
blotting. Additionally, tracking proteomic changes over time in SOD1 mice could provide
valuable translational insights, supporting the development and validation of biomarkers

from preclinical SOD1 mouse models to human ALS cases.

Based on recent advancements in the field of discovery-based proteomics and
phosphoproteomics, we believe that a proteomics tool could overcome the challenge of
biomarker discovery, which could aid in diagnosing and monitoring longitudinal disease
progression in ALS clinical trials. Furthermore, proteomic studies have been identified as
a reliable tool for detecting and developing novel biomarkers[366] that could help
correlate the severity of ALS symptoms with the rate of disease progression[365, 367-
370] Moreover, a global proteomics biomarker approach promotes a better understanding
of meaningful drug target mechanisms and achieves positive clinical outcomes[371-373,

375].

Recently, the scientific community has been debating whether proteomics represents a
paradigm shift in the fields of cellular biology and biomedicine. The debate primarily
centers on two key questions. Firstly, can proteomics outperform traditional Western

blotting (WB) methods? Secondly, is there a need to cross-validate the results of
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proteomics with WB? Explanations have been provided by various experts in the field,
based on several convincing rationales[363, 432, 433] Firstly, the use of antibodies,
through which scientists determine a specific signal of the protein in a biased and targeted
manner, allows for unexpected changes in the cellular components to go unnoticed, and
researchers run after the same signal again and again rather than identifying alterations
in the signal from the whole cellular system. Hence, the WB is a semiquantitative method
with a problem of poor specificity. Whereas proteomics is a purely quantitative method of
analysis (typically several independent peptide fragments of the same protein are
targeted to quantify a protein) of whole cellular changes, through which the researchers
make sure that the investigated change is the major one out of all changes[364, 434].
Secondly, with WB, there is a lack of specificity concerning antibodies; several antibodies
are absent or may never have existed due to the large number of proteins that have not
been studied until now. However, all these proteins with broader coverage can be
detected by quantitative mass spectrometry (MS)[363]. Thirdly, in the case of WB, the
antibody cannot detect the cellular signal at lower sample numbers (below nanogram
levels). In contrast, the latest advancements in MS can detect as low as pico- and
femtogram levels with high specificity[435]. Lastly, researchers use polyclonal antibodies,
which provide broader specificity, leading to a high probability of false-positive signals. In
Contrast, MS analysis offers a large number of peptide identifications with high statistical
confidence. Recently, vendors started selling MS-validated antibodies following published
guidance from the International Working Group for Antibody Validation (IWGAV)[436,
437]. The more significant advantage of exploring distinct cellular events with a single

experiment using a lower sample amount is that it offers the opportunity to quantify global
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proteome changes in cases of rare diseases like ALS, due to the lack of readily detectable

and reliable blood and urine biomarkers[438].
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Human ALS. ACS Pharmacology & Translational Science. 2025 Jul 28.

Therefore, to gain insights into the multi-system changes in the proteomics of the central
nervous system (CNS) of G37R ALS mice, we utilized highly sensitive, reliable, precise,
deep-coverage, and reproducible mass-spectrometry-based proteomics approaches.
Considering the reliability and the numerous advantages of proteomics and
phosphoproteomics, which are well-validated by the global scientific community, we
decided to conduct global untargeted, unbiased, and unsupervised discovery-based
proteomics and phosphoproteomics in collaboration with the Manitoba Centre for
Proteomics and Systems Biology. One of the limitations of this analysis was the use of
lumbar spinal cord samples from male mice that had reached a humane endpoint.
According to our animal protocol approval, we have collected samples of the lumbar

spinal cord from both the male and female cohorts reaching the humane endpoint.

240



However, based on the significant extension of survival from the male cohort compared
to the female cohort, we initially thought of investigating the global changes of proteome
and phosphoproteome in the male cohort. The primary objective of our in vivo animal
efficacy protocol was to evaluate the therapeutic potential of NS-1-2 in delaying disease
onset and extension of survival in an ALS mouse model with longitudinal monitoring for
weight loss starting from age 90 days until endpoint. In 2020, when we started our
preclinical studies, we chose “Survival” as the principal primary endpoint of preclinical
studies for several reasons. Firstly, according to the guidelines on using preclinical SOD1
ALS models for in vivo evaluation of pharmacological interventions by the 142" European
Neuromuscular Centre (ENMC) international meeting held in Holland, "Survival is
considered the principal primary endpoint of preclinical studies’[423]. Secondly, according
to the ENMC report, weight is considered the preferable secondary endpoint because
weight loss is considered an independent strong predictor of decline in survival in ALS
mice and patients[439]. We know that most of the molecular pathways get dysregulated
and compromised due to the fast disease progression in ALS mice. However, based on
our intriguing data that demonstrated the efficacy of NS-1-2, and findings of a significant
extension of survival in male cohorts, we thought of taking a chance to profile the
discovery-based global proteomics and phosphoproteomics of spinal cord samples from
male cohorts reaching the humane endpoint. Surprisingly, we discovered differential
regulation of known and unknown global proteins and phosphoproteins in the end-stage
samples. Further investigations based on published works of the literature identified
several dysregulated crucial pathways relevant to ALS and other overlapping

neurodegenerative diseases. Despite the limitations of our study, we aimed to provide
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valuable insights into the molecular pathways altered in ALS mouse models following
treatment with NS-1-2. Analyzing (n=4) samples helped identify differentially regulated
proteins, with hopes of revealing a biochemical basis for the observed efficacy.
Prospectively, a large sample size with defined cohorts directed toward protein profiling
could have provided a large number of altered proteins across the groups. Nevertheless,
analyzing the lumbar spinal cord tissues from the end stage of the ALS progression
provided evidence that NS-1-2 (BSZ) is an ideal candidate to move forward as disease-

modifying therapeutics in ALS.

Global proteomics and phosphoproteomics analysis have identified several known and
unknown pathways relevant to ALS represented with a discovery-based untargeted
unbuffered proteomics and phosphoproteomics workflow, volcanoplots, and heat maps

showing the differential regulation of proteins in the NS-1-2 group compared to the

vehicle-treated group (Figure 66). Figure 68
1Igu
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ALS, as detailed in Tables 6 and 9,
respectively. The increased expression (3-fold upregulation) of Sqstm1/p62 in the
treatment group correlates with observed efficacy as Sqstm1/p62 is known to bind with
the activator of autophagy marker protein LC3[440] (essential to autophagosome

formation) to facilitate the degradation and removal of ubiquitinated toxic misfolded SOD1
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aggregates by autophagy[441, 442]. The decreased expression of Sqstm1/p62 reduces
mitophagy in ALS mice[443], leading to a disease phenotype. Furthermore, decreased
Sqstm1/p62 expression leads to the accumulation of various neuropathological proteins
via negative regulation of autophagy implicated in the huntingtin aggregates[444],
Alzheimer's disease[445, 446], Parkinson disease[447], spinal and bulbar muscular
atrophy[448] and aging[449]. In addition, Sqstm1/p62 controls various cellular activities
and the decreased expression of Sqstm1/p62 protein leads to mitochondrial
dysfunction[450], cellular oxidative stress[451, 452], and defective protein
homeostasis[453]. Thus, the Sqstm1/p62 protein acts as a signaling protein for regulating
multiple cellular pathways and is a vital protein for removing unwanted toxic proteins in
ALS and other neurodegenerative diseases. Reassuringly, the decrease in expression of
Sqgstm1/p62 observed in the untreated control samples can provide a biochemical
rationale as to the decrease in survival and advancement of an ALS disease phenotype
observed in the control animals. Another protein, Lrp4, was found to be differentially
upregulated in the NS-1-2-treated groups. Expression of Lrp4 is associated with the
formation of neuromuscular junction[454], modulation of neuronal excitability[455], and
astrocytic amyloid beta clearance[456]. Recent studies have detected Lrp4 antibodies in
the serum and CSF of ALS patients. However, the link of Lrp4 to ALS pathology is not
fully understood[457]. Furthermore, we also detected the increased expression of Cplx2,
which is important for neurotransmitter release, in the NS-1-2 treated group. Decreased
expression of Cplx2 protein is known to be associated with neurological deficits in various
neurological disorders, including Alzheimer’s disease[458], Parkinson’s disease[459],

Schizophrenia[460, 461], and Huntington’s disease[462]. In addition, recent
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transcriptome sequencing revealed the downregulation of Cplx2 in ALS patients and
mouse models[463, 464]. We also discovered the downregulation of Ca3 in the NS-1-2
treated group, which a sensitive marker of muscle damage in neurological disorders[465]
and aging[466]. Recently, the Ca3 protein was found to be significantly upregulated in the
CSF of ALS patients compared to controls in a large discovery cohort, identifying Ca3 as
a novel candidate biomarker[467], where increased Cad is associated with ALS. In 2025,
Alam and his team completed a milestone project analyzing the plasma proteome,
identifying disease-specific protein variations associated with the severity of
neurodegeneration. This dataset from the Global Neurodegeneration Proteomics
Consortium (GNPC) is among the world’s largest, with about 250 million protein
measurements from over 35,000 biofluid samples collected from 23 partners. It includes
clinical data on AD, PD, FTD, and ALS. This landmark study found that the circulating
blood proteome from a large group of ALS patients exhibited significantly increased levels
of CA3in ALS patients compared to controls, which is related to skeletal muscle structure

and function[468].

As a result, a decrease in Ca3 found in the treated group can infer decreased
neuromuscular degeneration, in comparison to control animal samples. Furthermore,
recent emerging evidence of increased expression of CA3 in large cohorts of ALS patients
validates the proof of principle for investigating biomarkers in the humanized SOD1 G37R
mouse model and its relevance to human ALS. In addition to the known (ALS-associated)
proteomics signatures described above, we unraveled novel increased expression of
Gan/KLHL16, and Snx13 in the NS-1-2 treated group, which are known to be related to

neurodegeneration, but unreported in ALS models (to the best of our knowledge). Subtle
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evidence, from various emerging reports, has shown that the decreased expression of
Gan, a cytoskeletal protein that causes impaired autophagy by reducing ubiquitination
and hence the formation of ATG16L1 aggregates[469, 470], is related to, or causes,
neurodegeneration. This dysregulation of ATG16L1 causes the deactivation of LC3-/I
lipidation, an autophagic protein biomarker, and dysregulation of P62, the main
autophagic receptor[470]. Therefore, Gan has recently been considered a novel regulator
and thus governs the autophagic machinery. In addition, the downregulation of Gan
activates the disorganization of intermediate filament (IFs) proteins, instigating the
accumulation and aggregation of neurofilament (NFs) in the axons of neurons, thus
causing axonopathy[471-474]. Elevation of neurofilaments is the most investigated and
promising biomarker that can be correlated with the progression of neurodegenerative
diseases, including presymptomatic and phenoconversion of ALS. This mounting
evidence suggests that Gan is a novel and unique protein regulating the key pathways
known in the progression of ALS, thus representing a novel pharmacodynamic target for
slowing the progression of ALS[475, 476]. Nevertheless, the potential role of Gan in ALS
pathogenesis should be investigated in the future. Moreover, following proteomic profiling,
we unveiled the novel increased expression of the Snx13 protein, which maintains cellular
cholesterol homeostasis by an endolysosomal cholesterol export mechanism[477]. Other
reports have shown the pathological link between lipid dysregulation and various
neurodegenerative diseases [478], thus, upregulation of Snx713 protein could help
alleviate the pathology of neurodegeneration. Figure 76 shows the proposed mechanism
of NS-1-2 based on the differential expression of proteins identified through an unbiased,

global proteomics discovery approach.
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Figure 76. Schematic illustration of the putative mechanism of NS-1-2 based on the
differential expression of proteins in an unbiased, untargeted discovery-based global

proteomics approach.

Schematic illustration of the putative mechanism of NS-1-2 based on the differential
expression of proteins in an unbiased, untargeted discovery-based global proteomics
approach. BSZ increases the expression of proteins in pathways 1, 4, and 5, compared
to the vehicle-treated group, modulating different pathways involved in the
pathophysiology of neurodegeneration. In contrast, increased expression of proteins in
pathway 6 in BSZ compared to the vehicle-treated group is related to heart and mouse
development. Pathways 2 and 3 show decreased expression in the BSZ group compared
to the vehicle-treated group. Both these pathways are known to be implicated in the
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pathology of neurodegeneration. Note: NS-1-2 was developed in the lab and later

trademarked as Borsantrazole (BSZ).

In our discovery-based untargeted phosphoproteome analysis of spinal cord samples,
Table 7, we interestingly found that recently reported Pgk1 serine 203 (S203)
phosphorylation levels were downregulated in the NS-1-2 treated group compared to the
vehicle-treated group. The latest studies from Xu and his colleagues delineated the role
of S203 phosphorylation in mitigating the oxidative stress in spinal cord neurons caused
by spinal cord ischemia-reperfusion (IR) injury (SCIRI). Biochemically, they demonstrated
that G-protein-coupled receptor (GPCR) kinase 2-interacting protein-1 (Git1) is a
GTPase-activating protein, interacts with Pgk1 protein, thereby reducing the S203 site
phosphorylation level, hence leading to accumulation of metabolites generated during
glycolysis in neurons. Further, these metabolites result in the dimerization of Keap1,
thereby, resulting in reducing the degradation of an antioxidant response protein called
Nrf2[479]. The increased expression of Nrf2 maintains the redox homeostasis of the
neurons by conferring antioxidant defense to the cells[480]. Thus, mechanistically,
decreased expression of S203 Pgk1 phosphorylation is associated with neuroprotective
mechanisms via decreased S203 phosphorylation. A large body of evidence has shown
the potential role of the antioxidant KEAP1-NRF2 system as a therapeutic avenue to slow
down the progression of ALS via combating oxidative stress[481], however, none of the
reports have reported the activation of the KEAP1-NRF2 system via downregulating S203
phosphorylation of Pgk1. Therefore, NS-1-2 could be a compelling therapeutic agent for
slowing down the progression of ALS by modulating the antioxidant KEAP1-NRF2

pathways.
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Furthermore, as presented in (table 9), we also identified novel and known phosphosites
of both neurofilament light chain (Nefl) and neurofilament heavy chain (Nefh) proteins in
the spinal cord of hSOD1 mice. Neurofilaments are cytoskeleton proteins of long
myelinated motor neuron axons. Increased levels of CSF Nefl and CSF phosphorylated
(pNefh)[482] and serum NFL levels due to progressive neurodegeneration have been
reported to slower axonal transport, leading to axonopathy and neuromuscular decline in
both SOD1 ALS patients and hSOD1 mouse models[483]. These findings suggest the
role of abnormal hyperphosphorylation in SOD1 ALS pathogenesis[483]. In mature
myelinated axons, the major sites of phosphorylation in Nefh are Lys-Ser-Pro (KSP)
repeats in the carboxy-terminal tail domain, which is essential for maintaining axon
caliber, stability, growth, protecting Nefh from proteolysis and calcium buffering.
Additionally, threonine phosphosites in both the mammal and human samples of
neurofilaments are reported [484-486]. Recently, neurofilaments (NFs) have been
regarded as the most reliable biomarkers dictating ALS stages, acting both as a valuable
tool for prognosis and diagnosis in longitudinal studies during the pathogenesis of
ALS[487, 488]. Due to their reliability and translational value, NFs are used as a biomarker
for the development of ALS therapeutics, with one such example being the discovery and
development of tofersen[489, 490]. With the evolution of NFs as a benchmark universal
biomarker in several neurological diseases, it is important to account for emerging
techniques to determine multiple sites of phosphorylation of NFs. This will advance our
knowledge without bias to see the changes in the global phosphosites in relation to the
disease progression in the case of ALS. Several reports have investigated the increase

in the Nefh and Nefl serine phosphosites in ALS, but threonine phosphosites have never
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been investigated in Nefh and Nefl. Herein, utilizing an untargeted, unbiased MS
discovery-based phosphoproteomics approach, we have studied and uncovered both
serine and threonine phosphosites in the spinal cord of SOD1-G37R mice. We found that
58 serine/threonine (S/T) sites are downregulated for Nefh and 8 S/T sites are
downregulated for Nefl, following treatment with NS-1-2. Overall, quantification of the S/T
phosphorylation sites provides for a general trend of reduction in phosphorylation of Nefh
and Nefl, in the NS-1-2 treated group, which also correlates to the general trend of
decreased protein expression also detected in our proteomics data for Nefh and Nefl.
Overall, this observable trend in downregulation of neurofilaments in NS-1-2 treated mice
correlates with increased survival, as in general, increases in Nefh/Nefl are seen as being
indicative of elevated neurodegeneration. Importantly, phosphorylation of T72 in Nefh and
T317 in Nefl was significantly reduced in the NS-1-2-treated group. To the best of our
knowledge, both the T72 and T317 phosphosites have not been reported in the literature.
Due to the significance of our proteomic and phosphoproteomic analyses, as it relates to
the therapeutic effects of BSZ, we are planning a more complete description of our ALS
biomarker with a longitudinal approach in the near future. Overall, applying an untargeted,
unbiased discovery-based proteomics and phosphoproteomics approach, we were able
to identify known pathological pathways that are perturbed in ALS and discovered

unknown pathological pathways that present interest for further investigation.
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Further, for the first time, we moved one step ahead to profile the brain of G37R SOD1
mice brain samples (n=4) from both sham and treatment (NS-1-2) groups. We utilized an
untargeted/unbiased proteomics approach for the investigations/and discovery of
known/novel biomarkers correlating with the efficacy of NS-1-2. Intriguingly, as shown in
(figure 68) and table 11, we discovered both known and novel differential expressions of

proteins in brain samples treated with NS-1-2 compared to the control group.

Our findings indicated that two proteins, both Figure 68

known to be pathologically associated with ’ , Sees
adjusted Soatl, Lgals1 CC.”E_.EQt_pd_S

value < . ..
__________ LY SIS P 1 N A,

ALS progression—Sterol O-acyltransferase 1

- log (adj. p)

(Soat1/ACAT1) and Galectin-1 (Lgals1) are

notably downregulated in the NS-1-2-treated

0.0

05 0 0.5 1 1.5 2
log2 ratio (NS-1-2/Shamy)

brain samples relative to the vehicle-treated
ones. In addition, LGals1 is also found to have a pathological association with aging.
Recent findings from Cai and colleagues[491] revealed a significant increase in the mRNA
expression of Lgals1 in patients with ALS. Additionally, they discovered elevated levels
of Lgals1 in the serum samples from ALS patients. This study highlighted the profound
association of aberrantly elevated expressions of Lgals1 during the progression of ALS.
Another study found the abnormal increase resulting in the accumulation of Lgals1 in the
neurofilamentous lesions of spinal cords of both sALS and fALS patients. Further, these
findings were supported by Kobayakawa and his group[492] in SOD1 G93A preclinical
models of ALS. Very importantly, they found that Lgals1 deficiency improves
degeneration due to axonal swelling of motor neurons in presymptomatic stage

SOD1G93A mice. Furthermore, recent studies have highlighted Lgals1 as a marker of
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non-neuronal immune cells, specifically microglia, in the aging brain. The increased
expression of Lgals1 activates microglial cells, thereby contributing to neuroinflammation
in the aging brain. Another protein, Soat1/ACAT1, associated with lipid metabolism and
cholesterol homeostasis, catalyses the esterification reaction of free cholesterol to
cholesteryl ester in nerve cells, and its activity is indicated by the cholesterol-to-sterol
ester ratio (CHO/SE). Increased expression of ACAT1 was observed in ALS motor
neurons, attributed to an increase in SE levels[493]. Murphy et al[494]. have shown that
blocking the ACAT1/SOAT1 expression in the brain decreases the levels of amyloid AB1—
42 in the 3XTg-AD mice. Further, blocking ACAT1 reduces amyloid plaques, tau tangles,
and stimulates autophagy to clear misfolded proteins in preclinical AD models[495, 496].
Together, increased expression of both Lgals1 and ACAT1 is known to be involved in the
progression of neurodegeneration, including ALS. Therefore, the decreased expression
of Lgals1 and ACAT1 in the NS-1-2-treated group, which showed improved motor

phenotypes compared to the control group, demonstrated the correlation of its efficacy.

In addition, we also found increased expressions of three proteins: cerebral cavernous
malformation protein 2 homolog (Cem2), sphingomyelin phosphodiesterase 3 (Smpd3),
and Ectonucleoside triphosphate diphosphohydrolase 3 (Entpd3/NTPDase3), which
have unknown associations with ALS. However, these proteins are involved in the
process of neurodegeneration. Decreased expression of CCM2 (also known as OSM and
malcavernin) causes cerebral cavernous malformations (CCMs). These abnormalities are
characterized by dilated, leaky blood vessels, especially in the neurovasculature, that
result in an increased risk of stroke, focal neurological defects, and seizures[497].

Whereas, decreased expression of Smpd3 amyloidosis, taupathy, cognitive impairment
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and defective proteostasis[498]. Furthermore, the downregulation of neuronal
Ectonucleoside triphosphate diphosphohydrolase 3 (Entpd3/NTPDase3) is linked to
decreased mitochondrial ATP production. Additionally, it also plays a role in regulating
ATP for excitatory neurotransmission across the synapse[499]. The presence of
NTPDase3 in the hypothalamus suggests its role in the modulation of neuronal
communication and energy balance. A study by Belen and his group[500], identified
decreased mRNA expression levels of total purine metabolism enzymes, including
Entpd3, in the brain of AD cases. While decreased expression of Ccm2, Smpd3, and
Entpd3/NTPDase3 is not directly linked to the cause of ALS, these proteins are
expressed in neurons, and their downregulation has been associated with neurological
conditions. Our discovery-based approach revealed increased expression of these
proteins in the NS-1-2-treated group, correlating with the efficacy of NS-1-2. It is essential
to acknowledge that, to the best of our knowledge, our methodology of profiling the global
proteome in G37R mice utilizing the boronate compound (NS-1-2) is novel and has
identified significant pathways involved in neurological conditions, which could potentially

be modulated by NS-1-2.

One of the limitations of our global proteomics and phosphoproteomics data was using
samples (spinal cord and brain) from mice that reached a humane endpoint in both
cohorts (NS-1-2 treated vs. control). Although both groups reached end stage, we were
able to observe significant differential regulation of known and unknown proteins involved
in the etiopathological process of neurological conditions in both cohorts. We attempted
to address this limitation by designing the experiment to profile the global proteome and

phosphoproteome over time during various clinical stages of disease progression,
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including presymptomatic, disease onset, symptom onset, and death. Furthermore,

clinical phenoconversion refers to the transition from a presymptomatic clinical stage with

no symptoms to a clinical symptom stage or symptom onset of the disease. All these

stages should be considered and stratified for proteomic profiling. Each stage of profiling

will provide insight into biomarker-driven drug development and solve the puzzle of

complexity in ALS[501]. Therefore, to explore further the effects of EDR prodrug NS-1-2,

we designed a biomarker symptom onset study where we pretreated the mice with NS-1-

2 and vehicle until they reached symptom onset with weakness and 10% loss of body

weight. Depending upon the availability of animals, we used age and sex-matched

females (n=3) in both the cohorts. As shown in figure 71, the symptom onset biomarker

study demonstrated that NS-1-2 prevented the weight loss at the end of the study,

humane endpoint by 4.9% compared to the vehicle-treated
the weight loss of all the mice in the cohort was found to be

10%.

Notably, our study revealed that all the @ Formales
p=0.0700

mice (n = 6) in both cohorts reached
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Later, as shown in table 14 and figure 73, the comprehensive, unbiased analysis of spinal
cord samples from both groups (NS-1-2 and control) at the study's end identified four new

proteins with different expression levels.

These proteins are not directly linked to ALS but are known to play roles in neurological
diseases such as seizures, AD, and stroke. Out of the four proteins we investigated, three

(Hebp1, Thxas1, and Pcna) were found to be decreased in the NS-1-2-treated group,

whereas NPRL2 was found to be increased in the Figure 73

NS-1-2-treated group compared to the vehicle-treated

group.

NPRL2 (nitrogen permease regulator-like 2) is a

requisite component of the GATOR1(GAP activity
towards rags complex 1) proteins, which are -

inhibitors of the amino acid-sensing branch of the

3 2 ] 0
Difference (NS - Sham)

mTORC1 pathway. NPRL2 functions as a negative
regulator of the mammalian target of rapamycin complex 1 (mTORC1) kinase under
conditions of low intracellular amino acid concentrations. A recent study investigated the
loss of function of NPRL2, which is related to the pathogenesis of epilepsy[502].
Furthermore, a significant study by Hui and his colleagues found that the loss of NPRL2
expression in excitatory glutamatergic neurons of the mouse leads to the development of
epilepsy. Additionally, the decrease in NPRL2 expression in the brain leads to an increase
in mTORC1 activity, thereby disrupting the brain's amino acid homeostasis. Moreover,
they demonstrated that the loss of NPRL2 decreases dendritic branching in neurons and

increases the expression of epilepsy linked sodium channels[503]. Furthermore, NPRL2
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is an essential protein subunit component of GATOR1, acting as a negative regulator of
mTORC1. While NPRL2 is not directly involved in ALS pathophysiology, the mTORCA1
pathway, regulated by GATOR1, plays a role[504]. Evidence suggests that inhibiting
mTORC1 benefits ALS models by promoting autophagy, which facilitates the clearance
of misfolded SOD1 proteins that cause aggregation and toxicity in motor neurons. This is
supported by a study in which rapamycin, an mTORC1 inhibitor, activates autophagy and
extends the lifespan of ALS mice[505]. Consequently, NS-1-2, which increases NPRL2
expression—a GATOR1 component, could potentially modulate mTORC1 negatively,
thereby activating a neuroprotective pathway called autophagy.

Proliferating cell nuclear antigen (PCNA) is a protein essential for DNA replication and
repair, as well as for various other cellular processes[506]. It is observed in both glial cells
and neurons, with increased expression often linked to the progression of AD. Higher
expression of PCNA has recently been identified as a marker of neurodegeneration in
AD[507]. Heme-binding protein 1 (Hebp1) is an intracellular protein mainly in neurons,
interacting with the multi-subunit complex present in the inner mitochondrial membrane
(MICOS) complex at mitochondria. It regulates, synthesizes, and transports heme and
mediates heme-induced cytotoxicity via apoptosis. Hebp1 is linked to AD, possibly
contributing to neuronal loss. Numerous studies have demonstrated the pathological role
of higher Hebp1 expression in both preclinical AD mouse models and humans. Higher
elevation of Hebp1 is reported in the hippocampus of young AppNL-F [508] and in the
brains 3xTg-AD transgenic mice models of AD[509]. Interestingly, higher expression of
Hebp1 was found in the brains of patients with rapidly progressing forms of AD[509]. In

addition, thromboxane-A synthase (Thxas1) protein is a molecule involved in blood
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clotting and inflammation[510]. Higher levels of Thbxas1 production are observed in AD,
potentially contributing to the disease's progression[511]. Additionally, increased
expression of Thxas1 has been reported in stroke patients[512]. Collectively, these
findings from the proteome profile at symptom onset in the G37R mice model have
identified new druggable targets associated with neurogenerative disease. Furthermore,
this new symptom-onset biomarker study found links between ALS and other

neurodegenerative diseases like AD.
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6 Significance of the study

We have been continuously making efforts since 2019 toward early-phase drug discovery
to bring "Hope" to the lives of patients suffering from incurable and highly complex orphan
disease ALS. With this important work, our goal is to bring hope and improve the quality
of life. Since 2019, we have been leveraging the concepts of both medicinal chemistry
and neuroscience to develop novel organic chemical molecules that can slow down the
progression of incurable ALS. This marks the first time our lab has ventured into the field
of neurodegeneration, utilizing a novel medicinal chemistry approach to target ALS. We
have developed a new, improved version of a United States Food and Drug Administration
(FDA) approved Edaravone (EDR), overcoming its limitations. The new molecule NS-1-2
is a boron warhead, chemoselective redox regulator with a triple role benefit over EDR
and has shown excellent in vivo proof of concept (POC) in terms of delaying disease
onset, symptom onset, extending lifespan, and preventing weight loss. Further, we have
initiated pharmacokinetic studies to advance the development of the patented NS-1-2
molecule. Additionally, for the first time, we performed discovery-based, global,
untargeted, and unbiased proteomics and phosphoproteomics studies to correlate the

efficacy of NS-1-2 in vivo and to identify potential biomarkers.

Since 2019, we have achieved several milestones in our project, including filing a patent
application and converting a patent to national phase applications in different jurisdictions.
Currently, the best-in-class lead small molecule NS-1-2, developed in our lab, is
trademarked as Borsantrazole (BSZ), which is registered by Innovation, Science and
Economic Development Canada and is protected under patent PCT/CA2023/051352

(WO 2024/103151). The project received a strong endorsement through an international
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search report (ISR) statement of assessment from the World Intellectual Property
Organization (WIPO), which confirms that it meets the criteria of novelty, inventive step,
industrial utility, and applicability. Furthermore, our project, “Development of a
biomarker-driven ‘'best-in-class' treatment for amyotrophic lateral sclerosis:
Discovery and proof-of-concept,” ranked near the top in a CIHR project grant
competition and received a CIHR grant. CIHR (Canadian Institutes of Health Research)
awards are highly prestigious within the Canadian health research community and
beyond. They are recognized for supporting and celebrating Canada's top health

researchers and their transformative contributions to the field of health research.

Since 2019, the preliminary findings from early phases of drug discovery have opened
numerous avenues. This year, we initiated a collaboration with Devi Atukorallaya
(Associate Professor, Department of Oral Biology, Dr. Gerald Niznick College of Dentistry,
Rady Faculty of Health Sciences, the University of Manitoba) to assess the effects of BSZ
on neurodegeneration in cavefish, as well as in Mexican and zebrafish models.
Additionally, we have been collaborating with Dr. Paul C. Marcogliese (Assistant
Professor in the Department of Medical and Human Genetics, the University of Manitoba)
to investigate the therapeutic implications of BSZ in a SOD1- and TDP-43-induced fruit
fly model, with the aim of mitigating neurodegenerative progression. We are collaborating
with Dr. Rene Zahedi (Manitoba Centre for Proteomics, the University of Manitoba) and
Dr. Amir Ravandi (St. Boniface Hospital Research Centre) to study the differential
expression of proteins, phosphoproteins, and lipids in a preclinical ALS mouse model
treated with BSZ. Our research further extends to exploring the therapeutic potential of

BSZ using the induced pluripotent stem cell (iPSC) model in collaboration with Dr. Erik P.
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Pioro, Chair of the ALS Society of BC and Professor of ALS Research at UBC.
Additionally, we plan to evaluate the application of BSZ in a preclinical Alzheimer's model
in collaboration with Dr. Jillian Stobart, an Associate Professor in the College of Pharmacy
at the University of Manitoba. Furthermore, we are working with Dr. Abdelilah Soussi
Gounni, a Professor in the Department of Immunology at the University of Manitoba, to
study the effects of BSZ in asthma mouse models. We have also been assessing how
BSZ might reduce the risk of diabetes in animal models, in collaboration with Dr. Lucy
Marzban, an Associate Professor at the University of Manitoba's College of Pharmacy.
With every step, we aim to advance from the lab to clinical applications for ALS patients
and to explore the therapeutic effects of BSZ across different disease pathologies in a

diverse and collaborative environment.

To date, we have obtained significant preliminary results that demonstrate the significance
of our project in the development of a novel small molecule aimed at slowing the
progression of an incurable condition ALS: i) support the validation of our prodrug ‘proof-
of-concept’; ii) establish the neuroprotective ability and limited neurotoxicity of our
compounds; iii) demonstrate that a B5-EDR compound is not acutely or chronically toxic;
and most importantly, iv) show statistically significant in vivo results such as increased
survival (days), delayed disease onset, decreased cachexia, and improved ALS
biomarkers in the SOD1-G37R line 42 mouse model (control vs. a B5-EDR analog), v)
we filed a patent application (No. PCT/CA2023/051352) and received a positive WIPO
ISR, validating our patent as novel and original, containing an inventive step, and

demonstrating utility and industrial application. Additionally, these milestones and
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preliminary findings have opened up several new scientific avenues for collaboration with

various scientists to explore the role of BSZ across multiple disease pathologies.

Overall, our goal is to develop biomarker-driven dual-role B5-EDR analogs as effective

candidate ALS therapeutic(s), in terms of improved ALS biomarkers compared to EDR,

while simultaneously understanding the biomarker signature of the FDA/Health Canada-

approved drug EDR. Above all, our study provides new experimental bases for

considering the use of the boron class of compounds as a pharmacological treatment for

ALS.

Our project highlights several other impactful results that should attract significant interest

and hold scientific significance for future studies and collaborations, summarized below:

To the best of our knowledge, this is the first time we have tailored the existing
FDA-approved EDR molecule to include a biologically compatible boron element
in the scaffold. The newly developed small organic molecule Borsantrazole is a
trifunctional boron-based pyrazole, with three proposed modes of action that
position our drug to become a ‘best-in-class’ ALS therapeutic. Our strategy, which
leverages the principles of both medicinal chemistry and neuroscience, is highly
innovative. We aim to utilize boron functional groups as key mediators of
therapeutic action in ALS, a strategy that is currently underdeveloped and rare in
the vast scientific literature.

To the best of our knowledge, this is the first time we have utilized green chemistry
approaches to synthesize EDR. Synthesis of EDR involves chemoselective ipso
hydroxylation of boron-based prodrug (NS-1-2) under microwave conditions. Bio-

based green reagents, which are biocompatible and non-toxic, like boronic acid
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ester, trifloroborates, lactic acid, and hydrogen peroxide, were utilized for the
synthesis of EDR. The present innovation passed the litmus test from WIPO with
the assessment for novelty, inventive step, and industrial applicability.

To the best of our knowledge, this is the first time we've used the Amplex Red
assay to evaluate the H202 scavenging ability of our novel NS-1-2 containing
boronated scaffold. The innovative approach of boronates in scavenging free
radicals can be adopted by other scientists to develop boronates as free radical
scavengers for the treatment of neurodegeneration.

To our knowledge, this is the first development of an SOD1 fibrillization assay to
examine the anti-fibrillization activity of SOD1 with NS-1-2. This innovative
approach, demonstrating boronates' capacity to inhibit SOD1 fibrillization, can be
adopted by other researchers to develop boronates as potential anti-SOD1
fibrillization agents for neurodegenerative diseases.

To the best of our knowledge, this is the first time we have conducted discovery-
based, global, untargeted, and unbiased proteomic and phosphoproteomic
analyses that link our observed efficacy with known and unknown ALS-related
protein and phosphoprotein expression levels. Our proteomic and
phosphoproteomic findings are likely to have a significant impact on the field, as
we demonstrate changes in ALS-associated biomarkers in response to drug
treatment. Overall, we identified 51 proteins and 29 phosphorylation sites with
statistically significant expression changes. These findings include notable
alterations in the levels of both known and unknown neurodegenerative

biomarkers. This innovative approach, which demonstrates boronates' ability to
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differentially regulate known and unknown proteins and phosphoproteins in
preclinical SOD1 models of ALS, can be adopted by other researchers to develop
boronates as potential agents to slow the progression of ALS and other
neurodegenerative diseases, including aging.

To the best of our knowledge, for the first time, we have discovered statistically
significant changes in the phosphorylation of neurofilament light and heavy chain,
which is correlated with drug treatment (downregulation) at threonine sites.
Hyperphosphorylation of neurofilaments negatively correlates with the survival of
preclinical ALS mouse models and in clinical human ALS cases. Further,
neurofilaments are regarded as a pharmacodynamic marker and a biomarker for
the diagnosis and prognosis of ALS. To the best of our knowledge, there are no
reports in the literature of phosphorylation of threonine sites associated with ALS,
T72 for Nefh and T317 Nefl, reported herein. Additionally, there are very few
reports that can correlate the therapeutic effects observed in animal models with
differential protein and phosphoprotein expression following discovery-based
global, untargeted, and unbiased proteomic and phosphoproteomic analysis.
These results have the potential to serve as a notable example of the correlation
between observed therapeutic effects and biomarkers. Furthermore, these results
will be crucial in demonstrating the proof-of-concept pharmacodynamic properties
of our drug, NS-1-2, thereby showcasing the translational value from bench to
bedside.

To the best of our knowledge, for the first time, we have done a symptom onset

biomarker study to see the effects of NS-1-2 versus controls during symptom onset
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on differential regulations of cellular proteins. The findings from the proteome
profile at symptom onset in the G37R mice model have identified new druggable
targets associated with neurogenerative disease. Furthermore, this new
symptom-onset biomarker study found links between ALS and other

neurodegenerative diseases like AD.
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7 Limitations of the study

The current early-phase drug discovery offers a unique approach to synthesize,
characterize, and develop compounds that could slow the progression of highly complex
and incurable ALS. This preclinical study encompasses various aspects of drug discovery,
including a medicinal chemistry approach to rationalize the synthesis of improved
versions of FDA-approved EDR, the synthesis of EDR prodrugs and analogues, and the
characterization of these compounds. /n vitro screening of compounds (analogues and
NS-1-2) for safety and efficacy, in vivo screening of NS-1-2 in a humanized preclinical
SOD1 model of ALS, and global proteomics and phosphoproteomics to identify new
druggable targets for the synthesized molecule NS-1-2. While the current study provides
valuable insight into various phases of early phase drug discovery, it is crucial to
acknowledge various limitations that require careful consideration when interpreting the

findings.

e Our findings in the PCNC experiments demonstrated the safety profile of EDR
analogues and EDR prodrugs. However, due to time constraints and our primary
focus on developing the compounds in preclinical models, we were unable to
perform free radical challenge assays (in the presence of H202) with our
compounds. Therefore, further studies are needed to investigate the free radical
scavenging ability of our compounds in PCNC cells.

e Furthermore, to advance our primary goal of conducting in vivo experiments with
only the EDR prodrug NS-1-2, we performed most of the in vitro and biochemical
assays for NS-1-2. This was to support our hypothesis that NS-1-2, a direct

prodrug of EDR, could be a promising candidate for further in vivo preclinical
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studies. This is why; after analyzing the in vitro profiling of all synthesized
compounds (EDR analogues and EDR prodrugs) in NSC-34 cells, we further
evaluated their safety in a more biologically relevant PCNC to better support and
confirm our safety hypothesis. Therefore, following the NSC-34 and PCNC
experiments, we performed additional tests using only NS-1-2, including JC-10
mitochondrial potential, Amplex Red, and SOD1 fibrillization assays.

A single concentration of 25 uM for all compounds was used to examine the
influence of molecules on the modulation of SOD1 monomer fibrillization. Future
studies are needed to explore the effects of these molecules on SOD1 monomer
fibrillization under varying conditions, including the use of different concentrations
of molecules, extended incubation periods, temperature changes, and increased
plate agitations.

In our in vivo efficacy studies, EDR was not employed as a comparison group to
evaluate the in vivo efficacy of NS-1-2 relative to EDR. This decision was primarily
due to resource limitations and time constraints. However, we have included the
EDR group in the approved animal protocol. Future investigations comparing NS-
1-2 with EDR are necessary in G37R preclinical models.

In the initial phase of our in vivo global untargeted, unbiased proteomics and
phosphoproteomics study, only male mice were utilized to assess the differential
regulation or alterations of proteins and phosphoproteomics between the NS-1-2-
treated group and the vehicle-treated group. This decision was based on the
observation that male mice exhibited higher survival rates compared to the female

group, with statistically significant differences (p=0.0192 versus p=0.2972 for
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females). However, further studies are needed to determine the global proteomics
and phosphoproteomics of female mice.

Further, for a global, untargeted, unbiased proteomics and phosphoproteomics
study, we utilized samples from the humane endpoint or the end stage of male
mice from both the NS-1-2 and control-treated groups. Future global profiling of
proteomics and phosphoproteomics is necessary during each clinical stage of
progression in mice, encompassing the presymptomatic stage (where disease is
active, but no symptoms are present), the onset of disease, symptom onset,
humane endpoint, and end-stage disease.

In our symptom onset biomarker study, we used only female mice (n=3) to profile
the global, untargeted, and unbiased proteomics, depending on the availability of
animals. However, we have included the males in the approved animal protocol.
Further studies are needed to profile the males and consider sex-specific

differences.
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8 Future directions of the study

The present early-phase drug discovery study provides medicinal chemistry approaches

and strategies for synthesizing, characterizing, and developing compounds that could

slow the progression of highly complex and incurable ALS. Furthermore, this study has

opened several avenues that require direction in the future to significantly advance

current research from the bench to the bedside.

In the present study, we have used NSC-34 cell lines (to evaluate safety and
efficacy against free radical challenge) and PCNC (only for safety evaluation) for
the in vitro evaluation of our compounds. However, future experiments are needed
to investigate the effects of our compounds (EDR analogues and EDR prodrugs)
in biologically relevant PCNC cells. Using PCNC culture to screen the efficacy of
drugs is challenging compared to cell line culture, which will be overcome by
training from experts and collaboration efforts.

Repeated experiments will be conducted to assess the ability of our compound to
inhibit SOD1 fibrilization activity. In the current study, we have used only NS-1-2 to
evaluate the SOD1 fibrilization activity with different controls. Furthermore, we
used a concentration of only 25uM in these experiments. Intrigued by these results,
further experiments will be conducted with other molecules under varying
experimental conditions.

Further, ALS is a highly complex and multifactorial disease. Applying cell lines and
animal models cannot accurately reflect the pathological characteristics of ALS.
Therefore, induced pluripotent stem cells (iPSCs) -derived motor neurons are

crucial for understanding the complex mechanisms of motor neuron dysfunction
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and death both in spinal cord and brain of ALS patients. iPSCs are highly relevant
for ALS research because they allow scientists to reprogramme the skin or blood
cells from someone living with the disease and turn them into motor neurons and
other relevant cells specific to ALS pathology. Further, iPSCs can be derived from
somatic cells of both forms of ALS, i.e., fALS and sALS, possessing the ability to
self-renew and differentiate into a variety of motor neuronal and non-neuronal glial
cells. Moreover, patient-derived iPSCs are generated from the patient's own
somatic cells, mitigating ethical concerns and reducing the risk of immune
rejection. These patient-specific iPSCs offer a valuable opportunity to screen
potential lead compounds, study ALS-specific motor neuron disease mechanisms,
and develop personalized treatment strategies[513-516]. Therefore, our future
plan is to collaborate with experts to evaluate the toxicity and efficacy of our drug,
as well as its pharmacodynamic mechanisms in iPSC-derived motor neuronal cells
relevant to human ALS. This approach will enable us to screen multiple drugs
efficiently using high-throughput methods and ultimately select a lead clinical
candidate to transition from basic research to the bedside of ALS patients[517].

Preclinical in vivo CNS studies often do not report PK results. For successful
translation from preclinical to clinical research, it is crucial to consider the various
ADME profiles of the drug. Recent studies also demonstrate that tolerable and
pharmacologically active dose ranges in human clinical trials can be predicted
accurately from preclinical data. Therefore, it is essential to investigate the different
dose effects in animals with the investigational drug before submitting the

Investigational New Drug (IND) document to initiate the regulatory approval
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process for human clinical trials. In the current study, we used 10mg/kg body
weight of NS-1-2 in the in vivo studies; however, our future plan is to test different
doses of our lead molecule, NS-1-2, to determine the no observed adverse effect
level (NOAEL): The maximum dose in animal species that does not produce a
significant increase in adverse events when compared to those in the control group
and the pharmacologically active dose (PAD): The lowest dose tested in animal
species with intended pharmacological activity[518]. This will prepare us to move
forward with preparing the IB with preclinical data, paving the way for human
clinical trials.

Copy number determination: Assessing the mutant SOD1 copy number is a
crucial part of ALS research. The variability of transgene levels within treatment
groups can influence disease symptoms and pathology and also impact the
reproducibility of drug effects. In this study, we conducted validated and
reproducible genotyping to determine the SOD1 transgene presence before using
the animals and creating the cohorts[519]. Additionally, we made efforts to
randomly assign littermates with matched age and sex to different groups.
However, for better clinical translation from preclinical to human applications, we
plan to determine the copy number of each mouse before randomly assigning them
to different groups. This approach will help reduce variability and improve the
reliability of preclinical findings.

Presymptomatic treatment: In the current project, we have determined the
efficacy of NS-1-2 in humanized mutant SOD1 G37R line 42 mice, which is an

early-onset and highly aggressive preclinical model for ALS. It recapitulates the
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clinical motor phenotypes and pathophysiology of ALS in humans. Also, the model
is clinically relevant. Previous studies in patients carrying different SOD1 mutations
indicate that mutations with SOD1 gene mutations often experience early onset,
highly aggressive disease course, and shorter survival compared to other forms of
ALS[19]. The age of onset and disease duration are key indicators of disease
severity among SOD1-related ALS patients, with the majority of patients suffering
from early onset disease at the age of less than 50 years[520]. Therefore, we have
stated the treatment pre-symptomatically in our in vivo efficacy studies to delay the
onset and different motor disease phenotypes of ALS models. In-addition, we
started treatment presymptomatically, to delay the phenoconversion of disease,
which is again clinically relevant to the patient suffering from SOD1 mutations[501].
However, a significant delay in diagnosis is common for patients with SOD1
mutations. This delay happens because SOD1-related ALS can look like other
neurological conditions, and SOD1 mutations are not always easy to detect.
Therefore, our approach is patient-first and patient-centric. We want to cover all
patients irrespective of whether they are presymptomatic or at different clinical
stages of the disease. Therefore, in the future, we are planning to investigate our
treatment at different stages of disease progression in the G37R mouse model.

TDP-43 drug discovery: Oxidative stress due to free radicals mainly H20:2 is
implicated in the pathophysiology of all forms of ALS (sALS and fALS)[378].
Proteinopathy due to oxidative stress is reported in the postmortem tissues of
patients suffering from both forms of ALS[521]. A large number of studies have

established that more than 90% of ALS cases exhibit TDP-43 proteinopathy[522].

270



Furthermore, previous studies have reported that the TDP-43 proteinopathy is
caused by the free radical-induced oxidative stress[427, 523]. Our study has
demonstrated that NS-1-2 works as a redox regulator by reducing the oxidative
stress implicated in the pathophysiology of ALS. Therefore, in the future, our goal
is to target TDP-43 proteinopathy first in TDP-43 animal models to establish the
safety and efficacy profile of NS-1-2 during different stages of disease progression
in these models.

Consideration of sex and gender effects, which merit consideration to remove bias
and generalizability: There is accumulating evidence that ALS affects males more
than females, and gender plays an important role in the clinical progression of the
disease. However, variations in clinical presentations like progression of disease,
onset of disease, symptom onset of disease, survival, motor phenotypes, weight
loss, spinal onset, and bulbar onset are not fully understood[524, 525]. Health
research becomes more reliable when both sexes are well represented, from
preclinical studies to clinical trials. Additionally, it helps prevent the assumption that
findings in one sex of animals can be applied to both males and females. In
addition, Increasing the number of animals, matched for age and sex with their
littermates in a study, generally enhances the statistical power of the analysis,
making it more likely to detect a significant effect. Currently, we have results from
a whole set of animals with a sample size of N = 12 per group. We have considered
sex-specific differences in N=12/group; however, it is essential to consider sex-
specific differences in larger cohorts, which increases the power and reliability of

the study. In our early-phase drug discovery project, we will take every

271



responsibility to evaluate the sex-specific differences of our best-in-class molecule
NS-1-2 (Borsantrazole). The following will be considered to assess sex-
specific/gender-specific differences once the clinical effect size of N=24/group is
reached. We will then reanalyze once the sample size reaches a larger clinical
effect size of N=24/group: Treatment-associated decrease in body weight in both
sexes; Treatment-associated hematological toxicity in tissues of both sexes;
Treatment-associated change in clinical motor phenotypes in both sexes;
Treatment-associated change in clinical progression of disease in terms of onset
of disease, symptom onset, survival, and weight loss; and Treatment-associated
change in global proteome and target engagement in both sexes. We believe that
the above evaluations will highlight the importance of considering sex-specific
factors in understanding the complex ALS pathophysiology and provide insight into
how our new molecule affects clinical phenotypes or progression in males and
females. Further, this will help design tailored therapeutic strategies in the
future[525].

Targeted proteomics and phosphoproteomics: Targeted quantitative
proteomics and phosphoproteomics play a vital role in linking biomarker discovery
with clinical application. It allows for precise, quantitative analysis of specific
proteins, offering high sensitivity, reproducibility, and throughput, essential qualities
for creating reliable clinical assays. This approach is particularly utilized for
validating potential biomarkers identified through global discovery proteomics,
thereby aiding in their development into diagnostic and prognostic tools[526].

Initially, in this early phase of the drug discovery approach, we have been doing
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profiling of global unsupervised proteomics and phosphoproteomics to correlate
the efficacy of the newly synthesized EDR prodrug NS-1-2. This approach is used
because we do not yet know the specific targets or cellular proteomic pathways
affected by NS-1-2 compared to the control. Once we identify both the known and
unknown proteomic pathways involved in the neurodegeneration of G37R mice,
we will use targeted proteomics to validate the targets and assess the druggability
of NS-1-2. Applying both global and targeted proteomics will help us understand
the mechanism, ultimately enabling us to translate the drug from the lab to clinical
use with a validated pharmacodynamic profile.

Global lipidomics: ALS affects motor neurons in both the brain and spinal cord.
The entire brain, including myelin and other cell structures, contains about 50-60%
lipids of its dry weight[527]. Evidence from a large number of studies has
demonstrated that perturbations in lipid metabolism profiles and changes in their
biophysical properties are present in ALS. These changes involve modifications in
cholesterol, triglycerides, sphingolipids, and phospholipids, which are associated
with different clinical stages of disease progression[528]. Moreover, multiple
pathways are disrupted during the pathophysiology of ALS[493]. Furthermore, the
changes that occur during the clinical progression of the disease can be used for
prognosis and diagnosis of ALS[529]. Therefore, our future goal is to profile
changes in lipids during different clinical stages of ALS progression while
conducting efficacy studies with NS-1-2 versus control in G37R mouse models.
Our approach will be to perform longitudinal, global, untargeted, and unbiased

lipidomic analysis of the lumbar spinal cord and brain from the G37R ALS mouse
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model, which will provide us with new insights into the multiple lipid pathways of
lipid dysregulation in ALS.

Aging drug discovery: Ageing population is a risk factor for ALS[530]. Multiple
studies have identified shared cellular and molecular features between ageing and
ALS. The main common drivers include genomic instability, telomere shortening,
epigenetic changes, proteostasis failure, autophagy dysregulation, and
mitochondrial issues[531]. Nevertheless, both ageing and ALS are complex
conditions involving multiple systems, and their precise causes remain unclear.
Additionally, understanding the biochemical pathways involved in ageing could
help us decode the risk factors for ALS, which tend to rise with age. The current
body of evidence suggests that oxidative modifications of the central dogma,
including DNA, RNA, and proteins, are implicated in the pathophysiology of both
aging and ALS. Moreover, proteinopathy due to oxidative stress is known for both
ageing and ALS[532, 533]. In this project, we demonstrated that NS-1-2 functions
as an antioxidant redox regulator. Additionally, proof-of-concept studies using
humanized SOD1 G37R mice showed that NS-1-2 can extend lifespan and modify
motor disease phenotypes. Our comprehensive proteomics and
phosphoproteomics analyses identified shared and converging biomarkers of
aging and ALS. This research opens up the possibility of using NS-1-2 to slow the
aging process in the future.

Platform drug discovery: In this project, we have synthesized six novel
molecules as EDR analogues and prodrugs. All the six molecules have shown an

excellent safety profile in in vitro cell lines and PCNC cells. Also, all the molecules
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have shown the potential of reducing free radicals (H202) in an in vitro system. Due
to limited budget and resources, we were unable to test all the molecules for proof-
of-concept in in vivo animal models. Therefore, we advanced only one molecule,
NS-1-2, to in vivo studies. NS-1-2 has demonstrated an excellent safety profile and
in vivo proof of concept in the preclinical G37R ALS model, we believe other
molecules also have the potential to be advanced in earlier clinical stages.
However, conducting preclinical studies in a mouse model are resource-intensive
and costly. Additionally, it is crucial to employ a de-risking drug discovery approach
to enhance the chances of success and maximize the return on investment[534].
Therefore, our future goal is to establish a de-risking platform for drug discovery
with increased collaboration efforts, where we will use Drosophila (fruit flies), cave
fish, Mexican fish, and zebrafish for screening new molecules. These models are
generally more cost-effective than traditional mouse models due to their smaller
size, shorter breeding cycles, ease of maintenance, and genetic tractability. These
features will enable high-throughput screening, which will reduce both the time and
costs associated with drug discovery.

International Collaborations: Professor Dame Pamela Shaw, professor of
Neurology and director of the Sheffield Institute for “Translational
Neuroscience (SiTraN), is like a mentor to me. During my visit to present my PhD
work on the discovery of BSZ at the ALS MND symposium in Montreal and the
Gordon Research Conference in Maine, USA, she showed interest in my work.
Currently, she is establishing a drug discovery platform in the UK with the goal of

testing small molecules in different iPSC models derived from heterogeneous ALS
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patients. During our discussion, she expressed interest in using our molecule
alongside others in her platform trials. | will leverage my expertise in coordinating
the project from the University of Manitoba, including scientific meetings,
discussions, ensuring scientific rigor, and communication about our molecule. This
collaboration will help us advance our novel molecule, BSZ, from bench side to
clinical trials, creating hope for ALS patients. Professor Elizabeth Fisher,
University College, London. During my visit to present my PhD work on the
discovery of BSZ at the Gordon Research Conference in Maine, USA, she showed
interest in my work. Currently, she is establishing TDP-43 animal models in her lab
with the goal of testing small molecules in these models. TDP-43 proteinopathy is
known to be present in 90% of ALS patients, and there are no established models
or drugs to treat the TDP-43-induced pathophysiology of ALS. During our
discussion, she expressed interest in using our molecule and wants to collaborate
with us to test it in TDP-43 models. | will leverage my expertise in coordinating the
project from the University of Manitoba, including organizing scientific meetings,
discussions, ensuring scientific rigor, and facilitating communication about our
molecule. This collaboration will help us advance our novel molecule, BSZ, from

the bench to clinical trials, offering hope to ALS patients.
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9 Conclusions

Amyotrophic lateral sclerosis (ALS) is a highly complex, heterogeneous, idiopathic, and
multifactorial disease. The endpoint of ALS is always death. However, mutations in the
SOD1 gene result in a toxic gain-of-function in SOD1 proteins. These toxic proteins are
thought to mediate many biochemical pathological pathways in the brain and spinal cord
and cause the degeneration and death of motor neurons. Preclinical transgenic mouse
models of ALS and clinical studies from postmortem tissues of human ALS patients
demonstrate that the oxidatively modified misfolding of human wSOD1 and mutSOD1
shares a common pathogenic pathway leading to the progressive death of motor neurons.
Therefore, oxidatively modified SOD1 due to pathological cellular oxidative stress acts as
a common neurotoxic determinant in both forms of ALS, i.e., fALS and sALS. This
accumulating evidence from different studies is further supported by the presence of
oxidative stress biomarkers during the disease progression of ALS, both in transgenic
murine models of ALS and in human ALS patients. Additionally, there is no definitive
biomarker that can track disease progression over time or demonstrate target
engagement of drugs. Recently, Tofersen received accelerated approval from the FDA
based on its ability to reduce neurofilament light chain (NefL), a biomarker of neuroaxonal
damage in (SOD1)-ALS patients. However, it is still regarded as a nonspecific biomarker
for the diagnosis and treatment of neurodegenerative diseases. Moreover, it raises
questions about differentiating different forms of ALS from other neurodegenerative
conditions. Furthermore, the potential of neurofilament heavy chain (Nefh) is

underestimated due to limitations in assay sensitivity.
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Currently, more than 200,000 people around the world live with ALS, and the number is
expected to increase by more than 350,000 cases by 2040, yet there is no cure available.
Since the discovery of ALS in 1869, only two fully FDA-approved drugs are available:
Edaravone (EDR), an antioxidant, and Riluzole (RZ), an anti-glutamatergic agent.
Riluzole modestly extends survival in ALS patients by only 2-3 months but fails to
demonstrate survival efficacy in the familial mice model of ALS. Furthermore, EDR
effectiveness is limited to short-term improvements in physical functional outcomes, with
no observed survival benefits in ALS patients. It was repurposed for ALS after being
developed as a free radical scavenger and was originally created to treat acute stroke in
Japan. However, EDR was approved based on its efficacy in improving the physical
functional decline as measured by the ALSFRS-R score and improved quality of life as

measured by the ALS 40-item assessment questionnaire.

Regardless of its ineffectiveness in extending survival in both preclinical and ALS patients,
EDR offers hope to slow down the progression of ALS. Moreover, the recent clinical
pipeline results are unfortunate and disappointing, as drugs fail to meet their primary and
secondary endpoints. As a result, there is a large unmet need to find new treatment
options for ALS. As part of our current early-phase drug discovery project, we tried to
explore and extend the potential of EDR by adding the advantage of a boron scaffold and
developing a triple-role antioxidant molecule that can combat the pathological neurotoxic
free radical H202. H202, a neurotoxin, is implicated in the pathophysiology of ALS in both

familial SOD1 ALS mice and human ALS patients.

In our pursuit of finding new avenues to modify the severe disease phenotypes in the

familial SOD1 mouse model of ALS, we have developed a ROS-responsive and H202-
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activatable chemoselective boron prodrug of EDR called NS-1-2, which has shown its
therapeutic potential in the SOD1-G37R line (42) ALS mouse model (early onset and
highly aggressive high copy number) via a proposed triple-role antioxidant effect. The
novel bio-based prodrug NS-1-2 demonstrated an excellent safety profile both in vitro and
in vivo. Furthermore, the findings from our early phase drug discovery efforts in a
validated familial SOD1-G37R (42) mice model, indicate that the EDR prodrug, NS-1-2,
was able to significantly modify motor disease phenotypes in terms of delaying the onset
of disease, delaying the symptom onset of disease, extending the life span of SOD1-
G37R (42) mice and reducing the ALS induced weight loss/cachexia. Considering that
sex is an independent risk factor in the progression of ALS, we have accounted for and
further evaluated the treatment response of NS-1-2 in both sexes (age- and sex-matched,
males and females) and found that NS-1-2 has profound effects on modifying motor

disease phenotypes in the G37R (42) mouse model.

Our approach, which explored the discovery-based, untargeted, and unsupervised
differential cellular protein expressions in the lumbar spinal cord and brain of G37R ALS
(42) mice, unveiled both known and unknown proteins and phosphoproteins involved in
the pathophysiology of ALS. However, we acknowledge that a major limitation of our study
was the analysis of samples from male mice (treated vs. untreated) that reached the
humane endpoint in our efficacy studies, as well as samples from female mice (treated
vs. untreated) in the symptom biomarker study. Intriguingly, the unbiased and untargeted
results of differential regulation of cellular proteins correlated with the efficacy of NS-1-2
and indicated that known biomarkers for proteins and phosphoproteins are differentially

regulated in the treatment group compared to the control group, which motivated us to
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investigate more in defining new preclinical ALS mice cohorts where we could do a
longitudinal analysis considering different stages of ALS progression until a humane
endpoint validating our current results. Further, the newly discovered unknown proteins
and phosphoproteome biomarkers in the ALS mouse models will help us understand the
overlapping pathophysiological mechanisms across various neurodegenerative diseases.
These observations, for the first time, act as a stepping stone for our novel NS-1-2 redox
regulator, which has opened the door to further research into the role of novel molecule
EDR prodrug NS-1-2 in treating ALS and linking these biomarkers to the common
pathogenic mechanism of other neurodegenerative diseases. We believe that these
exciting findings will provide a foundation for developing small molecules incorporating
boron and investigating their efficacy in slowing the progression of ALS and other
neurodegenerative diseases, such as AD and PD, as well as aging. Further, this novel
prodrug strategy should minimize side effects while selectively targeting the CNS, which
is vulnerable to pathological H202 and other neurotoxic free radicals. We anticipate that
NS-1-2 could be a novel and effective therapeutic option for targeting the oxidative stress-
associated pathology of neurodegeneration and will foster further research into the
potential of boron in neurodegenerative diseases, such as ALS. The efficacy results of
NS-1-2 support our belief that the prodrug of EDR could fill the gap of lacking translation
of FDA-approved drugs from preclinical to clinical studies. In the current invention, we
have identified the limitations of our study, including the need for pharmacokinetic studies,
to define further better cohorts and endpoints for investigating longitudinal changes in
proteomics and phosphoproteomics in response to treatments. Additionally, we recognize

the importance of comparing the efficacy of the EDR prodrug to EDR in the G37R (42)
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model. We acknowledged these limitations in the present study, and we have started
moving forward in these areas to address these limitations. However, we believe that
these initial drug discovery innovations in developing EDR prodrugs incorporating boron,
with excellent safety, significant efficacy, and discovery-based differential profiling of the
global proteome and phosphoproteome at end-stage and symptom onset, will open new

avenues for contemplating the role of boron in neurodegeneration therapeutics.

Our idea focused on innovative methods to advance the small organic compound NS-1-
2 from a preclinical to a clinical candidate. This effort aimed to protect the intellectual
property related to NS-1-2, which is planned for future human trials. After filing a PCT
patent application, WIPO provided a strong international search report, confirming that
our novel approach to target neurodegeneration in ALS involves an inventive step, has
novelty, and possesses industrial utility and applicability. Furthermore, NS-1-2 was
developed in our lab and successfully trademarked as Borsantrazole (BSZ) by Innovation,
Science, and Economic Development Canada. These milestones reinforce our
confidence that NS-1-2 could expand the limited treatment options for ALS. Our early drug
discovery results, along with the WIPO ISR report, suggest that NS-1-2 might offer a
treatment for all ALS types, regardless of disease cause. Nonetheless, further research

into BSZ’s pharmacokinetics and biomarker investigations is essential.
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11 Materials, methods, and characterization of organic
molecules

11.1 Experimental

General considerations: 'H and 3C nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker 500 MHz spectrometer, Billerica, MA, USA, using DMSO-ds (CAS-
2206-27-1), as a solvent with tetramethylsilane (TMS) as an internal standard. J values
are given in Hz. Mass spectra were recorded Bruker Daltonik GmbH, LCMS-100-600
(esi.m), Orbitrap Exploris 480, 60K Resolution, ESI Thermofisher (for HRMS) mass
spectrometers. Microwave reactions were carried out in the CEM explorer hybrid-12
microwave reactor. n-Butyllithium, 2.5M solution in hexanes, Acros organics (CAS-109-
72-8) product of Germany; 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (CAS-

61676-62-8) purchased from Sigma-Aldrich, St. Louis, MO, USA; 3-Methyl-1-phenyl-1H-
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pyrazole (Number: AK139802) was purchased from Ark Pharm, Inc., Arlington Heights,
IL, USA. Hydrogen peroxide (H202) (CAS-7722-84-1) was purchased from Sigma-
Aldrich, St. Louis, MO, USA. Lactic acid (CAS-7732-18-5) was purchased from Acros
Organics. Potassium hydrogen fluoride (KHF2), 3-trifloromethyl-1-phenyl-1H-pyrazole, 3-
trifloromethyl-1H-Pyrazole, 4-fluorophenylboronic acid, Copper(l) oxide. The reactions
were monitored by TLC (Sigma, Silica gel 60 F2s4). The crude reaction mixture was
purified with silica gel column chromatography on a CombiFlash® Rf 200 purification
system, Teledyne Isco, USA. Organic solvents were ordered from BDH, VWR Analytical,
unless specified otherwise. All chemicals were used without further purification unless

stated otherwise.

11.2 Representative experimental procedure for synthesis of N-arylated
pyrazole boronic acid pinacol ester was carried out according to the
below reported procedure with slight modifications, as shown in the
Scheme |

Synthesis of Edaravone prodrug (NS-1-2) was carried out according to the reported
procedure[535] with slight modifications, scheme I, (figure 24). n-Butyllithium (2.5 M in
hexane, 1.5 mL, 3.793 mmol) was added dropwise to a solution of N-arylated substituted
pyrazole (500mg, 0.471mL, 3.161mmol) in anhydrous THF (22 mL) at -78 °C under argon.
The reaction mixture was stirred for 45 minutes at -78°C. 2-Isopropoxy-4,4,5,5-
tetramethyl1,3,2-dioxaborolane (646.93mg, 709.5ul, 3.477 mmol) was added dropwise to
the reaction mixture at -78°C, and the mixture was stirred for 1.5h. The mixture warmed
to room temperature over 1h and glacial acetic acid (208.79mg, 199 ul, 3.477 mmol) was
added. The mixture was filtered through a celite pad, which was washed with EtOAc (100

mL). The organic solvent was removed in vacuo to afford a crude product. TLC confirmed
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the expected product (20% EtOAc/Hex). The crude product was then purified with silica
gel column chromatography on a CombiFlash® Rf 200 purification system, Teledyne Isco,
USA, with ethyl acetate and hexane from 0% to 10%. Residual solvent was evaporated
under vacuum to a final light brown crystalline solid product (815mg, 90%). Compound
(NS-1-2) was synthesized by following this reaction procedure. The structure was

characterized by 1H, 13C NMR, ESI, and HRMS.

11.2.1 Characterization
3-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-phenyl1H-pyrazole (NS-

1-2): Prodrug of Edaravone, figure 77.

Crystalline solid (815mg, 90%): 1H NMR (500 MHz, DMSO-d6). 5H(500 MHz; DMSO-d6;
Me4Si) 3.63 (6 H, s), 3 7.50-7.48 (2H, m, J = 10Hz), & 7.47-7.44 (2H, m, J = 15 Hz),7.39-
7.36 (1H, m, J = 15Hz), 5 6.64(1H, S), 5 2.32(3H, S) 5 1.25(12H, S); 13C NMR (500MHz,
DMSO-d6) 5 149.2, 141.2, 128.9, 127.5, 117.8, 84.5, 82.7, 24.7, 13.2 (C ipso to B not
observed). 11B NMR (500MHz, DMSO-d6) & 27.8. 1.8. HRMS (ESI) Calcd. for
C16H21B1N202 [M + H]* 285.17686., found m/z 285.176. For details of 'HNMR,

13CNMR, and HRMS (see appendix 1-6)

NS-1-2
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Figure 77. Prodrug of Edaravone (NS-1-2).

11.3 Representative procedure for synthesis of N-arylated pyrazole
potassium trifluoroborates from N-arylated substituted pyrazole
boronic acid pinacol ester was carried out according to the below-
reported procedure with slight modifications

Synthesis of Edaravone prodrug was carried out according to the reported procedure[344]
with slight modifications, scheme I, (figure 25). To a stirred solution of boronic ester (0.5
mmol) in methanol (3 mL) was added potassium hydrogen fluoride (KHF2) (0.5 mL of
4.5M saturated aqueous solution, 0.5 mmol, 2.25 equiv., 1.125-fold excess) was added
dropwise. The resulting mixture was stirred at room temperature, and the progress of the
reaction was monitored by TLC after every 15 minutes. The reaction was completed with
a new spot in the TLC after 1hrfor and 2.5hr for. The resulting crude reaction mixture was
filtered using 11cm Whatman’s filter paper and the filter paper was washed thoroughly
with hot acetone to filter all the product from the crude reaction mixture. The residue left
in the filter paper is a white amorphous solid, which was dissolved in ethyl acetate and
TLC was observed under UV. There was no spot corresponding to the product. The filtrate
was concentrated in vacuo to remove all the volatile material. The resulting waxy syrup
was re-dissolved in 50% aq. MeOH (4 mL) and all volatile materials were evaporated
again on a rotary evaporator (5-1 mbar/45-50 C; undesirable bumping of the mixture can
be significantly minimized by adjusting the rotation speed). This Evaporation—dissolution
cycles were repeated until 1H NMR analysis of an aliquot of the reaction mixture showed
less than 1 mol% of pinacol. The evaporation—dissolution cycles were optimized for the
synthesis of prodrugs. The optimized cycled were 10 for synthesis of prodrug. The final

concentrated residue obtained as an amorphous solid, which was finally dried over a
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desiccator overnight to give the product as a white amorphous solid (815mg, 90%). Some
minor loss of product is mainly associated with evaporation/drying/substance transfer
manipulations. Compound (NS-1-21) was synthesized by following this reaction
procedure. The structure was characterized by 1H, 13C NMR, and Mass confirmed by

HRMS (ESI).

11.3.1 Characterization
Potassium trifluoro(3-methyl-1phenyl-1H-pyrazol-5-yl) borate (NS-1-21): Prodrug

of Edaravone, figure 78.

Amorphous solid (125.2mg, 94.8%); 1TH NMR (400 MHz, acetone-d6) & 7.27-7.20 (2H, m,
J = 16 Hz), 8 6.54-6.50 (2H, m, J = 16 Hz),6.36-6.31(1H, m, J = 20Hz), & 5.35(1H, S), &
1.42(3H, S); 13C NMR (300MHz, MeOD-d6) & 127.8, 125.7, 123.9, 111.3, 74.4, 23.6,
11.5 (C ipso to B not observed). For details of 'THNMR, *CNMR, and HRMS (see

appendix 7-9)
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Figure 78. Prodrug of Edaravone (NS-1-21).
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11.4 Microwave synthesis of Edaravone from its prodrug (NS-1-2) 3-
methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-
phenyl1H-pyrazole. Utilizing scheme lll (a)

The synthesis of Edaravone from its prodrug BSZ is influenced by the bio-inspired
catalyst-free reported procedure[536]. Reactions carried out in microwave irradiations
(300Psi, premixed 15sec, 200watt) were performed on a 0.5mmol scale. N-phenyl-3-
methylpyrazole boronic ester (1.0 equiv.) and diethyl ether (3.5mL in excess) were
added to a 10mL microwave vial equipped with a stir bar, followed by the addition of lactic
acid (10 equiv.) and hydrogen peroxide (30%w/w, 1.1 equiv.). The mixture was then
capped and placed in the microwave reactor and heated to 50 °C for 10 min. After
completion of the reaction, the reaction was allowed to cool at RT. The vial was removed
from the microwave, and a small aliquot was taken for TLC analysis. A single new spot
corresponding to Edaravone was observed under UV in TLC. The reaction mixture was
diluted with water (5 mL) and extracted with (10 mL ethyl acetate and 2 mL hexane).
The organic extract was dried in vacuo and subjected to flash chromatography
(EtOAc/hexanes) to afford the desired product. The purified solution obtained after flash

chromatography was dried in vacuo to obtain edaravone in the form of a clear oil.

Recrystallization: The clear oily oil was cooled in the ice bath, and a small amount of

diethyl ether was added dropwise (0.5-1mL). The resulting oily solution was stirred
vigorously in a water bath sonicator for 5 minutes. The white crystalline solid reappeared
during sonication. The resulting white crystalline solid was dried completely under
vacuum to obtain pure Edaravone. The purified product was sealed with paraffin in the

glass vial and stored under 4°C. Compound NS-1-10 (120mg, 84.50%, product
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chromatogram NS-1-10 purified) was prepared by this method and imparted 1-d-proton

NMR data similar to those reported in the literature for Edaravone.
TLC Observations:

TLC observation of Crude reaction mixture. The TLC was carried out in the solvent system
of 50% ethyl acetate and hexane. Rf observed for Edaravone, crude reaction mixture,
and the isolated product was found to be equal i.e. 0.55. Edaravone (NS-1-10) was
synthesized by following this reaction procedure. The structure was characterized by 1H,

13C NMR, and Mass confirmed by HRMS (ESI).

11.4.1 Characterization

3-methyl-1-phenyl-2-pyrazolin-5-one (NS-1-10): Edaravone, figure 79.

Crystalline solid (120mg, 84.50%); 1H NMR (500 MHz, DMSO-d6). 8H(500 MHz; DMSO-
d6; Me4Si) 11.42 (OH, s),57.70-7.69 (2H, d, J = 5Hz), 8 7.42-7.39 (2H, t, J = 15 Hz),7.21-
7.18 (1H, t, J = 15Hz), 6 5.37(1H, S), 8 2.11-2.10(3H, d); 13C NMR (500MHz, DMSO-d6)
0 171.7, 158.9, 153.5, 139.4, 138.6, 129.2, 125.4, 124.8, 121.0, 118.4, 88.0, 43.4, 17 .1,
14.7.HRMS (ESI) Calcd. for C1I0H10N20 [M + H]+ 175.087753., found m/z 175.086. For

details of 'THNMR, '3CNMR, and HRMS (see appendix 10-13)

NS-1-10
Edaravone (EDR)
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Figure 79. Edaravone (NS-1-10).

11.5 Scheme IV for the synthesis of Boron-based Edaravone analogue (/-
arylated pyrazole boronic acid pinacol ester) via a two-step synthetic
procedure in situ

Boron based prodrugs (B3-EDR)

0 j{
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o

CHy
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2. Hydrogen Peroxide (1.lequiv)
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3. Recrystallization
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Figure 80. Scheme IV synthesis of EDR analogues.

11.5.1 Characterization
3-triflouromethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-phenyl1H-

pyrazole (NS-1-12), figure 81.
Crystalline solid (902mg, 91.9%); 1H NMR (400 MHz, CDCL3-d6) 6 7.55-7.52 (2H, m, J
=12Hz), 6 7.45-7.41 (3H, m, J = 16 Hz),7.11(1H, S),  1.26(12H, S); 13C NMR (300MHz,

DMSO-d6) 6 142.6, 142.1, 140.4, 129.3, 129.2, 125.3, 115.2, 85.1, 24.7 (C ipso to B not

observed). For details of 'HNMR, '3CNMR, and HRMS (see appendix 14-16)
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Figure 81. Boron Edaravone (B5-EDR) analogue (NS-1-12).

Potassium trifluoro(3-triflouromethyl-1phenyl-1H-pyrazol-5-yl)borate (NS-1-19),

figure 82.

Amorphous solid (143.5mg, 90.2%); TH NMR (400 MHz, acetone-d6) & 7.27-7.20 (2H, m,
J = 28 Hz), 6 6.67-6.63 (2H, m, J = 16 Hz),6.56-6.52 (1H, m, J =16Hz), & 5.86(1H, S);
13C NMR (300MHz, acetone-d6) 6129.6, 127.9, 127.6, 126.1, 123.5, 119.4, 28.9 (C ipso

to B not observed). For details of 'THNMR, '*CNMR, and HRMS (see appendix 17-19)

4 N\
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Figure 82. Boron Edaravone (B5-EDR) analogue (NS-1-12).
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11.6 Representative experimental procedure for synthesis of 3-trifluoro-
methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-Fluoro-1-
phenyl1H-pyrazole was carried out according to the below-reported
procedure with slight modifications

The first step involves N-Arylation of pyrazoles with Arylboronic Acid at ambient
conditions. 1mol% Cu20 (10mmol, 1.02eq.) was added to a mixture of pyrazole (10mmol,
1equiv) and arylboronic acid (10mmol, 1.2eqiv) in MeOH (3ml/mol) at r.t., and the mixture
was stirred for 5h under an atmosphere of air. The progress of the reaction was monitored
by TLC and on completion of the reaction, the crude reaction mixture was concentrated
under reduced pressure to give the crude product. The crude product was then purified
with silica gel column chromatography on a CombiFlash® Rf 200 purification system,
Teledyne Isco, USA, with ethyl acetate and hexane from 0%-2%. Residual solvent was
evaporated under vacuum to give the light green waxy syrup, which, when kept in an ice
bath for 20 minutes, appeared as green crystals to give the product as a light green
crystalline form (2096mg, 90.8%). Compound (NS-1-22) is synthesized by following this
reaction procedure. Their structures were characterized by 1H and 13C NMR.

In the second step n-Butyllithium (2.5 M in hexane, 1.4 cm3, 3.5mmol, 1equiv.) was added
dropwise to a solution of N-arylated substituted pyrazole (667mg, 2.9mmol, 1equiv.) in
anhydrous THF (20 cm?3) at -78 -C under argon. The reaction mixture was stirred for 45
min at -78°C. 2-lIsopropoxy-4,4,5,5-tetramethyl1,3,2-dioxaborolane (620ul, 3.1mmol,
1equiv.) was added dropwise to the reaction mixture at -78 -C and the mixture was stirred
for 1.5 h. The mixture was warmed to room temperature over 1 h and glacial acetic acid
(180ul, 3.2mmol) was added. The mixture was filtered through a celite pad, which was

washed with EtOAc (100 cm3). The organic solvent was removed in vacuo to afford a
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crude product. The expected product confirmation was done by TLC (20% EtOAc/Hex).
The crude product was then purified with silica gel column chromatography on a
CombiFlash® Rf 200 purification system, Teledyne Isco, USA, with ethyl acetate and
hexane from 0% to 5%. Residual solvent was evaporated under vacuum to give the crude
product in the form of a waxy syrup. The syrup was dissolved in pure hexane and kept in
-80 °C overnight. After 12h hexane was removed by rotavapor, and the product was
isolated as crystals (556mg, 53.8%), under room temperature. Compound (NS-1-23) is
synthesized by following this reaction procedure. Their structures were characterized by

1H and 13C NMR.

11.6.1 Characterization
3-triflouromethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-flouro-1

phenyl1H-pyrazole (NS-1-23), figure 83.

Crystalline solid (556mg, 53.8%); 1H NMR (300 MHz, DMSO-d6) 6 7.66-7.61 (2H, m, J =
15Hz), & 7.36-7.22 (2H, m, J = 42Hz),7.22(1H, S), 6 1.20(12H, S); 13C NMR (300MHz,
DMSO-d6) 6 142.6, 136.9, 127.8, 127.7, 116.1, 115.8, 115.2, 85.0, 24.8 (C ipso to B not
observed); F19 NMR (300MHz, DMSO-d6) & -60.32. For details of '"HNMR, "*CNMR, and

HRMS (see appendix 20-23).
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Figure 83. Boron Edaravone (B5-EDR) analogue (NS-1-23).

11.7 Representative experimental procedure for NMR kinetics
NS-1-2 and EDR were added to D20 containing H202, and the changes in the proton

chemical shift signal were monitored over time. Stock solutions of 40 mM of NS-1-2 and
EDR were prepared in dDMSO in a 1.5 ml tube and vortexed. Stocks of 400 mM of H202
were prepared from 8.8 M (30% w/w) stock solutions. First, 6 M H202 was prepared by
diluting 8.8 M H202 with deuterated water (dH20). Finally, 400 mM of H202 was added to
the 40 mM NS-1-2 and EDR stocks at room temperature. The resulting mixture of NS-1-
2 and EDR in H202 was transferred to NMR capillary tubes for analysis using a Bruker

Avance Il 500 MHz NMR.

11.8 Methodology for neurotoxicity/cell viability analysis of EDR prodrug
NS-1-2 in primary cortical neuronal cells (PCNC)

Briefly, the cerebral cortex was isolated from the fetus of the mouse at about 17-18 days
gestation. After meninges and blood vessels were removed, the tissue was digested with

trypsin for about 15 min at about 37°C, then incubated with DNase for about another
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15 min at about 37°C and terminated with DMEM plus about 10% fetal bovine serum.
After the supernatant was removed, the tissue was added with about 5-ml neurobasal
medium (Life Technologies Inc) and triturated by gently pipetting. Neuronal cells
contained in the supernatant were transferred to poly-D-lysine-coated plastic culture
plates, adjusted to approximately 106 cells/ml, and cultured in neurobasal medium with
GS21 supplements (Sigma-Aldrich Canada), 1X GlutaMax (Life Technologies Inc,) and
about 1% penicillin—streptomycin at about 37°C under about 5% COZ2. About 100k
cells/100ul/well were seeded in 96 well plates for 2Div. At 2Div, the neurons were treated
with different concentrations of EDR (1, 10, and 25 yM) and EDR analogues NS-1-2, (1,
10, and 25 yM) and incubated until 8Div. On the 8th Div of neurons, about 10 pl of WST
reagent was added to each well and incubated for about 2h. After about 2h of incubation,
the absorbance of soluble coloured formazan dye was measured calorimetrically at about
450nM using a microplate reader (Biotek instruments) with the background control as a
blank. The cell viability was determined by comparing the absorbance of compounds
treated cells to that of control cells. Data are representative of two independent

experiments, with each measurement or dose tested six times.

11.9 Methodology for neurotoxicity/cell viability analysis of EDR prodrug
NS-1-2 in neuroblastoma-spinal cord hybrid (NSC-34) cells

Briefly, NSC-34 cells with about 20k cells per well in 96 well plates were cultured in a
complete medium consisting of high glucose Dulbecco’s modified eagle medium (DMEM)
(Thermo Fisher Scientific) supplemented with about 10% US-origin fetal bovine serum
(Thermo Fisher Scientific), GlutaMAX-1, about 200 mM (100X) (Thermo Fisher Scientific),

about 1% 100 mM Sodium pyruvate and about 1% 10,000 U/mL penicillin-streptomycin
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solution (Thermo Fisher Scientific) for about 20h to reach confluency of about 70% -
80%%. All the cells were cultured in an incubator with about 5% of CO2 at about 37°C.
About 20k cells/100pl/well were seeded in 96 well plates for about 20h in triplicates. Cells
were treated with different concentrations of NS-1-2 (and incubated for about 20h. About
10 pl of WST reagent was added to each well and incubated for about 2.5h. After about
2.5h of incubation, the absorbance of soluble coloured formazan dye was measured
calorimetrically at about 450nM using a microplate reader (Biotek instruments) with the
background control as a blank. The cell viability was determined by comparing the
absorbance of compounds treated cells to that of control cells. All the experiments were

repeated at least three times and measurements were run in triplicates.

11.10 Methodology for neuroprotective effect/cell viability analysis
of EDR prodrug NS-1-2 in neuroblastoma-spinal cord hybrid (NSC-
34) cells

Briefly, NSC-34 cells with about 20k cells per well in 96 well plates were cultured in a
complete medium consisting of high glucose Dulbecco’s modified eagle medium (DMEM)
(Thermo Fisher Scientific) supplemented with about 10% US-origin fetal bovine serum
(Thermo Fisher Scientific), GlutaMAX-1, about 200 mM (100X) (Thermo Fisher Scientific),
about 1% 100 mM Sodium pyruvate and about 1% 10,000 U/mL penicillin-streptomycin
solution (Thermo Fisher Scientific) for about 20h to reach confluency of about 70% - about
75%. All the cells were cultured in an incubator with about 5% of CO2 at about 37°C.
About 20k cells/100ul/well were seeded in 96-well plates for about 20h in triplicate. After
about 20h, the media was changed, and the cells were pre-treated or prophylactically

treated with different doses of EDR analogue (NS-1-2) and EDR for about 1h. After about
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1h, the cells were treated with 250 uM of H20:2 for about 2h. After a total period of about
3h, about 10ul of WST-8 reagent was added to each well, and the absorbance readings
were recorded after about 2.5h at about 450nm. All the experiments were repeated at

least three times, and measurements were run in triplicate.

11.11 Methodology for assessment of mitochondrial membrane
potential (AWM) as an indicator of neurotoxicity in NSC-34 cells using
JC-10 probe

Mitochondrial membrane potential was measured according to the manufacturer’s
protocol (Sigma-Aldrich) with some modifications. 20k NSC-34 cells/100ul/well were
seeded in 96-well plates for 20h in triplicates. After 20h, the cells were treated with
different concentrations of Edaravone analogues, Edaravone, and staurosporine as a
negative control for 20h. After 20h, the media was aspirated carefully, and an equal
amount of PBS was added at RT and incubated for 10 minutes. 50 pl/well of JC-10 loading
dye solution was added after 10 minutes, and the cells were incubated for 30 minutes.
After 30 minutes, 50 uL/well of assay buffer B was added and incubated for 10 minutes.
The fluorescence intensities for both J-aggregates and monomeric forms of JC-10 were
monitored and measured at ExX’Em=490/525nm and Ex/Em=540/590nm with (BioTek,

Gen5 Microplate Reader).

11.12 Methodology for amplex red assay to determine the hydrogen
peroxide (H-0-)-scavenging ability of EDR and NS-1-2

The assay was performed using Amplex™ Red Hydrogen Peroxide/Peroxidase Assay
Kit, Catalog number: A22188, Invitrogen™. H202 solution (88 mM) was mixed with

different working solutions of Edaravone or NS-1-2 and incubated at RT for 30 min. After
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30 minutes, the reaction was initiated by adding Amplex Red (100 uM) to a final reaction
volume of 100 pl and incubating at room temperature (RT) for 30 minutes. The final
concentration of Amplex Red reagent was (50uM) in the HRP working solutions. Note that
the reaction was carried out in the absence of light. The H202 scavenging ability of the
compounds was measured by fluorometric assay at (em/ex=590nm/530nm). In the
presence of Horseradish peroxidase (HRP), an Iron (Fe)-metalloenzyme, the Amplex Red
reagent reacts with H202 in a 1:1 stoichiometric ratio to produce the red fluorescent

oxidation product, resorufin.

11.13 Methodology for SOD1 monomer fibrillization assay using
thioflavin T fluorescence

All solutions were filtered through a 0.22-um syringe filter before use. Briefly, a 1 mM
thioflavin stock was prepared in cold PBS (pH 7.4). Then, 25 uM of ThT was prepared by
diluting 1.25 mL of a 1 mM ThT stock solution in 50 mL of cold PBS and kept at room
temperature (RT). Preparation of SOD1 monomers: Human recombinant superoxide
dismutase protein monomer (expressed in E. coli) was purchased from Stress Marq
Biosciences INC. (Catalog No. SPR-435), Lot No. MH588110. SOD1 monomers stored
at -80°C were thawed on ice (4°C) for 1.5 hours. Preparation of SOD1 fibrils: Human
recombinant superoxide dismutase protein preformed fibrils (expressed in E. coli) were
purchased from Stress Marq Biosciences INC. (Catalog No. SPR-470), Lot No.
PH788120. SOD1 preformed fibrils stored at -80°C were thawed at room temperature
(RT) and sonicated for 1.5 hours. After 1.5 hours of sonication, the solution was pipetted
up and down to mix, preventing sedimentation of the preformed fibrils. Following this, 1

mL of 25 yM ThT was added to a 1.5 mL tube at room temperature (RT) and mixed with
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the first 5 uyL of SOD1 monomer from stock solutions (2 mg/mL) to yield a total of 10 ug
of SOD1 monomer in solution. The mixture was then vortexed for 10 seconds. 1 pL from
25 mM stocks of both Edaravone (EDR) and NS-1-2 was added to the (ThT + SOD1
monomer) solution to get a final of 25 yM of both EDR and NS-1-2. The solution was
vortexed for 5 seconds. The final solution of (ThT + SOD1 monomers + EDR/NS-1-2) was
supplemented with 0.5 pL of SOD1 preformed fibrils from stocks of (2 mg/mL) to give a
total of 1 ug of SOD1 preformed fibrils in solution and vortexed for 10 seconds. Finally,
100 pL/well of the final solution containing (ThT + SOD1 monomers + EDR/NS-1-
2+SOD1 preformed fibrils) was taken in 96-well plates (black plate with clear bottom).
The plate was wrapped with aluminum foil and placed in the incubator at 37°C for 30
minutes. The plate was shaken at 250 RPM. After 30 minutes of incubation, the
fluorescence signal was measured at excitation and emission wavelengths of 450 and
485 nm, respectively, using a BioTek, Gen5 Microplate Reader (bottom read mode). An
ultrasonic cleaner from VWR International, LLC (model number 97043-964, 117V-60Hz)
was used for sonication of preformed fibrils. An incubating orbital shaker from VWR was

used.

11.14 Animal models

To study the safety profile of small organic molecule NS-1-2, both in terms of evaluation
of acute toxicity (single dose) and chronic toxicity (120 doses), we used naive wild-type
SOD1 mice (non-transgenics) according to the principles of preclinical toxicity
determination of molecule by most of the studies. We used the commonly used C57BL/6J
strain of mice to study the toxicity effects of NS-1-2 both acutely and chronically. Many

SOD1 mouse models have been created, out of which the most studied and commonly
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used SOD1 mouse models to study ALS are SOD1G93A and SOD1G37R. These
humanized SOD1 mice develop the clinical genotype, phenotype, and pathology of ALS

as observed in humans[537].

We have used a human (h) SOD1-G37R line 42 mouse to evaluate the efficacy of EDR
prodrug NS-1-2. The hSOD1-G37R line 42 transgenic strain was designed with a mutant
human SOD1 gene (harboring a single amino acid substitution of glycine to arginine at
codon 37) driven by its endogenous human promoter. Wong et al. assessed the survival
of the line (42) strain on mixed genetic background and noted that death occurred around
3.5-4 months of age. However, the original allele has been backcrossed to C57BL/6J and
made fully congenic, with increased survival of line-42 strain to (6-7 months or 180-210
days). The line (42) expresses 14.5-fold elevated levels of total SOD1 activity relative to
control in the spinal cord. This SOD1-G37R line 42 is most similar to the G93A-high copy
(HC) line with respect to disease onset age (~3.5-4 months or 105-120 days) and survival
(6-7 months). With G93A-HC, the disease onset age (4 months) and survival age (~6
months). The other G37R mouse line 29 has an increased survival age (~17 months) with
prolonged disease onset age (~10 months)[519]. The clinical phenotypes that resemble
the clinical phenotypes of humans include fine axial tremors, asymmetric weakness of
limbs, poor grooming, rough coat, muscle wasting around the flanks, kyphosis, hind limb
paralysis, and abnormal splay of toes[538]. The SOD1-G37R line 42 used in this study is
highly aggressive and demonstrates fast disease progression with an early disease onset
and symptoms with muscle weakness according to the original investigator and most of

the studies[538].
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11.15 Mice and tissue preparation
Transgenic mice carrying human G37R mutant SOD1 (B6. Cg Tg (SOD1*G37R) 42Dpr/J)

were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). These mice were
crossed with female mice with a C57BL/6 background for at least four generations.
Colonies are maintained in the Central Animal Care Services (CACS), University of
Manitoba, in an environment free of pathogens. The mice were used in accordance with
the Guide of Care and Use of Experimental Animals of the Canadian Council on Animal
Care. Transgenic offspring were genotyped by PCR of DNA obtained from ear biopsies,
see below, using a protocol provided by the Jackson Laboratory. All animal experiments
for this study followed protocol 21-014(AC11693), approved by CACS at the University of

Manitoba.

11.16 DNA isolation and genotyping
A total volume of 300 ul of TNES buffer (1 M Tris, pH 8.5, 0.5 M EDTA, about 10% SDS,

5 M NaCl, and distilled water) supplemented with 20 mg/ml of Proteinase K (25530049,
Fisher), was used to lyse ear samples overnight at 55 °C. After complete lysis, the mixture
was combined with an equal volume of phenol and chloroform (1:1) and mixed well. After
centrifugation at 14,500 rpm for 15 min, the samples were cleared of debris, and the DNA-
rich supernatant was collected. The DNA was then precipitated by adding 200 pL of
supernatant with 200 uL of 95 % ethanol (stored at -20 °C). The mixture was kept at 4 °C
for 30 min. The DNA was then pelleted by centrifuging at 14,500 rpm at 4 °C for 10 min.
The pellet was then rinsed with 70 % ethanol and centrifuged at 14,500 rpm for 10 min,
4 °C to remove residual solvent. Any remaining ethanol was evaporated in the ventilated

hood over an hour. After the tubes were dried completely, 30 yL of nuclease-free water,
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not DEPC-Treated (Fisher, AM9939) was added to the DNA, and the mixture was heated
for 5§5°C for 10min. The genotype determination was applied via the Polymerase Chain
Reaction (PCR) with a. PCR reactions mixture for genotyping (23 pL/ well) was prepared
over ice by mixing Phusion High-Fidelity PCR kit (M0530S, New England Biolabs Inc.).
The PCR reaction mixture was made by adding 14.75 ul of nuclease-free water, 5 ul 5x
Phusion HF reaction buffer from the PCR kit, about 0.5 ul of about 10 mM dNTPs (New
England Biolabs, NO0447S), 1.25 ul of about 10 uM forward primer (5-
CATCAGCCCTAATCCATCTGA-3’) (Fisher, 10336022), about 1.25 ul of about 10 uM
reverse primer (5-CGCGACTAACAATCAAAGTGA-3’) (Fisher, 10336022), and finally
about 0.25 ul of Phusion HF DNA polymerase (added near the freezer) kept at -20°C from
the PCR kit, lastly, 2 ul of DNA extracted sample was added into each well. PCR program
for the above PCR reaction includes initial denaturation at 98 °C for 30s, followed by 30
cycles of 10s at 98 °C, then 30s at 54 °C, and 30 s at 72 °C. A final step at 72 °C for 7
min terminated the amplification. The resulting PCR products were stained with GelRed
Prestatin (Cedarlane, 41011, BT) and separated on a 1 % agarose gel. The gel was

visualized using GeneSys imager software on a G: BOX imager (Syngene, UK).

11.17 Group assignment, drug formulation, storage, and
administration of compound group assignment for determination of
acute toxicity in wild-type SOD1mice

The Wild-type SOD1 mice were randomly assigned to 2 groups: For the acute toxicity
experiments, a total of 6 animals per group (3 male and 3 female) were used in the study.
Group 1: Sham treatment 1 (1:20 DMSO/PBS) and Group 2: NS-1-2 (10mg/kg body
weight). According to an acute toxicity study requirement, 6-10 animals should be used

to evaluate the effect of a substance. However, as the new analogues are structurally
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similar to Edaravone, having a single-dose safety profile of 450mg/kg, the mortality of the
Edaravone analogues at a dose of 10mg/kg body weight/day was not expected.
Considering the above literature evidence, for the present acute study, the minimum
number of animals was 6 per group. Morphological alterations, histological changes, and
mean body weight assessments for the whole set of animals, for both the Wild-type SOD1
control groups (N=6; 1:20, DMSO: PBS) and Wild-type SOD1 treated groups (N=6; BSZ;
10mg/kg body weight) were assessed during the longitudinal 14-day acute toxicity
assessment, by giving a single IP injection to the mouse starting at 2 months of age (see

further detail in (1.8) below). Thus, a total of 12 Wild-type SOD1 mice were used.

11.18 Group assignment, drug formulation, storage, and
administration of compound for determination of chronic toxicity in
wild-type SOD1 mice

The Wild-type SOD1 mice were randomly assigned to 2 groups: For the chronic toxicity
experiments, a total of 6 animals per group (3 male and 3 female) were used in the study.
Group 1: Sham treatment 1 (1:20 DMSO/PBS) and Group 2: NS-1-2 (10mg/kg body
weight). Morphological alterations, histological changes, and mean body weight
assessments for the whole set of animals, for both the Wild-type SOD1 mice control
groups (N=5; 1:20, DMSO: PBS) and Wild-type SOD1 mice treated groups (N=6; BSZ;
10mg/kg body weight) were assessed during the 120-day chronic toxicity assessment, by
giving daily of 120 IP injection to the mouse starting at 3 months of age. Thus, a total of
11 Wild-type SOD1 mice were used. Only one male mouse from group 1 (control) was
terminated unexpectedly, which was likely due to an accidental error in injection
(discussed with Central Animal Care Services, veterinarians, and staff). IP injections may

be difficult because of the aggressiveness of mice (particularly the male mice, during
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physical restraint). In total, 1320 (11 X 120) daily IP injections were proposed for the

chronic toxicity assessment (see further detail in (1.8) below).

11.19 Drug formulation, storage, and route of administration
determination for the acute and chronic toxicity evaluation in the wild-
type SOD1 mice

For intraperitoneal administration, about 1:20 of DMSO/PBS, at a pH of about 7.4 was

used for the suspension of NS-1-2 test substance. A volume of about 400 ul from the final
reconstituted solution was aliquoted and stored at about -80 °C until further use. For acute
toxicity experiments, a single dose of about 10 mg/kg body weight of BSZ was
intraperitoneally injected into group 2, wild-type mice model at the age of 2 months. The
wild-type mice in group 1 received an injection of an equal volume of (about 1:20; DMSO:
PBS) instead. For chronic toxicity experiments, 120 daily doses of about 10 mg/kg
bodyweight of NS-1-2 was intraperitoneally injected into the group 2, WG37R mice model
at the age of 3 months for 120 days, until the age of 7 months. The wild-type mice in

group 2 received an injection of an equal volume of (about 1:20; DMSO: PBS) instead.

11.20 Hematoxylin and eosin (H&E) staining and microscopy
Wild-type (WT) G37R mice received a single dose (about 0.2 ml) IP injection of Sham

suspended in (about 1:20; DMSO: PBS) and a single dose of about 10 mg/kg body weight
(about 0.2 ml) IP injection of NS-1-2 suspended in about 1:20; DMSO: PBS at the age of
2 months. The mice were observed longitudinally for 2 weeks. At the experimental
endpoint, the mice were first deeply anesthetized with a mixture of about 20% v/v
isoflurane/propylene glycol (about 1 ml of the mixture per about 500ml of bell jar space,
University of Manitoba animal care SOP A003) and than exsanguination was done by

cutting the animal’s right atrium followed by an intracardiac perfusion with about 0.9%
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NaCl. During perfusion, a syringe barrel nosecone was used for prolonged anesthesia.
Cardiac perfusion was followed by perfusion with about 4% paraformaldehyde for
histology (H&E staining) analysis. Mouse tissues (brain, heart, spinal cord, kidney, liver,
muscle, lung, and spleen) were fixed for about 48h in about 4% buffered formalin at about
4°C. Only the spinal cord was processed after about 24hr to remove the spine and again
fixed for about another 24hr. Samples were processed and embedded into paraffin blocks
at the Histomorphology and Ultrastructural Imaging platform, Dept. of Human Anatomy
and Cell Science, University of Manitoba. Briefly, the embedded tissues were cut into
about 5um thickness, mounted on super frost plus slides, and dried overnight at about
37°C. Slides were deparaffinized in about 2 changes of xylene and rehydrated in
descending alcohols (about 2 changes of about 100% Ethanol and about 2 changes of
about 95% Ethanol) and tap water. Slides were stained with Harris Haematoxylin followed
by differentiation with acid alcohol. After rinsing in tap water, saturated lithium carbonate
was used for Blueing the nucleus. After that, the slides were rinsed in tap water and
counter-stained with eosin. Following eosin staining, the slides were dehydrated using
ascending alcohols, cleared with xylenes, and mounted coverslips on sections with
paramount. The mounted slides were then visualized, and the images were taken using
a Zeiss Imager M2 microscope using ZEN 3 Pro software with camera AxioCam HRc —
colour. Similar to the acute toxicity experiments, hematoxylin and eosin (H&E) staining

and microscopy experiments were done for the animals assigned to the chronic toxicity

group.
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11.21 Group assignment for evaluation of therapeutic efficacy in
terms of delaying the disease onset, symptom onset, extending
survival, and decreasing weight loss (cachexia) of EDR prodrug BSZ,
in direct comparison to the control/sham group in the human SOD1-
G37R mouse model of ALS

For these efficacy experiments, a set of experiments was carried out having two groups
of mice: Group 1: Sham treatment (1:20 DMSO/PBS); and Group 2: NS-1-2 treatment
(1:20 DMSO/PBS) (10mg/kg body weight/day). For these experiments, age-matched Het
human SOD1-G37R (Line 42) mice were administered vehicle (1:20, DMSO: PBS) or
treatment (BSZ; 10mg/kg body weight), daily, starting pre-symptomatically at the age of
90 days until the age of 210 days, and monitored longitudinally for several significant
humane point indicators/end stage including, a) Mouse unable to right itself in 15 sec b)
25% loss of weight on the highest recorded weight c) Full paralysis of one or more hind
limbs d) Loss of bladder functions e) Crusty eyes/loss of vision and/or f) Penile prolapse.
Weight loss or ALS-induced cachexia due to disease progression is an independent
predictor of survival and disease progression. We have evaluated the weight loss based

on the highest recorded weight at the (humane endpoint/end stage)[359].

11.22 Definitions and criteria for determining disease onset and
symptom onset

The disease onset and symptom onset in SOD1-G37R ALS mice were evaluated in the
current study based on the following mentioned criteria, which are being used by
numerous studies conducted in the ALS mice models. The definitions of disease course

and progression analysis are illustrated in (figure 84).
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11.22.1 Criteria for disease onset

Disease onset is retrospectively defined as the age at which the mouse reaches peak

weight, well before the denervation-induced muscle atrophy and weight loss[539].

11.22.2 Criteria for symptom onset

Symptom onset or early symptomatic progression stage is defined as the age to reach
10% body weight loss based on the highest or peak recorded weight with muscle
weakness. The loss of 10% of body weight is often accompanied by the appearance of
symptoms of muscle weakness[540]. Symptom onset is the early symptomatic disease

progression stage called early symptomatic stage (Early-sym).

Symptom onset
10% weight reduction 1y, 200 and point/

Disease onset
End stage

T
reatment start date Maximum body weight

Presymptomatic

Age: 90 days l | 1 |

Max LifeSpan
»' 210 days
ALS mice ” I * I

SOD1 G37R

Pre-sym Early-sym Late-sym
Progression Progression

< >
< >

Post-sym

<

Longitudinal monitoring for peak body weight,
10%loss of weight and humane endpoint (end
stage)

Figure 84. Diagram outlining the definition of pathological stages of the SOD1-G37R ALS

mice mouse model of ALS.

11.23 Injection sites and determination of sample size for efficacy
studies of BSZ

Also, injection sites were alternated between the right and left sides of the mice to reduce
pain/inflammation. To see the effect of treatment in these experiments, a sample size of

12 per group was used. The mean deviation of oxidative SOD1 level is 20%. At least 30%
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reduction of oxidative SOD1 with the treatments, with an S/N ratio of 1.5, a power of 0.9,
and a significance level of 0.05, the required sample size is 12. If any less is used, the
data would not be statistically significant. In this efficacy study of EDR prodrug BSZ, a
total of 12 animals per group (6 male and 6 female) have been used. Thus, a total of 24

SOD1-G37R mice were used.

11.24 The rationale for the presymptomatic treatment start date

The treatment of EDR prodrug BSZ in the efficacy studies was initiated well before the
disease onset i.e., started pre-symptomatically. According to the original investigator
Wong et al., highly expressed SOD1-G37R line 42 mice, a familial model of ALS,
demonstrate the onset of motor neurodegeneration at the age of (3.5 to 4 months or 105-
120 days). At the earliest age of (15 weeks or 105 days), progressive neuropathological
abnormalities associated with loss of motor neurons in the spinal cord and brain stem
was observed, which is associated with ventral root exit swelling and vacuolization.
According to several studies, it is well known that both the forms of ALS i.e., sALS and
fALS are clinically and pathologically indistinguishable, further studies have shown the
shared genetics risk in both forms of ALS. Further, evidence from the studies in ALS mice
models and human forms of ALS demonstrates that the neurodegenerative process in
ALS starts before the manifestations of ALS clinical symptoms or disease onset,
culminating into a complex process and further leading to an aggressive and fatal form of
disease progression. Therefore, better outcomes of therapeutic intervention in all forms
of ALS could be achieved if we initiate a treatment presymptomatically to slow the
fundamental root cause of neurodegeneration in the disease course. In addition,

presymptomatic treatment gives an opportunity to delay the phenoconversion in ALS (i.e.,
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the transition between pre-symptomatic and clinical symptomatic phases of the disease).
There are several advantages of using early intervention to slow down the progression of
highly complex ALS. Firstly, highly aggressive forms of neurodegeneration later, after the
onset of the disease could mitigate the therapeutic potential of the drug therefore,
initiating the intervention presymptomatically in early-phase drug discovery could be
advantageous, secondly, rescuing the postmitotic neurons is more pragmatic than the
regeneration of dead or diseased neurons, thirdly, it is preferred to start early intervention
to slow the disease progression, when the disability is minimal and lastly, high levels of
phosphorylated neurofilaments (pNefl) levels in the serum of presymptomatic ALS
patients and ALS mice models demonstrates that the neurodegenerative process is active
at the clinically presymptomatic stage[476]. This cumulating evidence endorses and
supports the initiation of the BSZ presymptomatically in the current SOD1-G37R mice

model to successfully translate the results from preclinical to human studies in the future.

Overall, a total of 47 mice participated in this early drug discovery phase, based on
approved #protocol 21-014(AC11693) CACS, University of Manitoba. To evaluate the
safety of BSZ (in terms of both acute and chronic) and efficacy of BSZ (in terms of
delaying disease onset, extending life span, and reducing weight loss). A total of (12
wildtype SOD1 mice) were a part of acute toxicity studies, a total of (11 wild-type SOD1
mice) were a part of chronic toxicity experiments, and a total of (24 human SOD1 G37R

mice) were a part of efficacy studies.
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11.25 Discovery-based untargeted and unbiased proteomics on
human mutant G37R mouse lumbar spinal cord and brain tissue
samples

11.25.1 Tissue sample preparation

For homogenization, a lysis buffer comprised of 4% SDS and 1x Halt™ Phosphatase
Inhibitor Cocktail (Thermo Scientific, cat no. 78426) in 100 mM TRIS (pH 8.5) was added
to each sample and a probe sonicator was used. Protein concentrations of the lysates
were determined using the Thermo Scientific PierceTM Detergent Compatible Bradford
Assay Kit (product number. 23246) as per the manufacturer protocol. Per sample, 300-

ug aliquots were further processed and volumes were adjusted to 30 uL using lysis buffer.

11.25.2 Proteolytic digestion
Lysates were reduced with 10 mM dithiothreitol (DTT) for 30 min at 57°C followed by

alkylation using 50 mM iodoacetamide (IAA) for 45 min in the dark at room temperature.
Samples were processed using single-pot solid-phase-enhanced sample preparation
(SP3)[541]. Thus, two types of carboxylate-modified SeraMag Speed beads (GE Life
Sciences) were combined 1:1 (v/v), rinsed, and reconstituted in water at a concentration
of 20 pg/uL. Next, 30 pL of the bead mix was added to each lysate, and the samples were
adjusted to pH 7.0 using TRIS buffer. To promote protein binding, acetonitrile (ACN) was
added to a final concentration of 70% (v/v), and samples were incubated at room
temperature on a tube rotator for 18 min. Subsequently, beads were immobilized on a
magnetic rack for 1 min. The supernatant was discarded, and the pellet was rinsed twice
with 200 L of 70% ethanol and once with 180 pL of 100% ACM while on the magnetic
rack. Rinsed beads were resuspended in digestion buffer, 120 yL of 50 mM TRIS buffer

(pH 8.5) supplemented with trypsin (sequencing grade, Promega) at an enzyme-to-
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protein ratio of 1:25 (w/w). Samples were incubated for 16 hours at 37°C. Supernatants
were collected in clean tubes. To increase recovery, the beads were removed from the
rack and sonicated in a bath sonicator with 50 pL of digestion buffer without trypsin.
Supernatants were added to their respective tubes from the previous step. Next, 170 pL
of 1% trifluoracetic acid (TFA) was added to samples and the generated peptides were
desalted on Waters C18 100mg Cartridges (Sep-pac, part no. WAT023590). The desalted

samples were dried in a speed vac and resuspended in 0.1% formic acid (FA).

11.25.3 Phosphopeptide enrichment

Immobilized metal ion affinity chromatography (IMAC)-based phosphopeptide enrichment
was performed with aliquots of 145 ug and 105 ug of peptide for brain and spinal cord
samples, respectively, using the High Select™ Phosphopeptide Enrichment Kit (Thermo
Scientific, cat no. A32992) kit as per manufacturer protocols. Phosphopeptide eluates

were dried in a speedvac and resuspended in 15 pL of 0.2% FA.

11.25.4 LC-MS/MS analysis of the spinal cord proteome
Per sample, an equivalent of 1.25 ug of peptide was analyzed by nanoflow LC-MS/MS

using an Easy-nLC 1200 system coupled to an Orbitrap Exploris 480 with FAIMS (both
Thermo Fisher Scientific). Samples were separated on a self-packed C18 analytical
column (Luna C18(2), 3 um particle, 100 ym ID x 30 cm, Phenomenex, Torrance, CA)
using water with 0.1% FA (mobile phase A) and 80% ACN with 0.1% FA (mobile phase B)
using a binary gradient starting with 5% B for 3 min, 5 — 7 % B over 2 min, 7-25% B over
87 min, 25 — 60 % B over 15 min, 60 — 95% B over 1 min, with final elution of 95% B for
15 min at a flow rate of 300 nL/min. A standard nitrogen flow of 4.1L/min is used for all

experiments with user gas kept at 0 L/min. MS acquisition was conducted in data-
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dependent acquisition mode (DDA) with a cycle time of 1.5 s for both CV -50 and -70. Full
MS scans were acquired at a resolution of 120,000 from 380 — 1500 m/z (AGC 300%, 50
ms max injection time). Precursor ions with charge states between +2 and +5 were
isolated with a m/z 1.6 window and fragmented with a normalized collision energy of 30%.
MS/MS spectra were acquired at a resolution of 15,000 (AGC 100%, automated max

injection time). Dynamic exclusion was set to 25 s.

11.25.5 LC-MS/MS analysis of the spinal cord phosphoproteome

Per sample, 50% of the enriched phosphopeptides were analyzed by nanoflow LC-
MS/MS using an Easy-nLC 1200 system coupled to an Orbitrap Exploris 480 (both
Thermo Fisher Scientific). Samples were separated on a C18 analytical column (Luna
C18(2), 3 ym particle, 100 um ID x 30 cm, Phenomenex, Torrance, CA) using water with
0.1% FA (mobile phase A) and 80% ACN with 0.1% FA (mobile phase B) using a binary
gradient ranging from 2-6% B in 5 min, 6-30% B in 62 min, 30-45% B in 7 min, 45-90% B
in 1 min, and with final elution of 90% B for 15 min at a flow rate of 300 nL/min. MS
acquisition was conducted in data-dependent acquisition mode (DDA) with a cycle time
of 1.0 s. Full MS scans were acquired at a resolution of 60,000 from 380 — 1500 m/z (AGC
300%, 50 ms max injection time). Precursor ions with charge states between +2 and +6
were isolated with a m/z 1.6 window and fragmented with a normalized collision energy
of 30%. MS/MS spectra were acquired at a resolution of 30,000 (AGC 100%, automated

max injection time). Dynamic exclusion was set to 15 s.

11.25.6 Data analysis of the spinal cord proteome
Raw data was analyzed using FragPipe 21.1 with MSFragger[542] 4.0, lonQuant 1.10.12,

and Philosopher 5.1.0. Data was searched against a mouse SwissProt database
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(downloaded from uniprot.org on October 23, 2022, with 17,197 target proteins)
complemented with decoys and common contaminants. Trypsin was selected as an
enzyme with a maximum of 1 missed cleavage, and mass tolerances for recalibration
were set to 10 ppm for both MS and MS/MS spectra. Peptide length was restricted to 7-
35 amino acids, carbamidomethylation of Cys (+57.02146 Da) was selected as fixed, and
oxidation of Met (+15.9949 Da), pyro-Glu formation from N-terminal GIn (-17.0265 Da)
and N-terminal Glu (-18.0106 Da) were selected as variable modifications, with a
maximum of 3 allowed variable modifications per peptide. MS Booster, Percolator, and
Philosopher were used for validation. Label-free quantitation (LFQ) was performed using
lonQuant, enabling matching between runs with an ion false discovery rate of 1% and
only using unique peptides for quantitation. The minimum number of scans was set to 5,
all other parameters were kept to default settings. Data was filtered to a 1% false
discovery rate on peptide and protein levels. A total of 8832 proteins were quantified and
further filtered to retain high-quality data. Thus, all proteins quantified with less than 2
peptides and in less than 3 of 4 replicates of either treated or sham were removed,
resulting in a total of 6761 proteins. Differential analysis was performed using moderated
t-test (LIMMA)[376] and considering only 6270 proteins that were quantified in all
replicates of either sham or treated samples. Intensities were log2-transformed, followed
by K-nearest neighbor (KNN) imputation for Missing at Random (MAR) values. A total of
51 proteins with adjusted p-values <0.05 were considered statistically significantly
differential between treated and sham. In addition, 23 proteins that were quantified in 3

replicates of one condition but in no replicate of the other condition were labeled as
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potentially differential, as well as 2 proteins quantified in 3 replicates of the treated

replicates but in only 1 one control replicate with >4 and >10 times lower intensity.

11.25.7 Data analysis of the spinal cord phosphoproteome
Raw data was analyzed using FragPipe 21.1 with MSFragger 4.0, lonQuant 1.10.12, and

Philosopher 5.1.0. Data was searched against a mouse swissprot database (downloaded
from uniprot.org on January 25, 2024, with 17,197 target proteins) complemented with
decoys and common contaminants. Trypsin was selected as an enzyme with a maximum
of 2 missed cleavages, and mass tolerances for recalibration were set to 20 ppm for both
MS and MS/MS spectra. Peptide length was restricted to 7-35 amino acids,
carbamidomethylation of Cys (+57.02146 Da) was selected as fixed, and oxidation of Met
(+15.9949 Da), phosphorylation of Ser/Thr/Tyr (+79.96633 Da) and deamidation of Asn,
GIn (+0.984016 Da) were selected as variable modifications, with a maximum of 4 allowed
variable modifications per peptide. MS Booster, Percolator, and Philosopher were used
for validation, and PTM Prophet was used to determine site localization probabilities of
all variable post-translational modifications. Label-free quantitation (LFQ) was performed
using lonQuant, enabling matching between runs with an ion false discovery rate of 1%
and only using unique peptides for quantitation. The minimum number of scans was set
to 5, all other parameters were kept to default settings, with a minimum site localization
probability of 75%. Data was filtered to a 1% false discovery rate on peptide and protein
levels. A total of 9541 phosphorylation sites were quantified and further filtered to retain
high-quality data. Only phosphopeptides that were quantified in all 4 replicates of either
treated or sham were kept, resulting in a total of 3945 high-quality phosphopeptides.

Differential analysis was performed using a moderated t-test (LIMMA)[376]. Intensities
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were log2-transformed, followed by K-nearest neighbor (KNN) imputation for Missing at
Random (MAR) values. A total of 29 phosphorylation sites with adjusted p-values <0.05

were considered statistically significantly differential between treated and sham.

11.25.8 LC-MS/MS analysis of the brain proteome
Per sample, an equivalent of 200 ng of peptide was analyzed by nanoflow LC-MS/MS

using an EvoSep One coupled to a TimsTOF Pro2 operating in DIA-PASEF (data
independent acquisition-parallel accumulation-serial fragmentation) mode. An EvoSep
EV1137 column was used to separate peptides (1.5 pym particle, 150 ym ID x 15 cm,
EvoSep) with 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in
acetonitrile (mobile phase B) using the preset 30 samples-per-day gradient and flowrate.
Inverse reduced ion mobility (1/K0) values and the TIMS funnel voltages were calibrated
linearly through three selected ions (m/z 622, 922, 1222) using the Agilent ESI-L Tuning
Mix (Agilent, Santa Clara, CA, US). The source parameters were set as follows: 1700 V
for emitter voltage, 3.0 L/min for dry gas and 200 °C for dry temperature. The DIA-PASEF
method was optimized using py_diAID17 over an m/z range from 350.2 to 1493.2. Each
DIA-PASEF scan used variable isolation window widths that were split along two ion
mobility ranges adjusted based on precursor intensity. One DIA-PASEF cycle consisted
of 17 scans and the cycle time was 1.91 s. The ion mobility was scanned from 0.7-1.5
Vs/cm2 at a ramp time of 100 ms while ramp and accumulation times were locked to
100% duty cycle. The collision energy was ramped linearly as a function of the mobility

from 59 eV at 1/KO=1.6 Vs cm-2 to 20 eV at 1/K0 = 0.6 Vs cm-2.
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11.25.9 Data analysis of the brain proteome

Raw data was analyzed using DIA-NN 1.8.2, using an in-silico generated spectral library
based on a mouse swissprot database (downloaded from uniprot.org on January 25,
2024, with 17,197 target proteins). In-silico library generation settings were: trypsin as
enzyme with a maximum of 1 missed cleavage site, peptide length of 7-35 amino acids,
precursor m/z range from m/z 300-1800 with charge states 1-4. Carbamidomethylation of
Cys (+57.02146 Da) was used as fixed modification. Peptides were deemed proteotypic
based on FASTA database protein entries. Samples were analyzed in double-pass mode
using RT-dependent normalization and smart profiling. A total of 8429 proteins groups
were quantified and further filtered to retain high quality data. Only protein groups that
had been quantified with at least 2 peptides in at least 3 out of 4 replicates of either sham
or treated samples were retained. Differential analysis was performed using a moderated
t-test (LIMMA). Intensities were log2-transformed, followed by K-nearest neighbor (KNN)
imputation for Missing at Random (MAR) values. Proteins with adjusted p-values <0.05

were considered statistically significantly differential between treated and sham.

11.26 Discovery-based untargeted and wunbiased LC-MS/MS
analysis of symptom onset biomarker proteome of human mutant
G37R ALS mice model

Per sample, an equivalent of 200 ng of peptide was analyzed by nanoflow LC-MS/MS
using an EvoSep One coupled to a TimsTOF Pro2 operating in DIA-PASEF (data
independent acquisition-parallel accumulation-serial fragmentation) mode. An EvoSep
EV1137 column was used to separate peptides (1.5 ym particle, 150 um ID x 15 cm,
EvoSep) with 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in

acetonitrile (mobile phase B) using the preset 30 samples-per-day gradient and flow rate.
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Inverse reduced ion mobility (1/K0) values and the TIMS funnel voltages were calibrated
linearly through three selected ions (m/z 622, 922, 1222) using the Agilent ESI-L Tuning
Mix (Agilent, Santa Clara, CA, US). The source parameters were set as follows: 1700 V
for emitter voltage, 3.0 L/min for dry gas and 200 °C for dry temperature. The DIA-PASEF
method was optimized using py_diAID17 over an m/z range from 350.2 to 1493.2. Each
DIA-PASEF scan used variable isolation window widths that were split along two ion
mobility ranges adjusted based on precursor intensity. One DIA-PASEF cycle consisted
of 17 scans and the cycle time was 1.91 s. The ion mobility was scanned from 0.7-1.5
Vs/cm2 at a ramp time of 100 ms while ramp and accumulation times were locked to
100% duty cycle. The collision energy was ramped linearly as a function of the mobility

from 59 eV at 1/KO=1.6 Vs cm-2 to 20 eV at 1/KO = 0.6 Vs cm-2.

11.26.1 Data analysis symptom onset proteome

Raw data was analyzed using DIA-NN 1.9, using an in-silico generated spectral library
based on a mouse swissprot database (downloaded from uniprot.org on January 25,
2024, with 17,197 target proteins). In-silico library generation settings were: trypsin as
enzyme with a maximum of 1 missed cleavage site, peptide length of 7-35 amino acids,
precursor m/z range from m/z 300-1800 with charge states 1-4. Carbamidomethylation of
Cys (+57.02146 Da) was used as fixed modification. Peptides were deemed proteotypic
based on FASTA database protein entries. Samples were analyzed in double-pass mode

using RT-dependent normalization and smart profiling.

A total of 8263 proteins groups were quantified at 1% false discovery rate (FDR) and
further filtered to retain high quality data. Only protein groups that (i) had been quantified

with at least 2 peptides in all 3 replicates of either sham or treated samples were retained
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and (ii) had maximum relative standard deviation of 30% in both groups, were considered.
The resulting list of 4975 proteins with high confidence quantitative data was further
analyzed using Perseus, including log2-transformation of intensities, imputation of
missing values, determination of ratios and p-values, as well as multiple testing correction
to report significantly differential proteins at an FDR of 5%. In addition, 2 proteins (Ncf4,
Raver1) that did not pass the significance threshold but were quantified with 2 peptides
in all three sham samples but not detected in all treated samples, were considered as

differentially regulated.

11.27 Statistical analysis

All statistical analyses were performed using GraphPad Prism software version 9
(GraphPad Software Inc.). Data represent the mean and standard error of the mean
(SEM). An unpaired two-tailed Student’s t-test was used for the comparison of two means.
One-way ANOVA followed by Dunnett’s multiple comparisons test was used for the
multiple-group analysis. The Kaplan-Meier method with the Log-rank test was used for
disease onset and survival analysis. The significance level for the two-sided analyses was

setat P<0.05.
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13 Appendices
13.1 Appendix Figure 1: Chromatogram of NS-1-2 (BSZ)
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13.2 Appendix Figure 2:

NS-1-2
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13.3 Appendix Figure 3: "*CNMR of NS-1-2 (BSZ)
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13.4 Appendix Figure 4: "BNMR of NS-1-2 (BSZ)
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13.5

Appendix Figure 5: HRMS of NS-1-2 (BSZ)
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13.6 Appendix Figure 6: ESI of NS-1-2 (BSZ)
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13.7 Appendix Figure 7: "THNMR of NS-1-21
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13.8 Appendix Figure 8: "*CNMR of NS-1-21
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13.9 Appendix Figure 9: HRMS of NS-1-21
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13.10

Sample: EDR

RediSep Column: Silica 12¢

SN: EM41503AE4B628 Lot: 26163050300

Flow Rate: 30 ml'min

Equilibration Volume: 100.8 ml

Initial Waste: 0.0 ml
Air Purge: 0.5 min

Rf2I00

Peak Tube Volume: Max.

Loading Type: Solid

Non-Peak Tube Volume: Max.

Wavelength 1 (red): 254nm

Peak Width: 1 min
Threshold: 0.20 AU

Appendix Figure 10: Chromatogram of NS-1-10(EDR)
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13.11  Appendix Figure 11: 'THNMR of NS-1-10 (EDR)
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13.12  Appendix Figure 12: *CNMR of NS-1-10 (EDR)
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13.13
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Appendix Figure 13: HRMS of NS-1-2 (EDR)
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13.14

Appendix Figure 14: "THNMR of NS-1-12
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13.15 Appendix Figure 15: "> CNMR of NS-1-12
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13.16
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Appendix Figure 16: HRMS of NS-1-12
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13.17 Appendix Figure 17: 'THNMR of NS-1-19
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13.18 Appendix Figure 18: "> CNMR of NS-1-19
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13.19
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Appendix Figure 19: HRMS of NS-1-19
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13.20 Appendix Figure 20: "THNMR of NS-1-23
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13.21 Appendix Figure 21: "*CNMR of NS-1-23
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13.22 Appendix Figure 22: ""FNMR of NS-1-23

F19 DMSO {C:\Bruker\TOPSPIN1.3} tranmer 33

I I I I I I I I I
0 -20 -40 -60 -80 -100  -120 -140 -160 -180

s

ppm

Co><)
BRUKER

Current Data Parameters

NAME NS-1-23_Final
EXPNO 2
PROCNO 1

FZ - Acquisition Parameters
Date_ 20210222
Time 12.56
INSTRUM spect
PROBHD 5 mm QNP 1H/1
PULPROG zgflgn

v} 131072
SOLVENT DMSO

NS 16

Ds 4

SWH 67567.570 Hz
FIDRES 0.515500 Hz
AQ 0.9699328 sec
RG 1824.6

DwW 7.400 usec
DE 6.00 usec
TE 292.2 K
D1 1.00000000 sec
D0 1

WoOW

S5B 0
LB

GB 0
BC

HANNEL f1 =

1
7.10 usec

-6.00 dB
282.3761148 MHz

parameters
5536

-4043550 MHz
M

28

ra

0.30 Hz

1.00

368



13.23
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Appendix Figure 23: HRMS of NS-1-23
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