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Alzheimer's and Parkinson's diseases are neurodegenerative conditions affecting over 50 million people
worldwide. Since these disorders are still largely intractable pharmacologically, discovering effective
treatments is of great urgency and importance. These conditions are characteristically associated with
the aberrant deposition of proteinaceous aggregates in the brain, and with the formation of metastable
intermediates known as protein misfolded oligomers that play a central role in their aetiology. In this
Received 28th June 2021 Highlight article, we review the evidence at the physicochemical, cellular, animal model and clinical
levels on how the natural products squalamine and trodusquemine offer promising opportunities for

DOI: 10.1039/d1np00042j chronic treatments for these progressive conditions by preventing both the formation of neurotoxic
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1 Introduction

Neurodegenerative diseases are among the most prevalent
afflictions of old age in our society." These conditions are
characterized by a progressive loss of neurons in the central
nervous system and are still largely incurable. The most
common and widespread of these pathologies is Alzheimer's
disease (AD), which accounts for about two thirds of the cases of
dementia and affects approximately 30-40 million people
worldwide.>® Another neurodegenerative disorder affecting
both the central and peripheral nervous systems is Parkinson's
disease (PD), which affects more than 10 million people
worldwide.* Overall, over 35 neurodegenerative diseases have
been characterized to date. While some of them are extremely
rare, some others are quite common. In the United States of
America alone, neurodegenerative diseases were responsible for
272 644 deaths and 3 011 484 disability adjusted life years in
2016.°
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oligomers and their interaction with cell membranes.

One of the most common histopathological traits associated
with neurodegenerative diseases is the presence of large protein
aggregates that can accumulate in the extracellular space of the
brain or within neurons.»®” These aggregates are formed by
well-defined constituent proteins, and are known as amyloid
plaques formed extracellularly by the amyloid-B (AB) peptide
and neurofibrillary tangles formed intracellularly by the tau
protein in AD and intracellular Lewy bodies by a-synuclein in
PD."*® Genetic and circumstantial evidence indicates that the
conversion of the initially native and soluble protein into
protein aggregates, or their precursor oligomers, is one of the
main drivers of neurodegeneration in such diseases.®’

At present there is an urgent need for effective treatments that
significantly slow down the progression of neurodegenerative
diseases. After diagnosis, AD and PD patients are typically treated
with symptomatic drugs that do not have the ability to interrupt or
reverse neurodegeneration,”** and the situation is not any different
in other neurodegenerative disorders. In June 2021, the FDA has
approved using the accelerated approval pathway aducanumab
(branded as Aduhelm), a monoclonal antibody targeting Af
aggregates, therein providing the first disease-modifying drug
against AD,"* although the treatment is very costly and is also
considered controversial by a few experts. A new hope is offered by
a category of natural compounds initially discovered and identified
in the gastrointestinal tract of dogfish sharks (Squalus acanthias).
These compounds have demonstrated over the years therapeutic
properties on a number of diseases and, in the last four years, have
also shown to be promising small molecules for the treatment of
PD and AD.

This journal is © The Royal Society of Chemistry 2022
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2 Discovery of squalamine and

trodusquemine in sharks and their
effects in human pathologies

It was demonstrated in the 1980's that vertebrates express
peptides with antimicrobial activity, which were shown to be
a vital arm of the innate immune system.”™ A search for

Ryan Limbocker is an Assistant
Professor in the Department of
Chemistry and Life Science at
the United States Military
Academy at West Point. He
received his B.Sc. in Chemistry
from the University of Kansas.
He matriculated at the Univer-
sity of Cambridge as a Gates
Cambridge and St. John's
College Benefactor's Scholar and
graduated with a Ph.D. in
Chemistry under the supervision
of Professor Sir Christopher Dobson and Professor Michele Ven-
druscolo. At West Point, Ryan teaches general and upper-level
chemistry courses, is a passionate academic mentor, and leads
a research group that investigates protein misfolding diseases and
chemical and biological threat agents.

Denise Barbut is a Professor of
Neurology & Former Chief of the
Neurovascular Division and of
the Stroke research Program at
Weill-Cornell Medical College.
Her scientific interests have
centered on neuroprotection and
neurodegenerative  disorders.
She trained as a neurologist in
the UK and the USA, receiving

her M.D. from University
College, London. Her post-
graduate  training  included

Imperial College, the Brompton, the National Hospital for
Neurology and Neurosurgery and Cornell University. She s
a Fellow of the Royal College of Physicians of the UK. Subsequently
she became Professor of Neurology at Cornell University. She holds
close to 200 patents and has published over 70 peer-reviewed
articles. Her current research interests are focused on the role of
aminosterols in the prevention and treatment of neurodegenerative
diseases. She co-founded Enterin with Michael Zasloff in 2016,
and currently serves as President, CMO, and Board Member.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Natural Product Reports

antimicrobial compounds across vertebrate evolution led to the
discovery, in 1993, that stomach extracts of the dogfish shark
(Squalus acanthias) also contained a molecule with antimicro-
bial activity.’® This molecule was isolated and investigation of
its chemical structure using mass spectrometry (MS) and
nuclear magnetic resonance (NMR) spectroscopy led to the
identification of a novel compound that had not been known
until then (Fig. 1): a bile salt with a steroid ring of the type of
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cholestane, with hydroxyl and sulfate groups at C-7 and C-24,
respectively, coupled to a spermidine moiety at C-3 (3beta,5al-
pha,7alpha,24S).'**” This natural product exhibited a broad
spectrum of anti-infective activity against Gram-positive and
Gram-negative bacteria, fungi, and certain protists, and was
named squalamine, after the Squalus genus from which it was
extracted and its characteristic polyamine group.'® The
minimum inhibitory concentration of squalamine as an anti-
microbial agent against E. aerogenes, S. cerevisiae, C. albicans, S.
aureus, E. faecalis, E. hirae, E. coli, and P. aeruginosa was shown
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to range from approximately 2 to 25 ug mL~'.**? In subsequent
studies, both in vitro and in vivo, squalamine was shown to
inhibit pathological angiogenesis associated with retinopathy
and cancer,”* exhibit antiviral activity against both RNA- and
DNA-enveloped human viruses,” and restore aged-related
decreases in colonic motility and jejunal vagal firing rates in
mice.”” Clinical studies in both cancer and vascular retinopathy
were carried out for squalamine.

At physiological pH, squalamine exists as a positively charged
zwitterionic molecule, soluble in both water and organic solvents.*
In aqueous solution, squalamine was shown to bind most avidly to
membranes containing phospholipids with negatively charged
headgroups.” Due to its net cationic charge, squalamine displaces
positively  charged proteins bound electrostatically  to
membranes.”** This biophysical property is believed to be the basis
of many of the pharmacological properties exhibited by squal-
amine, such as its antiviral activity.*

Following this discovery, it was found that squalamine was
not the only potentially interesting natural product that the
shark entrails had in store for us. In 2001, a procedure of
extraction of squalamine from larger amounts of dogfish liver,
the richest source of squalamine in this animal, led to the
discovery of at least seven other aminosterols, present in
considerably lower concentrations than squalamine and struc-
turally similar to this molecule, with variations involving mainly
the cholestane-like side chain, from C-20 to C-27."® One of these
compounds shared the same steroid cholestane-like moiety as
squalamine, but was conjugated at C-3 to spermine, rather than
spermidine (Fig. 1). This new natural product was found to have
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Trodusquemine (MSI-1436)

Fig. 1 Chemical structures of squalamine and trodusquemine. They
were originally isolated from the dodfish shark Squalus acanthias and
are now chemically synthesized in the laboratory, enabling systematic
chemical and clinical investigations. They differ for the polyamine
moiety linked to C-3, which is a spermidine and spermine for squal-
amine and trodusquemine, respectively. The Squalus acanthias illus-
tration was adapted from the South Andean Huemul website, under
the Convention on Migratory Species of Wild Animals (CMS), as
authored by Marc Dando.

a wide spectrum of antimicrobial activity, similar to squal-
amine." It was initially referred to as MSI-1436 (ref. 18) and was
later named trodusquemine by a biopharmaceutical company,
a name that became soon popular among scholars.” The
minimum inhibitory concentration of MSI-1436 was found to be
approximately four times lower against E. coli, P. aeruginosa,
and C. albicans related to squalamine.*

Trodusquemine has been studied in both animals and in
humans. It was shown to cross the blood-brain-barrier, suppress
appetite and increase insulin sensitivity in rodents and dogs,***"
most likely by inhibiting protein tyrosine phosphatase 1B (PTP1B).**
PTP1B is an endosomal phosphatase that downregulates many
physiologically important signaling pathways, including that of
insulin, leptin, as well as many growth factors and cytokines.** With
the recognition that trodusquemine could effectively inhibit PTP1B
in vivo, numerous studies were conducted. These investigations
revealed that trodusquemine could ameliorate metabolic syndrome
in a mouse model of hypothalamic insulin resistance,*** reverse
atherosclerosis in low-density lipoprotein receptor knockout mice,*
inhibit the growth of malignancy,* regenerate tail-fin and heart
muscle in zebrafish,”” induce the regenerative repair of myocardial
infarction and traumatic limb muscle injury by mobilization of
stem cells in adult mice,* relieve stress-induced anxiety in LMO4-
deficient mice by targeting the mGIuR5 receptors of the limbic
system,* reverse memory impairment, normalize behavior and
reduce neuronal loss in a mouse model of AD via a neuronal PTP1B

dependent mechanism,” and ameliorate schizophrenia-like

This journal is © The Royal Society of Chemistry 2022
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behaviors in LMO4-deficient mice.* Phase-1 human clinical trials
of intravenously administered trodusquemine in obese subjects
demonstrated improvement in insulin sensitivity.**

3 Chemical, molecular and cellular
effects of squalamine and
trodusquemine on protein aggregation

In spite of the many beneficial effects demonstrated by these two
aminosterols, it was not until 2017 that a report appeared illustrating
that squalamine may have therapeutic potential against neurode-
generative diseases based on a mechanism that either targeted the
kinetics of the protein aggregation process or the aggregates of
misfolded proteins.* In fact, this molecule was reported to inhibit a-
synuclein aggregation, protect neuronal cells from the action of toxic
oligomers formed by this protein and ameliorate deficits of motility
and paralysis in a Caenorhabditis elegans model of PD expressing
human a-synuclein.”” Within the dopaminergic neurons of the sub-
stantia nigra pars compacta of patients with PD, individual o-synu-
clein molecules aggregate, transitioning from a soluble, intrinsically
disordered monomeric state into insoluble B-sheet rich amyloid
fibrils with a width of 7-13 nm, which accumulate within neurons as
inclusions.* The initiation of the aggregation process through
primary nucleation is slow in vitro in a homogenous solution of o-
synuclein,” but can be induced by lipids membranes.” In vitro,
squalamine has been demonstrated to compete with monomeric o-
synuclein binding to lipid membranes with the result that the
membrane-catalysed primary nucleation of a-synuclein starting from
the monomeric state was strongly suppressed.”” Moreover, the
toxicity of kinetically trapped oligomers of a-synuclein towards
human neuroblastoma cells was abolished when cells were exposed
to squalamine as a result of the ability of this aminosterol to displace
these toxic species from the cell membranes, thus preventing their
deleterious activity towards living cells.*

Shortly thereafter, similarly to squalamine, trodusquemine was
shown to inhibit a-synuclein aggregation, displacing both mono-
mers and oligomers of the protein from cell membranes.* Unlike
the previous report on squalamine, which only investigated lipid-
induced nucleation, trodusquemine was shown to inhibit both
the lipid-induced primary nucleation of a-synuclein as well as a key
secondary process in a-synuclein aggregation, namely secondary
nucleation (Fig. 2A and B).* Indeed, by direct binding to the surface
of a-synuclein fibrils, trodusquemine also prevented the autocata-
Iytic amplification of a-synuclein fibrils through secondary nucle-
ation, a process that is primarily responsible for the proliferation
of aggregates, and for the production of toxic oligomeric species
once a low but critical concentration of amyloid fibrils have
formed.** Trodusquemine was also shown to displace pre-formed
oligomers of a-synuclein from cell membranes of neuroblastoma
cells (Fig. 2E). Paradoxically, and importantly, the low concentra-
tions of trodusquemine that were sufficient to displace a-synuclein
oligomers from cell membranes were insufficient to cause the
displacement of monomeric a-synuclein from liposomes.*® Since
monomeric membrane-bound a-synuclein plays a key role in the
innate immune system of mammals, selective targeting of the
undesired aggregates by the aminosterol would be advantageous.*”
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Fig. 2 Impact of trodusquemine on a-synuclein and AB4, aggregation. (A) Trodusquemine (TRO) inhibits the lipid-induced nucleation and fibril ampli-
fication reactions in a-synuclein aggregation, corresponding to primary and secondary nucleation events, respectively, without impacting fibril elongation.
(B) Schematic representation of the effect of trodusquemine on the microscopic steps governing a-synuclein aggregation under these conditions. (C)
Trodusgquemine accelerates the unseeded and seeded aggregation reactions of ARy, to varying degrees. (D) Schematic representation of the effect of
trodusquemine on the microscopic steps governing AB4, aggregation under these conditions. (E) Confocal microscopy analysis of the extent of a-
synuclein, HypF-N, ABg4p, or Zn°*-stabilized ABao oligomer binding to the membranes of human neuroblastoma cells in the absence (left panels) or
presence (right panels) of an equimolar concentration of trodusquemine shows that aminosterols induce the displacement of oligomers from cell
membranes. Red and green channels indicate cell membranes and oligomers, respectively. Scale bars, 10 um. Panels (A) and (B) and part of panel (E) were
adapted with permission from M. Perni, P. Flagmeier, R. Limbocker, R. Cascella, F. A. Aprile, C. Galvagnion, G. T. Heller, G. Meisl, S. W. Chen, J. R. Kumita, P.
K. Challa, J. B. Kirkegaard, S. I. A. Cohen, B. Mannini, D. Barbut, E. A. A. Nollen, C. Cecchi, N. Cremades, T. P. J. Knowles, F. Chiti, M. Zasloff, M. Vendruscolo
and C. M. Dobson, ACS Chem. Biol., 2018, 13, 2308-2319. Copyright 2018 American Chemical Society. Panels (C) and (D) and part of panel (E) were
adapted from R. Limbocker, S. Chia, F. S. Ruggeri, M. Perni, R. Cascella, G. T. Heller, G. Meisl, B. Mannini, J. Habchi, T. C. T. Michaels, P. K. Challa, M. Ahn, S. T.
Casford, N. Fernando, C. K. Xu, N. D. Kloss, S. I. A. Cohen, J. R. Kumita, C. Cecchi, M. Zasloff, S. Linse, T. P. J. Knowles, F. Chiti, M. Vendruscolo and C. M.
Dobson, Nat. Commun., 2019, 10, 225 published by Springer Nature. Part of panel (E) was adapted from R. Limbocker, B. Mannini, F. S. Ruggeri, R. Cascella,
C. K. Xu, M. Perni, S. Chia, S. W. Chen, J. Habchi, A. Bigi, R. P. Kreiser, A. K. Wright, J. A. Albright, T. Kartanas, J. R. Kumita, N. Cremades, M. Zasloff, C. Cecchi,
T. P. J. Knowles, F. Chiti, M. Vendruscolo and C. M. Dobson, Commun. Biol., 2020, 3, 1-10 published by Springer Nature.

It was next found that trodusquemine had an impact on the
aggregation of the 42-residue form of the amyloid-B peptide (AB,,),
which plays an important role in the pathogenesis of AD.* Tro-
dusquemine was found to accelerate, rather than inhibit, the rate of
AB,, aggregation, predominantly by stimulating the secondary

746 | Nat. Prod. Rep., 2022, 39, 742-753

nucleation microscopic step and, to a much lesser extent, fibril
elongation (Fig. 2C and D), in contrast to its effects on the aggre-
gation of a-synuclein.”® Trodusquemine appeared, therefore, to
shift the APy, oligomer population towards the fibrillar form,
therein depleting the pool of oligomers that cause cellular

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1np00042j

Open Access Article. Published on 26 October 2021. Downloaded on 12/9/2025 6:23:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

dysfunction.” Trodusquemine also promoted the displacement of
cytotoxic aggregates from cell membranes, similarly to a-synuclein
oligomers, thus neutralizing their toxic activity.*** The displace-
ment mechanism was studied using AB,, ADDL oligomers, zinc-
stabilized AB,, oligomers and cytotoxic oligomers of the N-
terminal domain of the E. coli HypF protein (Fig. 2E). Although
the oligomers were displaced from the lipid membranes at thera-
peutically meaningful concentrations of trodusquemine, neither
their size nor their hydrophobicity, two important determinants of
oligomer toxicity, were overtly affected.* Super-stoichiometric
concentrations of trodusquemine could instead modulate these
properties by increasing both the size and solvent exposed hydro-
phobicity of oligomers,***" but these effects offset each other as they
decrease and increase oligomer toxicity, respectively.”>* Overall,
these observations suggested that trodusquemine might be altering
the affinity of lipid membranes for these oligomeric species (dis-
cussed in greater detail below).

4 Effects of squalamine and
trodusquemine on protein aggregation
in animal models

The effects of aminosterols on the levels and toxicity of protein
aggregates associated with AD and PD have been most extensively
studied in C. elegans models of the two diseases.*****® These 1 mm
long, transparent nematodes were genetically engineered to express
ABy, (for the temperature-inducible GMC101 strain) or a-synuclein
(for the OWA40 strain with a-synuclein fused to yellow fluorescent
protein, YFP) in the muscle cells of their body wall, respectively.
With ageing, these proteins accumulate, leading to a phenotypic
dysfunction in the ability of the worms to thrash and swim,
culminating in their paralysis and death. Such phenotypic behav-
iors were monitored over the worm lifespan for thousands of
animals using a recently developed tracking platform™ after the
administration of aminosterols to worms by their addition atop
nematode growth medium.

PD worms were first exposed to various concentrations of
squalamine early in their lifespan at the L4 stage of development
before microscopically visible a-synuclein accumulated in their
tissues.”” As the animals aged, a dose-dependent decrease in the
number of a-synuclein-YFP inclusions could be observed for PD
worms treated with squalamine relative to untreated PD worms,
coincident with an increase in the fitness of the animals, as man-
ifested by the swimming speed, motility (measured in bends per
minute), and extent of paralysis.”” These observations paralleled the
in vitro studies, in which squalamine inhibited both lipid-induced
primary nucleation and the attachment of the resulting aggre-
gates to susceptible cultured cells, therein attenuating the resulting
cytotoxicity through two distinct mechanisms. Squalamine also
improved the health of worms expressing A30P and A53T mutants
of a-synuclein associated with familial forms of PD, with a more
robust recovery effect observed for the more aggressive A53T variant
than the A30P one.”

Trodusquemine exhibited a more robust effect than squal-
amine in the PD worms, protecting the animals from devel-
oping a full PD phenotype when administered both at a pre-

This journal is © The Royal Society of Chemistry 2022
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disease onset stage as well when administered several days
after phenotype onset (Fig. 3A and B).*® The superior effect of
trodusquemine correlates with its ability to inhibit both
primary and secondary processes in vitro and to inhibit the
binding of the pre-formed oligomers to the membrane of
cultured cells at lower doses.*® The overall expression of a-syn-
uclein was not affected by either treatment, as shown by the
fluorescence of YFP as a reporter of gene expression.*®

Treatment of AD worms with trodusquemine prior to the onset
of the disease phenotype increased the accumulation of APy,
aggregates in a dose-dependent manner, above that observed in
untreated animals.”® This finding is again consistent with obser-
vations in vitro, in which trodusquemine was found to potentiate
monomer-dependent secondary nucleation. Trodusquemine also
increased AD model worm health, as quantified using the pheno-
types of speed of swimming, motility and extent of paralysis, when
administered before or after the onset of a phenotype without
changing the total levels of AB,, in these animals, despite causing
the deposition of a greater extent of fibrillar aggregates positive for
the amyloid-specific dye NIAD-4 when administered early in the
worm lifespan (Fig. 3C and D).** The quantified increase in AD
worm health is likely a result of both the displacement of toxic
oligomers from cell membranes and their accelerated conversion to
the less toxic fibrillar form, consistent with the in vitro studies.®®

Trodusquemine treatment extended the lifespan of both
wild-type and PD worms.*® Surprisingly, treatment of the PD
worms extended their lifespan significantly beyond that
observed for untreated wild-type animals and even beyond that
for trodusquemine-treated wild-type animals.*® While tro-
dusquemine is known to stimulate growth factor signaling
pathways (insulin and leptin) via PTP1B inhibition,** and to
potentiate tissue regeneration following injury in the tissues of
various organisms,*” the precise mechanism by which longevity
is extended by certain aminosterols in nematode models, and
the corresponding significance of such findings to human
health, are not well resolved at this time.

In a recent report, intraperitoneal injections of trodusque-
mine in the hAPP-J20 AD mouse model were shown to inhibit
PTP1B and consequently to attenuate hippocampal degenera-
tion (neuronal loss) and recover spatial memory in these mice.*
This study is particularly important because it shows an addi-
tional protective mechanism mediated by aminosterols against
neurodegeneration, a mechanism resulting from the non-
competitive inhibition of PTP1B by trodusquemine and the
consequent improvement of glucose metabolism through the
disinhibition of glycogen synthase kinase 3 (GSK3p).*

5 Squalamine and trodusquemine act
on the physicochemical properties of
biological membranes

As described in Sections 3 and 4, in vitro and in vivo studies
suggest that the displacement of the toxic oligomers from cell
membranes is one of the key steps by which aminosterols

reduce aggregate associated toxicity. In principle, the displace-
ment effect may be due to (i) the binding of the aminosterols to
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Fig. 3 Impact of trodusquemine on AD and PD model worms. (A) Trodusquemine significantly improves the health of PD worms overexpressing

a-synuclein-YFP in their muscle cells, when administered before (L4 stage of development) or after (day 5 of adulthood, D5) the onset of toxicity
in these animals. (B) Trodusquemine decreases the number of a-synuclein-YFP inclusions in PD worms, when administered before (L4) or after
(D5) the onset of toxicity in these animals, a finding that is consistent with its in vitro mechanism of action. Scale bars, 80 pm. (C) Trodusquemine
also improves the health of AD model worm overexpressing AB4; in their muscle cells, when administered before (L4) or after (D5) the onset of
toxicity in the animals. (D) Trodusquemine stimulates the aggregation of AB4, in AD worms, which may shift the reactive flux away from the
oligomeric state towards the less toxic fibrillar form. Panels (A) and (B) were adapted with permission from M. Perni, P. Flagmeier, R. Limbocker, R.
Cascella, F. A. Aprile, C. Galvagnion, G. T. Heller, G. Meisl, S. W. Chen, J. R. Kumita, P. K. Challa, J. B. Kirkegaard, S. I. A. Cohen, B. Mannini, D.
Barbut, E. A. A. Nollen, C. Cecchi, N. Cremades, T. P. J. Knowles, F. Chiti, M. Zasloff, M. Vendruscolo and C. M. Dobson, ACS Chem. Biol., 2018, 13,
2308-2319. Copyright 2018 American Chemical Society. Panels C and D were adapted from R. Limbocker, S. Chia, F. S. Ruggeri, M. Perni, R.
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published by Springer Nature.

the misfolded protein oligomers preventing them from binding
to cell membranes, or (ii) the binding of the aminosterols to cell
membranes preventing them from binding the oligomers.
Neither squalamine nor trodusquemine appear to alter the
structural or morphological characteristics of the cytotoxic
aggregates from three different proteins at concentrations of
the aminosterols that both displace the aggregates from the cell
membrane and protect the cells from damage.*** These
observations do not support the first mechanism outlined
above and rather point to a mechanism by which the

748 | Nat Prod. Rep., 2022, 39, 742-753

aminosterols interact with the cellular membrane therein
altering its affinity for the aggregates.

In agreement with this idea, recent studies with confocal
microscopy, FRET and NMR have demonstrated that water
solubilized trodusquemine is able to insert readily into model
neuronal membranes (large unilamellar vesicles, LUVs) and the
plasma membrane of human neuroblastoma cells (Fig. 4A and
B).”® Applying fluorescence quenching and anisotropy experi-
ments with probes that localized in different portions of the
membrane, quartz crystal microbalance (QCM) analysis and

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Effects of squalamine and trodusquemine on the physicochemical properties of biological membranes. (A) Confocal microscopy image
showing colocalization of trodusquemine-Alexa Fluor® 594 (red) and CHOL-BODIPY-FL LUVs (green). (B) Magnified image of a SH-SY5Y cell
incubated for 15 min with 4 uM Alexa Fluor® 594-labelled trodusquemine (probe : trodusquemine of 1 : 10). (C) Snapshot of MD simulations
showing trodusquemine within the membrane (N, C, H, O, S atoms in blue, cyan, white, red and yellow, respectively, lipids in transparent violet,
water in cyan sticks). (D) {-Potential as a function of temperature for LUVs (filled squares) and trodusquemine-containing LUVs (empty squares),
showing the decrease of the total negative charge and the increase of the transition temperature induced by trodusquemine. (E) FRET effi-
ciencies (E) determined for the indicated lipid—lipid pairs in the absence (light grey) and presence (dark grey) of 5 uM trodusquemine. (F) FRET
efficiencies (E) determined for the indicated lipid—trodusquemine pairs. (G) Breakthrough force map obtained with AFM from supported lipid
bilayers in the presence of 5 uM trodusquemine. (H) Schematic representation of the three major perturbations induced by trodusquemine in
a lipid bilayer. All the panels were reproduced from ref. 56 with permission from the Royal Society of Chemistry.

molecular dynamics (MD) simulations, the location and orien-
tation of trodusquemine within the bilayer could be deter-
mined. The positively charged spermine moiety of
trodusquemine was positioned on the surface of the external
hydrophilic face, whereas the steroidal portion was found to
extend downward and penetrate the external hydrophilic layer
down to the interface between the hydrophilic and hydrophobic
layers. This occurred with a well-defined oblique angle (about
55°) for the major axis of the molecule with respect to the
normal to the bilayer plane (Fig. 4C).>

This journal is © The Royal Society of Chemistry 2022

The incorporation of trodusquemine into the lipid
membrane was shown to have significant effects on the physi-
ochemical properties of the membrane.*® First, trodusquemine
decreased the total negative charge of the lipid bilayer,
contributed by the anionic headgroup of mono-
sialotetrahexosylganglioside 1 (GM1), as determined with ¢-
potential measurements (Fig. 4D). Second, it changed the
spatial distribution of the constituent lipids of the model
neuronal membrane, inducing a separation of GM1 from
cholesterol (CHOL) molecules, and the formation of clusters of
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CHOL molecules and of clusters of GM1 molecules, probably
caused by a preferential binding of this aminosterol nearby
these two lipids, as observed by lipid-lipid and lipid-tro-
dusquemine FRET experiments, respectively (Fig. 4E and F).
Third, it caused an increment of the mechanical resistance of
the lipid membrane to indentation, when probed with atomic
force microscopy (AFM) applying a force perpendicular to the
bilayer plane, and an increase of the membrane phase transi-
tion temperature, reflecting a more stable packing of the lipids
(Fig. 4G). All these perturbations, schematised in Fig. 4H,
contribute significantly to improve the resistance of biological
membranes to the toxic action of misfolded protein oligomers,
explaining from a physicochemical perspective how these
natural products reinforce the membrane making it resistant to
the deleterious action of these aberrant species.>®

These results suggest the intriguing possibility that amino-
sterol natural products may have regulatory functions within
the lipid homeostasis system, which is the ensemble of cellular
processes that regulates the behaviour of lipids in terms of their
synthesis, trafficking, localizations, concentrations, interac-
tions, and degradation.””*®* Aminosterols like squalamine and
trodusquemine have the ability to modulate the physical state
of lipid membranes, a type of activity that has been reported for
proteins known to act also as conventional molecular chaper-
ones, including Hsp70, Hsp60, Hsp90, small Hsps,* as well as
lipid-specific proteins, such as fatty acid binding proteins.*®®

6 Potential of aminosterols as AD and
PD drugs and future perspectives

Supported by the studies described above, squalamine has
entered human clinical trials for the treatment of PD in 2018, as
an orally administered phosphate salt named ENT-01. Although
PD is diagnosed based on motor symptoms, resulting from
damage to the dopamine-rich substantia nigra pars compacta
and caused by the accumulation of intraneuronal a-synuclein
aggregates known as Lewy bodies or precursor oligomers,*
ENT-01 is being developed to target a-synuclein aggregates
within the enteric nervous system (ENS). In fact, early in the
lives of PD patients, in some cases many years before motor
symptoms appear, intraneuronal o-synuclein aggregates are
present in biopsies of their upper gastrointestinal (GI) tract,**~**
indicating that the disease begins in the GI tract. a-Synuclein is
known to serve an immune function starting from childhood,
induced during GI infections and attracting macrophages,
neutrophils, and activating dendritic cells.®* The extensive
surface area of the GI tract and its continued exposure to
ingested pathogens, as well as the presence of its own
commensal microbes, positions the gut as the first organ to
accumulate a-synuclein aggregates within its ENS. Clinically,
patients experience constipation due to diminished peristalsis
caused by the reduced excitability of the neurons of the myen-
teric plexus as a result of accumulation of a-synuclein aggre-
gates.®*®” Infections in other areas of the body, or alerted by a-
synuclein induced in the GI tract, gradually leads to accumu-
lation of a-synuclein in different divisions of the nervous
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system, including the brain.®®** In addition, human epidemio-
logic and animal model studies suggest that a-synuclein can
also migrate from the ENS via the vagus nerve to the brain.*>”°
Once induced, a-synuclein outlasts the infection by several
months, and in individuals who do not successfully confine the
infection, a-synuclein production continues inexorably, leading
to the accumulation of neurotoxic aggregates over years and
decades. PD occurs when the synthesis of a-synuclein in
neurons exceeds clearance, and toxic aggregates are formed
faster than they can be cleared, resulting in neuronal damage.

After squalamine entered human clinical trials in 2018 as
ENT-01, it was reported that the oral administration of this
compound to transgenic mice expressing A53T a-synuclein can
restore both bowel motility and normal neuronal function.”
Since disruption of bowel function is only observed in mice
expressing the A53T mutant, but not wild-type a-synuclein, it
has been assumed that bowel dysfunction arises as a conse-
quence of the formation of membrane disruptive oligomers,
supporting the hypothesis that squalamine restores electrical
activity and bowel motility in the A53T mice through displace-
ment of oligomeric species.” Restoration of electrical activity of
the enteric neurons results in increased flow of electrical signals
via the vagus nerve to the brain, with potential positive impact
on the normal functioning of the hypothalamus, hippocampus,
brain stem and other centers of the brain.

The results of the first phase 1/2a clinical trial using squal-
amine as ENT-01 in an open label study involving 50 patients
(RASMET, identifier NCT03047629) have been published.”
ENT-01 restored bowel motility in over 80% of PD patients with
severe constipation. This observation indicates that despite
bowel dysfunction in some cases for almost 60 years, the
functioning of ENS in PD patients can be restored, and is not, as
commonly believed, irreversibly damaged.” In addition, bene-
fits have been observed in other neurological symptoms, such
as memory, hallucinations, motor functioning and circadian
rhythm, all of which are currently being further evaluated in an
ongoing randomized controlled phase 2b clinical study
involving up to 150 patients (KARMET, identifier NCT
03781791).” Encouraged by these results, randomized,
controlled studies involving large numbers of patients with PD
dementia or PD psychosis are currently under way.

Following the encouraging results in C. elegans described
above, trodusquemine has been recently studied in an aggres-
sive transgenic model of AD and shown to improve memory and
prevent neuronal loss.*” In addition, trodusquemine crosses the
blood-brain-barrier following parenteral administration.** For
these reasons, aminosterols structurally related to trodusque-
mine are being developed for the treatment of AD.
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