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A B S T R A C T

Positive modulation of hepatocyte growth factor (HGF) signaling may represent a promising therapeutic strategy
for Alzheimer's disease (AD) based on its multimodal neurotrophic, neuroprotective, and anti-inflammatory ef-
fects addressing the complex pathophysiology of neurodegeneration. Fosgonimeton is a small-molecule positive
modulator of the HGF system that has demonstrated neurotrophic and pro-cognitive effects in preclinical models
of dementia. Herein, we evaluate the neuroprotective potential of fosgonimeton, or its active metabolite, fosgo-
AM, in amyloid-beta (Aβ)-driven preclinical models of AD, providing mechanistic insight into its mode of action.
In primary rat cortical neurons challenged with Aβ (Aβ1-42), fosgo-AM treatment significantly improved neuronal
survival, protected neurite networks, and reduced tau hyperphosphorylation. Interrogation of intracellular events
indicated that cortical neurons treated with fosgo-AM exhibited a significant decrease in mitochondrial oxidative
stress and cytochrome c release. Following Aβ injury, fosgo-AM significantly enhanced activation of pro-survival
effectors ERK and AKT, and reduced activity of GSK3β, one of the main kinases involved in tau hyper-
phosphorylation. Fosgo-AM also mitigated Aβ-induced deficits in Unc-like kinase 1 (ULK1) and Beclin-1, sug-
gesting a potential effect on autophagy. Treatment with fosgo-AM protected cortical neurons from glutamate
excitotoxicity, and such effects were abolished in the presence of an AKT or MEK/ERK inhibitor. In vivo, fos-
gonimeton administration led to functional improvement in an intracerebroventricular Aβ25-35 rat model of AD, as
it significantly rescued cognitive function in the passive avoidance test. Together, our data demonstrate the ability
of fosgonimeton to counteract mechanisms of Aβ-induced toxicity. Fosgonimeton is currently in clinical trials for
mild-to-moderate AD (NCT04488419; NCT04886063).
Introduction One of the predominant theories regarding the etiology of AD is the
Alzheimer's disease (AD) is a progressive and fatal neurodegenerative
disorder that accounts for 60–80% of all dementia cases [1,2]. The major
pathological hallmarks of AD are the extracellular deposition of
amyloid-beta (Aβ) peptides in the form of plaques, and the intracellular
accumulation of hyperphosphorylated tau (pTau) protein as neurofi-
brillary tangles. Aβ- and tau-induced cytotoxicity are key disease com-
ponents underpinning the neuronal loss and synaptic dysfunction
observed in the brains of people with AD and are therefore considered to
be major drivers of neurodegeneration. In addition to this protein pa-
thology, numerous ongoing cellular processes contribute to the pro-
gression of the disease, including oxidative stress, excitotoxicity [3],
neuroinflammation [4,5], neurotransmission abnormalities [6,7], neu-
rotrophic growth factor deficits [8,9], metabolic dysfunction [10,11],
and cerebrovascular dysfunction [12].
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amyloid cascade hypothesis, which posits that the abnormal deposition
of Aβ aggregates is the initial cause of AD, and all other pathological
changes follow this precipitating event [13]. Indeed, it has been reported
that exposure to neurotoxic Aβ peptides can result in many of the
observed components of AD, including excitotoxicity, neuro-
inflammation, oxidative stress, and heightened neurodegeneration
[14–16]. Intracellular accumulation of Aβ can directly dysregulate
several processes including, but not limited to, cellular respiration
(via mitochondrial dysfunction and oxidative stress) [17–19],
autophagy-lysosomal pathways [20,21], and kinase signaling [22–24].
Critically, the relationship between Aβ aggregation and ensuing disease
pathology is bidirectional and cyclical, constituting a vicious cycle that
promotes neuronal death and loss of neuronal network connectivity. For
instance, the increased oxidative stress and neuroinflammation elicited
by Aβ accumulation may, in turn, lead to the generation of more toxic
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protein aggregates which further compromise cellular functions. Thus, it
is likely that regardless of whether the initial triggering events are driven
by amyloid pathology or otherwise, by the time AD becomes symptom-
atic and diagnosed, the various secondary disease processes have become
self-perpetuating and uncoupled from the initiating factors.

Based on the multifaceted and cyclical nature of AD pathophysiology,
therapies targeting a single facet of the disease, such as protein pathol-
ogy, may have natural limitations. For instance, some interventions that
are effective at reducing Aβ protein load have demonstrated significant
slowing of cognitive decline in early AD, but the magnitude of the effect
is limited [25,26]. Primarily addressing protein pathology with little
impact on the enormous pathological burden of ongoing secondary dis-
ease processes is one possible explanation for such outcomes [27] and
suggests that additional interventions are needed. Specifically, thera-
peutic approaches targeting multiple disease components simulta-
neously, including the pathological mechanisms associated with Aβ
protein aggregation, may prove beneficial. Neurotrophic factors are one
possible therapeutic target for AD, based on the reported wide array of
favorable effects on neurons and support cells induced by their signaling
cascades [28–32]. In particular, hepatocyte growth factor (HGF)
signaling via its singular receptor, MET, presents a novel opportunity for
intervention, as HGF promotes a plethora of signaling cascades that
regulate neurotrophic and neuroprotective processes [28,32–34]. Upon
binding of HGF, the MET receptor undergoes dimerization and auto-
phosphorylation, resulting in the activation of neurotrophic and
pro-survival signaling pathways including phosphatidylinositol 3-kinase
(PI3K)/AKT, extracellular signal-regulated kinase (ERK), and protein
kinase C (PKC) pathways [32,33,35]. Consequently, activation of MET by
HGF plays a significant role in promoting the development, maintenance,
and repair of the nervous system [33]. Indeed, HGF signaling induces
pro-survival and anti-apoptotic mechanisms [36], as well as modulation
of neurotransmission [37]. With regard to AD pathology, clinical data
have demonstrated a decrease in the expression of MET in the brains of
people with AD [38]. Furthermore, reduced HGF/MET signaling has
been implicated in synaptic pathology observed in an AD mouse model
[39]. Therefore, correction of this deficit and enhancement of
HGF/MET-induced neurotrophic and neuroprotective effects may pre-
sent a novel therapeutic avenue for AD [28].

We have developed a series of brain-penetrant small molecule posi-
tive modulators of the neurotrophic HGF signaling system for the treat-
ment of neurodegenerative conditions, including AD. One such molecule,
fosgonimeton (or its active metabolite, fosgo-AM), has demonstrated
neurotrophic, neuroprotective, and anti-inflammatory effects in vitro and
in vivo (40). In the current study, we expand on these findings to assess
the preclinical efficacy of fosgonimeton in the context of Aβ-driven
models of AD. Specifically, we evaluate the neuroprotective effects of
fosgo-AM in Aβ-challenged primary cortical neurons and present mech-
anistic insight into its mode of action. We then utilize intra-
cerebroventricular (ICV) delivery of a neurotoxic Aβ25-35 peptide
fragment in rats to assess the ability of fosgonimeton to confer protection
against cognitive deficits induced by Aβ pathology.

Methods

In vitro assays

Animals
The following experiments were carried out in accordance with the

National Research Council Guide for the Care and Use of Laboratory
Animals and followed current European Union regulations (Directive
2010/63/EU). Agreement number: B1301310. Neurons used in this
study were harvested from the embryos (E15) of Wistar rats. Embryos
were collected and immediately placed in ice-cold L15 Leibovitz medium
with a 2% penicillin (10,000 U/mL) and streptomycin (10 mg/mL) so-
lution (PS) and 1% bovine serum albumin (BSA).
2

Primary culture of cortical neurons
Cortices were treated for 20 min at 37 �C with a trypsin-EDTA solu-

tion at a final concentration of 0.05% trypsin and 0.02% EDTA. The
dissociation was stopped by addition of Dulbecco's modified Eagle's
medium (DMEM) with 4.5 g/L of glucose, containing DNAse I grade II
(final concentration 0.5 mg/mL) and 10% fetal bovine serum (FBS). Cells
weremechanically dissociated by three forced passages through the tip of
a 10-mL pipette. Cells were then centrifuged at 515�g for 10 min at 4 �C.
The supernatant was discarded, and the pellet was resuspended in a
defined culture medium consisting of Neurobasal medium with a 2%
solution of B27 supplement, 2 mM of L-glutamine, 2% of PS solution, and
10 ng/mL of brain-derived neurotrophic factor (BDNF). Viable cells were
counted in a Neubauer cytometer, using the trypan blue exclusion test.
The cells were seeded at a density of 25,000 per well in 96-well plates
precoated with poly-L-lysine and were cultured at 37 �C in an air (95%)-
CO2 (5%) incubator. Half of the medium was changed every other day.

Aβ1-42 preparation
Aβ1-42 peptide (Bachem) was dissolved in the defined culture medium

mentioned above, at an initial concentration of 20 μM. This solution was
gently agitated for 3 days at 37 �C in the dark and immediately used after
being properly diluted in culture medium to the concentrations used (15
μM, containing 2 μM Aβ oligomers, evaluated by WES™) (for detail, see
Callizot et al. 2013 [19]).

Aβ1-42 neurotoxicity assay: survival, network, and tau phosphorylation
On day 11 of culture, neurons were treated with at 100 nM fosgo-AM

or vehicle (culture medium containing 0.1% DMSO supplemented with
0.05 ng/mL HGF) for 15 min and challenged with Aβ1-42 solution (15 μM,
containing 2 μM Aβ oligomers) for 24 h. After 24 h, the cell culture su-
pernatant was removed, and the cells were fixed in a solution containing
4% paraformaldehyde in PBS (pH¼ 7.3) for 20 min at room temperature.
The cells were washed twice in PBS, permeabilized and non-specific sites
were blocked with a solution of PBS containing 0.1% of saponin and 1%
FCS for 15 min at room temperature. The cultures were then incubated
with a chicken polyclonal anti-MAP2 antibody and a mouse polyclonal
anti-AT100 antibody at dilution of 1:400 in PBS containing 1% FCS, and
0.1% saponin for 2 h at room temperature. Antibodies were detected
with Alexa Fluor 488 goat anti-mouse IgG at a dilution of 1:400 and Alexa
Fluor 568 goat anti-chicken IgG at a dilution of 1:400 in PBS containing
1% FCS, and 0.1% saponin for 1 h at room temperature. Cell nuclei were
counterstained with Hoechst dye (1:1000, Sigma-Aldrich). For each
condition, 20 pictures (representing the whole well area) were auto-
matically taken using ImageXpress® (Molecular Devices) at 10x magni-
fication using the same acquisition parameters. Analyses were directly
and automatically performed by MetaXpress® (Molecular Devices) to
quantify the following read-outs: 1) total number of neurons (MAP2þ
neurons), 2) neurite network (total length of MAP2þ in μm), and 3)
hyperphosphorylated tau (overlap of MAP2þ and AT100 in μm2).

Aβ1-42 neurotoxicity assay: mitochondrial stress
To assess mitochondrial stress via reactive oxygen species (ROS)

production, cortical neurons were treated with fosgo-AM (10 nM, 100
nM, or 1 μM) or vehicle (culture medium containing 0.1% DMSO sup-
plemented with 0.05 ng/mL HGF) for 15 min and challenged with Aβ1-42
solution (15 μM, containing 2 μMAβ oligomers) for 4 h. After 4 h, the cell
culture supernatant was discarded, and live cells were incubated with
MitoSox™ Red (marker of ROS generated by the mitochondria) for 10
min at 37 �C. The MitoSox™ reagent is cell-penetrant and becomes
fluorescent once oxidized by superoxide.

Cells were fixed in a cold solution containing 95% ethanol and 5%
acetic acid for 5 min at �20 �C. The cells were washed twice with PBS,
cell membranes were permeabilized, and non-specific binding sites were
blocked with a solution of PBS containing 0.1% saponin and 1% FBS for
15 min at room temperature. Cultures were incubated with a chicken
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polyclonal antibody anti microtubule-associated-protein 2 (MAP2) at a
dilution of 1:400 in PBS containing 1% FBS and 0.1% of saponin. The
antibody was detected with Clear Fluor (CF) 568 goat anti-chicken IgG at
a dilution of 1:400 in PBS containing 1% FBS and 0.1% saponin for 1 h at
room temperature. Nuclei were counterstained with the fluorescent dye
Hoechst (Sigma-Aldrich, 1:1000): marker of cell number. For each con-
dition, 20 pictures (representing the whole well area) were automatically
taken using ImageXpress® (Molecular Devices) at 10x magnification
using the same acquisition parameters. Analyses were directly and
automatically performed by MetaXpress® (Molecular Devices) to quan-
tify the following read-outs: 1) total number of neurons (MAP2þ neu-
rons), 2) neurite network (total length of MAP2þ in μm), and 3)
mitochondrial ROS in neurons (overlap MitoSox and MAP2 in μm2).

To assess mitochondrial stress via cytochrome c release, cortical
neurons were treated with fosgo-AM (10 nM, 100 nM, or 1 μM) or vehicle
(culture medium containing 0.1% DMSO supplemented with 0.05 ng/mL
HGF) for 15 min and challenged with Aβ1-42 solution (15 μM, containing
2 μM Aβ oligomers) for 4 h. After 4 h, the cell culture supernatant was
discarded, and cells were washed with cold PBS and fixed in a solution of
4% paraformaldehyde in PBS (pH¼ 7.3) for 20 min at room temperature.
The cells were washed twice in PBS, cell membranes were permeabilized,
and non-specific binding sites were blocked with a solution of PBS con-
taining 0.1% saponin and 1% FBS for 15 min at room temperature. The
cultures were incubated for 2 h at room temperature with a chicken
polyclonal antibody anti-microtubule-associated-protein 2 (MAP2) at
dilution of 1:400 in PBS containing 1% FBS and 0.1% of saponin and a
polyclonal anti-CytC antibody produced in rabbit at dilution of 1:100 in
PBS containing 1% FBS and 0.1 % saponin. These antibodies were
detected with CF 488 goat anti-mouse IgG at the dilution of 1:800 and
with CF 568 goat anti-rabbit IgG at the dilution 1:400 in PBS containing
1% FBS and 0.1% saponin for 1 h at room temperature. Nuclei were
counterstained with the fluorescent dye Hoechst (Sigma-Aldrich,
1:1000): marker of cell number. For each condition, 20 pictures (repre-
senting the whole well area) were automatically taken using ImageX-
press® (Molecular Devices) at 10x magnification using the same
acquisition parameters. Analyses were directly and automatically per-
formed by MetaXpress® (Molecular Devices) to quantify the following
read-outs: 1) total number of neurons (MAP2þ neurons), 2) neurite
network (total length of MAP2þ in μm), and 3) cytochrome c release in
neuron cytoplasm (overlap CytC and MAP2 in μm2).

Aβ1-42 neurotoxicity assay: protein analysis
To investigate expression levels or phosphorylation status of intra-

cellular proteins, cortical neurons were plated in 24-well plates and
treated with fosgo-AM (10 nM, 100 nM, or 1 μM) or vehicle (culture
medium containing 0.1% DMSO supplemented with 0.05 ng/mL HGF),
challenged with Aβ1-42 solution (15 μM, containing 2 μM Aβ oligomers)
for 24 h, and SimpleWestern was conducted to assess proteins of interest.
Cells were lysed with a defined buffer lysis consisting of CelLyticMT re-
agent with 1% protease and phosphatase inhibitor cocktail (60 μl per
well). For each condition, the quantity of protein was determined using
the micro kit BCA (Pierce). Briefly, lysates were diluted at 1:20 in PBS
and mixed, in equal volume, with a micro-BCA working reagent. Solu-
tions were then incubated at 60 �C for 1 h and the quantity of protein was
measured at 562 nm with a spectrophotometer Nanovue (GE Healthcare)
and compared with the standard of Bovine Serum Albumin curve (BSA,
Pierce). All reagents (Ref: SM-W002) (except primary antibodies) and
secondary antibodies (Ref: DM-001 or DM-002) were provided by Pro-
teinSimple®. Reagents were prepared and used according to manufac-
turer's recommendations for use on WES™ (ProteinSimple, USA). The
assay was performed according to manufacturer's recommendations.
Capillaries, samples, antibodies, and matrices were then loaded inside
the instrument. The Simple Western was run with capillaries filled with
separation matrix, stacking matrix, and protein samples. Next, capillaries
were incubated for 2 h with primary antibodies. The levels of the
following proteins were investigated: Glycogen synthase kinase 3 beta
3

(GSK3β), total; GSK3β, phospho-Ser389 (non-active form); GSK3β,
phospho-Tyr216 (active form); phospho-tau (pTau [Thr212, Ser214] via
AT100); AKT, total; AKT, phospho-Ser473; ERK, total; ERK, phospho-
ERK (1/2); Beclin-1, total; ULK1, total. Total GAPDH was analyzed as a
housekeeping gene. Each protein was evaluated independently in a
separate capillary system. Capillaries were washed and incubated with
HRP conjugated secondary antibodies for 1 h. After removal of the un-
bound secondary antibody, the capillaries were incubated with the
luminol-S/peroxide substrate and chemiluminescent signal was collected
using the Charge-Coupled Device (CCD) camera of WES™ with six
different exposure times (30, 60, 120, 240, 480, and 960 s). Data analysis
was performed using the Compass Software (ProteinSimple, USA) on
WES™. Four samples (biological replicates) per condition were analyzed.
The design did not include technical replicates.

Glutamate neurotoxicity assay: survival, network, and tau phosphorylation
On day 13 of culture, cortical neurons were treated with at 100 nM

fosgo-AM or vehicle (culture medium containing 0.1% DMSO supple-
mented with 0.05 ng/mLHGF) for 20 min and challenged with glutamate
(20 μM) for 24 h. After 24 h, the cell culture supernatant was removed,
and the cells were fixed in a solution containing 4% paraformaldehyde in
PBS (pH ¼ 7.3) for 20 min at room temperature. The cells were washed
twice in PBS, permeabilized, and non-specific sites were blocked with a
solution of PBS containing 0.1% of saponin and 1% FCS for 15 min at
room temperature. The cultures were then incubated with a chicken
polyclonal anti-MAP2 antibody and a mouse polyclonal anti-AT100
antibody at dilution of 1:400 in PBS containing 1% FCS, and 0.1%
saponin for 2 h at room temperature. Antibodies were detected with
Alexa Fluor 488 goat anti-mouse IgG at the dilution 1:400 and Alexa
Fluor 568 goat anti-rabbit IgG at the dilution 1:400 in PBS containing 1%
FCS, and 0.1% saponin for 1 h at room temperature. Cell nuclei were
counterstained with Hoechst dye (1:1000, Sigma-Aldrich). For each
condition, 20 pictures (representing the whole well area) were auto-
matically taken using ImageXpress® (Molecular Devices) at 10x magni-
fication using the same acquisition parameters. Analyses were directly
and automatically performed by MetaXpress® (Molecular Devices) to
quantify the following read-outs: 1) total number of neurons (MAP2þ
neurons), 2) neurite network (total length of MAP2þ in μm), and 3)
hyperphosphorylated tau (overlap of MAP2þ and AT100 in μm2). In a
separate culture, treatment groups included GSK-960693 (pan-AKT in-
hibitor) or PD98059 (selective inhibitor of the MEK/ERK pathway) to
determine the neuroprotective effect of fosgo-AM on neuronal total
number of neurons (MAP2þ neurons) or neurite network (total length of
MAP2þ in μm) following glutamate injury and under AKT or MEK/ERK
inhibition.

Statistical analysis
All values are expressed as mean� SEM (standard error of the mean).

Normality was verified (Shapiro-Wilke), and Grubb's test was utilized to
identify any outliers. For immunocytochemistry experiments, N ¼ 3
biological replicates (independent preparations of cortical neurons), n ¼
4–6 technical replicates. For Western blot experiments, N ¼ 3–4 bio-
logical replicates. Statistical differences were analyzed by one-way
ANOVA followed by Fisher's least significant differences (LSD) or Dun-
nett's multiple comparisons test (Prism GraphPad). *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001 vs. relevant controls as indicated.

ICV-Aβ25-35 rat model of cognitive impairment

Animals
Adult male Wistar rats (weighing approximately 210 g at study start)

were used to assess Aβ-induced cognitive impairment. Rats were group
housed at 3 per cage and maintained in a temperature-controlled room
with reverse light-dark cycle (12:12). Food and water were available ad
libitum. Animals were assigned to groups pseudo-randomly prior to sur-
gery with 12 rats per group (total of 96 rats). The groups were: Sham þ
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Vehicle, ICV-Aβ þ Vehicle, and ICV-Aβ þ Fosgonimeton at 0.125 mg/kg,
0.25 mg/kg, 0.5 mg/kg, 1 mg/kg, or 2 mg/kg. All animal manipulations
were conducted in accordance with the European Directive 2010/63/UE
published in the French decree 2013-118 of February 1, 2013, and
approved by an independent government-accredited ethics committee
(CEEA 35, NEUROFIT, France).

Drug preparation and treatment
Aβ peptide fragment 25–35 was dissolved in water at 3 μg/μL and

stored at �80 � Celsius (C). Then, for the 5 days prior to surgery, the
peptide in solution was incubated at 37 �C to allow fibrillation. Thirty
minutes prior to surgery, animals received a subcutaneous injection of
0.02 mg/kg of buprenorphine. Rats were anesthetized with 2.5–3% iso-
flurane and secured in a stereotaxic frame. Then, 5 μL of fibrillated Aβ
was injected into the right ventricle (AP -0.8, ML -1.5, DV -4.2). For pain
management, rats received additional buprenorphine doses in the eve-
ning and morning following the surgery. Fosgonimeton was dissolved in
saline and administered at a dosing volume of 1 mL/kg at final concen-
trations of 0.125 mg/kg, 0.25 mg/kg, 0.5 mg/kg, 1 mg/kg, and 2 mg/kg.
Fosgonimeton or vehicle was delivered daily via the subcutaneous route
from the day of surgery (study day 0) until study day 14 (following
passive avoidance acquisition).

Passive avoidance test
The passive avoidance apparatus is an elevated runway separated

from a dark compartment by a small door. The grid floor of the dark
compartment is connected to an electrical shock generator. The appa-
ratus is a 27� 25� 27 (L�W� H) cm chamber with grey opaque walls.
The floor of the box is constructed of fifteen stainless steel rods spaced
approximately 1.2 cm apart. The top of the chamber is covered by an
opening door made with the same material as the wall. The front wall of
the chamber is connected to a runway of 50 cm length and 8 cm width on
a plane with the grid floor. Passage from the elevated runway into the
box is through an opening of 8 cmwide and 9 cm high. A movable door is
provided to obstruct the box entrance. The apparatus is elevated at 75 cm
from the ground.

During the acquisition session (study day 14), the far end of the
runway was brightly illuminated so as to be aversive to the rat. Rats were
placed onto the far end of the runway facing away from the dark
compartment. Once the rat fully entered the dark compartment, the door
closed, and a mild foot shock (0.5 mA) was delivered through the grid
floor for 5 s. The rat then remained in the dark compartment for 30 s
following the foot shock. The acquisition session did not end until the rat
stayed on the elevated runway for 120 s or until 5 trials elapsed. The
retention test took place 24 h following acquisition (study day 15).
During the retention test, rats were evaluated for the time it took to enter
the dark compartment (step-through latency). No shock was delivered
during the retention test. The retention trial ended after the rat entered
the dark compartment or after 300 s.

Statistical analysis
Values are expressed as mean � SEM (standard error of the mean).

Statistical analysis was performed by one-way ANOVA followed by
Dunnett's multiple comparisons test. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001 vs. ICV-Aβ þ Vehicle.

Results

Fosgo-AM promotes neuronal survival, preserves neurite networks, and
reduces tau hyperphosphorylation following Aβ1-42 injury

To evaluate neuroprotective effects of fosgonimeton against Aβ-
mediated toxicity, primary cortical neurons were treated with the active
metabolite of fosgonimeton, fosgo-AM, for 15 min and incubated with
Aβ1-42 solution for 24 h. Co-immunostaining of the neuronal marker
MAP2 and hyperphosphorylated tau (pTau [Thr212, Ser214])marker AT-
4

100 was performed to determine neuronal survival (i.e., number of neu-
rons), neurite network (i.e., total length of neurites), and levels of pTau
(Fig. 1a). As expected, exposure to Aβ1-42 resulted in a significant decrease
in the number of neurons (64� 1.0% of normal control; Fig. 1b) and total
length of neurites (63 � 1.0% of normal control; Fig. 1c). Such effects
were significantly attenuated in the presence of fosgo-AM; that is, treat-
ment with fosgo-AM led to a significant increase in neuronal survival (79
� 2% of normal control; Fig. 1b) and neurite network (83� 2% of normal
control; Fig. 1c), compared to the Aβ1-42 control. Moreover, cultures
treated with fosgo-AM had significant reductions in the levels of pTau
(150 � 2% of normal control; Fig. 1d), compared to the Aβ1-42 control
(203 � 6% of normal control). Taken together, these observations high-
light the potential of fosgonimeton to mitigate neurotoxic Aβ pathology.

Fosgo-AM attenuates Aβ-induced mitochondrial oxidative stress and
apoptotic signaling

Mitochondrial dysfunction is a major pathogenic event underlying Aβ
toxicity [2,17,18,41,42]. To assess whether the neuroprotective effects of
fosgonimeton could attenuate Aβ-mediated mitochondrial dysfunction
and characterize a potential mechanism by which fosgonimeton miti-
gates neurotoxicity, primary cortical neurons were treated with
fosgo-AM for 15 min and challenged with Aβ1-42 for 4 h (a time point at
which Aβ-induced neuronal death has yet to occur [19]) and immu-
noassayed with anti-MAP2 and either MitoSox (an indicator of ROS
generated by the mitochondria) (Fig. 2a and b), or anti-CytC (marker of
cytochrome c) (Fig. 2c and d). Cytochrome c is a highly conserved protein
found on the inner membrane of the mitochondrion where it regulates
cellular respiration. Under mitochondrial oxidative stress, cytochrome c
is released into the cytoplasm where it interacts with apoptotic proteins
resulting in caspase activation and eventual cell death [43]. Consistent
with previous observations, Aβ1-42 treatment did not induce any neuronal
loss (Fig. S1a) or neurite degeneration (Fig. S1b) at this early stage.
However, treatment with Aβ1-42 resulted in a significant increase in
mitochondrial ROS (155 � 2% of normal control; Fig. 2b) and release of
cytochrome c (127� 1% of normal control; Fig. 2d) highlighting an early
mechanism of dysfunction [43]. In the presence of 100 nM fosgo-AM,
however, mitochondrial ROS and release of cytochrome c triggered by
Aβ1-42 remained near control levels: 110� 2% (Fig. 2b) and 100� 2% of
normal control (Fig. 2d), respectively. Such effects are expected to
counteract Aβ-mediated toxicity and promote neuronal survival.

Fosgo-AM increases AKT and ERK phosphorylation, and reduces GSK3β
activity and tau phosphorylation following Aβ1-42 injury

The serine/threonine kinase AKT is a key mediator of pro-survival,
anti-apoptotic, and neurotrophic signaling [44–46]. Dysfunction in
AKT signaling has been linked to Aβ toxicity as it blunts pro-survival
signaling and renders neurons vulnerable to neurological stressors
[22]. To assess if positive modulation of HGF by fosgo-AM engages AKT
signaling to protect neurons from Aβ toxicity, cortical neurons were
treated with fosgo-AM and Aβ1-42, and Simple Western was conducted to
assess phosphorylated AKT (pAKT [Ser473]) and total AKT (Fig. 3a).
Quantification of Simple Western revealed a significant decrease in the
ratio of pAKT normalized to AKTtotal in neuronal cultures treated with
Aβ1-42 (60 � 6% of normal control; Fig. 3b). Treatment with fosgo-AM
significantly increased the ratio of pAKT/AKTtotal, restoring it to levels
similar to those observed under normal control conditions (maximal ef-
fect 100 nM fosgo-AM, 91 � 6% of normal control; Fig. 3b).

Due to the critical role of ERK signaling in neuroprotection [36,47],
synaptic plasticity [48], and memory formation [49], we also investi-
gated the effect of fosgo-AM on ERK activation. Protein levels of phos-
phorylated ERK (pERK [Thr202, Tyr204]) and total ERK were evaluated
following Aβ1-42 challenge in the presence or absence of fosgo-AM
(Fig. 3c). Quantification indicated that neuronal cultures treated with
Aβ1-42 exhibited a significant increase in pERK/ERKtotal ratio (136 � 9%



Fig. 1. Fosgo-AM promotes neuronal survival,
preserves neurite networks, and reduces tau
hyperphosphorylation following Aβ1-42 injury.
Primary rat cortical neurons were treated with
the active metabolite of fosgonimeton, fosgo-AM
(100 nM), and Aβ1-42 (15 μM; 2 μM oligomers)
for 24 h and labeled with microtubule-associated
protein-2 (MAP2; neuronal marker) and AT100
(marker for pTau-Thr212/Ser214). Scale bar ¼
100 μm. (a) Representative images highlighting
the effect of Aβ1-42 oligomers on cortical neurons
in the presence and absence of fosgo-AM. (b–d)
Quantification of neuronal survival (i.e., number
of MAP2þ neurons), neurite network (i.e., total
length of MAP2þ neurites in μm), and pTau (i.e.,
overlap of AT100 and MAP2 area in μm2),
expressed as percentage of normal control
(100%). Data presented as mean � SEM; N ¼ 3
biological replicates (independent preparations of
cortical neurons), n ¼ 4–6 technical replicates.
Statistical differences were determined by one-
way ANOVA followed by Fisher's LSD test.
***p < 0.001, ****p < 0.0001 versus Aβ1-42
control.

Fig. 2. Fosgo-AM attenuates Aβ-induced mitochondrial oxidative stress and cytochrome c release. (a) Primary rat cortical neurons were treated with the active
metabolite of fosgonimeton, fosgo-AM, and Aβ1-42 (15 μM; 2 μM oligomers) for 4 h and labeled with microtubule-associated protein-2 (MAP2; neuronal marker) and
MitoSox (marker of mitochondrial ROS). Scale bar ¼ 100 μm. (b) Quantification of mitochondrial ROS (i.e., overlap of MitoSox and MAP2 area), expressed as
percentage of normal control (100%). (c) Primary rat cortical neurons were treated with the fosgo-AM and Aβ1-42 (15 μM; 2 μM oligomers) for 4 h and labeled with
MAP2 and anti-CytC (marker of cytochrome c). Scale bar ¼ 100 μm. (d) Quantification of cytochrome c release (i.e., overlap of CytC and MAP2 area), expressed as
percentage of normal control (100%). Data presented as mean � SEM; N ¼ 3 biological replicates (independent preparations of cortical neurons), n ¼ 4–6 technical
replicates. Statistical differences were determined by one-way ANOVA followed by Fisher's LSD test. **p < 0.01, ***p < 0.001, ****p < 0.0001 versus Aβ1-42 control.
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of normal control; Fig. 3d). Consistent with our previous observations
[40], treatment with fosgo-AM induced a robust increase in ERK phos-
phorylation (maximal effect at 1 μM fosgo-AM, 229 � 15% of normal
control; Fig. 3d).

A critical component of Aβ pathology is increased activity of GSK3β,
one of the main kinases involved in the hyperphosphorylation of tau [51,
52]. To assess GSK3β activity, we measured levels of GSK3β phosphor-
ylated on Tyrosine 216 (corresponding to the active form of GSK3β) and
Serine 389 (corresponding to the inactive form of GSK3β) and evaluated
the ratio of pGSK3βY216 to pGSK3βS389 (active to inactive) (Fig. 3e). As
expected, pGSK3βY216/pGSK3βS389 was significantly increased in cortical
5

neurons after a 24-h Aβ1-42 application (217 � 17% of normal control;
Fig. 3f). Treatment with 100 nM fosgo-AM significantly blunted this ef-
fect (117 � 3% of normal control; Fig. 3f). Aβ1-42 exposure also led to a
concomitant increase in the level of hyperphosphorylated tau (179 �
10% of control conditions; Fig. 3g and h), an effect that was also
significantly reduced in the presence of fosgo-AM (maximal effect at 10
nM fosgo-AM, 85 � 10% of normal control; Fig. 3g and h). These ob-
servations provide mechanistic insight on the ability of fosgonimeton to
counteract Aβ-mediated cellular dysfunction via promotion of
pro-survival signaling and reduction of pathological tau in cortical
neuron culture.



Fig. 3. Fosgo-AM increases AKT and ERK phosphorylation and reduces GSK3β activity and tau phosphorylation following Aβ1-42 injury. Primary rat cortical neurons
were treated with the active metabolite of fosgonimeton, fosgo-AM, and Aβ1-42 (15 μM; 2 μM oligomers) for 24 h and protein lysates were analyzed for total AKT,
phospho-AKT (pAKTSer473), total ERK, phospho-ERK (pERKThr202/Tyr204), and phospho-GSK3β (pGSK3βTyr216 or pGSK3βSer389), or phospho-Tau (pTauThr212/Ser214) via
Simple Western. (a, b) Representative images of Simple Westerns and corresponding quantification showing AKT phosphorylation as pAKT/AKT. (c, d) Representative
images of Simple Westerns and corresponding quantification showing ERK phosphorylation as pERK/ERK. (e, f) Representative images of Simple Westerns and
corresponding quantification showing GSK3β activity as pGSK3βTyr216(active)/pGSK3βSer389(inactive). (g, h) Representative images of Simple Westerns and corre-
sponding quantification showing levels of pTau, normalized to GAPDH level. Borders for representative images highlight that each protein was evaluated indepen-
dently in a separate capillary system. Lanes: 1, normal control; 2, Aβ1-42 control; 3, Aβ1-42 þ fosgo-AM (10 nM); 4, Aβ1-42 þ fosgo-AM (100 nM), Aβ1-42 þ fosgo-AM (1
μM). Data presented as mean � SEM; N ¼ 3–4 biological replicates (independent preparations of cortical neurons). Statistical differences were determined by one-way
ANOVA followed by Fisher's LSD test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus Aβ1-42 control.
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Fosgo-AM increases autophagy markers ULK1 and Beclin-1 following Aβ1-
42 injury

Impairments in autophagy, the main mechanism by which neurons
degrade and clear insoluble protein aggregates, are well documented in
AD pathogenesis [53–55]. Thus, we sought to investigate the effect of
fosgo-AM on autophagy markers following Aβ1-42 injury. We focused on
two proteins that are central to the initiation of autophagy and have been
linked to Aβ pathology: Unc-like Kinase 1 (ULK1) and Beclin-1. Beclin-1
regulates both autophagosome synthesis and maturation [56], and is
activated by ULK1-mediated phosphorylation [57,58]. Simple Western
was utilized to evaluate the effect of fosgo-AM on ULK1 and Beclin-1
expression following Aβ1-42 challenge. The protein level of ULK1 was
significantly decreased in cortical neuron culture 24 h after injury with
Aβ1-42 (36 � 6% of normal controls; Fig. 4a and b), suggesting the Aβ1-42
interfered with mechanisms governing initiation of autophagy. This ef-
fect was significantly mitigated by treatment with 100 nM fosgo-AM (83
� 14% of normal control conditions; Fig. 4a and b). Application of Aβ1-42
also significantly decreased the level of Beclin-1 (62 � 9% of normal
control; Fig. 4c and d). Treatment with 100 nM fosgo-AM significantly
increased Beclin-1 levels, even beyond the normal control level (137 � 6
% of normal control; Fig. 4c and d). Together, the finding that fosgo-AM
was able to prevent Aβ-induced reductions in both ULK1 and Beclin-1
may suggest that fosgo-AM promotes autophagic function, a process
that has important implications for the clearance of toxic protein
accumulations.

Fosgo-AM protects cortical neurons from excitotoxicity via AKT and ERK
signaling

Among the pathological mechanisms promoted by Aβ oligomers, a
key driver of neurodegeneration is the excitotoxic overstimulation of
excitatory glutamatergic neurotransmission [59]. To evaluate the neu-
roprotective effects of fosgo-AM on glutamate-induced excitotoxicity, we
conducted immunoassays on primary cortical neurons treated with
vehicle control, vehicle þ glutamate, or fosgo-AM þ glutamate using
anti-MAP2 and AT100 antibodies (Fig. 5a). Cultures treated with fos-
go-AM þ glutamate exhibited a significant increase in neuronal survival
(80 � 1% of normal control; Fig. 5b) and neurite network (78 � 1% of
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normal control; Fig. 5c) when compared to cultures treated with gluta-
mate only (65� 1% of normal control for neuronal survival and 63� 3%
for neurite network). Furthermore, treatment with fosgo-AM signifi-
cantly reduced levels of pTau (144� 5% of normal control; Fig. 5d) when
compared to glutamate treatment alone (200 � 3% of normal control;
Fig. 5d). Overall, these results suggest that fosgo-AM may alleviate
excitotoxicity-mediated neuronal damage.

Next, we sought to determine whether the neuroprotective actions of
fosgo-AM were mediated by AKT and MEK/ERK signaling. Indeed, the
neuroprotective effects of fosgo-AM on neuronal survival (77 � 1% of
normal control; Fig. 6a) were abolished in the presence of GSK-690963
[AKT inhibitor] (67 � 1% of normal control; Fig. 6a) or PD98059
[MEK/ERK inhibitor] (64 � 3% of normal control; Fig. 6a). Similar ef-
fects were observed on neurite network (Fig. 6b). Collectively, these
observations highlight the neuroprotective actions of fosgo-AM against
glutamate toxicity, and further strengthen the notion that activation of
AKT and ERK signaling are central to the neuroprotective effects of
fosgonimeton.

Fosgonimeton rescues cognitive performance in the intracerebroventricular
Aβ25-35 rat model of AD

Brain accumulation of Aβ peptides in animal models leads to impaired
cognitive function [60,61]. As such, the introduction of neurotoxic Aβ
peptides into the brains of model species is suitable to determine pre-
clinical efficacy of test compounds under investigation for AD. To eval-
uate the effects of fosgonimeton on cognitive impairment in vivo, we
administered the neurotoxic peptide Aβ25-35 or vehicle intra-
cerebroventricularly (ICV) to adult male Wistar rats. The Aβ25-35 frag-
ment is recognized as a surrogate for the full-length Aβ1-42 peptide, in
terms of neurotoxic effects [62]. Fosgonimeton (0.125, 0.25, 0.5, 1, or 2
mg/kg) or vehicle were administered subcutaneously (sc) from day of
surgery (study day 0) to study day 14. On study day 14, rats underwent
the passive avoidance acquisition paradigm, where entering a darkened
compartment is associated with receiving a mild foot shock. A final dose
of fosgonimeton or vehicle was administered 1-h after the acquisition
trial. This timing was chosen such that the test compound would be
on-board during memory consolidation processes, but without intro-
ducing the potential confound of injection-related stress on behavior
Fig. 4. Fosgo-AM increases levels of ULK1
and Beclin-1 following Aβ1-42 injury. Primary
rat cortical neurons were treated with the
active metabolite of fosgonimeton, fosgo-
AM, and Aβ1-42 (15 μM; 2 μM oligomers)
for 24 h and protein lysates were analyzed
for ULK1 and Beclin-1 via Simple Western.
(a, b) Representative image of Simple West-
erns and corresponding quantification
showing levels of ULK1, normalized to
GAPDH levels. (c, d) Representative images
of Simple Westerns and corresponding
quantification showing levels of Beclin-1,
normalized to GAPDH levels. Borders for
representative images highlight that each
protein was evaluated independently in a
separate capillary system. Lanes: 1, normal
control; 2, Aβ1-42 control; 3, Aβ1-42 þ fosgo-
AM (10 nM); 4, Aβ1-42 þ fosgo-AM (100 nM);
5, Aβ1-42 þ fosgo-AM (1 μM). Data presented
as mean � SEM; N ¼ 3–4 biological repli-
cates (independent preparations of cortical
neurons). Statistical differences were deter-
mined by one-way ANOVA followed by
Fisher's LSD test. *p < 0.05, **p < 0.01,
***p < 0.001 versus Aβ1-42 control.



Fig. 5. Fosgo-AM promotes neuronal sur-
vival, preserves neurite networks, and re-
duces tau hyperphosphorylation following
glutamate injury. Primary rat cortical neu-
rons were treated with the active metabolite
of fosgonimeton, fosgo-AM (100 nM), and
glutamate (20 μM) for 24 h and labeled with
microtubule-associated protein-2 (MAP2;
neuronal marker) and AT100 (marker for
pTau). Scale bar ¼ 100 μm. (a) Representa-
tive images highlighting the effect of gluta-
mate on cortical neurons in the presence and
absence of fosgo-AM. (b–d) Quantification of
neuronal survival (i.e., number of MAP2þ
neurons), neurite network (i.e., total length
of MAP2þ neurites in μm), and pTau (i.e.,
overlapping area of AT100 and MAP2 in
μm2), expressed as percentage of normal
control (100%). Data presented as mean �
SEM; N ¼ 3 biological replicates (indepen-
dent preparations of cortical neurons), n ¼
4–6 technical replicates. Statistical differ-
ences were determined by one-way ANOVA
followed by Fisher's LSD test. ***p < 0.001,
****p < 0.0001 versus glutamate control.

Fig. 6. Neuroprotective actions of fosgo-AM
versus glutamate excitotoxicity are mediated by
AKT and ERK signaling. Primary rat cortical
neurons were treated with AKT inhibitor (GSK-
690963) or MEK/ERK inhibitor (PD98059),
followed by fosgo-AM (100 nM), and glutamate
(20 μM) for 24 h. Cells were labeled with
microtubule-associated protein-2 (MAP2;
neuronal marker) to assess neuronal survival (i.e.,
number of MAP2þ neurons) and neurite network
(i.e., total length of MAP2þ neurites in μm). (a–b)
Effect of fosgo-AM on (a) neuronal survival and
(b) neurite networks following glutamate injury,
in the presence of the AKT inhibitor or the MEK/
ERK inhibitor. Data presented as mean � SEM; N
¼ 3 biological replicates (independent prepara-
tions of cortical neurons), n ¼ 4–6 technical
replicates. Statistical differences were determined
by one-way ANOVA followed by Dunnett's mul-
tiple comparisons test. ****p < 0.0001 versus
glutamate control.
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during the trial itself. On study day 15, rats were again placed into the
passive avoidance apparatus and assessed for step-through latency in a
memory retention trial. ICV-Aβ-exposed rats exhibited significantly
reduced step-through latency times in the passive avoidance test
compared to sham surgery control rats, indicating poor retention of the
previously learned association, and therefore cognitive impairment.
Treatment with fosgonimeton significantly restored cognitive function at
all doses tested (Fig. 7a). The maximum average degree of recovery with
fosgonimeton treatment was 88% recovery in 0.125 mg/kg treated group
(Fig. 7b). Overall, treatment with fosgonimeton led to significant
cognitive rescue in the ICV- Aβ25-35 rat model of AD, indicating that the
cellular effects of fosgonimeton translate to functional benefits in vivo.

Discussion

We have previously reported on the ability of fosgonimeton, a small-
molecule positive modulator of the neurotrophic HGF signaling system,
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to promote neurotrophic and neuroprotective effects in primary neuron
culture and rescue cognitive impairment induced by cholinergic deficits
and neuroinflammation in rodents [40]. Herein, we show that positive
modulation of the HGF system by fosgonimeton also attenuates patho-
logical alterations downstream of Aβ in vitro and in vivo. Our data sug-
gest that such effects are driven by the ability of fosgonimeton to
stimulate pro-survival signaling cascades that counteract oxidative stress,
mitochondrial dysfunction, apoptotic signaling, and pathological protein
accumulation. These multimodal actions highlight the potential of fos-
gonimeton as a disease-modifying therapeutic for the treatment of AD.

Aβ1-42-induced cytotoxicity has been associated with disruption of
mitochondrial membrane potential and production of ROS, leading to the
induction of apoptotic mechanisms [2,17,18,41,42]. Upregulation of
ROS and apoptotic signaling trigger several neurodegenerative events
including synapse loss, neurite degeneration, pathological protein accu-
mulation, and neuroinflammation. In our mitochondrial stress assays, we
observed that fosgo-AM significantly blunts the initial Aβ-mediated



Fig. 7. Fosgonimeton improves cognitive performance in passive avoidance retention in ICV-Aβ25-35-exposed rats. Cognitive performance was assessed in rats
administered with ICV-Aβ25-35 or sham and treated with fosgonimeton or vehicle for 14 days. (a) Step-through latency in passive avoidance retention trial. Fosgo-
nimeton at all tested doses resulted in significant rescue of cognitive impairment, as indicated by longer step-through latencies. (b) Data presented as percent recovery,
normalized to Sham þ Vehicle (100%) and ICV-Aβ þ Vehicle (0%) groups. Data presented as mean � SEM; n ¼ 12 rats per group. Statistical differences were
determined by one-way ANOVA followed by Dunnett's multiple comparisons test for step-through latency, and by Kruskal-Wallis followed by Dunn's multiple
comparisons for percent recovery. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus ICV-Aβ þ Vehicle.
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increased levels of ROS and cytochrome c release. Mechanistic insight
regarding such an effect may be gleaned from our observations on AKT
and ERK signaling [36]. We have previously demonstrated that positive
modulation of the HGF/MET system by fosgo-AM enhances phosphory-
lation of AKT and ERK and protects cortical neurons from cytotoxicity
induced by several neurological stressors implicated in neuro-
degeneration [40]. We posited that activation of AKT and ERK signaling
may, in part, underlie the neuroprotective actions of fosgo-AM. Indeed,
neuronal cultures treated with fosgo-AM exhibited a significant increase
in AKT and ERK phosphorylation following Aβ injury, thereby suggesting
engagement of pro-survival signaling downstream of HGF/MET. The
neuroprotective and anti-apoptotic effects of HGF via AKT and ERK
signaling have been reported [36] and provide a plausible mechanism for
the ability of fosgonimeton to counteract Aβ-mediated mitochondrial
ROS and cytochrome c release. For instance, activation of AKT can
upregulate the expression of anti-apoptotic Bcl-2 proteins, inhibit
pro-apoptotic proteins such as Bid and BAD, and/or prevent release of
cytochrome c and caspase activation [45,63]. Not surprisingly, reduction
of AKT signaling is thought to play a role in the early cellular dysfunction
associated with Aβ pathology, as it diminishes the aforementioned
pro-survival responses [22]. With regards to ERK signaling, Aβ has been
shown to interact with cell surface receptors, such as NMDA, mGluR5,
and α7 nicotinic receptors leading to ERK phosphorylation [50]. The
consequences of ERK activation in response to Aβmay depend on several
factors including the mechanism by which ERK is activated, the cell type,
the duration of ERK activation, and/or subcellular localization. It has
been suggested that increased ERK activation in response to Aβ may
represent a compensatory mechanism to counteract AD-related pathol-
ogy [50]. In agreement with previous reports, we observed a significant
increase in pERK after Aβ treatment, and fosgo-AM led to a further in-
crease in pERK. Given that HGF-mediated activation of ERK signaling has
been shown to play a role in neuroprotection and synaptic plasticity [36],
we posit that activation of ERK by fosgonimeton promotes neuro-
protective activity that counteracts Aβ-mediated toxicity. Taken together,
our data suggest that fosgonimeton counteracts pathological oxidative
changes that could otherwise lead to neurodegeneration, and that such
effects may be due to activation of AKT and ERK signaling.

Activation of AKT and ERK has also been implicated in the neuro-
protective mechanisms against other Aβ-related pathologies such as
glutamate excitotoxicity [64–66]. Aβ pathology has been shown to
modulate the expression and/or function of several glutamate receptors
(e.g., NMDA) and transporters (e.g., excitatory amino acid transporter-2)
leading to an abnormal increase of glutamate in the synaptic cleft,
neurotransmission disturbances, and activation of extra-synaptic gluta-
mate receptors [16,59,67]. Activation of extra-synaptic glutamate
9

receptors can trigger pathological elevation of intracellular Ca2þ con-
centrations and activation of Ca2þ-dependent enzymatic pathways
leading to mitochondrial dysfunction, oxidative stress, and tau phos-
phorylation [67,68]. To reinforce the involvement of the AKT and ERK
pathways in the mechanism of action of fosgonimeton, we inhibited AKT
and MEK/ERK and evaluated the neuroprotective effect of fosgo-AM in
primary culture directly challenged with glutamate to model this path-
ogenic event. In corroboration with our previous observation that
fosgo-AM protects cortical neurons from glutamate toxicity [40], treat-
ment with fosgo-AM led to increased cortical neuron survival and neurite
network integrity following glutamate injury. Fosgo-AM also attenuated
glutamate-induced tau hyperphosphorylation. Importantly, the neuro-
protective effects of fosgo-AM were abolished in the presence of AKT or
MEK/ERK inhibitors, confirming the direct involvement of these
signaling pathways in the downstream mechanism of action of
fosgonimeton.

Aβ oligomers are known to dysregulate various kinases and phos-
phatases that can in turn upregulate the phosphorylation of tau [14,23].
Indeed, we observed that application of Aβ1-42 increased the activity of
GSK3β and upregulated tau phosphorylation. Both of those effects were
significantly attenuated in the presence of fosgo-AM. While the exact
mechanism by which fosgo-AM modulates GSK3β activity is yet to be
elucidated, these observations are of critical importance given the
pathological interplay between Aβ and tau in AD [15]. When hyper-
phosphorylated, tau loses its affinity for microtubules and tends to
aggregate forming insoluble neurofibrillary tangles, thereby causing
impairment of axonal transport and synaptic functions, in addition to
neurotoxicity [14]. Furthermore, pathological tau species can themselves
promote the generation and neurotoxicity of Aβ oligomers and contribute
to the positive feedback loop of neurodegeneration that is central to the
progression of AD [69]. Our findings that fosgo-AM can attenuate
Aβ-mediated generation of hyperphosphorylated tau may therefore have
significant implications for the potential of fosgonimeton to impact dis-
ease progression.

Another contributor to pathological protein accumulation in AD is
impairments in autophagy, which is the main mechanism by which
neurons degrade and clear insoluble protein aggregates [53–55]. Com-
ponents of the autophagy pathway, namely Atg5, Beclin, and ULK1, have
been shown to be involved in the degradation of both Aβ and pTau [70].
Importantly, levels of Beclin-1, a core protein involved in the induction of
autophagy, are downregulated in the brains of people with AD [71,72].
Preclinical studies have also demonstrated that blocking autophagic flux
decreases tau clearance [73], and mice lacking key enzymes involved in
autophagosome formation exhibit significant exacerbation of tau phos-
phorylation [74]. While the exact mechanisms remain elusive, a vicious



S.M. Reda et al. Neurotherapeutics xxx (xxxx) xxx
cycle has been proposed suggesting that accumulation of protein aggre-
gates may overwhelm autophagic machinery, thereby blocking auto-
phagic flux and the subsequent clearance of protein aggregates [53,75].
In our study, following Aβ1-42 injury in primary rat cortical neurons, we
noted a significant decrease in the expression of ULK1 and Beclin-1,
suggesting that Aβ interfered with mechanisms governing the induction
of autophagy. These deficits, however, were rectified in the presence of
fosgo-AM. Given the critical roles of ULK1 and Beclin-1 in stimulating
autophagy [56,76], these data provide early evidence that fosgonimeton
may address autophagic impairment associated with Aβ pathology.
However, this mechanistic aspect is not fully understood, and additional
experiments are required to assess whether such an effect translates to an
increase in autophagic flux and improved clearance of toxic proteins.

To assess whether the in vitro effects of fosgo-AM reported here
translate to functional improvements in vivo, we selected an established
rat model in which Aβ pathology was central to the development of
cognitive impairment. ICV injection of Aβ25-35 has been shown to reca-
pitulate several pathological alterations of AD including short and long-
term memory impairments, mitochondrial and oxidative stress, tau
phosphorylation, cholinergic neuron loss, and reduced growth factors
such as BDNF [60]. In our study, a single ICV administration of Aβ25-35
induced significant cognitive impairment in the passive avoidance test 15
days later. Treatment with fosgonimeton for 14 days prior to cognitive
behavioral assessment significantly restored cognitive function at all
doses tested. A decreasing trend in efficacy at higher doses was observed,
an effect that may be explained by negative feedback regulation inherent
to growth factor systems [77–80]. Although not explored in this pre-
liminary work, there are multiple potential points of intersection be-
tween the pathology featured in this in vivo model, and the proposed
mechanism of action of fosgonimeton characterized in vitro. Neuro-
inflammation [81], tau phosphorylation [81,82], deficits in neurogenesis
[83] and overt neuron loss [84], mitochondrial dysfunction [60], and
oxidative stress [85] are a few of the reported outcomes of ICV injection
of Aβ25-35 in rodents. In our present and previous work, we have
demonstrated that fosgonimeton confers some level of protection against
all of these in in vitro settings. However, further studies are required to
gain insight into which pathological aspects of the in vivo ICV- Aβ25-35
model may be specifically impacted by fosgonimeton, and whether this
mirrors the mechanisms observed in vitro.

Although we have previously shown that fosgo-AM potentiates HGF-
mediated phosphorylation of MET in vitro and effectively distributes to
the brain [40], a potential limitation in this study is the lack of data
demonstrating in vivo target engagement. In this regard, additional work
is required to overcome the temporal challenge of measuring the tran-
sient phospho-activation of the MET receptor in relevant brain regions.
Furthermore, additional experiments are needed to elucidate the mo-
lecular mechanism by which fosgo-AM binds to the HGF/MET complex to
positively modulate its activity. Such efforts have been slowed by the lack
of data surrounding the crystal structure of the HGF/MET complex, as
well as the overall complexity of HGF-mediated MET activation [86].
Despite these limitations, the current body of work significantly extends
our understanding of a potential therapeutic role for positive modulation
of neurotrophic HGF signaling in neurodegenerative disease.

Overall, this study illustrates multiple potential points for the small
molecule fosgonimeton to disrupt the neurodegenerative cascade of AD
downstream of Aβ toxicity, ranging from reducing oxidative stress and
excitotoxicity, to improving autophagic pathway function and reducing
tau hyperphosphorylation. While the recently approved Aβ-targeting
monoclonal antibodies have addressed an unmet need, they are only
applicable for a subset of the AD population (early AD) and the magni-
tude by which these therapeutics lead to a clinically meaningful benefit is
limited [25,26]. Thus, additional interventions that tackle the multifac-
torial pathologies of AD are needed, especially for the more advanced
stages of the disease (mild-to-moderate AD), where the pathological
burden may be too significant to overcome via Aβ removal. Indeed, there
is a growing recognition that pleiotropic approaches that address the
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complex pathology of AD may significantly improve treatment outcomes
[87]. By positively modulating the neurotrophic HGF system, fosgoni-
meton represents a novel approach with a distinct MOA that can target
many of the cellular dysfunctions associated with AD. Fosgonimeton
(previously ATH-1017) is currently under clinical investigation for safety
and efficacy in the treatment of mild-to-moderate AD (NCT04488419).
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