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ARTICLE INFO ABSTRACT

Keywords: Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease affecting motor neurons.
Amyotrophic lateral sclerosis Considerable evidence indicates that early skeletal muscle atrophy plays a crucial role in the disease patho-
Muscle

genesis, leading to an altered muscle-motor neuron crosstalk that, in turn, may contribute to motor neuron
degeneration. Currently, there is no effective treatment for ALS, highlighting the need to dig deeper into the
pathological mechanisms for developing innovative therapeutic strategies. FM19G11 is a novel drug able to
modulate the global cellular metabolism, but its effects on ALS skeletal muscle atrophy and mitochondrial
metabolism have never been evaluated, yet.

This study investigated whether FM19G11-loaded nanoparticles (NPs) may affect the bioenergetic status in
myoblasts isolated from G93A-SOD1 mice at different disease stages. We found that FM19G1-loaded NP treat-
ment was able to increase transcriptional levels of Aktl, Akt3, Mef2a, Mef2c and Ucp2, which are key genes
associated with cell proliferation (Aktl, Akt3), muscle differentiation (Mef2c), and mitochondrial activity
(Ucp2), in G93A-SOD1 myoblasts. These cells also showed a significant reduction of mitochondrial area and
networks, in addition to decreased ROS production after treatment with FM19G11-loaded NPs, suggesting a ROS
clearance upon the amelioration of mitochondrial dynamics.

Our overall findings demonstrate a significant impact of FM19G11-loaded NPs on muscle cell function and
bioenergetic status in G93A-SOD1 myoblasts, thus promising to open new avenues towards possible adoption of
FM19G11-based nanotherapies to slow muscle degeneration in the frame of ALS and muscle disorders.

FM19G11
G93A-SOD1 mouse model
Nanomedicine

1. Introduction muscle atrophy, paralysis, and eventually death. The majority of cases is
sporadic (sALS) with no family history, whereas 10% presents a gene

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease mutation that runs in the family (fALS). In 20% of patients, the mutation
characterized by upper and lower motor neuron loss associated with is linked to the superoxide dismutase 1 (SOD1) gene [1]. Currently,
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there is no effective treatment for the disease [2], highlighting the need
to dig deeper into the pathological mechanisms for the development of
novel therapeutic strategies. On this point, the G93A-SOD1 transgenic
mouse has been the most extensively used animal model to investigate
key features of ALS pathology and develop preclinical therapies [3].

ALS is a multisystem disorder and evidence indicates early damages
in the motor neuron-muscle crosstalk, suggesting that skeletal muscle
alterations could play a crucial role in the disease pathogenesis [4,5].
Indeed, muscle-restricted expression of mutant SOD1 is sufficient to
induce neuromuscular junction (NMJ) alterations and may lead to motor
neuron death [6]. A variety of mechanisms have been proposed to un-
derpin the muscle-related ALS pathology, including excitotoxicity,
mitochondrial dysfunction, and oxidative stress [7]. Defects in cellular
bioenergetics linked to mitochondrial structure, and function have been
observed in the skeletal muscle of both sALS and fALS patients [8].
Similarly, in the G93A-SOD1 mice accumulation of SOD1 aggregates in
mitochondrial intermembrane space and matrix have been found to
cause abnormal mitochondrial network and reduce mitochondrial dy-
namics, resulting in intrinsic muscle damage early before motor neuron
axonal withdrawal [9,10]. A disease-stage-dependent reduction in
autophagy capacity, likely leading to the accumulation of damaged
mitochondria, was observed in the ALS mouse muscle [11]. It is known
that mitochondria provide cellular energy in the form of ATP via
oxidative phosphorylation, but they generate reactive oxygen species
(ROS) during oxidative metabolism. Altered mitochondria are the major
source of excessive ROS production, producing approximately 90% of
cellular ROS [12] which, in turn, further aggravate mitochondrial al-
terations promoting muscle wasting in G93A-SOD1 mice [13].
Mammalian cells have evolved to handle such a stress via various
endogenous anti-oxidant proteins. These proteins include the family of
mitochondrial uncoupling proteins (UCPs), which are anionic carriers
located in the mitochondrial inner membrane. Wheras the UCP1 ho-
molog plays an important role in adaptive thermogenesis in brown ad-
ipose tissue [14], the highly homologous UCP2 and UCP3, have been
described to prevent the formation of reactive oxygen species [15]. A
long-term uncoupling of mitochondria and prolonged ATP reduction are
detrimental for the cells [16]. Indeed, valosin-containing protein (VCP)
mutations occurring in 1-2% of fALS cause profound mitochondrial
uncoupling resulting in a significant reduction of cellular ATP produc-
tion, making cells more vulnerable to degenerative processes [17].
However, a transient or mild mitochondrial uncoupling, leading to the
reduction of oxidative stress and superoxide production [18], could
result in neuroprotection [19], thus suggesting a role for UCPs as
possible targets for therapeutic interventions in ALS [20].

The FM19G11 compound was identified as an inhibitor of the hyp-
oxia inducible factor 1 o (HIF1a) under hypoxic conditions, resulting in
an increase of neural precursor cells (NPCs) differentiation in rats after
spinal cord injury with the modulation of SRY-related HMG-box 2
(Sox2) and octamer-binding transcription factor 4 (Oct4) gene expres-
sion [21]. Later, Rodriguez-Jimenez and colleagues demonstrated that
under normoxia in the absence of HIF1a, the drug is able to activate the
global cellular metabolism of NPCs by inducing mitochondrial uncou-
pling process, which leads to a transient reduction of ATP levels. Of note,
this phenomenon was found to trigger an adaptive cellular response,
generating a compensatory increase of the glucose uptake via the acti-
vation of AMP-activated protein kinase (AMPK) and protein kinase B
(AKT) signaling pathways to provide energy through ATP synthesis.
Moreover, after 24 h of FM19G11 treatment, a positive evolution of
mitochondrial activity in terms of increased expression of mitochondrial
genes and biosynthesis was demonstrated in stem cells derived from
spinal cord injured rats [22]. In the ALS landscape, our previous study
demonstrated a positive effect of FM19G11 on self-renewal and prolif-
eration of NPCs derived from G93A-SOD1 mice by the activation of
genes associated with pluripotency, self-renewal, proliferation, and
mitochondrial uncoupling process, hence providing preliminary but
promising evidence for the development of a novel approach to
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counteract motor neuron degeneration [23]. However, the effect of
FM19G11 on ALS skeletal muscle atrophy and mitochondrial meta-
bolism has never been evaluated yet.

In the present study we investigated the effect of FM19G11 treatment
on cellular bioenergetics in myoblasts isolated from G93A-SOD1 mice
during disease progression using a nanoparticle (NP)-based drug de-
livery system (DDS). Indeed, FM19G11 is poorly soluble in the aqueous
environment hence, to improve its bioavailability, controlled release
and cellular uptake, we developed a DDS composed of NP made of the
FDA-approved poly (lactic-co-glycolic acid) (PLGA), which is among the
most attractive polymeric materials for biomedical applications, thanks
to its high biocompatibility and biodegradability, long-term storage
stability, and ability to encapsulate and protect drugs from fast degra-
dation in vivo.

By molecular analyses and functional studies, we assessed cellular
proliferation and differentiation, as well as mitochondrial network dy-
namics and ROS production, in the treated myoblasts. We observed an
increase of the energetic status and a reduction of the mitochondrial
network area in G93A-SOD1 myoblasts under FM19G11-loaded NP
treatment. Of interest, the treatment was able to reduce the ROS pro-
duction in myoblasts derived from animals at the symptomatic disease
stage.

Our overall findings could represent a key step towards a better
understanding of the skeletal muscle-related ALS pathogenesis, and
provide a proof-of-concept case for the development of muscle-targeting
therapeutic strategies to be translated into ALS clinical practice.

2. Material and methods
2.1. Animal model

All animal experiments were carried out in accordance with the EU
Directive 2010/63 and with the Italian law (D.L. 26/2014) on the pro-
tection of animals used for scientific purposes. Transgenic G93A-SOD1
(B6SJL-Tg (SOD1*G93A)1Gur/J) [MGI: 2183719] and control B6.SJL
mice were purchased from Charles River Laboratories, Inc. (Wilmington,
MA, USA), maintained and bred at the animal house of the Fondazione
IRCCS Istituto Neurologico Carlo Besta in compliance with institutional
guidelines. The project was approved by the Ethics Committee of the
Institute and the Italian Ministry of Health (ref. 78/2022-PR). Trans-
genic G93A-SOD1 progenies were identified by quantitative real-time
PCR amplification of the mutant human SOD1 gene, as previously
described [4]. G93A-SOD1 male animals carrying more than 27 mutant
SOD1 copies were included in the study. Mice were sacrificed for tissue
collection by CO, exposure at week 8 (pre-symptomatic stage of the
disease), 12 (disease onset), and 18 (end stage of the disease).

2.2. Nanoparticle synthesis and drug loading

The NPs were prepared by the solvent evaporation method using
polyvinyl alcohol (PVA; 30-70 kDa, 87-90% hydrolyzed; Sigma-
Aldrich, Germany) as surfactant to provide the required colloidal sta-
bility in the biological environment reducing protein adsorption on NP
surface [24]. Briefly, FM19G11 (Sigma-Aldrich, Germany) was solubi-
lized in dichloromethane (DCM) to prepare a solution at 0.5 mg mL ™!
concentration. Then, 20 mg of polymer (PLGA; Resomer 502 H, 50:50,
7-17 kDa; Sigma-Aldrich, Germany) were solubilized in 1 mL of the
FM19G11 solution. The resulting organic phase was drop-wise added to
4 mL of aqueous solution, containing 2% w/v PVA. The solution was
then sonicated using a tip sonicator at 60 W for 60 s (two sonication
cycles, each lasting 30 seconds, with a 30-second break between them).
Samples were left stirring for 3 h and the excess of organic solvent was
removed by rotavapor. NPs were collected and purified by centrifuga-
tion (10733 g x 40 min). The final product was resuspended in 1 mL of
MilliQ water (mQw) and the unloaded drug was removed through a mild
centrifugation (10733 g x 1 min). Fluorescently labeled NPs were
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obtained in the same way, by also adding 2% w/w of rhodamine
B-labeled PLGA (50:50, 10-30 kDa; Sigma-Aldrich, Germany) to the
final PLGA solution in the organic phase.

NPs were characterized through dynamic light scattering (DLS)
analysis in order to estimate their hydrodynamic diameter (Dy). Mea-
surements were performed on an ALV apparatus equipped with ALV-
5000/EPP Correlator, special optical fiber detector and ALV/CGS-3
Compact goniometer. The light source is He-Ne laser (1 = 633 nm),
22 mW output power. Hydrodynamic size and related distribution were
determined by a cumulant fitting of the auto-correlation function. For
these analyses, the stock NP dispersion was diluted 1:100 (v/v) in water
and measured at 25 °C. In the specific case of FM19G11-loaded NPs,
obtained size distribution showed an averaged hydrodynamic diameter
(<Dg>) of 227 + 7 nm.

FM19G11 content was determined by HPLC analysis. The NPs were
disassembled by mixing the NP suspension with dimethyl sulfoxide
(DMSO) at a volume ratio of 1/10. Each sample was injected (20 pL) in a
C18 reversed-phase chromatography column at 30 °C with a flow rate of
0.5 mL min~! in a solution of acetonitrile-water with 59:41 ratio. The
FM19G11 peak was detected after ~7 min. The detection wavelength
was set at 247 nm. Calibration curves were previously obtained with
different FM19G11 concentrations (0.25, 0.1, 0.04, 0.02, 0.01, 0.004,
0.002 mg mL ™). Encapsulation Efficiency (EE%) values associated to
each batch of NPs were calculated according to the following equations:
EE% = 100*(Weight of Drug Encapsulated in Polymer Nanoparticles)/
(Weight of Drug Used in Encapsulation Method). The obtained value of
EE% was 51.5 + 9.8% corresponding to 0.56 + 0.02 mM of FM19G11.

The analyses were performed on a JASCO® HPLC equipped with:
2057 autosampler; RI-2031 refraction index detector; UV-/Vis detector,
CO-2060 plus oven column; PU-2080 pump; MD-2018 photodiode array
PDA detector; C18 column (2.7 mm particle size) 150 mmx4.6 mm
(length x diameter). Evaluation of the drug concentration was done
using the UV-/Vis detector.

2.3. Primary myoblast culture and FM19G11 treatment

Gastrocnemius muscles were obtained from G93A-SOD1 and control
mice. After euthanizing mice by CO, inhalation, skin was removed from
the hind-limbs to expose muscles. Then, with sterilized scissors and
forceps, gastrocnemius muscles from both hind-limbs were collected and
placed into one well of 6-well plate containing 1 x Dulbecco’s
phosphate-buffered saline (D-PBS) (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and 1% penicillin and streptomycin (Pen/Strep) on
ice. In a sterile tissue culture hood, mince the muscles in 1-2 mm pieces
with razor blades and place them in a 25 cm? culture flask (Corning,
New York, USA). Let them dry for about 10 min then 5 mL of prolifer-
ation culture medium was added to each flask and incubated at 37°C
with 5% CO2 for about 10 days, with no medium change. Proliferation
medium consisted of DMEM (Thermo Fisher Scientific) supplemented
with 20% FBS (Thermo Fisher Scientific), 1% Pen/Strep, 1% Glutamine
(Euroclone, Milan, Italy), 1% Insulin (Sigma-Aldrich, St. Louis, Missouri,
USA), 10 ng/mL EGF, and 10 ng/mL FGF (Thermo Fisher Scientific).
After approximately 10 days from dissociation, myoblasts appeared
from the muscle biopsy. For subsequent subcultures, myoblasts at
70-90% confluency were rinsed with D-PBS (Thermo Fisher Scientific),
then collected with a Trypsin/EDTA solution (Euroclone), incubated at
37°C with 5% CO; for 5-10 min, and centrifuged at 1200 rpm for 10 min
at RT (cell passage 1, P1). This was repeated until day 25 (P3) of in vitro
cultures in order to obtain sufficient cells for further analyses. At P3, the
G93A-SOD1 and control myoblasts were seeded in proliferative medium
at a density of 6 x10* cells at different growth conditions: i) basal
condition (i.e. untreated cells); ii) FM19G11 (Sigma)-loaded NPs (cor-
responding to 500 nM of FM19G11 and NPs); iii) FM19G11 (Sigma)-
loaded NPs (1 uM of FM19G11 and NPs). Cells were maintained in
culture for 48 and 72 h, and further collected for immunofluorescence
and molecular analysis. By Trypan blue exclusion method, the number
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of viable cells was assessed in untreated and treated myoblasts isolated
from of 8-week-old control and G93A-SOD1 mice, from passage 3.

2.4. Quantitative real-time PCR

Total RNA was extracted from cells (5-8 x10°) using Trizol reagent
(Thermo Fisher Scientific) and quantified using 2100 Nano Bioanalyzer
(Agilent Technologies, Santa Clara, California, USA). Next, RNA samples
were reverse transcribed to cDNA using the SuperScript™ VILO™ cDNA
Synthesis Kit (Thermo Fisher Scientific). cDNA was amplified in dupli-
cate by quantitative real-time PCR using TagMan™ Fast Advanced
Master Mix and TaqMan Array Fast Plate assembled by Thermo Fisher
Scientific with primer and probes for AKT serine/threonine kinase (Akt)
1 (Assay ID: Mm01331626_m1), Akt3 (Assay ID: Mm00442194_m1),
Myocyte-specific =~ enhancer factor (Mef) 2a (Assay ID:
MmO01318991_m1), Mef2c (Assay ID: MmO01340842_m1), glucose
transporter (Glut) 4 (ID: Mm00436615_m1), Uncoupling Protein (Ucp) 2
(ID: Mm00627599_m1), and the 18 S housekeeping (Corrisponding
Assay ID: Hs99999901.s1) genes on ViiA7 Real-time PCR system
(Thermo Fisher Scientific). mRNA expression levels were normalized
against 18 S, and the relative values were calculated using the 274t x
1000 formula.

2.5. Immunofluorescence

Before the fixation, the cells were washed with PBS for three times
and then were fixed using 4% paraformaldehyde (Sigma) in PBS pH 7.4
for 15 min at room temperature (RT). Permeabilization and blocking
were performed using 0.25% Triton X-100 (Carlo Erba Reagents, Milan,
Italy) and 10% Normal Goat Serum (Thermo Fisher Scientific) in PBS for
1 h at RT. Next, cells were incubated over night at 4°C with the rabbit
anti-desmin antibody (1:50; Thermo Fisher Scientific). Immunoposi-
tivity was revealed with Alexa Fluor 488-conjugated goat ant-rabbit IgG
(1:500; Thermo Fisher Scientific). Cell nuclei were stained with 1 ug/mL
4', 6-diamidino-2-phenylindole (DAPI; 1:1000; Thermo Fisher Scienti-
fic). Images were acquired using a confocal microscope (Eclipse TE-
2000-E, Nikon, Tokyo, Japan) and the number of internalized nano-
particles in cells was calculated with the Fiji-ImageJ software (version
2.3.0/1.53q).

2.6. Analysis of mitochondrial network morphology

To analyze the morphology of the mitochondrial network, coverslip
adherent-myoblasts were first treated with non-fluorescent FM19G11-
loaded NPs for 72 h. After 72 h cells were incubated for 30 min at 37°C
and 5% CO5 with a solution of 200 nM MitoTracker® Orange CMTMRos
(Thermo Fisher Scientific). Cells were then fixed using 4% para-
formaldehyde (Sigma) in PBS pH 7.4 for 15 min at RT, permeabilized
and blocked via 0.25% Triton X-100 and 10% Normal Goat Serum in PBS
for 1 h at RT and incubated with 1 pg/mL DAPI for 10 min to stain cell
nuclei. Finally, cells were observed under the confocal microscope
(Eclipse TE-2000-E, Nikon) and analyzed using the Image J software
(version 2.3.0/1.53q). Morphological analysis of active mitochondria
was performed using the MiNA (Mitochondrial Network Analysis) 2.0
plug-in of ImageJ, available at https://github.com/StuartLab [25].
MiNA provides simplified image analysis methods to evaluate the
mitochondrial branching and networks. In particular, it performs a
semi-automated analysis by first generating a sharp, high contrast
image, exhibiting minimal noise; secondly, the image is converted in a
binary image and thirdly in a skeleton image, which is used for the
quantitative analysis. MiNA plugin classifies each pixel of a skeleton
image and, according to how the pixels are spatially related one to each
other, mitochondria are classified as 1) individuals, characterized by
rod, punctate or large/round morphology; 2) networks, which are a
large continuous reticulum of multiple mitochondria. Each network
contains at least one junction and more than one branch. MiNA
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specifically computes the number of individuals, which is the number of
objects that does not contain a junction pixel, and corresponds to the
number of mitochondria that are not part of a network. Regarding the
network analysis, MiNA accurately provides the: 1) number of networks,
corresponding to the number of objects that contains at least one junc-
tion pixel; the number of networks is indicative of the balance between
the fission and fusion processes, where the mitochondria divides into
one or more independent structure (individuals), or are fused resulting
in thin and elongated highly interconnected mitochondrial network; 2)
mean length of network branches; 3) median length of network
branches; 4) standard deviation of network branch lengths; 5) mean
number of branches per network; 6) median number of branches per
network; and 7) standard deviation of the number of branches per
network. These parameters quantify the extension of the mitochondrial
networks and how statistically disperse they are. Finally, MiNA enables
the mitochondrial footprint analysis, which calculates the total area or
volume of the image consumed by the lengths of mitochondrial structure
using a topological skeleton [25]. The generated images were analyzed
as previously described by Iannetti et al. [26]. Briefly, the images were
opened on ImageJ and processed as follows: 1-Process/Filters/Unsharp-
Mask; 2-Process/EnhanceLocal Contrast (CLAHE); 3-Process/Filters/-
Median; 4-Process/Binary/MakeBinary; 5-Process/Binary/Skeletonize;
6-Analyze/Skeleton/AnalyzeSkeleton(2D/3D); 7 Plugins/Stuar-
tLab/MiNAScripts/MiNAAnalyzeMorphology, with Tophat mask
strength preprocessing.

2.7. ROS detection

To quantify and investigate the ROS production after 72 h of treat-
ment with FM19G11-loaded NPs, coverslip adherent-myoblasts were
incubated with a solution of 5 pM CellROX Green Reagents (Thermo
Fisher Scientific) and 1 pg/mL DAPI to stain cell nuclei for 30 min at
37°C and 5% CO». As positive control, the same cells were treated with
0.5 mM H30, for 1 h. Next, the medium was removed and three washes
with D-PBS were performed. Finally, cells were fixed with 4% para-
formaldehyde for 15 min at RT and the fluorescent signal was analyzed
within 24 h using the confocal microscope (Nikon) and the Image J
software (version 2.3.0/1.53q). Fluorescence intensity of each cell was
calculated as previously described by McCloy et al. [27]. For each
image, three background areas were used to normalize autofluorescence
values.

2.8. Statistical analysis

The non-Gaussian distributed data, verified via Shapiro-Wilk test,
were analyzed either with Mann-Whitney test for the comparison of two
groups or Kruskall-Wallis test followed by Dunn analysis for multiple
group comparisons. p-values < 0.05 were considered statistically sig-
nificant. GraphPad Prism version 5.0 for Windows (GraphPad Software;
San Diego, California, USA) was used for data elaboration and statistical
analysis.

3. Results

3.1. Development of optimal myoblast treatment with FM19G11-loaded
NPs

To determine the optimal FM19G11-loaded treatment condition, we
cultured G93A-SOD1 myoblasts derived from 18-week-old mice under
the following growth conditions for 48 and 72 h: i) untreated cells; ii)
FM19G11-loaded NP treatment (500 nM of FM19G11 and NPs); iii)
FM19G11-loaded NP treatment (1 uM of FM19G11 and NPs). As shown
in Fig. 1A, NPs are internalized and maintained at least for 72 h in the
cytoplasm. Importantly, a better cellular growth rate was observed using
the 500 nM than the 1uM concentration. Based on these findings, we
established that the optimal condition for myoblast treatment with
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FM19G11-loaded NPs was using a FM19G11 concentration of 500 nM
and an incubation time of 72 h. Of note, NPs localized in the cytoplasm
of the treated myoblasts (Fig. 1C) and no significant differences in NP
internalization between the G93A-SOD1 and control cells were observed
(Fig. 1D). We assessed the number of viable cells using the Trypan blue
exclusion method in treated and untreated myoblast cultures. A signif-
icant increase of the number of viable cells was observed in FM19G11-
loaded NP treated cells from 8-week-old control and G93A-SOD1 mice
compared to the untreated cells (Supplemental Fig. 1, p < 0.01).

3.2. Increased Akt1l and Akt3 expression in G93A-SOD1 myoblasts
treated with FM19G11-loaded NPs

Upon 72 h of treatment, our molecular analysis demonstrated a
significant upregulation of the expression levels of Akt1, a gene involved
in myogenesis [28], in FM19G11-loaded NP-treated G93A-SOD1 myo-
blasts compared to G93A-SOD1 untreated (Fig. 2A, p < 0.05) and
treated control cells isolated at the presymptomatic stage of disease (8
weeks), but not in untreated G93A-SOD1 cells compared to untreated
control cells and in untreated compared to treated control cells.

Moreover, increased mRNA levels of Akt3, another myogenesis-
related gene, were observed in treated 12-week G93A-SOD1 mouse
myoblasts compared to treated myoblasts from 12-week control animals
(Fig. 2B, p < 0.01), but not in untreated G93A-SOD1 cells compared to
untreated control cells and in untreated compared to treated control
cells. These data suggested that the FM19G11 treatment with NPs is able
to trigger a proliferative response in G93A-SOD1, but not in control,
myoblasts at early disease stages as an attempt to counteract the Akt-
related molecular defects arising in the muscle cells, though the Aktl
and Akt3 expression levels are not altered in untreated cells of diseased
compared to control animals.

3.3. Increased Mef2a and Mef2c expression in G93A-SOD1 myoblasts
treated with FM19G11-loaded NPs

To dig deeper into the molecular events underlying muscle cell
development upon FM19G11-loaded NP treatment, we analyzed the
expression levels of Mef2a and Mef2c genes, which are critical modu-
lators of muscle differentiation and maturation in addition to Akt gene
[29,30]. Our molecular analysis did not reveal significant differences in
Mef2a expression levels between treated and untreated myoblasts in
both control and G93A-SOD1 animals at any disease stage (Fig. 3A-C).
We found an increase of Mef2c expression in 8-week G93A-SOD1 animal
myoblasts under treatment compared to both control and G93A-SOD1
untreated cells and treated cells from 8-week control animals. This in-
crease became significant for treated G93A-SOD1 myoblasts isolated at
weeks 12 compared to the treated cells from 12-week control animals
(Fig. 3A, B, p < 0.05), but not in untreated G93A-SOD1 cells compared
to untreated control cells and in untreated compared to treated control
cells.

3.4. Increased expression of energetic status-related genes in G93A-SOD1
myoblasts treated with FM19G11-loaded NPs

To determine whether the FM19G11-loaded NP treatment could
affect the energetic status of G93A-SOD1 myoblasts, we evaluated the
expression of Glut4 and Ucp2 genes in treated and untreated myoblasts
from mice at different disease stages and control myoblasts. Glut4 is a
glucose transporter critically implicated in glucose homeostasis and
uptake into muscle cells, that is relevant to support the energetic
requirement for the muscle activity [31], and with Akt gene act as
antioxidant defense improving glucose homeostasis [32]. No significant
difference was found in myoblast Glut4 mRNA levels before and after
the treatment (Fig. 4A-C). However, we observed an increased expres-
sion, though not significant, of this gene in FM19G11-loaded NP-treated
myoblasts from 18-weeks G93A-SOD1 mice compared to untreated
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Fig. 1. Optimal FM19G11 treatment condition in myoblasts cells. A) Representative confocal images of myoblasts derived from G93A-SOD1 mice at week 18 of age
treated with NPs+FM19G11 at 1 uM and 500 nM for 48 and 72 h. Cells were stained for desmin (DES, green), and co-stained with DAPI (blue) for cell nuclei. B)
Representative confocal images of untreated myoblasts derived from G93A-SOD1 mice at week 18 of age. C) Representative confocal images of the orthogonal and
sagittal projections showing the cytoplasmic localization of NPs+FM19G11 into myoblasts in both G93A-SOD1 and CTR myoblasts at week 18. Cells were stained for
desmin (DES, green), and co-stained with DAPI (blue) for cell nuclei. D) Quantification of the number of the internalized NPs+FM19G11 in CTR and G93A-SOD1
myoblasts. The number of NPs was assessed in four different cultures per each group, with three images randomly acquired for each. The statistical analysis (Mann-
Whitney, p = 0.77) was performed using FiJi-ImageJ software. Scale bar: 50pm.
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Fig. 2. Expression analysis of the proliferation markers Aktl and Akt3 following FM19G11-loaded NP treatment. Quantitative real-time PCR analysis of the
expression levels of Aktl and Akt3 mRNAs in myoblasts from CTR (n = 5, green bars) and G93A-SOD1 (n = 5, blue bars) mice at weeks (A) 8 (presymptomatic disease

stage), (B) 12 (disease onset), and (C) 18 (end stage of the disease) after 72 h

of NPs+FM19G11 treatment (dashed bars) compared to untreated cells (full bars).

Relative expression data are presented as mean + SEM of 27*“ values normalized toward the endogenous control 18 S. * p < 0.05, **p < 0.01, Kruskall-Wallis test

followed by Dunn analysis.

G93A-SOD1 and control cells, suggesting a potential ability of NP-linked
FM19G11 to promote glucose uptake into muscle cells through Glut4
(Fig. 4C).

It has previously been demonstrated that FM19G1l1l-loaded NP
treatment can induce the expression of mitochondrial genes (e.g UCP1,
UCP2) and sustain mitochondrial activity, thereby triggering an adap-
tive cellular response that increases ATP production [22].

Based on this evidence, we assessed the impact of the treatment on
myoblast expression of Ucp2, a nuclear gene encoding for a mitochon-
drial uncoupling protein implicated in energy metabolism and ROS
production [18]. Interestingly, we found that Ucp2 transcriptional levels
were significantly upregulated in treated myoblasts from 18-weeks
G93A-SOD1 mice compared to G93A-SOD1 untreated cells (p < 0.05)
and to untreated and treated control cells (Fig. 4B, p < 0.01), but not in
untreated G93A-SOD1 cells compared to untreated control cells and in
untreated compared to treated control cells. These findings suggest
FM19G11-loaded NPs capacity to affect mitochondrial activity via Ucp2
modulation in myoblasts of affected animals during disease progression
as an attempt to counteract pathological events.

3.5. FM19G11-loaded NP treatment reduces mithocondrial area and
networks in G93A-SOD1 myoblasts

To analyze the effects of FM19G11-loaded NP treatment on the dy-
namic cycle of mitochondrial fusion and fission, whose balance in-
fluences morphology and function of mitochondrial networks, we
analyzed the mitochondrial networks in FM19G11-loaded NP-treated
and untreated myoblasts isolated from control and G93A-SOD1 animals
during disease progression (i.e. 8, 12, and 18 weeks). As shown in
skeleton images (Fig. 5), the area occupied by mitochondria networks
was larger in G93A-SOD1 than control cells at basal condition, sug-
gesting that mitochondria from affected myoblasts may undergo
increased fusion processes. Of note, this parameter appeared reduced in
FM19G11-loaded NP-treated G93A-SOD1 myoblasts isolated at all the
disease stages (Fig. 5).

This phenomenon was confirmed by quantitative analysis using
MiNA (https://github.com/StuartLab) [25]. Indeed, in myoblasts iso-
lated from mice at 8 and 12 weeks, we observed significantly higher
values of the mitochondrial footprint parameter, which represents the
mitochondrial area, in G93A-SOD1 compared to untreated control cells
(Fig. 6A, p < 0.01, and Fig. 6B, p < 0.0001). These values underwent a
decrease after FM19G11-loaded NP treatment in G93A-SOD1 cells
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Fig. 3. Expression analysis of the muscle differentiation markers Mef2a and Mef2c following FM19G11-loaded NP treatment. Quantitative real-time PCR analysis of

the expression levels of Mef2a and Mef2c mRNAs in myoblasts from CTR (n = 5,

green bars) and G93A-SOD1 (n = 5, blue bars) mice at weeks (A) 8 (presymptomatic

disease stage), (B) 12 (disease onset), and (C) 18 (end stage of the disease) after 72 h of NPs+FM19G11 treatment (dashed bars) compared to untreated cells (full

bars). Relative expression data are presented as mean + SEM of 272 values
followed by Dunn analysis.

(Fig. 6A, p < 0.01 and Fig. 6B, p < 0.0001). No significant differences
were observed at week 18 (Fig. 6C).

Regarding the architectural composition of mitochondrial networks,
we found a significantly higher number of mitochondrial networks, but
not of individual mitochondria, in myoblasts isolated from 18-week
G93A-SOD1 mice compared to control cells at basal condition
(Fig. 6C, p < 0.001). Of note, the number of these networks significantly
decreased in the same cells under treatment compared to the untreated
cells, thus suggesting FM19G11-loaded NP ability to rimodel the mito-
chondrial networks (Fig. 6C, p < 0.05). Moreover, the number of both
individual and network mitochondria was lower in 12-week G93A-SOD1
myoblasts under treatment compared to treated control cells (Fig. 6B, p
< 0.0001, and p < 0.001). We also assessed the size of the mitochondrial
networks. Interestingly, network size was significantly higher in both
12- and 18-week G93A-SOD1 compared to control myoblasts at basal
condition (Fig. 6B, p < 0.0001, and C p < 0.001). The size was signifi-
cantly reduced in G93A-SOD1 cells under FM19G11-loaded NP treat-
ment compared to the untreated cells (Fig. 6B, p < 0.0001, and C p <
0.05), indicating an effect of the treatment on mitochondrial networks.
The analysis of the mean branch lenght parameter, which is indicative of
the extension of the mitochondrial networks, displayed a significant
increase in 8-week control myoblasts compared to 8-week G93A-SOD1

normalized toward the endogenous control 18 S. * p < 0.05, Kruskall-Wallis test

untreated mouse cells and treated control cells (Fig. 6A, p < 0.01, p <
0.05). Contrariwise, mean branch lenght was significantly higher in 12-
week G93A-SOD1 cells compared to controls at basal condition (Fig. 6B,
p < 0.0001), but decreased after FM19G1ll-loaded NP treatment
(Fig. 6B, p < 0.0001).

3.6. ROS production is reduced in G93A-SOD1 myoblasts treated with
FM19G11-loaded NPs

To evaluate the effect of FM19G11-loaded NPs on oxidative stress,
we assessed the producion of ROS in treated and untreated myoblasts
from 8-, 12- and 18-week G93A-SOD1 and control mice by specific ROS
staining with CellROX. We did not observe ROS production in cells from
both disease and control animals at 8 and 12 weeks (data not shown). In
contrast, myoblasts from 18-week G93A-SOD1 mice at basal condition
showed a strong positive signal compared to cells isolated from control
mice at the same week (Fig. 7A), in line with ROS accumulation during
disease progression. Of note, this signal was significantly reduced by the
treatment with FM19G11-loaded NPs, as demonstrated by quantitive
analysis of CellROX-positive fields in treated compared to untreated
G93A-SOD1 myoblast cultures (Fig. 7A and B, p < 0.01). These data
suggest that FM19G11-loaded NPs are able to rescue oxidative stress in
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Fig. 4. Expression analysis of the energetic status-related markers Glut4 and Ucp2 following FM19G11-loaded NP treatment. Quantitative real-time PCR analysis of
the expression levels of Glut4 and Ucp2 mRNAs in myoblasts from CTR (n = 5, green bars) and G93A-SOD1 (n = 5, blue bars) mice at weeks (A) 8 (presymptomatic
disease stage), (B) 12 (disease onset), and (C) 18 (end stage of the disease) after 72 h of NPs+FM19G11 treatment (dashed bars) compared to untreated cells (full
bars). Relative expression data are presented as mean + SEM of 24t values normalized toward the endogenous control 18 S. * p < 0.05, **p < 0.01, Kruskall-Wallis

test followed by Dunn analysis.

G93A-SOD1 myoblasts as disease progresses.
4. Discussion

The underpinning pathogenic mechanisms in ALS are complex and
multifaceted. Despite decades of intensive research, the understanding
of the exact causative processes remains elusive. The FDA-approved
treatments, riluzole, edaravone, sodium phenylbutyrate-taurursodiol
and tofersen, each act on a specific ALS pathogenic mechanism, i.e.
glutamate excitotoxicity, oxidative stress, nerve cell death, and SOD1
aggregates, respectively, although with poor clinically meaningful
effectiveness [33]. This suggests that a plethora of alterations, rather
than a single event, operate simultaneously to trigger the disease, and
that ALS pathogenesis is beyond a cell autonomous mechanism of the
central nervous system [34]. Hence, alternative treatment strategies
need to be explored to address a combination of molecular targets and
pathways for a synergistic therapeutic effect. Growing evidence suggests
that muscle alterations could play a crucial role in triggering the disease
[4], and indicates that the muscle could be a promising therapeutic
target to improve muscle tissue homeostasis and function, which, in
turn, would lead to an increased survival of motor neurons due to the
strict ‘motor neuron-muscle’ interplay [5].

The present study aimed to investigate the effect of FM19G11 on cell
proliferation, energetic status, and ROS production in myoblasts derived
from muscle tissue of G93A-SOD1 mice at different disease stages. Based
on our previous data regarding the enhancement of FM19G11 effect
when delivered with NP formulations [23], and to improve the trans-
lational applicability of our findings, we delivered the FM19G11 into
myoblasts with biodegradable PLGA NPs.

Of note, the nanoformulation is based on PLGA, a biodegradable
polymer that has been extensively studied as nanocarrier on a vast group
of cells. PLGA NPs have been fully characterized and validated, earning
widespread recognition [35]. PLGA hydrolysis produces metabolite
monomers that are endogenous and easily metabolized by the body
through the Krebs cycle, resulting in minimal systemic toxicity associ-
ated with the use of PLGA for drug delivery or biomaterial applications
[36]. Furthermore, PLGA has been approved by both the US FDA and the
European

Medicine Agency (EMA) for various drug delivery systems in
humans. Based on this evidence and previous studies, the PLGA nano-
system is not toxic but shows an excellent biocompatibility and biode-
gradability [24,37]. Although we did not test the molecular and cellular
effects of PLGA alone, that is a limitation of our study, we are confident
that the observed results were due to the FM19G11 action. Indeed, it was
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Fig. 5. Representative confocal images of mitochondrial network morphology following FM19G11-loaded NP treatment. Representative confocal images of un-
treated myoblasts derived from CTR and G93A-SOD1 mice at 8, 12, 18 weeks of age (left panel) and after FM19G11-loaded NPs (right panel). Cells were stained with
Mitotracker orange (red) and co-stained with DAPI (blue) for cell nuclei. Skeleton images (white) obtained by MiNA toolset for the mitochondrial network
morphology quantification. Scale bar = 10 pm. The inserts correspond to an enlargement of the skeleton images in the area close to the nuclei, 300x magnification.

demostrated that the empty PLGA did not influence cell prolifelation
and survival [38] or cellular signaling pathways, and it did not display
therapeutic effects in different disease contexts, such as tumors [39] or
cardic remodeling [40]. Of note, several nanotherapeutics are under
investigation in phase II and phase III clinical trials. Results of these
trials are promising if we consider that nanotechnology-based strategies
employ engineered nanovectors that are able to deliver single or com-
bined therapeutic agents into the cells, allowing to overcome biological
barriers, enhance interaction with targeted sites, improve drug
bioavailability/bio-stability, and minimize systemic side-effects [41].
Herein, we first assessed the effect of FM19G11-loaded NP treatment
on muscle cell proliferation by the analysis of AKT genes, specifically the
Aktl/PKBa and Akt3/PKBy isoforms that are expressed in skeletal
muscle and positively regulate cell growth by counteracting apoptotic
pathways [42-44]. A previous study demonstrated a link between
reduction of AKT expression and alterations of the muscle fiber size in

several animal models of muscle wasting and ALS patients [28]. Ab-
normalities in mitochondrial biogenesis, function, and morphology have
also been correlated with reduced AKT expression, thus highlighting the
critical role of this gene in maintaining skeletal muscle metabolism and
oxidative capacity [28]. In addition, it has been shown that Akt3 gene
promotes C2C12 proliferation and delays their differentiation [45,46].
Our molecular analyses revealed Aktl and Akt3 upregulation in myo-
blasts from G93A-SOD1 mice at the pre-symptomatic and onset stages of
disease following FM19G11-loaded NP treatment, disclosing a positive
impact of FM19G11 on myoblast proliferation that could influence the
muscle remodeling in response to the disease-associated atrophy. In cells
representative of the end stage of the disease (myoblasts isolated from
mice at 18 weeks), we did not observe an effect of FM19G11 on the
PIBK/AKT activation cell survival pathway, probably due to the
massively compromised metabolism caused by SOD1 aggregations, in
line with what we have previously observed in NPCs [23].
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To better understand the molecular events underlying muscle cell
development upon FM19G11 treatment, we analyzed Mef2a and Mef2c
expression in untreated and treated myoblasts, since these genes are
critical modulators of myogenesis known to be overexpressed in
response to muscle injury [29]. Specifically, Mef2a is activated in the
early stage of muscle differentiation and its knockdown inhibits
myoblast proliferation and differentiation [29], and Mef2c is involved in
fiber type control and glucose uptake metabolism [47]. Our data showed
an increase expression of Mef2c in G93A-SOD1 myoblasts after
FM19G11-loaded NP treatment compared to untreated cells. This
observation supported an effect of FM19G11 on muscle metabolism,
thus highlighting possible application of this molecule in therapeutic
approaches aimed at stimulating myogenesis to delay disease progres-
sion in ALS patients. Our molecular results are in line with data showing
that the PI3K/Akt signaling pathway positively regulates Mef2c gene
expression in different cell types and tissues, including skeletal muscle
[48], further supporting FM19G11 ability to simultaneously activate the
expression of Akt and hence Mef2c thus promoting myogenesis.

It is widely known that the UCP decoupling proteins exert a neuro-
protective effect in ALS, and that UCP2 protein activation significantly
correlates with ROS reduction in the mitochondria of neuronal cells
[19]. Notably, our analysis unequivocally demonstrated a significant
increase of UCP2 expression levels in G93A-SOD1 myoblasts isolated
from mice at late disease stage after treatment with FM19G1-loaded NPs
compared to untreated cells, suggesting the ability of FM19G11 to
improve mitochondrial activity and protect G93A-SOD1 myoblasts via
modulation of UCP2.

Of note, the effects of FM19G1-loaded NP treatment on the expres-
sion of the above genes are specifically observed in myoblasts of
diseased, but not control, animals, indicating an attempt to counteract
AlLS-associated events in the pathological context in which the treatment
acts. Although the FM19G1-loaded NP-induced changes do not corre-
spond to a normalization of disease-associated alterations, they may
have beneficial effects in terms of muscle function and energetic status
improvement.

Since mitochondria alterations have a central role in the ALS path-
ogenesis [49] and FM19G11 is known to be a modulator of the mito-
chondrial metabolisms [22], we performed a mitochondrial network
analysis in G93A-SOD1 and control myoblasts upon FM19G11 treat-
ment, to evaluate the effect of the drug on mitochondrial network
morphology. We revealed a significant increase of mitochondrial area,
in terms of mitochondrial footprint and network size, in G93A-SOD1
myoblasts compared to control cells at basal condition. In line with
these findings, it is widely described that oxidative stress, accumulation
of proteins, excitotoxicity, and apoptosis cause abnormalities in mito-
chondrial morphology, resulting in the formation of
mega-mitochondria, which are typically observed in ALS mice [50] and
“bizarre giant mitochondria” identified in liver biopsies from ALS pa-
tients [47]. The ALS muscle mainly suffers from mitochondrial dys-
functions, oxidative stress, and bioenergetic disturbances [7,51].
Mitochondrial changes negatively affect myogenic processes, thereby
altering cellular respiration rate and ATP production, leading to calcium
homeostasis loss, stimulation of pro-apoptotic signaling and increased
ROS levels [51-53]. Based on these observations, mitochondrial alter-
ations are relevant in ALS pathogenesis, and proteins or mechanisms
modulating their metabolism could be targets for therapeutic in-
terventions. Of note, our results demonstrated a significant reduction of
mitochondrial network area in myoblasts of G93A-SOD1 after
FM19G11-loaded NP treatment. This reduction was associated with an
increased expression of Akt and Ucp2 genes in G93A-SOD1 myoblasts,
supporting the idea that FM19G11l may promote the restoring of
disease-associated mitocondrial alterations via the activation of Akt and
Ucp2 signalling pathways. As known, AKT, as well UCP2 gene [19], is a
key regulator of mitophagy being a crucial modulator of
mitochondria-mediated apoptosis, redox states, dynamic balance,
autophagy, and metabolism [54].

By immunofluorescence analysis, we confirmed the impact of
FM19G11 on the reduction of ROS production in G93A-SOD1 myoblasts.
Indeed, we observed a positive signal for ROS in G93A-SOD1 cells iso-
lated from mice at symptomatic phase of disease, that was significant
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reduced after FM19G11-loaded NP treatment. Notably, ALS-associated
muscle decline in mass, function, and reparative capacity is associated
with high levels of ROS that reduce myoblast differentiation and in-
crease apoptosis, causing poor muscle repair [55]. In ALS patients [56]
and mice [57], ROS production plays a key role in the disease patho-
physiology already at early stages. In addition, overexpression of
ALS-causing mutation SOD1%?%A in skeletal muscle of control mice was
found to lead to similar abnormalities in mitochondrial network and
dynamics, and boost mitochondrial ROS production [13]. Thus, the
ability of FM19G11 to modulate mitochondrial function in ALS mouse
cells suggests its potential application in therapeutic approaches aimed
at delaying disease progression in ALS patients.

SOD1-ALS accounts for only < 2% of human ALS, and appears to be a
possible outlier in the complex ALS landscape [58]. Thus, ALS therapies
developed and tested in SOD1 transgenic animals, could not be appli-
cable to patients with different ALS subtypes. Further studies aimed at
testing FM19G11 treatment efficacy on cell metabolism and energetic
status in other ALS models are needed to corroborate our data.

5. Conclusion

By highlighting the potential of FM19G11 as a novel skeletal muscle-
targeting drug to counteract key disease-associated mechanisms, our
overall findings promise to open new research avenues towards trans-
lation of FM19G11-based nanotherapies in the ALS. Based on the
FM19G11 effects on muscle health these therapies could represent an
innovative approach, to be explored, to slow muscle degeneration in the
frame of muscle disorders.
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