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ARTICLE INFO ABSTRACT

Keywords: Amyotrophic Lateral Sclerosis (ALS) is a prevalent condition characterized by motor neuron loss and skeletal

Borax muscle paralysis. Despite being associated to mutations in over 40 genes, its etiology remains elusive without a

ALS . cure or effective treatment. ALS, historically considered a motor neuron disease, is defined today as a multi-

x:éfclf ::5:;?12:‘2&64“1) system disorder involving non-neuronal cell types, including early muscle pathology independent of motor

Alginate hydrogel neuron degeneration (dying back hypothesis), thus skeletal muscle actively contributes to disease pathology,
making it a viable therapeutic target for ALS.

Our previous research has shown that boron transporter NaBC1 (encoded by the SLC4A11 gene), after acti-
vation co-localizes with integrins and growth factor receptors synergistically enhancing muscle repair. Here we
investigate the effects of injectable alginate-based hydrogels for controlled local borax release in Amyotrophic
Lateral Sclerosis muscle. Treated mice showed improved motor function, prolonged survival, and activation of
essential muscle metabolic pathways, leading to enhanced muscle repair and reduced atrophy and inflammation.
Interestingly, local muscle repair activation provided retrograde neuroprotection by preserving motor neurons
and reducing neuro-inflammation. This study highlights the role of muscle tissue in ALS pathology, supporting its
targeting with NaBC1-based therapies for muscle regeneration.

1. Introduction The multisystemic nature of ALS, spanning various biological sys-

tems, and the high variability in clinical progression, even among pa-

Amyotrophic Lateral Sclerosis (ALS) is the most frequent and fatal
motor neuron disease. [1] Although ~10 % of cases are familial, both
familial and sporadic ALS exhibit indistinguishable clinical features,
suggesting a convergence of diverse pathogenic pathways. Despite the
identification of >40 ALS-related genes (https://alsod.ac.uk/, accessed
17 November 2024), the etiology remains largely unknown, with no
cure or effective treatment available, only multidisciplinary care. [2]

tients carrying the same mutation, [3,4] further complicates the
identification of a suitable therapeutic target.

While ALS is considered the prototype of motor neuron diseases,
muscle weakness and degeneration are central pathological hallmarks.
Accumulating evidence now defines ALS as a multisystem disorder
involving changes also in non-neuronal cell types involving glial [5] and
muscle cells. [6] Moreover, the ‘dying back’ hypothesis proposes that
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early pathological changes occur at the neuromuscular junction or distal
axon, leading to a progressive degeneration of motor neurons, poten-
tially initiated by signals from the skeletal muscle before the appearance
of motor symptoms. [7,8] Skeletal muscle is increasingly recognized as
an active participant in disease progression, capable of secreting trophic
and inflammatory factors that influence neuromuscular integrity. Ob-
servations of early muscle pathology independent of motor neuron loss
highlight its relevance as a potential therapeutic target in ALS. [9]

Therapies targeting muscle atrophy and motor neuron degeneration
often employ growth factors delivered systemically, [10,11], through
stem cells [12] or directly targeting muscle inflammation. [13] How-
ever, few studies explore bioactive material systems capable of deliv-
ering therapeutic ions that modulate intracellular signaling. [14-17]
Still there is a need to innovate and establish new methods and materials
that facilitate the repair and functional regeneration of skeletal muscle.

Ions such as calcium are involved in key signaling pathways,
angiogenesis, [17] and muscle function regulation via calcium homeo-
stasis under oxidative stress conditions. [18,19] Boron, essential in
mammalian metabolism, [20,21] is transported by NaBC1 (SLC4A11), a
Na'-coupled borate transporter. [22] Recently our group identified
NaBCl1 as a mechanosensory [23] that interacts with fibronectin-binding
integrins and growth factor receptors (GFR), forming functional clusters
that enhance mechanotransduction and tissue regeneration processes,
including angiogenesis, [24] adhesion-driven osteogenesis, [25] and
muscle regeneration. [26,27]

In this study, we investigated in a local proof of concept, the thera-
peutic potential of borax released from injectable alginate hydrogels in
the quadriceps of symptomatic SOD1%?%A mice, a model in which muscle
denervation precedes motor neuron loss. [7,28] A local regimen of four
injections significantly improved motor function, delayed symptom
onset, and extended survival. The treatment also reduced muscle atro-
phy, increased muscle satellite cell activation and enhanced myogenic
and metabolic signaling involved in muscle repair processes, resulting in
a decrease in muscle inflammation. Furthermore, the recovery of muscle
pathology had retrograde neuroprotective effects in the spinal cord,
reducing neuroinflammation and motor neuron loss. These findings
highlight skeletal muscle as a central therapeutic target in ALS and
propose NaBCl activation as a novel and promising strategy for muscle
regeneration in neuromuscular diseases.

2. Results and discussion

2.1. Local borax-release preserves motor function, delays evident
symptoms onset, and prolongs survival in a SOD1%%*4 mouse model

In this work, we aimed to assess the effects of boron in the form of
borax (B), as a local proof of concept, in an Amyotrophic Lateral Scle-
rosis (ALS) murine model (B6SJL-Tg (SOD1%°%4) 1 Gur/J ALS) to eval-
uate the possible effects of B in the recovery of the pathological
conditions of muscle and nerve inflammation caused by ALS degenera-
tion. To do that, we engineered and characterized injectable alginate-
based hydrogels with controlled local B-release as previously
described. [26] We loaded the hydrogels with B 0.15 M equivalent to 6
mg per 100 pL hydrogel (ALG—B). Fig. S1-a shows the non-cumulative
B-release of 6 mm injectable hydrogels. Release from ALG-B hydrogels
resulted in approximately 1200 mg L ™! at day 1 (equivalent to 20 % of B
after 1 day Fig. S1-b), despite the initial loading of 6000 mg L™! indi-
cating that part of the B content remains entrapped within the hydrogel
and becomes sustained released over time.

The mechanical properties of the ALG and ALG-B injectable hydro-
gels were evaluated by rheometry. The complex modulus magnitude (|
G*|=(G)*+ (G")z), which reflects material stiffness, remains consistent
with deformation up to 6 % strain for both ALG and ALG-B (Fig. S2-a).
To ensure linear viscoelastic behavior, a strain of 1 % was selected for
subsequent experiments. Figs. S2-b and c show the shear storage and loss
moduli’s variation with frequency for both compositions, showing an
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increase as frequency rises. These findings suggest that the B loaded in
the hydrogels could form calcium borate particles that will disperse
uniformly within the hydrogel, acting as a reinforcement (Fig. S2-a and
b), as evidenced by the elevated values of |G*| and G’ observed in ALG-B
hydrogels compared to the lower G" values obtained in ALG.

Fig. S3 presents a cytotoxicity assay of ALG and ALG-B hydrogels in
direct contact with differentiated C2C12 muscle cells. Both materials
showed good biocompatibility with no cytotoxic effects.

Four subcutaneous injections in the quadriceps of 100 pL of either
saline solution (ALS), ALG hydrogel (ALS ALG), or ALG B-loaded (ALS
ALG—B), were administered to SOD1693A mice, starting before visible
symptoms onset (68 days old) and continuing every two weeks (82, 96
and 110 days old). Treated mice, male and female, were organized in
two parallel experiments: i) Symptomatic mice: three groups (n = 6),
ALS control, ALS ALG, and ALS ALG—B, sacrificed at 115 days old for
muscle and nerve evaluation independently of their clinical stage. ii)
Symptomatic mice for survival (SV) assessment: two groups (n = 10),
ALS SV control and ALS ALG-B SV, sacrificed at their final endpoint
(ranging between 120 and 146 days). Changes in body weight and motor
impairment were tracked over 12 weeks. One of the key features of ALS
in the SOD1%?3A mouse model is the development of severe muscle at-
rophy, resulting in progressive weight loss and a marked decline in
muscle strength. [29] As shown in Fig. 1-a, mice treated with ALG-B
maintained higher body weight over time and achieved the best per-
formance in the four-limb hanging test (Fig. 1-b) indicating preserved
motor function compared to untreated controls.

Mutant SOD1%°3* mice with elevated copy numbers generally
maintain good health until around 80-90 days of age, even though at 60
days old they show altered muscle electromyography indicating muscle
denervation. After 80-90 days old, they manifest visible symptoms of
motor neuron disease, including limb tremors during suspension. By
120 days, most of these mice progress to advanced disease stages,
resulting in complete paralysis. [29] In addition to motor impairment,
we monitored visible symptom progression in the survival (SV) experi-
mental group. Supplementary Table 1 illustrates the onset, endpoint,
and duration of symptoms in each group. The group treated with ALG-B
exhibited a delayed onset of symptoms and an extended survival period
(Fig. 1c), although these differences did not reach statistical significance
according to the Log-rank (Mantel-Cox) test. However, despite the lack
of statistical significance, we consider this trend to be biologically
relevant. It is consistent with other statistically significant findings,
including improved motor behavior (Fig. 1-a,b) suggesting an overall
therapeutic benefit. Given the multifactorial and heterogeneous nature
of ALS progression, small extensions in survival, particularly when
supported by converging functional and histological improvements,
may still reflect a meaningful treatment effect.

The observed improvement in motor function, delayed symptom
onset, and extended survival following local muscle treatment, suggest
the active role of muscle tissue in ALS pathology, beyond motor neuron
degeneration.

a, b) Changes over time in weight and hanging time of mice (male
and female) distributed in the different groups. Mice were subcutane-
ously injected with 100 pL of saline solution (ALS), ALG hydrogel (ALS
ALG), or ALG B-loaded (ALS ALG—B) at 68, 82, 96 and 110 days old.
Note that all the mice participating in the two parallel experiments,
symptomatic mice, and terminal-stage mice for evaluation of survival
(SV) were used for the measurements (ALS, n = 16; ALG, n = 6, ALG—B,
n = 16). To accomplish with the 3 R’s principle, the ALG group (n = 6)
was not duplicated in the SV experiment since the derived results from
this group are equivalent to those obtained from ALS control group.
Statistics are shown as mean + standard deviation. Data were analyzed
by an ordinary one-way ANOVA test and corrected for multiple com-
parisons using Tukey’s correction analysis (p = 0.05). Statistics indicate
differences between groups compared to ALS control group. ****p <
0.0001, **p < 0.01, *p < 0.05.

c) Kaplan-Meier survival curves of ALS (n = 10) and ALS ALG-B (n =
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Fig. 1. Evaluation of behavioral motor impairment and analysis of survival.

10) mice. Comparisons of survival curves were evaluated by Log-rank
(Mantel-Cox) test. Note that to accomplish with the 3 R’s principle,
the ALG group was not duplicated in the SV experiment since the
derived results from this group are equivalent to those obtained from
ALS control group.

2.2. Local B-release counteracts muscle atrophy in symptomatic and
terminal-stage SOD1%%4 mice

After euthanasia, muscle tissues were histologically analyzed,
revealing typical features of denervation-induced atrophy, including
angular atrophic fibers, compensatory hypertrophy, variability in fiber
size, reduced diameter, and increased nuclear clumps between myo-
fibers. [30,31] Fig. 2 shows quadriceps histoarchitecture in symptomatic
(Fig. 2a) and terminal-stage (Fig. 2b) mice, while Fig. S4 depicts the
segmentation method used for full tissue quantification.

In both animal experiments, the ALS and ALG control groups
exhibited reduced muscle fiber size, presence of atrophic fibers adjacent
to hypertrophic ones, and increased nuclear density, features consistent
with muscle atrophy, a known hallmark of ALS (Fig. 2, arrows). Thick-
ening of the perimysium and endomysium, likely due to extracellular
matrix accumulation, was also observed, suggesting early fibrotic
changes.

Although pathological alterations remained present in treated ani-
mals, ALG-B treated-mice showed a significant increase in muscle fiber
diameter. This suggests a partial attenuation of atrophy progression, in
line with the improved motor function observed in the hanging test
(Fig. 1). Additionally, treated mice displayed reduced fiber size vari-
ability, reflected by a lower coefficient of variance (VC), and a higher
proportion of larger-diameter fibers. These findings may reflect
enhanced regenerative activity or stabilization of muscle architecture in
response to the treatment.

The observation of reduced muscle atrophy in both symptomatic and

terminal-stage mice suggests a lasting impact of B treatment over time.
Remarkably, just four injections of the treatment were sufficient to
decelerate muscle atrophy progression, and these effects persisted until
the end of the animals’ lives (ALG-B SV, Fig. 2-b), even though the an-
imals still exhibited ALS pathology and ultimately succumbed to the
disease, likely due to the extensive neurological damage.

Histoarchitecture of symptomatic (n = 6) (a) and terminal-stage (SV)
(n = 10) (b) muscle quadriceps visualized by hematoxylin/eosin stain-
ing. In both animal experiments, the ALG-B group displayed reduced
muscle atrophy, as evidenced by a decrease in atrophic fibers (10-20
pm, black arrows) surrounded by hypertrophic fibers (50-60 pm, yellow
arrows). Scale bar 50 pm.

Image analysis quantification of morphometric parameters including
minimal Feret’s diameter and variability among fibers (Variance coef-
ficient, VC). The ALG-B group exhibited a significant increase in the
minimal Feret’s diameter and a decrease in VC, indicating a more uni-
form distribution of fiber sizes and the highest number of fibers with
increased minimal Feret’s diameters. n > 25,000 fibers per group.

Statistics are shown as mean =+ standard deviation. For comparison
between the three groups (ALS, ALG and ALG—B), data were analyzed
by an ordinary two-way ANOVA test and corrected for multiple com-
parisons using Tukey’s correction analysis (p = 0.05). For comparisons
between the two groups (ALS SV, ALG-B SV), data were analyzed by an
unpaired t-test applying Welch’s corrections (p = 0.05). ****p < 0.0001.

2.3. Local B-release preserves fast (type II) muscle fibers, augments
satellite Pax7" cells and reduces SOD1 and fibronectin expression in
symptomatic and terminal-stage skeletal muscle of SOD1%*4 mice

Skeletal muscle is characterized by a heterogeneous composition of
two types of fibers. Type I (slow-twitch) fibers, optimized for endurance
activities, have a high content of myoglobin, essential for providing
instant oxygen, and abundant mitochondria. Type II (fast-twitch) fibers
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Fig. 2. Morphometric muscle parameters in symptomatic and terminal-stage mice.

are designed for short bursts of intense activity, have a major number of
neuromuscular junctions, and contain large amounts of glycogen as a
source for anaerobic glycolysis. [32]

In ALS, muscle denervation is accompanied by a progressive
replacement of type II by type I fibers. This phenomenon, reported in
both murine models and patients, highlights the vulnerability of fast-
twitch fibers, which predominantly exhibit an atrophic appearance,
while slow-twitch fibers adopt a compensatory hypertrophic
morphology. [30,31]

An immunofluorescence analysis result of various muscle markers
relevant to ALS is shown in Fig. 3. Following B treatment, we observed a
substantial decrease in type I slow myofibers in the ALG-B muscle of
both symptomatic and terminal-stage mice. Our findings suggest a

potential preservation of type II fast myofibers. Given that type II fast
fibers are the initial targets of atrophy in ALS, our results imply that the
treatment is inhibiting the pathological myofiber transition character-
istic of ALS. This aligns with our previous histological observations
indicating a mitigation of muscle atrophy (Fig. 2).

Several lines of evidence highlight the impact of ALS on muscle
turnover, revealing that impaired myogenic processes could aggravate
denervation-induced muscle wasting. Muscle denervation re-
innervation cycles occurring in ALS, are accompanied by satellite cells
activation (Pax7" cells) that play an essential role in the intrinsic
repairing mechanisms of muscle. ALS skeletal muscle satellite cells
present impaired activity and myogenic potential. In ALS patients, Pax7
expression decreases [31] and satellite cells become activated but do not
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progress through the myogenic program exhibiting incomplete differ-
entiation and abnormal myotube and senescent-like morphology.
[33-35] In the SOD1%%3A mouse model, satellite cells exhibit compro-
mised cell proliferation capacity, even during the pre-symptomatic
disease stages along with a reduction in the number of Pax7* cells.
[36,37]

Fig. 3-a,b shows a significant increase in Pax7" cells in ALG-
B-treated mice compared to controls, in both symptomatic and terminal
stages. The higher percentage of Pax7" cells in symptomatic versus
terminal-stage ALS controls, reflects the natural progression of the dis-
ease and aligns with previous reports of a decline in satellite cell pop-
ulations over time. [36,37] Given the reduced number and compromised
proliferation of satellite cells in the SOD1%°** model, our results indi-
cating a substantial rise in active satellite cells suggest that B is poten-
tiating and enhancing muscle regeneration and repair processes.
Together with the observed improvements in muscle strength and
overall motor function (Fig. 1), it suggests that satellite cells are not only
active, but they are also effectively progressing through the myogenic
program reflecting an enhanced capacity for muscle healing. Further-
more, the observed increase in Pax7 " cells found also in terminal-stage
mice, who were in the advanced stages of the disease, indicates that
treatment is offering long-term improvement potentially slowing down
the progression of muscle degeneration.

We have also evaluated superoxide dismutase 1 (SOD1) and fibro-
nectin (FN) protein expression (Fig. 3-a,b). SOD1 is a critical player in
the anti-oxidative defense. The SOD1%°** mouse model employed,
carries several copies of the human SOD1G93A mutation (glycine to
alanine at position 93) which results in a ubiquitous toxic gain of SOD1
function. [38,39] Specifically, skeletal muscle has been described as a
primary target of SOD1%°*A-mediated toxicity on which oxidative stress
triggers muscle atrophy. [40]

ALG-B-treated symptomatic and terminal-stage mice presented a
reduction in total SOD1 protein expression indicating that treatment is
helping to protect muscle from toxic SOD1 oxidative stress effects
slowing down muscle deterioration, and conferring an improved muscle
function and strength, which translates into enhanced motor function
observed in Fig. 1 and reduction in muscle atrophy (Fig. 2). Further
investigation is needed to decipher the specific mechanism by which B
reduces SOD1 protein expression, even though our results suggest that
ALG-B treatment is specifically targeting SOD1 within the muscle and
could represent a promising therapeutic approach.

In addition, after muscle denervation processes, augmented FN
protein expression have been reported in both ALS patients [41] and
SOD1%%*A mice, [42] related to the appearance of fibrotic changes. An
active fibrotic process has been reported in the skeletal muscle of
symptomatic SOD1%%3A mice. [42]

FN levels were also diminished in symptomatic and terminal-stage
mice after treatment concordant with the observation of a reduced
thickness of perimysium and endomysium (Fig. 3-a,b), suggesting a
reduction in muscle fibrosis levels related to FN overexpression.

Overall, our findings at the protein expression in muscle histopa-
thology, align with the observed recoveries in motor function (Fig. 1)
and the deceleration of muscle atrophy progression (Fig. 2) indicating
that local B treatment is exerting a positive impact on muscle integrity
and function.

Immunofluorescence detection of slow type I fibers, Pax7 " satellite
cells, SOD1 and FN protein expression. Quadriceps sections of symp-
tomatic (n = 6) (a) and terminal-stage (n = 10) (b) mice were analyzed.
In both animal experiments, the ALG-B group displayed reduced slow
type I fibers, SOD1 and FN protein expression, in line with the obser-
vation of a reduction of muscle atrophy after the treatment and with the
increase in Pax7" cells. Scale bar 50 pm. Graphs represent the image
analysis quantification of the intensity of the different markers. n > 12
images per mouse.

Statistics are shown as mean =+ standard deviation. For comparison
between the three groups (ALS, ALG and ALG—B), data were analyzed
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by an ordinary two-way ANOVA test and corrected for multiple com-
parisons using Tukey’s correction analysis (p = 0.05). For comparisons
between the two groups (ALS SV, ALG-B SV), data were analyzed by an
unpaired t-test applying Welch’s corrections (p = 0.05). ****p < 0.0001,
=x%p < 0,001, **p < 0.01.

2.4. Evaluation of muscle inflammation indicates that muscle B-release
reduces mast cell inflammatory response in symptomatic and terminal-
stage SOD1 G934 mice

In ALS, inflammation is a key mechanism contributing to the
degeneration process of both motor neurons and muscles. Several re-
ports describe the presence of inflammatory cells within peripheral
nerves and skeletal muscles of ALS patients and rodents. [43,44] Among
inflammatory cells, the granulated hematopoietic-derived mast cells,
activate upon tissue damage and orchestrate the inflammatory responses
recruiting and activating other immune cells through degranulation and
release of inflammatory mediators and enzymes, [45-48] mediating
neurogenic inflammation. [49] Recent findings suggest that mast cells
directly interact with degenerating motor nerve endings and motor
endplates in the skeletal muscle of SOD1%°* rodents with their number
and degranulation pattern correlating with the progression of paralysis,
[44] highlighting their involvement in the chronic inflammatory muscle
response in ALS. [50,51]

Fig. 4-a shows representative images of nerve, blood vessel structures
and mast cells. The assessment of muscle mast cell recruitment revealed
that in symptomatic mice (Fig. 4-b), there was an elevation in the total
number of infiltrated mast cells in the control groups (ALS, ALG), along
with an increase in degranulated mast cell count and mast cell proximity
to nerves. However, the ALG-B treated group showed a significant
reduction in the density of infiltrated mast cells as well as the de-
granulating mast cell number, suggesting an inhibition of mast cell
migration and activation. Further, in B-treated quadriceps mast cells
were mainly perivascular located and not near nerve fibers, suggesting
that B may downregulate mast cell-mediated inflammatory events
influencing the degeneration of the muscle and the peripheral motor
pathway.

In terminal-stage mice (Fig. 4-c), we found high levels of total and
degranulated mast cells, even in treated ALS ALG-B mice, indicating an
ongoing pro-inflammatory process consistent with the disease’s
advanced progression. Consequently, in terminal-stage mice, the total
number of mast cells surrounding nerve fibers in control groups were
higher compared to symptomatic control mice, reflecting the extensive
nerve inflammation characteristic of the SOD1 mouse model (Fig. 4-b,c).
Nevertheless, despite the pronounced inflammation present in the
terminal-stage ALS muscle, ALG-B treated mice exhibited a significant
reduction in mast cells in the nerve periphery. This suggests that while
inflammation persists at a later stage, the treatment appears to delay its
onset.

(a) Representation of nerve, blood vessel structures and mast cells
indicated by yellow, red and black arrows respectively.

Analysis of mast cell recruitment in muscle by toluidine-blue B
staining. Quadriceps sections of symptomatic (n = 6) (b) and terminal-
stage (n = 10) (c) mice were analyzed. Nerves are indicated by yellow
arrows.

In symptomatic mice, the ALG-B group presented a strong decrease
in the density of infiltrated mast cells as well as the de-granulating mast
cell number. Further, mast cells were mainly perivascular located and
not close to a nerve fiber, a hallmark characteristic of extensive nerve
inflammation occurring in SOD1%°*A mice. In terminal-stage mice, the
ALG-B group presented a strong decrease in mast cells in the nerve pe-
riphery, suggesting a delay in the inflammation onset despite the active
inflammation process.

Scale bar: 50 pm. Graphs represent the image analysis quantification
of the percentage of mast cells in each location, the total number of mast
cells, and the total number of de-granulated mast cells. n > 40 images
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per group.

Statistics are shown as mean =+ standard deviation. For comparison
between the 3 groups (ALS, ALG, ALG—B), data were analyzed by an
ordinary one-way ANOVA test and corrected for multiple comparisons
using Tukey’s correction analysis (p = 0.05). For comparisons between 2
groups (ALS SV, ALG-B SV), data were analyzed by an unpaired t-test
applying Welch’s corrections (p = 0.05). ***p < 0.001. **p < 0.01.

We have further analyzed IL-6 muscle levels, a cytokine known for its
diverse functions and crucial role in immune response, inflammation,
metabolism, and hematopoiesis. When the production of IL-6 becomes
dysregulated, it can lead to the development of various chronic in-
flammatory diseases. [52] This cytokine is produced by immune and
blood cells, endothelial cells, and myocytes during muscle contraction.
[53] Interestingly, elevated levels of IL-6 have been observed in ALS
patients, which is associated with motor neuron degeneration. [54]
Additionally, IL-6 has been found to contribute to muscle atrophy after
denervation, further highlighting the involvement of cytokines in the
progression of ALS. Given its significance, IL-6 has emerged as a po-
tential biomarker for ALS and a target for therapeutic interventions, as
demonstrated by ongoing clinical trials. [55]

Fig. S5 illustrates the immunofluorescence detection and image
analysis quantification of IL-6 in symptomatic and terminal-stage mice.
In both experiments, the control mice exhibited elevated levels of IL-6.
Notably, the IL-6 levels were significantly higher in terminal-stage
control mice, consistent with previous findings that associate IL-6 with
disease progression. [55] However, the quadriceps muscles treated with
B (ALG—B) presented reduced IL-6 levels, indicating a decrease in the
inflammatory response within the muscle tissue following treatment.
These findings collectively suggest that B may function as a therapeutic
agent by promoting muscle repair processes, suppressing mast cell-
mediated inflammatory events, reducing pro-inflammatory cytokines
such as IL-6, and mitigating muscle degeneration and neuro-
inflammation.

To further explore the inflammatory environment in ALS muscle and
its modulation by the treatment, we evaluated the expression of Trans-
forming Growth Factor- § (TGF-), a cytokine known to be involved in
both fibrosis and muscle differentiation. As shown in Fig. S6, immuno-
fluorescence analysis revealed that TGF-f levels were significantly
reduced in the muscle tissue of ALG-B-treated mice compared to ALS
and ALG controls, in both the symptomatic and terminal-stage mice.
This reduction in TGF-p, together with previously observed decreases in
IL-6, suggests that the treatment contributes to a less inflammatory and
more pro-regenerative microenvironment, which may support the
observed improvements in muscle architecture and function.

2.5. Local muscle B-release induces motor neuron preservation and
reduces glial inflammation in the spinal cord in symptomatic and terminal-
stage SOD1%%4 mice

Following the assessment of muscle inflammation, which revealed
diminished inflammation specifically near muscle nerve fibers (Fig. 4,
S5, S6), and the observed changes in improved motor behavior (Fig. 1)
and improved muscle health (Figs. 2, 3) that indirectly can potentially
be associated with enhanced motor function or survival, we aimed to
determine if the administration of a localized muscle treatment to ALS
SOD1%%%A mice could lead to neuroprotection. To do that we ensured
comprehensive measurement coverage of the mouse spinal cord by
employing a meticulous dissection protocol that encompassed the en-
tirety of the spinal column. We analyzed each spinal cord segment,
spanning from the cervical to the sacral region, encompassing all cor-
responding vertebral levels (cervical, thoracic, lumbar and sacral) of
symptomatic and terminal-stage SOD1°%** mice.

The SOD1%%3*A model is characterized by motor neuron degeneration
caused by the toxic effects of the SOD1 mutant protein, which affects
both motor neurons and their neighboring glia. [38,56] In Fig. 5, we
show a representative image of spinal cord and detail of motor neuron
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located in the ventral horn (a). Our findings revealed a notable and
significant increase in the number of motor neurons in totality of the
spinal cord of both symptomatic (b) and terminal-stage (c) mice
following local muscle treatment compared to the control groups. These
results suggest that the treatment applied to the muscle tissue may have
broader effects on the central nervous system in ALS, potentially influ-
encing the neurodegenerative process and preserving motor neurons
beyond the targeted muscle area. Our results are in line with previous
studies indicating that preservation of muscle tissue function can slow
motor neuron degeneration, [57] despite overexpression of mutant
SOD1 in rodents induces inevitably a neuropathic phenotype. Further-
more, we conducted measurements to quantify the white matter area in
the totality of the spinal cord (Fig. 5b- and c). Our results indicated that
both symptomatic and terminal-stage mice treated with ALG-B exhibited
also an increased white matter area, indicating the preservation of
neuronal axon integrity. These findings align with the observed reduc-
tion in inflammation shown in Figs. 4 and S5 and S6.

To further investigate the neurobiological impact of muscle-directed
treatment, we analyzed the expression of Nerve Growth Factor Receptor
(NGFR-p75NTR) in the spinal cord. NGFR is a multifunctional receptor
involved in both neuronal survival and apoptosis, depending on the
cellular context and its interaction with co-receptors and ligands [58].
As shown in Fig. S7, NGFR expression was significantly increased in the
ALG-B treated groups compared to ALS controls, in both symptomatic
and terminal-stage mice. This upregulation may reflect a compensatory
or protective response to muscle regeneration, potentially favoring
neuronal plasticity or survival signaling in the spinal cord. These find-
ings support the idea that peripheral muscle repair can influence central
nervous system responses, contributing to the broader therapeutic effect
of the treatment.

While the beneficial effects observed in treated mice are consistent
with NaBCl1 activation, based on our previous studies [24-27] and our
recent discovery of the new role of NaBC1 in mechanotransduction, [23]
it is also possible that B contributes to muscle regeneration and neuro-
protection through additional mechanisms, such as modulation of the
local inflammatory environment involving parallel pathways that will
require future studies.

a) Representative image of spinal cord (lumbar segment) stained
with toluidine-blue B (scale bar 250 pm) and detail of motor neuron
located in the ventral horn (scale bar 50 pm). Motor neuron count and
white matter area in the spinal cord were assessed in symptomatic (b)
and terminal-stage (c) mice. The spinal cord was divided into cervical,
thoracic, lumbar and sacral segments, and multiple histological sections
from each segment were analyzed. The B treatment applied in muscle
induced an increase in motor neuron number and white matter area in
the spinal cord in both groups. n > 6 mice per condition.

Statistics are shown as mean =+ standard deviation. For comparison
between the three groups (ALS, ALG, ALG—B), data were analyzed by an
ordinary one-way ANOVA test and corrected for multiple comparisons
using Tukey’s correction analysis (p = 0.05). For comparisons between 2
groups (ALS SV, ALG-B SV), data were analyzed by an unpaired t-test
applying Welch’s corrections (p = 0.05). ****p < 0.0001, ***p < 0.001,
*p < 0.05.

In addition to the selective degeneration of motor neurons, astro-
gliosis is a prominent characteristic of ALS. Astrocytes, a type of glial
cell, maintain neuronal homeostasis and provide support and protection
for efficient neuronal function. However, in pathological conditions,
activated astrocytes can have harmful effects on neuronal survival. Glial
fibrillary acidic protein (GFAP) is an intermediate filament protein that
is highly expressed in reactive astrocytes and is significantly upregulated
in the spinal cord of ALS patients and mouse models, where reactive
astrogliosis is prominent. [59] The increased production of GFAP has
been linked to modulatory roles in the progression of ALS. [60] In Fig. 6,
we examined the detection of GFAP in the complete spinal cord of both
symptomatic and terminal-stage SOD1%°A mice. Similar to the obser-
vations made regarding mast cells, IL-6 and TGF-f levels in muscle tissue
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Fig. 5. Evaluation of motor neuron preservation in spinal cord in symptomatic and terminal-stage SOD1* mice.
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Fig. 6. Evaluation of glial-mediated inflammation in the spinal cord in symptomatic and terminal-stage SOD

(Figs. 4, S5, S6), we found that neuro-inflammatory levels were signif-
icantly higher in terminal-stage mice, corroborating that the GFAP
protein gradually increases with disease progression, consistent with
previous reports. [57] Interestingly, following the local muscle treat-
ment, we observed a reduction in GFAP values in the treated mice from
both experiments. These findings indicate that the application of B in
muscle has the potential to modulate neuro-inflammation processes that
take place in ALS. However, it is important to note the possibility of a
direct impact of B on glial cells and motor neurons. Additional research
is necessary to unravel the precise cellular-level function of B and NaBC1
in the nervous system.

a) Representative image of the spinal cord (lumbar segment) (scale
bar 250 pm), with detailed ventral horn area where astrocytes are
detected with GFAP antibody (magenta, scale bar: 25 pm). Cellular
nuclei were detected with DAPI.

Immunofluorescent detection and quantification of GFAP in symp-
tomatic (n = 6) (b) and terminal-stage (n = 10) (c) mice. Scale bar 50
pm. ALG-B treatment decreases GFAP expression, indicating a reduction
of neuro-inflammation. n > 30 images per group.

Statistics are shown as mean =+ standard deviation. For comparison
between the three groups (ALS, ALG, ALG—B), data were analyzed by an
ordinary one-way ANOVA test and corrected for multiple comparisons
using Tukey’s correction analysis (p = 0.05). For comparisons between
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the two groups (ALS SV, ALG-B SV), data were analyzed by an unpaired
t-test applying Welch’s corrections (p = 0.05). ****p < 0.0001, ***p <
0.001, *p < 0.05.

2.6. Analysis of muscle gene expression in symptomatic and terminal-
stage SOD1 G934 mice

After the euthanasia of symptomatic and terminal-stage mice,
quadriceps muscles were used for RNA extraction and analysis of gene
expression (Fig. 7).

In our previous works, we have shown in vitro that NaBC1 co-
localizes with FN-binding integrins (asp; and oyp3) after activation,
and cooperates with GFR stimulating intracellular signaling. [24-26]

The skeletal muscle extracellular matrix (ECM) is a dynamic struc-
ture primarily comprised of laminins (LM), collagens, proteoglycans,
and FN. This intricate network plays a pivotal role in regulating the
physiological functions of muscles. [61,62] Specifically, FN holds a
crucial position in muscle regeneration by aiding in the proliferation and
differentiation of satellite cells. [63] Moreover, FN-binding integrins
such as asP; and oyfs contribute significantly to muscle stability and
exert a regulatory influence on the repair processes. [64,65] Within the
skeletal muscle tissue, integrins form connections with the ECM, facili-
tating interactions among muscle cells within their environment. These
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Fig. 7. Representative heat map analysis of the up/down-regulated genes in the
muscle of symptomatic and terminal-stage SOD1%°%A mice.

interactions are vital for muscle cell adhesion, migration, and differen-
tiation. [66]

In this work, aiming to confirm the interplay between NaBC1 and
integrins for muscle recovery in vivo, we have evaluated FN-binding
(aspy and o B3) and LM-binding (af1) integrins expression. o7, integ-
rin, is specifically associated with skeletal muscle playing a key role in
muscle stability, function, and repair [67] and acts as a critical mecha-
nosensor contributing to mechanical-load induced skeletal muscle
growth. [68]

Our results showed that symptomatic mice treated with ALG-B
hydrogels presented a markedly upregulated mRNA expression of a7,
ay, p1 and Ps integrins, ranging from a 1.2 to 2.8-fold rise (Fig. 7), in
comparison to the controls. This indicates a stimulation of muscle repair
and regeneration after muscle local treatment. Particularly noteworthy
was the substantial 2.8-fold increase in mRNA expression of a7 integrin.
Given the pivotal role played by oyf; integrin in skeletal muscle ECM
attachment and muscle force development [69], the absence of this
integrin causes muscle defects and myopathy. [70] Moreover, elevating
ay levels has been employed as a strategy to counterbalance deficiencies
in ECM and cytoskeleton linkage occurring in certain muscular dystro-
phies, leading to a reduction in muscle pathology. [71] Thus, our results
showing induced upregulation of integrin expression, and specifically
ay, after NaBC1 activation, reinforce our hypothesis that considers
NaBC1 and integrin stimulation for enhancing the intracellular signaling
as we previously reported. [24-26]
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Interestingly, despite our previous observations of upregulated os
integrin expression in vitro during cell adhesion stages following NaBC1
activation in healthy murine muscle cells, [23,26] our current findings
show decreased levels of this integrin in vivo in symptomatic SOD1%9%/
mice. Specifically in ALS, ag integrin has been shown to be upregulated
in the spinal cord and peripheral nerves, contributing to immune cell
recruitment and inflammation, factors linked to disease progression.
[72] In fact, as has been proposed as a potential therapeutic target since
as blocking resulted in improved motor function, delayed disease pro-
gression, and increased survival in ALS animal models. [72] Fig. 7 shows
that treatment with B-loaded hydrogels halved the expression levels of
as integrin in symptomatic mice. Taken together the obtained results
describing a reduction of inflammation in spinal cord (Fig. 6) and muscle
(Figs. 4, S5, S6), we underscore the potential of B as a therapeutic
approach for the treatment of ALS.

We have also observed that mRNA expression of NaBC1 transporter
was upregulated in ALG-B symptomatic mice, suggesting a
concentration-dependent regulatory mechanism exerted by B in myo-
tubes for NaBC1 expression. To date, no data is available regarding
NaBCl1 expression regulation in mammalian cells.

Additionally, we evaluated the expression of key genes involved in
metabolic pathways known to influence muscle homeostasis and func-
tion. Insulin-like growth factor (IGF) promotes myogenesis, proteostasis,
and cell growth through the Protein Kinase B (Akt)/ Mechanistic Target
of Rapamycin (mTOR) (Akt/mTOR) signaling pathway, which regulates
diverse cellular functions including growth, proliferation, and meta-
bolism. [73,74] In our study, symptomatic mice treated with ALG-B
hydrogels exhibited a significant upregulation of IGF, IGF receptor
(IGFR), Akt, and mTOR mRNA levels compared to controls. While a
reduction in Glycogen Synthase Kinase-3 (GSK3p) expression was also
observed, this change did not reach statistical significance. Given that
GSK3p is known to oppose Akt activity metabolically and has been
implicated in ALS pathogenesis through its hyperactivity in non-neural
cells, [75] the observed trend remains of interest. Although these find-
ings suggest a potential involvement of the IGF-Akt-mTOR signaling axis
in mediating the effects of ALG-B treatment, we acknowledge that
further validation at the protein and functional levels is necessary to
confirm the activation and role of this pathway. From a therapeutic
perspective, considering that IGF has been used as a muscle neuro-
trophic factor to counteract impairment of the proteostasis observed in
ALS [76] our data support the hypothesis that NaBC1 activation may
contribute to improved muscle physiology, at least in part, through the
modulation of this signaling network.

We have further evaluated two members of the Myogenic Regulatory
Factor (MRF) family of transcription factors, Myogenic Differentiation 1
(MyoD) and Myogenin. MyoD is a master gene for myogenesis. Activated
satellite cells expressed MyoD at early stages of myogenic differentiation
and is crucial for efficient activation and proliferation. [76,77] After
MyoD activation in turn induces expression of other myogenic-related
genes such as Myogenin. Myogenin participates in myocyte fusion and
is essential for regulation of adult myofiber growth and satellite cell
homeostasis. [78] Our results further corroborated the B restorative
effects in muscles of symptomatic mice showing upregulation of MyoD
and Myogenin (1.5 and 2.1-fold increase respectively), and are in line
with the observations confirming improvement of motor function
(Fig. 1) and muscle atrophy recovery (Fig. 2). However, the results ob-
tained in terminal-stage mice presented a contrasting outcome, dis-
playing a general downregulation of all evaluated genes (Fig. 7 and S8).
We attribute this outcome to the severe damage evident in the muscles of
these mice, stemming from the extensive muscle denervation process
occurring in ALS during the disease’s advanced stages. These terminal-
stage mice were sacrificed after reaching total paralysis, rendering
them unable to self-feed or drink. Despite displaying noticeable im-
provements in muscle histoarchitecture, particularly in muscle atrophy
recovery and inflammation reduction, these mice ultimately exhibited
minimal muscle metabolic activity, likely due to energy depletion from
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starvation and the absence of electrical stimuli resulting from irrepa-
rable damage to motor neurons.

Quantitative real-time PCR analysis of relative mRNA expression of
s, 07, Oy, P and Ps integrins, NaBC1 transporter, members of the IGF-1-
Akt-mTOR axis involved in muscle growth, and myogenic regulatory
factors (MyoD, Myogenin). n > 6 mice per condition. Diagrams for each
individual real-time PCR analysis are represented in Fig. S8.

3. Conclusions

This study presents a novel muscle-targeted approach for amyo-
trophic lateral sclerosis (ALS) therapy based on the activation of NaBC1
using injectable borax-loaded alginate hydrogels. In a local proof-of-
concept study using SOD1%°%A mice, this treatment promoted muscle
regeneration, reduced inflammation, and improved motor function and
survival. These beneficial effects were accompanied by reduced muscle
atrophy, decreased slow type I fibers, SOD1 and FN expression, and
increased activation of muscle satellite cells. Additionally, gene
expression analyses suggested the involvement of trophic factors and
myogenic regulators, including IGF and its receptor, integrins, and
markers of myogenic progression. Although mRNA data showed trends
in upregulation of Akt and mTOR, further studies at the protein level are
required to confirm the functional activation of the IGF-Akt-mTOR axis
pathway. Interestingly, we observed retrograde neuroprotective effects
in the spinal cord, including reduced glial activation and preservation of
motor neuron loss and survival, despite the treatment being adminis-
tered locally to the quadriceps. These findings support the idea that
enhancing peripheral muscle health may influence central nervous
system outcomes, possibly through systemic or retrograde signaling
mechanisms. While the precise contribution of B beyond the injection
site remains to be determined, this opens new questions for ongoing
investigation. Importantly, this strategy aligns with therapeutic para-
digms already used in other neuromuscular disorders, such as Duchenne
muscular dystrophy, where hydrogel-based scaffolds are widely applied
for local delivery of bioactive compounds. Our results suggest that
similar localized interventions may be adapted for ALS, providing a
complementary route to traditional motoneuron-focused therapies.
Nevertheless, our study was designed as an initial local proof-of-concept,
and the systemic distribution, long-term safety, and potential toxicity of
B require further investigation. Additional experiments are underway to
clarify these aspects, as well as to evaluate the specific effects of NaBC1
activation on neuronal and glial populations. In summary, our findings
highlight the therapeutic relevance of skeletal muscle in ALS and sup-
port the development of biomaterial-assisted strategies targeting muscle
health. This muscle-directed approach may complement existing ther-
apies targeting motor neuron inflammation and help mitigate neuro-
muscular degeneration in ALS.

4. Experimental section
4.1. Material substrates

4.1.1. Alginate-based hydrogel preparation

Ultrapure sodium alginate (Pronova™ UP LVM, Novamatrix), was
dissolved in 1 % p-mannitol aqueous solution (Sigma-Aldrich) at a
concentration of 1.5 %. Borax was dissolved in alginate solutions at 0.16
M concentration. Alginate solution was next filtered through a 0.22 ym
pore Minisart Syringe Filter (Sartorius). For gelation, 2.7 mL of the
alginate solution was mixed with 60 pL of 1.22 M CaS0O4-2H50 (Sigma-
Aldrich) through two Luer Lock syringe (BS Syringe) connected with a
Fluid Dispensing Connector (Braun). Alginate and CaSO4-2H>0 were
mixed 10 times until complete homogenization. To retard the gelation
time and produce injectable hydrogels, 60 puL of 0.5 M NapHPO4-2H20
(Panreac) was added to the cross-linking reaction.

12

International Journal of Biological Macromolecules 319 (2025) 145645

4.1.2. B-release determination

The in vitro release of B previous to the animal experimentation was
performed by immersing the alginate-based hydrogel (ALG and
ALG—B), prepared with NagHPO4 at 0.5 M, in 1 mL of DPBS with Ca%*
and Mg?" (Gibco). Hydrogels were mixed as described above and per-
formed with identical mass and diameter (6 mm) using agarose 2 % (w/
v) molds. Release studies were performed simulating an 8-day cell cul-
ture in a humidified atmosphere at 37 °C and 5 % COs,. Aliquots con-
sisting of the total amount of immersing liquid (1 mL) were removed
from the plates after diverse time points. The reaction of the B present in
the collected aliquots with azomethine (Sigma) in an acid medium
(KAc/HAc buffer pH 5.2) originates a colorimetric reaction measured at
405 nm in a Victor III (Perkin Elmer) device. Standards for calibration
were prepared at concentrations of 0, 0.1, 0.25, 0.5, 1, 1.5, 2.5, 5, 10, 25,
50, and 500 mg mL~! of B, using 40 pL aliquots from the original
standard solutions for colorimetric reactions.

4.1.3. Rheometry

Cylindrical hydrogels were prepared by crosslinking the alginate in
9 mm diameter agarose molds. After crosslinking, alginate hydrogels
were stored at 4 °C until measured. Rheological experiments were per-
formed on a strain-controlled Discovery HR-2 rheometer (TA In-
struments) at 4 °C. Hydrogels were placed between two parallel plates of
non-porous stainless steel. The gap between the plates was adjusted
using a normal force of 0.1 N to prevent slippage. Temperature was
controlled by a Peltier module. First, the range of strain amplitudes for
which hydrogels exhibit linear viscoelastic behavior was determined. A
dynamic strain sweep, with amplitudes ranging between 0.01 % and
100 %, at the frequency of 1 Hz was implemented. The dynamic shear
modulus as a function of the strain was recorded. Second, a dynamic
frequency sweep was applied to determine the dependence of the shear
storage modulus (G') and loss modulus (G") on frequency. The frequency
varied from 0.01 Hz and 100 Hz at the selected strain of 1 % in the linear
region. Five replicates per sample were measured.

4.1.4. Cytotoxicity assay

MTS quantitative assay (The CellTiter 96 Aqueous One Solution Cell
Proliferation Assay, Promega) was performed to assess cytocompati-
bility of ALG and ALG-B injectable hydrogels in direct contact with
myotubes. 20,000 cells cm ™2 were seeded onto a p-24 multi-well plate
under differentiation conditions (low serum 2 % FBS for inducing dif-
ferentiation conditions). Once myotubes were formed (after 4 days),
hydrogels were deposited on top of myotubes after gelation and
immersed in the culture media for 48 h. Myotubes were then incubated
for 3 h with MTS (tetrazolium salt) at 37 °C and the formation of for-
mazan was followed by measuring absorbance at 490 nm. All mea-
surements were performed in triplicate.

4.2. In vivo SOD1 mouse model

The experimental studies with the SOD1 mice model have been
conducted according to Spanish and European regulations on the use
and treatment of animals (RD 223/88, RD 53/2013, and 10/13/89 OM)
and the ETS-123 European Convention on the protection/welfare of
vertebrate mammals used in research. Specific authorization for the
procedures was obtained (permit number 2020/VSC/PEA/0182), by the
Animal Experiment Committee at Universitat Politecnica de Valencia to
ensure the avoidance of unnecessary distress, pain, harm, or suffering.

The experimental mice were housed under 12 h light / dark cycles at
23-25 °C with a relative humidity of 55 %. Food and water were
available ad libitum. Animals were sacrificed by CO; inhalation.

100 pL of injectable B-loaded ALG-based hydrogels (ALG—B, 6 mg of
B/injection) were subcutaneously injected in both quadriceps muscles at
68, 82, 96, and 110 days old B6SJL-Tg(SOD1-G93A)1Gur/J ALS mice.
Two different experiments were performed in parallel, differing in their
endpoint: i) mice were sacrificed at 115 days old for muscle and nerve
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evaluation and ii) mice were sacrificed at their final endpoint deter-
mined as the mouse’s inability to flip over within 30 s in the supine
position (ranging between 120 and 146 days) for evaluation of survival
(SV).

For the first experiment, three different groups of male and female
mice equally distributed were evaluated: 6 animals (3 males and 3 fe-
males) injected with 100 pL of saline solution as an ALS control, 6 ani-
mals (3 males and 3 females) with empty ALG hydrogels, and 6 animals
(3 males and 3 females) with ALG-B hydrogels. For the survival exper-
iment (SV), two different groups of male and female mice equally
distributed were evaluated: 10 animals (5 males and 5 females) injected
with 100 pL of saline solution as an ALS control and 10 animals (5 males
and 5 females) with ALG-B hydrogels. Note that in order to accomplish
with the 3 R’s principle the control group ALG is not duplicated in the SV
experiment, since ALS and ALG groups generate equivalent results.

Changes in the body weight and motor impairment in the behavioral
four-limb hanging test have been followed during the total duration of
the experiments in all animals following Treat-NMD Neuromuscular
Network Standard Operation Procedures (SOP, treat-nmd.org).

After euthanasia, different tissues were extracted:

- Both muscle quadriceps were removed and immediately fixed in cold
isopentane (—150° to —160 °C) (PanReac Applichem) for 1 min, and
subsequently immersed in liquid nitrogen for 2 min. Samples were
stored at —80 °C until sectioning.

We ensured comprehensive measurement coverage of the mouse
spinal cord by employing a meticulous dissection protocol that
encompassed the entirety of the spinal column. Following eutha-
nasia, the mouse was carefully dissected to expose the vertebral
column, allowing for precise identification and extraction of the
entire spinal cord. The complete spinal cord was removed from
vertebrae and immediately fixed in formaldehyde 4 % for 24 h at
4 °C, followed by cryopreservation in 30 % sucrose. Segments from
all spinal cord regions (cervical, thoracic, lumbar, and sacral) were
meticulously segmented and included in a freezing compound
(OCT), and further stored at —80 °C until sectioning.

4.3. Histology and staining

Frozen muscle and spinal cord samples were sectioned using a
cryostat at —25/30 °C. 10-15 pm sections were placed on polarized
slides (Superfrost, Thermofisher). Muscle histoarchitecture was evalu-
ated by Hematoxylin-eosin staining. Muscle inflammation and motor
neuron identification were determined by toluidine blue staining (1 % in
saturated borax). All staining was performed following standard pro-
cedures. After sample dehydration with graded ethanol series and
clearing with xylene, they were mounted with a xylene-based mounting
medium (Entellan, Electron Microscopy Sciences). Images were
captured with a bright-field microscope (Nikon Eclipse 80i) at different
magnifications.

4.4. Immunofluorescence assays

Immunofluorescence assays were performed using cryopreserved
slides containing sectioned samples that were air-dry for 15 min at room
temperature. Samples were then permeabilized with DPBS/0.5 % Triton
x-100 at room temperature for 5 min, next blocked in 2 % BSA/DPBS for
1 h at 37 °C. Samples were then incubated with primary antibodies
(Table 1) diluted in a blocking buffer overnight at 4 °C. The samples
were then rinsed twice in DPBS/0.1 % Triton X-100 and incubated with
the secondary antibody (Table 2) at room temperature for 1 h. Finally,
samples were washed twice in DPBS/0.1 % Triton X-100 before
mounting with Vectashield containing DAPI (Vector Laboratories) and
images were captured under an epifluorescence microscope (Nikon
Eclipse 80i) at different magnifications.
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Table 1

Primary antibodies used for immunofluorescence assays.
Target Brand Reference Dilution
FN Sigma-Aldrich F0916 1:100
GFAP Abcam ab7260 1:5000
1L-6 ThermoFisher P620 1:200
PAX7 Invitrogen PA1-117 1:200
Slow Skeletal Myosin Heavy Chain Abcam Ab234431 1:200
SOD1 Abcam Ab51254 1:200
TGFp Bioss antibodies bs-0086R 1:100
NGFR (CD271) Invitrogen MA5-31968 1:100

Table 2

Secondary antibodies used for immunofluorescence assays.
Target Brand Reference Dilution
Alexa Fluor 488 anti-mouse Invitrogen A-11029 1:700
Alexa Fluor 555 anti-rabbit Invitrogen A-21428 1:700
Alexa Fluor 555 anti-chicken Invitrogen A-21437 1:700

4.5. Gene expression analysis

Total RNA was extracted following the manufacturer’s instructions
and under RNase-free conditions. Quadriceps muscle tissue (100 mg)
from the different animal groups (ALS, ALG, ALG—B) was homogenized
in 1 mL TRIZOL (Fisher Scientific) solution using a tissue Homogenizer
850 (Fisher) following 40 s cycles at 18.000 rpm. RNA quantity and
integrity were measured with a NanoDrop 1000 (ThermoScientific).
Then 2-5 pg of RNA were reverse transcribed using the Superscript III
reverse transcriptase (Invitrogen) and oligo dT primer (Invitrogen).
Real-time qPCR was performed using Sybr select master mix and 7500
Real-Time PCR system from Applied Biosystems. The reactions were run
in triplicate for technical replicas while biological replicas were 6 mice
in the case of pre-symptomatic animals and 10 mice in the case of
symptomatic animals. The primers used for amplification were designed
from sequences found in the GenBank database and are indicated in
Table 3.

Table 3
Primer sequences are used for gene expression analysis.

Gene Primer Sequence

Fw: 5'- ACCTGGACCAAGACGGCTACAA-3'
Rev: 5- CTGGGAAGGTTTAGTGCTCAGTC-3'
Fw: 5-TCTGTCAGAGCAACCTCCAGCT-3'
Rev: 5'- CTATGAACGGCTGCCCACTCAA-3'
Fw: 5- GTGTGAGGAACTGGTCGCCTAT-3'
Rev: 5'- CCGTTCTCTGGTCCAACCGATA-3'
Fw: 5'- CTCCAGAAGGTGGCTTTGATGC-3'
Rev: 5-GTGAAACCCAGCATCCGTGGAA-3’
Fw: 5-GTGAGTGCGATGACTTCTCCTG-3'
Rev: 5-CAGGTGTCAGTGCGTGTAGTAC-3'
Fw: 5-GAGGTTCGCTTTGTCATCCTGG-3'
Rev: 5~ATGCCAGTGAGCTTCCCGTTCAG-3'
Fw: 5°-GTGGATGCTCTTCAGTTCGTGTG-3"
Rev: 5’-TCCAGTCTCCTCAGATCACAGC-3’
Fw: 5'- CGGGATCTCATCAGCTTCACAG-3'
Rev: 5-TCCTTGTTCGGAGGCAGGTCTA-3'
Fw: 5-GGACTACTTGCACTCCGAGAAG-3'
Rev: 5-CATAGTGGCACCGTCCTTGATC-3'
Fw: 5~AGAAGGGTCTCCAAGGACGACT-3
Rev: 5-GCAGGACACAAAGGCAGCATTG-3’
Fw: 5-GCACTACAGTGGCGACTCAGAT-3'
Rev: 5“TAGTAGGCGGTGTCGTAGCCAT-3'
Fw: 5-CCATCCAGTACATTGAGCGCCT-3'
Rev: 5-CTGTGGGAGTTGCATTCACTGG-3'
Fw: 5-CATCACTGCCACCCAGAAGACTG-3'
Rev: 5~ATGCCAGTGAGCTTCCCGTTCAG-3'

Integrin as (Gene ID: 16402)
Integrin a7 (Gene ID: 16404)
Integrin av (Gene ID: 16410)
Integrin p1 (Gene ID: 16412)
Integrin p3 (Gene ID: 16416)
NaBC1 (Gene ID: 269356)
IGF1 (Gene ID: 16000)

IGFR (Gene ID: 16001)

AKT (Gene ID: 11651)
mTOR (Gene ID: 56717)
MyoD: (Gene ID: 17927)
Myogenin (Gene ID: 17928)

GADPH (Gene ID: 14433)
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4.6. Image analysis

Muscle sequential images obtained after staining were stitched
(Image Composite Editor) and segmented using Cellpose 2.0 a generalist
algorithm for segmentation, allowing the identification of cell bound-
aries and the analysis of all fibers of a muscle cross-section (2000-5000
fibers). This method for analyzing the entire muscle guarantees unbiased
results. Muscle histological features were identified manually and
quantified using image analysis software ImageJ following Treat-NMD
Neuromuscular Network Standard Operation Procedures (SOP, treat
-nmd.org). For fiber size determination we have employed the Feret’s
diameter of muscle fibers cross-sections. This is a robust morphometric
parameter that avoids experimental errors related to fiber orientation
and sectioning angle. Moreover, it reliably discriminates between
dystrophic and normal phenotypes.

4.6.1. Immunofluorescence image analysis

Immunofluorescence staining intensity and area measurements were
quantified using Fiji (ImageJ) software. [79] Protein expression levels of
SOD1, FN, IL-6, TGFB, NGFR, and GFAP were analyzed following a
previously published protocol. Background subtraction was applied
using the sliding paraboloid method with a rolling ball radius of 50 to
enhance signal detection.

For spinal cord analysis, the white matter area was manually out-
lined and quantified in Fiji. A Gaussian blur filter (sigma = 2) was
applied to smooth the image, followed by thresholding to define the
region of interest. Threshold levels were adjusted manually to accurately
capture the full extent of the white matter.

4.7. Statistics and reproducibility

For statistical analysis GraphPad Prism 8.0.2 has been used. Data
were reported as mean =+ standard deviation. Normal distribution of the
data was established using the D’Agostino Pearson omnibus test. Results
were analyzed by one-way ANOVA test with Tukey’s multiple compar-
ison test (p = 0.05) when 3 or more groups were compared. Pairs of
samples were compared using unpaired t-tests, applying Welch’s
correction when necessary. A 95 % confidence level was considered
significant and is indicated by (*) p < 0.05, (**) p < 0.01, (***) p <
0.001, and (****) p < 0.0001.

The survival time of mice was evaluated by producing Kaplan-Meier
survival curves. Comparisons of the survival curves were evaluated by
Log-rank (Mantel-Cox) test.
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