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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease marked by pro-
gressive degeneration of motor neurons and skeletal muscle. Gene expression analysis of
the spinal cord and gastrocnemius of the SOD1-G93A ALS mouse model revealed a strong
increase in inflammatory pathways and, specifically in the ALS gastrocnemius, a decrease
in mitochondrial transcription and an increase in ribosomal protein expression. Treatment
of ALS mice with the polyamine spermidine (SPD), a promising molecule in combating
neurodegeneration and muscle atrophy, is able to partially restore the expression of more
than four thousand genes in gastrocnemius tissue, including the mitochondrial regulator
Pgc1α, as well as all the mitochondrial encoded genes and a large class of ribosomal pro-
teins. SPD enhanced mitochondrial bioenergetics, as evidenced by Seahorse experiments,
and delayed muscle weakness in vivo, as shown by grip strength records. These findings
suggest that SPD can act as a potential supplement in the therapeutic strategy for ALS,
offering a foundation for further research to improve patient outcomes.

Keywords: amyotrophic lateral sclerosis; spermidine; polyamines

1. Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with an incidence

of 2 per 100,000 person-years. It is characterized by the degeneration of upper and lower
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motor neurons, leading to progressive voluntary muscle denervation; individuals may
gradually lose the ability to speak, eat, move, and breathe [1]. Approximately 90–95% of
cases are sporadic, while the remaining 5–10% are familial (fALS) and have different genetic
mutations contributing to the disease. Several genes have been identified as causative of
ALS, such as superoxide dismutase 1 (SOD1), TAR DNA-binding protein 43 (TDP-43), fused
in sarcoma (FUS), and intronic hexanucleotide expansion (GGGGCC) in the C9orf72 gene.

Among the distinctive features of ALS, mitochondrial dysfunction [2] and neuroin-
flammation stand out [3]. All these aspects are extensively described in the SOD1-G93A
mouse model, which recapitulates the pathology’s development in humans [4]. Tradi-
tionally, ALS research has focused primarily on the nervous system, with skeletal muscle
degeneration considered a downstream effect of motor neuron loss. However, emerging
evidence indicates that muscle dysfunction contributes to increased motor neuron sus-
ceptibility, particularly through metabolic dysregulation and oxidative stress. As a result,
skeletal muscle is gaining recognition as a key therapeutic target in ALS [5]. Polyamines
exert diverse pleiotropic effects by interacting with DNA, RNA, and proteins, stabilizing
their structures and regulating gene expression [6–8]. Among PAs, spermidine (SPD) has
been found to be an autophagy-inducer with positive effects on aging, tumorigenesis, and
muscle-related diseases [9–12]. Previous studies have demonstrated that SPD mitigates
rotenone-induced excitotoxicity in rats, leading to increased body weight and improved
locomotor activity [13]. Furthermore, SPD possesses antioxidant properties, acting as a
free radical scavenger to counteract oxidative stress in both neuronal and muscle cells [14].
It also plays a crucial role in modulating neuroinflammatory responses [15], promoting
synaptic plasticity and neurogenesis [16].

Exogenous administration of SPD has been reported to ameliorate ALS phenotypes
in SOD1-G93A mice. In particular, SPD treatment improved motor performance, delayed
disease onset and extended survival. Nevertheless, at a molecular level, the effects of SPD
supplementation have been investigated only in the spinal cord [17].

Considering these findings, we performed a comprehensive transcriptomic analysis of
the spinal cord and skeletal muscle from SPD-treated SOD1-G93A mice to provide critical
insights into the molecular mechanisms underlying the beneficial effects of SPD. Such
an approach would help clarify its therapeutic potential, elucidate its impact on muscle-
specific gene expression, and help to explain why SPD has been shown to prevent muscle
atrophy and neurodegeneration [9,18,19].

2. Materials and Methods
2.1. Animals and Genotyping

All animal procedures were carried out in accordance with the European Guidelines
for the use of animals in research (2010/63/EU) and the requirements of Italian law (D.L.
26/2014). All procedures were approved by the Animal Welfare Office, Department of
Public Health and Veterinary, Nutrition and Food Safety, General Management of Animal
Care and Veterinary Drugs of the Italian Ministry of Health (protocol number 293/2021-PR).
Animals were kept in a virus/antigen-free facility with a light/dark cycle of 12 h at constant
temperature and humidity. Food and water were provided ad libitum. SOD1-G93A mice
(B6.Cg-Tg(SOD1 G93A)1Gur/J) were obtained from the Jackson Laboratory (Bar Harbor,
ME, USA). Transgenic hemizygous SOD1-G93A males were crossbred with C57BL/6 fe-
males, and transgenic progeny were genotyped by PCR through hSOD1 oligos using
interleukin-2 (IL-2) as a PCR internal control (Supplementary Table S2). Disease onset was
evaluated by the hanging grid test; tests were conducted once per week starting at 55 days
of age. To follow disease progression, behavioral scores and body weight were monitored
starting at 55 days [20]. In brief, we assigned the following age (in days) to the following
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disease stages: 70 days as “symptoms onset”, 120 days as “symptomatic”, 150 days as “end
stage”. Mice were anesthetized with Rompum (xylazine, 20 mg/mL, 0.5 mL/kg Bayer,
Milan, Italy) plus Zoletil (tiletamine and zolazepam, 100 mg/mL, 0.5 mL/kg; Virbac, Milan,
Italy) and then sacrificed for GNM and SC collection. We decided to collect the entire SC to
eliminate technical variance associated with manual dissection boundaries, ensuring high
sampling consistency and also enabling the identification of transcriptional features (e.g.,
neuroinflammatory response characterized by immune infiltration, microglial activation
and astrogliosis) spread over the entire tissue. Only female mice were used in this study,
in order to extend previous findings obtained from male SOD1-G93A mice [17] and to
evaluate whether the effects of spermidine (SPD) are consistent across sexes.

2.2. Treatment with Spermidine and Evaluation of the Disease Progression

Spermidine (SPD) (S2501-25g, Sigma Aldrich (Merck), Darmstadt, Germany) was
dissolved in drinking water at a concentration of 3 mM according to Eisenberg et al. [21]
and administered to SOD1-G93A mice from the onset (70-day-old mice) to the symptomatic
stage of the pathology (120-day-old mice). Control mice were given pure drinking water.
Drinking water ± SPD was replaced every 2–3 days. Body weight and grip strength were
measured once a week from the start until the end of the SPD treatment. For the grip
strength test and body weight, we used: WT: n = 9, ALS: n = 8, ALS-SPD: n = 9. The grip
strength test consisted of three attempts per mouse with a resting time of 1 min between
every attempt; the mean of the three examinations, representing the strength of four limbs,
was normalized to the weight of each respective mouse. The test was carried out by the
same operator to minimize experimental variability.

2.3. RNA Isolation, Reverse Transcription and Real-Time PCR

Total RNA was extracted from the gastrocnemius (GNM) muscle and spinal cord (SC)
of WT, SOD1-G93A-treated and SOD1-G93A-untreated mice (n ≥ 3) using TRIzol® Reagent
(Invitrogen, Carlsbad, CA, USA, 15596-018) and reverse-transcribed into cDNA using
iScript Adv cDNA kit for RT-qPCR (Biorad, Hercules, CA, USA. #1725036) according to the
manufacturer’s instructions. RNA was quantitatively and qualitatively evaluated using
NanoDrop 2000c (ThermoFisher Scientific, Waltham, MA, USA) and Agilent Bioanalyzer
2100 (Agilent, Santa Clara, CA, USA), respectively. Levels of mRNA expression were
measured by real-time quantitative PCR (qPCR) using the AriaMx Real-Time PCR System
(Agilent Technologies, Santa Clara, CA, USA). PCR product quantification was calculated
by applying the SYBR-Green (Bio-Rad Laboratories, Tokyo, Japan) method. The data are
calculated relative to the internal housekeeping gene according to the second derivative
test (2−∆∆CT) method. Beta-2-microglobulin (B2m) was used as the housekeeping gene for
normalization in GNM, while glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was
used as the housekeeping gene for normalization in SC. Primers sequences are listed in
Supplementary Table S3.

2.4. RNA Library Construction and Sequencing

Total RNA was subjected to RNA-seq at the CNR BIOMICS facility of the Italian
node of the European Research Infrastructure ELIXIR (CNR-IBIOM, Bari, Italy). Four
biological replicates for GNM and three biological replicates for SC from each biolog-
ical condition were analyzed. RNA-seq libraries were prepared from 300 ng of total
RNA, using the Illumina Stranded Total RNA Prep with Ribo-Zero Plus (Illumina, San
Diego, CA, USA), according to the manufacturer’s protocol. cDNA libraries were checked
with Bioanalyzer 2100 and quantified by fluorimetry using the Qubit dsDNA Assay Kit
(Thermo Fisher Scientific). Sequencing was performed on the Illumina Novaseq 6000 plat-
form, generating 100pb paired-end reads. All computations were performed on machines
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running GNU + Linux (3.10.0–862.14.4.el7.x86_64) by using R (version 3.6.1) and Bash
(4.2.46(2)-release x86_64-redhat-linux-gnu). The quality of the RNA-seq reads was pre-
liminarily inspected with fastQC [22] and MultiQC [23], and no trimming was performed
since sequencing adapters were removed during the demultiplexing step with bcl2fastq
(version 2.20) (https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-
conversion-software.html, accessed on 15 March 2026), and the reads’ mean quality score
per base was greater than 25 for all samples. All steps of the analysis, dependent on genomic
and transcriptomic annotation, were performed employing version 31 of GENCODE’s
murine GTF and FASTA files (https://www.gencodegenes.org/mouse/release_M31.html,
accessed on 15 March 2026). Reads were aligned with the GRCm39 murine genome by
means of STAR [24] (version 2.5.2b), and by using the --outFilterMultimapNmax 1 option,
all multimapping reads were discarded. The summarization of paired-end fragments to
genes was performed with FeatureCounts [25] (version 1.6.0). The process of read align-
ment with the reference mouse genome uniquely mapped (i) 81.7% of the ∼167 million
input reads, namely ∼11 million reads on average per sample for GNM and (ii) 90.3% of
the ∼543 million input reads, namely ∼41 million reads on average per sample for SC.
Multidimensional Scaling (MDS) analyses were performed to study data structure, identify
potential outliers and measure the total variability among samples, identifying clusters
based on genic expression patterns. MDS analyses were carried out with the regularized
log-transformed gene counts (obtained with the DESeq2 rlog function) and the cmdscale
R function; in particular, the Euclidean distance was adopted for the MDS by using the
dedicated option of cmdscale. Heatmaps were performed by hierarchical clustering of
DESeq2 normalized counts using the ggplot R package (version 3.1.3.1).

Data were prepared for the differential expression analysis as necessary via a custom
R script. DESeq2 [26] (version 1.26.0) was used to perform the normalization of raw
sequencing counts with DESeq2’s mean log ratio method and the differential expression
analysis between the experimental conditions of interest. Before extracting the results of
the differential expression analysis, a preliminary gene expression filter was employed, and
genes whose sum of normalized counts was less than 10 in half the samples of the dataset
were discarded to focus only on highly expressed genes. Q-values were computed [27] with
the qvalue R package, and genes were considered differentially expressed when presenting
a q-value ≤ 0.05.

2.5. Mitochondrial DNA/Nuclear DNA Ratio Evaluation

DNA was extracted from gastrocnemius tissue using 450 µL of lysis buffer solution
composed of 445.5 µL of lysis buffer (Tris-HCl 1 M pH 8; EDTA 0.5 M pH 8; NaCl 5 M;
SDS 10%) and 4.5 µL of proteinase K (10 mg/mL) to degrade the proteins present in the
tissue sample. Samples were incubated O/N at 56 ◦C. RNase A (100 µg/mL) was added
to degrade the RNA present through incubation at 37 ◦C for 30 min. Samples were then
centrifuged for 10 min at 16,100× g, and NaCl 5M was added to the supernatant. After
10 min on a rocking platform, the samples were centrifuged again for 10 min at 16,100× g.
Cold isopropanol was added to the supernatant and centrifuged for 10 min at 16,100× g at
4 ◦C. The pellet containing DNA was washed with ethanol 80% and suspended in 20 µL of
double-distilled water (Milli-Q® SQ 200P). Different genes were selected to evaluate the
relative copy number of mtDNA and nDNA by qPCR. In the mouse mitochondrial genome,
genes corresponding to the stable fraction that is not prone to deletions encode for mt-Rnr2
(16S rRNA). We used mt-Rnr2 and mt-Co1 for mt-encoded genes and B2m and Ndufv1 as
nuclear genes. Calculation of the mtDNA/nDNA ratio was performed using the ∆∆CT
method. Primers are listed in Supplementary Table S4.
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2.6. Gene Set Enrichment (GSEA) Analysis of Differentially Expressed Genes

We used the WebGestAlt R package [28,29] (version 0.4.6) to perform GSEA analysis
of ALS vs. CTR and ALS + SPD vs. ALS comparison. The WikiPathway database was
used to determine up- or down-regulated pathways. The following settings were used:
FDR ≤ 0.05, minimum number of genes per set = 5, maximum number of genes per
set = 2000, permutation number = 10.000, gseaP = 0. Barplots were made in R using ggplot2
(version 3.5.1)

2.7. Bioenergetic Analysis

The bioenergetic analysis was performed with the Seahorse XF96e Analyzer (Seahorse
Bioscience—Agilent, Santa Clara, CA, USA), through the Cell Mito Stress Test. C2C12 cells
were transfected with CMV plasmid coding for human wild-type SOD1 and human SOD1
with the mutation G93A seeded at a density of 8 × 103 live cells per well on Seahorse XF
tissue-culture-treated microplates (Agilent Technologies, Santa Clara, CA, USA, cat. no.
103794-100). The cells were treated O/N with different concentrations of SPD (1 µM, 10 µM,
30 µM), dissolved in the culture medium before the experiment. Doxycycline-inducible
NSC34 cells stably expressing 5 × Myc-tagged human mutant Q331K TDP-43, previously
generated in our laboratory [30], were pre-treated with doxycycline (1 µg/mL) for 48 h.
Subsequently, 20 × 103 NSC34 cells were seeded on micro-lysine-coated XF96 microplates
and O/N treated exclusively with the selected SPD concentration (1 µM), always in the
presence of doxycycline.

Briefly, for the Cell Mito Stress Test, the growth medium was replaced with Seahorse
XF Dulbecco’s Modified Eagle Medium, pH 7.4 (Seahorse Bioscience—Agilent, Santa Clara,
CA, USA), supplemented with 1 mM sodium pyruvate, 10 mM glucose, and 2 mM L-
glutamine. The cells were incubated at 37 ◦C without CO2 for 45 min before the assay to
allow for equilibration with the assay medium.

The Cell Mito Stress Test was conducted according to the manufacturer’s instructions
to evaluate mitochondrial function by monitoring the oxygen consumption rate (OCR) in
real time. Various inhibitors were sequentially injected to perturb the electron transport
chain complexes: oligomycin (1.5 µM), an ATP synthase inhibitor, to determine ATP
production-coupled respiration; carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) (1 µM), an uncoupler, to measure the maximal respiration rate; and a combination of
rotenone (0.5 µM) and antimycin A (0.5 µM), inhibitors of complexes I and III respectively,
to assess non-mitochondrial respiration.

The assay enabled the determination of key parameters of mitochondrial function,
including basal respiration (baseline OCR before oligomycin addition), ATP-linked respira-
tion (difference between basal respiration and the minimal respiration after oligomycin),
maximal respiration (OCR following FCCP addition), and spare respiratory capacity
(difference between maximal respiration and basal respiration, indicating the cell’s abil-
ity to respond to a greater demand for energy or under stress). After the assay, cells
were lysed with 10 µL of 0.1% SDS in water, and protein quantitation was performed
to normalize OCR data, which were expressed as pmol O2/min/mg of protein. The
data were analyzed using the Seahorse Analytics online platform (Agilent Technologies,
https://seahorseanalytics.agilent.com/, accessed on 15 March 2026) or the XFe Wave
software (V2.6.4.24) (Santa Clara, CA, USA).

2.8. Statistical Analysis

The results are presented as means ± SEM of n ≥ 3 independent experiments. For
the analysis of weight, grip strength tests, RNA expression and polyamine concentration,
data were evaluated using one- or two-way ANOVA as required, with the Tukey test as
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a post hoc analysis. Differences between groups were considered significant when the
p-value was less than p < 0.05. The normality of the data was assessed using QQPlot and
the Shapiro–Wilk test. Correlation analyses within RNA-seq and qPCR were assessed
using Spearman correlation with a two-tailed p-value. Significant correlations between
DESeq2 count and 2−∆CT were considered significant when the p-value was less than
p < 0.05. Statistical analysis was performed using GraphPad Prism 8.0.1.

3. Results
3.1. RNA-Seq Revealed Both Distinct and Common Pathways in SOD1-G93A Spinal Cord and
Skeletal Muscle Tissues

Our first goal was to better understand the transcriptomic profile of ALS mice in the
two main tissues affected by the pathology. To identify differentially expressed genes,
we analyzed spinal cord (SC) and gastrocnemius (GNM) tissues dissected from wild-
type (WT) mice (control group) and SOD1-G93A 120-day-old mice (ALS group), a stage
corresponding to the symptomatic phase of the ALS model. We isolated RNA from SC
and GNM and performed bulk RNA sequencing (RNA-seq) analysis. Multidimensional
Scaling (MDS) (Supplementary Figure S1) showed a clear separation of the ALS group
compared to the control group for both tissues. Differentially expressed gene (DEG)
analysis identified several transcripts deregulated in ALS (Supplementary Data S1 and
S2): a total of 1215 genes deregulated for SC, with 1028 up-regulated and 187 down-
regulated, and 7929 deregulated genes in GNM, with 3906 up-regulated and 4023 down-
regulated (Figure 1a,b and Supplementary Table S1). A heatmap of the DEGs showed
significant alterations in the ALS expression profiles in both tissues (Figure 1c,d). We
compared our results with the ALSoD (https://alsod.ac.uk/, accessed on 15 March 2026)
database, which lists genes associated with ALS. Among the 154 ALS-associated genes,
we found 17 DEGs (11.04%) in SC and 82 DEGs (53.25%) in GNM of our samples. In
particular, in SC, 12 genes were up-regulated (including Apoe and Cx3cr1), and five
were down-regulated (Nefl and Nefh); in GNM, 45 genes were up-regulated (including
SOD1, Apoe, Anxa11, and Fggy), and 37 were down-regulated (including Optn, Taf15, and
Vapb) (Supplementary Data S3 and S4). Gene set enrichment analysis (GSEA) identified
significant pathways (FDR ≤ 0.05) associated with ALS in SC and GNM. In SC, enrichment
analysis revealed an increased expression of inflammation-related pathways (e.g., TYROBP
causal network, Type II interferon, and the microglia pathogen phagocytosis pathway) and
reduced expression in Cholesterol Biosynthesis and monoamine receptors (Figure 1e). In
GNM, the analysis showed an up-regulation of some inflammatory pathways (e.g., TYROBP
causal network) and Cytoplasmic Ribosomal Proteins. Down-regulated pathways included
glycogen metabolism and mitochondria-related pathways (oxidative phosphorylation and
the electron transport Chain) (Figure 1f and Supplementary Figure S1a). Moreover, we
compared DEGs from SC and GNM, finding a total of 662 common DEGs between them
(Figure 1g). The enrichment analysis of these common DEGs showed that oxidative damage
and inflammation are key pathways deregulated in both tissues (Figure 1h). For SC, we
validated the expression profile of two markers of astrogliosis, Tgfb1 and Tgfbr2 (Figure 2a),
that appeared up-regulated in ALS mice, thus confirming an aberrant and reactive profile
of astrocytes surrounding motor neurons [31]. Tgfb1 was also up-regulated in GNM from
ALS mice (Figure 2b), consistent with its inhibition of myoblast differentiation [32]. ALS
skeletal muscle is characterized not only by inflammation but also by a dysregulated
metabolism [33,34], and, in line with this, in ALS mice, we found increased expression of
Sln, a marker in the transition toward oxidative metabolism [35] (Figure 2b). Spearman’s
correlation confirmed a strong, significant correlation between DESeq2 counts and qPCR
expression levels.

https://doi.org/10.3390/biom16040566

https://alsod.ac.uk/
https://doi.org/10.3390/biom16040566


Biomolecules 2026, 16, 566 7 of 23

 
Figure 1. Transcriptomic analysis revealed deregulated genes and pathways in spinal cord and
skeletal muscle of SOD1-G93A mice. (a,b) Volcano plot of differential gene expression in SOD1-
G93A mice versus control mice using the Wald test for spinal cord (SC) and gastrocnemius (GNM)
tissues. The statistically significant up-regulated and down-regulated genes are shown in red and
blue respectively. (c,d) Heatmap of differentially expressed genes in spinal cord and gastrocnemius,
respectively, between SOD1-G93A and control mice. Each row of the heatmap represents the z-score-
transformed DESeq2 values of one differentially expressed gene across all samples. The row z-score
is represented by a color code (blue, down-regulated genes; red, up-regulated genes). (e,f) Dotplot of
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significant pathways derived from gene set enrichment analysis (GSEA) for SC and GNM tissue.
The colors represent the p-value adjusted by Benjamini–Hochberg correction. The dot dimension
represents the number of DEGs for that pathway. NES, normalized enrichment score. (g) Venn
diagram showing the number of differentially expressed genes (DEGs) in GNM and SC. Common
DEGs are indicated in the intersection. (h) Comparative dotplot of common deregulated pathways
between tissues.

Figure 2. Validation of RNA-seq analysis in spinal cord and gastrocnemius of SOD1-G93A mice.
(a,b) RT-qPCR on two deregulated genes from spinal cord (SC) and gastrocnemius (GNM) RNA-seq
analysis. Data are represented as mean ± SEM with 2−∆∆Ct method for n = 3 mice per experimental
group. Data were normalized using Gapdh and beta-2-microglobulin (B2m) as housekeeping genes
for SC and GNM respectively. Unpaired t-tests were used; * p < 0.05, ** p < 0.01, *** p < 0.001.
(c,d) Spearman’s correlation test between 2−∆Ct values and DESeq2 counts from RT-qPCR and
RNA-seq analysis, respectively. p-value and Spearman’s r coefficient are displayed in the graphs.

3.2. Spermidine Treatment Modifies the Transcriptomic Profile in SOD1-G93A Mouse Model

Due to the well-known neuroprotective, anti-inflammatory and antioxidant roles of
exogenous SPD and its beneficial effects previously reported in ALS [17], we decided to
evaluate the expression profiles after SPD treatment in both GNM and SC tissues (referred
to as the ALS_SPD group). In ALS_SPD SC, we detected 14 deregulated genes, one lncRNA
and 13 protein-coding genes (Supplementary Data S5). As shown in the volcano plot,
most of these genes were down-regulated, with only two genes showing up-regulation
(Figure 3a,e). Interestingly, the heatmap showed clustering of three ALS_SPD mice with
the WT mice cluster (Figure 3c). From the RNA-seq analysis conducted on the GNM of
ALS and ALS_SPD mice, we found 4028 deregulated genes (Figure 3b) (Supplementary
Data S6), 3590 of which were in common with the ALS vs. CTR comparison, as shown
in the Venn diagram (Figure 3d). The heatmap (Figure 3d) showed a clustering of two
out of three mice treated with SPD closer to the WT mice, while the ALS_SPD2 sample
appears to be like the ALS samples. We then compared genes whose expressions were
modified by the SPD treatment with those in the ALSoD database and found that 39 genes
(27.92%) were common. Among these, 27 genes were up-regulated (including Matr3, Atxn1,
and Odr4), and 12 genes were down-regulated (including Sqstm1, Apoe, and Cst3). Of
these 39 genes, 36 had reverted expression compared to the ALS vs. CTR comparison
(Supplementary Data S4). Among the down-regulated pathways, enrichment analysis
identified inflammation-related pathways (such as the inflammatory response pathway
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and microglia pathogen phagocytosis pathway) and the Cytoplasmic Ribosomal protein in
SC (Figure 3f); among the down-regulated pathways, it identified inflammation-related
pathways (such as the Tyrobp causal network in microglia and the microglia pathogen
phagocytosis pathway) and Cytoplasmic Ribosomal protein in the GNM; and among the
up-regulated pathways, it identified oxidative phosphorylation and the electron transport
chain (Figure 3g and Supplementary Figure S3b). Since mitochondrial dysregulation is a
hallmark of ALS, the partially normalized expression of mitochondria-related pathways in
the ALS_SPD samples suggests an effect of SPD on cellular energy machinery.

Figure 3. Transcriptomic analysis of spinal cord and skeletal muscle of SOD1-G93A and SOD1-G93A
treated with SPD. (a,b) Volcano plot of differentially expressed genes from spinal cord (SC) and
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gastrocnemius (GNM) tissues of SOD1-G93A and SOD1-G93A mice treated with SPD (SOD1-G93A
SPD). The statistically significant up-regulated and down-regulated genes are shown in red and blue
respectively, while grey points represent not significant genes. (c) Heatmap of the 10 genes whose
expression is reverted in the WT vs. ALS and ALS vs. ALS + SPD comparisons for SC. (d,e) Venn
diagram and heatmap of 3590 common genes between WT vs. ALS and ALS vs. ALS + SPD for GNM.
In Venn diagram are represented DEGs in a red circle for ALS vs. CTR comparison, while in a blue
circle for ALS SPD vs. ALS comparison. Each row of the heatmap represents the z-score-transformed
DESeq2 values of one differentially expressed gene (DEG) across all samples. The row z-score is
represented by a color code (blue, down-regulated genes; red, up-regulated genes). (f,g) Dotplot
of significant pathways derived from gene set enrichment analysis (GSEA) for SC and GNM tissue
respectively. The colors represent the p-value adjusted by Benjamini–Hochberg correction. The dot
dimension represents the number of DEGs for that pathway. NES, normalized enrichment score.

In SC, we validated Fabp7, S100a1, Spp1 and Ly9. All these genes have a role in the
inflammatory response. All of them were up-regulated in ALS and recovered by the SPD
treatment (Figure 4a–d). Spearman’s correlation analysis confirmed a strong, significant
correlation between DESeq2 counts and qPCR fold change (Figure 4e–h).

Figure 4. Validation of some DEGs in spinal cord tissue of SOD1-G93A mice after SPD treatment.
(a–d) RT-qPCR of deregulated genes from RNA-seq analysis for spinal cord. Data are represented as
mean ± SEM using expression levels measured using 2−∆∆Ct method for n = 3 mice per experimental
group. Data were normalized using Gapdh as housekeeping gene. One-way ANOVA, followed by
Tukey’s post hoc test, was used; * p < 0.05, ** p < 0.01, *** p < 0.001. (e–h) Spearman’s correlation test
was used to assess a correlation between 2−∆Ct values and DESeq2 counts from RNA-seq analysis.
p-value and Spearman’s r coefficient are displayed in the graphs.

In GNM, we validated genes from the two most enriched pathways: Oxidative Phos-
phorylation and electron transport chain (up-regulated) and Cytoplasmic Ribosomal Pro-
teins (down-regulated). For the mitochondria-related pathway, we assessed the expression
of mt-Nd1, mt-Nd2 and mt-Nd6, showing that their expression levels decreased in ALS
and were attenuated by the SPD treatment (Figure 5a–c). Additionally, we assessed the
expression level of Ppargc1a, which codifies Pgc1α, a regulator of mitochondrial biogenesis
and mtDNA transcription. Confirming the RNA-seq data, Pgc1α expression is decreased
in ALS and rescued by SPD administration (Figure 5g). Spearman’s correlation analysis
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confirmed a strong, significant correlation between DESeq2 counts and qPCR fold change
(Figure 5d–f,j–l). Mitochondrial deregulation has been widely described in ALS pathol-
ogy [36–38], and accordingly, we found that all mt-DNA-encoded genes were deregulated.
Interestingly, SPD treatment seems to revert this dysregulation (Table 1).

Figure 5. Validation of genes related to mitochondrial and ribosomal protein pathways emerging
from GSEA in gastrocnemius tissue of SOD1-G93A mice after SPD treatment. (a–c,g–i) RT-qPCR of
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deregulated genes from RNA-seq analysis of gastrocnemius. Data are mean ± SEM represented using
expression levels measured using 2−∆∆Ct method for n = 3 mice per experimental group. Data were
normalized using beta-2-microglobulin (B2m) as housekeeping gene. One-way ANOVA, followed by
Tukey’s post hoc test, was used; * p < 0.05, ** p < 0.01. (d–f,j–l) Spearman’s correlation test was used
to assess a correlation between 2−∆Ct values and DESeq2 counts from RNA-seq analysis, n = 3 mice
per experimental group. p-value and Spearman’s r coefficient are displayed in the graphs.

Table 1. Deregulated mt-DNA encoded genes in gastrocnemius of SOD1-G93A mice. List of mtDNA
genes down-regulated in GNM of SOD1-G93A mice, whose expression is mitigated by SPD supple-
mentation. Values are expressed as Log2(FoldChange).

Gene Symbol ALS vs. CTR
Log2(FC)

ALS_SPD vs. ALS
Log2(FC)

mt-Nd1 −1.66 1.48

mt-Nd2 −2.19 1.88

mt-Cox I −1.16 1.16

mt-Cox II −1.62 1.41

mt-Cox III −1.11 0.83

mt-Atp8 −1.5 1.32

mt-Atp6 −1.62 1.36

mt-Nd3 −2.44 1.77

mt-Nd4l −2.03 1.78

mt-Nd4 −1.53 1.54

mt-Nd5 −1.72 1.89

mt-Nd6 −2.09 2.27

mt-Cytb −1.23 1.56

To ensure that the effect of SPD was not at the mtDNA level, we analyzed the
mtDNA/nDNA ratio, and we found no significant differences among all groups compared
to WT control mice (Supplementary Figure S2). For the Cytoplasmic Ribosomal Proteins
pathway, we validated the expression of Rpl3 and Rps14 through qPCR (Figure 5h,i). Both
genes showed increased expression levels in the pathological condition, while their expres-
sion was significantly reduced following SPD treatment, suggesting a potential modulatory
effect of SPD on ribosomal protein dysregulation.

Collectively, these results highlight the profound positive effects of SPD treatment on
both SC and GNM tissues.

3.3. Spermidine Treatment Improves Mitochondrial Metabolism in ALS Cellular Model and Muscle
Force in ALS Mouse Model

Given the crucial role of mitochondrial metabolism in cellular energy homeostasis
and the marked dysregulation that occurs in the skeletal muscle of SOD1-G93A mice, we
assessed the bioenergetic profile of SPD-treated and untreated C2C12 myoblast cell lines
transiently transfected with the human form of SOD1 (hSOD1) carrying the G93A mutation,
as well as C2C12 transfected with the wild-type (WT) hSOD1 protein. An analysis of
the oxygen consumption rate (OCR) revealed a significant decrease in basal respiration,
maximal respiration, ATP production and spare respiratory capacity in C2C12 SOD1-G93A
cells compared to the control, while SPD administration, even at the lowest concentration
(1 µM), is effective in recovering the above-mentioned parameters (Figure 6).
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Figure 6. Spermidine has a positive effect on mitochondrial bioenergetics in C2C12 cells expressing
hSOD1-G93A mutation (a) and in NSC34 expressing hTDP43 Q331K mutation (b). Individual
parameters for basal respiration, maximal respiration, ATP production and spare respiratory capacity
were measured. Data are shown as mean ± SEM. One-way ANOVA, with Tukey’s post hoc test,
was used. Values significantly different from control (WT) are indicated with # p < 0.05, ## p < 0.01,
### p < 0.001, #### p < 0.0001. Values significantly different from ALS condition (SOD1 G93A and
TDP43 331) are represented with * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

We conducted the same analysis using the motor-neuron-like NSC34 cell line carrying
the ALS-related TDP-43 Q331K mutation. Given that the concentrations of SPD used in the
C2C12 assay did not produce a significant difference in treatment effects, we selected the
lower effective concentration (1 µM). In NSC34 TDP-43 Q331K cells, OCR analysis revealed
dysregulation in basal respiration, maximal respiration, and ATP production, all of which
were counteracted by the SPD treatment (Figure 6b), further supporting its beneficial effect
in a neuronal context. These results highlight improved mitochondrial bioenergetics in
ALS muscle and motor neuron cell lines after SPD treatment.

Finally, we analyzed body weight and muscle strength in SPD-treated and control
group mice. SOD1-G93A mice showed a lower body weight throughout the treatment
period compared to wild-type (WT) mice, and the SPD treatment did not mitigate the
weight loss associated with ALS (Figure 7a). However, a different scenario was observed
for grip strength. While WT mice maintained consistent strength from the onset to the end of
the evaluation, SOD1-G93A mice exhibited a significant decrease, as expected. Interestingly,
SPD treatment delays the loss of muscle strength in ALS mice (Figure 7b). Collectively,
our results showed that SPD treatment can ameliorate mitochondrial bioenergetics at the
cellular level and delay muscle strength deterioration in the SOD1-G93A mouse model.
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Figure 7. Body weight and grip strength analyses of SOD1-G93A mice treated with SPD. (a) Graph
representing the weight of WT, SOD1-G93A and SOD1-G93A + SPD mice at the indicated ages. Data
are presented as the means ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001 for ALS vs. WT comparison.
(b) Maximal grip strength for WT, SOD1-G93A and SOD1-G93A + SPD mice. Data are presented as
the means ± SEM; ** p < 0.01, *** p < 0.001 and **** p < 0.0001 for ALS vs. WT comparison; # p < 0.05
for ALS vs. ALS + SPD comparison; § p < 0.05 and §§ p < 0.01 for ALS SPD vs. WT comparison.
Two-way ANOVA Multiple comparisons test was used.

4. Discussion
In this study, we analyzed the transcriptomic profiles of ALS mice, with or without SPD

treatment, focusing on two key tissues affected by the disease: SC and GNM. While previous
studies have often restricted analysis to the lumbar region of the SC [39] to maximize
sensitivity for motor-neuron-related changes, we opted to analyze the entire tissue, enabling
the identification of shared and global transcriptional signatures (e.g., neuroinflammatory
response characterized by immune infiltration, microglial activation, and astrogliosis) that
may not be captured when focusing on a single segment [40,41]. Furthermore, the use of
female mice in our experimental design was a deliberate choice aimed at complementing the
existing literature. Since the beneficial effects of SPD have been previously demonstrated
in male SOD1-G93A mice [17], our findings confirm that these neuroprotective outcomes
are consistent across sexes, strengthening the generalizability of SPD efficacy. This is
particularly relevant given the well-documented sexual dimorphism in the SOD1-G93A
model, especially regarding pathways central to our study, such as mitochondrial function
and neuroinflammation [42]. Indeed, female mice exhibit distinct mitochondrial stress
responses [43,44], and sex hormones are known to modulate neuroinflammatory processes
in the spinal cord [45]. Investigating female cohorts, therefore, provides biologically
relevant and complementary insights into the mechanisms underlying ALS progression
and SPD-mediated protection.

Regarding the most altered pathways in ALS, our findings, in line with other stud-
ies [46–50], show that inflammation plays a significant role in both the SC and GNM, as
evidenced by the shared inflammatory gene profiles between these tissues (Figure 1h).
Notably, Tgfb1, encoding a secreted ligand of the TGFb (transforming growth factor-beta)
superfamily of proteins, a critical player in muscle regeneration [51], neuronal survival,
development and maintenance [32], was highly expressed in both tissues. This elevated
expression suggests the potential onset of reactive astrogliosis [52,53] and impaired muscle
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regeneration [54]. TGFb inhibits both muscle cell proliferation and differentiation and in-
fluences muscle fiber patterning during regeneration following injury. Additionally, TGFb
family members are crucial for promoting fibrosis and scar tissue formation, as they en-
hance extracellular matrix (ECM) production [55]. In SOD1-G93A GNM from SPD-treated
mice, we observed a reduction of Tgfb1 (Supplementary Data S4), suggesting a reduction
in the progression of fibrosis [55].

While Tgfb1 expression was deregulated in both SC and GNM, Tgfbr2 expression was
increased only in SC. Interestingly, elevated levels of Tgfbr2 in the SC have been linked to
reactive astrogliosis and disease progression in ALS [32,56].

In SC, SPD treatment modulates the expression of 13 protein-coding genes, including
Fabp7, which regulates lipid metabolism and inflammation [57]. Notably, Fabp7 was
up-regulated in ALS but down-regulated following SPD treatment. Its up-regulation in
astrocytes promotes a pro-inflammatory phenotype that can be toxic to motor neurons [58].
The up-regulation of Fabp7 also triggers pro-inflammatory responses in human astrocytes
and has been observed in the brains of Alzheimer’s disease patients and mouse models,
as well as in the SC of ALS mouse models [58,59]. Additionally, Spp1 has emerged as
a neuroinflammation biomarker, playing a crucial role in immune cell recruitment and
neuroglial interactions within the CNS [60]. Spp1 is particularly up-regulated in the SC
microglia of ALS mice [60,61]. S100a1, which is involved in calcium homeostasis, has
been linked to exacerbated neuroinflammation in other models [62], and Ly9 is involved
in immune regulation [63]. The decrease after SPD treatment in the expression of these
four key inflammatory markers may suggest a mechanism through which SPD reduces
inflammation in the ALS SC.

In ALS GNM, our analysis revealed a global change in gene expression (almost
8000 DEGs). The mitochondrial DNA (mtDNA)-encoded genes were down-regulated,
suggesting impaired mitochondrial transcription. This reduced transcriptional activity may
compromise mitochondrial function, as observed by us and others in ALS cellular mod-
els [64–68], potentially contributing to muscle wasting. The observed down-regulation is
likely associated with the decreased activity of mitochondrial-specific transcription factors.
Consistent with previous studies [69,70], we identified a reduction in Pgc1α expression
in ALS muscle, a key regulator of mitochondrial transcription [71,72]. Notably, the SPD
treatment promoted a partial normalization of Pgc1α transcript levels. Based on this obser-
vation, we hypothesize that the modulation of this key regulator could represent one of the
primary mechanisms through which SPD mitigates mitochondrial dysfunction [73] and
attenuates the dysregulation of mtDNA-encoded genes (Figure 6 and Table 1). Moreover,
AMP-activated protein kinase (AMPK), a kinase able to enhance Pgc1α expression and
activity, was also found to be down-regulated in ALS and up-regulated after SPD treatment
in our datasets (Figure 8a). Spermidine is known to induce autophagy and metabolic
reprogramming primarily through the phosphorylation and activation of AMPK [10,21].
Activated AMPK canonically acts as an upstream regulator that directly phosphorylates
Pgc1α and concomitantly activates SIRT1, which subsequently deacetylates Pgc1α to max-
imize its transcriptional activity [74]. Therefore, we hypothesize that the SPD-induced
up-regulation of AMPK is a primary upstream event driving the amelioration in Pgc1α
expression and subsequent mitochondrial rescue. To our knowledge, this is the first report
of SPD-induced modulation of AMPK at the transcriptional level in this model. These find-
ings suggest that SPD may exert its protective effects, at least in part, through modulation
of the AMPK/Pgc1α signaling axis (Figure 8b), highlighting a mechanism that deserves
further investigation.
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Figure 8. Proposed effect of SPD treatment on mitochondrial bioenergetics in GNM. (a) Table showing
the Log2(FoldChange) for the ALS vs. CTR and ALS_SPD vs. ALS comparison of indicated genes.
Data is extracted from Supplementary Data S2 and S6. (b) Schematic mechanism of SPD effect
on GNM. Red arrows: transcriptional up-regulation; green arrow: SPD supplementation; Black
arrows: enzymatic reaction and downstream signaling; blue arrow: increased transcription; AMPK:
AMP-activated protein kinase, NAD+: nicotinamide adenine dinucleotide, PGC1α: peroxisome
proliferator-activated receptor gamma coactivator 1-alpha, PGC1α-AC: acetylated PGC1α, SIRT1:
Sirtuin 1.

RNA-seq analysis also revealed the increased expression of several RPs in the GNM of
SOD1-G93A ALS mice, which were partially restored by the SPD treatment (Figure 5h,i).
RPs are involved in the stabilization of the small and large subunits of ribosomes, in the
regulation of cell growth, proliferation and differentiation, immune signaling, DNA re-
pair and apoptosis [75]. Although the role of RPs in ALS is not well understood, some
studies have noted their deregulation in induced pluripotent stem cells of C9ORF72 ALS
patients [76–78]. Emerging evidence suggests that, beyond their canonical functions, many
RPs play crucial roles in regulating physiological and pathological processes, including
inflammation. While some RPs act as protective “gatekeepers,” others may function as
“Trojan horses,” exacerbating inflammatory responses [79]. For the first time, RP dysregu-
lation was found in the GNM of the SOD1-G93A mouse model, with the SPD treatment
significantly attenuating these alterations. The precise cause-and-effect relationship by
which SPD reduces RP expression requires further validation. However, SPD is the exclu-
sive precursor for the hypusination of eukaryotic translation initiation factor 5A (eIF5A),
which globally regulates ribosomal pausing and translation elongation [80]. In the con-
text of ALS, motor units frequently suffer from endoplasmic reticulum (ER) stress due to
proteotoxicity. So, the down-regulation of RPs observed in our dataset might represent
an SPD-mediated compensatory mechanism, where the attenuation of global translation
rates and ribosomal assembly driven by SPD may relieve ER stress and restore proteosta-
sis [10,81]. Considering the well-established anti-inflammatory properties of SPD and its
role in proteostasis [10], we propose that its ability to modulate ribosomal gene expression
may represent an additional mechanism contributing to its therapeutic effects.
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The present in vivo study indicates that SPD administration attenuates the progressive
decline in muscle strength observed in ALS mice, suggesting a protective effect on motor
performance and functional capacity. These findings are consistent with previous reports
showing that exogenous SPD can also extend the survival in the SOD1-G93A mouse model
of ALS [17]. Importantly, to favor potential translational relevance, SPD was administered
as a dietary supplement through drinking water, a simple and non-invasive strategy that
could be realistically applied in clinical settings. Increasing evidence supports the beneficial
biological effects of spermidine across different experimental systems. In several model
organisms, including Drosophila and mice, SPD supplementation has been associated
with improved physiological performance, enhanced cognitive function, and increased
lifespan [82–84]. Moreover, several clinical trials with humans have demonstrated that
SPD is safe, well tolerated and effective in mitigating cognitive decline [11,84–86]. It is
important to acknowledge that the SOD1-G93A model represents a specific ALS subtype
characterized by pronounced oxidative stress and mitochondrial dysfunction. While
SOD1 mutation accounts for a small percentage of familial cases, recent transcriptomic
profiling of postmortem cortex samples from sporadic ALS patients has revealed that
the largest molecular subgroup, “ALS-Ox” (61%), exhibits a pronounced signature of
oxidative and proteotoxic stress, alongside SOD1 expression [87]. While our in vivo results
are limited to this model, additional experiments on NSC34 cells expressing the TDP-43
Q331K mutation showed that spermidine improves mitochondrial function, restoring key
bioenergetic parameters. These findings suggest that the beneficial effects of spermidine
may extend beyond a single genetic form and could be relevant to a broader ALS population
characterized by oxidative stress.

5. Conclusions
In conclusion, while further studies are needed to clarify the molecular mechanisms

of SPD and its clinical relevance in neurodegenerative diseases, our findings support its
beneficial effects in the SOD1-G93A model. Given the heterogeneity of ALS and the limited
contribution of SOD1 mutations, caution is required in generalizing these results. However,
complementary data in NSC34 cells expressing the TDP-43 Q331K mutation show that SPD
improves mitochondrial function, suggesting that its effects may extend beyond a single
genetic context. Further investigations across diverse ALS models, including sporadic
forms, will be critical to establishing whether the beneficial effects of spermidine are
reproducible across distinct pathological backgrounds, thereby strengthening its potential
as a broadly applicable therapeutic strategy.
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Abbreviations
The following abbreviations are used in this manuscript:

ALS Amyotrophic Lateral Sclerosis
ATP Adenosine Triphosphate
AMPK AMP-Activated Protein Kinase
CNS Central Nervous System
DEG Differentially Expressed Gene
DNA Deoxyribonucleic Acid
ECM Extracellular Matrix
EDTA Ethylenediaminetetraacetic acid
ER Endoplasmic Reticulum
FC Fold Change
FCCP Carbonyl Cyanide-p-Trifluoromethoxyphenylhydrazone
FDR False Discovery Rate
FUS Fused in Sarcoma
GNM Gastrocnemius
GSEA Gene Set Enrichment Analysis
HPLC High-Throughput Liquid Chromatography
NES Normalized Enrichment Score
OCR Oxygen Consumption Rate
ODC Ornithine Decarboxylase
ODC1 Ornithine Decarboxylase 1
ORA Over-Representation Analysis
PA Polyamine
PAOX Polyamine Oxidase
PCR Polymerase Chain Reaction
PGC Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-Alpha
PUT Putrescine
RNA Ribonucleic Acid
ROS Reactive Oxygen Species
SAT1 Spermidine/Spermine N1-Acetyltransferase
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SC Spinal Cord
SDS Sodium Dodecyl Sulfate
SEM Standard Error of the Mean
SIRT1 Sirtuin 1
SMOX Spermine Oxidase
SMS Spermine Synthase
SOD1 Superoxide Dismutase 1
SPD Spermidine
SPM Spermine
SPP1 Secreted Phosphoprotein 1
SRM Spermidine Synthase
TDP43 TAR DNA-Binding Protein 43
TGFb Transforming Growth Factor Beta
TORC1 Target of Rapamycin Complex 1
TYROBP TYRO Protein Tyrosine Kinase Binding Protein
WT Wild Type

References
1. Mead, R.J.; Shan, N.; Reiser, H.J.; Marshall, F.; Shaw, P.J. Amyotrophic Lateral Sclerosis: A Neurodegenerative Disorder Poised for

Successful Therapeutic Translation. Nat. Rev. Drug Discov. 2023, 22, 185–212. [CrossRef]
2. Smith, E.F.; Shaw, P.J.; De Vos, K.J. The Role of Mitochondria in Amyotrophic Lateral Sclerosis. Neurosci. Lett. 2019, 710, 132933.

[CrossRef]
3. Manzano, R.; Toivonen, J.M.; Moreno-Martínez, L.; de la Torre, M.; Moreno-García, L.; López-Royo, T.; Molina, N.; Zaragoza, P.;

Calvo, A.C.; Osta, R. What Skeletal Muscle Has to Say in Amyotrophic Lateral Sclerosis: Implications for Therapy. Br. J. Pharmacol.
2021, 178, 1279–1297. [CrossRef]

4. Wei, Y.; Zhong, S.; Yang, H.; Wang, X.; Lv, B.; Bian, Y.; Pei, Y.; Xu, C.; Zhao, Q.; Wu, Y.; et al. Current Therapy in Amyotrophic
Lateral Sclerosis (Als): A Review on Past and Future Therapeutic Strategies. Eur. J. Med. Chem. 2024, 272, 116496. [CrossRef]

5. Shefner, J.M.; Musaro, A.; Ngo, S.T.; Lunetta, C.; Steyn, F.J.; Robitaille, R.; De Carvalho, M.; Rutkove, S.; Ludolph, A.C.; Dupuis, L.
Skeletal Muscle in Amyotrophic Lateral Sclerosis. Brain 2023, 146, 4425–4436. [CrossRef]

6. Rea, G.; Bocedi, A.; Cervelli, M. Question: What Is the Biological Function of the Polyamines? IUBMB Life 2004, 56, 167–169.
7. Igarashi, K.; Kashiwagi, K. Functional Roles of Polyamines and Their Metabolite Acrolein in Eukaryotic Cells. Amino Acids 2021,

53, 1473–1492. [CrossRef] [PubMed]
8. Rieck, J.; Derst, C.; Veh, R.W. Polyamines (Pas) but Not Small Peptides with Closely Spaced Positively Charged Groups Interact

with DNA and Rna, but They Do Not Represent a Relevant Buffer System at Physiological Ph Values. PLoS ONE 2024, 19,
e0304658. [CrossRef] [PubMed]

9. Fan, J.; Yang, X.; Li, J.; Shu, Z.; Dai, J.; Liu, X.; Li, B.; Jia, S.; Kou, X.; Yang, Y.; et al. Spermidine Coupled with Exercise
Rescues Skeletal Muscle Atrophy from D-Gal-Induced Aging Rats Through Enhanced Autophagy and Reduced Apoptosis via
Ampk-Foxo3a Signal Pathway. Oncotarget 2017, 8, 17475–17490.

10. Madeo, F.; Eisenberg, T.; Pietrocola, F.; Kroemer, G. Spermidine in Health and Disease. Science 2018, 359, eaan2788. [CrossRef]
11. Hofer, S.J.; Simon, A.K.; Bergmann, M.; Eisenberg, T.; Kroemer, G.; Madeo, F. Mechanisms of Spermidine-Induced Autophagy

and Geroprotection. Nat. Aging 2022, 2, 1112–1129. [CrossRef]
12. Galasso, L.; Cappella, A.; Mulè, A.; Castelli, L.; Ciorciari, A.; Stacchiotti, A.; Montaruli, A. Polyamines and Physical Activity in

Musculoskeletal Diseases: A Potential Therapeutic Challenge. Int. J. Mol. Sci. 2023, 24, 9798. [CrossRef]
13. Sharma, S.; Kumar, P.; Deshmukh, R. Neuroprotective Potential of Spermidine Against Rotenone Induced Parkinson’s Disease in

Rats. Neurochem. Int. 2018, 116, 104–111. [CrossRef]
14. Ha, H.C.; Yager, J.D.; Woster, P.A.; Casero, R.A., Jr. Structural Specificity of Polyamines and Polyamine Analogues in the Protection

of DNA from Strand Breaks Induced by Reactive Oxygen Species. Biochem. Biophys. Res. Commun. 1998, 244, 298–303. [CrossRef]
15. Freitag, K.; Sterczyk, N.; Wendlinger, S.; Obermayer, B.; Schulz, J.; Farztdinov, V.; Mülleder, M.; Ralser, M.; Houtman, J.;

Fleck, L.; et al. Spermidine Reduces Neuroinflammation and Soluble Amyloid Beta in an Alzheimer’s Disease Mouse Model.
J. Neuroinflamm. 2022, 19, 172. [CrossRef] [PubMed]

16. Gupta, V.K.; Pech, U.; Bhukel, A.; Fulterer, A.; Ender, A.; Mauermann, S.F.; Andlauer, T.F.; Antwi-Adjei, E.; Beuschel, C.; Thriene,
K.; et al. Spermidine Suppresses Age-Associated Memory Impairment by Preventing Adverse Increase of Presynaptic Active
Zone Size and Release. PLoS Biol. 2016, 14, e1002563. [CrossRef]

https://doi.org/10.3390/biom16040566

https://doi.org/10.1038/s41573-022-00612-2
https://doi.org/10.1016/j.neulet.2017.06.052
https://doi.org/10.1111/bph.15276
https://doi.org/10.1016/j.ejmech.2024.116496
https://doi.org/10.1093/brain/awad202
https://doi.org/10.1007/s00726-021-03073-w
https://www.ncbi.nlm.nih.gov/pubmed/34546444
https://doi.org/10.1371/journal.pone.0304658
https://www.ncbi.nlm.nih.gov/pubmed/39052628
https://doi.org/10.1126/science.aan2788
https://doi.org/10.1038/s43587-022-00322-9
https://doi.org/10.3390/ijms24129798
https://doi.org/10.1016/j.neuint.2018.02.010
https://doi.org/10.1006/bbrc.1998.8258
https://doi.org/10.1186/s12974-022-02534-7
https://www.ncbi.nlm.nih.gov/pubmed/35780157
https://doi.org/10.1371/journal.pbio.1002563
https://doi.org/10.3390/biom16040566


Biomolecules 2026, 16, 566 20 of 23

17. Choi, S.H.; Yousefian-Jazi, A.; Hyeon, S.J.; Nguyen, P.T.T.; Chu, J.; Kim, S.; Kim, S.; Ryu, H.L.; Kowall, N.W.; Ryu, H.; et al.
Modulation of Histone H3k4 Dimethylation by Spermidine Ameliorates Motor Neuron Survival and Neuropathology in a Mouse
Model of Als. J. Biomed. Sci. 2022, 29, 106. [CrossRef]

18. Clarkson, A.N.; Liu, H.; Pearson, L.; Kapoor, M.; Harrison, J.C.; Sammut, I.A.; Jackson, D.M.; Appleton, I. Neuroprotective Effects
of Spermine Following Hypoxia-Ischemia-Induced Brain Damage: A Mechanistic Study. FASEB J. 2004, 18, 1114–1116. [CrossRef]

19. Coni, S.; Falconio, F.A.; Marzullo, M.; Munafò, M.; Zuliani, B.; Mosti, F.; Fatica, A.; Ianniello, Z.; Bordone, R.; Macone, A.; et al.
Translational Control of Polyamine Metabolism by Cnbp Is Required for Drosophila Locomotor Function. eLife 2021, 10, e69269.
[CrossRef]

20. Apolloni, S.; Caputi, F.; Pignataro, A.; Amadio, S.; Fabbrizio, P.; Ammassari-Teule, M.; Volonté, C. Histamine Is an Inducer of the
Heat Shock Response in Sod1-G93a Models of Als. Int. J. Mol. Sci. 2019, 20, 3793. [CrossRef]

21. Eisenberg, T.; Knauer, H.; Schauer, A.; Büttner, S.; Ruckenstuhl, C.; Carmona-Gutierrez, D.; Ring, J.; Schroeder, S.; Magnes, C.;
Antonacci, L.; et al. Induction of Autophagy by Spermidine Promotes Longevity. Nat. Cell Biol. 2009, 11, 1305–1314. [CrossRef]

22. Andrews, S. Fastqc: A Quality Control Tool for High Throughput Sequence Data. Available online: http://www.bioinformatics.
babraham.ac.uk/projects/fastqc (accessed on 15 January 2024).

23. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. Multiqc: Summarize Analysis Results for Multiple Tools and Samples in a Single
Report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]

24. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. Star: Ultrafast
Universal Rna-Seq Aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

25. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An Efficient General Purpose Program for Assigning Sequence Reads to Genomic
Features. Bioinformatics 2013, 30, 923–930. [CrossRef]

26. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for Rna-Seq Data with Deseq2. Genome
Biol. 2014, 15, 550. [CrossRef]

27. Storey, J.D.; Tibshirani, R. Statistical Significance for Genomewide Studies. Proc. Natl. Acad. Sci. USA 2003, 100, 9440–9445.
[CrossRef]

28. Liao, Y.; Wang, J.; Jaehnig, E.J.; Shi, Z.; Zhang, B. Webgestalt 2019: Gene Set Analysis Toolkit with Revamped Uis and Apis.
Nucleic Acids Res. 2019, 47, W199–W205. [CrossRef]

29. Elizarraras, J.M.; Liao, Y.; Shi, Z.; Zhu, Q.; Pico, A.R.; Zhang, B. Webgestalt 2024: Faster Gene Set Analysis and New Support for
Metabolomics and Multi-Omics. Nucleic Acids Res. 2024, 52, W415–W421. [CrossRef] [PubMed]

30. Salvatori, I.; Ferri, A.; Scaricamazza, S.; Giovannelli, I.; Serrano, A.; Rossi, S.; D’Ambrosi, N.; Cozzolino, M.; Giulio, A.D.; Moreno,
S.; et al. Differential Toxicity of Tar DNA-Binding Protein 43 Isoforms Depends on Their Submitochondrial Localization in
Neuronal Cells. J. Neurochem. 2018, 146, 585–597. [CrossRef] [PubMed]

31. Vargas, M.R.; Johnson, J.A. Astrogliosis in Amyotrophic Lateral Sclerosis: Role and Therapeutic Potential of Astrocytes. Neu-
rotherapeutics 2010, 7, 471–481. [CrossRef]

32. Meroni, M.; Crippa, V.; Cristofani, R.; Rusmini, P.; Cicardi, M.E.; Messi, E.; Piccolella, M.; Tedesco, B.; Ferrari, V.; Sorarù, G.; et al.
Transforming Growth Factor Beta 1 Signaling Is Altered in the Spinal Cord and Muscle of Amyotrophic Lateral Sclerosis Mice
and Patients. Neurobiol. Aging 2019, 82, 48–59. [CrossRef]

33. Babu, G.J.; Bhupathy, P.; Carnes, C.A.; Billman, G.E.; Periasamy, M. Differential Expression of Sarcolipin Protein During Muscle
Development and Cardiac Pathophysiology. J. Mol. Cell. Cardiol. 2007, 43, 215–222. [CrossRef]

34. Scaricamazza, S.; Salvatori, I.; Giacovazzo, G.; Loeffler, J.P.; Renè, F.; Rosina, M.; Quessada, C.; Proietti, D.; Heil, C.; Rossi, S.;
et al. Skeletal-Muscle Metabolic Reprogramming in Als-Sod1(G93a) Mice Predates Disease Onset and Is a Promising Therapeutic
Target. iScience 2020, 23, 101087. [CrossRef]

35. Maurya, S.K.; Herrera, J.L.; Sahoo, S.K.; Reis, F.C.G.; Vega, R.B.; Kelly, D.P.; Periasamy, M. Sarcolipin Signaling Promotes
Mitochondrial Biogenesis and Oxidative Metabolism in Skeletal Muscle. Cell Rep. 2018, 24, 2919–2931. [CrossRef]

36. Ferraiuolo, L.; Kirby, J.; Grierson, A.J.; Sendtner, M.; Shaw, P.J. Molecular Pathways of Motor Neuron Injury in Amyotrophic
Lateral Sclerosis. Nat. Rev. Neurol. 2011, 7, 616–630. [CrossRef]

37. Cozzolino, M.; Carrì, M.T. Mitochondrial Dysfunction in Als. Prog. Neurobiol. 2012, 97, 54–66. [CrossRef] [PubMed]
38. Zhao, J.; Wang, X.; Huo, Z.; Chen, Y.; Liu, J.; Zhao, Z.; Meng, F.; Su, Q.; Bao, W.; Zhang, L.; et al. The Impact of Mitochondrial

Dysfunction in Amyotrophic Lateral Sclerosis. Cells 2022, 11, 2049. [CrossRef]
39. Fernández-Beltrán, L.C.; Godoy-Corchuelo, J.M.; Losa-Fontangordo, M.; Williams, D.; Matias-Guiu, J.; Corrochano, S.

A Transcriptomic Meta-Analysis Shows Lipid Metabolism Dysregulation as an Early Pathological Mechanism in the Spinal Cord
of Sod1 Mice. Int. J. Mol. Sci. 2021, 22, 9553. [CrossRef]

40. Ilieva, H.; Polymenidou, M.; Cleveland, D.W. Non-Cell Autonomous Toxicity in Neurodegenerative Disorders: Als and Beyond.
J. Cell Biol. 2009, 187, 761–772. [CrossRef] [PubMed]

https://doi.org/10.3390/biom16040566

https://doi.org/10.1186/s12929-022-00890-3
https://doi.org/10.1096/fj.03-1203fje
https://doi.org/10.7554/eLife.69269
https://doi.org/10.3390/ijms20153793
https://doi.org/10.1038/ncb1975
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1093/nar/gkz401
https://doi.org/10.1093/nar/gkae456
https://www.ncbi.nlm.nih.gov/pubmed/38808672
https://doi.org/10.1111/jnc.14465
https://www.ncbi.nlm.nih.gov/pubmed/29779213
https://doi.org/10.1016/j.nurt.2010.05.012
https://doi.org/10.1016/j.neurobiolaging.2019.07.001
https://doi.org/10.1016/j.yjmcc.2007.05.009
https://doi.org/10.1016/j.isci.2020.101087
https://doi.org/10.1016/j.celrep.2018.08.036
https://doi.org/10.1038/nrneurol.2011.152
https://doi.org/10.1016/j.pneurobio.2011.06.003
https://www.ncbi.nlm.nih.gov/pubmed/21827820
https://doi.org/10.3390/cells11132049
https://doi.org/10.3390/ijms22179553
https://doi.org/10.1083/jcb.200908164
https://www.ncbi.nlm.nih.gov/pubmed/19951898
https://doi.org/10.3390/biom16040566


Biomolecules 2026, 16, 566 21 of 23

41. Chiu, I.M.; Morimoto, E.T.; Goodarzi, H.; Liao, J.T.; O’Keeffe, S.; Phatnani, H.P.; Muratet, M.; Carroll, M.C.; Levy, S.; Tavazoie,
S.; et al. A Neurodegeneration-Specific Gene-Expression Signature of Acutely Isolated Microglia from an Amyotrophic Lateral
Sclerosis Mouse Model. Cell Rep. 2013, 4, 385–401. [CrossRef]

42. Trojsi, F.; D’Alvano, G.; Bonavita, S.; Tedeschi, G. Genetics and Sex in the Pathogenesis of Amyotrophic Lateral Sclerosis (Als):
Is There a Link? Int. J. Mol. Sci. 2020, 21, 3647. [CrossRef] [PubMed]

43. Cacabelos, D.; Ramírez-Núñez, O.; Granado-Serrano, A.B.; Torres, P.; Ayala, V.; Moiseeva, V.; Povedano, M.; Ferrer, I.; Pamplona,
R.; Portero-Otin, M.; et al. Early and Gender-Specific Differences in Spinal Cord Mitochondrial Function and Oxidative Stress
Markers in a Mouse Model of ALS. Acta Neuropathol. Commun. 2016, 4, 3. [CrossRef] [PubMed]

44. Riar, A.K.; Burstein, S.R.; Palomo, G.M.; Arreguin, A.; Manfredi, G.; Germain, D. Sex Specific Activation of the Erα Axis of the
Mitochondrial Upr (Uprmt) in the G93a-Sod1 Mouse Model of Familial Als. Hum. Mol. Genet. 2017, 26, 1318–1327. [PubMed]

45. Heitzer, M.; Kaiser, S.; Kanagaratnam, M.; Zendedel, A.; Hartmann, P.; Beyer, C.; Johann, S. Administration of 17β-Estradiol
Improves Motoneuron Survival and Down-Regulates Inflammasome Activation in Male Sod1(G93a) Als Mice. Mol. Neurobiol.
2017, 54, 8429–8443.

46. Graves, M.C.; Fiala, M.; Dinglasan, L.A.; Liu, N.Q.; Sayre, J.; Chiappelli, F.; van Kooten, C.; Vinters, H.V. Inflammation in
Amyotrophic Lateral Sclerosis Spinal Cord and Brain Is Mediated by Activated Macrophages, Mast Cells and T Cells. Amyotroph.
Lateral Scler. Other Mot. Neuron Disord. 2004, 5, 213–219.

47. Van Dyke, J.M.; Smit-Oistad, I.M.; Macrander, C.; Krakora, D.; Meyer, M.G.; Suzuki, M. Macrophage-Mediated Inflammation and
Glial Response in the Skeletal Muscle of a Rat Model of Familial Amyotrophic Lateral Sclerosis (Als). Exp. Neurol. 2016, 277,
275–282. [CrossRef]

48. Liu, J.; Wang, F. Role of Neuroinflammation in Amyotrophic Lateral Sclerosis: Cellular Mechanisms and Therapeutic Implications.
Front. Immunol. 2017, 8, 1005. [CrossRef]

49. Wang, H.A.; Lee, J.D.; Lee, K.M.; Woodruff, T.M.; Noakes, P.G. Complement C5a-C5ar1 Signalling Drives Skeletal Muscle
Macrophage Recruitment in the Hsod1(G93a) Mouse Model of Amyotrophic Lateral Sclerosis. Skelet. Muscle 2017, 7, 10.

50. Maniatis, S.; Äijö, T.; Vickovic, S.; Braine, C.; Kang, K.; Mollbrink, A.; Fagegaltier, D.; Andrusivová, Ž.; Saarenpää, S.; Saiz-Castro,
G.; et al. Spatiotemporal Dynamics of Molecular Pathology in Amyotrophic Lateral Sclerosis. Science 2019, 364, 89–93. [CrossRef]

51. Delaney, K.; Kasprzycka, P.; Ciemerych, M.A.; Zimowska, M. The Role of Tgf-β1 During Skeletal Muscle Regeneration. Cell Biol.
Int. 2017, 41, 706–715. [CrossRef]

52. Phatnani, H.P.; Guarnieri, P.; Friedman, B.A.; Carrasco, M.A.; Muratet, M.; O’Keeffe, S.; Nwakeze, C.; Pauli-Behn, F.; Newberry,
K.M.; Meadows, S.K.; et al. Intricate Interplay Between Astrocytes and Motor Neurons in Als. Proc. Natl. Acad. Sci. USA 2013,
110, E756–E765. [CrossRef] [PubMed]

53. Luo, J. Tgf-β as a Key Modulator of Astrocyte Reactivity: Disease Relevance and Therapeutic Implications. Biomedicines 2022, 10,
1206. [CrossRef]

54. Gonzalez, D.; Contreras, O.; Rebolledo, D.L.; Espinoza, J.P.; van Zundert, B.; Brandan, E. Als Skeletal Muscle Shows Enhanced
Tgf-β Signaling, Fibrosis and Induction of Fibro/Adipogenic Progenitor Markers. PLoS ONE 2017, 12, e0177649. [CrossRef]

55. Zimowska, M.; Duchesnay, A.; Dragun, P.; Oberbek, A.; Moraczewski, J.; Martelly, I. Immunoneutralization of Tgfβ1 Improves
Skeletal Muscle Regeneration: Effects on Myoblast Differentiation and Glycosaminoglycan Content. Int. J. Cell Biol. 2009, 2009,
659372. [CrossRef]

56. Kirby, J.; Ning, K.; Ferraiuolo, L.; Heath, P.R.; Ismail, A.; Kuo, S.W.; Valori, C.F.; Cox, L.; Sharrack, B.; Wharton, S.B.; et al.
Phosphatase and Tensin Homologue/Protein Kinase B Pathway Linked to Motor Neuron Survival in Human Superoxide
Dismutase 1-Related Amyotrophic Lateral Sclerosis. Brain 2011, 134, 506–517. [CrossRef]

57. Thumser, A.E.; Moore, J.B.; Plant, N.J. Fatty Acid Binding Proteins: Tissue-Specific Functions in Health and Disease. Curr. Opin.
Clin. Nutr. Metab. Care 2014, 17, 124–129. [CrossRef]

58. Killoy, K.M.; Harlan, B.A.; Pehar, M.; Vargas, M.R. Fabp7 Upregulation Induces a Neurotoxic Phenotype in Astrocytes. Glia 2020,
68, 2693–2704. [CrossRef]

59. Hamilton, H.L.; Kinscherf, N.A.; Balmer, G.; Bresque, M.; Salamat, S.M.; Vargas, M.R.; Pehar, M. Fabp7 Drives an Inflammatory
Response in Human Astrocytes and Is Upregulated in Alzheimer’s Disease. Geroscience 2024, 46, 1607–1625. [CrossRef]

60. De Schepper, S.; Ge, J.Z.; Crowley, G.; Ferreira, L.S.S.; Garceau, D.; Toomey, C.E.; Sokolova, D.; Rueda-Carrasco, J.; Shin, S.-H.;
Kim, J.-S.; et al. Perivascular Cells Induce Microglial Phagocytic States Andsynaptic Engulfment via Spp1 in Mouse Models of
Alzheimer’s Disease. Nat. Neurosci. 2023, 26, 406–415. [CrossRef] [PubMed]

61. Rosmus, D.-D.; Lange, C.; Ludwig, F.; Ajami, B.; Wieghofer, P. The Role of Osteopontin in Microglia Biology: Current Concepts
and Future Perspectives. Biomedicines 2022, 10, 840. [CrossRef] [PubMed]

62. Afanador, L.; Roltsch, E.A.; Holcomb, L.; Campbell, K.S.; Keeling, D.A.; Zhang, Y.; Zimmer, D.B. The Ca2+ Sensor S100a1
Modulates Neuroinflammation, Histopathology and Akt Activity in the Psapp Alzheimer’s Disease Mouse Model. Cell Calcium
2014, 56, 68–80. [CrossRef]

https://doi.org/10.3390/biom16040566

https://doi.org/10.1016/j.celrep.2013.06.018
https://doi.org/10.3390/ijms21103647
https://www.ncbi.nlm.nih.gov/pubmed/32455692
https://doi.org/10.1186/s40478-015-0271-6
https://www.ncbi.nlm.nih.gov/pubmed/26757991
https://www.ncbi.nlm.nih.gov/pubmed/28186560
https://doi.org/10.1016/j.expneurol.2016.01.008
https://doi.org/10.3389/fimmu.2017.01005
https://doi.org/10.1126/science.aav9776
https://doi.org/10.1002/cbin.10725
https://doi.org/10.1073/pnas.1222361110
https://www.ncbi.nlm.nih.gov/pubmed/23388633
https://doi.org/10.3390/biomedicines10051206
https://doi.org/10.1371/journal.pone.0177649
https://doi.org/10.1155/2009/659372
https://doi.org/10.1093/brain/awq345
https://doi.org/10.1097/MCO.0000000000000031
https://doi.org/10.1002/glia.23879
https://doi.org/10.1007/s11357-023-00916-0
https://doi.org/10.1038/s41593-023-01257-z
https://www.ncbi.nlm.nih.gov/pubmed/36747024
https://doi.org/10.3390/biomedicines10040840
https://www.ncbi.nlm.nih.gov/pubmed/35453590
https://doi.org/10.1016/j.ceca.2014.05.002
https://doi.org/10.3390/biom16040566


Biomolecules 2026, 16, 566 22 of 23

63. Zhou, T.; Guan, Y.; Sun, L.; Liu, W. A review: Mechanisms and Molecular Pathways of Signaling Lymphocytic Activation Molecule
Family 3 (Slamf3) in Immune Modulation and Therapeutic Prospects. Int. Immunopharmacol. 2024, 133, 112088. [CrossRef]

64. Zhou, J.; Yi, J.; Fu, R.; Liu, E.; Siddique, T.; Ríos, E.; Deng, H.-X. Hyperactive Intracellular Calcium Signaling Associated with
Localized Mitochondrial Defects in Skeletal Muscle of an Animal Model of Amyotrophic Lateral Sclerosis. J. Biol. Chem. 2010, 285,
705–712. [CrossRef]

65. Magrané, J.; Cortez, C.; Gan, W.B.; Manfredi, G. Abnormal Mitochondrial Transport and Morphology Are Common Pathological
Denominators in Sod1 and Tdp43 Als Mouse Models. Hum. Mol. Genet. 2014, 23, 1413–1424. [CrossRef]

66. Tsitkanou, S.; Della Gatta, P.A.; Russell, A.P. Skeletal Muscle Satellite Cells, Mitochondria, and Micrornas: Their Involvement in
the Pathogenesis of Als. Front. Physiol. 2016, 7, 403. [CrossRef]

67. Belosludtseva, N.V.; Ilzorkina, A.I.; Dubinin, M.V.; Mikheeva, I.B.; Belosludtsev, K.N. Comparative Study of Structural and
Functional Rearrangements in Skeletal Muscle Mitochondria of Sod1-G93a Transgenic Mice at Pre-, Early-, and Late-Symptomatic
Stages of Als Progression. Front. Biosci. 2025, 30, 28260. [CrossRef] [PubMed]

68. Yipeng, X.; Guiqian, W.; Qiaochu, Z.; Tengjie, H.; Yan, Z.; Hai, H.; Jing, Z. Molecular Mechanisms by Which Mitochondrial
Dysfunction Drives Neuromuscular Junction Degeneration in Amyotrophic Lateral Sclerosis. Neurobiol. Dis. 2025, 216, 107103.
[CrossRef] [PubMed]

69. Da Cruz, S.; Parone, P.A.; Lopes, V.S.; Lillo, C.; McAlonis-Downes, M.; Lee, S.K.; Vetto, A.P.; Petrosyan, S.; Marsala, M.; Murphy,
A.N.; et al. Elevated Pgc-1α Activity Sustains Mitochondrial Biogenesis and Muscle Function Without Extending Survival in a
Mouse Model of Inherited Als. Cell Metab. 2012, 15, 778–786. [CrossRef]

70. Thau, N.; Knippenberg, S.; Körner, S.; Rath, K.J.; Dengler, R.; Petri, S. Decreased Mrna Expression of Pgc-1α and Pgc-1α-Regulated
Factors in the Sod1g93a Als Mouse Model and in Human Sporadic Als. J. Neuropathol. Exp. Neurol. 2012, 71, 1064–1074. [CrossRef]

71. Aquilano, K.; Vigilanza, P.; Baldelli, S.; Pagliei, B.; Rotilio, G.; Ciriolo, M.R. Peroxisome Proliferator-Activated Receptor γ

Co-Activator 1α (Pgc-1α) and Sirtuin 1 (Sirt1) Reside in Mitochondria: Possible Direct Function in Mitochondrial Biogenesis.
J. Biol. Chem. 2010, 285, 21590–21599. [CrossRef]

72. Mihaylov, S.R.; Castelli, L.M.; Lin, Y.-H.; Gül, A.; Soni, N.; Hastings, C.; Flynn, H.R.; Păun, O.; Dickman, M.J.; Snijders, A.P.; et al.
The Master Energy Homeostasis Regulator Pgc-1α Exhibits an Mrna Nuclear Export Function. Nat. Commun. 2023, 14, 5496.
[CrossRef] [PubMed]

73. Abu Shelbayeh, O.; Arroum, T.; Morris, S.; Busch, K.B. Pgc-1α Is a Master Regulator of Mitochondrial Lifecycle and Ros Stress
Response. Antioxidants 2023, 12, 1075. [CrossRef]

74. Cantó, C.; Gerhart-Hines, Z.; Feige, J.N.; Lagouge, M.; Noriega, L.; Milne, J.C.; Elliott, P.J.; Puigserver, P.; Auwerx, J. Ampk
Regulates Energy Expenditure by Modulating Nad+ Metabolism and Sirt1 Activity. Nature 2009, 458, 1056–1060. [CrossRef]

75. Kang, J.; Brajanovski, N.; Chan, K.T.; Xuan, J.; Pearson, R.B.; Sanij, E. Ribosomal Proteins and Human Diseases: Molecular
Mechanisms and Targeted Therapy. Signal Transduct. Target. Ther. 2021, 6, 323. [CrossRef]

76. Tank, E.M.; Figueroa-Romero, C.; Hinder, L.M.; Bedi, K.; Archbold, H.C.; Li, X.; Weskamp, K.; Safren, N.; Paez-Colasante, X.;
Pacut, C.; et al. Abnormal Rna Stability in Amyotrophic Lateral Sclerosis. Nat. Commun. 2018, 9, 2845. [CrossRef]

77. Loveland, A.B.; Svidritskiy, E.; Susorov, D.; Lee, S.; Park, A.; Zvornicanin, S.; Demo, G.; Gao, F.-B.; Korostelev, A.A. Ribosome
Inhibition by C9orf72-Als/Ftd-Associated Poly-Pr and Poly-Gr Proteins Revealed by Cryo-Em. Nat. Commun. 2022, 13, 2776.
[CrossRef] [PubMed]

78. Sirozh, O.; Saez-Mas, A.; Jung, B.; Sanchez-Burgos, L.; Zarzuela, E.; Rodrigo-Perez, S.; Ventoso, I.; Lafarga, V.; Fernandez-Capetillo,
O. Nucleolar Stress Caused by Arginine-Rich Peptides Triggers a Ribosomopathy and Accelerates Aging in Mice. Mol. Cell 2024,
84, 1527–1540 e1527. [CrossRef]

79. Das, A.S.; Basu, A.; Mukhopadhyay, R. Ribosomal Proteins: The Missing Piece in the Inflammation Puzzle? Mol. Cell. Biochem.
2024, 480, 785–797. [CrossRef] [PubMed]

80. Schuller, A.P.; Wu, C.C.; Dever, T.E.; Buskirk, A.R.; Green, R. Eif5a Functions Globally in Translation Elongation and Termination.
Mol. Cell 2017, 66, 194–205.e195. [CrossRef]

81. Kim, D.H.; Kim, J.H.; Hwangbo, H.; Kim, S.Y.; Ji, S.Y.; Kim, M.Y.; Cha, H.J.; Park, C.; Hong, S.H.; Kim, G.Y.; et al. Spermidine
Attenuates Oxidative Stress-Induced Apoptosis via Blocking Ca2+ Overload in Retinal Pigment Epithelial Cells Independently of
Ros. Int. J. Mol. Sci. 2021, 22, 1361. [CrossRef]

82. Gupta, V.K.; Scheunemann, L.; Eisenberg, T.; Mertel, S.; Bhukel, A.; Koemans, T.S.; Kramer, J.M.; Liu, K.S.; Schroeder, S.;
Stunnenberg, H.G.; et al. Restoring Polyamines Protects from Age-Induced Memory Impairment in an Autophagy-Dependent
Manner. Nat. Neurosci. 2013, 16, 1453–1460. [CrossRef]

83. Muñoz-Esparza, N.C.; Latorre-Moratalla, M.L.; Comas-Basté, O.; Toro-Funes, N.; Veciana-Nogués, M.T.; Vidal-Carou, M.C.
Polyamines in Food. Front. Nutr. 2019, 6, 108. [CrossRef]

84. Schroeder, S.; Hofer, S.J.; Zimmermann, A.; Pechlaner, R.; Dammbrueck, C.; Pendl, T.; Marcello, G.M.; Pogatschnigg, V.; Bergmann,
M.; Müller, M.; et al. Dietary Spermidine Improves Cognitive Function. Cell Rep. 2021, 35, 108985. [CrossRef]

https://doi.org/10.3390/biom16040566

https://doi.org/10.1016/j.intimp.2024.112088
https://doi.org/10.1074/jbc.M109.041319
https://doi.org/10.1093/hmg/ddt528
https://doi.org/10.3389/fphys.2016.00403
https://doi.org/10.31083/FBL28260
https://www.ncbi.nlm.nih.gov/pubmed/40152389
https://doi.org/10.1016/j.nbd.2025.107103
https://www.ncbi.nlm.nih.gov/pubmed/40962156
https://doi.org/10.1016/j.cmet.2012.03.019
https://doi.org/10.1097/NEN.0b013e318275df4b
https://doi.org/10.1074/jbc.M109.070169
https://doi.org/10.1038/s41467-023-41304-8
https://www.ncbi.nlm.nih.gov/pubmed/37679383
https://doi.org/10.3390/antiox12051075
https://doi.org/10.1038/nature07813
https://doi.org/10.1038/s41392-021-00728-8
https://doi.org/10.1038/s41467-018-05049-z
https://doi.org/10.1038/s41467-022-30418-0
https://www.ncbi.nlm.nih.gov/pubmed/35589706
https://doi.org/10.1016/j.molcel.2024.02.031
https://doi.org/10.1007/s11010-024-05050-9
https://www.ncbi.nlm.nih.gov/pubmed/38951378
https://doi.org/10.1016/j.molcel.2017.03.003
https://doi.org/10.3390/ijms22031361
https://doi.org/10.1038/nn.3512
https://doi.org/10.3389/fnut.2019.00108
https://doi.org/10.1016/j.celrep.2021.108985
https://doi.org/10.3390/biom16040566


Biomolecules 2026, 16, 566 23 of 23

85. Schwarz, C.; Stekovic, S.; Wirth, M.; Benson, G.; Royer, P.; Sigrist, S.J.; Pieber, T.; Dammbrueck, C.; Magnes, C.; Eisenberg, T.; et al.
Safety and Tolerability of Spermidine Supplementation in Mice and Older Adults with Subjective Cognitive Decline. Aging 2018,
10, 19–33. [CrossRef]

86. Ghosh, I.; Sankhe, R.; Mudgal, J.; Arora, D.; Nampoothiri, M. Spermidine, an Autophagy Inducer, as a Therapeutic Strategy in
Neurological Disorders. Neuropeptides 2020, 83, 102083. [CrossRef]

87. Tam, O.H.; Rozhkov, N.V.; Shaw, R.; Kim, D.; Hubbard, I.; Fennessey, S.; Propp, N.; Phatnani, H.; Kwan, J.; Sareen, D.; et al.
Postmortem Cortex Samples Identify Distinct Molecular Subtypes of Als: Retrotransposon Activation, Oxidative Stress, and
Activated Glia. Cell Rep. 2019, 29, 1164–1177.e1165. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom16040566

https://doi.org/10.18632/aging.101354
https://doi.org/10.1016/j.npep.2020.102083
https://doi.org/10.1016/j.celrep.2019.09.066
https://doi.org/10.3390/biom16040566

	Introduction 
	Materials and Methods 
	Animals and Genotyping 
	Treatment with Spermidine and Evaluation of the Disease Progression 
	RNA Isolation, Reverse Transcription and Real-Time PCR 
	RNA Library Construction and Sequencing 
	Mitochondrial DNA/Nuclear DNA Ratio Evaluation 
	Gene Set Enrichment (GSEA) Analysis of Differentially Expressed Genes 
	Bioenergetic Analysis 
	Statistical Analysis 

	Results 
	RNA-Seq Revealed Both Distinct and Common Pathways in SOD1-G93A Spinal Cord and Skeletal Muscle Tissues 
	Spermidine Treatment Modifies the Transcriptomic Profile in SOD1-G93A Mouse Model 
	Spermidine Treatment Improves Mitochondrial Metabolism in ALS Cellular Model and Muscle Force in ALS Mouse Model 

	Discussion 
	Conclusions 
	References

