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ABSTRACT

Donor-derived myotubes offer a pre-clinical model for studying muscle
biology, the effects of exercise-like electrical stimulation, and assessing drug
efficacy and toxicity. We engineered a 3D muscle microphysiological
system from myoblasts isolated from vastus lateralis of young and older
adults. Over a three-week differentiation process, we applied two cycles
of low frequency electrical stimulation daily for seven days generating
functional, mature myobundles, as confirmed by gene expression profiling.
Both young- and old-derived myobundles showed synchronous contraction
in response to electrical stimulation, however, the contraction magnitude
was reduced in old-derived myobundles compared to young-derived
myobundles. We then assessed the donor-specific response to tomatidine,
a steroidal alkaloid found in the skin of green tomatoes, known to inhibit
muscle atrophy and promote skeletal muscle hypertrophy. Bioinformatic
analyses revealed that infusion of tomatidine during electrical stimulation
modulated the IL-6/JAK/STAT3 pathway. The contraction magnitude
decreased in the young-derived myobundles treated with tomatidine
compared to vehicle-treated controls, while no significant difference was
observed in the old-derived myobundles. Secretome analysis revealed
age-related changes in secreted proteins linked to inflammation and
extracellular matrix remodeling. Notably, tomatidine attenuates the
inflammatory and extracellular matrix remodeling responses in the
myobundles triggered by electrical stimulation, partially preventing the
secretion of proinflammatory proteins. This intervention strategy helps
balance muscle adaptation and repair, while limiting excessive
proinflammatory responses. Our microphysiological system provides a
valuable platform for investigating signaling pathways involved in muscle
function, and pharmacological responses, advancing the understanding

of age-related muscle biology.

Keywords: donor-derived myobundles; muscle-on-a-chip; E-Stim-induced

contraction; transcriptome; secretome; inflammation; tomatidine.
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Graphical abstract
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The physiological effects of physical exercise are polarization towards a more pro-regenerative (M2)
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cardiovascular and musculoskeletal systems serving To better understand these processes, our
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as preventive and therapeutic strategies for microphysiological system (MPS) provides a valuable
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cardiovascular disease, diabetes, and obesity'™. tool for modeling exercise regimens, evaluating

Repeated exercise induces an adaptive and transient oroinflammatory markers and ECM remodelers

response, including the release of cytokines, known and investigating mechanisms underlying muscle

as myokines’, which play a critical role in the adaptation and atrophy. Advancements in 3D scaffold

prevention and treatment of various chronic construction®, and development of 3D microtissues
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damage, is also a trigger of exercise-induced stress (E-Stim)?¢ have advanced tissue engineering field?-2.
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response, facilitating repair processes® ™. Our recent studies using donor-derived myobundles

N ) _ demonstrated a physiological response to daily
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exercise involves remodeling of the extracellular _ ) _
. . . expression of myogenic genes, enhanced sarcomeric
matrix (ECM), essential for effective muscle . i , N ,
_ o ) protein expression, and improved contractility, with
contraction, force transmission, and matrix L. .
Y N ) distinct responsiveness observed between young-
reorganization'"3. Two enzymes families , matrix
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metalloproteinases (MMPs)'* and tissue inhibitor of . . .
. prolonged electrical stimulation exposure has been
metalloproteinases (TIMPs)'™ are key regulators of _
T shown to enhance myotube formation and accelerate
ECM turnover. MMP-2 expression is decreased . . S 334
) i _ _ _ o differentiation rates in primary myoblasts culture**.
during low-intensity exercise'® but increased in high- ) , , )
_ : . . In this study, we investigate the effects of electrical
intensity exercise'’. Among the four TIMP isoforms, _ o .
o . ) stimulation in the presence of nutritional supplement
TIMP-1 and -2 are significantly increased in response _
o . . on muscle function.

to exercise-like stimulation™. In parallel to ECM

remodeling, myokines such as interleukin (IL)-6, IL- Exercise and nutritional supplements maintain
1B, IL-8, CC chemokine ligand 2 (CCL2) and tumor muscle mass throughout the life span®**. Tomatidine,
necrosis factor-alpha (TNF-a)' not only mediate a steroid alkaloid found in green tomatoes, has
inflammatory responses but also contribute to long- been shown to inhibit age-related skeletal muscle
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term adaptive responses to exercise training atrophy”. This effect is mediated by the suppression
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of activating transcription factor 4 (ATF4) expression,
resulting in the attenuation of age-related decline
in skeletal muscle strength, quality, and mass®.
Tomatidine also demonstrates anti-inflammatory
properties, including inhibiting LPS-stimulated
murine macrophage via the suppression of NF-kB
and JNK signaling pathways®’. In vivo, tomatidine
decreases inducible nitric oxide (INOS), matrix
metalloproteases, as well as other proinflammatory
cytokines in a model of lung inflammation4".

While tomatidine has shown promise in mitigating
inflammation and muscle atrophy, its role in
modulating cytokine secretion and ECM remodeling
enzymes in response to electrical stimulation
remains unexplored. Our study aims to address this
gap by investigating anti-inflammatory effects of
tomatidine on muscle contraction magnitude, ECM
remodeling enzymes and cytokine secretion using
phenotypic analysis, genome-wide transcriptomics,
and quantitative secretome analysis, in young- and

old-derived myobundles.

Tomatidine influenced contractility, particularly in
young-myobundles, suggesting it may play a role in
muscle cell homogeneity. The observed JAK/STAT3
modulation aligns with known pathways involved in
muscle inflammation and repair, suggesting
tomatidine's broader impact on exercise-induced
signaling. Furthermore, we observed secreted pro-
inflammatory cytokines IL-6, IL-6R, CXCL8/IL-8, CCL2,
along with ECM turnover enzymes TIMP-1, and -2
throughout the electrical stimulation regime, which
coincided with the differentiation of donor-derived
myobundles. Notably, tomatidine treatment in
electrically stimulated donor-derived myobundles
involved the inhibition of pro-inflammatory cytokine
secretion and ECM remodeling mediators. These
insights provide critical evidence supporting
tomatidine’s protective effects during electrically
stimulated muscle adaptation, laying the groundwork
for future studies exploring combinatorial strategies
involving bioengineered muscle models and

nutritional interventions.

Methods

MUSCLE BIOPSY AND PARTICIPANTS CELL
ISOLATION

Cell isolation was performed as previously described®.
Briefly, vastus lateralis biopsies were obtained from
young active (YA, age 21-40 years) and old sedentary
(OS, age 65-80 years) volunteers, who gave written
informed consent to participate in this study (n = 5),
at the Translational Research Institute at AdventHealth
(Orlando, Florida).

CELL CULTURE AND MYOBLAST IMMUNO-
MAGNETIC CELL SORTING PROCEDURE
Myogenic precursors were thawed and then cultured
on T150 flasks coated with collagen | (Rat Tail Collagen
[, 0.1 mg/mL, ibidi) at density 2x 10° cells/ml and
cultured in in Skeletal Muscle Growth medium
(PromoCell, Heidelberg, Germany) for 3 days to
reach confluency. The cell monolayer was rinsed
with phosphate-buffered saline (PBS), treated with
Accutase (StemCell) and purified by immuno-
magnetic cell sorting (MACS) using CD56+ magnetic
beads (Miltenyi Biotec) and mouse monoclonal 5.1
H11 anti-CD56 antibody (DSHB Hybridoma Bank,
lowa City, |A) to enrich for CD56 fractions as
described®. CD56+ muscle myoblasts were
expanded on T150 flasks coated with collagen | in
Skeletal Muscle Growth medium to 70%, collected

and cryopreserved.

MICTOFLUIDIC CHIP FABRICATION

Custom microfluidic chip design was performed by
Micro-gRx, INC, (Orlando, FL). Devices were fabricated
from polydimethylsiloxane (PDMS) and contained
two platinum 22-gauge electrode leads as
described®#?, Platinum electrodes are integrated
into chips for electrical pulses stimulation and
contractility real-time measurements. Before use,
microfluidic chips were sterilized in ethanol and
autoclaved at 150°C for 30 min prior to use with

primary cell culture.
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3D CELL CULTURE AND MYOTUBE
DIFFERENTIATION

Microfluidic 3D cell culture was performed by
combining thermosensitive hydrogel mixtures (3.3
mg/mL rat tail collagen |, and 22% (v/v) Matrigel) with
CD56+ enriched myoblasts. The cell-laden hydrogels
were injected into the PDMS chips to a final cell
density of 15 and 20 million cells/mL for YA-and OS-
derived cells, respectively as previously described*.
Then, cell-encapsulated hydrogel was allowed to
polymerize at 37°C for 60 min and seeding ports were
sealed using polylactic acid plugs (PLA, Makerbot,
Brooklyn, NY). To promote myoblast proliferation,
tissue chips were perfused using a syringe pump
for 2 days, through inlet and outlet ports of PDMS
microfluidic channels with degassed Skeletal Muscle
Growth medium (Promocell) supplemented with
0.1 mg/ml Primocin (InvivoGen, San Diego, CA), at
a constant flow rate of 1 mL/h, at 37°C and 5% CO..
Myoblasts were differentiated by a two-step process
as described™®. In brief, cells were perfused with stage
1 medium (MEM-q, 0.5% (v/V) ITS, 2% (v/v) B27, 10 uM
DAPT, 1 uM Dabrafenib, 20 mM HEPES, pH 7.3 and,
0.1 mg/mL Primocin) at 125 mL/min every é h for 6
days followed by stage 2 maintenance medium
(MEM-a, 0.5% (v/V) ITS, 2%(v/v) B27, 20 mM HEPES,
pH 7.3 and, 0.1 mg/mL Primocin) at 125 mL/min every
6 h for an additional é days to promote maturation
of myotubes.

ELECTRIC PULSE STIMULATION AND REAL-TIME
RECORDING IMAGES ACQUISITION AND
ANALYSIS

Differentiated myotubes were stimulated on day 14
with electrical pulses: 3 V/mm 2 ms and 2 Hz every
12 h for seven days®. On day 21, contractions were
recorded at 10 fps for 40 s in an environmentally
controlled Cytation C10 high content imager (Agilent,
Biotek). Myotube contractility was quantified by
digital image correlation (DIC). Reference images
were taken before and during stimulation. 4x images
are acquired with a resolution of 1224 x 904 pixels
(12.5x 143 mm). The region of interest (ROI) included
the entire image excluding the micro post. DIC was
performed using motion analyzer GOM correlate

professional software (Zeiss, Germany) to determine
displacement of the engineered myobundles. The
reference image (the first frame prior to application
of electrical stimulation) is compared to each test
image (with E-Stim applied) in the sequence. After the
analysis, the DIC values are saved as a raw EXCEL
file that stores the numerical displacement info for
each grid at individual frames. Each frame represents
a timepoint and subsequent frames are plotted as
time on the X-axis. The average pixel value across the
rows and columns in the ROl is converted to microns
(1.75 pm/pixel) and plotted on the Y-axis as
displacement to generate a graph of displacement

vs. time.

TOTAL RNA EXTRACTION AND RNA SEQUENCING
ANALYSIS

Total cellular RNAs were isolated from myobundles
using RNeasy kits, as described by the manufacturer
(Qiagen). Total RNA was subjected to DNase
Digestion (Qiagen). In addition to concentration
and purity, we determined the quality of RNA samples
(Table 1) prior to library preparation for RNA-Seq
as described*. Briefly, the purity and quality of both
extracted RNA samples were assessed by
spectrophotometry (NanoDrop; Thermo Scientific)
(A260/A280) and their integrity using Agilent 2200
Tapestation system (Agilent, Santa Clara, CA)
respectively. 500 ng of total RNA was used for
RNA-Seq. Libraries of extracted RNA samples were
built using the NEBNext® Ultra™ Directional RNA
Library Prep Kit for lllumina (NEB, USA) RNA sample
preparation kit and yielded fragments with 220-
700 base pairs. The qualified fragments were ligated
with 60 adapters, amplified, and submitted for
sequencing by Illumina NovaSeq 6000 (lllumina,
San Diego, CA) to generate paired end reads with
a length of 150 bases. The input sequences were
trimmed using trimmomatic. Quality control was
performed before and after trimming using FastQC
(v 0.11.4) and MultiQC and a total of 50 million
reads were generated for each sample yielding
coverage in the range of 118 to 220 bases for each
sample, Input sequences were aligned to the

transcriptome using the STAR aligner, version 2.7.9a.
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Transcript abundance was quantified using RSEM
(RSEM v1.3.1), and genes with insufficient average
counts were excluded from further statistical analysis.

Differential expression analysis was performed

using the DESeq2 package, with an FDR-corrected
P-value threshold of 0.05. The results were further
filtered to extract transcripts showing a 2.0-fold
change (logzFC) in either direction.

Table 1. RIN analysis

Groups Sample# Cohort Description RNA (ng) I\
Differentiated myobundles
1 Young E-Stim Vehicle (Ctrl) 2741.5 9

1 2 Young E-Stim Vehicle (Ctrl) 1766.3 8.4
3 YoungE-Stim Vehicle (Ctrl) 1626.3 8.9

4 OdESim Vehicle (Ctrl) 1793.4 8.7

2 5 OdESim Vehicle (Ctrl) 2072.7 8.6
6 OdESim Vehicle (Ctrl) 2200.3 7.6

7 YoungE-Stim Tomatidine 1989.1 9.8

3 8 YoungE-Stim Tomatidine 2184.1 9.1
9 YoungE-Stim Tomatidine 2002.3 9.2

10 OdESim Tomatidine 2088.5 9.2

4 11 OdESim Tomatidine 2365.4 9.5
12 OdESim Tomatidine 2087.4 9.1

DIFFERENTIAL EXPRESSION AND FUNCTIONAL
ANNOTATION ANALYSIS OF RNA-seq DATA
Differentially expressed genes (DEGs) from
tomatidine-treated YA- and OS-derived myobundles
were normalized to the matching control group and
reported as log: of the fold change (log.FC). Fold
induction values were averaged for all experiments
performed as experimental triplicates for each cohort.
Volcano plots, which rely on double filtering criterion
and display unstandardized signal log:FC against
noise-adjusted/standardized signal FDR-corrected
P-value, were used to display up- and down-regulated
DEGs. Database for Annotation, Visualization, and
(DAVID,
https://david.ncifcrf.gov/) was used to determine

Integrated Discovery  database

the biological meaning to a given set of DEGs and
categorized them by Gene Ontology (GO)-molecular
function, GO-biological process, and GO-cellular
component as previously described*. In DAVID
database, Fisher’s Exact test is adopted to measure
gene-enrichment in annotation terms. Fisher’s Exact
p-values are computed by summing probabilities p
over defined sets of tables (Prob=}Ap) compared
against a background that consists of all Homo
Sapiens genes. The number of DEGs annotated to
the term is compared against the number of genes

expected by chance. Significance of each GO term
was assessed using the default homo sapiens GO
annotation as background. A GO term was considered
statistically significant at FDR-corrected P<0.05.
For further interpretation of gene expression data
and pathway analysis, gene set enrichment analysis
(GSEA) on the KEGG pathways was performed by
using GSEA software, an integrative web-based
software application, using pathway definitions from
Molecular Signatures Database (MSigDB), developed
by Broad Institute®.

COLLECTION OF CONDITIONED MEDIA AND
HUMAN INFLAMMATORY CYTOKINE AND ECM
ARRAYS

Myobundles were perfused with vehicle (EtOH, %)
and tomatidine (5 uM) simultaneously with the onset
of electrical stimulation (E-Stim) and continued for
7 days. At the conclusion of E-Stim, serum-free
conditioned media were collected, centrifuged at
3000 rpm for 20 min at 4°C in presence of 10 pg/ml
phosphatase inhibitor cocktail (Thermo Fisher
Scientific) and 10 pg/ml protease inhibitor cocktail
(Sigma) and stored at -80°C until use. The human
inflammatory antibody array including 40 proteins
(AAH-INF-3, RayBioTech, Norcross, GA) was used

© 2025 European Society of Medicine 5
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to screen for pro-inflammatory cytokines and ECM
enzymes (AAH-MMP-1-2, RayBioTech, Norcross, GA)
as per manufacturer’s instructions. 1.5 mL culture
supernatant was concentrated to 800 plL using protein
concentrators with a molecular weight 3 kDa cut-
off (ThermoFisher scientific). Briefly, the membranes
were blocked for 30 min at room temperature (RT)
and then incubated overnight (O/N) at 4°C with
concentrated conditioned raw media. Subsequently,
the membranes were washed 3x with wash buffer |
and 2x with wash buffer Il. The washed membranes
were then loaded with biotinylated cocktail and
incubated for 2h at RT followed by subsequent wash
steps and loaded with horseradish peroxidase (HRP)-
streptavidin cocktail for 2 h at RT. Following further
washing, chemiluminescence detection solution was
applied for 2 min and specific protein signal was
detected using the ChemiDoc™ Touch Imaging
System (BioRad). The individual spots were quantified
using imageJ software (https://imagej.net/ij/) and the

spots representing specific proteins were normalized
to positive controls included in the array, yielding
a relative density for each spot and expressed as
relative quantity.

DATA AVAILABILITY

All data generated during this study are either
included in the manuscript or are available at the
Gene Expression Omnibus (GEO) database
(GSE296683). Precursor cells from patient biopsy
samples were obtained from AdventHealth Orlando
through a Material Transfer Agreement to the
University of Florida with restrictions for sharing with
a third party.

Results

TOMATIDINE TREATMENT MODULATES
CONTRACTILE FUNCTION IN DONOR-DERIVED
MYOBUNDLES

We previously demonstrated induced muscle
contraction in tissue-engineered human skeletal
myobundles through electrical stimulation (E-Stim)**42,
In this study, we applied a similar electrical stimulation
regime. On day 14, differentiated myotubes, under

mechanical tension, were exposed to two 30-min

E-Stim cycles per day followed by a 12 h recovery
period. The stimulation protocol was continued for
seven days, and by day 21, the donor-derived
myobundles displayed highly aligned myotubes
oriented along the direction of the applied electric
field®'. Prior to nucleic acids extraction, myotubes
underwent a final round of electrical stimulation, and
contractile movement was recorded by confocal
imaging. Using digital image correlation (DIC) analysis,
we observed a significant increase in contractility
magnitude and synchronicity of vehicle-treated
donor-derived myobundles compared to previous

5-day E-Stim regime® (Figure 1A).

Specifically, young active (YA)-derived myobundles
showed average contraction displacement of 15 =
2.8 ym, while old sedentary (OS)-derived myobundles
exhibited an average displacement of 8.7 £ 0.9 pm
(Figure 1B). In the absence of electrical stimulation,
the myotube displacements in both YA and OS
groups were comparable to baseline measured
during the resting phase. When tomatidine (5 pM),
was administered every 6 h for seven days during
E-Stim, a significant reduction in contraction
displacement (10.5 = 1.3 um) was observed in the
younger cohort. In contrast, the older cohort did not
show a significant difference in contraction compared
to vehicle treated (7.8 + 0.6 pm) (Figure 1B). Our
data show that muscle twitch kinetics are age-
dependent. Tomatidine exposure is associated with
reduced variability in both cohorts.

TOMATIDINE INCREASED GENES ASSOCIATED
WITH IL-6/JAK-STAT SIGNALING PATHWAY IN
YOUNG E-STIM MYOBUNDLES

Tomatidine has been shown to exhibit protective
effects against the release of pro-inflammatory
cytokines/chemokines® and to mitigate skeletal
muscle atrophy both in vivo and in vitro®. In our
study, treatment of YA-derived E-Stim myotubes
revealed 215 increased and 219 decreased DEGs
compared to E-Stim matched control (Figure 2A).
In contrast, treatment in OS-derived myobundles
induced a significantly smaller number of DEGs, with

only 12 increased and 2 decreased DEGs compared
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to ground controls (Figure 2B). GSEA analysis based
on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database highlighted a significant

enrichment of DEGs involvedin responses to

>

Young active (YA)

Displacement (um)

Tomatidine

tomatidine, particularly those associated with the
activation of Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) signaling pathway
(Figure 2C).
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Figure 1. Functional analysis of 3D donor-derived myobundles. A. Donor-derived human myobundles electrically

stimulated (E-Stim, 3V, 2 Hz, 2 ms) for 7 days twice a day. B. Displacement measurements were quantified using

DIC algorithm at day 21 across groups. Bar graph indicates displacement values (um) in myobundles during E-

Stim in the absence and presence of tomatidine (n=5). Data are presented as mean * SD. Statistical significance

determined by one-way ANOVA followed by Tukey's post-test correction was applied. * p < 0.0053, ** p < 0.0003,

*** p < 0.0001.

The JAK/STAT signaling pathway is a critical mediator
that transmits extracellular signals to the nucleus,
initiating the transcription of genes involved in
several biological activities. In skeletal muscle, this
pathway plays a central role in regulating skeletal
muscle mass, repair, and the pathogenesis of muscle-
related diseases. Activation of the JAK/STAT pathway
can yield opposite effects on muscle differentiation
and repair*. In our study, we observed upregulation
of several STAT3 gene targets, including the leptin
receptor (LEPR) (1.2-fold increase), Wnt family
member 5A (WNT5A) (0.9-fold increase), Toll-like
receptor 3 (TLR3) (1.6-fold increase), and tumor
necrosis factor receptor superfamily member 1B
(TNFRSF1B) (2.3-fold increase). In addition, the
suppressor of cytokine signaling (SOCS) 3 (1.3-fold
increase), an inducible negative feedback inhibitor
of cytokine signaling, was also upregulated. These
results are consistent with an overall increase in
STAT3 target genes, which also included a modest
upregulation of myeloid differentiation primary
response 88 (MyD88) (0.6-fold increase). MyD88 plays

a key role in promoting skeletal muscle growth in
vivo* and mediating STAT3 phosphorylation.

A marked 5-fold increase in IL-6 and 1.6-fold
increase in [L-8/CXCL8 mRNA expression was
observed in YA -derived samples following
exercise-like electrical stimulation in the presence
of tomatidine. Although there was a trend toward
increased expression of genes downstream of STAT3
signaling in YA-derived myobundles, none of the
changes reached statistical significance compared
to OS-derived myobundles treated with tomatidine
(Figure 2B). Among the increased DEGs, we
identified genes encoding proteins involved in cell
differentiation and protein-protein interactions,
including MEF2B, CDC20, SRD5A1, TNXB, WDR78,
ADGRB1, FAM83D, TNFRSF1B, ESCO2, TGFBRS3.
We observed a 1.9-fold increase in myocyte enhancer
factor 2 B (MEF2B) and a 6.5-fold increase in
adhesion G protein-coupled receptor B1 (ADGRB1).
Both genes are crucial for modulating proper muscle
cell signaling pathways and promoting muscle

© 2025 European Society of Medicine 7



regeneration (Figure 2D). Our results highlight an
important role of tomatidine in modulating IL-
6/JAK/STAT3 proinflammatory signaling during E-

Stim-induced contraction.

YA E-Stim Tom vs. Ctrl

Total DEGs: 434
Down - 219 Up - 215

3

-]

-log,, adj (p-val)

-4 -2 0 2

og,FC

OS E-Stim Tom vs. Ctrl
Total DEGs: 31
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ALI39011.2

MEF2B -

Figure 2. Visualization of RNA-Seq results and functional enrichment analysis of DEGs. A, B. Volcano plots of log2 fold

change (log2FC) versus -log10 FDR of the differentially regulated genes (DEGs). Red and blue circles indicated up-

and down-regulation of DEGs respectively; black circles denoted non-DEGs. C. KEGG pathway enrichment analysis

using Gene set enrichment analysis (GSEA). D. Heatmaps of the down- and up-regulated DEGs between old (OS)

tomatidine-treated vs. control group. Data are representative of three independent tissue chip RNA-seq determinations.

E-STIM-INDUCED CONTRACTION DRIVES
MYOKINES SECRETION, WHILE TOMATIDINE
INHIBITS THEIR RELEASE

Although we identified activation IL-6/JAK/STAT3
signaling pathway, the underlying mechanism
remained unclear. Therefore, we aimed to further
investigate the role of IL-6/JAK/STAT3 signaling
pathway in inflammation. To validate pathway
activation, donor-derived myobundles were analyzed

post E-Stim using inflammatory cytokine and ECM

antibody arrays (Figure 3) to quantify up to 40
cytokines and 10 ECM remodel enzymes, respectively,
secreted into the conditioned media of donor-

derived myobundles after the final E-Stim cycle.

Despite a marked increase in IL-6 mRNA, the
corresponding IL-6 protein levels in the conditioned
media remained detectable but were not elevated
(Figure 3B-G). A soluble form of the IL-6 receptor

was also secreted by the donor-derived myobundles.

© 2025 European Society of Medicine 8



Additionally, we found marked increases in two
chemokines, monocyte chemoattractant protein-1
(MCP-1/CCL2) and IL-8/CXCLS8, in the secretome
of both YA- and OS-derived contracting myobundle
(Figure 3B-G). In particular, we observed similar
levels of IL-8 and increased CCL2 by 1.6-fold in YA-
derived myobundles when compared to the old.
Consistent with the mechanical changes associated
with E-Stim-induced exercise and myogenesis,
both contracting myobundles exhibited in the

conditioned media the presence of tissue inhibitor

of metalloproteinases 1 and 2 (TIMP-1, -2) (Figure
3D-G). The analysis showed a 2- and 1.3-fold
increase in TIMP-1 and TIMP-2 protein secretion,
respectively, by OS-derived myobundles when
compared with the young in the control conditions.
Interestingly, the current results show that the
expressions of pro-enzymes and activated forms of
MMPs-(1, 2, 3, 8, 9, 10 and 13) were not detectable
by the array antibodies (Figure 3F-G).
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Figure 3. Comparison between secretomes of electrically stimulated donor-derived myobundles. A. Layout of the

human inflammation array. B, C. Human muscle array readouts of inflammation secreted proteins. D. Layout of the

human extracellular matrix (ECM) array. E, F. Human muscle array readouts of ECM secreted proteins. G. Normalized

intensity expressed as fold change of the arrays (B, C, E and F). The individual spots were normalized to positive

controls. Fold changes given as mean = SD from 3 pooled independent experiments is shown.

Studies have highlighted the anti-atrophic properties
of tomatidine in muscle (Ebert et al., 2019).
However, its age-related anti-inflammatory effect
in bioengineered skeletal muscle models and the
underlying mechanism has not been previously
explored. We administered tomatidine intermittently
every six hours for seven days in donor-derived

© 2025 European Society of Medicine

myobundles during low-frequency E-Stim induced
contraction. Consistent with the natural products’
anti-inflammatory properties, tomatidine treatment
led to decreased IL-6 secretion of 2.7-fold in YA-
and 1.6-fold in OS-derived myobundles, as well as
a 2.7-fold reduction in the secretion of its receptor
in OS-derived myobundles (Figure 3G). Furthermore,



tomatidine inhibited the secretion of IL-8/CXCLS,
with a greater reduction of 2.5-fold in the YA group
compared to a 2.9-fold reduction in the OS group
(Figure 3G). MCP-1/CCL2 secretion was reduced
by 1.2- and 1.6-fold in YA- and OS-derived
myobundles, respectively, following tomatidine
treatment. Lastly, whereas TIMP-2 levels were not
altered in both groups by tomatidine, we observed
a decrease by 1.9- and 2-fold for TIMP-1 in YA- and
OS-derived myobundles, respectively (Figure 3G).

Discussion

Understanding muscle cell-autonomous mechanisms
underlying age-related muscle inflammation following
exercise is critical to prevent muscle injury, chronic
inflammation, attenuating inflammatory responses
that disrupt muscle regeneration and adaptive
remodeling”. Compared to traditional 2D models,
3D bioengineered skeletal muscle derived from
cultured myotubes offer significant advancement in

modeling exercise in vitro*4’

while also preserving
phenotypical characteristics, as primary cells maintain
the genetic® and the epigenetic background of the
donor®. Myoblasts embedded in a 3D matrix allow
for extended culture time, myotubes maturation
and enhanced contractility®’. In this study, we used
3D donor-derived engineered myobundles to model
inflammation-induced adaptation during low-
frequency intermittent E-Stim- and to investigate
the anti-inflammatory effects of tomatidine on muscle
function, comprehensive gene signatures by RNA-

sequencing, and the secretome.

Previously, we demonstrated that donor-derived
myobundles exhibited hallmarks of muscle aging,
providing an in vitro platform to study structural
and genetic changes as well as contractile responses
of YA- and OS-derived skeletal muscle to exercise-
like E-Stim®. E-Stim is well established for inducing

differentiation and
23,30

myogenic myobundle

hypertrophy**° and is used to examine exercise
effects on muscle cell biology and function. We
showed that a 7-day E-Stim regime resulted in
synchronized, age-dependent increases in contraction

displacement between YA- and OS-derived

myobundles®®3'. E-Stim significantly increased
skeletal muscle-specific structural proteins and pro-
myogenic transcription factors involved in muscle
differentiation®'. Additionally, we revealed muscle-
IL-6/JAK/STAT3
signaling, a key mediator of adaptive remodeling

autonomous  activation of

during E-Stim.

Exercise-induced  regenerative  inflammation®
promotes tissue repair?’. Skeletal muscle functions
as a secretory organ, releasing bioactive molecules
such as myokines and extracellular vesicles-derived
factors, to modulate immune responses. Exercise
alters cytokine secretion, promoting muscle repair’,

reducing inflammation®*>*

preventing atrophy and
promoting neo-angiogenesis®~®. Muscle fiber’s
anti-inflammatory effects are largely attributed to
the release of signaling molecules that modulate
proinflammatory non-muscle cells, thereby reducing
inflammation®”. In this study, we examined the
muscle cell-autonomous mechanisms of age-related
inflammation in 3D donor-derived engineered
myobundles. Our results indicate that E-Stim
induced secretion of cytokines, chemokines, and
ECM remodeling enzymes, including contraction-
regulated myokines such as IL-6, IL-8, CCL2*8, as
well as ECM-related proteins TIMP-1 and TIMP-2%°.
However, prolonged inflammatory responses can
impair repair mechanisms, leading to fibrosis®®¢'.
The JAK/STAT, associated to low-grade inflammation,

has been linked to muscle wasting®.

Our results are consistent with studies showing that
blocking STAT3 can suppress the expression of
caspase-3, MAFbx, and myostatin, thus alleviating
skeletal muscle wasting in cancer cachexia®® and
rescues denervation-induced skeletal muscle
atrophy®. Inhibition of the JAK/STAT pathways in
aged mice alleviates pro-inflammatory senescence-
associated secretory phenotype (SASP) in adipose
tissue®® and enhances skeletal muscle function in
3D constructs®®. We demonstrated that tomatidine,
known for its anti-trophic properties®, mitigated
exercise-like stimulation-induced inflammation by
reducing IL-6, IL-8, CCL2 and TIMP-1 secretion in both

© 2025 European Society of Medicine 10



YA- and OS-derived myobundles, helping balance
inflammatory responses and muscle adaptation.

We propose that tomatidine may inhibit IL-6 and
IL-8 translation or secretion and their receptor
expression during E-Stim. This likely reflects the acute
IL-6 and IL-8 release and STAT3 activation commonly
associated with atrophy in conditions such as
obesity, diabetes, sarcopenia, or cancer?. Secreted
TIMPs inhibit the activity of multiple metalloproteases
(MMPs)®® by forming non-covalent complexes
preventing ECM degradation. Interestingly, MMPs-
(1, 2, 3, 8, 92, 10 and 13) were undetectable in
conditioned media of both donor-derived
myobundles. This may be due to our sample
preparation method not dissociating MMP-TIMP
complexes altering the structure recognized by the
antibodies. Our findings establish donor-derived
myobundles as a physiologically relevant model for
investigating skeletal muscle adaptation to exercise
and ECM remodeling. Moreover, we highlight the
role of tomatidine in modulating IL-6/JAK/STAT3
signaling pathway during E-Stim-induced contraction.

Conclusions

In conclusion, we demonstrate that our muscle
MPS serves as a valuable age-related translational
model for mimicking age-related muscle inflammation
following exercise-like E-Stim. Physical exercise
triggers the release of a cascade of cytokines,
including tumour necrosis factor (TNF)-a, interleukin
(ID-1B, IL-6, IL-1 receptor antagonist, TNF receptors,
IL-10 and IL-8, which function as autocrine and/or

216971 Several studies have

paracrine mediators
indicated that the JAK/STAT3 signaling pathway is
activated in response to muscle contractions, exercise
induced muscle damage and inflammation. However,
it remains unclear whether activation of this pathway
can contribute to local inflammation and ECM
remodeling and promote muscle regeneration. For
example, resistance exercise activates the IL-
6/STAT1/STAT3 signaling pathway in rat skeletal
muscle’? and in human muscle’®, suggesting a
potential role for STAT3 in the adaptive growth of

skeletal muscle mediated by adult satellite cells.

Additionally, we showed the specific effects of
tomatidine on muscle contractility in donor-derived
myobundles. We also demonstrated an anti-
inflammatory mechanism during muscle exercise
adaptation involving potential crosstalk with IL-
6/JAK/STAT3 pathway. When tightly regulated, this
pathway may protect against inflammation and
contribute to the improvement of skeletal muscle

repair and remodeling following exercise.
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