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Abstract

Obesity resulting from chronic overnutrition and physical inactivity promotes the development of metabolic disorders by
disrupting physiological processes in metabolically active organs, including skeletal muscles. To investigate whether skeletal
muscle stem cells (satellite cells, SCs) are affected by systemic metabolic stress, we established primary SC cultures from
male mice fed a high-fat diet (HFD) for 8 wk, and from control mice fed a standard chow (CTL). This model allowed us to
assess diet-induced obesity (DIO)-related changes in SC-specific molecular and cellular signatures. Although body weight,
body fat composition, and adipose tissue-associated macrophages differed significantly between DIO and CTL ex vivo, we
observed no differences in the in vitro behaviour of primary SC-derived myoblasts from either group. Parameters such as
proliferation and differentiation following serum deprivation were comparable. Expression levels and distribution patterns
of myogenic regulatory factors (MRF), SC-specific markers (Pax7, CD56, Itga7), and hallmarks for senescence (GLB1),
autophagy (p62, LC3B), and oxidative stress (ALDH1A1, ALDH1A3) remained unchanged. Thus, potential differences in
the signatures of SC-derived myoblasts after 8 wk of a high-fat diet cannot be depicted in vitro. However, future experiments
should address whether prolonged and metabolically more susceptible diets will exert long-term effects on myogenesis in vitro
or not. Overall, we propose that primary SC cultures are better suited for acute in vitro testing regarding the molecular and
cellular plasticity in metabolic shifts as induced by pharmacological treatments or genetical modifications, rather than for
modeling long-term dietary effects.
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Introduction

Satellite cells (SCs) are adult muscle stem cells that play a
central role in skeletal muscle growth (Parker 2015; Evano
et al. 2020; Kumar et al. 2020), regeneration (Garcia-Prat
et al. 2016; Chang 2020; Yu et al. 2021) and homeostasis
(Ren et al. 2017; Delezie & Handschin 2018; Park & Choi
2023). Under physiological conditions, these cells remain
in a quiescent state but can become activated upon injury or
stress, finally leading to myogenic proliferation and differen-
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tiation of SCs (Tamilarasan et al. 2012; Singh et al. 2013; Fu
et al. 2015; Zammit 2017). This tightly regulated process is
influenced by a wide array of intrinsic and extrinsic signals,
including hormonal (Fujita & Inagaki 2021; Sylow et al.
2021), mechanical (Egan & Zierath 2013; Arabzadeh et al.
2022) and metabolic cues (Moreno-Justicia et al. 2025; Ryu
et al. 2020).
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Nutritional status represents a key external modulator of
muscle physiology (Ren et al. 2017; Geiger et al. 2020; Park
& Choi 2023). While the effects of caloric restriction and
nutrient deprivation on skeletal muscle have been extensively
studied (Myers et al. 2021; Zhang et al. 2021; Thonusin et
al. 2023), the impact of chronic high-calorie diets, such as
chronic high-fat feeding, on plastic adaptations and molecular
reprogramming of SCs remains poorly understood (Gihring
et al. 2020; Anderson 2022; Jun et al. 2024). For example,
it remains unclear which specific dietary components drive
nutrient-dependent changes in SC physiology and whether a
prolonged surplus in energy induces lasting alterations in their
transcriptional, metabolic, and functional profiles.

In the present study, we investigated whether systemically
induced metabolic changes, such as body weight increase,
white adipose tissue (WAT) expansion and macrophage
infiltration, will influence the in vitro behaviour and culture
characteristics of isolated SCs and their derived myoblasts.
Specifically, we examined whether altered metabolic in vivo
conditions, as induced in male mice by 8 wk of a high-fat
diet (HFD) feeding, will affect the myogenic potential of
SCs in vitro, and are translated into differences in cell status,
myogenesis and gene expression under standardized culture
conditions.

Understanding how nutritional environments, e.g. chronic
HFD leading to DIO, modulate satellite cell physiology —
both in vivo and in vitro — may provide crucial insights
into the mechanisms linking diet to muscle plasticity and
regeneration. Our findings contribute to this understanding
by delineating the limits of standard SC culture systems,
offering important guidance for the development and inter-
pretation of stem cell-based models in metabolic disease
research.

Materials and methods

Mouse model According to the German Animal Welfare Act
(§4(3), TierSchG), the killing of vertebrates solely for the
use of their organs or tissues for scientific purposes does not
constitute an animal experiment (§7(2), TierSchG). Purchase
and processing of off-site pre-treated mouse models was
conducted at the Helmholtz Zentrum Munich, Neuherberg,
Germany (CA863, CA864; VTA-004183, VTA-004184,
VTA-4761, VTA-4762).

Male C57BL/6JRj mice (Janvier Labs, Le Genest-Saint-
Isle, France) with 14 wk of age were used in this study. All
mice were bred and housed at Janvier Labs until delivery.
A total of 22 animals were included, equally divided into
two groups. The control group (CTL) received a standard
chow diet (17% calories as fat, SSNIFF for Janvier Labs),

Table 1. List of weighed abdominal and perigonadal WAT from CTL
and DIO

Mouse Model Abdominal WAT (g) Perigonadal WAT (g)
CTL (n="7) 0.21 (+£0.24) 0.61 (+£0.92)
DIO (n="7) 2.99 (+£0.27) 1.31 (£ 1.02)

Mean (M) (+ standard error mean)

while the experimental group was subjected to a HFD (60%
calories as fat, SSNIFF for Janvier Labs) for a period of
8 wk to exhibit DIO and mimic obesity-related disturbances.
After the 8-wk feeding period, the DIO group reached on the
date of delivery an average body weight of 37.4 g (+ stand-
ard error mean of 1.2 g) with an average length of 9.4 cm
(0.2 cm), whereas the CTL group exhibited an average
body weight of 28.53 g (+2.1 g) with an average length of
9.3 cm (£ 0.3 cm). The body weight of DIO was significantly
higher compared to CTL (p <0.0001). Mice were sacrificed
by cervical dislocation and subsequently dissected.

Tissue dissection Abdominal (subcutaneous, perivisceral)
and perigonadal WAT were dissected and weighed, deriving
from CTL and DIO (rn=7) (Table 1.). Sample localizations
were selected according to previous findings (Amengual-
Cladera et al. 2013; Giordano et al. 2022) linking WAT
accumulation and metabolic impact. Samples were used for
immunohistochemical staining and analysis.

Hindlimbs from CTL and DIO (n=28) were dissected
above the hip joint; skin was removed, and hindlimbs were
prepared for immunohistochemical staining and analysis of
interleukin (IL)—6 and tumour necrosis factor (TNF)-alpha
expression.

For the generation of a pooled primary satellite cell
culture, hindlimb muscles from four mice (a total of four
hindlimbs) were combined. In contrast, for individual sat-
ellite cell culture, muscles of both hindlimbs from a sin-
gle mouse were used. Hindlimbs from the above-described
mouse groups were dissected and weighed (Table 2.) before
preparation for primary culture.

Applied antibodies All antibodies used in the present study
are listed below (Table 3.).

Immunohistochemistry and analysis Abdominal and
gonadal fat samples were formalin-fixed and paraffin-embed-
ded. Hindlimbs were incubated for 24 h in 4% paraform-
aldehyde (PFA) with subsequent transfer to 0.5 M EDTA
(diluted in distilled water, pH 7.2) for demineralization for
12 d. Hindlimbs were rinsed in distilled water and cut into
parts, comprising the upper leg above the knee joint and
the lower leg below the knee joint for analysis of respec-
tive skeletal muscle groups (Table 4.). Samples were subse-
quently embedded in paraffin in cross-sectional orientation.
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Table 2. List of weighed
hindlimb sample materials
for isolation of satellite cells

Cell culture model

Weight of hindlimbs (g)

Weight of hindlimbs Ratio of weight of hindlimb
muscles (g) muscles to total body weight

deriving from pooled mouse
tissue or single individual

Pooled (n=4)

mouse samples tissue from CTL CTL 77 393 0.22

and DIO DIO 8.28 6.16 0.16
Individual (n=3)

CTL M, 3.58 (+0.09) 2.45 (+0.08) 0.24

DIO M, 3.53 (+0.07) 2.31 (+0.08) 0.19

Mean (M) (+ standard error mean)

Table 3. List of antibodies with information about producer, product number, host, clonality, conjugate and applied dilution

Primary antibodies
Target
ALDH1A1
ALDH1A3
B-galactosidase 1 (GLB1)
CD56/NCAM1
CD68
Interleukin 6 (IL-6)
Integrin a7 (Itga7)
Integrin a7-PE-Vio770
(Itga7)
Pax7
LC3B
MF20
Myf5
MyoD
Myogenin (MyoG)
P62/SQSTM1
Perilipin 1 (PLIN1)
TNF-alpha
Vinculin
Secondary antibodies
Target
Goat anti-mouse IgG (H+L)
Goat anti-rabbit IgG (H+L)
Goat anti-rabbit

Company, product number

Abcam, Cambridge, UK; ab131068

Abcam, Cambridge, UK; ab129815

Cell Signaling, Danvers, MA; 27198S

Abcam, Cambridge, UK; ab220360

Cell Signaling, Danvers, MA; 97778S

Thermo Scientific, Munich, Germany; PA1-26811
Abcam, Cambridge, UK; ab203254

Miltenyi Biotec, Bergisch Gladbach, Germany; 130-
120-812

Thermo Scientific, Munich, Germany; PA1-117

Novus Biologicals, Wiesbaden, Germany; NB100-2220
Thermo Scientific, Munich, Germany; 14-6503—82
Sigma-Aldrich, St. Louis; MO; AV32134

Thermo Scientific, Munich, Germany; MA1-41017
Thermo Scientific, Munich, Germany; MAS5-11486
Sigma-Aldrich, St. Louis; MO; PO067

Cell Signaling, Danvers, MA; 9349S

Thermo Scientific, Munich, Germany; PA5-19810
Abcam, Cambridge, UK; ab129002

Company, product number

Abcam, Cambridge, UK; ab6789

Abcam, Cambridge, UK; ab6721

Vector Laboratories, Newark, NJ; BA-2000-1.5.5.5.5.5

Host, clonality
Rabbit, polyclonal

Dilution for application
WB, 1:1000

Rabbit, polyclonal ~ WB, 1:1000
Rabbit, monoclonal WB, 1:1000
Mouse, monoclonal WB, 1:500
Rabbit, monoclonal IHC, 1:375
Rabbit, polyclonal  IHC, 1:200
Rabbit, polyclonal ~ WB, 1:1000
Mouse, monoclonal MACS, FACS
Rabbit, polyclonal ~ WB, 1:1000
Rabbit, polyclonal ~ WB, 1:2000
Mouse, monoclonal WB, 1:1000
Rabbit, polyclonal ~ WB, 1:750
Mouse, monoclonal WB, 1:1000
Mouse, monoclonal WB, 1:500
Rabbit, polyclonal ~ WB, 1:1000
Rabbit, monoclonal ITHC, 1:100
Rabbit, polyclonal  IHC, 1:200
Rabbit, monoclonal WB, 1:30.000
Conjugate Dilution
HRP-linked WB, 1:10.000
HRP-linked WB, 1:10.000
biotinylated IHC, 1:400

WB, Western blot; MACS, magnetic activated cell sorting; FACS, fluorescence activated cell sorting; /HC, immunohistochemistry

All paraffin-embedded samples were cut into thin sections
(fat 10 um, muscle 2 pm) and deparaffinized, followed by
epitope unmasking in 10 mM citrate buffer (pH 6.0) at 95°
for 30 min.

Slides were incubated in 1.5% H202 for 10 min at room
temperature to block endogenous peroxidase activity and
consecutively blocked in a mixture of blocking buffer
((1x phosphate-buffered saline (Thermo Fisher Scientific,
Munich, Germany), 1% bovine serum albumin (Biochrom,
Merck Millipore, Darmstadt, Germany), 0.2% gelatin of

Table 4. List of immunohistochemically analyzed hindlimb muscle
localizations from CTL and DIO

Hindlimb section Muscle group

Upper leg M. rectus femoris

Upper leg M. biceps femoris posterior
Lower Leg M. tibialis anterior

Lower Leg M. triceps surae (primary M.

soleus, secondary M. gastroc-
nemius)

@ Springer
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cold-water fish skin (Sigma-Aldrich, St. Louis, MO), 0.1%
Triton X-100 (Carl Roth, Karlsruhe, Germany), 2.5% normal
horse serum (Vector Laboratories, Newark, NJ), and avidin
(Vector Laboratories). Afterwards, overnight incubation
at 4°C was performed with primary antibodies for WAT
tissue sections (PLIN1 and CD68) and for skeletal muscle
sections (IL-6 and TNF-alpha), respectively (see Table 3.
for further information). The antibody diluent consisted of
blocking buffer and biotin. On the next day, biotinylated sec-
ondary antibodies were applied and incubated for 30 min.
Afterwards, the ABC-reagent (Vector Laboratories) was
applied and incubated for 30 min. Antibody complexes were
detected with 3,3'-diaminobenzidine (DAB) reagent (Vector
Laboratories). Finally, counterstaining with haematoxylin
was performed. Stained and mounted samples were digital-
ized with an upright microscope (BX53; Evident Europe,
Hamburg, Germany), equipped with a motor-controlled table
and a camera (DP28-CU; Evident). Images were processed
in cellSens Dimensions (Evident; software version 3.2) and
quantified in Imagel. For WAT sections, a region of inter-
est (ROI) was randomly set with 75 adjacent fat vacuoles
per sample; for skeletal muscle sections, 25 adjacent fibres
of each pre-selected muscle group were randomly selected.

Statistical analysis All data were collected in Excel sheets
and analyzed with GraphPad PRISM (version 10.1.2, Bos-
ton, MA). To calculate p-values, an unpaired ¢-test and two-
way ANOVA were performed. The threshold for significant
differences was considered as p <0.05, and significance lev-
els are indicated as p <0.001 (***), p<0.01 (*¥*), p<0.05
(*), and p>0.05 (ns).

Isolation of primary satellite cells Muscle tissue was sepa-
rated from the bone, disinfected with 70% ethanol, and sub-
sequently washed three times with phosphate-buffered saline
(PBS, Thermo Fisher Scientific) supplemented with 1 mg/
ml penicillin-streptomycin (PenStrep; 100 U/ml Pen, 100 pg/
ml Strep). Adipose and connective tissue were carefully
removed. The muscle tissue was reweighed (see Table 2.).
Satellite cells were isolated from muscle tissue using a com-
bination of enzymatic digestion and mechanical dissocia-
tion. Minced muscle tissue was transferred into 50-ml tubes
containing PBS supplemented with PenStrep and 10 mM
HEPES (Sigma-Aldrich) per gram of sample tissue and
centrifuged at 300 X g for 5 min. The resulting supernatant
(SN1) was collected and stored on ice. The remaining tissue
was enzymatically digested using protease solution (1.5 mg/
ml) and collagenase solution (1.5 mg/ml) per gram of sam-
ple tissue in a gentleMACS C-Tube, followed by automated
dissociation using the gentleMACS Octo Dissociator with
Heaters (Miltenyi Biotec, Bergisch Gladbach, Germany)
with the pre-installed optimized programme “37C_mr_
SMDK_2” (37°C, for mouse and rat tissue, Skeletal Muscle

Digestion Kit, programme 2) to increase the yield of isolated
satellite cells. The digested material was filtered through a
70-um strainer, washed with high-glucose Dulbecco’s modi-
fied eagle medium (DMEM, Gibco, Thermo Fisher Scien-
tific), and combined with SN1. After centrifugation (300x g,
10 min), the supernatant was discarded, and the cell pellet
was resuspended in PBS with PenStrep. To remove erythro-
cytes, 1xred blood cell (RBC) lysis buffer (pH 7.3; 155 mM
NHA4CI, 100 mM KHCO3, 0.1 mM EDTA) was added, and
the suspension was then incubated for 2 min at room temper-
ature, followed by centrifugation at 300 X g for 10 min. The
pellet was then incubated in 0.25% trypsin for 3 min, neu-
tralized with DMEM supplemented with 10% fetal bovine
serum (FBS) and PenStrep, and filtered through a 40-um
strainer. The strainer was washed with DMEM supplemented
with FBS and PenStrep; the suspension was centrifuged at
300 x g for 5 min, and the supernatant was subsequently dis-
carded. The pellet was resuspended in DMEM with FBS and
PenStrep and centrifuged again at 500X g for 10 min. The
supernatant was discarded, and the pellet was resuspended
in freshly prepared buffer for magnetic activated cell sorting
(MACS) according to the company’s instructions (Miltenyi
Biotec). The resulting cell suspension was transferred into
1.5-ml microcentrifuge tubes for further processing.

Magnetic activated cell sorting of primary satellite cells For
magnetic depletion of non-satellite cells, the Satellite Cell
Isolation Kit (mouse, Miltenyi Biotec) was added to the cell
suspension according to the company’s instructions. The
mixture was gently vortexed and incubated for 15 min at
4°C. The volume was adjusted to 500 pl with MACS buffer
(PBS pH 7.2, 10% FBS, 2 mM EDTA, 10 mM HEPES, pub-
lished in Striedinger et al. (2021), and magnetic separation
was performed using MACS columns (Miltenyi Biotec)
placed in the magnetic field of the QuadroMACS separator
(Miltenyi Biotec). The pre-labeled cell suspension was then
applied to the column, which was then washed twice with
MACS buffer. The flow-through, containing unlabeled and
thus enriched satellite cells, was collected and centrifuged
at 300 X g for 5 min. The supernatant was discarded, and the
enriched cell pellet was resuspended in MACS buffer. For
further positive selection of satellite cells, the resuspended
pellet was incubated with Integrin a7 Antibody, anti-mouse
(Miltenyi Biotec) for 30 min at 4 °C, then washed twice
with MACS buffer, followed by incubation with anti-mouse
IgG1 MicroBeads (Miltenyi Biotec) for 15 min at 4°C
according to the manufacturer’s specifications. The cell
suspension was subsequently washed in MACS buffer and
separated with a magnetic field. The flow-through, contain-
ing Itga7-negative cells, was discarded. The column was
removed from the magnetic field and rinsed with MACS
buffer to elute labeled cells. The collected sample is purified
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for satellite cells and plated on Matrigel-coated cell culture
dishes.

Fluorescence activated cell sorting (FACS) analysis of
Itga7-positive satellite cells To perform Itga7-labeled FACS
of freshly isolated satellite cells, a cell pellet obtained after
depleting non-satellite cells was used. Cells were washed
in FACS buffer (PBS without Magnesium and Calcium,
5 mg/ml BSA, 2 mM EDTA; all Thermo Fisher Scientific).
The suspension was centrifuged two times (MySpin6 Mini,
Thermo Scientific, 10 s), resuspended in FACS buffer, and
supernatants discarded. The final concentration of the cell
suspension did not exceed 1x 107 cells/ml for downstream
FACS. If cells were not intended for post-sorting cultiva-
tion, nuclear labelling was performed with Hoechst 33,342
and propidium iodide to identify and discriminate nucleated
cells (live and dead); otherwise, only propidium iodide was
used to detect and exclude dead cells. Hoechst 33,342 was
added to the suspension at a final concentration of 10 pg/ml
and incubated at 37 °C for 30 min in the dark. Cells were
centrifuged (MyMiniSpin6, 10 s) and resuspended in cold
FACS to prevent Hoechst dye leakage from labeled cells. For
fluorescence immunolabelling, the cell suspension was incu-
bated with Itga7-PE-Vio770 (Miltenyi Biotec) for 10 min at
4.°C in the dark. Cells were washed in FACS buffer. Propid-
ium iodide (PI) was added at a final concentration of 1 pg/
ml immediately prior to FACS acquisition to discriminate
dead cells. FACS analysis and sorting were performed using
FACSMelody Cell Sorter with components Assy ACDU and
Skins (BD Biosciences, San Jose, CA). Standard protocol for
gating using BD FACSChorus software (version 3.1) was
applied.

Cell culture of satellite cell-derived myoblasts Satellite cells
were cultivated on Matrigel-coated dishes (5 pg/cm?) to
facilitate myoblast adhesion (Wang et al. 2014). Cultivation
media contained HAM’s F10 Medium, 20% FBS, 2.5 ng/
ml human FGF-2, and 1% PenStrep. Differentiation into
myotubes was induced by serum starvation using DMEM
supplemented with 2% horse serum and 1% PenStrep for
6 consecutive days. For additional control of proliferation
and differentiation, murine C2C12 myoblasts were used and
cultivated in DMEM supplemented with 10% FBS for pro-
liferation and 2% horse serum for differentiation. Cultivated
cells were regularly tested for mycoplasma contamination
using a kit with a Primer Mix (G238, Applied Biological
Materials, Richmond, Canada) for polymerase chain reac-
tion (PCR). All cell cultures were maintained in a humidi-
fied atmosphere of 5% CO, at 37°C. All brightfield images
were captured with the upright microscope DM IL LED Fluo
(Leica, Wetzlar, Germany), processed with LAS X software
(version 3.7.5.24914), and saved in tif-format.

Calculation of doubling time The cell doubling time was
calculated based on the growth curve of cultured cells over
a period of up to 100 h. Cell numbers were recorded at regu-
lar intervals, and the exponential growth phase was identi-
fied. Doubling time was determined using the standard for-

mula %, where N, represent the final and N, the initial
n( M No )
cell numbers within the exponential phase.

Protein extraction and Western blot Cells were lysed in ice-
cold RIPA buffer (150 mM NaCl, 10 mM HEPES, 2 mM
EDTA, 1% v/v NP-40, 0.1% v/v Triton X-100). Lysed
samples were centrifuged at 16,000 g for 10 min at 4 °C;
supernatants were collected, and protein concentration was
determined using the Bradford protein assay with dye rea-
gent concentrate (Bio-Rad, Hercules, CA, cat. no 5000006)
according to standard protocols. The absorbance readings
were taken at 595 nm using a plate reader (Tecan, Minne-
dorf, Switzerland; model: spark; software: Sparkcontrol
V 3.1 SP1). Proteins were separated by gels with a gradi-
ent of 4 to 20% to separate protein sizes more equally in
electrophoresis (main supplements: H20, 1.5 M Tris (pH
8.8), 10% SDS, 30% acrylamide, 10% APS, Temed) with
a blot chamber (Bio-Rad; ChemiDoc MP Imaging System;
software 3.01.1.14) and transferred to methanol-activated
PVDF membranes (Merck; cat. no IPVH00010). The mem-
branes were blocked in blocking buffer 1 xI-block (0.2%
w/v; Invitrogen, Waltham, MA) solved in 1x TBS-T buffer
(20 mM Tris, 150 mM NaCl, 0.1% v/v Tween 20) and incu-
bated overnight at 4°C in each diluted primary antibody,
as described (Table 3.). Anti-vinculin was included as the
antibody for muscle tissue specific cytoskeletal protein for
the corresponding housekeeping gene and loading control,
which was established in previous in-house experiments
(Rihani 2020; Steingruber et al. 2023). HRP-conjugated
secondary antibodies were applied as indicated above in
fresh blocking buffer. After subsequent incubation with
chemiluminescent substrate (Amersham, Cytiva, Wilm-
ington, NC), the bound antibody-complexes on each mem-
brane were captured with an imager for chemiluminescent
signals (GE Healthcare Life Science, Munich, Germany).
Membranes were reused by mild stripping. The stripping
buffer contained per 1-L distilled water: 15 g glycine, 1 g
SDS, 10 ml Tween 20 and was adjusted to a pH of 2.2. Suc-
cessful stripping on membranes was tested with ECL incu-
bation and imaging. Images were colour inverted (look-up
tables (LUT)) using ImageJ (version 1.54) and quantified.
Protein expression levels were calculated by normalizing
the band intensities of target proteins to those of the cor-
responding loading control, and results were expressed as
fold change. The fold change in protein expression between
groups was calculated by dividing the normalized intensity
of each experimental sample by the normalized intensity
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of the control group sample with standard condition of 3 d
proliferation.

Senescence B-galactosidase staining Following the com-
pany’s instruction, cultivated cells were fixed and stained
with Senescence -Galactosidase Staining Kit (9860, Cell
Signaling, Danvers, MA). Internal control C2C12 wildtype
myoblast cell line was equally plated and treated. Stained
cells were preserved using glycerol. This assay is applied
for detection of senescence activity of satellite cells treated
with and without serum starvation. Images were captured
with the upright microscope previously described in Cell
culture of satellite cell-derived myoblasts and analyzed in
ImageJ. Manual quantification of 100 randomized selected
cells was performed.

Results

Increased white adipose tissue expansion in DIO mice DIO
mice exhibited a significantly higher amount of abdomi-
nal white adipose tissue (WAT) compared to CTL mice
(mean+ SEM, CTL 0.33 g+0.32 g; DIO 2.99 g+0.92 g;
p<0.0001; Fig. 1). Although DIO mice also showed higher
perigonadal fat mass, the difference was statistically not sig-
nificant (CTL 0.61 g+0.27 g, DIO 1.31 g+1.02 g; p=0.35).
Within the DIO group, abdominal WAT was significantly
higher than perigonadal WAT (p =0.0024), whereas in CTL
the intra-group difference was not significant (p =0.091).

Adipocyte hypertrophy in DIO mice Anti-PLIN1-stained
adipocytes (Fig. 2A, C) in DIO mice revealed a signifi-
cant increase in size in both abdominal (CTL 317.68
um? +313.15 um?; DIO 2788.46 pum?+2606.64 pum?;
p <0.0001; Fig. 2B) and perigonadal (CTL 646.38
um? + 641.45 pm?; DIO 3450.74 pm?+3086.73 um?;
p<0.0001; Fig. 2D) WAT when compared to CTL.

Proportion of macrophages in white adipose tissue No sig-
nificant differences in macrophage numbers were observed
in anti-CD68-stained (Fig. 3A) abdominal adipocytes from
DIO compared to CTL (CTL 9.5+5.0; DIO 14.3 +7.76;
p=0.43; Fig. 3B). In contrast, perigonadal adipose tis-
sue (Fig. 3C) from DIO exhibited a signficant increase of
macrophage count compared to CTL (CTL 4.0 +1.87; DIO
25.0+8.6; p=0.02; Fig. 3D).

IL-6 and TNF-alpha expression analyses in skeletal muscle tis-
sue of DIO and lean mice Although DIO mice demonstrated
higher numbers of IL-6-positive cells, no significant differ-
ences were observed in stained hindlimb muscles (Fig. 3E,

F): M. rectus femoris (CTL 0.63+0.7; DIO 1.38+0.48;
p=0.95), M. biceps femoris (CTL 1.38 +0.87; DIO
2.89+1.97; p=0.33), M. triceps surae (CTL 1.38 +1.22;
DIO 2.88+1.17; p=0.36) and M. tibialis anterior (CTL
0.88+0.78; DIO 1.63 +1.43; p=0.95).

Number of anti-TNF-alpha-stained hindlimb muscles from
DIO mice exhibited significantly increased numbers of
TNF-alpha-positive cells in M. biceps femoris compared to
CTL (CTL 1.75+0.83; DIO 3.75+1.2; p=0.039, Fig. 3H).
No significant differences (Fig. 3G, H) were observed in
hindlimb muscles M. rectus femoris (CTL 2.08 + 1.45; DIO
2.25+1.2; p=0.98), M. triceps surae (CTL 2.63 +2.12;
DIO 1.88 +1.14; p=0.79) and M. tibialis anterior (CTL
1.38+1.11; DIO 2.5+ 1.73; p=0.45).

Cultivation of Itga7-positive satellite cell-derived myo-
blasts SCs were sorted based on PI exclusion and Itga7
expression (Fig. 4A, B; data of individual SCs), and the
yield of sorted Itga7-positive cells of total MACS pre-
sorted live cells was calculated with a mean of 15.73%
(Table 5.). Cells were subsequently plated for culture. Both
CTL and DIO-derived SC myoblasts exhibited typical
spindle-shaped morphology with elongated extensions that
increased as cells proliferated and reached higher conflu-
ency (Fig. 4C, D; data of pooled SCs). Proliferating DIO-
derived cells appeared slightly smaller and more rounded
compared to those from CTL mice. Doubling time analysis
revealed no significant differences between SCs from DIO
and CTL mice (mean + SEM, control 44.97 h+9.65 h; DIO
44.49 h+14.35 h; p=0.92; data of pooled SCs), although
DIO-derived cells exhibited higher variances in proliferation
rates (Fig. 4D).

Maintained myotube formation of DIO satellite cell-derived
myoblasts Morphologically, after 3 d of serum withdrawal,
initial fusion events of individual myoblasts into myotubes
were observed, whereas DIO-derived cells appeared to be
less fused at this stage compared to CTL (Fig. 5A; data of
pooled SCs). After 6 d of serum withdrawal, pronounced
myotube formation was evident in both DIO and CTL
groups.

The expression patterns of the myogenic regulatory fac-
tors (MRF; Fig. 5B-E; data of individual SCs) Myf6, MyoD,
MyoG and MF20 were comparable between DIO and CTL,
reflecting previous reported finding.

Although protein expression increased after 6 d of prolif-
eration and 3 d of differentiation, no statistically significant
differences were observed between DIO and CTL groups.

Satellite cell-derived myoblasts enter senescence in myo-
genic differentiation A significant increase in the propor-
tion of senescent cells (Fig. 64; data of pooled SCs) was
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Figure 1. Weight of abdominal
and perigonadal WAT from

14 wk old mice. CTL received
normal diet; DIO received 8 wk
HFD

* Xk

P =0.91

CTL DIO
Abdominal

observed in both C2C12 (p =0.035) and CTL (p =0.035)
when comparing 6 d of proliferation to 6 d of differen-
tiation. In contrast, DIO-derived cells showed a non-
significant increase in senescent cell number (p =0.34).
Overall, there was no significant difference between DIO
and CTL groups.

GLBI1 protein levels tended to increase in both DIO and
CTL samples at 3 and 6 d of differentiation (Fig. 6B; data
of individual SCs). However, these changes did not reach
statistical significance (p >0.90).

& kK kK Kk

T
I

0.35

CTL DIO
Perigonadal

Preserved autophagic flux with concomitant altered oxida-
tive stress response in satellite cell-derived myoblasts Pro-
tein analysis revealed upregulation of autophagy markers
(Fig. 7A-D; data of individual SC model), indicated by
accumulated levels of p62 and LC3B-I at day 6 of prolifera-
tion and day 3 of differentiation. A significant difference in
p62 levels between DIO and control was observed at 6 d of
proliferation (p =0.0004). Advanced autophagic flux was
non-significantly (p >0.89) demonstrated with accumu-
lated LC3B-II levels in both proliferating and differentiating
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Figure 2. Analysis of abdominal (A, B) and perigonadal (C, D) WAT
adipocytes of CTL and DIO mice. (A) Immunohistochemical stain-
ing of abdominal WAT with anti-PLIN1. (B) Quantified abdominal
adipocyte area of randomized analysis of 75 adjacent vacuoles per

cells. Overall, no significant differences between control
and DIO were detected (p >0.99), although samples exhib-
ited predominantly higher levels. The calculated index of
autophagosome formation (ratio of LC3B-II to LC3B-I,
Fig. 7D) corroborates accumulated autophagosomes in DIO
of prolonged differentiation (6 d) compared to proliferation
(p=0.003).

Enzymes involved in oxidative stress defence ALDH1A1
and ALDH1A3 (Fig. 7E, F; data of individual SCs) showed
no significant differences in expression between SC-
derived myoblast cultures derived from DIO and CTL mice
(p>0.41). ALDHI1A3 exhibited greater variability in protein
levels across and within groups compared to ALDHI1AL.
Despite a trend toward increased ALDH1A3 expression in
DIO-derived cells at 3 and 6 d of proliferation and after
6 d of differentiation, these differences were not statistically
significant (p >0.67). Overall, the protein expression ratio
between ALDH1A1 and ALDH1A3 remained comparable
across groups.

Discussion

SCs act as key regulators of skeletal muscle plasticity and
determine the regenerative capacity of skeletal muscles.
Therefore, we investigated whether systemic metabolic
perturbations in vivo, as induced by a HFD, will affect the
intrinsic physiological properties of SC-derived myoblasts
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mouse. (C) Immunohistochemical staining of perigonadal WAT with
anti-PLIN1. (D)Quantified perigonadal adipocyte area of randomized
analysis of 75 adjacent vacuoles per mouse. Scale bar=100 um.

under defined in vitro conditions, to assess whether nutri-
tional cues represent key external modulators of muscle
physiology, finally by affecting SCs. While the effects of
caloric restriction and energy deprivation on muscle home-
ostasis have been extensively characterized (Myers et al.
2021; Zhang et al. 2021; Thonusin et al. 2023), the cellu-
lar consequences of chronic nutrient excess remain insuffi-
ciently elucidated (Gihring et al. 2020; Anderson 2022; Jun
et al. 2024). This study thus aimed to delineate the extent to
which a metabolically compromised in vivo milieu, marked
by DIO systemic alterations, translates into altered SC func-
tion in vitro.

Phenotypic validation of the DIO model revealed sig-
nificant increases in body mass, abdominal and perigo-
nadal WAT with elevated macrophage infiltration, which
hallmark adipose tissue dysfunction and systemic inflam-
mation (Weisberg et al. 2003; Galic et al. 2010; Giordano
et al. 2022). The pathophysiological alterations are
closely linked to insulin resistance and metabolic altera-
tions (Amengual-Cladera et al. 2013), corroborating the
relevance of this model to study DIO-associated SC dys-
function in skeletal muscle. To determine the impact of
pro-inflammatory cytokines, e.g. IL-6 and TNF-alpha, in
hindlimb skeletal muscle groups (Alvarez et al. 2002), IL-6
and TNF-alpha-positive cells were validated and exhibited
elevated numbers upon DIO. Both cytokines are related to
participation in regenerative processes of skeletal muscle
(Saclier et al. 2013; De Santa et al. 2019). Interestingly,
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Figure 3. Analysis of macrophages in WAT (abdominal A, B; perigo-
nadal C, D) and cytokine-positive cells in hindlimb skeletal muscle
(E-H) of CTL and DIO mice. (A) Immunohistochemical staining of
CD68-positive abdominal WAT macrophages (arrows). (B) Statistical
analysis of quantified abdominal CD68-positive WAT macrophages
(n=4). (C) Immunohistochemical staining of CD68-positive perigo-
nadal WAT macrophages (arrows). (D) Statistical analysis of quan-
tified perigonadal CD68-positive WAT macrophages (n=4). (E)

IL-6 is further subjected to regulate the SC proliferation
capacity (Serrano et al. 2008; Kurosaka & Machida 2013)
and implies subsequent analysis of its distinct function in
DIO mice.
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Immunohistochemical staining of IL-6-positive cells (arrow) in M.
biceps femoris. (F) Statistical analysis of quantified IL-6-positive
cells in hindlimb muscles (M. rectus femoris, M. biceps femoris, M.
triceps surae, M. tibialis anterior). (G) Immunohistochemical staining
of TNF-alpha-positive cells (arrow) in M. tibialis anterior. (H) Sta-
tistical analysis of quantified TNF-alpha-positive cells in hindlimb
muscles (M. rectus femoris, M. biceps femoris, M. triceps surae, M.
tibialis anterior). Scale bar=100 um.

Notably, despite substantial in vivo metabolic dysregula-
tion, SCs isolated from DIO animals persevered fundamental
aspects of their myogenic function, and subtle phenotypic
differences were evident. DIO-derived myoblasts depicted
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Figure 4. Ex vivo FACS-sorted satellite cells (A, B) and in vitro cul- itive (right) satellite cells of DIO-derived muscle tissue. (C) Bright-
tivation of satellite cell-derived myoblasts of CTL and DIO (C) with field images of proliferating myoblasts on days 3 and 6 post plating
calculated doubling time (D). (A) FACS of propidium iodide—positive of CTL (upper line) and DIO (lower line). Magnified single cells in
(left) and Itga7-positive (right) satellite cells of CTL-derived muscle upper right rectangles. Scale bar=>500 um. (D) Analysis of doubling
tissue. (B) FACS of propidium iodide—positive (leff) and Itga7-pos- time of cultures of myoblasts of CTL and DIO over a period of 100 h.

Table 5. Sorting statistics of

. . o Individual cell cultures Total cell count of ~ Count of Itga7- % of sorted Itga7-positive Sorting
}sol.ated prlm.ary, prop.1d1um MACS sample positive cells cells (Itga7/total) efficacy
iodide—negative satellite cells
inFACS Control I 1,530,020 215,947 14.3 94
Control II 1,181,046 240,016 20.3 96
Control IIT 1,470,586 204,620 14 94
DIOI 871,417 151,272 17.4 97
DIO IT 1,553,766 174,426 11.2 94

DIO III 1,326,049 231,360 17.4 95
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Figure 5. Myotube formation of satellite cell-derived myoblasts
of CTL and DIO (A) with Western blot analysis of myogenic mark-
ers (B-E). (A) Brightfield images of differentiating myoblasts of
CTL (upper line) and DIO (lower line) after 3 and 6 d of serum
withdrawal. Magnified myotubes in upper right rectangles. Scale
bar=500 pm. (B) Western blot analysis of Myf5 protein in CTL and
DIO at 3 and 6 d of proliferation or differentiation, respectively. (C)
Western blot analysis of MyoD protein in CTL and DIO at 3 and 6 d
of proliferation or differentiation, respectively. (D) Western blot anal-
ysis of myogenin protein in CTL and DIO at 3 and 6 d of proliferation

a reduced cell size with a more rounded morphology, which
was previously reported (Geiger et al. 2020). Cells isolated
from DIO mouse displayed canonical expression of lineage-
determining MRF, including Myf5, MyoD, and MyoG, indi-
cating preserved lineage characteristics and competence for
differentiation (Motohashi & Asakura 2014; Motohashi et al.
2014; Zammit 2017). Moreover, neither proliferative behav-
iour nor terminal differentiation capacity exhibited statisti-
cally significant alterations between DIO-derived and CTL-
derived myoblasts, suggesting a relative resilience of SCs to
short-term metabolic stress of 8§ wk HFD. The diminished
expression of MRF at the late differentiation state (MF20)
was not significant but may pinpoint an altered regulation.
Subsequent analysis of senescent behaviour of SC-derived
myoblasts revealed a significant proportional increase from

or differentiation, respectively. (E) Western blot analysis of Mf20 pro-
tein in CTL and DIO at 3 and 6 d of proliferation or differentiation,
respectively. () Western blot analysis of Itga7 protein in CTL and
DIO satellite cell-derived myoblasts at 3 and 6 d of proliferation or
differentiation, respectively. (G) Western blot analysis of CD56 pro-
tein in CTL and DIO at 3 and 6 d of proliferation or differentiation,
respectively. (H) Western blot analysis of Pax7 protein in CTL and
DIO at 3 and 6 d of proliferation or differentiation, respectively. Fold
change of normalized samples described as a quotient of each sample
with standard control (proliferation 3 d).

proliferative to differentiative state in CTL but not in DIO,
indicating an elevated number of cells entering senescence
while MRF upregulation in healthy conditions. Surprisingly,
DIO-associated senescence was not significantly altered com-
pared to control and is contrary to previous findings (Englund
et al. 2021). According to previous reports highlighting the
essential role of autophagy in myogenic cell differentia-
tion (Steingruber et al. 2023) and prevention of senescence
(Garcia-Prat er al. 2016), markers of autophagy and cellu-
lar senescence were analyzed. Autophagy hallmarks p62,
LC3B-1, and LC3B-II showed intact regulation, but without
significant differences between DIO and CTL during differ-
entiation. Nonetheless, p62 was significantly upregulated in
DIO at prolonged proliferation (6 d) compared to CTL. Fur-
ther, the autophagosomal index (Mizushima & Yoshimori
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Figure 6. Analysis of senescence in cultivated satellite cell-derived
myoblasts of CTL and DIO compared to immortalized C2C12 myo-
blasts with in vitro assay (A) and in Western blot for GLB1 protein
(B). (A) Analysis of beta-galactosidase assay with randomized quan-
tified positive cells per 100 counts per sample of C2C12 CTL and
myoblasts of CTL- and DIO-derived satellite cells with 3 or 6 d of

2007) was significantly higher in DIO at prolonged differen-
tiation (6 d) compared to proliferation condition. Although
autophagic flux appeared preserved, these observations merit
deeper investigations, particularly under regenerative or pro-
longed stress-associated conditions (Ryu ez al. 2020).

Given the established role of the ALDHI family in
the modulation of redox homeostasis (Vella et al. 2011),
autophagy and myogenic differentiation (Etienne et al.
2020; Steingruber et al. 2023), isoforms ALDH1AT1 and
ALDHI1A3 were investigated. No significant differences
between DIO and CTL were observed. The observed differ-
ential expression of ALDH1A3 in DIO was slightly elevated
(non-significantly) and may reflect a compensatory antioxi-
dative activity or early metabolic adaptations in skeletal
muscle (Sharples et al. 2016).

In summary, these data suggest that while dysfunction
of satellite cells seems not to be apparent following 8 wk
of HFD, subtle molecular and morphological alterations
indicate early adaptations or priming effects. Such pertur-
bations could be amplified under conditions of aging, injury
or prolonged metabolic challenge. The apparent degenera-
tion of skeletal muscle tissue and SC functionality in vivo
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proliferation and differentiation, respectively. (B) Western blot analy-
sis of GLB1 protein in CTL and DIO at 3 and 6 d of proliferation
or differentiation, respectively. Fold change of normalized samples
described as a quotient of each sample with standard control (prolif-
eration 3 d).

(Ryu et al. 2020; Park & Choi 2023) implies further studies
to underline the utility of this model for mechanistic inter-
rogation and potentially enabling refinement of preclinical
research strategies and reduction of animal use. Crucially,
elucidating the epigenetic and metabolic rewiring by DIO
may offer a novel approach for therapeutic interventions in
sarcopenic obesity and muscle regenerative failure.

Conclusions

The study demonstrates that SC-derived myoblasts from
mice subjected to 8 wk of HFD retain their fundamental
myogenic potential and preserve execution of canonical
myotube formation in vitro. Despite the pronounced sys-
temic metabolic derangements associated with DIO, char-
acterized by WAT analysis and its inflammatory infiltra-
tion, SC-derived myoblasts sustain proliferative dynamics
and differentiation efficacy under basal culture conditions.

Nonetheless, morphological deviations and attenu-
ated shifts in the expression of myogenic and metabolic
stress markers suggest the presence of subtle cellular
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Figure 7. Western blot analysis of satellite cell-derived myoblasts of
CTL and DIO for proteins of autophagy (A—C) and oxidative stress
response (D, E). (A) Western blot analysis of p62 protein in CTL and
DIO at 3 and 6 d of proliferation or differentiation, respectively. (B)
Western blot analysis of LC3BI protein in CTL and DIO at 3 and 6 d
of proliferation or differentiation, respectively. (C) Western blot anal-
ysis of LC3BII protein in CTL and DIO at 3 and 6 d of proliferation
or differentiation, respectively. (D) Western blot analysis of LC3BII

reprogramming or metabolic imprinting. These findings
imply that while the intrinsic regenerative programme of
SC remains largely intact, early signs of DIO-associated
adaptations with epigenetic memory may be encoded dur-
ing prolonged metabolic overload.

Future research studies should address the long-term
consequences of chronic metabolic stress and SC func-
tion, particularly under regeneration or aging contexts.
Moreover, delineating the transcriptional, epigenetic and
metabolic networks that govern SC responsiveness may
present new strategies for mitigating muscle degeneration
and preserving regenerative capacity in metabolic disease.

Concluding, our data demonstrate that metabolism-
dependent adaptations of SC constitution and behaviour
caused by 8 wk HFD in a living murine organism are only
to a limited extent detectable and preserved in standard
in vitro cell culture. Hence, primary cell culture model
systems are yet insufficient to recapitulate metabolism-
dependent adaptations occurring in muscle tissue in vivo.

to LC3B-I protein ratio in CTL and DIO at 3 and 6 d of proliferation
or differentiation. (E) Western blot analysis of ALDH1A1 protein in
CTL and DIO at 3 and 6 d of proliferation or differentiation, respec-
tively. (F) Western blot analysis of ALDHIA3 protein in CTL and
DIO at 3 and 6 d of proliferation or differentiation, respectively. Fold
change of normalized samples described as a quotient of each sample
with standard control (proliferation 3 d).

We therefore propose that mouse models remain indispen-
sable to capture pathophysiological adjustments in their
full complexity and to enable meaningful translation to
the human context. Such approaches should be comple-
mented by analysis of human muscle tissue obtained from
biopsies and post-mortem sampling, ideally accompanied
by detailed information on individual exposomes and pre-
existing conditions. We have already implemented this
integrative translational strategy successfully in the context
of respiratory musculature and COVID-19 (Steingruber et
al. 2025). In addition, a refinement of primary cell culture
conditions is necessary to closely mimic physiological
impacts of HFD on SCs in vitro.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11626-025-01130-2.
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