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Snoring-related vibrations have been proposed as a pathogenic factor contributing to upper airway muscle
dysfunction in patients with obstructive sleep apnea (OSA). To investigate whether exposure to snoring vibration
is linked to muscle weakness, we used an in vitro vibration model to examine its effects on mitochondrial ho-
meostasis in L6 muscle cells at 8, 12, 24, and 48 h. The findings were then compared with mitochondrial al-

Glycolysis . . . . . . .
Vil};rati};ns terations in the upper airway muscles from snorers and patients with OSA. Proteomic analysis of L6 myoblasts
Snoring revealed extensive remodeling of the mitochondrial proteome at 8 h, affecting pathways involved in oxidative

phosphorylation, protein import, ribosome biogenesis, and RNA processing. Respiratory chain remodeling was
subunit-specific, with increased abundance of selected components of Complexes I, IV, and V, including NDUFS4,
COX5A, and ATP5PD. However, reductions in spliceosome-associated factors, such as SRSF2 and DDX46, along
with alterations in mitochondrial ribosomal proteins, indicated impaired RNA processing and protein synthesis.
Furthermore, both proteomic and transcriptomic analyses revealed activation of a mechano-
sensing—-mechanotransduction axis, with early upregulation of integrin subunits and mechanosensitive ion
channels, followed by transient activation of focal adhesion signaling. Despite transcriptional upregulation of
selected Complex IV subunits Cox5a and Cox6a2, this response was accompanied by accumulation of unspliced
pre-mRNA, indicating impaired RNA processing efficiency and a decoupling between transcript and protein
levels. Real-time Seahorse assay revealed a collapse of mitochondrial respiration and glycolytic reserve at 8 h.
Although mitochondrial oxygen consumption recovered after 48 h, the ability to dynamically upregulate
glycolysis remained impaired. In patients, muscle capillarization was impaired, COX activity was reduced, and
mitochondrial organization was disrupted. Moreover, transcription of Complex IV subunits COX5A and COX6A2
was, as in vibrated L6 cells, upregulated, suggesting a mismatch between transcript levels and protein expression.
We conclude that snoring-induced vibrations are an unrecognized stressor that disrupts mitochondrial homeo-
stasis in muscle by impairing RNA processing, protein synthesis, and mechanotransduction-driven mitochondrial
remodeling, leading to transcript—protein uncoupling and likely muscle dysfunction.

Obstructive sleep apnea

1. Introduction

We and others have previously reported neuromuscular changes in
the oropharyngeal tissues of long-term snorers, with notable correla-
tions to obstructive sleep apnea (OSA) and swallowing dysfunction
(Boyd et al., 2004; Friberg et al., 1998; Jaghagen et al., 2000; Levring
Jaghagen et al., 2003; Shah et al., 2018). Interestingly, biopsies from
these individuals also revealed muscle fibers with mitochondrial

disorganization, reduced oxidative capacity, absence of cytochrome c
oxidase (COX) activity, abnormalities in a cytoskeletal protein that an-
chors mitochondria, and reduced capillarization (Shah et al., 2018;
Bovenzi, 2005; Murfee et al., 1985; Necking et al., 2004; Waugh et al.,
2016; Silver et al., 2018), indicating disturbances in energy metabolism.

Snoring-induced vibrations represent a less-explored but clinically
relevant source of repetitive mechanical stress on the upper airway
muscles. Long-term occupational exposure to mechanical vibration from
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hand-held and powered tools is associated with a range of harmful ef-
fects on biological tissues, including vascular, neurological, and
musculoskeletal disorders (Bovenzi, 2005). Chronic exposure has been
linked to muscle fiber atrophy, peripheral neuropathy, impaired blood
flow, and muscle weakness (Murfee et al., 1985; Necking et al., 2004). In
animal models, vibration exposure is reported to lead to capillary loss,
vasospasm, DNA damage, and altered cell signaling, suggesting far-
reaching impacts on tissue integrity and cellular function (Waugh
et al., 2016). However, the effect of snoring-induced vibrations on en-
ergy metabolism in upper airway muscles remains unclear.

Muscle function is energy-dependent and closely linked to mito-
chondrial health (Silver et al., 2018). Mitochondria generate ATP and
maintain oxidative phosphorylation, both of which are critical for
proper cellular metabolism. Disruptions to these pathways can
compromise muscle contractility and resilience. Changes in the
morphology, quantity, and position of mitochondria are a key patho-
genic mechanism in a diverse range of diseases and pathologies char-
acterized by dysfunctional mitochondria (Ishihara et al., 2015; Chen
etal., 2023; Yapa et al., 2021). Additionally, adequate oxygen delivery is
essential for sustaining oxidative metabolism and ATP synthesis
(Wheaton and Hypoxia, 2011; Mungai et al., 2011). Thus, vibration-
induced disturbances in blood flow may further impair mitochondrial
function (Krajnak, 2020; Curry et al., 2002).

The goal of the present study was to use an in vitro model to deter-
mine whether snoring-induced vibrations disrupt mitochondrial ho-
meostasis and energy metabolism in muscle cells and to investigate
mechanotransduction-related signaling responses. The results were
compared with mitochondrial abnormalities in biopsies of upper airway
muscles from snoring and OSA patients.

2. Material and methods
2.1. In vitro model

An in vitro experimental model was developed to analyze the effect
of snoring vibrations on energy metabolism in cultured muscle cells. The
cells were exposed to snoring vibrations for 8, 12, 24, and 48 h to
investigate time-dependent alterations at both the gene and protein
levels, and for 8 and 48 h to assess mitochondrial respiration and
glycolytic flux in real time using the Seahorse assay. Non-vibrated cells
maintained under identical conditions served as controls.

2.1.1. Muscle cell culture

The commercial rat muscle cell line L6 (ATCC® CRL-1458™) was
used. Myoblasts were cultured in T-175 flasks (Sarstedt, code:
83.3912.002) in Dulbecco’s modified Eagle medium (DMEM; Thermo
Fisher Scientific, code: 31966021) containing L-alanyl-L-glutamine
(GlutaMAX), 10% fetal bovine serum (FBS; Thermo Fisher Scientific,
code: 10500064), and 1% penicillin-streptomycin (Thermo Fisher Sci-
entific, code: 15140122). Cultures were maintained at a sub confluent
level to maintain the myoblastic component as the cells were passaged.

2.1.2. Coating of cell culture plates

To facilitate cell adhesion, tissue culture plates were treated with
poly-D-Lysine (Sigma-Aldrich, code: P6407, 50 pug/ mL) for 1 h followed
by rinsing with sterile water. The plates were then coated with rat tail
collagen Type I diluted in acetic acid (0.02 N) (Sigma-Aldrich, code:
C7661, 50 pg/ cm?) and left at 4°C overnight. The following day, the
collagen solution was aspirated, and culture plates were rinsed with
sterile water. L6 cells were seeded at a density of 300,000 cells per well
in a 6-well plate (Corning, code: 353504).

2.1.3. Experimental setup

The culture plates were firmly attached to a metallic frame placed
above a 12-inch subwoofer loudspeaker (MDS, Stockholm). The loud-
speaker, rated at 1000 W, was driven by a low-frequency (LF) amplifier
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connected to a laptop (Dell Technologies, USA) and operated using a 30-
second looping snoring sound file (.wav) recorded from one of the pa-
tients included in the study. This setup was used to subject the cultured
cells to vibrations. To measure the acceleration generated by the snoring
vibrations on the cell culture plate, an ADXL 345 accelerometer (Analog
Devices, Inc., Wilmington, MA) was attached to the vibrating platform.
Additionally, the vibrations reaching the base of the cell culture wells
were confirmed using a Digiducer 333D01 (SN81419) accelerometer
(Modal Shop, Inc., USA).

2.1.4. Recording, analysis, and experimental application of snoring sound

Snoring sound was recorded by the built-in microphone on Nox T3
(Nox-T3, Nox Medical Inc) strapped to the chest of the patient used.
Built-in microphones for Nox T3 were checked against a calibrated in-
dustrial sound level meter (REED EC-05 Sound level calibrator) using a
frequency sweep from 50-4000 Hz. The saturation for audio signal on T3
device was set at 106.4 dB, since it is highly unlikely that snoring sounds
are produced above 105 dB. For the expected bands of major interest to
audio power of snoring maximum deviation was —3 dB.

The snoring sound recording was clipped to a loop for 30 s. For
analysis of energy spectrum in the recorded snoring sound loop of 30 s,
sound file.wav was exported to MATLAB (the MathWorks, Inc. R2021a)
for the FFT (fast Fourier transform) transformation. Fig. 1 A shows the
30 s acoustic signal of snoring sound where time and amplitude are
plotted. These snoring sounds show large amplitude variations at time
intervals of 5, 10, 15, 23 and 26 s. The power spectrum (%) of the 30-sec-
ond sound file was acquired using FFT (0-2000 Hz); the energy peaks
were observed between 50-400 HZ and 1000-1400 Hz with a maximum
energy peak around 100 Hz (Fig. 1 B). The maximum acceleration
achieved on the surface of the culture plate was 3.2 g. The snoring vi-
bration model system was placed inside a conventional culture/incu-
bator chamber at 37°C and 5% CO2. L6 cells were subjected to a snoring
vibration loop for 8, 12, 24, or 48 h. Corresponding non-vibrated control
cells were maintained under identical conditions for the same time
points before analysis.

2.1.5. Proteomics

To analyze changes in protein synthesis in muscle cells, cellular
proteins were digested into peptides using a modified SP3 protocol
(Hughes et al., 2014; Hughes et al., 2019). Briefly, L6 muscle cell pellets
were resuspended in lysis buffer (2% SDS, 20 mM Tris(2-carboxyethyl)
phosphine hydrochloride) and boiled at 95°C for 10 min. SpeedBeads
magnetic carboxylate modified particles (Sigma Aldrich, beads A
hydrophylic, cat.no GE45152105050250; beads B hydrophobic, cat.no
GE65152105050250,) were combined with ratio 1:1 v/v and washed
using liquid chromatography mass spectrometry grade (LC-MS water,
four times. Then the beads were mixed with each sample in binding
buffer (50% ethanol and 2.5% formic acid) and incubated with shaking
at 500 rpm for 15 min at room temperature. Then they were transferred
into one filter plate (0.22 pm, Sigma Aldrich, part.no: MSGVN2210).
Unbound fraction was removed by centrifugation at 1000 xg. Beads
were retained on the filter and washed with 70% ethanol four times.
Trypsin was mixed with digestion solution (100 mM HEPES pH7.5, 5
mM chloroacetamide, 1.2 mM TCEP) and added to each sample (1 pg
trypsin was used for 25 pg protein) on the plate. Samples were digested
overnight at room temperature with shaking at 500 rpm. Flow-through
containing the peptides was collected with centrifugation at 1000 xg.
Dimethyl sulfoxide (DMSO; 10 pl of 2% solution) was added to beads for
eluting bound peptides and pooled with the previous flowthrough.
Peptides were desalted by the Oasis HLB plate (Waters, code:
186001828BA) using the manufacturers’ protocol and then dried by
SpeedVac.

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was
used for analysis. Dried peptides were dissolved with 0.1% formic acid
in water. Peptides from each sample (1 pg) were introduced to using the
Vanquish Neo (Thermo Fisher Scientific). The trapping column used was
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Fig. 1. Characterization of snoring sound vibrations used in the in-vitro vibration model. (A) A 30-second segment of the acoustic snoring signal recorded from
a patient during sleep. The amplitude-time waveform displays substantial variation, with particularly prominent high-amplitude oscillations occurring at approxi-
mately 5, 10, 15, 23, and 26 seconds, indicating irregular vibration bursts. These fluctuations reflect non-harmonic, transient airflow disruptions in the upper airway,
likely caused by the airway walls collapsing during inspiration. (B) Power spectral density (PSD) of the 30-second snoring signal was computed using Fast Fourier
Transform (FFT). The spectrum reveals two dominant energy bands: a low-frequency range (50-400 Hz) with a peak near 100 Hz, and a higher-frequency range
between 1000-1400 Hz. These frequency components correspond to tissue vibration and possibly fluttering phenomena of pharyngeal structures. The observed
spectral pattern suggests that different parts of the airway are vibrating in varied ways during snoring.

a PEPMAP NEO C18 (5 um particle size, 300 umx5mm, Thermo Scien-
tific). The analytical column used was a nano Ease™ M/Z HSS C18 T3
(1004, 1.8 um particle size, 75 um x 250 mm, Waters). A total time of
120 min was used for separation and elution was performed with a
gradient of mobile phase A (water and 0.1% formic acid) to 8% B (80%
acetonitrile and 0.1% formic acid) over 4 min and to 27% B over 87 min,
then to 80% B for 0.1 min and hold for 4 min, finally to 2% B for 0.5 min
and finally, column equilibration was performed.

Data acquisition was carried on an Exploris 480 (Thermo Scientific)
using a data-dependent method. Survey scans covering the mass range of
375 - 1500 were acquired at a resolution of 120,000, RF lens of 40%,
and normalized automatic gain control (AGC) of 300%. A maximum
cycling time of 2 s was used to control the number of precursors for
tandem mass spectrometry (MS2) analysis. Charge states include 2-6
charges. Dynamic exclusion was set to exclude the previously selected
precursors for 35 s. mass spectrometry (MS) scans were acquired at a
resolution of 15,000 (at m/z 200), with Automatic Gain Control (AGC)
target value of auto. The isolation window was 1.4 m/z. Higher Energy
Collisional Dissociation (HCD) fragmentation was induced with a
normalized collision energy (NCE) of 30. Isotopes were excluded for MS?
analysis.

2.1.6. Proteomics data analysis

Raw data was searched against the Rattus norvegicus UniProt FASTA
(proteome identifier [ID] UP000002494) using FragPipe (version 18),
label free quantification was achieved using LFQ-MBR workflow.
FragPipe-Analyst was used for statistics analysis (https://fragpipe-an
alyst.nesvilab.org/). To reduce technical variation, data was normal-
ized by variance stabilizing normalization method using vsn package
(Huber et al., 2002). Missing values were replaced with the minimum
value in each sample and FDR correction was performed using Benja-
mini Hochberg method.

2.1.7. Enrichment analysis

Proteomics data were subjected to functional annotation and
pathway enrichment analysis using the g:Profiler toolset (Raudvere
et al., 2019). Lists of significantly dysregulated proteins (adjusted p-
value < 0.05) were generated separately for each timepoint (8 h, 12 h,
24 h, and 48 h vibration vs control comparisons) and used as input for
the g:GOSt functional profiling module. The analysis included multiple
annotation sources, Gene Ontology (GO), Biological Process (BP),
Cellular Component (CC), Molecular Function (MF), Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), Reactome, WikiPathways, and the

Human Phenotype Ontology (HPO), with the organism set to Rattus
norvegicus. Enrichment results were calculated using g:Profiler’s hyper-
geometric test with Benjamini-Hochberg FDR (false discovery rate)
correction for multiple comparisons. For each time point, significantly
enriched terms (adjusted p-value < 0.05) were retained for downstream
interpretation and comparison across the temporal profile.

2.1.8. Gene expression analysis using real-time quantitative PCR

To analyze changes in the genes of Complex I and Complex IV in the
mitochondrial respiratory chain, total RNA was extracted from cells
cultured in 6-well plates using the RNeasy Mini Kit (Qiagen, code:
74106) according to the manufacturer's instructions. cDNA was syn-
thesized from 1 pg RNA using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems; code: 4368813). RT-qPCR was
performed using TagMan Gene Expression Assays (Applied Biosystems)
and ViiA 7 Real-Time PCR System (Applied Biosystems). Probes
included cytochrome ¢ oxidase subunit 5A (Cox5a; Applied Biosystems;
code: Rn00821806), cytochrome c oxidase subunit 6A2 (Cox6a2;
Applied Biosystems; code: Rn00689038), Cox6c (Applied Biosystems;
code: Rn00820983), and NADH dehydrogenase [ubiquinone] iron-
sulfur protein 4 (Ndufs4; Applied Biosystems; code: Rn01489307).
Thermal cycling conditions were 50°C for 2 min, 95°C for 20 s followed
by 40 cycles of 95°C for 1 s, and 60°C for 20 s. Data were analyzed with
ViiA 7 software (Applied Biosystems). Ribosomal protein L13a (Rpl13a;
Applied Biosystems; code: Rn00821946) was used as an internal control.

Transcriptional responses related to mechanotransduction, mito-
chondrial dynamics, RNA processing, and apoptosis were assessed by
RT-qPCR. RNA extraction and cDNA synthesis were performed as
described previously. Reactions were run using FastStart Universal
SYBR Green Master (ROX; Roche, 90376800) under standard cycling
conditions (95°C for 10 min; 40 cycles of 95°C for 10 s and 60°C for 30
s). Primers (Table 3) were validated for efficiency and specificity. Gene
expression was normalized to Rpl13a and f-actin and calculated using
the 2°—AACt method. To evaluate RNA processing efficiency, unspliced
pre-mRNA of Cox5a and Cox6a2 (mitochondrial Complex IV subunits)
was quantified using primer pairs designed to amplify intron-containing
regions, enabling specific detection of pre-mRNA transcripts. Upstream
mechanosensory components were assessed using integrin subunit beta
1 (Itgh1), integrin subunit alpha 7 (Itga7), and piezo-type mechano-
sensitive ion channel component 1 (Piezol), while downstream mecha-
notransduction signaling was evaluated using protein tyrosine kinase 2
(Ptk2) and the cytoskeletal regulator actinin alpha 4 (Actn4). Mito-
chondrial dynamics were analyzed using dynamin 1-like protein
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(Dnm1l), mitofusin 1 (Mfnl), mitofusin 2 (Mfn2), and optic atrophy 1
(Opal). Cellular stress and apoptotic signaling were assessed using BCL-
2 associated X protein (Bax), BCL2 binding component 3 (Bbc3), B-cell
lymphoma 2 (Bcl2), caspase 9 (Casp9) and caspase 3 (Casp3).

2.1.9. Cellular senescence f-galactosidase staining

Cellular senescence was assessed using a f-galactosidase staining kit
(Abcam, ab65351) according to the manufacturer’s instructions. Briefly,
cells were fixed and incubated with p-galactosidase staining solution.
After staining, cells were mounted using an antifade mounting medium
containing DAPI (Vector Laboratories, H-1200) to visualize cell nuclei.

Stained cells were imaged at 20x magnification using brightfield and
fluorescence microscopy. Senescent cells were identified by the presence
of blue f-galactosidase staining under brightfield microscopy, while
total cell number was determined by DAPI nuclear staining.

Quantification was performed using Image J software (National In-
stitutes of Health, Bethesda, MD, USA) The percentage of senescent cells
was calculated as the number of p-galactosidase—positive cells relative to
the total number of cells in randomly selected fields (three fields per
well, four wells per condition; n = 4).

2.1.10. Seahorse assays

Based on proteomic and transcriptomic profiling, which identified 8
h of vibrations as the peak of molecular disruption and 48 h as the point
of maximal adaptive remodeling, these time points were selected for
functional analysis. Following exposure to snoring vibrations, the Sea-
horse mitochondrial stress (Mito Stress) assays were performed using a
Seahorse XFp Bioanalyser to assess both oxidative and glycolytic activity
in L6 cells at 8 and 48 h, using real-time measurements of oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR),
respectively. Twenty-four hours prior to cell seeding, 8-well Seahorse
XFp Cell Culture Miniplates (Agilent Technologies, code: 103025-100)
were coated with poly-D-lysine and collagen (as above). L6 cells were
seeded at 40,000 cells/well and incubated at 37°C in a 5% CO2 incu-
bator for 24 h. The cells were then subjected to control conditions or
snoring vibrations for 8 h and 48 h. Seahorse sensor cartridges (Seahorse
XFp FluxPak, Agilent Technologies, code: 103022100) were hydrated
with 200 pl of deionized water per well and incubated overnight a 37°C
in a non-CO2 incubator. On the morning of the assay, the deionised
water was replaced with 200 ul of Seahorse XF Calibrant Solution
(Agilent Technologies, code: 103059-000) Mito Stress assay media
consisted of low-buffered Dulbecco’s Modified Eagle’s Medium (DMEM;
Sigma-Aldrich, code: D5030) was supplemented with glutamine
(Thermo Scientific, code: 25030123, 2 mM), glucose (Sigma-Aldrich,
code: G7021, 10 mM) and pyruvate (Sigma-Aldrich, code: P5280, 1 mM;
freshly prepared from sodium pyruvate powder). The media was
equilibrated to 37°C in a non-CO2 incubator and the pH was adjusted to
pH 7.4 using 1 M NaOH. The cells were washed (twice with 200 uL/well)
and incubated in 180 pL per well of assay media for 1 h at 37°C in a non-
CO2 incubator prior to the assay. For Mitostress assays, oligomycin
(Sigma-Aldrich, code: 495455), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, Sigma-Aldrich, code: C2920) and rotenone/
antimycin A (Sigma-Aldrich, code: R8875/A8674) were made at 10X
concentration (10 uM, 20 uM and 5 uM, respectively).

Each measurement cycle lasted 3 min. Three baseline measurements
were taken prior to the addition of each compound, and subsequently,
three measurements were taken afterward. OCR and ECAR were re-
ported as absolute rates (pmol/min for OCR and mpH/min for ECAR).
Data was exported from the Seahorse XFp Extracellular Flux Analyser
into Seahorse XF Report Generator software for analysis.

2.2. Analyzes of samples from snoring and OSA patients
To determine whether the alterations observed in the in vitro vi-

bration model were also present in the upper airway muscles of snoring
and OSA patients, muscle biopsies were analyzed for expression of
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proteins and genes associated with mitochondrial complex IV and for
parameters reflecting the capillary perfusion capacity of muscle fibers.

2.2.1. Patients and healthy subjects

The study included 19 patients (1 female, 18 males), mean age 47
years (range 21-77 years), and mean BMI 28 kg/m? (range 21-33), who
were referred for soft palate surgery following a clinical examination
confirming snoring with or without OSA. The exclusion criteria were
smoking, previous palatal surgery, systemic disease, medications, and
drug abuse. Five healthy male controls, mean age 55 years (range
47-77), and a mean BMI of 30 kg/m2 (range 27-32 kg/mz), were
included in the study. Exclusion criteria were the same as in patients but
also included habitual snoring and OSA.

2.2.2. (Clinical investigation and sleep apnea recordings

All patients and controls underwent a type 3 study. The portable
ambulatory overnight sleep apnea device (Embletta, Embla Systems,
Kanata, Canada) recorded continuous signals for airflow via nasal can-
nula pressure, thoracic and abdominal respiratory movements, snoring
sounds, finger pulse oximetry (Nonin Oximeter Xpod, Nonin Medical
Inc. Plymouth), and body position. Recordings were performed for a
minimum of 4 h during sleep (average sleep time was 6.3 h for patients
and 6.6 h for healthy subjects) and were manually scored according to
the American Academy of Sleep Medicine (AASM) guidelines. An apnea
was defined as a >90% cessation of airflow lasting at least 10 s, while a
hypopnea was defined as a 50% reduction in airflow from baseline,
combined with an oxygen desaturation of >3% (Coste et al., 2010).

According to overnight sleep registration, all 19 patients had a his-
tory of snoring (mean duration 20 years; range 6-40 years), and 15 had
OSA. The mean apnea-hypopnea index (AHI) was 17.8 (range: 1.5-84).

2.2.3. Muscle samples

Muscle samples from the base of the uvula were obtained in patients
undergoing soft palate surgery. In the voluntary control subjects, sam-
ples were taken from the corresponding area using the punch biopsy
technique.

2.2.4. Immunohistochemistry

The muscle samples were oriented and mounted for cross-sectioning
in OCT compound (Tissue Tek, Miles, Elkhart, IN, USA) and frozen in
liquid propane chilled with liquid nitrogen. Serial muscle sections, 5 pm
thick, were cut at —20° in a cryostat and mounted on glass slides. The
sections were immunostained with previously characterized monoclonal
(mAb) and polyclonal antibodies directed against cytoskeletal, base-
ment membrane, and three mitochondrial proteins (Table 1). The anti-
body TOMM20, which recognizes a transit peptide receptor on the
mitochondrial outer membrane, was used to assess mitochondrial con-
tent and localization in muscle fibers. Abnormalities in mitochondrial
activity within muscle fibers were assessed using mAb anti-MTCO2,
which targets COX subunit 2, a component of Complex IV in the mito-
chondrial respiratory chain, and mAb anti-COX IV, which targets a COX
subunit in Complex IV. To visualize the basement membranes of both
muscle fibers and capillaries, sections were stained with a polyclonal
antibody against laminin, a major component of the basal lamina.

Bound primary Abs were visualized by indirect immunofluorescence
using affinity-purified secondary Abs prepared for multiple labeling and
conjugated with fluorochromes with different emission spectra; fluo-
rescein isothiocyanate (FITC), Rhodamine Red-X (RRX; Jackson Immu-
noResearch Laboratories, West Grove, PA, USA), Alexa Fluor 488, and
Alexa Fluor 647 (Invitrogen, CA, USA). The sections were then washed
in PBS for 3 x 5 min and mounted in Vectashield Mounting Medium (H-
1000) (Vector Laboratories, Burlingame, CA, USA). Negative control
sections were treated as above, except that the primary Abs were
replaced with non-immune serum. For details of the multi-staining
technique, see (Shah et al., 2016).



P. Stdl et al.

Table 1
Antibodies used for immunohistochemistry.
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Antibody Product Code Specificity Gene* Host/Clone Dilution Source
Anti-TOMM20 Mitochondrial Marker ab186735 Human and animal mitochondria TOMM20 PAD (rabbit) 1:1000 1
Anti-COX IV Mitochondrial Marker Ab33985 Human and animal mitochondria COX411 mADb (mouse) 1:5000 1
Anti-MTCO2 Mitochondrial Marker Ab3298 Human and animal mitochondria MTCO2 mAb (mouse) 1:250 1
Laminin PC 128 Human laminin LAMININ PADb (sheep) 1:15000

2

*QOfficial gene nomenclature according to OMIM. (http://www.ncbi.nlm.nih.gov/omim/); 1. Abcam, UK,; 2. Binding site Inc, USA; 8. Santa Cruz Biotechnology Inc.

UK,

2.2.5. Engyme-histochemistry

Using double histochemical staining for COX and succinate dehy-
drogenase (SDH) (EC 1.3.99.1), an enzyme complex involved in the
oxidative phosphorylation chain and the tricarboxylic acid cycle (TCA)
cycle, deficits in the mitochondrial respiratory chain were assessed.
COX-positive fibers stained brown, and fibers lacking COX activity
stained blue.

2.2.6. Analysis of mitochondria distribution and capillarization of muscle
fibers

Four to five random areas from each muscle cross-section were
scanned at 20x magnification with a fluorescence microscope (Leica
DM6000B, Leica Microsystems CMS GmbH, Wetzlar, Germany) equip-
ped with a digital high-speed fluorescence charge-coupled device (CCD)
camera (Leica DFC360 FX). In cross-sections stained for the mitochon-
drial COX2 subunit (mAb MTCO2), muscle fibers were subdivided based
on staining intensity (unstained, weakly, moderately, or strongly
stained) and on the normal or abnormal mitochondrial distribution
pattern. The cross-sectional area of each muscle fiber (fCSA) and cap-
illaries was measured by tracing the circumference of the muscle and
capillary membranes stained for pAb Z0097 against laminin using
morphometric software Leica QWin (Standard version 3.5.1 software;
Leica Microsystems Ltd). The measurements included capillary density
(cap/mmz), the number of capillaries around each fiber (CAF), and CAF
related to fiber cross-sectional area (CAFA), calculated as CAF/fCSA x
10%. All capillaries within 5 pm of each individual muscle fiber were
included in the calculations. The investigators were blinded to the
identity of the samples.

2.2.7. Gene expression analysis using real-time quantitative PCR

For RT-qPCR, samples from 5 patients showing typical morpholog-
ical muscle alterations were used (mean age 55 years, range 47-77,
mean BMI 30.6 kg/m? range 28-32 kg/m?, mean AHI 20, range 10-26).
Unfixed muscle biopsies were homogenized in QIAzol (Qiagen; code:
79306) using a handheld tissue disruptor. The homogenate was placed
on the benchtop for 5 min to promote the dissociation of nucleoprotein
complexes. Chloroform was then added to the tube (at a ratio of 1:5) and
shaken vigorously for approximately 15 s. The homogenate was
centrifuged at 18 600xg at 4°C for 15 min, after which the upper
aqueous phase was transferred to a new tube and mixed with 1.5 vol of
100% ethanol. Total RNA was purified using the RNeasy Mini Kit
(Qiagen; code: 74106) according to manufacturer’s instructions; cDNA
was synthesized using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems; code: 4268813); and RT-qPCR was performed
with TagMan Gene Expression Assay (Applied Biosystems). The ampli-
fication was performed on a ViiA 7 Real-time PCR system (Applied
Biosystems). Thermal cycling conditions were 50°C for 2 min, 95°C for
20 s, and 40 cycles of 95°C for 1 s, and 60°C for 20 s.

Based on findings from the in vitro vibration model, the expression of
specific genes within mitochondrial complex IV was examined in human

muscle samples using probes targeting COX subunits: COX5A (Applied
Biosystems; code: Hs00362067) and COX6A2 (Applied Biosystems;
code: Hs00193226). Data were analyzed with ViiA 7 software (Applied
Biosystems) and PCR Array Analysis Web Portal (Qiagen). The expres-
sion levels were normalized to B-actin (Applied Biosystems; code:
Hs01060665).

2.2.8. Statistical analysis

Statistical tests for human samples and qPCR were performed using
SPSS version 26 (IBM SPSS Statistics, IBM Corporation). Normality in
the distribution of data was tested by using the Shapiro-Wilk test.
Comparisons between the groups were made using the independent
sample t-test for variables with normal distribution; the Mann-Whit-
ney U test was performed for variables with non-normal distribution.
Values are presented as mean + SD. The results were considered sig-
nificant at P values < 0.05. Seahorse XF data were analyzed in GraphPad
Prism. OCR and ECAR time-course curves were compared using two-way
repeated measures ANOVA (or a mixed-effects model if missing values
occurred). Derived parameters, non-mitochondrial oxygen consump-
tion, basal respiration, ATP production, maximal respiration, spare
respiratory capacity, coupling efficiency, and proton leak, were
analyzed by one-way ANOVA with appropriate post hoc tests, or by
Kruskal-Wallis with Dunn’s test when assumptions of normality were
not met. A p value < 0.05 was considered statistically significant.

3. Results
3.1. In vitro model

3.1.1. Proteomic dysregulation and pathway analysis

Proteomic analysis was conducted to compare changes in protein
expression across 8, 12, 24, and 48 h of vibration exposure. Out of the
3,391 proteins quantified, a substantial fraction of the quantified pro-
teome showed significant changes (adjusted p < 0.05), including many
proteins with |logoFC| > 1. Of these, 615 mapped to functional cate-
gories in g:Profiler and were used for downstream pathway enrichment
analysis (Fig. 2 volcano plots). The most significantly enriched pathways
included oxidative phosphorylation, carboxylic and amino acid meta-
bolism, mitochondrial protein import, ribosome/translation, spliceo-
some, and regulation of apoptosis, highlighting coordinated disruption
of energy metabolism, RNA processing, and proteostasis (see Table 2 for
fold changes and adjusted p values).

3.1.2. Oxidative phosphorylation (OXPHOS)

Analysis of respiratory chain proteins revealed subunit-specific
remodeling across complexes. Within Complex IV, the COX subunit 5A
showed a consistent and significant increase across all time points, while
COX6C2 exhibited a delayed increase at 48 h. COX7A2 displayed a
biphasic pattern, with increased abundance at 8 h, transient normali-
zation at 12 h, and renewed upregulation at 24 and 48 h. COX6A2 was
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Fig. 2. Volcano plots showing proteomic changes after 8-48 h of snoring-induced vibrations in L6 muscle cells. Volcano plots showing differential protein
abundance after 8, 12, 24, and 48 h of snoring-induced vibration exposure in L6 muscle cells relative to controls. Blue dots denote significantly regulated proteins
(adjusted p < 0.05, |logz fold change| > 1), and red dots indicate non-significant proteins. Vertical dotted lines indicate the log: fold-change thresholds (+1), while
the horizontal dotted line represents the statistical significance cutoff (adjusted p = 0.05).

not detected in the proteomics dataset, likely due to low abundance.
Within Complex I, several subunits showed increased abundance at later
time points. NADH-ubiquinone oxidoreductase (Complex I) subunits
NDUFS4 and NDUFS6 were significantly elevated at 24 and 48 h,
whereas NDUFS1 showed a significant increase only at 48 h. These
findings indicate preferential accumulation of multiple Complex I core
subunits during prolonged vibration exposure.

Several ATP synthase subunits in Complex V, which together cata-
lyze mitochondrial ATP production, showed significant increases in
abundance, predominantly at later time points. ATP5PD, an Fy-associ-
ated peripheral stalk subunit, and ATP5PO, an F;-associated subunit,
were significantly increased at all time points. In addition, several core
Fo and F; catalytic subunits showed significant increases at 24 and 48 h
(see Table 2).

3.1.3. Glycolysis and metabolic coupling

Proteomic analysis revealed significant alterations in glycolytic en-
zymes. Among phosphofructokinase (PFK) isoforms, which catalyze the
principal rate-limiting step of glycolysis, PFKL (liver-type phospho-
fructokinase) was significantly reduced across all time points, indicating
impaired control of glycolytic flux.

Several downstream glycolytic enzymes were also significantly
reduced. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
aldolase A (ALDOA), phosphoglycerate kinase 1 (PGK1), and pyruvate
kinase M (PKM) exhibited significant downregulation across all time
points, with sustained downregulation at 48 h.

Enzymes involved in lactate metabolism were likewise affected.
Lactate dehydrogenase A (LDHA) was significantly downregulated
across all time points, suggesting impaired NAD* regeneration and
redox-balancing capacity.

3.1.4. Mitochondrial transporters

Transport proteins showed diverse patterns of regulation. The
mitochondrial glutamate carrier SLC25A22 was significantly suppressed
at 8 and 12 h, indicating an early reduction in amino acid transport
capacity that was not sustained at later time points. In contrast, the
adenine nucleotide translocator 1 (SLC25A4/ANT1) increased signifi-
cantly at 12 h, suggesting a transient enhancement of ADP/ATP ex-
change during early adaptation. These opposing responses point to
selective remodeling of mitochondrial transport functions.

3.1.5. Chaperone and proteostasis pathways

Stress-responsive chaperones displayed compartment-specific regu-
lation. Cytosolic heat shock protein 90 isoforms HSP90AA1l and
HSP90AB1 were consistently downregulated across all time points. By
contrast, mitochondrial chaperone HSPE1 was significantly upregulated
at all time points, and HSPA9 was upregulated at 8, 12, and 24 h.

3.1.6. RNA processing and splicing

Key regulators of RNA metabolism were dysregulated following vi-
bration exposure. Several spliceosome-associated factors, including
serine/arginine-rich splicing factor 2 (SRSF2) and DEAD-box helicase 46

(DDX46) was significantly downregulated across all time points. In
addition, SUB1, which links transcription to RNA processing, was
significantly downregulated at 8, 12, and 24 h.

The core spliceosomal component small nuclear ribonucleoprotein
polypeptide C (SNRPC) showed modest upregulation across multiple
time points, highlighting heterogeneous regulation of RNA-processing
machinery rather than uniform suppression.

3.1.7. Mitochondrial ribosomal proteins

Proteomic analysis showed a significant increase in mitochondrial
ribosomal large-subunit proteins MRPL37 (8-24 h) and MRPL22 (12-24
h).

3.1.8. Cell membrane-associated mechanosensing

Upstream membrane-associated mechanosensors, including the
integrin subunits ITGB1 and ITGA7, were consistently upregulated
across time points. ITGB1 was significantly increased (p < 0.05) at 8, 12,
and 24 h with a sustained upward trend at 48 h. Similarly, ITGA7 was
significantly upregulated at 8 and 48 h (p < 0.05) with a non-significant
but consistent increase at 12 and 24 h time points. The mechanosensitive
ion channel PIEZO1 exhibited a consistent upward trend across all time
points, although not significant.

3.1.9. Intracellular mechanotransduction signaling

The focal adhesion kinase PTK2 showed a significant (p < 0.001)
increase at 8 h, followed by a significant reduction at 24 and 48 h (p <
0.01), indicating a transient early activation of mechanotransduction
signaling. The cytoskeletal regulator ACTN4 showed a modest decrease
across time points, reaching statistical significance only at 48 h (p =
0.014).

3.1.10. Mitochondrial dynamics (fission/fusion)

The mitochondrial fission protein DNM1L showed a progressive
decrease, reaching statistical significance (p = 0.046) at 24 h. In
contrast, the mitochondrial fusion protein MFN1 was consistently and
significantly upregulated across all time points (p < 0.05), indicating
enhanced fusion-related activity. MFN2 did not show significant
changes at any time point. The inner mitochondrial membrane regulator
OPAL1 displayed a gradual increase, although this did not reach statis-
tical significance (see Table 2).

3.1.11. Apoptotic signaling (mitochondrial pathway)

The pro-apoptotic proteins BBC3 and BAX showed no detectable
change at the protein level across all time points. The executioner cas-
pase CASP3 and anti-apoptotic protein BCL2 displayed a significant
decrease at 8 h. BCL2 showed a tendency to upregulation at 12, 24, and
48 h (see Table 2 for fold changes and adjusted p values).

3.1.12. Mitochondrial gene expression in L6 muscle cells

To complement the proteomic findings, we examined transcript
levels of key mitochondrial subunits from Complex I and Complex IV in
L6 muscle cells following vibration exposure.
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Table 2

Proteomic remodeling of mitochondrial pathways following snoring-induced vibration.
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Pathway Protein 8 h (logoFC, 12h 24h 48 h Functional implication
adj. p) (logoFC, adj. (logoFC, (logoFC, adj.
p) adj. p) p)
Oxidative phosphorylation — COX5A +0.756, p = +0.797,p = +0.819, p +0.549, p = Sustained upregulation of a Complex IV subunit, consistent with
Complex IV 0.006 0.012 = 0.012 0.03 subunit-level remodeling
COX7A2 +0.855,p=  +0.534,p=  +0.737,p +1.61,p =
0.03 0.204 =0.073 0.0013
COX6C2 +0.484,p = +0.286, p = +0.435, p +0.52, p =
0.058 0.301 =0.103 0.044
Oxidative phosphorylation -  NDUFS1 +0.0816, p +0.245, p = +0.321, p +0.646, p = Accumulation of a Complex I core subunit involved in electron
Complex I =0.63 0.16 = 0.062 0.0015 transfer
NDUFS4 +0.0797, p +0.283,p = +0.558, p +0.551, p = Accumulation of an assembly-associated Complex I subunit
=0.71 0.185 =0.021 0.01 linked to complex stability
NDUFS6 +0.292,p = +0.676, p = +0.839, p +1.03,p = Accumulation of a Complex I N-module subunit during complex
0.44 0.113 = 0.048 0.013 remodeling
ATP synthase (Complex V) ATP5PD +0.475,p = +0.495, p = +0.629, p +0.454,p = Structural stabilization of ATP synthase (peripheral stalk)
0.003 0.0076 = 0.0059 0.0046
MT-ATP8 +0.426, p = +0.144,p = +0.749, p +0.384,p = Structural support of the membrane-embedded ATP synthase
0.127 0.659 =0.026 0.172 complex
ATP5PO +0.326, p = +0.438,p = +0.537, p +0.454, p = Accessory regulation of ATP synthase assembly and stability
0.051 0.031 =0.013 0.012
ATP5ME +0.468, p = +0.337,p = +0.59, p = +0.556, p = Modulation of ATP synthase oligomerization and cristae
0.077 0.249 0.048 0.041 architecture
ATP5F1A +0.194,p = +0.252, p = +0.394, p +0.447,p = Increased abundance of catalytic F; subunits of ATP synthase
0.252 0.176 = 0.044 0.016
ATP5F1B +0.114,p = +0.186, p = +0.368, p +0.114, p = Catalytic ATP synthesis capacity (F; sector)
0.451 0.257 =0.034 0.012
ATPSF1C +0.282,p = +0.377,p = +0.451, p +0.611, p = Subunit involved in coupling proton translocation to ATP
0.131 0.081 = 0.039 0.0056 synthesis
ATP5IF1 —0.0526, p +0.254, p = +0.594, p +0.669, p = Increased abundance of ATP synthase inhibitory factor
= 0.864 0.318 =0.030 0.010
PFKL —0.966, —1.05, —0.855, —0.185, Reduced glycolytic flux control
Glycolysis 0.0195 0.029 0.0495 0.0412
GAPDH -1.23,p < —0.796, p < —0.666, p —0.796, p < Reduced central glycolysis
0.001 0.01 < 0.01 0.001
ALDOA —0.64,p < —0.476,p = —0.568, p —0.783,p < Limits downstream glycolytic flux
0.01 0.017 < 0.01 0.001
PGK1 —0.58,p = —0.324,p = —0.425, p —0.675,p < Reduced substrate-level ATP generation
0.001 0.049 =0.016 0.001
PKM -1.02,p < —0.507, p < —0.588, p -0.9,p < Reduced terminal ATP production in glycolysis
0.001 0.01 < 0.01 0.001
LDHA -1.03,p < —0.623,p = —0.704, p —0.796, p < Impaired NAD* regeneration for glycolysis
0.001 0.013 < 0.01 0.001
Mitochondrial transport SLC25A22 -191,p = -1.58,p = -0.512,p=  -0.179,p = Reduced amino acid import
0.0056 0.032 0.42 0.804
SLC25A4 +0.367,p = +1.13,p = +0.447, p +0.564, p = Increased abundance of the ADP/ATP exchanger ANT1
(ANT1) 0.216 0.0066 =0.152 0.062
Proteostasis / chaperones HSP90AA1 —0.869, p = —0.521,p = -0.719, p -1.01,p = Reduced cytosolic protein-folding capacity
0.000358 0.019 = 0.00643 0.000358
HSP90AB1 —0.846, p = —0.615,p = —0.736, p —0.914,p =
0.000236 0.0060 = 0.00593 0.000251
HSPE1 +0.557,p = +0.654, p = +0.641, p +0.453, p = Upregulation of mitochondrial protein-folding machinery
0.0021 0.0029 = 0.005 0.007
HSPA9 +0.369, p = +0.479,p = +0.423, p +0.161, p = Transient enhancement of mitochondrial protein import and
0.016 0.011 =0.019 0.259 folding
RNA processing / splicing SRSF2 -0.821,p = -0.702, p = -0.629, p = -0.574,p = Impaired spliceosome function
0.006 0.032 0.039 0.0361
DDX46 -0.856, p = -0.883,p = -0.918,p = -0.694,p = Reduced splicing efficiency
0.025 0.006 0.007 0.008
SUB1 -1.89,p = -1.58,p = -1.08,p = -0.349,p = Disruption of transcription-RNA processing coupling
0.00125 0.01 0.041 0.463
SNRPC +0.409, p = +0.313,p = +0.539, p +0.424, p = Altered core spliceosome composition
0.036 0.137 =0.0217 0.0308
Mitochondrial ribosome MRPL22 +0.411,p = +0.642, p = +0.538, p +0.344, p = Altered mitochondrial ribosomal composition
0.058 0.0187 =0.032 0.109
MRPL37 +0.504,p=  +0.599,p=  +0.586, p +0.265, p =
0.029 0.03 =0.027 0.232
Mechanosensing (cell ITGB1 +0.284, p = +0.322,p = +0.327, p +0.231,p = Enhanced expression of membrane-associated mechanosensors
membrane-associated) 0.030 0.036 =0.029 0.069 involved in integrin-mediated adhesion and mechanosensitive
+0.408, p = +0.26, p = +0.374, p +0.393,p = ion channel signaling, indicating increased detection of
ITGA7 0.035 0.21 = 0.06 0.041 mechanical stress.

(continued on next page)
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Pathway Protein 8 h (logoFC, 12h 24 h 48 h Functional implication
adj. p) (log.FC, adj. (log.FC, (logoFC, adj.
p) adj. p) D)
PIEZO1 +0.894, p = +0.416, p = +0.62, p = +0.917,p =
0.066 0.443 0.216 0.060
Mechanotransduction PTK2 +1.85,p=p —0.336, p = —0.62,p = —0.498, p = Upregulation of intracellular mechanotransduction components
signaling (intracellular) < 0.001 0.086 0.0094 0.0098 mediating cytoskeletal tension and focal adhesion signaling,
ACTN4 —0.226, p = —0.062, p = —0.166, p —0.378,p = suggesting transmission of mechanical signals to downstream
0.108 0.711 =0.261 0.014 cellular pathways.
Mitochondrial dynamics DNMIL -0.327,p = —0.533,p = -1.24,p = —0.704,p = Concurrent upregulation of fission and fusion regulators
(fission/fusion) 0.571 0.381 0.046 0.196 indicates active restructuring of the mitochondrial network,
MFN1 +1.43,p = +1.49,p = +0.986, p +0.559, p = reflecting adaptive remodeling rather than a shift toward
0.00027 0.0012 = 0.0094 0.046 fragmentation or elongation alone.
MFN2 +0.124,p = +0.308,p=  +0.319, p +0.114,p =
0.772 0.458 = 0.406 0.791
OPA1l +0.084, p = +0.133,p = +0.149, p +0.359, p =
0.705 0.56 = 0.478 0.0744
Apoptotic signaling BBC3 *0.00, p < 0.00,p=1 0.00,p=1 0.00,p=1 Concurrent upregulation of pro- and anti-apoptotic regulators
(mitochondrial pathway) 0.001 indicates induction of apoptosis-related gene expression in
BAX —0.472,p = +0.0258, p +0.5,p = +0.93,p = response to cellular stress, suggesting a regulated response
0.458 =1 0.447 0.137 rather than commitment to irreversible cell death.
CASP3 —4.85,p = —1.44,p = -0.239, p -0.133,p =
0.0142 0.484 =0.932 0.969
BCL2 —4.24,p = +2.06, p = +1.94,p = +1.91,p=
0.024 0.294 0.297 0.287

Values represent log, fold change relative to control with Benjamini-Hochberg adjusted p-values. Positive values indicate upregulation, and negative values indicate
downregulation. *Proteins with negligible fold changes despite statistical significance are reported but interpreted with caution due to limited effect size. CASP9 was
not detected in the proteomics dataset, likely due to its low abundance or limitations in detection sensitivity.

Table 3
Primer sequences for RT-qPCR.

Gene name Forward primer

Reverse primer Accession NO.

Mechano-sensing related genes

Itgb1 TACTGGTCCCGACATCATCC
Itga7 CCCAGGGCCACGAACAATTT
Piezol GCCTCCCTGTTACGCTTCA
Actn4 GCCTTTGAGAGTGACCTGGCGG
Ptk2 ACATCAAGGCGTGTACCTGAGC
Mitochondrial dynamics related genes

Dnm1il CCAGCTGCCTCAGATTGTCG
Mfnl TGGTGGCAAACTCGGAATCA
Mfn2 AAGCGCCAGTTTGTGGAGTA
Opal AAGACCTCGCCAATTTCGCT
Apoptosis related genes

Casp3 GCTGGACTGCGGTATTGAGA
Casp9 CGAACTGCAAGTCGCGGAG
Bbc3 GACCTCAACGCGCAGTACG
Bax GCAGACGGCAACTTCAACTG
Bcl2 CATGTGTGTGGAGAGCGTCA
Pre-mRNA of mitochondrial genes

Cox6a2 TGAATCTGCTCTCACTCCCAC
Cox5a CGGACAGGATAGAGCAGTCAC
Reference genes

Rpl13a AAAGGTGGTGGTTGTACGCT
p-actin CCCTAAGGCCAACCGTGAA

GGATTTTCACCCGTGTCCCAC NM_017022.2
CTCGTAGGGCCCATCATCCA NM_001429169.1
GGCGAGGCATGGTATGTAGG NM_001434583.1
ATCTTCTGGCACCGTGTGTTGAC NM_031675.2
GTGAGGATGGTCAAACTGGCGC NM_013081.2

GCAGAATAAGAGGTCTCCGGG NM_001437682.1
AGCAGAAGCATCCCAACGAT NM_138976.2
GCTCCAGATTATCCCGGGTG NM_130894.5

ACAAGAGAAGTGGCTCAGAAGC NM_001433907.1

CTGGATGAACCATGACCCGT NM_001436900.1
CTTGGCCTGTGTCCTCTAAGC NM_031632.3
GGGAGGAGTCCCATGAAGAGA NM_173837.2
GGAAAGGAGGCCATCCCAG NM_017059.2
GCATCCCAGCCTCCGTTATC NM_016993.2
AGCAGTTAAGCGAGCAGAGAG NC_086026.1
TTTACGCAACTCCCAGGCAT NC_086019.1
GCCTCTTTTGGTCTTGTGCG NM_173340.2
GAGGCATACAGGGACAACACA NM_031144.3

Within Complex IV, both Cox6a2 and Cox5a transcripts were
significantly upregulated after 8 h of vibration (2.92-fold, p < 0.001, and
1.49-fold, p < 0.01, respectively) (Fig. 3A and C). Notably, as mentioned
before, the COX6A2 protein was not detected in the proteomics dataset,
likely due to its low abundance. By comparison, Cox6¢ transcript
expression remained stable across all timepoints, with no significant
changes observed, suggesting that not all Complex IV subunits are
equally responsive at the transcriptional level under vibration. To assess
whether transcriptional upregulation was accompanied by impaired
RNA processing, we quantified unspliced pre-mRNA levels of both
Cox5a and Cox6a2, which displayed an increasing trend following vi-
bration exposure, with Cox5a showing significant accumulation at 48 h
(1.83-fold, p < 0.05) (Fig. 3B and D). These findings, together with the

proteomic downregulation of spliceosome-associated factors such as
SRSF2, DDX46, and SUBI1, indicate that increased transcription is
accompanied by reduced RNA processing efficiency at later time points.
In Complex I, Ndufs4 showed a mild upward trend at later time points,
consistent with the proteomic observation of selective subunit upregu-
lation. This suggests that the muscle cell may be stabilizing or accu-
mulating NDUFS4 protein, even though the mRNA increase is modest,
supporting the view of subunit-specific remodeling rather than uniform
Complex I activation.

The expression levels of genes involved in upstream mechanosensory
components at the cell membrane were significantly increased after 8 h
of vibration. Significant values were observed for Itgb1 (1.31-fold, p <
0.05) and Itga7 (1.73-fold, p < 0.001), which mediate integrin-
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Fig. 3. Complex IV (COX) transcript expression in L6 muscle cells and human upper airway muscle biopsies. Relative unspliced pre-mRNA levels of Cox6a2
(A) and Cox5a (C), and corresponding mRNA expression of Cox6a2 (B) and Cox5a (D) in L6 muscle cells following snoring-induced vibration exposure. Both Cox6a2
and Cox5a mRNA levels were significantly upregulated at early time points (8 and 12 h and 8 h, respectively), whereas pre-mRNA levels showed an increasing trend,
with Cox5a pre-mRNA significantly elevated at 48 h. Relative mRNA expression of COX6A2 (E) and COX5A (F) in human upper airway muscle biopsies from snorers
and OSA patients compared with controls. COX6A2 expression was significantly increased in patient samples, whereas COX5A showed a non-significant upward

trend. Data are presented as mean =+ SD. *p < 0.05 compared with control.

dependent adhesion, and Piezol (1.77-fold, p < 0.05), a mechano-
sensitive ion channel. These transcriptional changes are consistent with
the proteomic upregulation of integrin subunits ITGB1 and ITGA7, as
well as a similar increasing for PIEZO1 protein levels, supporting acti-
vation of upstream mechanosensory pathways. Similarly, intracellular
downstream mechanotransduction signaling components Actn4 (1.85-
fold, p < 0.05) and Ptk2 (1.54-fold, p < 0.05) were upregulated after 8 h
of vibration, and showed an upward trend at 24 and 48 h. Consistent
with this, proteomic analysis revealed a significantly marked increase in
PTK2 abundance at 8 h, followed by a significant reduction at 24 h and
48 h, indicating early activation of focal adhesion signaling followed by
attenuation at later time points (Fig. 4).

The mitochondrial fission gene Dnm1l and fusion-related genes Mfn1
(mitofusin 1) and Opal were significantly upregulated after 8 h of vi-
bration (1.49, 1.37, and 1.29-fold, respectively, p < 0.05). This tran-
scriptional activation of both fission and fusion regulators contrasts with
the proteomic profile, where DNM1L protein levels were reduced, and
MFN1 was significantly increased across all time points, suggesting
differential regulation at the transcriptional and protein levels. At later
time points, a mild upward trend was observed in gene expression for
Opal, however, a significant increase was only detected at 24 h (1.88-
fold, p < 0.05). Mfn2 did not show significant changes. Together, these
findings indicate an active complex remodeling of mitochondrial dy-
namics, with a shift toward fusion at the protein level despite early
transcriptional activation of both processes (Fig. 5).

The expression of the mitochondrial pro-apoptotic genes Bbc3
(activator of mitochondrial apoptosis) and Bax (mediator of mitochon-
drial membrane permeabilization) was significantly increased at all time
points. Bbc3 expression increased progressively from 2.03-fold at 8 h (p

< 0.05) to 4.74-fold at 48 h (p < 0.01). Similarly, Bax expression
increased from 1.26-fold at 8 h (p < 0.05) to 2.46-fold at 48 h (p < 0.05).
However, these transcriptional changes were not accompanied by par-
allel proteomic changes, with minimal changes in BBC3 protein levels.
BAX protein levels remained largely unaltered (see Table 2). Expression
of the pro-apoptotic genes Casp3 and Casp9 increased over time.
Executioner Casp3 was significantly upregulated at 24 h (1.59-fold, p <
0.05), whereas initiator Casp9 showed significant increases at 8 and 48 h
(1.52- and 1.95-fold, respectively; p < 0.05). In contrast, proteomic
analysis showed a significant decrease in CASP3 protein abundance at 8
h and no detection of CASP9, suggesting limited translation into func-
tional apoptotic execution. The mitochondrial anti-apoptotic regulator
Bcl2 gene was significantly upregulated at 8 h (1.66-fold, p < 0.01), 24 h
(1.56-fold, p < 0.05), and 48 h (2.71-fold, p < 0.05). Proteomic data
showed a significant reduction at 8 h in BCL2 protein levels, followed by
a tendency toward recovery (Fig. 6, table 2). Taken together, the com-
bined transcriptomic and proteomic data suggest activation of stress-
responsive apoptotic signaling without evidence of irreversible cell
death.

3.1.13. Cellular senescence f-galactosidase staining

After 8 h of vibration, a modest but non-significant increase in se-
nescent cells was observed. At 12 h, there was a significant increase (p <
0.05) in senescent cells (mean 15.3 + SD 6.22%) compared with con-
trols (mean 6.75 + SD 1.84%). At 24 h, the proportion of senescent cells
decreased toward control levels, suggesting a partial recovery or adap-
tation (Fig. 7). Notably, the increase in senescence coincided with the
transcriptional upregulation of apoptosis-related genes Bbc3, Bax,
Casp3, and Casp9, but this increase was not reflected at the protein level.
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Fig. 4. Activation of mechanosensing and mechanotransduction signaling in L6 muscle cells following vibration exposure. Relative mRNA expression of
mechanosensory genes Itghb1 (A), Itga7 (B), and Piezol (C), and mechanotransduction-associated genes Actn4 (D) and Ptk2 (E) in L6 muscle cells exposed to snoring-
induced vibration. Expression of all genes was significantly increased at 8 h, indicating early activation of membrane-associated mechanosensors and downstream
intracellular signaling components. Integrin subunits (Itgh1, Itga7) and the mechanosensitive ion channel (Piezo1) represent key upstream sensors, whereas Actn4 and
Ptk2 reflect cytoskeletal remodeling and focal adhesion signaling. At later time points, an overall upward trend was observed, with statistically significant increases

persisting for Itgb1 (24 h) and Itga7 (12 and 24 h). Data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control.

3.1.14. Rates of aerobic respiration and glycolysis following vibration
experiments

Mitochondrial respiration and glycolytic activity were evaluated
using the Seahorse XFp Mito Stress Test, measuring oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR), respectively.
Since proteomic analyses identified distinct mitochondrial remodeling
in L6 muscle cells following snoring-induced vibration at early (8 h) and
late (48 h) time points, these time points were selected for functional
assessment.

After 8 h of vibration exposure, OCR exhibited a near-complete
collapse across all assay parameters, including basal respiration,
maximal respiration, ATP-linked respiration, proton leak, and non-
mitochondrial oxygen consumption (p < 0.0001; Fig. 8A, C-G), indi-
cating severe mitochondrial dysfunction. In contrast, after 48 h of vi-
bration exposure, OCR parameters recovered to levels that were not
statistically different from those of controls (Fig. 8A, C-G), despite
persistent abnormalities in proteomic and RNA-processing pathways.

While basal ECAR values were comparable between control, 8 h, and
48 h conditions, cells exposed to vibration for 8 h failed to increase
ECAR following ATP synthase inhibition by oligomycin, indicating a
profound loss of glycolytic reserve (p < 0.0001; Fig. 8B). Although ECAR
responsiveness partially recovered after 48 h of vibration, the glycolytic
response remained blunted compared to controls, suggesting incomplete
restoration of glycolytic flexibility. This impaired ECAR response is
consistent with proteomic evidence of coordinated downregulation of
multiple glycolytic enzymes and regulatory proteins, indicating a
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reduced capacity to rapidly upregulate glycolysis in response to ener-
getic stress.

Although mitochondrial oxygen consumption returned to control
levels after 48 h of vibration exposure, the inability of cells to appro-
priately increase glycolysis in response to mitochondrial ATP synthase
inhibition indicates that functional coupling between mitochondrial
respiration and glycolytic compensation remains impaired, consistent
with the downregulation of key glycolytic enzymes observed in the
proteomic analysis.

3.2. Human muscle samples

3.2.1. Immunohistochemical abnormalities in mitochondrial activity and
organization

Immunohistochemical analysis of biopsies from all patients revealed
a significant number of fibers with abnormal intra-myofibrillar mito-
chondrial distribution as shown by Tomm 20 staining, and reduced
COX2 and COX4 activity (36.9 + 19.7%, Fig. 9B-F), whereas no fibers
with these abnormalities were observed in controls (Fig. 9A). A common
abnormal staining pattern observed with all three mAbs was the
replacement of the typical mitochondrial lattice pattern with irregular
trabecular septations, areas devoid of staining, and subsarcolemmal
accumulation of mitochondria in a ring-like pattern (Fig. 9B-F). Small,
round-shaped fibers with absent or very low mitochondrial activity in
the center but high subsarcolemmal activity were also common
(Fig. 9B).
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Fig. 5. Regulation of mitochondrial dynamics in L6 muscle cells following vibration exposure. Relative mRNA expression of mitochondrial fusion-related
genes Mfnl (A), Mfn2 (B), and Opal (C), and the mitochondrial fission gene Dnm1l (D) in L6 muscle cells exposed to snoring-induced vibration. Expression of
Dnml1l, Mfnl, and Opal was significantly increased at 8 h, indicating early activation of mitochondrial dynamics in response to mechanical stress. At later time points,
a mild upward trend was observed, with a statistically significant increase detected only for Opal at 24 h, while Mfn2 showed no significant changes. These
transcriptional changes are consistent with dynamic remodeling of the mitochondria, involving both fission and fusion processes. Data are presented as mean =+ SD.

*p < 0.05 compared with control.

3.2.2. Enzyme-histochemical SDH and COX activity

In most patient muscle samples, fibers were observed that were
stained for SDH but not for COX, the terminal enzyme of the mito-
chondrial respiratory chain that drives ATP synthesis (Fig. 9E-F).

3.2.3. Muscle fiber cross-sectional area and variability in fiber size

In patients, muscle fibers had a mean fCSA similar to that in controls
(1153 pmz + 629 vs. 1170 me + 221); however, fiber size variability
(CV) was significantly higher in patients than in controls (66.5% vs.
49.3%, p = 0.005). The highest CV was observed in fibers with a
disorganized mitochondrial distribution (79.8%) or nearly absent
mitochondrial activity (55.7%) (Fig. 9B-F).

3.2.4. Muscle fiber capillarization

The number of capillaries supplying each muscle fiber (CAF) was
significantly lower in patients than in controls (0.6 + 0.26 vs. 1.29 +
0.31, p = 0.013). When fibers in patients were divided based on mito-
chondrial distribution and staining activity, the CAF value was signifi-
cantly lower in fibers lacking mitochondrial activity (0.52 + 0.25, p =
0.001) or showing mitochondrial disorganization (0.48 + 0.24, p =
0.001) than in fibers with a normal staining pattern (0.66 + 0.28)
(Fig. 9A-D).

In patients, the number of capillaries around fibers in relation to fiber
area (CAFA) was significantly lower (p < 0.01) in fibers with disorga-
nized mitochondrial distribution (0.63 + 0.42), fibers with weak (0.55
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=+ 0.32) or no mitochondrial activity (0.52 + 0.40) than in fibers with a
normal appearance (0.78 + 0.46) and in those in the control group (1.34
+ 0.50) (Fig. 9A-D).

3.2.5. Mitochondrial gene expression in human biopsies

Since COX5A and COX6A2, both encoding subunits of mitochondrial
Complex IV, were significantly upregulated in L6 muscle cells exposed to
the in vitro vibration model, they were selected for investigation in
patient muscle biopsies. The expression of COX5A mRNA was upregu-
lated 2.5-fold (p = 0.059) in patients, and COX6A mRNA displayed a
significant 6-fold (p = 0.008) upregulation (Fig. 3E and F).

4. Discussion

This study demonstrates for the first time that snoring-induced vi-
brations disrupt mitochondrial homeostasis in muscle cells. Consistent
abnormalities in mitochondrial organization and COX activity were
observed in human upper airway muscle biopsies from snorers and OSA
patients. The experimental in vitro model revealed selective changes in
oxidative phosphorylation in Complexes I, IV, and V of the electron
transport chain (ETC) in muscle cells. Importantly, vibration exposure
affected not only mitochondrial respiratory chain components but also
the glycolytic machinery, which normally acts as a compensatory energy
pathway during mitochondrial stress. Furthermore, our transcriptomic
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Fig. 6. Regulation of apoptosis-related gene expression in L6 muscle cells following vibration exposure. Relative mRNA expression of pro-apoptotic genes
Bbc3 (A), Bax (B), Casp3 (C), and Casp9 (D), and the anti-apoptotic gene Bcl2 (E) in L6 muscle cells exposed to snoring-induced vibration. Expression of Bbc3 and Bax
was significantly increased across all time points, while Casp3 and Casp9 showed significant upregulation at selected time points, indicating activation of apoptosis-
related signaling pathways. The anti-apoptotic gene Bcl2 was also significantly upregulated, suggesting a concurrent protective response. Together, these tran-
scriptional changes indicate activation of cellular stress and apoptotic signaling rather than a clear shift toward irreversible cell death. Data are presented as mean +
SD. *p < 0.05, **p < 0.01 compared with control.
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Fig. 7. Transient induction of cellular senescence following snoring-induced mechanical stress. Cellular senescence was assessed by f-galactosidase staining
at different time points (8-24 h) following exposure to snoring vibrations. The percentage of senescent cells was quantified relative to the total cell number (A). A
significant increase in senescent cells was observed at 12 h compared to the control. Senescence levels decreased at later time points (24 h and 48 h). Data are
presented as mean + SD (n = 4). *p < 0.05 vs control. Images of L6 cells at 12 h (B) and control (C) show B-galactosidase—positive cells (black staining, red arrows).
Nuclei are counterstained with DAPI (blue). Scale bar 50 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

and proteomic data link mechanical stimuli to mitochondrial remodel- proteostasis. This interpretation was further supported by the accumu-
ing by showing activation of upstream mechanosensing components, lation of unspliced pre-mRNA, indicating impaired RNA maturation
including integrins and PIEZO1, as well as downstream mechano- despite transcriptional upregulation. These molecular disturbances
transduction signaling. The vibrations also triggered imbalances in RNA- coincided with a marked collapse in mitochondrial respiration and
processing factors, mitochondrial transporters, and compartment- glycolytic reserve after 8 h of snoring-induced vibrations. Together, our
specific chaperone systems, indicating disruption of mitochondrial findings demonstrate that snoring-induced vibration elicits a
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Fig. 8. Real-time bioenergetic responses to snoring-induced vibration in L6 myoblasts. (A) Oxygen consumption rate (OCR) profiles show a near-complete
collapse of mitochondrial respiration after 8 hours of vibration, whereas cells exposed for 48 hours display OCR values comparable to controls. (B) Extracellular
acidification rate (ECAR) analysis demonstrates reduced glycolytic activity and loss of glycolytic reserve at 8 hours, with failure to increase ECAR following oli-
gomycin injection, while control and 48-hour vibrated cells retain glycolytic responsiveness. (C-G) Quantification of non-mitochondrial oxygen consumption, basal
respiration, maximal respiration, proton leak, and ATP-linked respiration reveals severe suppression of all mitochondrial parameters at 8 hours, with recovery to

control levels at 48 hours. Data are presented as mean + SEM.

transcriptional stress response in muscle cells that fails at the level of
protein processing and respiratory complex assembly, resulting in
transcript-protein uncoupling, impaired adaptive energy metabolism,
likely leading to muscle weakness.

4.1. Snoring-induced vibration disrupts OXPHOS protein assembly

Across the mitochondrial proteome, experimental vibration expo-
sure induced pronounced subunit-specific remodeling of the respiratory
chain in L6 muscle cells. Multiple components of Complexes I, IV, and V
increased in abundance over time, indicating an active response to vi-
bration stress. Notably, several Complex IV subunits were unchanged or
showed upregulation after 8 h of vibration, whereas Complex I and
Complex V subunits were upregulated at later time points. Within
Complex I, delayed accumulation of NDUFS subunits at 24 and 48 h may
therefore reflect the persistence of improperly assembled or functionally
compromised complexes, rather than successful restoration of NADH-
oxidizing capacity. Similarly, increased abundance of both Fy and F;
subunits of ATP synthase reflects accumulation of individual compo-
nents that may not be accompanied by fully coordinated assembly into
intact ATP synthase holoenzymes (Walker, 2013). Overall, these find-
ings indicate increased abundance of selected OXPHOS subunits across
respiratory complexes, although not all may be functionally active.
Accumulation of non-functional proteins in complex 1 has been exper-
imentally demonstrated in patient-derived cells (Guerrero-Castillo et al.,
2017).
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**¥%¥%p < 0.0001 compared with control.

4.2. Mechanosensing-mechanotransduction axis in mitochondrial
remodeling triggered by snoring-induced vibration

To better understand the upstream mechanisms linking mechanical
vibration to mitochondrial dysfunction, we integrated transcriptomic
and proteomic analyses of mechanosensory and mechanotransduction
components. Vibration exposure induced early upregulation of
membrane-associated mechanosensor gene expression, including
integrin subunits (Itgb1, Itga7) and the mechanosensitive ion channel
Piezol (Fig. 4), accompanied by corresponding increases or upward
trends at the protein level (Table 2). These findings indicate enhanced
detection of mechanical stress at the cell membrane through integrin-
mediated adhesion and ion channel activation. This is consistent with
the established role of integrins as primary mechanosensors that trans-
mit extracellular forces into intracellular signaling pathways (Hynes,
2002; Sun et al., 2016), and with PIEZO1 functioning as a mechanically
activated ion channel mediating cellular responses to mechanical stim-
uli (Coste et al., 2010; Syeda et al., 2016).

Downstream mechanotransduction signaling was characterized by
early activation of focal adhesion pathways, reflected by increased Ptk2
gene expression and PTK2 protein abundance, followed by attenuation
at the protein level despite sustained transcriptional elevation, indi-
cating temporal decoupling between gene expression and protein
regulation. This pattern is consistent with the established role of PTK2 as
a rapidly activated mediator of integrin-dependent mechano-
transduction signaling (Mitra et al., 2005; Geiger et al., 2009). In
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Fig. 9. Mitochondrial organization, oxidative activity, and capillarization in upper airway muscle biopsies from controls and patients. Representative
muscle cross-sections immunostained for COX subunit 2 (green) and capillaries (red) from a control subject (A) and patients with obstructive sleep apnea (B-F).
Control muscle fibers show a normal lattice-like intramyofibrillar distribution of mitochondrial COX 2 activity (A). In contrast, patient muscle fibers exhibit marked
abnormalities in mitochondrial organization and oxidative activity, including irregular trabecular septations, areas of reduced or absent COX 2 staining, and sub-
sarcolemmal accumulation of mitochondria (B-D, arrows). Small, rounded fibers with low or absence of central mitochondrial activity but increased subsarcolemmal
staining are shown in B (arrows). Note the low capillary supply of fibers with disrupted mitochondrial distribution or reduced oxidative activity in C and D. Muscle
sections stained for COX (brown, E) and double-stained for COX and SDH (blue, F). Cox negative fibers (blue) are marked with asterisks. Scale bar 40um.

contrast, while Actn4 gene expression was increased, corresponding
changes in ACTN4 protein levels were modest, suggesting post-
transcriptional regulation or differences in protein turnover. Such
divergence between mRNA and protein abundance is a well-recognized
feature of cellular stress responses and complex regulatory systems
(Vogel and Marcotte, 2012), and may also reflect the role of cytoskeletal
networks in dynamically transmitting and adapting to mechanical forces
(Ingber, 2006). Together, these findings support a model in which me-
chanical stimulation induces a rapid mechanotransduction response,
characterized by early transcriptomic activation followed by target-
dependent protein-level changes. Some components (e.g., PTK2 and
integrins) showed corresponding increases, whereas others such as
ACTN4 exhibited only modest protein-level changes despite transcrip-
tional upregulation (Fig. 4), thereby driving cytoskeletal remodeling
and mitochondrial adaptation, potentially promoting cellular survival
rather than immediate cell death.
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4.3. Mitochondrial dynamics and transcript-protein decoupling under
snoring-induced vibration

At the mitochondrial level, transcriptional upregulation of both
fission and fusion regulators (Dnmll, Mfnl, Opal) contrasted with pro-
teomic data showing reduced DNM1L and increased MFN1, indicating a
shift toward fusion-dominated remodeling at the protein level. This
imbalance suggests a reorganization of the mitochondrial network to-
ward a more fused and interconnected state. This pattern aligns with the
established role of mitochondrial dynamics as a balance between fission
and fusion processes that are tightly regulated under stress conditions
(Youle and van der Bliek, 2012). The divergence between transcript and
protein levels suggests post-transcriptional regulation of mitochondrial
dynamics, a phenomenon commonly observed in cellular stress re-
sponses where protein abundance does not directly mirror mRNA
expression (Vogel and Marcotte, 2012). Such fusion-dominated
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restructuring is a well-established adaptive response that helps preserve
mitochondrial function, maintain cristae integrity, and sustain energy
production under stressful conditions (Liesa and Shirihai, 2013). Our
findings are consistent with adaptive restructuring of the mitochondrial
network towards a more fused and interconnected state in response to
mechanical stress (Fig. 5).

4.4. Activation of apoptotic signaling without evidence of cell death

Despite upregulation of apoptosis-related genes (Casp3, Casp9, Bbc3,
Bax), corresponding protein-level changes were inconsistent, with key
apoptotic effectors unchanged or undetected (Table 2). This divergence
between transcript and protein levels is consistent with the well-
established decoupling of mRNA and protein abundance in complex
cellular responses (Vogel and Marcotte, 2012). Importantly, gene acti-
vation alone is insufficient to drive apoptosis, which requires coordi-
nated protein-level events such as mitochondrial outer membrane
permeabilization and caspase activation (Tait and Green, 2010).
Accordingly, the observed pattern is more consistent with apoptotic
priming or stress signaling rather than commitment to cell death
(Galluzzi et al., 2018). This is further supported by p-galactosidase
staining, which revealed a transient increase in senescent cells, peaking
at 12 h. Together, these findings indicate that vibration triggers a
mechano-responsive axis linking membrane sensing, mitochondrial
remodeling, and cellular stress signaling, consistent with an adaptive
response rather than progression to cell death. (Figs. 6 and 7).

4.5. Impaired glycolytic reserve limits metabolic flexibility

Despite the increased abundance of selected OXPHOS subunits, vi-
bration exposure was accompanied by downregulation of key glycolytic
enzymes. Proteomic analysis revealed suppression of the rate-limiting
glycolytic enzyme PFKL along with downregulation of multiple down-
stream glycolytic enzymes. This pattern is expected to constrain
maximal glycolytic flux rather than basal glycolytic activity, because
downregulation of the rate-limiting PFK-1 step restricts stress-induced
upregulation of glycolysis despite preservation of downstream
pathway components (Mor et al., 2011). Consequently, this pattern is
expected to limit the capacity for adaptive increases in glycolytic ATP
production under conditions of energetic stress.

4.6. Altered mitochondrial transport and proteostasis

An efficient mitochondrial energy metabolism requires coordinated
transport of substrates and nucleotides across the inner mitochondrial
membrane (Kunji et al., 2020). Vibration exposure suppressed mito-
chondrial amino acid transport at early time points (8-12 h), likely
constraining anaplerotic input into the tricarboxylic acid cycle and
contributing to the initial collapse of mitochondrial respiration. In
contrast, transient upregulation of the adenine nucleotide translocator
at 12 h suggests prioritization of ADP/ATP to adjust nucleotide ex-
change despite impaired upstream respiratory efficiency (Kunji et al.,
2016).

In parallel, vibration induced compartment-specific alterations in
protein quality-control systems (Voos, 2013). Mitochondrial chaperones
involved in protein import and folding, HSPE1, were consistently
upregulated across all time points, whereas HSPA9 showed transient
upregulation between 8 and 24 h, consistent with increased engagement
of mitochondrial proteostasis mechanisms under stress. Conversely,
cytosolic chaperone HSP90 isoforms were downregulated across all time
points, indicating redistribution of proteostatic resources toward mito-
chondrial maintenance rather than a generalized stress response. This
targeted but imbalanced proteostatic response may be insufficient to
ensure coordinated assembly and stabilization of mitochondrial respi-
ratory complexes during prolonged vibration exposure.
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4.7. Alterations in RNA-processing, splicing, and ribosomal proteins

Accurate RNA processing is essential for coordinated synthesis and
assembly of nuclear-encoded mitochondrial proteins. Snoring-induced
vibration dysregulated components of the RNA-processing and splicing
apparatus, most prominently through downregulation of spliceosome-
associated factors such as serine/arginine-rich splicing factor 2
(SRSF2) and DEAD-box helicase 46 (DDX46), which were consistently
reduced across time points. These factors are critical for splicing fidelity
and efficiency (Wilkinson et al., 2020; Zhou and Fu, 2013), and their
suppression is expected to impair RNA maturation, increasing the like-
lihood of aberrant transcripts with downstream consequences for pro-
tein stability and assembly. In addition, SUB1, which links transcription
to RNA processing, showed significant downregulation from 8-24 h. In
contrast, the core spliceosomal component SNRPC exhibited modest
upregulation across multiple time points, highlighting heterogeneous
regulation within the RNA-processing machinery rather than uniform
suppression or compensation.

Snoring-induced vibrations also affected components of the mito-
chondrial translation machinery. Two mitochondrial ribosomal pro-
teins, MRPL22 and MRPL37, were upregulated from 8 to 24 h, indicating
a transient increase in mitochondrial protein synthesis in response to
vibration stress. Mitochondrial ribosomes are essential for synthesizing
respiratory chain subunits, and transient changes in MRPL abundance
are often interpreted as adaptive attempts to sustain mitochondrial
protein production under stress (Wang et al., 2021). This is further
supported by the accumulation of unspliced pre-mRNA for mitochon-
drial transcripts, indicating reduced RNA-processing efficiency despite
transcriptional upregulation. The accumulation of precursor transcripts
is a well-established consequence of impaired spliceosome function
(Wahl et al., 2009), and cellular stress has been shown to disrupt RNA
splicing and processing efficiency (Dvinge et al., 2019). Together, these
findings indicate an imbalance in post-transcriptional regulation span-
ning RNA processing, splicing, and mitochondrial translation, which
likely constrains the efficient production of mature transcripts and the
coordinated assembly of mitochondrial respiratory complexes.

4.8. Transcript-protein dissociation during vibration-induced
mitochondrial stress

Despite evidence of transcriptional activation, mitochondrial protein
abundance did not consistently reflect corresponding changes at the
transcript level, indicating a decoupling between gene expression and
protein regulation. To further examine this, we analyzed transcript
levels of selected mitochondrial subunits in L6 muscle cells following
snoring-induced vibration. Transcriptomic analysis revealed selective
upregulation of nuclear-encoded mitochondrial transcripts. Within
Complex IV, transcripts encoding Cox5a and Cox6a2 were significantly
upregulated at early time points, whereas other subunits, such as Cox6c,
were unchanged, indicating subunit-specific transcriptional activation.
Importantly, this transcriptional upregulation was accompanied by an
accumulation of unspliced pre-mRNA, indicating reduced RNA pro-
cessing efficiency. This is consistent with impaired spliceosome func-
tion, which is required for the conversion of pre-mRNA into fully
processed mature transcripts (Scotti and Swanson, 2016), and aligns
with the observed downregulation of spliceosome-associated factors
described above. For Complex I, modest increases in Ndufs4 transcripts
occurred despite clear accumulation of NDUFS4 protein, supporting
post-transcriptional stabilization or altered turnover rather than strong
transcriptional induction. Similar transcript-protein dissociation has
been described during Complex I assembly and repair, in which subunits
accumulate as stable assembly intermediates without proportional
transcriptional upregulation (Guerrero-Castillo et al., 2017). Our find-
ings are consistent with this concept and show that vibration-induced
disruption of RNA processing, together with downstream post-
translational processing and assembly of mitochondrial proteins, alters
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the organization of mitochondrial respiratory complexes.

4.9. Real-time assessment of mitochondrial and glycolytic function

Real-time bioenergetic analysis demonstrated the functional conse-
quences of vibration-induced molecular disturbances in L6 muscle cells.
After 8 h of vibration exposure, muscle cells exhibited a near-complete
collapse of mitochondrial oxygen consumption, affecting basal,
maximal, and ATP-linked respiration, together with a marked loss of
glycolytic reserve (Fig. 8). This acute bioenergetic failure occurred
despite transcriptional upregulation of selected nuclear-encoded mito-
chondrial genes, as discussed above, indicating that early transcriptional
activation alone is insufficient to sustain mitochondrial function.

By 48 h, basal mitochondrial respiration recovered to levels com-
parable to controls, coinciding with increased abundance of selected
respiratory chain subunits. However, this apparent recovery remained
incomplete, as cells at this time point were still unable to increase
glycolytic flux in response to mitochondrial ATP synthase inhibition,
indicating persistent impairment of energy metabolism (Fig. 8). Thus,
upregulation of individual respiratory subunits does not necessarily
reflect restoration of fully functional holoenzymes or effective metabolic
flexibility.

4.10. Relevance to upper-airway muscle pathology in snorers and OSA

The in vitro findings are in line with observations in human upper-
airway muscle biopsies from snoring and OSA patients. Immuno- and
enzyme-histochemical analyses revealed muscle fibers with pronounced
mitochondrial disorganization, reduced or absent COX activity, and
decreased capillary supply, consistent with a decreased capacity for
oxidative synthesis of ATP (Stal and Johansson, 2012). Reduced blood
supply to muscle fibers may further constrain oxygen delivery, rein-
forcing a cycle of impaired energy metabolism and structural instability.
These observations align with our previous reports linking snoring and
OSA to abnormalities in the mitochondrial and capillary compartments,
as well as dysregulation of the cytoskeletal protein desmin in upper-
airway muscles (Shah et al., 2018, 2019a,b; Stal et al., 2024; Stal and
Johansson, 2012). Given desmin's critical role in maintaining myofi-
brillar integrity and mitochondrial positioning, its dysregulation may
contribute to the observed mitochondrial disorganization, (Clemen
et al., 2013; Smolina et al., 2020; Agnetti et al., 2022). Furthermore,
mitochondrial gene expression analysis revealed upregulation of
selected nuclear-encoded Complex IV transcripts COX5A and COX6A2,
similar to that observed in vibrated L6 muscle cells (Fig. 3). However, in
L6 cells this response was transient and most pronounced at early time
points, likely reflecting the proliferative and adaptive nature of L6
myoblasts, which can normalize transcriptional responses over time, in
contrast to terminally differentiated muscle fibers in vivo. In human
muscle biopsies, the sustained upregulation likely reflects a compensa-
tory response to chronic mechanical stress induced by long-term expo-
sure to snoring-induced vibrations. This transcriptional response
suggests a compensatory attempt to sustain oxidative capacity in
damaged fibers. However, persistent mitochondrial disorganization and
reduced COX activity indicate that transcriptional activation alone is
insufficient to restore functional mitochondrial function in patients.

5. Study limitations

The experimental model using L6 myoblasts does not fully replicate
the effect of vibrations on the upper airway muscles in vivo. Moreover,
the long-term effects of vibrations, as experienced in snoring and OSA
patients, were not analyzed. The model also does not account for
interindividual variability in snoring vibration patterns. Despite these
considerations, the consistency across transcriptomic, proteomic, and
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human data supports the biological relevance of the model. Moreover,
protein expression of COX5A and COX6A2 was not directly assessed in
the human upper airway muscle biopsies due to limited tissue avail-
ability. Future studies integrating transcriptomic, proteomic, and func-
tional analyses in patient tissue are therefore needed to further clarify
the relationship between transcriptional activation and mitochondrial
dysfunction in response to snoring-induced vibrations.

6. Conclusion

This study identifies snoring-induced vibration as an unrecognized
mechanical stressor disrupting mitochondrial homeostasis in muscle
cells. The in vitro model demonstrates activation of upstream mecha-
nosensing components and downstream mechanotransduction
signaling, linking membrane-level force detection to mitochondrial
remodeling. Moreover, vibration impairs mitochondrial function by
disrupting RNA processing, protein synthesis, and respiratory complex
assembly, resulting in decoupling between transcript and protein
expression. In addition, vibration impairs compensatory glycolytic
adaptation, thereby reducing metabolic flexibility under stress despite
partial recovery of mitochondrial respiration. These findings align with
mitochondrial and cellular oxygenation abnormalities in the upper
airway of snoring and OSA patients. Our findings provide a mechanistic
framework linking snoring-related vibrations to disturbances in energy
metabolism, integrating mechanotransduction signaling with post-
transcriptional dysregulation. Together, these processes likely
contribute to muscle weakness and increased susceptibility to upper
airway dysfunction. Given the prevalence of occupational vibration in-
juries, these findings also contribute to a broader understanding of the
biological effects of vibration on muscles.
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