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Abstract

Background: Intramuscular ozone is used in musculoskeletal practice, but local skeletal-muscle
responses to different concentrations and administration frequencies remain incompletely characterized.
Methods: A total of 124 male Sprague—Dawley rats were studied in two stages. The screen included 80
rats assigned to 16 groups and 15 ozone regimens (20—60 ug/mL; 1, 2, or 7 injections/week) for 2 weeks.
A separate cohort of 44 rats compared saline control, 30 ug/mL twice weekly (LD-OZ), 60 ug/mL twice
weekly (HD-OZ), and 30 pg/mL seven times weekly (HF-OZ) for up to 7 weeks. Endpoints were
assessed at prespecified times using endpoint-specific sampling schedules.

Results: In the screen, the quadriceps-to-body-weight ratio averaged 97.1%, 96.8%, and 90.4% of
control at 1, 2, and 7 injections/week, respectively; frequency had a significant effect, whereas
concentration and interaction did not. LD-OZ was associated with 11% higher grip strength, 71% higher
ATP, and 107% higher succinate dehydrogenase activity at week 1. HD-OZ and HF-OZ were associated
with 17% and 26% lower grip strength and approximately 40% and 50% lower fibre cross-sectional area.
Higher-exposure regimens were also associated with redox changes, inflammatory and NLRP3—
GSDMD-related markers, and proteolysis-related changes; collagen area was most clearly increased in
HF-OZ. Gross muscle mass did not detect the HD-OZ phenotype.

Conclusions: The findings support a regimen- and endpoint-dependent response pattern compatible with,
but not proof of, hormesis-like behaviour. Frequency-matched procedural controls, intermediate

regimens, and pathway-directed experiments are needed to clarify specificity and mechanism.
Keywords: ozone therapy; skeletal muscle; exposure—response; muscle function; mitochondrial

adaptation; oxidative stress; inflammasome; muscle injury

Background

Medical ozone, generally delivered as an oxygen—ozone (O:—0s3) mixture, has been evaluated in several
musculoskeletal settings, including lumbar disc herniation, knee osteoarthritis, and myofascial pain
syndrome [ 1-4]. Clinical trials and reviews report heterogeneous concentrations and treatment schedules,
while systematic preclinical characterization of local skeletal-muscle responses remains limited [5—8].

This gap is relevant to intramuscular and paravertebral procedures, which expose muscle directly or



indirectly to repeated injections. Some patients receiving these interventions may also have age-related

reductions in muscle reserve and strength [9—12].

One proposed biological rationale for ozone therapy is that a controlled, transient oxidative challenge
may alter redox-sensitive signalling. Ozone reacts rapidly with water and biomolecules, generating
hydrogen peroxide (H20:) and lipid ozonation products that may act as secondary messengers [6,13—14].
Under some conditions, redox signalling may engage antioxidant and mitochondrial adaptation; a more
intense or more frequent challenge may instead exceed local buffering capacity and be associated with
tissue injury [15]. The AMPK-PGC-10—TFAM axis is involved in mitochondrial regulation, whereas
oxidative stress may coincide with inflammasome-related signalling, gasdermin D (GSDMD) cleavage,
and proteolysis-related responses [16—17]. These pathways provide a rationale for evaluating multiple
endpoints, but their involvement in intramuscular ozone-associated muscle responses requires direct

experimental testing.

We therefore used a two-stage rat study to examine how ozone concentration and administration
frequency were associated with gross muscle mass and with complementary functional, structural,
biochemical, and molecular endpoints [18—19]. The first stage screened 16 regimens for 2 weeks to
characterize muscle-mass and serum-biochemistry patterns [20-21]. The second stage compared three
ozone regimens with a saline control over 7 weeks, with endpoint-specific sampling at weeks 1, 2, and 7.
The study addressed three questions: whether frequency or concentration was more closely associated
with gross muscle mass; whether functional, histological, biochemical, or molecular endpoints identified
changes not captured by gross muscle mass; and whether the tested regimens showed distinct patterns

involving mitochondrial-related responses, redox balance, inflammation, and proteolysis.

Methods

Animals and ethics

A total of 124 specific-pathogen-free male Sprague—Dawley rats (3 months old; approximately 300 + 20
g) were used: 80 in the initial dose-ranging screen and 44 in the main experiment. Animals were obtained
from Jinan Pengyue Laboratory Animal Breeding Co., Ltd. [Animal Production License No. SCXK (Lu)
2022-0006]. They were housed under a 12-h light/12-h dark cycle at 22 + 2 °C and 55 + 10% relative
humidity, with standard chow and water available ad libitum. Animals were acclimatized before
experimentation and were reported to have normal food intake and good general health. The protocol was
approved by the Ethics Committee of the Animal Experimental Center of Henan University of Chinese
Medicine (approval no. IACUC-202603021). The study was reported in accordance with the ARRIVE

2.0 guidelines.



Ozone generation and intramuscular administration

Rats were anesthetized with 3% sodium pentobarbital (0.2 mL/100 g). Ozone was generated using a
medical-grade ozone generator (SYZ-80A, Jinan Sanyan Technology Co., Ltd.), and the ozone
concentration was verified immediately before each injection. Because ozone decomposes rapidly, each
syringe was prepared and administered within the laboratory-validated time interval. After aseptic
disinfection, 20 pL of the ozone preparation was injected into the belly of the right quadriceps femoris
muscle using a 100-uL microsyringe. Control animals received an equivalent injection of sterile saline by

the same route.

Dose-ranging screen

Eighty rats were allocated to 16 groups (n = 5 per group): one saline-control group and 15 ozone groups
covering all combinations of five concentrations (20, 30, 40, 50, and 60 pug/mL) and three administration
frequencies (1, 2, or 7 injections per week). Treatment lasted 2 weeks. Body weight was recorded at
baseline and at the end of week 2. The quadriceps femoris was then dissected and weighed, and the
quadriceps-to-body-weight ratio was calculated. Serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (Cr) were measured using

commercial colorimetric kits.

Main experiment and treatment regimens

Four regimens were included in the main experiment(Table 1). LD-OZ and HD-OZ shared the same
administration frequency and differed in concentration; LD-OZ and HF-OZ used the same concentration
and differed in frequency. For descriptive comparison only, nominal weekly exposure was calculated as
concentration multiplied by injections per week; this index should not be interpreted as a direct

measurement of tissue dose.Insert Table 1 here

Table 1. Treatment regimens in the main experiment.

Nominal
Ozone Injection concentration x .
Group . Experimental contrast
concentration frequency
frequency index
CON Saline 7x/week 0 Reference
LD-0Z 30 pg/mL 2x/week 60 pg/mL/week Reference ozone regimen
HD-OZ 60 pg/mL 2x/week 120 pg/mL/week Concentration doubled vs. LD-OZ
HF-OZ 30 pg/mL 7x/week 210 pg/mL/week Frequency increased vs. LD-OZ

Note. The index reported as pg/mL/week in the original table is ozone concentration multiplied by injection frequencys; it is not
an administered ozone mass dose or a direct measure of tissue exposure.

Animals in the main experiment underwent terminal sampling after 1, 2, or 7 weeks. Within each group

(n = 11), three animals were sampled at week 1, three at week 2, and five at week 7, giving 12, 12, and



20 animals, respectively, across the four groups at those time points. Endpoint-specific sample sizes were
n = 3 per group per time point for immunoblotting, quantitative PCR, and biochemical assays; n = 4 per
group for histology and immunofluorescence; n = 5 per group for functional testing; and n = 3 per group
for electron microscopy. ATP and succinate dehydrogenase activity were measured in week-1 samples,
while selected oxidative-stress and serum-enzyme endpoints were assessed at weeks 1, 2, and 7.

Functional testing, histology, and immunofluorescence used overlapping cohorts as described below.
Euthanasia and tissue collection

At the scheduled experimental endpoints (week 2 for the dose-ranging screen and weeks 1, 2, and 7 for
the main experiment), rats were administered sodium pentobarbital (100 mg/kg, intraperitoneally) for
terminal anaesthesia and euthanasia. Before terminal blood collection, an adequate depth of anaesthesia
was confirmed by the absence of the pedal withdrawal reflex in response to a firm toe pinch. Respiratory
rate and pattern were also monitored to assess anaesthetic depth. While under deep anaesthesia, blood
samples were collected from the abdominal aorta, and exsanguination was performed as a secondary
method of euthanasia. Death was confirmed by the sustained absence of spontaneous respiration and
heartbeat, assessed by observation of thoracic movements and cardiac auscultation, respectively, for at
least 5 min. Following confirmation of death, the quadriceps femoris muscles were excised and processed
for subsequent histological, biochemical, and molecular analyses. All procedures were conducted in

accordance with the approved institutional animal ethics protocol (IACUC-202603021).

Functional assessments

Grip strength was measured using a calibrated grip-strength meter (HS-MForce-01, Hongshi Scientific
Co., Ltd.). Each rat underwent five consecutive trials, and the maximum value was used for analysis.
Motor endurance was assessed using an accelerating rotarod. Testing was performed 24 h before

scheduled euthanasia by an investigator blinded to group allocation.

Histology, fibre morphometry, and electron microscopy

Quadriceps samples were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 3 pm, and
stained with hematoxylin and eosin or Masson trichrome. Sections were imaged at 20x (0.794 um/pixel;
field 645 x 476 um). Collagen deposition was quantified as the fraction of blue-stained area. Fibre cross-
sectional area was measured in QuPath v0.7.0 through the paquo Python interface; automated
segmentation was reviewed manually, and one field per animal was analysed. For electron microscopy,
muscle was fixed in 2.5% glutaraldehyde, post-fixed in osmium tetroxide, embedded, and ultrathin-

sectioned. Samples were examined at 80 kV at magnifications of 5000 and 10,000x.



Biochemical assays and cytokines

Muscle 8-hydroxy-2'-deoxyguanosine (8-OHdG), malondialdehyde (MDA), total glutathione (T-GSH),
and oxidized glutathione (GSSG) were measured in tissue homogenates and normalized to protein
content. Muscle ATP and succinate dehydrogenase activity were measured in week-1 samples. Serum
creatine kinase (CK) and lactate dehydrogenase (LDH), together with muscle interleukin-1p (IL-1p) and
tumour necrosis factor-a (TNF-a), were measured using commercial kits. Details of tissue

homogenization and plate reading are provided in Supplementary Table S1.

Immunoblotting

Quadriceps lysates were separated by SDS-PAGE, transferred to PVDF membranes, and probed for p-
AMPK, total AMPK, PGC-1a, TFAM, cytochrome ¢, NLRP3, ASC, pro-caspase-1, cleaved caspase-1,
GSDMD-N, cleaved IL-1p, MuRF1, atrogin-1, and ubiquitin. GAPDH was used as the loading control.
Target signals were normalized to GAPDH from the same membrane and then to the mean of the CON

group. Three biological replicates were analysed per group.

Quantitative real-time PCR

Total RNA was reverse-transcribed and amplified for Ppargcla, Tfam, Trim63, and Fbxo32, with Gapdh
as the reference gene. Relative quantities were calculated using the 2—AACt method; statistical testing
was performed on ACt values. Each sample was run in three technical replicates. Melt curves were
reported to be single-peaked, with low variation among technical replicates. Primer sequences are listed

in Supplementary Table S3.

Immunofluorescence and TUNEL

Sections were stained for MuRF1 or GSDMD-N with DAPI counterstaining. TUNEL-positive nuclei
were expressed as the number of positive nuclei divided by the total number of nuclei, multiplied by

100%. Images were acquired at 20x and quantified in one field per animal by a blinded observer.

Statistical analysis

Data are presented as mean = SD with individual animal values overlaid where shown. Single-time-point
endpoints were analysed using one-way ANOVA followed by Tukey HSD or Dunnett’s test against
CON. Endpoints measured at weeks 1, 2, and 7 were analysed by two-way ANOVA with group and
sampling time as factors, followed by within-time-point comparisons against CON. In the screening
phase, concentration and frequency were evaluated by two-way ANOVA. Candidate ordinary least-
squares models describing the muscle-mass response were compared using Akaike’s information

criterion. A broken-stick model was explored descriptively with bootstrap resampling; because its



confidence interval spanned the search grid, no cumulative-exposure breakpoint was treated as
established. qPCR analyses used ACt values with Benjamini—Hochberg correction within each gene

panel. All tests were two-sided, and p < 0.05 was considered statistically significant.

Cohort allocation and biological replicates

The study comprised two independent experimental cohorts. The dose-ranging screen included 80 rats in
16 groups (n = 5 per group), with terminal tissue collection after 2 weeks. The main experiment used 44
rats in four groups (CON, LD-OZ, HD-OZ, and HF-OZ; n = 11 per group). Within each group, three rats

underwent terminal sampling at week 1, three at week 2, and five at week 7.

At week 7, functional assessments were performed in five rats per group before terminal tissue collection.
Of these animals, four per group provided samples for histology and immunofluorescence, and three per
group provided samples for transmission electron microscopy. Where technically feasible, different
portions of tissue from the same animal were used for additional molecular and biochemical analyses. At
weeks 1 and 2, three rats per group provided samples for the scheduled molecular and biochemical

analyses.

The individual animal was the experimental unit for each endpoint. Endpoint-specific sample sizes in the
Methods and figure legends refer to animals included in each analysis, not separate cohorts for every
assay. Some tissue samples from the same animal were used across different assays within a treatment
group and sampling time point. Animals terminally sampled at different time points were distinct, and

technical replicates were not counted as independent biological replicates.

Results

Injection frequency was more closely associated with gross muscle mass in the screen

Two weeks of o0zone exposure did not change body weight or weight gain across the 16 regimens. The
quadriceps-to-body-weight ratio varied among groups, and the pattern was more clearly associated with
injection frequency than with concentration. When pooled across concentrations, the ratio was 97.1%,
96.8%, and 90.4% of control at one, two, and seven injections per week, respectively. Two-way ANOVA
identified a significant frequency effect, whereas the concentration effect and interaction were not
significant. Changes in serum ALT, AST, BUN, and Cr were concentrated in the seven-injection-per-

week regimens(Fig. 1).

Models containing injection frequency were similar by AIC, whereas concentration alone performed
poorly. The exploratory broken-stick analysis did not identify a reproducible breakpoint on the nominal

cumulative-exposure scale. Thus, in this screen, gross muscle mass was more sensitive to administration



frequency than to concentration. This finding does not rule out concentration-associated effects on other

functional, structural, or molecular endpoints.

Insert Fig. 1 here
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Figure 1. Dose-ranging screen across 16 regimens. (A) Quadriceps-to-body-weight ratio. (B) Two-way ANOVA
decomposition of the ratio. (C—F) Serum ALT, AST, BUN, and Cr. Bars show mean = SD with individual animals
overlaid; n =5 per group. The dashed line indicates the control mean. Statistical symbols indicate comparisons
versus CON as defined in the text.

Functional and structural endpoints distinguished the three ozone regimens

In the main experiment, grip strength was 11% higher in LD-OZ than in CON. In contrast, grip strength
was 17% lower in HD-OZ and 26% lower in HF-OZ. Rotarod latency was less discriminating, although

performance was lower in the higher-exposure groups than in the control group.

Fibre cross-sectional area was not detectably changed in LD-OZ but was approximately 40% lower in
HD-OZ and 50% lower in HF-OZ. Collagen area increased most clearly in HF-OZ(Fig.2). The
association between fibre area and grip strength was strong when all groups were pooled but weak within

individual groups, suggesting that the pooled relationship was driven mainly by separation between



treatment groups. Notably, gross muscle mass remained close to control in HD-OZ in the screening

experiment, despite lower grip strength and fibre area in the main experiment.

Insert Fig. 2 here
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Figure 2. Functional, morphometric, and histological outcomes. (A) Grip strength. (B) Rotarod latency. (C) Fibre
cross-sectional area. (D) Interstitial collagen area fraction. (E) Representative hematoxylin and eosin sections. (F)
Representative Masson trichrome sections. Data are mean + SD with individual animals overlaid. n =5 for
functional testing and n = 4 for morphometry and collagen quantification. Scale bars, 100 pm.

Low exposure was associated with a mitochondrial adaptation-related profile

LD-0OZ was associated with coordinated changes in mitochondrial-related endpoints. p-AMPK increased
without a corresponding change in total AMPK, and the p-AMPK/total AMPK ratio remained elevated.
PGC-1a, TFAM, and cytochrome ¢ increased at the protein level, while Ppargcla and Tfam transcripts
showed a concordant pattern. At week 1, ATP was 71% higher and succinate dehydrogenase activity was
107% higher than in CON. Electron microscopy showed relatively regular myofibrillar alignment and

closely apposed mitochondria in LD-OZ(Fig. 3).

Atrogin-1 protein and Fbxo32 transcript were lower in LD-OZ, whereas MuRF1 and total ubiquitinated

protein were not significantly changed. Together, these findings describe a mitochondrial adaptation-



associated profile accompanied by a selective reduction in one atrophy-related marker. They do not

establish the full causal sequence of mitochondrial biogenesis.

Insert Fig. 3 here
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Figure 3. Mitochondrial-related endpoints. (A) Representative immunoblots. (B) Total AMPK. (C) p-AMPK. (D)
p-AMPK/total AMPK. (E) PGC-10. (F) TFAM. (G) Cytochrome c. (H, I) Ppargcla and Tfam transcripts. (J, K)
ATP and succinate dehydrogenase activity at week 1. (L) Representative transmission electron micrographs at
5000x and 10,000%. n =3 animals per group for molecular and biochemical assays and electron microscopy.

Higher exposure was associated with oxidative changes and altered glutathione-related

measures

The higher-exposure groups showed a redox profile distinct from LD-OZ. Muscle 8-OHdG and MDA
were elevated in HD-OZ and HF-OZ, with group differences evident early and no significant group-by-
time interaction. T-GSH declined across the sampling period, and GSSG was also lower in the higher-
exposure groups(Fig. 4). Serum CK and LDH increased over time and reached their highest values in

HF-OZ at week 7, whereas LD-OZ remained closer to control values.

These measures showed different temporal patterns: oxidative modification, glutathione-related

measures, and serum enzyme leakage did not change identically. Because recovery kinetics between



injections were not measured directly, the findings support an exposure-associated redox burden but do

not establish why the changes persisted or progressed.

Insert Fig. 4 here
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Figure 4. Oxidative-stress and antioxidant-reserve markers at weeks 1, 2, and 7. (A) 8-OHdG. (B) MDA. (C) T-
GSH. (D) GSSG. Data are mean + SD; n =3 per group per time point. Two-way ANOVA was followed by within-
time-point comparisons against CON.

Higher exposure was accompanied by NLRP3-GSDMD-associated inflammatory changes

Compared with CON, HD-OZ and HF-OZ showed higher abundance of NLRP3, ASC, pro-caspase-1,
cleaved caspase-1, GSDMD-N, and cleaved IL-1p. Muscle IL-1B and TNF-a also showed strong group
effects. GSDMD-N-positive area increased most clearly in HF-OZ, and TUNEL-positive nuclei were
markedly more frequent in HD-OZ and HF-OZ. LD-OZ did not show a comparable increase across the
inflammasome-related protein panel(Fig. 5).

The combined changes in inflammasome-related proteins, GSDMD-N, and inflammatory cytokines are
consistent with an NLRP3-GSDMD-associated pyroptosis-related response. Because the study did not

include pathway inhibition, genetic manipulation, or cell-type-specific localization, these results are

pathway-associated evidence rather than proof that NLRP3—GSDMD signalling caused the observed

fibre atrophy.

Insert Fig. S here
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Figure 5. NLRP3—-GSDMD-associated inflammatory and pyroptosis-related markers. (A) Representative
immunoblots. (B—G) Densitometry of NLRP3, ASC, pro-caspase-1, cleaved caspase-1, GSDMD-N, and cleaved IL-
1B. (H, I) Muscle IL-1§ and TNF-a. (J, K) GSDMD-N immunofluorescence and positive-area quantification. (L, M)
TUNEL staining and positive-nuclei quantification. Scale bars, 100 pm.

Higher exposure was accompanied by proteolysis-related and muscle-injury-associated

changes

The injury-associated groups also showed changes in muscle protein-turnover markers. MuRF1, atrogin-
1, total ubiquitinated protein, Trim63, and Fbx032 were higher in HD-OZ and HF-OZ than in CON. In
contrast, atrogin-1 was lower in LD-OZ. MuRF1-positive area increased across the regimens. Serum CK

and LDH showed time-dependent increases, particularly in HF-OZ(Fig. 6).



Electron microscopy in HD-OZ and HF-OZ showed sarcomeric disorganization, widened Z-line spacing,
swollen mitochondria, and disrupted cristac. PGC-1a was lower in the higher-exposure groups, whereas
not all other mitochondrial markers differed significantly from CON. Together, the findings support a

higher-exposure phenotype characterized by structural injury and proteolysis-related molecular changes.

Insert Fig. 6 here
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Figure 6. Proteolysis-related and muscle-injury-associated endpoints. (A) Representative immunoblots. (B-D)
Atrogin-1, MuRF1, and ubiquitinated protein. (E, F) Fbx032 and Trimé63 transcripts. (G, H) Serum CK and LDH
at weeks 1, 2, and 7. (I, J) MuRF1 immunofluorescence and positive-area quantification. Scale bars, 100 pm.

Response patterns differed by endpoint and over time

Across endpoints, ATP, succinate dehydrogenase activity, PGC-1a, grip strength, and atrogin-1 showed
opposing patterns between LD-OZ and the higher-exposure groups. p-AMPK, TFAM, and cytochrome ¢
showed an ascending low-exposure pattern without a statistically significant reduction below CON in
HF-OZ. Inflammasome-related markers, MuRF1, ubiquitinated protein, fibre area, collagen area, and

rotarod latency were predominantly altered in the higher-exposure groups.



The response classes summarized in Figure 7 describe the patterns observed among the tested regimens;
they do not establish a common quantitative threshold or imply that HD-OZ and HF-OZ are biologically
equivalent. The time courses also differed among endpoints: inflammatory and redox markers did not
follow identical trajectories, while glutathione-related measures and enzyme leakage showed progressive

changes during treatment.

C Kinetics of the injury markers
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Figure 7. Integrated response patterns and temporal relationships. (A) Response trajectories across the tested
weekly exposures. (B) Low- versus high-exposure effects on a log: scale. (C) Time courses of selected injury-
associated markers in HF-OZ. Classifications summarize observed endpoint patterns and do not establish a
universal quantitative threshold.

Discussion

Across the regimens tested, intramuscular ozone was associated with concentration-, frequency-, and
endpoint-dependent responses in rat skeletal muscle. The 30 pg/mL twice-weekly regimen (LD-OZ)
showed a comparatively favourable profile, including higher grip strength, ATP, and succinate
dehydrogenase activity, lower atrogin-1, and relatively preserved muscle architecture. In contrast,
doubling the concentration or increasing administration frequency was associated with functional
impairment, oxidative changes, inflammatory and proteolysis-related markers, and structural
abnormalities. This pattern is compatible with a hormesis-like response over the tested range, but it does
not establish a biphasic curve or a defined therapeutic window. Lower concentrations and less frequent

schedules were not tested, so the lower boundary of any adaptive range remains unknown [14,22].



Exposure parameters were not equally associated with every endpoint. In the two-week screen, the
quadriceps-to-body-weight ratio tracked injection frequency more clearly than ozone concentration, and a
simple product of concentration and frequency did not improve model fit over frequency-based
descriptions. The absence of a detectable concentration effect on gross muscle mass should not be
interpreted as evidence that concentration is biologically irrelevant. In the main experiment, gross muscle
mass did not clearly identify the HD-OZ phenotype, whereas grip strength, fibre cross-sectional area, and
inflammasome- and proteolysis-related markers indicated injury-associated changes. Thus, gross muscle
mass alone may be less sensitive than functional, structural, and molecular measures for detecting local

muscle changes [23-26].

The difference between gross muscle mass and the other endpoints may reflect the biological components
captured by each measure. Wet weight aggregates contractile tissue, connective tissue, extracellular
matrix, and water content, while extracellular-matrix organization also contributes to tissue mechanics
and force transmission [27,30]. Early or moderate myofibre injury may therefore affect force production,
energy metabolism, or fibre morphology before total muscle weight changes detectably. The
relationships between mitochondrial dysfunction, muscle quality, and injury support evaluating muscle
function and structure alongside gross mass [28—29]. In this study, the combined functional, histological,
biochemical, and molecular endpoints provided a broader description of regimen-associated responses

than muscle mass alone.

Several injury-associated outcomes appeared nonlinear across the tested regimens. HD-OZ and HF-OZ
showed broadly similar reductions in grip strength, rotarod latency, and fibre cross-sectional area, and
similar changes in several inflammasome-related proteins, despite different nominal weekly exposures.
Cleaved IL-1p was an exception, continuing to increase in HF-OZ. This pattern could reflect endpoint-
specific plateau-like responses, but it does not establish saturation or a switch-like threshold. Redox
responses may be nonlinear and context dependent [14,22,31-32], while inflammasome assembly and IL-
1B maturation involve multiple regulatory steps [34]. The limited number of concentration—frequency
combinations and small endpoint-specific samples preclude a definitive exposure—response model;

additional intermediate regimens and prespecified nonlinear analyses would be required [33].

Atrogin-1 and MuRF1 did not respond identically. Atrogin-1 was lower in LD-OZ, while MuRF1 did not
show a comparable reduction; both markers increased under higher exposure, particularly at the transcript
level. Differential regulation through mTOR/S6K1-, FoxO-, and inflammation-associated pathways is
biologically plausible [35-36], and inflammatory signalling can interact with muscle atrophy pathways
[37,39]. However, the upstream activities of NF-kB, FoxO, and other regulators were not directly
measured. Atrogin-1 and MuRF1 should therefore be interpreted as markers associated with protein-

turnover regulation, not as direct measurements of overall proteolytic flux [38,40].



The differences between transcript and protein responses also warrant restraint. MuRF1 and atrogin-1
transcripts increased more consistently than their protein abundance at higher exposure. Possible
explanations include post-transcriptional regulation, altered translation, protein stability, turnover, or a
ceiling effect, but the present data cannot distinguish among them [41,44-45]. E3 ligase abundance
should not be equated with bulk proteasome activity or total protein degradation: ubiquitination can have
proteolytic and non-proteolytic functions and is regulated by deubiquitinases [42—43,46]. Measurements
of protein turnover, proteasome activity, translation, and ubiquitination status would be needed to resolve

this discordance and strengthen mechanistic interpretation [41-46].

Inflammatory and redox endpoints showed different temporal profiles. Several inflammatory markers,
especially TNF-a, were most prominent at week 1 and declined thereafter, whereas lipid peroxidation,
glutathione-related changes, and serum enzyme leakage were more pronounced by week 7. Distinct time
courses have been reported in other muscle-stress and injury settings [47-48,51]. A decline in
inflammatory markers does not necessarily indicate complete tissue recovery, because inflammatory
resolution can coexist with ongoing remodelling or injury [48]. The present time-course data show
temporal association, not that early inflammation caused later redox or structural changes. Intervention
studies targeting inflammatory and redox pathways would be needed to test causal relationships;
protective effects reported in other muscle-injury models do not demonstrate the same mechanism in this

ozone model [49-50,52].

The LD-OZ group showed the most consistent mitochondrial adaptation-related pattern. Increases in p-
AMPK, PGC-1a, TFAM, cytochrome c, Ppargcla, Tfam, ATP, and succinate dehydrogenase activity
were compatible with an AMPK—PGC-1o-TFAM-associated response [16,53—54]. Higher p-AMPK
without a change in total AMPK is consistent with increased phosphorylation, but does not by itself
establish complete downstream pathway activation [16,55]. The concordant changes in proteins,
transcripts, ATP, and enzyme activity suggest that the pattern extended beyond a single marker.
Nevertheless, pathway inhibition, genetic manipulation, and direct mitochondrial-respiration
measurements were not performed; the data therefore support mechanistic associations rather than

demonstrating that this signalling axis mediated the response [16,53,56].

The translational implication is not a clinical dose recommendation. Rather, the results suggest that ozone
concentration and administration frequency should be evaluated as distinct regimen parameters when
studying local muscle safety [1,57]. Direct extrapolation to human intramuscular or paravertebral
procedures is not justified because species anatomy, tissue geometry, injection volume, local distribution,
and exposure kinetics may differ substantially [59]. Clinical evidence and treatment schedules remain
heterogeneous, and the current rat findings should be treated as hypothesis-generating rather than

prescriptive [1,5,57-58]. The findings also support using functional, histological, biochemical, and



molecular outcomes alongside gross muscle mass. Responses following systemic ozone administration or
other delivery routes should not be assumed to be interchangeable with local intramuscular exposure

[1,57,59].

Several limitations affect interpretation. First, the lower boundary of a possible adaptive range cannot be
defined because lower concentrations and less frequent schedules were not tested. Second, the limited set
of concentration—frequency combinations and small endpoint-specific sample sizes prevent robust
characterization of the response surface or confirmation of a biphasic hormetic curve [32]. Third, causal
involvement of the AMPK-PGC-10-TFAM axis, inflammasome signalling, and proteolytic pathways
was not tested directly. Fourth, only healthy male rats were studied, limiting generalization to females,
aged animals, diseased muscle, or human patients with chronic musculoskeletal disorders [60—61]. Fifth,
endpoint-specific sampling schedules limit direct temporal alignment across molecular, functional, and
histological measures. Finally, nominal ozone concentration does not define the tissue exposure achieved

after injection; local distribution, retention, and post-injection reactions remain uncharacterized [62].

A further limitation is the absence of frequency-matched procedural controls for all ozone regimens. In
the main experiment, saline controls received seven intramuscular injections per week, matching HF-OZ
but not the twice-weekly LD-OZ and HD-OZ regimens. Comparisons of the twice-weekly ozone groups
with CON may therefore reflect differences in needle insertion, handling, or anaesthesia as well as
differences in the injected preparation. The LD-OZ versus HD-OZ comparison matched injection
frequency and is consequently more informative about concentration-associated differences within the
tested design. HF-OZ and CON were frequency-matched, but saline was not a gas-matched oxygen—
ozone control. Comparisons between LD-OZ and HF-OZ cannot isolate ozone frequency from repeated
procedural exposure. These design constraints also temper interpretation of frequency-associated findings
in the screening stage. Future studies should include frequency-matched saline groups, oxygen-only
controls, and appropriate sham procedures. Accordingly, the present findings are best described as
regimen-associated responses, not definitive independent causal effects of ozone concentration or
administration frequency.A proposed working model integrating these regimen-associated responses is

presented in Fig. 8.

Insert Fig. 8 here



Proposed mechanism:a threshold-gated hormetic response to intramuscular ozone

The adaptive and injury arms are mechanistically distinct, with graded versus switch-like responses and diferent time courses
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Figure 8. Proposed working model. The diagram summarizes the association of the LD-OZ regimen with
mitochondrial adaptation-related endpoints and of higher-exposure regimens with oxidative, inflammatory,
proteolysis-related, and structural injury markers. Arrows represent a working hypothesis and do not establish
causal direction.

Conclusions

In this rat model, intramuscular ozone regimens were associated with concentration-, frequency-, and
endpoint-dependent skeletal-muscle responses. The 30 ug/mL twice-weekly regimen was associated with
a comparatively favourable profile, including improved grip strength, higher ATP and succinate
dehydrogenase activity, changes in mitochondrial adaptation-related markers, and lower atrogin-1.
Higher concentration or more frequent administration was associated with oxidative, inflammatory,
proteolysis-related, structural, and functional injury-associated changes. Gross muscle mass was less
sensitive than functional, histological, biochemical, and molecular endpoints for identifying the HD-OZ
phenotype. The findings are compatible with a hormesis-like exposure-response pattern within the tested

regimens, but do not establish a defined threshold, causal pathway, or clinical dosing recommendation.
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