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Abstract

Osteoarthritis (OA) is characterized by the activation of nucleotide-binding
and oligomerization domain-like receptor protein 3 (NLRP3) by thioredoxin-
interacting protein (TXNIP), which promotes inflammation and pyroptosis. This
study investigates whether treadmill exercise (TE) enhances melatonin-mediated
regulation of the TXNIP/NLRP3 pathway and attenuates OA progression by
modulating pyroptosis in a destabilization of the medial meniscus (DMM) rat
model. A total of 32 male Sprague-Dawley rats (6 weeks old; 220 + 20 g) were
randomly assigned to four groups: Sham, DMM, DMM + melatonin, and DMM
+ melatonin + TE. The intervention lasted for 8 weeks. Morphological staining,
immunofluorescence (IF), microcomputed tomography with three-dimensional
reconstruction, Western blot, quantitative real-time polymerase chain reaction,
and enzyme-linked immunosorbent assay were used to assess protein and gene
expression. Compared with the DMM + melatonin group, the DMM + melatonin +
TE group showed greater reductions in cartilage-subchondral bone damage and
OA progression through modulation of the pyroptosis pathway. IF staining revealed
that TXNIP protein expression was significantly reduced in the DMM + melatonin + TE
group. Both the DMM + melatonin and combination treatment groups significantly
regulated TXNIP/NLRP3 signaling and inhibited OA progression through pyroptosis.
Furthermore, combining TE with melatonin significantly reduced the expression
of pyroptotic cytokines compared with the DMM + melatonin group. This study
suggests a potential therapeutic approach for managing OA by combining
melatonin treatment with moderate TE.

Keywords: Osteoarthritis; Exercise; Melatonin; Thioredoxin-interacting protein;
Nucleotide-binding and oligomerization domain-like receptor protein 3
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1. Introduction

Osteoarthritis (OA) is a debilitating articular cartilage
disease that significantly impairs lower limb function,
exacerbating the social and monetary strain.'! The key
pathological features of OA include articular cartilage
degeneration, subchondral bone damage, synovial
inflammation, capsular damage, and associated
musculature.” Traditional OA treatments provide only
limited symptomatic relief, with potential adverse effects
and risk of recurrence.

Thioredoxin-interacting protein (TXNIP) plays a
crucial role in OA by modulating oxidative stress and
inflammation.” Elevated TXNIP levels in OA patients
enhance oxidative stress and trigger activation of the
nucleotide-binding and oligomerization domain-like
receptor protein 3 (NLRP3) inflammasome.* Therefore,
targeting TXNIP and its related pathways represents a
promising strategy for developing therapies that mitigate
inflammation and slow OA progression. Pyroptosis is
a form of cell death initiated by inflammasomes and
serves as a key innate immune mechanism.” The NLRP3
inflammasome is a primary driver of pyroptosis—upon
activation, it triggers caspase-1 enzymatic activity, leading
to pyroptotic cell death.® Activated caspase-1 cleaves
gasdermin D (GSDMD) and promotes the release of
pyroptotic cytokines, including interleukin (IL)-18 and
IL-18.7 Studies have demonstrated increased levels of
NLRP3, IL-1p, and IL-18 in the synovial layer of OA animal
knee models, indicating that the inflammasome signaling
pathway contributes to OA pathogenesis.® Although
pyroptosis has been implicated in OA, the specific role
of the TXNIP/NLRP3 pathway in mediating this process
remains incompletely understood.

Melatonin, a hormone known for regulating sleep and
circadian rhythms, also has emerging roles in managing
OA>!® By reducing oxidative damage and suppressing
inflammatory responses, melatonin can potentially slow
the progression of OA and alleviate symptoms, offering a
promising adjunctive therapy or alternative to traditional
treatments for this debilitating joint disease."

Exercise therapy has emerged as an effective, reliable,
and accessible long-term strategy for the prevention and
management of OA,'" and is closely associated with
the regulation of pyroptosis."* Previous studies have
demonstrated that exercise can reduce the expression
of the NLRP3 inflammasome and significantly inhibit
the activation of its downstream components, such as
caspase-1, IL-1f, and IL-18.141°

Melatonin and exercise both exert anti-pyroptotic
effects. Melatonin inhibits NLRP3 inflammasome

activation, while exercise downregulates NLRP3 and
its downstream effectors. The combined modulation
of pyroptosis pathways by these two interventions may
provide additive or synergistic therapeutic benefits for
pyroptosis-related diseases such as OA.

The objective of this study is to investigate how
treadmill exercise (TE) enhances the therapeutic effects
of melatonin. Specifically, the study aims to examine the
regulation of the TXNIP/NLRP3 axis by the combined
intervention of TE and melatonin treatment, and how this
leads to the inhibition of OA progression.

2. Materials and methods
2.1. Experimental animals

A total of 32 6-week-old Sprague-Dawley male rats weighing
approximately 220 + 20 g were used in this study. The training
protocol was administered at the Experimental Animal
Centre of Tongji Medical University, where the experimental
animals were kept in a specific pathogen-free environment.
Two rats were housed per plastic cage under controlled
conditions (temperature: 22 + 2°C; humidity: 60 + 5%) on a
12 h light/dark cycle. Animals had ad libitum access to food
and water and unrestricted mobility in their cages.

2.2. OA model and experimental groups

The study protocols are illustrated in Figure 1. A total of
32 Sprague-Dawley rats underwent a 1-week acclimation
period of TE training. The exercise protocol was performed
using the Zhenghua Biological Instrument Equipment
(China) with the following parameters: 10 min/day, 5 days
per week, at a speed of 10 m/min.

After the 1** week of TE training for acclimation, the
rats were randomly divided into two experimental cohorts:
Sham (n = 8) and destabilization of the medial meniscus
(DMM; n = 24). Regarding anesthesia, isoflurane was
administered throughout all surgical procedures. Briefly,
the DMM group underwent surgical interventions on the
right knee joint, which included anterior cruciate ligament
transection and DMM surgery. The sham group served as
the control group and underwent an incision of the skin
and medial capsule only.

Four weeks post-surgery, eight animals from each
group were randomly selected and euthanized to assess
the success of the DMM model. Four weeks after surgery,
the rats in the DMM group were randomly allocated into
three groups: DMM (n = 8), DMM + melatonin (n = 8),
and DMM + melatonin + TE groups, while the sham group
(n = 8) included all sham animals in the study. The exercise
training protocol was adapted from a previously published
study.'®
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Figure 1. A total of 32 Sprague-Dawley rats underwent a 1-week acclimation training on a treadmill. Following this period, the rats were randomly
assigned to four groups: sham, DMM, DMM + melatonin, and DMM + melatonin + TE. The DMM + melatonin group received an intra-articular injection
of 10 uL melatonin solution. The DMM + melatonin + TE group received a combination of intra-articular melatonin injection (10 uL) and TE for 8 weeks.

All rats were euthanized within 48 h after the final TE session.

Abbreviations: DMM: Destabilization of the medial meniscus; TE: Treadmill exercise.

2.3. Intervention treatment

In the experiment, melatonin was initially solubilized in
100% ethanol and subsequently diluted in saline (0.9%
sodium chloride) to achieve a final concentration of
10 mg/mL."”

Following induction of the DMM model, rats in the
DMM + melatonin and DMM + melatonin + TE groups
received intra-articular injections of 10 uL of melatonin
solution via the patellar tendon twice weekly for 6 weeks.
The sham and DMM groups received an equal volume
of normal saline. The DMM + melatonin + TE group
underwent moderate TE for 8 weeks at a speed of 15 m/min
for 30 min/day, 5 days per week. Within 48 h after the final
TE session, all rats were euthanized. Blood plasma was
collected via cardiac puncture, and tissue samples were
harvested for subsequent analysis (Figure A1).

2.4. Microcomputed tomography with three-
dimensional reconstruction

After euthanasia, samples of the rats’ right knee joints were
collected and scanned using a microcomputed tomography
(micro-CT) (50 Scanco Medical, Switzerland) with a voxel
size of 10.5 um, 100 kV voltage, and 98 WA current. The
integrated evaluation system generated three-dimensional
(3D) images and quantitative data, including bone volume/
tissue volume fraction (BV/TV), trabecular thickness

(Tb. Th), trabecular number (Tb. N), and trabecular
separation (Tb. Sp).

2.5. Histological staining

Samples of the rats’ knee joints underwent decalcification in
a 10% ethylenediaminetetraacetic acid solution. Following
dehydration, the samples were embedded in parafhin.
Sagittal sections (4 um) were prepared for histological
examination. Hematoxylin-eosin and safranin O/fast green
staining were conducted to analyze the articular cartilage
microscopically. Knee joint injury was evaluated using the
OA Research Society International scoring system.'®

2.6. Immunohistochemistry staining

The levels of tissue proteins were assessed using
immunohistochemistry staining for caspase-1 (rabbit;
1:200; ER1905-47, Huaan Biotechnology Co., LTD,
China), GSDMD (GSDMD; rabbit; 1:200; ER1901-37,
Huaan Biotechnology Co., LTD., China), and NLRP3
(rabbit; 1:200; ET1610-93, Huaan Biotechnology Co.,
LTD., China).

2.7. Immunofluorescence staining

Paraffin-embedded samples were processed following
standard protocols and incubated with TXNIP (rabbit;
1:200, ET1705-72, Huaan Biotechnology Co., LTD,
China). Subsequently, slides were incubated with secondary
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antibodies (Bosterbio, China) for 1 h. The nuclei were
stained for 10 min with 4)6-diamidino-2-phenylindole
(Bosterbio, China). Finally, images were captured using
the EVOS FL Auto Imaging System (Huaan Biotechnology
Co., LTD,, China).

2.8. Quantitative real-time polymerase chain
reaction

Total RNA was extracted from articular cartilage
using RNA Trizol (Powerful Biotechnology, China).
Complementary DNA was synthesized using Hifair® III
I** Strand Synthesis Super Mix (Huaan Biotechnology
Co., LTD., China). The complementary DNA served as
a template for PCR, with glyceraldehyde 3-phosphate
dehydrogenase used as the internal reference. mRNA
levels were quantified using SYBR Green Master Mix
(Huaan Biotechnology Co., LTD., China) and the
2744¢T method. Primer sequences, listed in Table 1,
were obtained from GeneBank and synthesized by Bao
Biomedical Technology Co., Ltd., China. All reactions
were performed in triplicate, and fluorescence signals
were detected using the ABI QuantStudio™ 1 System
(Huaan Biotechnology Co., LTD., China).

2.9. Western blot

Cartilage tissue samples were washed with phosphate-
buffered saline and mechanically disrupted through
grinding and sonication. Radioimmunoprecipitation
buffer containing enzyme inhibitors was used for cell lysis.
After centrifugation, the protein-containing supernatant
was collected. Protein concentration was assessed using a
BCA kit (BF0026, Bolff Biotechnology Co., LTD., China),
and samples were denatured by heating at 100°C for 5 min
in sample buffer.

Table 1. Forward and reverse primer sequences used for
quantitative real-time polymerase chain reaction of articular
cartilage samples (n=8)

Gene RNA sequence (5’ to 3’)
RGAPDHF ACTCTACCCACGGCAAGTTC
R GAPDHR TGGGTTTCCCGTTGATGACC
R CASPI F GACCGAGTGGTTCCCTCAAG
R CASPIR GACGTGTACGAGTGGGTGTT
R GSDMD F GATGCCTGCTTGTTGAGTTGG
R GSDMD R AGAATTCCGAAGGCAGTCCA
R TXNIP F TCTGCCTCACGGAGAGACTT
R TXNIPR CATGATTGAGCCGAGTGGGT
R NLRP3 F CTGCATGCCGTATCTGGTTG
R NLRP3R GGTACCCCATAGACTGGCAC

Abbreviations: F: Forward; R: Reverse.

The membranes were blocked with 5% milk solution
to minimize non-specific binding. Primary antibodies—
caspase-1 (1:1000), GSDMD (1:1000), NLRP3 (1:1000),
TXNIP (1:2000), and glyceraldehyde 3-phosphate
dehydrogenase (1:5000)—were incubated overnight at
4°C. After washing, membranes were incubated with
secondary antibodies conjugated to fluorescent tags for
1 h at 4°C. Protein bands were detected using an infrared
imaging system (software, Wuhan Guide Infrared Co., Ltd.,
China), and band intensities were quantified using Image]
software (Laboratory for Optical and Computational
Instrumentation, USA).

2.10. Enzyme-linked immunosorbent assay

Rats were anesthetized with isoflurane, and blood plasma
was collected via cardiac puncture and stored at —80°C for
subsequent assessment of inflammatory factors. The levels
of IL-18 (FY-EH-6593, Feiyue Biotechnology, China) and
IL-1B (FY-EH6675, Feiyue Biotechnology, China) were
measured using enzyme-linked immunosorbent assay
kits (A-A04, Qianbaidu Biotechnology Co., LTD., China)
according to the manufacturer’s instructions.

2.11. Statistical analyses

Data are presented as mean * standard deviation.
Statistical analyses were performed using GraphPad Prism
version 10 (Dotmatics, US). Comparisons among multiple
groups were conducted using two-way analysis of variance,
followed by Tukey’s post hoc test for pairwise comparisons.
Differences were considered statistically significant at
p<0.05.

3. Results

3.1. Intervention treatment and body weight

As depicted in Figure 2, over the course of the intervention
period, the body weights of rats in all groups showed
an increasing trend, indicating normal growth and
development.

800
-~ Sham
360 Jrs e DM
-+~ DMM+melatonin
400 - DMM-+melatonin+TE
I
TTTTT—T—T—T—T—7 Rat number
012345678910

Figure 2. Intervention treatment and body weight of the rats at the study
endpoint.

Notes: Data Data are presented as mean * standard deviation. “ns”
indicates no statistically significant difference.

Abbreviations: DMM: Destabilization of the medial meniscus;
TE: Treadmill exercise.
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3.2. Melatonin and TE treatment mitigate DMM-
associated characteristics of the joint

To assess the impact of TE on enhancing melatonin’s
effects on the knee joint in the DMM model, microCT-3D
analysis was performed to evaluate damage in the tibial
trabecular bone (Figure 3A).

The combination of exercise and intra-articular
melatonin injections significantly improved subchondral
bone integrity and restored microstructural changes in the
tibial bone following injury, compared to the DMM group
that received only intra-articular melatonin injections.

The findings revealed that BV/TV, Tb. Th, and Tb.
N values increased in the DMM + melatonin + TE group,
whereas Tb. Sp decreased (Figure 3B).

The OA Research Society International score in the
DMM group was significantly higher than that in the
sham group. In contrast, the DMM group receiving intra-
articular melatonin and TE exhibited reduced damage
severity, as evidenced by less safranin O/fast green loss
and improved surface regularity (Figure 4A and B).
These findings indicate that combined TE and melatonin
treatment effectively inhibits cartilage lesion progression
and maintains structural integrity compared to the DMM
+ melatonin group.

In addition, immunohistochemistry analysis was
performed to assess pyroptosis-related biomarkers and
investigate the effects of TE combined with melatonin
on the pyroptosis pathway. Rats in the DMM-only
group showed elevated levels of NLRP3, caspase-1, and
GSDMD compared to the DMM + melatonin group
(Figure 4C and D). In contrast, TE combined with intra-
articular melatonin significantly reduced the number
of NLRP3-, caspase-1-, and GSDMD-positive cells in
rat cartilage tissue (Figure 4C and D). These findings

A

DMM-+mel

demonstrate that TE enhances the effects of melatonin in
suppressing OA progression and reduces the expression of
NLRP3, caspase-1, and GSDMD.

3.3. Effects of TE and melatonin on TXNIP expression
levels

Immunofluorescence staining was used to assess TXNIP
protein expression in cartilage tissue. The levels of TXNIP
protein in the cartilage of the DMM group were significantly
higher than those in the sham group (p<0.0001). In contrast,
TXNIP protein expression in the DMM + melatonin group
was significantly higher than that in the DMM + melatonin
+ TE group (p<0.05; Figure 5A and B).

3.4. Comparative impact of TE and melatonin on
pyroptosis markers, TXNIP in cartilage tissue, and
pyroptotic cytokine levels

The expression of pyroptosis biomarkers and TXNIP
in cartilage tissues was compared between the DMM +
melatonin group and the DMM + melatonin + TE groups
(Figure 6). The mRNA (Figure 6A-D) and protein levels
(Figure 6E and F) of caspase-1, GSDMD, NLRP3, and
TXNIP in the DMM group were significantly higher than
those in the DMM + melatonin and DMM + melatonin +
TE groups (p<0.01). Additionally, the DMM + melatonin
group exhibited elevated mRNA (p<0.001) and protein
(p<0.01) levels compared to the DMM + melatonin + TE
group.

Blood samples collected 48 h post-intervention were
analyzed for serum inflammatory factor levels to assess the
effects of exercise on inflammation during OA progression.
Results indicated that serum inflammatory factor levels
in the DMM group were significantly higher than those
in the DMM + melatonin and DMM + melatonin + TE
groups (p<0.05). Furthermore, the DMM + melatonin
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Figure 3. Microcomputed tomography and three-dimensional reconstruction images. (A) Representative microcomputed tomography and three-dimensional
reconstruction images of the sham, DMM, DMM + melatonin, and DMM + melatonin + TE groups (scale bar: I mm). (B) Quantitative analysis of bone parameters.
Note: Data are presented as mean + standard deviation. *p<0.05, **p<0.01, and ***p<0.001 (1 = 8).

Abbreviations: BV/TV: Bone volume/tissue volume; DMM: Destabilization of the medial meniscus; Tb. N: Trabecular number; Tb. Sp: Trabecular
separation; Tb. Th: Trabecular thickness; TE: Treadmill exercise.
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Figure 4. Histological and immunohistochemical analysis. (A) Representative HE and safranin O/fast green staining images (scale bar: 1,000 pm;
magnification: x100um). (B) Osteoarthritis Research Society International score. (C) Representative immunohistochemical staining images of caspase-1,
GSDMD, and NLRP3 (scale bar: 200 um; magnification: x200um). (D) Quantification of the percentage of caspase-1-, GSDMD-, and NLRP3-positive cells.
Note: Data are presented as mean + standard deviation. *p<0.05, **p<0.01, and ***p<0.0001 (1 = 8).

Abbreviations: DMM: Destabilization of the medial meniscus; GSDMD: Gasdermin D; HE: Hematoxylin-eosin; NLRP3: Nucleotide-binding and

oligomerization domain-like receptor protein 3; TE: Treadmill exercise.

+ TE group showed lower serum levels compared to the
DMM + melatonin group (p<0.05). These findings suggest
that TE enhances the effects of melatonin by reducing
inflammation in OA (Figure 7).

4, Discussion

The findings revealed that intra-articular injection of
melatonin attenuates OA progression by modulating
pyroptosis. TE further enhances melatonin’s effects, leading
to a greater reduction in OA progression through this
pathway. In addition, TE amplifies melatonin’s regulation of
the TXNIP/NLRP3 signaling pathway, thereby inhibiting
OA progression mediated by pyroptosis. These findings
provide valuable insights into the molecular mechanisms
through which TE contributes to the suppression of OA
progression.

Exercise has been extensively employed in the
management and treatment of numerous chronic
conditions, helping patients alleviate symptoms, restore
function, and improve overall well-being.”*?! Previous
studies have shown that moderate exercise can preserve
joint integrity and mitigate disorder in DMM rats.?>*
Exercise also exerts a notable anti-inflammatory effect
associated with the regulation of pyroptosis.** It is well
established that exercise can reduce chronic inflammation
and effectively suppress inflammatory factor levels,
thereby promoting the secretion of anti-inflammatory
cytokines. Furthermore, studies have demonstrated that
physical exercise can downregulate NLRP3 expression and
significantly suppress the activation of apoptosis-associated
speck-like protein containing a caspase recruitment
domain, caspase-1, IL-1f, and IL-18.1024%

Volume 8 Issue 4 (2025)

78

doi: 10.36922/ITPS025360046


https://dx.doi.org/10.36922/ITPS025360046

INNOSC Theranostics and
PharmaCOlOgical Sciences Effect of exercise and melatonin on OA

Sham DMM-+melatoni = DMM-melatonin+TE

DAl

CYVIXNIP

Mi

]
b

(v]

(-] N
L 1

*
- ].

WL

Sham  DMM DMM+ DMM-+melatonin=TE

melatonin

Mean fluorenscece intensity of TXNIP
-
1

Figure 5. Effects of TE and melatonin on TXNIP expression. (A) Representative immunofluorescence staining images of TXNIP (scale bar: 200 um;
magnification: x200pm). (B) Quantification of mean fluorescence intensity of TXNIP in cartilage.

Note: Data are presented as mean + standard deviation. *p<0.05, **p<0.01, and ****p<0.0001 (n = 8).

Abbreviations: CV3: Caveolin-3; DAPI: 4,6-diamidino-2-phenylindole; DMM: Destabilization of the medial meniscus; MERG: DAPI with CV3/TXNIP;
TE: Treadmill exercise; TXNIP: Thioredoxin-interacting protein
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Figure 6. Comparative effects of TE and melatonin on pyroptosis markers and TXNIP. (A) Caspase-1 mRNA levels. (B) GSDMD mRNA levels. (C) NLRP3
mRNA levels. (D) TXNIP mRNA levels. (E) Protein expression of caspase-1, GSDMD, NLRP3, and TXNIP in cartilage detected by Western blot. (F)
Quantification of protein expression levels.

Note: Data are expressed as mean + standard deviation of two independent experiments. *p<0.05, **p<0.01, **p<0.001, and ***p<0.0001 (1 = 8).
Abbreviations: DMM: Destabilization of the medial meniscus; GAPDH: Glyeceraldehyde-3-phosphate dehydrogenase; GSDMD: Gasdermin D; NLRP3:
Nucleotide-binding and oligomerization domain-like receptor protein 3; TE: Treadmill exercise; TXNIP: Thioredoxin-interacting protein.
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The present study investigated how TE enhances the effects
of melatonin treatment in mitigating cartilage degradation in
OA through the pyroptosis pathway. Using the DMM model,
we found that both melatonin treatment and its combination
with exercise significantly reduced inflammation and
cartilage damage in the knee joints of DMM rats. Multiple
analytical methods, including micro-CT and histological
staining, were used to assess OA progression. The DMM +
melatonin + TE group showed significantly greater protective
effects on cartilage and reduced subchondral bone damage
compared to the DMM + melatonin group. In addition,
moderate TE enhanced melatonin’s inhibitory effects on the
expression of pyrotosis-related proteins, which are associated
with OA. Furthermore, serum analysis showed a significant
reduction in the levels of IL-1P and IL-18. These findings are
consistent with previous studies.”*%

This study further demonstrated that TE enhances
the effects of melatonin treatment, leading to a more
pronounced attenuation of OA progression through the
pyroptosis pathway. TXNIP plays a key role in this process,
as it regulates cellular redox homeostasis and activates
NLRP3, a crucial component of the pyroptosis-mediated
inflammatory response.” Melatonin, with its potent
antioxidant and anti-inflammatory properties, is known
to inhibit the TXNIP/NLRP3 signaling axis, thereby
suppressing pyroptosis and the associated inflammation.*
The findings suggest that the combination of TE and
melatonin treatment enhances this regulatory mechanism,
resulting in a more significant reduction in OA progression
compared to melatonin treatment alone. By elucidating
the interplay between TXNIP, melatonin, and NLRP3
within the pyroptosis pathway, this study highlights the
potential therapeutic benefits of this combined approach
in mitigating OA progression.

Immunofluorescence staining showed that treatment
with melatonin significantly reduced TXNIP protein
expression in the DMM + melatonin group compared to
the untreated DMM group. This finding is consistent with
previous studies that investigated the effects of melatonin
on TXNIP expression.””*'** In addition, exercise notably
enhanced the effect of melatonin treatment by further
reducing TXNIP protein expression. This finding is
consistent with previous studies conducted on different
diseases.*®

In addition, quantitative real-time polymerase chain
reaction and Western blot analyses demonstrated that
rats in the DMM + melatonin group showed significantly
reduced mRNA and protein levels of pyroptosis-related
proteins and TXNIP. Furthermore, combining melatonin
with TE led to an even greater decrease in these markers
compared to the DMM + melatonin group. These findings
provide strong evidence that melatonin treatment,
especially in combination with TE, effectively reduces the
expression of key inflammatory and apoptotic markers
in the DMM model. Overall, these findings suggest that
melatonin, particularly when paired with exercise, could
alleviate inflammation and pyroptosis, highlighting the
potential of combined therapeutic strategies for managing
inflammatory conditions.

This study has several limitations that should be
considered when interpreting the findings. First, the
short experimental duration limits the ability to assess
the long-term effects of OA progression. Second, the
small sample size may reduce the statistical power and
generalizability of the results. Third, the study focused
primarily on advanced OA stages, which may not fully
reflect the potential benefits during earlier phases of the
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disease. Fourth, functional assessments (e.g., gait analysis
and weight-bearing tests) were not performed, thereby
limiting our understanding of the clinical relevance of
the observed molecular and structural changes. Future
research should evaluate the effects of moderate TE in
larger cohorts, including early OA stages, and assess its
impact on cartilage-subchondral bone interactions and
the pyroptosis pathway. Furthermore, investigating the
long-term effects of different training durations and varied
doses or delivery methods of melatonin would enhance
our understanding of their therapeutic potential in OA
management.

5. Conclusion

TE significantly enhances melatonin-mediated regulation
of the TXNIP/NLRP3 pathway and inhibits pyroptosis-
driven OA in the DMM rat model. These findings suggest
that combining melatonin treatment with moderate TE
may offer a promising therapeutic strategy for managing
OA by effectively reducing pyroptotic cell death.
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Appendix

118KDa

Figure A1. Original Western blot images of (A) caspase-1, (B) GSDMD, (C) NLRP3, (D) TXNIP, and (E) GAPDH in rat cartilage
Abbreviations: GSDMD: Gasdermin D; NLRP3: Nucleotide-binding and oligomerization domain-like receptor protein 3; TXNIP: Thioredoxin-interacting
protein; GAPDH: Glyeceraldehyde-3-phosphate dehydrogenase.
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