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Objective: Skeletal muscle atrophy is a major comorbidity associated with chronic obstructive pulmonary disease caused by exposure
to cigarette smoke (CS). CS-activated macrophages and pyroptosis play an important role in skeletal muscle atrophy, but its specific
molecular mechanism remains unclear. This study investigated the role and mechanisms of pyroptosis and activated macrophages in
CS-induced skeletal muscle atrophy.

Methods: In the in vivo model, mice were exposed to either CS or air for 24 weeks, and in the in vitro model, C2C12 murine skeletal
muscle cells were co-cultured with macrophages in Transwell chambers. Western blotting, real-time PCR, ELISA, and other methods
were used to detect pyroptosis-related markers to investigate the mechanism of CSE-activated macrophages on skeletal muscle atrophy
and pyroptosis.

Results: In vivo, CS-induced atrophy of the mouse gastrocnemius muscle was accompanied by increased expression of pyroptosis-
related markers, including NLRP3 inflammasome, cleaved Caspase-1, the GSDMD N-terminal domain, and interleukin (IL)-18. In
vitro, CS extract (CSE)-activated macrophages mediates pyroptosis of skeletal muscle cells and induces myotube atrophy. Further
studies demonstrated that macrophage-derived TNF-a is the initiating factor of skeletal muscle pyroptosis, and this process appears to
be mediated through TNF-a activating the TNFR1/NLRP3/caspase-1/GSDMD signaling pathway.

Conclusion: TNF-a released by CSE-activated macrophages can promote skeletal muscle pyroptosis by activating the TNFR1/
NLRP3/Caspase-1/GSDMD signaling pathway, which likely contributes to skeletal muscle atrophy. These findings provide more
insight into the mechanisms underlying skeletal muscle atrophy in COPD.
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Introduction
Chronic obstructive pulmonary disease (COPD) is one of the three leading causes of death globally, with smoking being
the most important risk factor.! Skeletal muscle atrophy is a major comorbidity of COPD patients, and the overall
prevalence varies from 15.5% to 34%.> Skeletal muscle atrophy can lead to reduced muscle strength and endurance,
thereby decreasing quality of life and survival.** This complication is an independent predictor of mortality in patients
with COPD.>® However, effective pharmacologic treatments for skeletal muscle atrophy beyond exercise training are
lacking. Thereby, elucidating the molecular mechanisms underlying skeletal muscle atrophy is essential for developing
effective intervention strategies.

Current research suggests that an enhanced inflammatory response to oxidative stress stimuli, such as cigarette smoke
(CS), leads to heightened myofibrillar protein degradation and reduced protein synthesis, which is considered the primary
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mechanism of skeletal muscle wasting in COPD patients.”* Muscle fiber differentiation is a critical phase in the
development of skeletal muscle formation. Myogenic regulatory factors (MRFs), including myoblast determination
protein (MyoD), myogenin (MyoG), myf-5 and MRF4, are the main muscle-specific transcription factors in the MyoD
family, and play crucial roles in the regulation of myogenesis.” Myogenin, which is ubiquitously expressed in all skeletal
muscles, is a key driver of the terminal differentiation of myocytes. These MRFs are also instrumental in the repair of
muscle damage.'®"!

CS-induced oxidative stress attracts macrophages to accumulate in the lungs and release large quantities of
inflammatory cytokines like TNF-a, as well as oxidizing substances and enzymes, leading to lung tissue damage and
persistent airway inflammation.'? These inflammatory mediators released by CS-activated macrophages are not limited to
the lungs, and the “spillover”’of pulmonary inflammation into the systemic circulation may cause systemic damage,
including skeletal muscle, resulting in reduced differentiation of skeletal muscle.'” In addition, sustained stimulation of
CS results in increased macrophage infiltration in skeletal muscle, and locally resident macrophages are pivotal in the
processes of muscle damage and repair.'> Many studies confirmed that TNF-o. promotes skeletal muscle atrophy through
complex cell death signaling pathways.'*'> Our previous study found that local inhibition of TNF-a did not reverse
skeletal muscle atrophy, suggesting that systemic sources of TNF-a also play an important role.'® Macrophages are
a major cellular source of TNF-a under inflammatory states. However, whether macrophage-derived TNF-a promotes
skeletal muscle atrophy and its mechanism remain unclear.

Pyroptosis represents a form of regulated necrotic cell demise, initiated by inflammatory stimuli, and is distinguished
by cellular distension, cell membrane rupture, and the emission of pro-inflammatory factors. According to certain
research, pyroptosis is a crucial factor in the progression of skeletal muscle atrophy under non-infectious inflammatory
conditions such as dermatomyositis/polymyositis, diabetic myopathy, and glucocorticoid-associated myasthenia
gravis.'”'* The NLRP3 inflammasome is an upstream regulator of pyroptosis.”’ TNF-a is essential for the activation
of the NLRP3 inflammasome, which subsequently triggers the activation of caspase-1.>' The activated caspase-1
facilitates the maturation of the proinflammatory cytokines IL-1B and IL-18. Gasdermin D (GSDMD) is also cleaved
by activated caspase-1, releasing its N-terminal domain which oligomerizes and forms pores in the cell membrane to
release inflammatory molecules, such as IL-1B, inducing pyroptotic cell death.?* Nevertheless, the role and specific
mechanisms of macrophage-derived TNF-a-mediated pyroptosis in CS-induced skeletal muscle atrophy have yet to be
clarified.

The present study hypothesized that skeletal muscle atrophy caused by CS is linked to TNF-a released from CS
extract (CSE)-activated macrophages and pyroptosis. In vivo, we established a mouse model of COPD to explore the role
of pyroptosis in skeletal muscle atrophy. In vitro, we utilized a co-culture system of C2C12 murine skeletal muscle cells
and RAW264.7 macrophages to further explore the effects and detailed molecular mechanisms of inflammatory
mediators released from CSE-activated macrophages on skeletal muscle cell pyroptosis.

Materials and Methods

Reagents and Antibodies

Dulbecco’s modified Eagle’s medium (DMEM, C11995500BT) and fetal bovine serum (FBS, 10099141C) were
purchased from Gibco (Grand Island, NY, USA). Horse serum (HS) was acquired from Vivacell (C2510-0500,
Shanghai, China). Recombinant TNF-a (RP01071) was obtained from ABclonal (Wuhan, China). Infliximab (HY-
P9970), MCC950 (HY-12815A), and R-7050 (HY-110203) were obtained from MedChemExpress (NJ, USA). RNA-
easy Isolation Reagent (R701-02) was purchased from Vazyme (Nanjing, China). PrimeScript RT reagent (#22107) was
purchased from TOLOBIO (Shanghai, China), and SYBR Premix Ex Taq kits (A304) were purchased from GenStar
(Beijing, China). TNF-a and IL-1B (mouse) ELISA kits were obtained from DEVELOP (Wuhan, China). Primary
antibodies against NLRP3 (ab263899), GSDMD (ab219800), and caspase-1 (ab179515) were purchased from Abcam
(Waltham, MA, USA). Primary antibodies against TNF-a (60,291-1-1g), TNF receptor 1 (TNFR1, 60,192-1-1g), MyoD
(18943-1-AP), and GAPDH (6004-1-1g) were procured from Proteintech (Wuhan, China). Cleaved caspase-1 (A0964),
IL-1PB (A11369), IL-18 (A1115), and B-actin (AC026) antibodies were purchased from ABclonal, MyoG (CY8830) was
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purchased from Abways, and fluorescent secondary antibodies (#5151P) were obtained from Cell Signaling Technology
(Danvers, MA, USA).

Animals

A total of 24 male mice (C57BL/6, 56 weeks, 18 + 2 g) were acquired from the Guangxi Medical University Animal
Research Centre (GXMU, Nanning, China), including 12 mice as the Control group and 12 mice as the CS group. All
animals were housed on a 12-h light/dark cycle. The animals were exposed to either air or CS for 24 weeks according to
previously described protocols.”> At the end of the experiment, the right gastrocnemius muscle (GM) of mice was
dissected for histological evaluation, and the left GM was isolated for further analysis. All animal experiments were
approved by the Guangxi Medical University Laboratory Animal Committee and conducted per the requirements of the
Animal Care and Use Committee (Approval NO. 202401008).

Histology

Fresh tissues were fixed with 4% paraformaldehyde overnight, dehydrated, paraffin-embedded, and serially sliced to
5 um for Haematoxylin-eosin (HE), Masson trichrome, and immunofluorescence staining. Cross-sectional images of the
GM were captured using a microscope (Olympus, Tokyo, Japan). The cross-sectional area (CSA) of the muscle fibers
was calculated utilizing ImageJ software (National Institutes of Health, USA).

Cell Culture

RAW 264.7 cells (leukemia-transformed mouse macrophages, SCSP-5036) and C2C12 cells (murine myoblast cell line,
SCSP-505) were obtained from the Shanghai Cell Bank, Chinese Academy of Sciences. They were cultured in DMEM
supplied with 10% FBS and 1% penicillin-streptomycin. When C2C12 cells reached approximately 80% confluence,
differentiation was induced via incubation in DMEM containing 2% HS for 5 days. RAW264.7 cells were seeded in the
upper layer of Transwell chambers (0.4 um, Corning, NY, USA) and co-cultured with C2C12 myotubes for 24 h. Before
co-culture with RAW?264.7 cells, C2C12 myotubes were preincubated with 5 pM R-7050 for 2 h (to inhibit TNFRI1
activity) or 5 pM MCC950 for | h (to inhibit NLRP3 activity).

CSE Preparation

As previously outlined, three unfiltered full-strength burning cigarettes were sequentially connected to a pumping device
with a 50-mL syringe and “smoked” slowly and repeatedly. The obtained smoke was dissolved in 3 mL of PBS to create
a suspension, followed by filtration through a 0.22-pm sterile filter. The optical density of the CSE was determined, and
the extract was used within 1 h.**

Cell Viability

RAW264.7 cells (1 x 104 /well) were stimulated with various levels of CSE (0, 0.05%, 0.1%, 0.15%, 0.2%, 0.4%) for 12
or 24 h. After incubation, 10% CCKS solution (Dojindo, Japan) was added, and the absorbance of each well was assessed
at 450 nm utilizing a microplate reader (BioTek Gen5, BioTek, Shoreline, WA, USA). Cell viability was calculated
relative to the control sample.

Giemsa Staining

C2C12 cells were washed with PBS and fixed with 70% ethanol for 10 min. Subsequently, cells were mixed with 10%
Giemsa staining solution (Beyotime, Shanghai, China) together for 30 min. Ultimately, the images were acquired
randomly using a microscope (Olympus, Tokyo, Japan).

ELISA and Lactate Dehydrogenase (LDH) Release

Supernatants from RAW264.7 and C2C12 cell cultures were collected following various treatments. Following the
manufacturer’s protocol, the concentrations of TNF-a and IL-1B in the cell supernatants were determined utilizing
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ELISA kits. Cell membrane damage and cell death were evaluated by measuring LDH release from C2C12 cells using an
LDH assay kit (Beyotime, Shanghai, China). The OD value was measured using a microplate reader.

Western Blot

Proteins were extracted from cells and tissues and separated by SDS-PAGE. Following separation, the proteins were
transferred to PVDF membranes and blocked with 5% skim milk for 1 h. Subsequently, the membranes were incubated
with primary antibodies against TNF-a (1:1500), TNFR1 (1:2500), NLRP3 (1:1000), GSDMD (1:8000), the GSDMD
N-terminal domain (GSDMD-N, 1:800), caspase-1 (1:10,000), cleaved caspase-1 (1:10,000), IL-13 (1:1000), IL-18
(1:1000), MyHC(1:2000), MyoD(1:4000), MyoG(1:1500), B-actin (1:300,000), and GAPDH (1:300,000) overnight at
4°C. Next, the membranes were incubated with fluorescently secondary antibodies (1:30,000) at room temperature for
1 h. The proteins were visualized using Odyssey Infrared Fluorescence Scanning Imaging System (US National Institutes
of Health, Bethesda, MD, USA).

Real-Time PCR (RT-PCR)

Total RNA was isolated from cells subjected to different treatments using the RNA-easy Isolation Reagent and then
reverse transcribed to cDNA. The SYBR Green PCR kit was utilized to semi-quantify the gene levels relative to
housekeeping gene GAPDH. The primer sequences used are provided in Table 1.

Propidium lodide (PI) Staining
Following the previous treatments, C2C12 cells were cultured in staining buffer containing PI (Beyotime, Shanghai,
China) and then analyzed for fluorescence using a fluorescence microscope (EVOS® FL Auto Imaging System).

Table | Sequences of RT-PCR Primers

Gene product Sequences

TNF-a Forward (5' to 3') | CACGCTCTTCTGTCTACTGAACTTC

Reverse (5" to 3") | CTTGGTGGTTTGTGAGTGTGAGG

TNFRI Forward (5' to 3') | AGAGAAAGTGAGTGCGTCCCT

Reverse (5" to 3") | ACCTGAGTCCTGGGGGTTTG

NLRP3 Forward (5' to 3') | GCTGTGTGTGGGACTGAAGCA

Reverse (5' to 3") | CTGACAACACGCGGATGTGA

Caspase-| Forward (5' to 3') | GGACCCTCAAGTTTTGCCCT

Reverse (5' to 3') | GCAAGACGTGTACGAGTGGT

GSDMD Forward (5' to 3') | GATCAAGGAGGTAAGCGGCA

Reverse (5' to 3') | CACTCCGGTTCTGGTTCTGG

IL-1B Forward (5' to 3') | CCAGGATGAGGACATGAGCAC

Reverse (5" to 3) | TGTTGTTCATCTCGGAGCCTGTA

IL-18 Forward (5' to 3') | ACAATGGCTGCCATGTCAGAA

Reverse (5' to 3') | TTGTACAGTGAAGTCGGCCAAAG

GAPDH Forward (5' to 3') | ATCACTGCCACCCAGAAG

Reverse (5' to 3') | TCCACGACGGACACATTG
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Knockdown of TNF-a in Macrophages

TNF-a knockdown lentivirus (TNF-a-shRNA sequence: 5'-GCCGATTTGCTATCTCATACC-3") and the empty lentiviral
vector (negative control-shRNA) were produced by GENECHEM (Shanghai, China). The lentiviruses were transfected to
RAW264.7 cells for 16 h. Subsequently, the cells were incubated for 72 h and then selected with 3 pg/mL puromycin to
screen for stable knockdown of TNF-a in cell lines.

Immunofluorescence

GAS muscle sections or C2C12 myotubes were fixed with 4% paraformaldehyde for 15 min and permeabilized with
0.25% Triton X-100 for 20 min. After blocking with 3% BSA, the cells were incubated overnight at 4°C with primary
antibodys such as against myosin heavy chain 1 (MHCI1, 1:250, Santa Cruz, Dallas, TX, USA) and dystrophin (1:100,
Servicebio, Wuhan, China), and then incubated with Cy3-labeled secondary antibody (1:500, Beyotime, Shanghai,
China). The nuclei were stained by DAPI (Beyotime). Ultimately, the images were documented using a fluorescence

microscope.

Statistical Analysis

The data were expressed as the mean + standard deviation (SD). Statistical significance between two groups was assessed
using Student’s ¢-test, while one-way ANOVA was applied for multi-group comparisons. P < 0.05 was considered
statistically significant.

Results
Chronic CS exposure induces skeletal muscle atrophy accompanied by enhanced

expression of pyroptosis-related proteins in mice

Body weight and the morphology and weight of the GM were assessed in mice exposed to CS or air. Exposure to CS
resulted in weight loss compared to the control group (Figure 1A). In addition, CS exposure significantly reduced GM
weight in mice (181.25 + 4.59 mg vs 139.75 £ 5.65 mg, Figure 1B and C). HE staining, Masson trichrome, and
dystrophin staining revealed that the GM fibers of CS-exposed mice exhibited signs of atrophy and a disordered fiber
arrangement. In addition to this, the results showed that the CSA of gastrocnemius muscle was significantly reduced in
CS-exposed mice compared to the control group. The CSA of GM fibers in the control group was mainly 800~1200 um?,
and the CSA of GM fiber in the CS group was concentrated in the range of 400~800 pum? (Figure 1D). Dystrophin is an
anti-atrophy protein primarily distributed beneath the sarcolemma of skeletal and cardiac muscles, where it binds to the
extracellular matrix in a specific manner to maintain the integrity of the muscle cell membrane. Immunofluorescence
staining shows that dystrophin was positively expressed on the muscle cell membrane, and continuous and complete
annular fluorescence was seen on the muscle membrane of the control group, indicating that the muscle membrane of the
gastrocnemius muscle of the control group was intact. However, the intensity of dystrophin was lower in the CS group,
and the fluorescence on the muscle membrane was discontinuous and disconnected. These indirectly suggests that CS
causes damage to the integrity of mouse skeletal muscle (Figure 1E). Next, to explore the impact of prolonged CS
exposure on muscle specific gene expression, we analyzed the protein expression of MyHC, MyoD, and myogenin in
mouse GM tissue from Control and CS. The results showed that the protein expression of MyHC, MyoD, and MyoG was
reduced in GM in the CS group compared to the control group (Figure 1F and G), suggesting that CS exposure decreases
muscle fiber differentiation capacity. Chronic CS exposure induces skeletal muscle atrophy. To explore the impact of
prolonged CS exposure on muscle pyroptosis, we focused on the expression of pyroptosis-related molecules in GM.
Compared to the control group, the expression of NLRP3, GSDMD-N, and cleaved caspase-1 in the GM was increased in
the CS group (Figure 1H and I). In addition, CS exposure significantly enhanced the expression of IL-18 and TNF-a in
GM (Figure 1J and K). These results suggest that CS-induced enhanced expression of pyroptosis-related proteins, which

may be related to skeletal muscle atrophy.
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Figure | Chronic CS exposure induces skeletal muscle atrophy and enhances the expression of pyroptosis-related proteins in mice. (A) Body weight of mice exposed to
room air or CS for 24 weeks (n=6). (B) GM weight (n=8). (C) Representative GM dissection samples in the control and CS groups (n=6). (D) HE staining and Masson’s
trichrome staining images of the GM fibers along with muscle fiber CSA in mice exposed to room air or CS (n=8). Scale bars: 50 um. (E) Dystrophin immunofluorescence
staining was used to analyze the CSA of GM fibers and visualize the cell membrane (n=8). White arrows indicate the rupture of gastrocnemius muscle membrane. Scale bars:
20 pm. (F=K) The protein expression of MyhC, MyoD, MyoG, NLRP3, cleaved caspase-|, GSDMD-N, TNF-a, and IL-18 in the GM tissue of mice exposed to room air or CS
(n=6~12). All experiments were repeated three times with consistent results. **P < 0.0, ***P < 0.001.

CSE-Activated Macrophages Promote C2C12 Myotube Pyroptosis
Based on the observed increase in pyroptosis in the GM of mice following chronic CS exposure, C2C12 cells were used
to further dissect the mechanisms by which CS exposure causes skeletal muscle atrophy in vitro. Giemsa staining
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revealed that C2C12 myoblasts were spindle-shaped mononuclear cells, and C2C12 myotubes were multinucleated cells
with elongated morphology (Figure 2A). Using specific monoclonal antibodies targeting MHCI, a specific myotube
marker, the morphological differentiation of C2C12 myotubes used in subsequent experiments was confirmed through
immunofluorescence staining (Figure 2B).
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Figure 2 CSE-activated macrophages promote C2C|2 myotubes pyroptosis. (A) The Giemsa staining morphology of C2C12 myoblasts and myotubes. Scale bar: 50 um. (B)
Immunofluorescence staining of C2C12 myotubes for MHCI (red). Nuclei were stained with DAPI (blue). Scale bar: 200 um. (C) viability of RAW264.7 cells treated with
CSE (0.05%, 0.1%, 0.15%,0.2%, 0.4%) for 12 or 24 h. (D) RAW264.7 cells were treated with 0.05%, 0.1%, 0.15, and 0.2% CSE for 24 h. The mRNA levels of TNF-a in
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Notes: *P < 0.05, **P < 0.01, ***P < 0.001.

Abbreviation: ns: no significance.
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To investigate the impact of macrophages on C2C12 cells, C2C12 myotubes were co-cultured with macrophages
utilizing the Transwell system (Figure 2G). To determine the optimal concentration and incubation time, we added
different concentrations of CSE to RAW264.7 cells. The activity of RAW264.7 cells was not affected after treatment with
0.05%, 0.1%, and 0.15% CSE for either 12 or 24 h (Figure 2C). RAW264.7 cells were stimulated with 0.05%, 0.1%,
0.15%, and 0.2% CSE for 24h, and the result indicated that the mRNA level of TNF-a in RAW264.7 cells was increased
in the 0.15% CSE group and 0.2% CSE group compared with the control group. The stimulation effect of 0.15% CSE
was stronger than that of the 0.2% CSE group (Figure 2D). Next, we stimulated macrophages with 0.15% CSE for
6 hours, 12 hours, and 24 hours to determine the time point for TNF-a expression. The results showed that both TNF-a
mRNA and protein expression reached their peak levels at the 24-hour time point (Figure 2E and F). Hence, we treated
RAW264.7 cells with 0.15% CSE for 24h in subsequent experiments. The results illustrated that C2C12 myotubes in the
CSE group were swollen and necrotic in contrast to the control group (Figure 2G). Most importantly, pyroptosis-related
indicators including NLRP3, GSDMD-N, cleaved caspase-1, IL-1p, and IL-18 had higher protein levels in C2C12
myotubes co-cultured with CSE-stimulated RAW264.7 cells than in the control group (Figure 2H and I). Meanwhile, the
mRNA levels of GSDMD, Caspase-1, and NLRP3 were also upregulated in C2C12 myotubes from the CSE group
(Figure 3A). In addition, CSE-activated macrophages promoted increased IL-1PB release from C2CI12 myotubes
(Figure 3B). Finally, a significantly higher proportion of PI-positive C2C12 cells and a higher incidence of LDH release
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were observed in the CSE group, suggesting that activated macrophages promote C2C12 cell death and extensive lysis
(Figure 3C and D). These results suggest that CSE-activated macrophages promote C2C12 myotube pyroptosis.

Macrophage-Derived TNF-a Is an Initiator of Skeletal Muscle Pyroptosis

To investigate the mechanism by which CSE-stimulated macrophages promote enhanced skeletal muscle cell pyroptosis,
we examined TNF-a secretion by RAW264.7 cells. Our findings indicated that CSE stimulated RAW264.7 cells to secret
large amounts of TNF-a (Figure 4A). To study the function of TNF-a in this process, we utilized infliximab, a chimeric
monoclonal antibody that inhibits TNF-a signaling. The results demonstrated that infliximab inhibited the the secretion of
TNF-o by CSE-activated RAW264.7 cells (Figure 4B). Next, RAW264.7 cells were co-cultured with C2C12 cells after
stimulation with CSE and treatment with or without 100 ng/mL infliximab for 2 h. The protein levels of NLRP3 and
other pyroptosis-related factors, such as cleaved caspase-1, GSDMD-N, and IL-18, were higher in C2C12 cells incubated
with CSE and TNF-a than those in the control group. Their protein levels in the CSE + infliximab group were lower than
the CSE group (Figure 4C and D). Meanwhile, the CSE + infliximab group showed a decrease in both the NLRP3 mRNA
level and the release of LDH in C2C12 myotubes related to the CSE group (Figure 4E and F). In addition, inhibition of
TNF-a secretion by CSE-stimulated RAW264.7 cells mitigated the reduction in C2C12 myotube diameter triggered by
CSE-activated macrophages (Figure 4G). These results suggest that the suppression of TNF-a release from CSE-
activated macrophages attenuated pyroptosis and atrophy of C2C12 myotubes.

Knockdown of TNF-a in Macrophages Attenuates Skeletal Muscle Pyroptosis

To further validate the role of macrophage-secreted TNF-a in inducing pyroptosis in C2C12 myotubes, we knocked down
TNF-a in RAW264.7 cells via lentiviral transfection. The efficacy of TNF-a knockdown was validated by Western
blotting and RT-PCR, which confirmed substantial decreases in both TNF-a mRNA and protein level (Figure 5A and B).
The successfully transfected RAW 264.7 cells displayed significantly lower TNF-a release after stimulation with CSE
(Figure 5C and D). Following co-cultivation with C2C12 cells, the results indicated that NLRP3, caspase-1, GSDMD-N,
IL-1B, and IL-18 mRNA and protein levels in C2C12 cells were all significantly lower in the shTNF-a + CSE group than
in the shNC + CSE group (Figure SE-H). ELISA demonstrated that IL-1f release from C2C12 cells was reduced in the
shTNF-a + CSE group (Figure 5I). In addition, PI positivity in C2C12 myotubes was also significantly reduced in the
shTNF-a + CSE group (Figure 5J and K).

CSE-activated macrophages promote skeletal muscle pyroptosis and atrophy through
modulation of the TNF-o/TNFRI signalling pathway

Previous studies revealed that TNF-o binds to TNFR1 to initiate complicated cell death signaling.?® Our results indicated
that TNFR1 protein expression was elevated in the GM of CS-exposed mice (Figure 6A). In the co-culture system,
TNFRI1 expression was elevated in C2C12 cells in the CSE group (Figure 6B and C). The addition of the anti-TNF-a
antibody infliximab successfully reduced the increase in TNFR1 protein expression observed in C2C12 myotubes co-
cultured with CSE-activated RAW264.7 cells (Figure 6D). C2C12 myotubes were also co-cultured with negative-control
or TNF-o—depleted RAW 264.7 cells. Compared to shNC + CSE group, the mRNA and protein levels of TNFR1 was
notably decreased in C2C12 myotubes in the shTNF-a + CSE group (Figure 6E and F).

To further demonstrate that TNF-a derived from macrophages induces pyroptosis through TNFR1, C2C12 myotubes were
pretreated with or without the TNFR1-specific inhibitor R-7050 and then co-cultured with macrophages with or without CSE
stimulation. The outcomes revealed that the expression of TNFR1 and pyroptosis-related proteins in C2C12 myotubes were
markedly reduced by the addition of TNFR1 inhibitor R-7050 (Figure 6G and H). The rate of PI positivity and LDH release in
C2C12 myotubes was also significantly reduced in the CSE +R-7050 group (Figure 61 and J, 7B). In addition, treatment with
R-7050 reverse the reduction in myotube diameter induced by CSE-activated macrophages (Figure 6K and L). These results
suggest that the CSE-activated macrophages promote skeletal muscle pyroptosis and atrophy via the TNF-o/TNFR1 pathway.
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Figure 4 Macrophage-derived TNF-a is an initiator of skeletal muscle pyroptosis. RAW264.7 cells were incubated with CSE or 80 ng/mL TNF-a. for 24 h and then treated with or
without 100 ng/mL infliximab for 2 h. Then, RAW264.7 cells were co-cultured with C2C12 cells. (A) TNF-o levels were detected in the supernatant of RAW264.7 cells. (B) TNF-a
protein expression in RAW264.7 cells measured by Western blotting. (C) NLRP3 protein expression was measured in C2C12 cells co-cultured with RAW264.7 cells (D) The protein
levels of cleaved caspase-1, GSDMD-N, and pro-IL- 8 were measured in C2C12 cells. (E) NLRP3 mRNA expression was measured in C2C12 cells. (F) RAW264.7 cells were incubated
with CSE or 80 ng/mL TNF-a for 24 h and then treated with or without 100 ng/mL infliximab for 2 h. Then, RAW264.7 cells were co-cultured with C2CI2 cells. LDH levels in the
supernatant of C2CI2 cells were examined. (G) Immunofluorescence staining for MyHC (red)/nuclei (blue) were examined in C2C12 myotubes between the four groups. The
distribution of the C2C12 myotube diameter was analyzed. Scale bar: 125 pum.
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Figure 5 Knockdown of TNF-a in macrophages attenuates skeletal muscle pyroptosis. (A) The effect of TNF-a knockdown on TNF-a protein expression in RAW264.7 cells
as determined by Western blotting. (B) The effect of TNF-a knockdown on TNF-o. mRNA expression in RAW264.7 cells as measured by RT-PCR. (C) TNF-o protein
expression in negative-control or TNF-o—depleted RAW264.7 cells treated with or without CSE for 24 h. (D) Negative-control or TNF-o—depleted RAW264.7 cells were
co-cultured with C2CI2 cells and then treated with or without CSE for 24 h. TNF-a levels in the supernatant of RAW264.7 cells as determined by ELISA. (E and F)
Negative-control or TNF-o—depleted RAW264.7 cells were co-cultured with C2CI2 cells and then treated with or without CSE for 24 h. The protein levels of NLRP3,
cleaved caspase-1, GSDMD-N, IL-1B, and IL-18 in C2CI2 cells. (G and H) The mRNA levels of NLRP3, caspase-|, GSDMD, IL- 1B, and IL-18 in C2CI12 cells. (I) IL- 1B levels
were detected in the supernatant of C2CI2 cells by ELISA. (J and K) Representative Pl staining photographs of C2C12 cells co-cultured with negative-control or TNF-o—
depleted RAW?264.7 cells after treating co-cultured cells with or without CSE. Pl positivity rate among C2C12 cells was measured for each group. Scale bar: 200 um.
Notes: *P < 0.05, **P < 0.01, ***P < 0.001.

Abbreviations: ns: no significance,shNC, negative control; shTNF-o, TNF-a knockdown.

NLRP3 Inflammasome |Is Required for Skeletal Muscle Pyroptosis Induced by
CSE-Activated Macrophages

The NLRP3 inflammasome is an upstream signal that regulates pyroptosis. To confirm the function of NLRP3 in activated
macrophages-induced pyroptosis, C2C12 myotubes were pretreated with NLRP3-specific inhibitor MCC950 and then co-
cultured with RAW264.7 macrophages with or without CSE stimulation. In C2C12 cells, the expression of NLRP3 and other
pyroptosis-related factors was diminished in the CSE + MCC950 relative to the CSE group (Figure 7A, C, and D). In addition,
LDH release and PI positivity in C2C12 myotubes were also reduced in the CSE + MCC950 group (Figure 7B and E).
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Figure 6 CSE-activated macrophages promote skeletal muscle pyroptosis through modulation of the TNF-a/TNFRI signalling pathway. (A) TNFRI protein expression was
measured in the GM tissue of mice exposed to room air or CS for 24 weeks. (B) C2C12 cells were co-cultured with RAW264.7 cells and then incubated with or without
CSE for 24 h. TNFRI protein expression was measured in C2C12 cells. (C) TNFRI mRNA levels were measured in C2C12 cells co-cultured with RAW264.7 cells treated
with or without CSE. (D) RAW264.7 cells were incubated with CSE or 80 ng/mL TNF-a for 24 h and then treated with or without 100 ng/mL infliximab for 2 h. Then,
RAW?264.7 cells were co-cultured with C2C12 cells. TNFRI protein expression was measured in C2C12 cells. (E) TNFRI protein expression was measured in C2CI12 cells
after co-culture with negative-control or TNF-a—depleted RAW264.7 cells incubated with or without CSE. (F) TNFRI mRNA levels were measured in C2CI2 cells after co-
culture with negative-control or TNF-o—depleted RAW264.7 cells incubated with or without CSE. (G and H) C2CI2 cells were pretreated with or without 5 pM R-7050 for
2 h and then co-cultured with RAW264.7 cells with or without CSE stimulation. Protein expression of TNFRI, NLRP3, cleaved caspase-l1, GSDMD-N, and IL-I1B was
detected in C2C12 cells. (I and J) Representative Hoechst/Pl staining photographs of C2C12 cells pretreated with or without 5 tM R-7050 for 2 h and then co-cultured with
RAW?264.7 cells with or without CSE stimulation, and the Pl positivity rate was quantified for each group. Scale bar: 200 um. (K and L) Immunofluorescence staining for
MyHC (red) in C2C12 myotubes. Nuclei were stained with DAPI (blue). The distribution of the C2C12 myotube diameter was analyzed. Scale bar: 125 pm.

Notes: *P < 0.05, *P < 0.01, **P < 0.001.

Abbreviation: ns: no significance.

Furthermore, treatment with MCC950 mitigated the CSE-activated macrophage-induced reduction in C2C12 myotube
diameter (Figure 7F). These results suggest that CSE-activated macrophages promote skeletal muscle atrophy and pyroptosis,

which requires the NLRP3 inflammasome.
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Figure 7 NLRP3 infllmmasome is required for skeletal muscle pyroptosis induced by CSE-activated macrophages. C2C12 myotubes pretreated with or without 5 uM
MCC950 for | h and then co-cultured with RAW264.7 cells with or without CSE stimulation. (A) NLRP3 protein expression in C2C12 myotubes was measured by Western
blotting. (B) C2CI12 cells were pretreated with or without 5 uM R-7050 or 5 uM MCC950 for | h and then co-cultured with RAW264.7 cells with or without CSE
stimulation. LDH levels were measured in the supernatant of C2C12 cells. (C and D) Protein expression of cleaved caspase-1, GSDMD-N, IL-1B, and IL-18 in C2CI12
myotubes was measured by Western blotting. (E) Representative Hoechst/PI staining photographs of C2CI2 cells, and the Pl positivity rate was quantified for each group.
Scale bar: 200 um. (F) Immunofluorescence staining for MyHC (red) in C2C12 myotubes. Nuclei were stained with DAPI (blue). The distribution of the C2CI2 myotube
diameter was analyzed. Scale bar: 125 um.

Notes: *P < 0.05, **P < 0.01, ***P < 0.001.

Abbreviation: ns: no significance.

Discussion

Macrophages play crucial roles in skeletal muscle injury and repair processes.”® However, their specific roles and the underlying
interactions within the context of skeletal muscle atrophy induced by oxidative stress following CS exposure remain to be
elucidated. This research explored the impact of macrophages on CS-induced skeletal muscle atrophy. Investigations using
a murine COPD mode revealed that CS exposure contributed to GM atrophy and increased pyroptosis. In addition, we found that

TNF-a secreted by CSE-activated macrophages promoted pyroptosis in C2C12 myotubes, which in turn induced skeletal muscle
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atrophy. Further investigations demonstrated that TNF-a secreted from CSE-activated macrophages induced skeletal muscle
pyroptosis through the TNFR1/NLRP3/caspase-1/GSDMD/IL-18/IL-1p pathways.

Previous studies have explored the mechanisms underlying muscle atrophy in COPD. These studies mainly focused
on the mechanisms of systemic inflammatory response, oxidative stress, imbalance in protein synthesis and catabolism,
mitochondrial dysfunction, hypoxia and hypercapnia, decreased activity, malnutrition, and other factors.”’ 2’
Additionally, the ubiquitin proteasome system (UPS) and autophagy have also been identified to contribute to skeletal
muscle atrophy.®® However, skeletal muscle atrophy in COPD may be caused by multiple molecular mechanisms.
Pyroptosis may be another potential mechanism of skeletal muscle atrophy associated with COPD. Our research revealed
that prolonged exposure to CS results in GM atrophy and decreases in muscle fiber differentiation capacity in mice, as
evidenced by decreases in body weight, GM weight, muscle fiber CSA, and muscle specific gene expression in mice.
Meanwhile, CS induces increased expression of pyroptosis-associated molecules, including NLRP3, cleaved caspase-1,
GSDMD-N, and IL-18. CS-induced GM atrophy is accompanied by increased pyroptosis. There is increasing evidence
indicating that sterile oxidative stress-induced pyroptosis promotes skeletal muscle atrophy,’! suggesting that pyroptosis
induced by CS exposure may be a significant factor in skeletal muscle atrophy in mice with COPD.

Pyroptosis can be triggered by the recognition of various molecular patterns, including DAMPs, PAMPs, and the cytokine
TNF-a.* In this study, CS increased TNF-a expression in the GM of mice. TNF-o. limits cell differentiation events and leads to
muscle Wasting.33 Inhibition of TNF-a signaling diminishes tissue breakdown associated with TNF-a and facilitates the
constructive remodeling of skeletal muscles following injuries.>* Previous studies confirmed that TNF-o—~mediated pyroptosis
promotes skeletal muscle atrophy in aged mice.* In this study, TNF-a induced C2C12 myotube atrophy accompanied by an
increase in pyroptosis, suggesting that TNF-a induces skeletal muscle atrophy in COPD, likely through enhanced pyroptosis.

The origin of TNF-a has consistently been a central focus of research. CS can directly stimulate TNF-o production in
skeletal muscle cells.*® However, our previous research found that inhibiting TNF-o induced by CS in C2C12 cells does
not reverse skeletal muscle atrophy.'® This suggests that additional sources of TNF-a are involved in the development of
skeletal muscle wasting associated with COPD. TNF-a is primarily produced by macrophages.’’® Recent studies
identified a mixed population of self-renewing and non-self-renewing resident macrophages in skeletal muscle.*® Non-
resident macrophages are derived from blood monocytes, and they migrate into tissues in response to damage or
infection.*® The substantial release of TNF-a from skeletal muscle-resident macrophages, circulating activated macro-
phages, or alveolar macrophages might promote skeletal muscle pyroptosis through a spillover effect.*! Prior research
demonstrated that CS exposure resulted in skeletal muscle dysfunction and increased macrophage infiltration into the
injured muscle tissue, which could be another factor contributing to the reduction in muscle regenerative capacity.'>
Macrophages in local tissues might also exert an effect in a paracrine manner. Therefore, the interaction between
macrophages and skeletal muscle cells in the context of CS exposure warrants further investigation.

In this study, CSE-activated macrophages induced swelling and necrosis of C2C12 myotubes. Furthermore, CSE-activated
macrophages increased the expression of pyroptosis-related molecules and the release of IL-1f in C2C12 myotubes. Additionally,
the release of TNF-a from CSE-activated macrophages was also increased. These findings suggest that CSE-activated macro-
phages promote enhanced pyroptosis in C2C12 myotubes, possibly related to TNF-a released by activated macrophages.

To further investigate the role of TNF-a derived from macrophages in skeletal muscle cell pyroptosis, we knocked
down the TNF-o gene in macrophages. Our results illustrated that TNF-a knockdown reverses CSE-activated macro-
phage-induced enhancement of C2C12 myotube pyroptosis. Comparable outcomes were observed in C2C12 cells co-
cultured with macrophages treated with TNF-a inhibitors. In addition, inhibition of TNF-a secreted from CSE-stimulated
macrophages attenuated C2C12 myotube atrophy. These results further confirmed that TNF-a secreted from CSE-
activated macrophages enhances pyroptosis and in turn promotes skeletal muscle atrophy. However, CSE significantly
enhances the expression of GSDMD in cells more than TNF-a alone, indicating that other inflammatory factors other
than TNF-o may influence GSDMD expression and contribute to the reduction in myotube diameter through distinct
mechanisms. Studies have shown that CSE can stimulate the release of a range of inflammatory factors in skeletal muscle
cells, such as IL-8 and IL-6.'® CSE induces the overproduction of IL-8 in lungs and its release into the circulation,
a process which has been linked to the occurrence of skeletal muscle atrophy.*? IL-6 is highly expressed in COPD and is
considered a biomarker of systemic inflammation and has also been associated with sarcopenia. IL-6 activates the JAK/

2460 https: Journal of Inflammation Research 2025:18



Tan et al

STAT pathway and PI3K/AKT/mTOR pathway by binding to its receptors,’*** thereby promoting the reduction of
protein synthesis and the increase of protein degradation in skeletal muscle tissue.

Previous studies demonstrated that the binding of TNF-a to TNFR1 contributes to muscle weakness.***® The TNF-o/
TNFR1 pathway participates in numerous biological processes and is crucial in various disorders, including skin necroptotic
inflammation.*” However, it remains unclear whether TNF-a released by CSE-activated macrophages promotes pyroptosis
through TNFRI1 activation in C2C12 cells. In this investigation, TNFR1 protein expression was increased in the GM of mice
exposed to CS and in C2C12 myotubes co-cultured alongside CSE-activated macrophages or with recombinant TNF-a.
Subsequent inhibition or knockdown of TNF-a in macrophages effectively reversed the CSE-induced elevation of TNFR1
expression in C2C12 myotubes. These findings suggest that TNF-o from activated macrophages likely promotes pyroptosis
in C2C12 myotubes through binding to TNFR 1. Moreover, Inhibition of TNFR1 in C2C12 myotubes effectively reversed the
enhanced myotube pyroptosis and atrophy induced by CSE-activated macrophages. These findings suggest that CSE-
activated macrophages may induce skeletal muscle pyroptosis and atrophy through the TNF-o/TNFR1 pathway.

Activation of NLRP3 inflammasome has been observed in skeletal muscle in various models of muscle wasting.**>°
NLRP3 serves as an upstream regulator of cellular pyroptosis, and it can be activated by various extracellular signaling
molecules, such as TNF-a.’' Previous studies have shown that CS activates the NLRP3 inflammasome through multiple
pathways, promoting pyroptosis in various tissues and cells, thereby contributing to the development of a numerous
diseases. Additional studies have shown that CSE induces pyroptosis and inflammation in human bronchial epithelial
cells via the ROS/NLRP3/caspase-1 pathway.”? CS exposure mediates the activation of NLRP3 inflammasome through
the sGC/cGMP/PKG/TACE/TNF-o. pathway, leading to aortic endothelial cell pyroptosis and vascular dysfunction.> In
pancreatic islet B cells, studies have also shown that CS mediates increased inflammation and pyroptosis through the
TXNIP-NLRP3-GSDMD axis, leading to hyperglycemia.’* Consequently, activation of NLRP3 inflammasome might be
a crucial mechanism through which TNF-a secreted from CSE-activated macrophages enhances myotubes pyroptosis.
Our data indicated that NLRP3 expression was increased within the muscular tissue of mice exposed to CS and in C2C12
myotubes co-cultured alongside CSE-activated macrophages. TNF-a is a significant transcriptional regulator of the
NLRP3 inflammasome.>* In this study, TNF-a inhibition or knockdown in macrophages effectively reversed the CSE-
induced increase in NLRP3 levels in C2C12 myotubes. Inhibition of NLRP3 in C2C12 myotubes also effectively
reversed the enhanced myotube pyroptosis and atrophy induced by CSE-activated macrophages. These findings support
that CSE-activated macrophages induce skeletal muscle pyroptosis by activating the NLRP3 inflammasome.

Limitations

Our study did not validate the therapeutic effect of targeting TNF-a—mediated pyroptosis in vivo using a murine COPD
model featuring TNF-a knockdown or by administering an anti-TNF-o antibody to mice. Additionally, we have not yet
investigated other factors secreted by macrophages that could potentially play a role in regulating pyroptosis in skeletal
muscle cells and their downstream signaling. We will continue our efforts to conduct further studies on these topics.

Conclusion

Our research demonstrated that macrophage infiltration may be involved in the CS-induced skeletal muscle atrophy. Under the
stimulation of CSE, TNF-a released by macrophages can promote the increase of pyroptosis in the skeletal muscle cells, which
likely contributes to skeletal muscle atrophy. This process appears to be mediated through the TNFR1/NLRP3/Caspase-1/
GSDMD signaling pathway. Therefore, investigating the interaction of these macrophage-secreted inflammatory mediators with
skeletal muscle can provide more insight into the mechanisms underlying skeletal muscle atrophy in COPD.

Ethics Approval and Consent to Participate
All animal experiments were approved by the Guangxi Medical University Laboratory Animal Committee and conducted
per the requirements of the Animal Care and Use Committee (Approval NO. 202401008).
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