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Role of Drp1 in cigarette smoke extract-induced C2C12 myoblast  
senescence and mitochondrial dysfunction 
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Sarcopenia is a frequent comorbidity of chronic obstructive pulmonary disease (COPD), which is strongly asso-
ciated with prolonged cigarette smoke exposure. This study investigated the effects of cigarette smoke extract 
(CSE) on an immortalized murine C2C12 myoblast model, focusing on apoptosis, proliferation, cellular senes-
cence, and mitochondrial function. C2C12 myoblasts were exposed to graded concentrations of CSE (0.75%, 
1.5%, and 3%). Cell viability and proliferation were assessed by Cell Counting Kit-8 (CCK-8) and ethynyl-2'-
deoxyuridine (EdU) assays, respectively. Apoptosis was quantified by flow cytometry, and cellular senescence 
was evaluated by SA-β-galactosidase staining. Mitochondrial membrane potential (ΔΨm) was assessed by 
tetramethylrhodamine ethyl ester (TMRE) staining, and mitochondrial fluorescence was evaluated using 
MitoTracker staining. Drp1 protein expression was determined by Western blotting, while Drp1, Fis1, Mff, and 
Mitofusin 1/2 mRNA levels were analyzed by RT-qPCR. To assess the contribution of Drp1 expression, a res-
cue experiment was performed using Drp1 overexpression. CSE exposure reduced C2C12 cell viability and 
proliferation, increased apoptosis and SA-β-Gal-positive cells, lowered ΔΨm, and reduced MitoTracker-posi-
tive fluorescence. Drp1 protein expression and Drp1, Fis1, and Mff mRNA levels decreased, whereas Mitofusin 
1/2 mRNA levels increased. Drp1 overexpression attenuated CSE-associated senescence and mitochondrial 
dysfunction. These findings indicate that altered Drp1 expression is associated with CSE-induced myoblast 
senescence and mitochondrial homeostatic disruption in vitro. 
 
Key words: chronic obstructive pulmonary disease with sarcopenia; cigarette smoke extract; dynamin-related 
protein 1; cellular senescence; mitochondrial dysfunction.
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Introduction 
Cigarette smoking constitutes the primary etiology of chronic 

obstructive pulmonary disease (COPD), which is ranked as the 
third-most prevalent cause of death worldwide currently.1 COPD is 
clinically defined by persistent airflow obstruction and respiratory 
manifestations,2 frequently presenting with multisystem comor-
bidities that span cardiovascular, gastrointestinal, hematological, 
musculoskeletal, and additional physiological systems.3 
Sarcopenia, a cardinal extrapulmonary manifestation featuring 
diminished age-related muscle strength, mass, and physical func-
tion,4 demonstrates an epidemiological prevalence of 27.5% in 
COPD populations. Stratified by disease severity, its occurrence 
escalates significantly from 19.1% in GOLD I-II to 37.6% in 
GOLD III-IV patients, establishing a direct proportionality 
between sarcopenia burden and COPD progression.5 Cigarette 
smoke (CS) thus constitutes a primary driver of skeletal muscle 
aging, with elucidation of its underlying pathophysiology offering 
pivotal insights for developing new therapies. 

Mounting evidence positions mitochondrial impairment as a 
core driver of pulmonary pathology, where persistent defective 
mitochondria actively fuel COPD development.6,7 Mitochondria 
operate as cellular sentinels by integrating metabolic flux with 
nuclear signaling. This unique positioning confers dual capacity 
for environmental threat sensing and injury adaptation, executed 
through ROS emission, membrane polarity shifts, and MAM-pro-
tein signaling pathways.8 The counterbalancing processes of mito-
chondrial fission and fusion constitute a critical regulatory axis, 
maintaining structural integrity, bioenergetic competence, and 
adaptive resilience under physiological stress. As the primary 
executor of mitochondrial fission, dynamin-related protein 1 
(Drp1) operates predominantly within the cytosol. Upon activa-
tion, it assembles higher-order oligomers with mitochondrial outer 
membrane receptors to scaffold division machinery, including 
Fis1, Mff, MiD49, and MiD51. The fission process is precisely 
orchestrated through post-translational modifications (PTMs) that 
modulate Drp1’s GTPase activity.9,10 

Muscle wasting in sarcopenia arises through synergistic mech-
anisms, declining mitochondrial bioenergetics, impaired satellite 
cell activation, disrupted anabolic-catabolic equilibrium, and per-
sistent pro-inflammatory cascades.11,12 Emerging evidence posi-
tions mitochondrial dysregulation as the central orchestrator of sar-
copenia pathogenesis, where fission/fusion dynamics, biogenesis, 
and mitophagy collectively sustain skeletal muscle proteostasis.13 
This investigation examined dose-dependent effects of cigarette 
smoke extract (CSE) on C2C12 myoblast proliferation, apoptosis, 
and senescence, delineating mechanisms underlying mitochondrial 
fission-fusion rebalancing. Subsequent analyses assessed whether 
preserving mitochondrial homeostasis attenuates CSE-induced cel-
lular senescence, proposing novel geroprotective strategies against 
CS-driven skeletal muscle aging. 

 
 

Materials and Methods 

Preparation of CSE 
Cigarette smoke extract was generated by passing mainstream 

smoke of five cigarettes (tar: 10 mg/cig; nicotine: 0.9 mg/cig; CO: 
12 mg/cig) through 10 mL serum-free high-glucose DMEM 
(Dulbecco’s Modified Eagle Medium, 11965-118; Gibco, 
Rockville, MD, USA), pre-warmed to 37°C. Cigarettes were 
machine-smoked for 5 minutes under constant airflow. The result-

ing extract was adjusted to pH 7.4 and sterile-filtered through a 
0.22 μm membrane. To standardize preparations between batches, 
we spectrophotometrically quantified the extract at 320 nm; solu-
tions achieving a mean optical density (OD) of 4.0 were designated 
as 100% CSE (with inter-batch variations maintained below 5%). 
Freshly prepared CSE was utilized within 30 min of generation. 

Cell culture and CSE treatment 
C2C12 murine myoblasts (Immocell, Xiamen, China) were cul-

tured in high-glucose DMEM containing 10% fetal bovine serum 
(FBS, FSD500; ExCell Bio, Taicang, China) and 100× penicillin-
streptomycin (C0222; Beyotime, Shanghai, China), at 37°C/5% 
CO₂ with 95% humidity. For subculture at >80% confluency, cells 
were treated with 1 mL 0.25% trypsin-EDTA (R001100; Gibco) for 
1 min at 37°C. Trypsinization was terminated by adding 2 volumes 
of complete medium upon visible cell rounding and detachment. 
Cells were then reseeded for subculture. For the dose-response 
experiments, CSE exposure was 24 h for the CCK-8, flow cytome-
try, TMRE, MitoTracker, Western blot, and RT-qPCR assays, and 
48 h for the SA-β-Gal and EdU assays. In the rescue experiments, 
cells were transfected for 48 h as described below and then exposed 
to 3% CSE for the assay-specific duration stated above. 

Transfection 
For cellular transfection, the Drp1 overexpression plasmid 

(OE-Drp1) and the corresponding empty vector pcDNA3.1-NC 
were constructed by GenChem (Shanghai, China). Following the 
manufacturer’s protocol, transfection of cells with either Drp1 
overexpression plasmid or negative control vector was performed 
for 48 h in serum-free medium using Lipofectamine 3000 
(Invitrogen, Waltham, MA, USA). 

CCK-8 assays 
Cells were plated at 2,000 cells/well in 96-well plates and 

allowed to adhere for 6 h under standard conditions (37°C, 5% 
CO₂). Cells were then exposed to the designated CSE concentra-
tions for 24 h. Six wells were used as technical replicates within 
each independent experiment. Ten microliters of CCK-8 solution 
(BA00208; Bioss, Beijing, China) was added to each well 2 h 
before assay termination. Absorbance at 450 nm was recorded 
using a Multiskan FC microplate reader (357-714018; Thermo-
Fisher Scientific, Waltham, MA, USA). 

Cell apoptosis was detected by flow cytometry 
Log-phase cells were seeded in 6-well plates at 1×10� 

cells/well. After 12-h serum starvation post-adhesion, cells were 
exposed to the designated CSE concentrations for 24 h at 37°C and 
5% CO2. Cells were then resuspended in fresh medium, transferred 
to centrifuge tubes, and pelleted at 1,000 rpm for 5 min (Cence, 
HT200R, Changsha, China). Supernatants were aspirated prior to 
apoptosis analysis using an Annexin V-FITC kit (C1062L; 
Beyotime) according to the manufacturer’s protocol. Samples were 
acquired within 1 hour on an Attune NxT flow cytometer (Thermo-
Fisher Scientific). 

SA-β-Gal staining kit 
Cells grown in 6-well plates to approximately 50-60% conflu-

ence were exposed to the designated CSE concentrations for 48 h. 
Following one wash with PBS, cellular senescence was assessed 
using the SA-β-Gal Staining Kit (Beyotime) according to the man-
ufacturer’s protocol, with cells stained while still attached. 
Senescent cells were visualized and quantified under a light micro-
scope. 
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MitoTracker fluorescence staining 
Cells (1×10⁶/well) were seeded in 6-well plates. Following 12-

h serum starvation after adhesion, cells were exposed to the desig-
nated CSE concentrations for 24 h. Mitochondria were labeled 
with MitoTracker Green, and nuclei were counterstained with 
DAPI. Fluorescence images were acquired under identical micro-
scope settings for all groups. The MitoTracker-positive fluores-
cence area was quantified for each biological replicate and normal-
ized to the control group. 

TMRE staining 
Logarithmic-phase cells were plated in 6-well plates at 1×106 

cells/well. Cells were exposed to the designated CSE concentra-
tions for 24 h at 37°C and 5% CO2. Culture medium was aspirated 
and cells rinsed once with PBS. Cells were incubated with 1 mL 
TMRE working solution (pre-warmed to 37°C) for 30 min under 
standard culture conditions. Post-incubation, supernatant was 
removed and cells washed twice with pre-warmed complete medi-
um. After adding 2 mL fresh pre-warmed medium, mitochondrial 
membrane potential was assessed via fluorescence microscopy 
using 549 nm excitation / 575 nm emission filters. 

Western blot 
Cells in log-phase growth were seeded into six-well plates at a 

density of 1×106 cells per well and cultured for 24 hat 37°C in a 
humidified atmosphere containing 5% CO2. After the indicated 
transfection where applicable, cells were exposed to the designated 
CSE concentration for 24 h. Following removal of the culture medi-
um, adherent cells underwent two washes with ice-cold phosphate-
buffered saline (PBS). Total cellular proteins were subsequently 
extracted from each well using 0.5 ml of RIPA lysis buffer (P0013; 
Beyotime), supplemented with phenylmethylsulfonyl fluoride 
(PMSF). Protein concentrations were quantified using a bicin-
choninic acid (BCA) assay kit (WB6501; NCM Biotech, Suzhou, 
China). Equal amounts of protein lysate were combined with 5× 
SDS-PAGE loading buffer (WB2001; NCM Biotech) and denatured 
by boiling. Denatured protein samples were resolved via elec-

trophoresis on 10% Tris-glycine sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) gels. Separated proteins 
were then electrophoretically transferred onto polyvinylidene diflu-
oride (PVDF) membranes. Non-specific binding sites on the mem-
branes were blocked through a 1-h incubation at room temperature 
with 5% (w/v) non-fat dry milk dissolved in Tris-buffered saline 
with Tween 20 (TBST). The blocked membranes were probed 
overnight at 4°C with the following primary antibodies: anti-Drp1 
rabbit monoclonal antibody (#8570, dilution 1:1000; Cell Signaling 
Technology, Danvers, MA, USA) and anti-GAPDH mouse mono-
clonal antibody (ab8245, dilution 1:10000; Abcam, Cambridge, 
MA, USA). After three washes with PBS containing 0.1% Tween 20 
(PBST) to remove unbound primary antibody, membranes were 
incubated with appropriate horseradish peroxidase (HRP)-conjugat-
ed secondary antibodies for 1 hour at 37°C. Following three addi-
tional PBST washes, immunoreactive protein bands were detected 
using an enhanced chemiluminescence (ECL) substrate kit (P2100, 
NCM Biotech) according to the manufacturer’s instructions. 

RT-qPCR 
Cells at logarithmic growth phase were seeded into six-well 

plates at an initial density of 1×106 cells per well and cultured under 
standard conditions (37°C, 5% CO2, humidified atmosphere) for 24 
h. Upon reaching 80-90% confluency, cells underwent serum starva-
tion for 12 h prior to the designated treatment. After the indicated 
transfection where applicable, cells were exposed to the designated 
CSE concentration for 24 h. After supernatant removal, 500 μL of 
lysis buffer (RC112; Vazyme, Nanjing, China) was added directly to 
each well for cell digestion and lysis. cDNA was synthesized from 
total RNA using the HiScript III 1st Strand cDNA Synthesis Kit 
(R312; Vazyme). qPCR was performed on a CFX96 Touch™ system 
(1855195; Bio-Rad, Hercules, CA, USA) with Taq Pro Universal 
SYBR qPCR Master Mix (Q712; Vazyme). Gene expression was 
analyzed via the 2-ΔΔCt method. The thermocycling protocol is 
detailed in Table 1. The primer sequences are shown in Table 2. 
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Table 1. qPCR cycling parameters. 

Stage                 Reaction                                             Cycles                              Temperature                                              Time 

1                            Initial denaturation                                          1                                                95°C                                                            30 sec 
2                            Amplification                                                  40                                               95°C                                                            10 sec 
                                                                                                                                                        60°C                                                            10 sec 
3                            Dissociation curve                                           1                                                95°C                                                            15 sec 
                                                                                                                                                        65°C                                                            60 sec 
                                                                                                                                                        95°C                                                            15 sec 

Table 2. The primer sequences. 

Primers                             Sequence (5’→3’) 

Drp1                                        F                                                                              GCCTCAGATCGTCGTAGTGG 
                                                R                                                                             ACCCCATTCTTCTGCTTCAACT 
Fis1                                          F                                                                              CAGTGTTGCGTGTTAAGGGATGAA 
                                                R                                                                             TTCAAAATTCCTTGCAGCTTCGT 
Mff                                           F                                                                              TCACATTTGGTGAGTGGGGC 
                                                R                                                                             TTTTCCGGGACCCTCATTCG 
Mitofusin 1/2                           F                                                                              GACAAAGCCAGAGTCCTTCAGA 
                                                R                                                                             TGTGACTCCAGCTTATCTCTTGG 
GAPDH                                   F                                                                              GGAGAGTGTTTCCTCGTCCC 
                                                R                                                                             ATGAAGGGGTCGTTGATGGC 
 



Statistical analysis 
Statistical analyses and graphical representations were con-

ducted using GraphPad Prism software (Version 9.4.0, GraphPad 
Inc., La Jolla, CA, USA). Unless otherwise stated, all experiments 
were independently repeated three times (three biological repli-
cates); technical replicates, where used, were averaged within each 
biological replicate before statistical analysis. Continuous vari-
ables are expressed as mean ±SD. Intergroup comparisons were 
assessed through unpaired two-tailed Student’s t-tests or one-way 
analysis of variance (ANOVA), with Tukey’s post-hoc test applied 
where appropriate. Statistical significance threshold was estab-
lished at p<0.05 for all analyses. 

 
 

Results 

CSE induces cellular senescence in C2C12 cells 
To investigate the effect of CSE on senescence-related pheno-

types in mouse C2C12 myoblasts, cells were treated with 0.75%, 
1.5%, and 3% CSE for the assay-specific durations described in 
the Methods. Cell viability, assessed using the CCK-8 assay after 
24 h exposure, showed a dose-dependent reduction compared with 
the control group (Figure 1A). Flow cytometry after 24 h exposure 
demonstrated that all three CSE concentrations increased apoptosis 
in C2C12 cells, with higher concentrations yielding increased 
apoptotic rates (Figure 1 B,C). SA-β-Gal staining after 48 h expo-
sure showed increased β-Gal activity following CSE treatment 

(Figure 1D). EdU staining after 48 h exposure revealed a dose-
dependent suppression of cellular proliferation in CSE-treated 
cells (Figure 1 E,F). 

CSE induces mitochondrial dysfunction and  
morphological abnormalities in C2C12 cells 

Prompted by the observed effects of CSE on C2C12 cell pro-
liferation, apoptosis, and senescence phenotypes, we further exam-
ined mitochondrial changes. Mitochondrial membrane potential 
(ΔΨm) was assessed using TMRE staining after 24 h CSE expo-
sure. TMRE, a cell-permeant, mitochondria-specific red fluores-
cent dye, rapidly accumulates in mitochondria driven by the nega-
tive membrane potential, with higher fluorescence intensity corre-
lating with greater ΔΨm. Compared with the control, CSE treat-
ment dose-dependently reduced ΔΨm in C2C12 cells (Figure 2 
A,B), indicating mitochondrial dysfunction. MitoTracker staining 
performed after 24 h CSE exposure showed a dose-dependent 
reduction in the relative MitoTracker-positive fluorescence area 
(Figure 2 C,D). 

CSE inhibits Drp1 expression 
Expression levels of mitochondrial fission/fusion proteins in 

C2C12 myoblasts were quantified using Western blot analysis and 
RT-qPCR, respectively. Compared to the control group, CSE sig-
nificantly reduced Drp1 protein expression (p<0.05) in a dose-
dependent manner (Figure 3A-B). RT-qPCR analysis further 
revealed that CSE treatment markedly decreased mRNA levels of 
the fission proteins Drp1, Fis1, and Mff, whereas mRNA levels of 
the fusion proteins mitofusin 1/2 were increased (Figure 3C). 
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Figure 1. CSE treatment inhibits C2C12 cell proliferation and promotes senescence and apoptosis. A) Cell viability assessed by CCK-8 
assay following treatment with graded concentrations of CSE. B,C) Apoptosis levels quantified by flow cytometry. D) Cellular senescence 
visualized by SA-β-galactosidase (SA-β-Gal) staining. E,F) Edu staining for detection of cell proliferation.
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Overexpression of Drp1 rescues C2C12 cells from 
CSE-induced senescence 

Drp1 was overexpressed in C2C12 cells via plasmid transfec-
tion. SA-β-Gal staining revealed increased cellular senescence fol-
lowing 3% CSE treatment compared to the control group, whereas 
Drp1 overexpression attenuated this senescence phenotype relative 
to the 3% CSE-treated group (Figure 4A); 3% CSE treatment 
induced mitochondrial dysfunction in C2C12 cells, an effect res-
cued by Drp1 overexpression (Figure 4 B,C). Western blot analysis 
demonstrated reduced Drp1 protein expression after 3% CSE 
exposure; conversely, Drp1 overexpression substantially elevated 
Drp1 protein levels (Figure 4 D,E). Similarly, 3% CSE treatment 
decreased mRNA levels of Drp1, Fis1, and Mff while increasing 
Mitofusin 1/2 mRNA, alterations that were reversed by Drp1 over-
expression (Figure 4F). 

 
 

Discussion 
Sarcopenia involves a reduction in both muscle fiber number 

and size, with molecular pathways implicating cellular 
senescence.14 Key features of senescence -telomere attrition, 
genomic instability, epigenetic shifts, proteostatic failure, mito-
chondrial dysfunction, and impaired nutrient sensing- are 
detectable in individuals with COPD.15 CS exposure represents a 
well-documented risk factor for COPD, where consequent oxida-
tive stress serves as a key driver of cellular senescence mecha-
nisms and their associated secretory phenotype (SASP).16 CS 
exposure promotes the expression of senescence markers in epithe-
lial cells and fibroblasts, contributing to pulmonary emphysema 
pathogenesis, including p16, p19, and p21.17 Our findings demon-
strate that CSE treatment increased the senescent burden, sup-
pressed proliferation, and elevated apoptosis in C2C12 myoblasts. 

As the molecular pathways through which cigarette smoke pro-
motes C2C12 cellular senescence remain poorly defined, we sub-
sequently focused on delineating these mechanisms. 

Mitochondrial dynamics encompass biosynthesis, fusion, and 
fission processes.18 Homeostasis between fusion and fission events 
is essential for sustaining mitochondrial functionality. Key media-
tors of membrane fusion include mitofusins (Mfn) and optic atro-
phy 1 (Opa1), which coordinate integration of mitochondrial outer 
and inner membranes with endosomal compartments.19 
Conversely, fission is primarily governed by Drp1, requiring 
recruitment of mitochondrial kinetic effectors - including Mff, 
Fis1, and proteins MID49/MID51 (also termed mitochondrial 
dynamics proteins 51 and 49).20,21 Dysregulation of mitochondrial 
dynamics accompanies cellular aging, yet the functional contribu-
tion of fusion/fission machinery to the aging process remains con-
tentious. Accumulating evidence reveals impaired mitochondrial 
fission in senescent cells, with studies demonstrating that enhanc-
ing fission-related protein expression (notably Drp1) improves cel-
lular physiology. Aged rats exhibit reduced Drp1 levels in aortic 
endothelium compared to young counterparts, a decline coinciding 
with autophagosome accumulation. This Drp1 downregulation is 
implicated in initiating mitochondrial dysfunction, elevated mito-
chondrial ROS production, impaired autophagic flux, and ulti-
mately, endothelial cell senescence and dysfunction.22 Genetic or 
pharmacological inhibition of PUM2 activity augments Mff 
mRNA translational efficiency, potentially restoring homeostatic 
mechanisms during aging.23 Contradictory evidence indicates 
senescence drives mitochondrial fission bias, precipitating meta-
bolic perturbations. Treatment with Yiqihuoxue decoction (GSC) 
restored mitochondrial morphology in endothelial progenitor cells 
(EPCs), concurrently attenuating Drp1, Mff, and Fis1 protein 
expression, reducing mtROS and ATP levels, and improving mito-
chondrial function, collectively ameliorating D-gal-induced cellu-
lar senescence.24 Klf5 downregulation reduces eIF5a expression, 
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Figure 2. CSE treatment induces mitochondrial dysfunction in C2C12 cells after 24 h exposure. A,B) Alterations in mitochondrial mem-
brane potential (ΔΨm) detected by TMRE staining. C) MitoTracker Green fluorescence (green) with DAPI nuclear counterstaining (blue). 
D) Quantification of the relative MitoTracker-positive fluorescence area.
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Figure 3. CSE treatment modulates the expression levels of mitochondria-associated proteins in C2C12 cells. A,B) Drp1 protein expres-
sion levels in C2C12 cells detected and quantified by Western blot analysis following CSE treatment. C) Drp1, Fis1, Mff, and Mitofusin 
1/2 mRNA expression levels in C2C12 cells detected by RT-qPCR following CSE treatment.

Figure 4. Overexpression of Drp1 ameliorates CSE-induced senescence in C2C12 cells by maintaining mitochondrial homeostasis.  
A) Detection of cellular senescence levels by SA-β-Gal staining. B,C) Alterations in mitochondrial membrane potential (ΔΨm) detected 
by TMRE staining. D,E) Drp1 protein expression levels in C2C12 cells detected and quantified by Western blot analysis. F) mRNA 
expression levels of Drp1, Fis1, Mff, and Mitofusin 1/2 in CSE-treated cells detected by RT-qPCR.
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driving excessive mitochondrial fission and ROS overproduction. 
Suppressing mitochondrial fission curtails ROS generation and 
attenuates VSMC senescence.25 Our data demonstrate that ciga-
rette smoke extract suppresses Drp1 expression in murine C2C12 
myoblasts, exacerbating mitochondrial compromise. This finding 
appears contradictory to currently reported mechanisms. 
Substantial evidence implicates Drp1 in promoting pathological 
mitochondrial fission during CSE-induced cellular damage. For 
instance, human bronchial epithelial (HBE) cells exposed to CSE 
demonstrate significantly reduced MFN2 and OPA1 expression 
alongside elevated Drp1 levels. Crucially, Drp1 suppression miti-
gates inflammatory responses in this model.26 Pulmonary speci-
mens from COPD patients exhibit impaired mitochondrial fusion, 
pathologically augmented mitophagy, and concomitant cellular 
senescence. Upregulation of MFN2 and OPA1 counteracts oxida-
tive stress, normalizes mitophagic flux, and attenuates lung cell 
senescence.27 Notably, experimental evidence supports our find-
ings: Genetic ablation of Drp1 or Fis1 induces mitochondrial 
tubule elongation, whereas ectopic expression of either protein 
reverts these elongated networks to basal morphology.28 Recent 
work demonstrates that Drp1 ablation forestalls mitochondrial 
conversion from tubular networks to fragmented ultrastructures, 
concomitantly extending chronological lifespan in fungal mod-
els.29 Paradoxically, abrogated mitochondrial fission promotes 
organellar oxidative lesions that precipitate neuronal demise in 
mammalian systems.30 

Several limitations in this study require acknowledgment. 
First, the findings are solely derived from cellular-level experi-
ments using the C2C12 myoblast model, limiting direct extrapola-
tion to in vivo physiological or pathological contexts. Second, 
while we demonstrate that Drp1 overexpression rescues CSE-
induced senescence and mitochondrial dysfunction, the precise 
molecular mechanism underlying Drp1’s functional role remains 
incompletely resolved. Drp1 activity is critically regulated by post-
translational modifications (PTMs), such as phosphorylation (e.g., 
at Ser616 or Ser637) and SUMOylation, which can dramatically 
alter its subcellular localization, GTPase activity, and oligomeriza-
tion state independently of total protein abundance. Our focus on 
transcriptional and total protein expression levels does not capture 
these essential regulatory layers. Consequently, the observed dis-
crepancies between our results (showing reduced total Drp1 pro-
tein/mRNA) and reports linking cigarette smoke to enhanced Drp1 
activity and mitochondrial fragmentation may stem from unmea-
sured PTM-driven activation. Future investigations directly assess-
ing Drp1 PTM status (e.g., activation-linked phosphorylation) in 
this model would provide deeper mechanistic insights and poten-
tially reconcile these divergent observations. Accordingly, the 
present data support an association between Drp1 expression and 
the observed CSE-induced phenotype but do not establish total 
Drp1 abundance as the sole determinant of the underlying mecha-
nism. In this in vitro C2C12 model of CSE-induced myoblast 
injury and senescence, CSE exposure suppressed cellular prolifer-
ation while promoting senescence and apoptosis. Drp1 overexpres-
sion attenuated these changes and improved indices of mitochon-
drial homeostasis. These findings support a role for altered Drp1 
expression in CSE-associated myoblast dysfunction, while further 
studies are required to define the underlying regulatory mecha-
nism. 
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