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Purpose: 2-microglobulin (2m) is the light-chain subunit of major histocompatibility complex class I (MHC I) molecules. Our
group previously showed that f2m contributes to emphysema development by inducing epithelial cell senescence. However, the
mechanism linking B2m to epithelial senescence remains unclear. Previous studies have reported mitochondrial dysfunction in
senescent lung cells from patients with emphysema, suggesting a potential mechanistic pathway. This in vitro study used BEAS-2B
human bronchial epithelial cells to evaluate whether exposure to 2m is associated with mitochondrial dysfunction and a senescent
phenotype.

Methods: Human bronchial epithelial BEAS-2B cells were exposed in vitro for 48 hours to recombinant human B2m or cigarette
smoke extract (CSE). Cellular senescence was assessed by senescence-associated -galactosidase (SA-B-gal) staining. Mitochondrial
dysfunction was evaluated by measuring mitochondrial membrane potential (MMP), reactive oxygen species (ROS), mitochondrial
ROS (mtROS), oxygen consumption rate (OCR), and real-time adenosine triphosphate (ATP) production rate. Cell proliferation and
apoptosis were assessed using CCK-8 and Annexin V-FITC/PI assays, respectively.

Results: f2m and CSE increased SA-B-gal staining in BEAS-2B cells, indicating enhanced cellular senescence. f2m and CSE also
decreased MMP, increased ROS and mtROS levels, and reduced OCR, indicating mitochondrial dysfunction. In addition, f2m and
CSE reduced BEAS-2B cell proliferation and increased apoptosis.

Conclusion: 2m exposure was associated with mitochondrial dysfunction and a senescent phenotype in BEAS-2B cells, accom-
panied by reduced proliferation and increased apoptosis. These findings suggest that f2m may contribute to epithelial aging in COPD/
emphysema, although further mechanistic investigation and in vivo validation are required.
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Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by progressive and largely irreversible airflow limita-
tion. Its key pathological features include chronic airway inflammation and destruction of the lung parenchyma
(emphysema).'* COPD remains a major cause of morbidity and mortality worldwide. Although smoking is the primary
risk factor, its pathogenesis is not yet fully understood. Increasing evidence suggests that COPD is an aging-related
disease and that smoking accelerates lung aging.” ’ Cellular senescence is a central hallmark of this process.® ' As the
principal structural cells lining the respiratory tract, epithelial cells constitute the first barrier against inhaled toxic
substances.'""'? Accelerated epithelial cell senescence has been reported in patients with COPD,*'*"'® and CSE exposure
similarly promotes epithelial cell senescence in vitro.'>!7-'®

B2-microglobulin is the light-chain subunit of MHC class I molecules. Recent studies have identified f2m as
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a circulating pro-aging factor, and elevated f2m levels have been associated with multiple age-related diseases,
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including myocardial infarction, myocardial fibrosis, hypertension, and Alzheimer’s disease.”' >

B2m has also been
proposed as a biomarker of pulmonary fibrosis in patients with COPD.** Our previous work showed that p2m levels are
increased in lung tissue from patients with emphysema and are negatively correlated with lung function, with f2m
predominantly localized to pulmonary epithelial cells. In that study, plasma B2m levels were higher in patients with
emphysema than in control subjects (1.89+0.12 versus 1.42+0.06 mg/L), and stimulation of f2m at 100 pg/mL induced
epithelial cell senescence in vitro.'” A subsequent COPD cohort also reported serum p2m values of approximately 2.10—
2.24 mg/L in patients stratified by diffusing capacity, with higher f2m associated with worse DLCO and pulmonary
fibrosis-related changes.”* These clinical circulating concentrations are lower than the p2m concentrations used in the
present in vitro experiments; therefore, the 100-500 pg/mL concentrations used here were selected primarily based on
our previous cell-based work and should be interpreted as experimental high local/pathological exposure rather than as
a direct replication of circulating plasma concentrations.

In vitro, CSE exposure increased f2m secretion by alveolar epithelial cells, and elevated f2m promoted alveolar
epithelial cell senescence; anti-p2m antibodies partially reversed CSE-induced epithelial senescence. In animal models,
cigarette smoke exposure increased p2m levels in lung tissue from mice with emphysema.®®> Together, these findings
suggest that smoking-induced f2m upregulation may contribute to emphysema progression by promoting epithelial cell
senescence. The present study extends this prior work by focusing on mitochondrial injury, bioenergetic impairment,
oxidative stress, proliferation, and apoptosis in bronchial epithelial cells.

Mitochondria are central to cellular energy metabolism and aerobic respiration. Mitochondrial membrane potential,
ROS generation, and fusion-fission dynamics are critical for mitochondrial and cellular homeostasis.”**® As a major
intracellular source of ROS, mitochondria play a key role in cellular senescence, and mitochondrial dysfunction is
considered a core mechanism of this process.?’ ' Multiple studies have demonstrated mitochondrial dysfunction in aged

lung cells from patients with COPD,** 7

and smoking can induce mitochondrial dysfunction in emphysematous lung
cells.*® Mechanistically, mitochondrial injury and oxidative stress can converge on senescence-associated pathways such
as p53/p21 and pl6INK4a signaling, while persistent oxidative and inflammatory stress may also activate NF-kB-
dependent senescence-associated inflammatory responses.'®'*'® Altered mitochondrial dynamics and impaired mito-
phagy, including excessive mitochondrial fragmentation, have also been implicated in cigarette smoke-induced bronchial
epithelial cell senescence and COPD pathobiology.>>~® Because f2m has been characterized as a pro-aging factor and

has been linked to epithelial senescence in emphysema,'”"

its potential connection with mitochondrial injury, oxidative
stress, and these senescence pathways deserves further investigation. Because cigarette smoke promotes epithelial
senescence partly through mitochondrial dysfunction and smoking also upregulates f2m, it is important to determine
whether f2m exposure is associated with similar mitochondrial changes. BEAS-2B cells were selected because they are
a reproducible and widely used human bronchial epithelial cell model for studying CSE-induced airway epithelial injury,
oxidative stress, mitochondrial dysfunction, and senescence. Bronchial epithelial cells form the first structural and
immunologic barrier against inhaled toxicants and are central to COPD and emphysema pathogenesis through barrier
dysfunction, inflammatory signaling, impaired repair, senescence, and apoptosis.''*'*®5 Nevertheless, we recognize
that BEAS-2B cells do not fully substitute for primary human airway epithelial cells. Under physiological conditions,
proliferation and apoptosis are balanced to maintain tissue homeostasis. In COPD, reduced proliferation and increased

3941 and induction of epithelial apoptosis can lead to emphysema in mice.**

apoptosis have been observed in lung tissue,
Therefore, we investigated whether B2m exposure is associated with mitochondrial dysfunction, epithelial senescence,

reduced proliferation, and increased apoptosis in BEAS-2B cells.

Methods
Cigarette Smoke Extract (CSE) Preparation

The CSE preparation protocol was adapted from a previous study.*® Briefly, one Marlboro cigarette (0.8 mg nicotine,
11 mg carbon monoxide, and 10 mg tar) was combusted, and the smoke was drawn slowly and uniformly through

a bubbling flask under negative pressure into 10 mL of sterile culture medium. The resulting suspension was filtered
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through a 0.22 um filter for sterilization. This solution was defined as 100% CSE and was used immediately after
preparation.

Cell Culture and Treatment

Human bronchial epithelial cells (BEAS-2B; American Type Culture Collection, Manassas, VA, USA) were cultured in
Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher Scientific, Grand Island, NY, USA). Purified human f2m (Lee
BioSolutions, Maryland Heights, MO, USA) was dissolved in phosphate-buffered saline (PBS) and then added to medium
containing 2% fetal bovine serum (Thermo Fisher Scientific) to final concentrations of 100 or 500 pg/mL. These concentrations
were selected based on previous in vitro B2m studies and were intended to model relatively high local/pathological exposure
rather than directly reproduce circulating clinical concentrations, because the exact f2m concentration within diseased airway
microenvironments is not well established. In parallel experiments, cells were incubated for 48 hours in medium containing 2%
fetal bovine serum plus 1% or 5% CSE. Control cells were cultured for the same duration in medium containing 2% fetal bovine

s€rum.

Measurement of Cell Senescence, Mitochondrial Function, and Cell Proliferation/
Apoptosis

Senescence-associated B-galactosidase (SA-B-gal) activity was measured using a commercially available assay kit (Abbkine
Scientific Co., Ltd., Wuhan, China). MMP, intracellular ROS, and mtROS were measured using TMRM (Thermo Fisher
Scientific, Waltham, MA, USA), ROS Brite 670 (AAT Bioquest, Pleasanton, CA, USA), and MitoROS 580 probes (AAT
Bioquest), respectively. For flow cytometry-based measurements, unstained and single-stained controls were used, when
applicable, to set fluorescence thresholds and compensation. Viable single cells were identified using forward- and side-
scatter profiles; debris and doublets were excluded using scatter and pulse-geometry parameters, and the same acquisition
settings and gating strategy were applied to all groups within each experiment before fluorescence quantification.
Mitochondrial function was assessed by OCR using the Cell Mito Stress Test Kit and by ATP production rate using the Real-
Time ATP Rate Assay Kit (Agilent Technologies, Santa Clara, CA, USA). For Seahorse assays, cells were seeded at the same
density in Seahorse XF culture microplates and treated as described above. Before measurement, the culture medium was
replaced with assay medium prepared according to the manufacturers’ instructions, and cells were equilibrated in a non-CO2
incubator before loading into the analyzer. OCR was recorded after sequential compound injections according to the Cell
Mito Stress Test workflow, and basal respiration, ATP-linked respiration, maximal respiration, and spare respiratory capacity
were calculated using the manufacturer’s analysis workflow. Raw OCR and ATP production-rate values were first corrected
using background wells without cells. To minimize the influence of well-to-well differences in cell numbers, Seahorse rate
data from each well were normalized to the corresponding cell number in that well before group comparisons. Wells were
excluded only for predefined technical reasons, including failed compound injection, unstable baseline caused by technical
malfunction, obvious cell detachment or loss, absence of an analyzable cell monolayer, or failure of background correction.
Cell proliferation was evaluated using Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan), and apoptosis
was assessed using the Annexin V-FITC/PI Apoptosis Detection Kit (4A Biotech Co., Ltd., Beijing, China). For apoptosis
analysis, Annexin V-FITC/PI quadrant gating was used to distinguish viable, early apoptotic and late apoptotic cells, and at
least 10,000 single-cell events per sample were acquired whenever possible. Unless otherwise indicated, experiments were
repeated in at least three independent biological replicates, and technical replicate wells were averaged before statistical
analysis. All procedures were performed according to the manufacturers’ instructions. Formal blinding was not performed
during data acquisition or analysis because this in vitro cell-based study relied mainly on objective instrument-based
readouts; however, all groups were processed under the same experimental conditions and analyzed using predefined
acquisition settings, gating strategies, normalization procedures, and statistical methods to reduce potential bias.

Statistical Analysis
Data were analyzed and graphed using GraphPad Prism version 8.2 (GraphPad Software, La Jolla, CA, USA). Data are
presented as mean + standard deviation (SD). Comparisons among multiple groups were performed using one-way
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analysis of variance (ANOVA), followed by Dunnett’s multiple-comparison test when treatment groups were compared
with the control group. Normality and homogeneity of variance were evaluated before ANOVA. Technical replicates
from the same independent experiment were averaged before statistical testing, and no data points were excluded solely
based on statistical significance or the direction of the result. Because this was an exploratory in vitro study, no formal
sample-size calculation was performed. P<0.05 was considered statistically significant.

Results
B2m and CSE Induce Senescence in BEAS-2B Cells

Because smoking is the most important risk factor for COPD, we used CSE stimulation to mimic in vivo smoke exposure.
BEAS-2B cells were treated with 100 pg/mL B2m, 500 pg/mL B2m, 1% CSE, or 5% CSE for 48 hours, and cellular
senescence was assessed by SA-f3-gal activity. Representative staining and quantitative data are shown in Figure 1 A—C. Both
CSE and B2m significantly increased senescence in BEAS-2B cells (*P<0.05, **P<0.01, ***P<0.001).

B2m and CSE Reduced MMP and Increased Intracellular ROS and mtROS in BEAS-2B
Cells

To evaluate whether f2m-associated senescence was accompanied by mitochondrial dysfunction, we measured MMP,
intracellular ROS, mtROS, and OCR after f2m or CSE stimulation. Representative and quantitative data for MMP,
intracellular ROS, and mtROS are shown in Figure 2A—1. Both CSE and B2m decreased MMP and increased intracellular
ROS and mtROS, indicating mitochondrial dysfunction (*P<0.05, **P<0.01, ****P<0.0001).

B2m and CSE Reduced the Oxygen Consumption Rate (OCR) in BEAS-2B Cells

We next assessed cellular aerobic respiration by measuring OCR. Following B2m or CSE stimulation, OCR was
measured using the Cell Mito Stress Test Kit. The OCR trace and respiratory parameters are shown in Figure 3A-I.
B2m reduced basal respiration, maximal respiration, spare respiratory capacity, and ATP-linked respiration in BEAS-2B
cells, indicating impaired aerobic metabolism. CSE similarly reduced basal respiration, maximal respiration, and ATP-
linked respiration (*P<0.05, **P<0.01). These findings indicate that f2m exposure is associated with reduced mitochon-
drial respiratory function.

B2m Had No Significant Effect on ATP Sources in BEAS-2B Cells, While CSE Reduced
Aerobic ATP Production

Although aerobic respiration is the dominant source of cellular ATP, anaerobic metabolism also contributes. Under
pathological conditions, suppression of aerobic respiration may be accompanied by compensatory enhancement of
anaerobic ATP production. After observing that B2m impaired mitochondrial respiration, we examined ATP source
distribution. BEAS-2B cells were treated with f2m or CSE, and ATP production rates were quantified (Figure 4A-E).
B2m showed a trend toward reduced mitochondrial ATP production and increased glycolytic ATP production, but these
changes were not statistically significant, suggesting that B2m did not measurably redistribute ATP sources under the
basal assay conditions used here. CSE significantly reduced mitochondrial ATP production without significantly affecting
glycolytic ATP production (*P<0.01).

B2m and CSE Inhibit BEAS-2B Cell Proliferation and Promote Apoptosis

To evaluate whether B2m affects cell-fate programs associated with tissue aging, we measured proliferation and apoptosis
in BEAS-2B cells after f2m or CSE stimulation. As shown in Figure 5 and Figure 6A—C, both 2m and CSE
significantly inhibited cell proliferation and increased apoptosis (*P<0.05, ****P<0.0001).

Discussion
COPD is characterized by accelerated pulmonary aging, and cellular senescence is a key pathological component. As the
first barrier to inhaled toxicants, airway epithelial cells are central to COPD pathobiology. In patients with COPD,
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Figure | B2m and CSE increase senescence-associated B-galactosidase activity in BEAS-2B cells after 48 hours of exposure. (A) Representative SA-B-gal staining images; (B)
quantification after CSE treatment; (C) quantification after f2m treatment. Data are presented as mean * SD from three independent biological experiments (n=3). *P<0.05,
*#P<0.01, **P<0.001 versus the control group. One-way ANOVA with Dunnett’s post hoc test was used for statistical analysis.

epithelial senescence,'®**

reduced proliferation, and increased apoptosis®**! likely contribute to progressive lung aging.
Mitochondrial dysfunction is an established mechanism underlying cellular senescence in COPD. B2m, the light-chain
subunit of MHC class I molecules, is essential for adaptive immune function. Elevated p2m has been implicated in
several diseases, including chronic kidney disease, rheumatoid arthritis, and cancer.*>*’ More recently, B2m has been
recognized as a circulating pro-aging factor associated with multiple age-related conditions.'**'** Despite COPD being
an aging-related disease, the role of B2m in COPD has been insufficiently studied. Our previous work showed increased
Bf2m in plasma and lung tissue from patients with emphysema, suggesting a potential contribution to epithelial

senescence.'’ Smoking also increases pulmonary p2m levels in emphysema mouse models.”® In this study, we further
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Figure 2 f2m and CSE induce mitochondrial dysfunction in BEAS-2B cells. (A—C) Mitochondrial membrane potential; (D—F) intracellular reactive oxygen species; (G-I)
mitochondrial reactive oxygen species. Data are presented as mean * SD from three independent biological experiments (n=3). *P<0.05, **P<0.01, ****P<0.0001 versus the
control group. One-way ANOVA with Dunnett’s post hoc test was used for statistical analysis.

show that B2m exposure in BEAS-2B cells is associated with mitochondrial dysfunction, increased senescence, reduced
proliferation, and increased apoptosis. These data extend our previous findings, but they do not by themselves establish
that mitochondrial dysfunction is the sole or direct mediator of f2m-induced senescence.

Epithelial cell senescence is a major feature of lung aging during COPD progression. As the leading risk factor for
COPD, smoking accelerates this process. Because cigarette smoke contains numerous toxic compounds and reactive
oxygen species, CSE stimulation is widely used to model cigarette smoke exposure in vitro. Using this model, we
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Figure 3 f2m and CSE reduce oxygen consumption rate and key respiratory parameters in BEAS-2B cells. (A) OCR trace; (B) basal respiration after CSE treatment; (C)
maximal respiration after CSE treatment; (D) spare respiratory capacity after CSE treatment; (E) ATP-linked respiration after CSE treatment; (F) basal respiration after f2m
treatment; (G) maximal respiration after B2m treatment; (H) spare respiratory capacity after B2m treatment; (I) ATP-linked respiration after B2m treatment. Data are
presented as mean * SD from three independent biological experiments (n=3). *P<0.05, **P<0.0| versus the control group. One-way ANOVA with Dunnett’s post hoc test
was used for statistical analysis.
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Figure 4 Effects of B2m and CSE on mitochondrial and glycolytic ATP production in BEAS-2B cells. (A) Real-time ATP production profile; (B) mitochondrial ATP production
after CSE treatment; (C) glycolytic ATP production after CSE treatment; (D) mitochondrial ATP production after f2m treatment; (E) glycolytic ATP production after f2m
treatment. Data are presented as mean * SD from three independent biological experiments (n=3). **P<0.01 versus the control group. One-way ANOVA with Dunnett’s
post hoc test was used for statistical analysis.
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Figure 5 2m and CSE suppress BEAS-2B cell proliferation as assessed by CCK-8 assay. Data are presented as mean * SD from three independent biological experiments
(n=3). ***¥P<0.0001 versus the control group. One-way ANOVA with Dunnett’s post hoc test was used for statistical analysis.

confirmed that CSE promotes senescence in BEAS-2B cells, consistent with our previous findings.'” Importantly, we also
observed that B2m, a senescence-associated factor, induces a similar pro-senescent phenotype. These observations
suggest that f2m may act as a pathogenic mediator that mimics, at least in part, the cellular effects of cigarette smoke.

Mitochondria are central regulators of cellular senescence.”® They support ATP generation through aerobic respiration
and regulate intracellular homeostasis through membrane potential, ROS production, and fusion-fission dynamics.*®
Mitochondrial dysfunction induced by cigarette smoke has been linked to COPD progression.”®**** Consistent with

3152 our data show that CSE exposure is accompanied by bronchial epithelial cell senescence and

prior reports,
mitochondrial dysfunction. We further demonstrate that f2m produces similar mitochondrial defects and senescence
phenotypes, supporting the possibility that smoking-induced f2m may contribute to epithelial aging in emphysema.
However, mitochondrial rescue experiments, antioxidant interventions, or pathway-specific inhibition will be needed to
confirm direct causality. We also evaluated ATP source profiles. f2m showed a non-significant trend toward reduced
mitochondrial ATP production with increased glycolytic ATP production, whereas CSE significantly reduced mitochon-
drial ATP production without a significant change in glycolytic ATP production. These ATP findings should be
interpreted together with the OCR data. OCR parameters reflect mitochondrial respiratory capacity and reserve, whereas
the real-time ATP rate assay estimates ATP production under basal steady-state conditions. Therefore, B2m-induced
impairment of respiratory reserve may be detectable before a statistically significant shift in basal ATP-source distribu-
tion becomes apparent. In P2m-treated cells, residual mitochondrial ATP generation together with compensatory
glycolytic ATP production may have partially maintained basal ATP output, thereby masking statistically significant
changes in ATP-source allocation despite reduced OCR. By contrast, CSE likely produced broader mitochondrial stress
sufficient to reduce mitochondrial ATP production significantly. Thus, the ATP data do not contradict the OCR findings;
rather, they suggest that f2m-associated mitochondrial impairment may affect respiratory capacity more clearly than
basal ATP-source distribution in this experimental setting. Additional studies are needed to define the broader effects of
B2m on anaerobic metabolism and cellular bioenergetic reprogramming.

Under physiological conditions, balanced proliferation and apoptosis maintain epithelial renewal. In COPD, this
balance is disrupted, with reduced proliferation and increased apoptosis, which may accelerate lung aging. Experimental
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Figure 6 2m and CSE promote apoptosis in BEAS-2B cells. (A) Representative Annexin V-FITC/PI flow cytometry plots; (B) quantitative analysis of early apoptotic cells
after CSE and f2m treatment; (C) quantitative analysis of late apoptotic cells after CSE and f2m treatment. Data are presented as mean * SD from three independent
biological experiments (n=3). *P<0.05 versus the control group. One-way ANOVA with Dunnett’s post hoc test was used for statistical analysis.
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studies have shown that inducing epithelial or endothelial apoptosis can trigger emphysema-like changes in mice.** In
our study, both f2m and CSE inhibited proliferation and promoted apoptosis in BEAS-2B cells. These findings are
consistent with a model in which B2m, elevated during smoke exposure and disease progression, could contribute to
emphysema pathogenesis through mechanisms that overlap with cigarette smoke, including mitochondrial dysfunction
and enhanced epithelial aging.

This study has several limitations. First, we did not directly test whether mitochondrial dysfunction is causally
required for f2m-induced senescence; rescue experiments using mitochondrial-targeted antioxidants, metabolic modula-
tors, or pathway-specific inhibitors will be needed. Second, the study used only the BEAS-2B cell line, and validation in
primary human airway epithelial cells and in vivo models is still required. Third, although the B2m concentrations used
here were selected based on previous in vitro work, the exact local B2m concentration in COPD or emphysematous
airway microenvironments is not established, and translational interpretation should therefore remain cautious. Fourth,
cellular senescence is a progressive phenotype, and longer exposure durations or time-course analyses would help
determine whether f2m induces sustained senescence. Finally, we did not evaluate additional senescence pathways such
as pl6INK4a or p53/p21, nor did we directly measure NF-«kB signaling or mitochondrial dynamics regulators.

In summary, f2m exposure was associated with bronchial epithelial cell senescence, mitochondrial dysfunction,
reduced proliferation, and increased apoptosis. These findings provide additional evidence supporting a potential role for
B2m in epithelial aging during COPD/emphysema, while highlighting the need for mechanistic rescue studies and in vivo
validation.

Conclusion

This study indicates that f2m, a pathogenic factor elevated during emphysema progression, is associated with mitochon-
drial dysfunction, bronchial epithelial cell senescence, reduced proliferation, and increased apoptosis in vitro. These
findings suggest that f2m may contribute to epithelial aging in COPD/emphysema, but direct mechanistic causality and
in vivo relevance require further validation.
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