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Peroxinredoxin 6 reduction accelerates
cigarette smoke extract-induced senescence by
regulating autophagy in BEAS-2B cells
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Abstract. Cigarette smoke (CS)-induced accelerated senes-
cence and insufficient autophagy has been implicated in
the pathogenesis of chronic obstructive pulmonary disease
(COPD). Peroxiredoxin (PRDX) 6 is a protein with preva-
lent antioxidant capacity. Previous studies indicate that
PRDX6 could activate autophagy and alleviate senescence
in other diseases. The present study investigated whether
PRDX6-regulated autophagy was involved in the regulation
of CS extract (CSE)-induced BEAS-2B cell senescence via the
knockdown of PRDX6 expression. Furthermore, the present
study evaluated the mRNA levels of PRDX6, autophagy and
senescence-associated genes in the small airway epithelium
from patients with COPD by analyzing the GSE20257 dataset
from the Gene Expression Omnibus database. The results
demonstrated that CSE reduced PRDX6 expression levels and
transiently induced the activation of autophagy, followed by
the accelerated senescence of BEAS-2B cells. Knockdown of
PRDXG6 induced autophagy degradation and accelerated senes-
cence in CSE-treated BEAS-2B cells. Furthermore, autophagy
inhibition by 3-Methyladenine increased P16 and P21 expres-
sion levels, while autophagy activation by rapamycin reduced
P16 and P21 expression levels in CSE-treated BEAS-2B cells.
The GSE20257 dataset revealed that patients with COPD had
lower PRDX®6, sirtuin (SIRT) 1 and SIRT6 mRNA levels, and
higher P62 and P16 mRNA levels compared with non-smokers.
P62 mRNA was significantly correlated with P16, P21 and
SIRT1, which indicated that insufficient autophagic clearance
of damaged proteins could be involved in accelerated cell senes-
cence in COPD. In conclusion, the present study demonstrated
a novel protective role for PRDX6 in COPD. Furthermore, a
reduction in PRDX6 could accelerate senescence by inducing
autophagy impairment in CSE-treated BEAS-2B cells.
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Introduction

Chronic obstructive pulmonary disease (COPD) is one of the
most common chronic diseases worldwide. With 212.3 million
prevalent cases and 16.2 million new cases, COPD accounted
for 3.3 million deaths globally in 2019 (1). Cigarette smoking
is the main and most common risk factor for COPD (2).
Cigarette smoking induces the production of reactive oxygen
species (ROS) and oxidative stress in the epithelium of the
airway and lungs. Exposure to cigarette smoke (CS) leads
to airway epithelium injury and phenotypic changes, such as
mitochondrial dysfunction and cellular senescence, which are
the core phenotypes of aging (3.4).

Aging is now considered to be widely implicated in
the pathogenesis of COPD (5). Accelerated cell senescence
confers COPD progression by impairing cell proliferation
and prolonging inflammation partly through the secretion
of senescence-associated secretory phenotype factors (e.g.,
Interleukins like IL-6 and IL-13, Chemokines like IL-8 and
MCP-2, and Growth factors or regulators such as VEGF
and IGFBP-3) (5,6). Oxidative stress, such as from ROS, is a
stressful stimuli that enhances senescence (7). Furthermore,
insufficient removal of damaged proteins and organelles,
including via dysfunction of the proteasome and autophagy,
has been proposed to play a pivotal role in the regulation of
cell senescence (8).

Peroxiredoxin (PRDX) is a protein family with a
high-efficiency antioxidant capacity (9). As phospholipid
hydroperoxidases, PRDXs are abundant in alveolar type II
epithelial cells and Clara cells (10). Compared with other
PRDX family members, in addition to oxidase activity, PRDX6
has phospholipase A2 activity and can regulate the intracel-
lular oxidation-antioxidation balance by scavenging hydrogen
peroxide (H,0,), aliphatic and aromatic hydroperoxides,
peroxynitrite and peroxidized phospholipids, thereby reducing
oxidative stress-induced injury (11). Previous studies have
demonstrated that PRDX6 may play a key role in the crosstalk
between aging and diseases (12,13).In glaucoma, PRDX6 levels
decrease with age and decrease markedly in glaucomatous and
aged trabecular meshwork cells. Human trabecular meshwork
cells display typical features of oxidative-stress-induced
cellular changes, exhibiting increased levels of lipid peroxi-
dation, oxidative DNA damage and senescence markers
such as P16, P21 and senescence-associated f-galactosidase
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(SA-p-gal) activity (12). Knocking down of PRDX6 expression
accelerates this process, while PRDX6 delivery to trabecular
meshwork cells reverses the process (12). In diabetic sarco-
penia mice, PRDX6 knock out revealed a reduction in telomere
length, sirtuin (SIRT) 1 nuclear localization and increased
activity in SA-B-Gal and the P53-P21 pro-aging pathway (13).
Furthermore, PRDX6 has also been revealed to play a key role
in disease progression through regulating mitophagy (14,15).
In the study of non-alcoholic fatty liver disease, oxida-
tive stress-induced Notch signaling and lipogenesis were
suppressed in PRDX6 overexpressing mice, compared with
wild-type mice, through the induction of mitophagy, while
PRDX6 knockdown reduced this induction of mitophagy (14).
Another study demonstrated that ROS induce the recruitment
of PRDX6 to the mitochondria, where PRDX6 controls ROS
homeostasis in the initial step of PTEN-induced kinase 1
(PINK1)-Parkin-mediated mitophagy (15). Collectively, these
results indicate that PRDX6 may play a key role in senescence
and autophagy. However, to the best of our knowledge, there
is no research to date that considers the role of PRDX6 on
senescence in COPD.

In the present study, we hypothesized that CS reduces
the level of PRDXG6 in the airway epithelium of patients with
COPD. This reduction in PRDX6 then accelerates CS extract
(CSE)-induced cellular senescence, at least partly through
impairing autophagy.

Materials and methods

CSE preparation. To mimic cigarette smoking-induced injury,
CSE was prepared using commercial cigarettes (Dagianmen).
Briefly, the smoke of one commercial cigarette was pumped
into 10 ml PBS (cat. no. BL302A; Biosharp Life Sciences)
using a BT-100-2J peristaltic pump (cat. no. 05.02.11A; Longer
Precision Pump Co., Ltd.; Halma plc) to generate a CSE solu-
tion. The CSE solution was filtered through a 0.22 ym-pore
filter (cat. no. 8160; Corning, Inc.) to remove bacteria and large
particles. The CSE solution was then adjusted to pH 7.4 with
sodium hydroxide and used within 30 min of preparation. This
solution was defined to be 100% CSE, which was diluted in
each experiment to obtain the desired concentration.

Cell culture and cell viability. The human bronchial epithelial
cell line, BEAS-2B, was obtained and authenticated by STR
(iCell Bioscience Inc.; cat. no. iCell-h023) and was cultured
at 37°C with 5% CO, in DMEM (cat. no. 11965092; Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (cat. no. 11573397; Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin-streptomycin solution (cat.
no. 15140122; Gibco; Thermo Fisher Scientific, Inc.). BEAS-2B
cells were treated using CSE with/without 5 nM rapamycin
(cat. no. R817296; Shanghai Macklin Biochemical Co., Ltd.)
or 5 mM 3-methyladenine (3-MA; cat. no. HY-19312, Selleck
Chemicals) when the cells reached 80% confluency. Cell
viability was determined using the Cell Counting Kit-8 (CCK-8)
assay and the Lactate Dehydrogenase (LDH) Cytotoxicity
Assay kit (cat. nos. C0037 and C0016, respectively; Beyotime
Institute of Biotechnology) following the manufacturer's proto-
cols. Briefly, BEAS-2B cells were seeded in 96-well plates at a
density of 1x10* cells/well and stabilized overnight, followed

by CSE treatment. Next, 20 ul of CCK-8 or LDH reagent was
added to each well of the 96-well plates and incubated for 1 h at
37°C. The optical density at 450 nm for CCK-8 and 490 nm for
LDH reagent were measured using a Microplate Reader (cat.
no. 1410101; Thermo Fisher Scientific, Inc.).

Small interfering RNA (siRNA) and transfection. The siRNA
targeting PRDX6 and non-targeting negative control siRNA
(NC) were purchased from Shanghai GenePharma Co., Ltd.
The three siRNA oligonucleotide sequences targeting PRDX6
were as follows: Sequence 1 (S1; PRDX6-Homo-233) sense,
5'-GCCAAGAGGAAUGUUAAGUTT-3' and antisense,
5'-ACUUAACAUUCCUCUUGGCTT-3"; sequence 2 (S2),
sense (PRDX6-Homo-513): 5'-GGAACUUUGAUGAGA
UUCUTT-3', antisense (PRDX6-Homo-513): 5'-AGA
AUCUCAUCAAAGUUCCTT-3"; sequence3, (S3), sense
(PRDX6-Homo-301): 5'-GGAUAUCAAUGCUUACAA
UTT-3', antisense (PRDX6-Homo-301): 5'-AUUGUAAGC
AUUGAUAUCCTT-3". The siRNA sequence that exhibited
the highest interfering efficiency was selected to continue
the study. By contrast, one sequence of NC was synthe-
sized as 5'-UUCUCCGAACGUGUCACGUTT-3' (sense),
5'-ACGUGACACGUUCGGAGAATT-3' (antisense). 50 nM
PRDX6 siRNAs were transfected into BEAS-2B cells using
Lipofectamine 2000 transfection reagent (cat. no. 11668030;
Thermo Fisher Scientific, Inc.) at 37°C with 5% CO, for 6 h. All
transfections were conducted according to the manufacturer's
protocol. After transfection, BEAS-2B cells were cultured at
37°C with 5% CO, in DMEM supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin solution for
48 h, then treated with CSE with/without rapamycin/3-MA.

RNA isolation and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Total RNA from
BEAS-2B cells was isolated using an RNA-Quick Purification
Kit (cat. no. RNOO1; YiShan Biotech) and reverse transcribed
into complementary deoxyribonucleic acid (cDNA) using
the ReverTra Ace qPCR RT Master Mix (cat. no. FSQ-201;
Toyobo Life Science). Briefly, after preparation of RT reaction
solution according to the manufacturer's protocols, the reac-
tion solution was incubated at 37°C for 15 min, heated to 98°C
for 5 min and then stored at 4°C or -20°C. Next, 40 ng cDNA
was used as a template for the operation of qPCR according to
the manufacturer's protocols using the SYBR Green Realtime
PCR Master Mix Plus (cat. no. QPK-212; Toyobo Life Science).
The primer sequences for PRDX6, TNF-a, IL-1f, IL-6, P16,
P21 and fB-actin were as follows: PRDX6 forward: 5'-GCA
TCCGTTTCCACGACT-3'; PRDX6 reverse: 5-TGCACA
CTGGGGTAAAGTCC-3"; TNF-a forward: 5'-CTTCTG
CCTGCTGCACTTTG-3"; TNF-a reverse: 5-GTCACTCGG
GGTTCGAGAAG-3'"; IL-1p forward: 5'-GTACCTGTCCTG
CGTGTTGA-3'; IL-1f reverse: 5'-GGGAACTGGGCAGAC
TCAAA-3'"; IL-6 forward: 5'-GAGGAGACTTGCCTGGTG
AA-3'"; IL-6 reverse: 5S"“TGGCATTTGTGGTTGGGTCA-3';
P16 forward: 5'-CTTGGTGACCCTCCGGATTC-3'; P16
reverse: 5'-CCACGAGATGTGAACCACGA-3"; P21 forward:
5'-AGTACCCTCTCAGCTCCAGG-3'; P21 reverse: 5'-TGT
CTGACTCCTTGTTCCGC-3'; p-actin forward: 5'-CCA
ACCGCGAGAAGATGA-3'; and B-actin reverse: 5'-CCA
GAGGCGTACAGGGATAG-3". The amplification cycling
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reactions (40 cycles) were performed as follows: 15 sec at
95°C and 1 min at 60°C. The relative quantification concen-
trations of mRNA expression levels in the samples were
calculated according to the standard curve and analyzed
using the Applied Biosystems QuantStudio 3 Real-Time PCR
Systems (cat. no. A28567; Thermo Fisher Scientific, Inc.) at
the comparative threshold cycle (224<9) (16).

Western blotting. For each experiment, treated BEAS-2B
cells were lysed using RIPA Lysis Buffer (cat. no. PO013B;
Beyotime Institute of Biotechnology) supplemented with 1%
PMSF; cat. no. ST505; Beyotime Institute of Biotechnology),
1% Phosphatase Inhibitor Cocktail A (EDTA-Free)
and 1% Phosphatase Inhibitor Cocktail B (EDTA-Free)
(cat. no. M7528; AbMole BioScience) to extract protein.
The protein concentration was measured using BCA
Protein Assay Kit (cat. no. POO12; Beyotime Institute of
Biotechnology) according to the manufacturer's protocol,
then 30 ug protein samples were separated on 8-15% gels
using SDS-PAGE (cat. no. POO12A; Beyotime Institute of
Biotechnology) and then transferred onto a PVDF membrane
(cat. no. ISEQ00010; Merck KGaA). The membrane was
blocked at room temperature for 15 min using QuickBlock
buffer (cat. no. P0220; Beyotime Institute of Biotechnology)
and probed with primary antibodies directed against
PRDXG6 (cat. no. 95336S), P16 (cat. no. 92803S), P21 (cat.
no. 2947S), LC3 (cat. no. 2775S), autophagy related 5 (ATGS;
cat. no. 2630S), P62 (cat. no. 5114S) and GAPDH (cat.
no. 2118S) at 4°C overnight, which were all used at a dilution
of 1:1,000 and purchased from Cell Signaling Technology,
Inc. The membrane was then incubated with a specific
HRP-conjugated Goat anti-Rabbit IgG secondary antibody
(1:1,000; cat. no. 31460; Thermo Fisher Scientific, Inc.) at
room temperature for 1 h. The membrane was washed with
0.1% Tween-20 (cat. no. ST825-500ml; Beyotime Institute
of Biotechnology) TBST (cat. no. C520009-0500; Sangon
Biotech Co., Ltd.) and signals were detected using enhanced
chemiluminescence (cat. no. PO018S; Beyotime Institute
of Biotechnology). Band densities were quantified using
ImagelJ 1.46r (National Institutes of Health), and results were
normalized by GAPDH and represented as fold change.

Bioinformatics. Using the Gene Expression Omnibus (GEO)
database (ncbi.nlm.nih.gov/geo/), the GSE20257 dataset
of gene expression profiles based on the GPL570 platform
(ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL570), including
small airway epithelium samples of 53 healthy non-smokers,
59 healthy smokers and 23 smokers with COPD, was used to
explore the potential involvement of PRDX6, autophagy and
senescence in COPD (17). Further demographic details of
patients from the GSE20257 dataset are presented in Table SI.
The dataset was obtained and analyzed using R Studio
(RStudio Team, 2021. RStudio: Integrated Development
Environment for R; Version 4.1.2,2021-11-01). The GEO-query
(version 2.62.2) package was used to download the GSE20257
mRNA expression profile data and the hgul33plus2.db
(version 3.2.3) package was used to find the gene symbols for
probes in the raw data. Gene expression profiles were first log2
transformed and then normalized using the ‘normalizeBe-
tweenArrays’ function in the limma (version 3.50.3) package.

Lastly, GraphPad Prism (version 7; Dotmatics) was used to
create figures using the data processed with R.

Statistical analysis. Data are presented as the mean + SD,
collected from at least three independent experiments.
Unpaired student's t-test was used for the comparison of two
datasets, one-way ANOVA followed by Tukey correction was
used for the comparison of more than two datasets with one
independent variable and two-way ANOVA followed by the
Sidak correction was used for the comparison of more than
two datasets with two independent variables. Pearson correla-
tion coefficient was used to measure the degree of association
between two variables. P<0.05 was considered to indicate a
statistically significant difference. The statistical software
used for analysis was GraphPad Prism (version 7; Dotmatics).

Results

CS exposure reduces PRDX6 levels and induces cellular
senescence in the airway epithelial cells of patients with
COPD and in vitro. To investigate the possible dysregulation
of PRDX6 and senescence during COPD development, the
mRNA levels of PRDX6 and senescence markers in the small
airway epithelium from patients with COPD in the GSE20257
dataset were examined (Fig. 1A-K). It was revealed that the
PRDX6 mRNA levels had a decreasing trend between the
non-smoker, smoker and COPD-smoker groups (Fig. 1A). P16
mRNA levels had an increasing trend between the non-smoker,
smoker and COPD-smoker groups (Fig. 1B). No significant
difference among non-smokers, smokers and patients with
COPD was observed for P21 mRNA levels (Fig. 1C). The
SIRT1 mRNA level in smokers was significantly lower
compared with non-smokers (Fig. 1D). The SIRT6 mRNA
level in patients with COPD was significantly lower compared
with non-smokers (Fig. 1E).

It was revealed in vitro that CSE induced rounding and
detachment of BEAS-2B and it was confirmed by micros-
copy (Fig. 2A), CSE dose- and time-dependently reduced
the viability of BEAS-2B cells (Fig. 2B and C). Significant
changes in BEAS-2B cells were observed with 1% CSE, further
indicated by an increase in the mRNA levels of inflammation
factors, TNF-a, IL-1p and IL-6 (Fig. 2D-F). Next, the expres-
sion levels of PRDX6 and the senescence markers, P16 and
P21, were examined in CSE-treated BEAS-2B cells. PRDX6
mRNA and protein were significantly decreased, while P16
and P21 mRNA were significantly increased in a time-depen-
dent manner, compared with the control group (Fig. 2G-K).
P16 and P21 protein levels in the 1% CSE 48 h group were
significantly increased compared with that of control group
(Fig. 2L-N). However, no significant difference was observed
between the 1% CSE 24 h and control groups.

CS exposure induces autophagy dysfunction in the small
airway epithelium of smokers, and CSE treatment transiently
induces autophagy activation and then induces an autophagy
reduction in BEAS-2B cells. To verify the autophagy altera-
tion in COPD, LC3 ATGS5 and P62 mRNA levels in the small
airway epithelium of non-smokers, smokers and patients with
COPD were analyzed. There was no significant difference
in the LC3 and ATG5 mRNA levels among the three groups
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Figure 1. A reduction in PRDXG6 level, autophagy dysfunction and accelerated senescence in the small airway epithelium of healthy non-smokers, healthy
smokers and COPD-smokers. The gene expression profiles of the GSE20257 dataset from the Gene Expression Omnibus database (ncbi.nlm.nih.gov/geo/) were
used to explore the potential involvement of PRDX6, autophagy and senescence in COPD, which included the small airway epithelium samples of 53 healthy
non-smokers, 59 healthy smokers and 23 COPD smokers. Datasets were downloaded and analyzed using R Studio (RStudio Team, 2021. RStudio: Integrated
Development Environment for R (Version 4.1.2, 2021-11-01). (A) PRDX6, (B) P16, (C) P21, (D) SIRTI, (E) SIRT6, (F) LC3, (G) ATGS and (H) P62 mRNA
expression levels in the healthy non-smoker, healthy smoker and COPD-smoker groups. The correlation analysis of P62 mRNA and (I) P16, (J) P21 and
(K) SIRT1 mRNA. "P<0.05, “P<0.01 and "“P<0.001. ATGS5, autophagy related 5; PRDX6, peroxiredoxin 6; COPD, chronic obstructive pulmonary disease;

SIRT, sirtuin.

(Fig. 1F and G). However, the P62 mRNA level was signifi-
cantly higher in smokers compared with non-smokers (Fig. |H).
LC3 is a recognized marker of autophagy. When autophagy is
activated, LC3-I is gradually transformed into LC3-II, which
locates on the membranes of autophagosomes. Therefore,
the ratio of LC3 II/I protein is positively correlated with the
number of autophagosomes. ATGS is a key autophagy factor
and an integral part of the ATG5-ATG12-ATG16L1 complex
that catalyzes the ATGS lipidation essential for autophagosome
formation and expansion. As an autophagy substrate protein,
P62 is widely used as an index of autophagy degradation, which
is negatively correlated with autophagy. In this study, western
blot on LC3 II/T (LC3-II/LC3-I protein ratio, the conversion
of LC3 from LC3-I to LC3-II) and ATGS5 were performed to
evaluate the activation of autophagy, while western blot on
P62 was performed to evaluate the degradation of autophagy.
In vitro, LC3 1I/T and ATGS protein levels in BEAS-2B cells
were significantly increased in the 24 h CSE-treated group
compared with the control group (Fig. 3A, C and D). However,
in the 48 h CSE-treated group, LC3 II/I and ATGS protein
levels were significantly decreased compared with the control
group (Fig. 3E, G and H). It was revealed that CSE treatment
had an opposite effect on P62 levels (Fig. 3A, B, E and F).

Effects of a reduction in PRDX6 levels on CSE-induced
accelerated senescence and autophagy impairment in
BEAS-2B cells. Firstly, a PRDX6 knockdown experiment
was performed. PRDX6-Homo-233, PRDX6-Homo-301 and
PRDX6-Homo-513 siRNA were used to knockdown PRDX6
expression, all of which significantly reduced PRDX6 mRNA
levels in BEAS-2B cells compared with the control siRNA
group (Fig. 3I). PRDX6-Homo-233 siRNA (for now on
termed ‘PRDX6 siRNA’) was also demonstrated to signifi-
cantly decrease the PRDX6 protein level compared with the
control group (Fig. 3] and K) and was therefore selected for
future experiments. P16 and P21 protein levels were both
significantly increased in the PRDX6 siRNA group compared
with control siRNA group in BEAS-2B cells with or without
CSE treatment (Fig. 3L, Q and R). LC3 II/T and ATGS
protein levels were significantly decreased, while P62 was
significantly increased in the PRDX6 siRNA group compared
with the control siRNA group in CSE-treated BEAS-2B cells
(Fig. 3L-0O).

PRDX6 knockdown-mediated autophagy impairment
is responsible for accelerated cellular senescence
in BEAS-2B cells. The involvement of autophagy in
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Figure 2. CSE induces a reduction in PRDX6 expression, cellular injury and accelerated senescence in BEAS-2B cells. BEAS-2B cells were treated with
1 and 5% CSE for 24 or 48 h. (A) CSE induced BEAS-2B cell injury (x200 magnification, scale bar 200 pm). CSE induced cellular injury was also observed
using (B) cell viability experiments using CCK-8 and (C) cytotoxicity experiments using the LDH assay kit. CSE induced an increase in (D) TNF-a, (E) IL-18
and (F) IL-6 mRNA levels in BEAS-2B cells, when assessed using RT-qPCR. (G) CSE induced a reduction in PRDX6 mRNA levels in BEAS-2B cells, when
assessed using RT-qPCR. (H) CSE induced a reduction in PRDX6 levels in BEAS-2B cells when assessed using WB, which was (I) quantified. CSE induced
an increase in (J) P16 and (K) P21 mRNA levels in BEAS-2B cells, when assessed using RT-qPCR. 3-actin was used as a control for all RT-qPCR experiments
when calculating the relative mRNA fold change. (L) CSE induced an increase in (M) P16 and (N) P21 levels in BEAS-2B cells, when assessed using WB.
All experiments were reproduced at least three times and performed in triplicate, with bar graphs indicating mean + SD. "P<0.05, “P<0.01 and ““P<0.001,
compared with the control group. “P<0.05, 7P<0.01 and *"P<0.001, compared with the 1% CSE 24 h group. Con, control; CSE, cigarette smoke extract;
PRDX®6, peroxiredoxin 6; CCK-8, Cell Counting Kit-8; LDH, lactate dehydrogenase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction;
WB, western blotting.

PRDX6 knockdown-mediated accelerated senescence in
BEAS-2B cells was next examined. After 48 h of PRDX6
siRNA transfection in BEAS-2B cells, 5 nM rapamycin
significantly increased the LC3 II/I protein levels, while
it significantly decreased the P62 protein levels, compared
with the DMSO-control group (Fig. 4A, B and D). As for
ATGS protein levels, no significant difference was observed

between rapamycin and the control group (Fig. 4A, C).
Furthermore, the present study demonstrated significantly
reduced P16 and P21 protein levels in the rapamycin treated
groups compared with the DMSO-control groups with or
without CSE treatment (Fig. 4A, E and F). By contrast,
5 mM 3-MA significantly reduced LC3 II/I and ATGS
protein levels, while it significantly increased P62 protein
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Figure 3. CSE transiently induces autophagy activation, and a reduction in PRDX6 expression aggravates autophagy impairment and accelerates senescence
in CSE-treated BEAS-2B. (A) BEAS-2B cells were treated with 1% CSE for 24 h. WB was used to examine and quanitfy (B) P62, (C) ATGS and (D) LC3
II/T expression levels. (E) BEAS-2B cells were treated with 1% CSE for 48 h. WB was used to examine and quantify (F) P62, (G) ATGS5 and (H) LC3 II/1
expression levels. PRDX6 knockdown was performed using PRDX6 siRNA and treated for 48 h, to explore the role of PRDX6 in regulating autophagy and
senescence in CSE-treated BEAS-2B cells. (I) PRDX6 mRNA levels in BEAS-2B cells after 48 h transfection of PRDX6-Homo-233, PRDX6-Homo-301 and
PRDX6-Homo-513 siRNA were examined using RT-qPCR. B-actin was used as the normalization control for all RT-qPCR experiments when calculating
relative mRNA fold change. (J) Using WB, PRDX6-Homo-233 was proven to significantly decrease PRDX6 protein levels, which was (K) quanitfied, and
thus, PRDX6-Homo-233 was used in further experiments. (L) BEAS-2B cells were treated with 1% CSE for 48 h, following 48 h PRDX6/control siRNA
transfection. (M) P62, (N) ATGS, (O) LC3 1I/1, (P) PRDX6, (Q) P16 and (R) P21 expression levels were examined using WB and quantified. All experi-
ments were reproduced at least three times and performed in triplicate with bar graphs indicating mean + SD. "P<0.05, “P<0.01 and ““P<0.001, compared
with the NC group, control siRNA group, or control group. “P<0.05, #P<0.01 and *P<0.001 (Sidak correction). ATGS5, autophagy related 5; Con, control;
CSE, cigarette smoke extract; NC, negative control; PRDX6, peroxiredoxin 6; WB, western blotting; siRNA, small interfering RNA; RT-qPCR, reverse
transcription-quantitative polymerase chain reaction.

levels, compared with the PBS control groups (Fig. 4G-J). in the 3-MA-treated group compared with the PBS-control
In addition, P16 protein levels were significantly increased  group without CSE treatment (Fig. 4G and K). P21 protein



EXPERIMENTAL AND THERAPEUTIC MEDICINE 26: 375, 2023

1%CSE - + - " LC3 I/l ATGS P62
" §20 5§15 s
Rapamycin5nM - - + 2 < ###_Mf_ 2 # 2
PRDX6 SiRNA  + + + + o 15 8 8
S 510 <
310 X g
GAPDH -‘-- 2 . 205 °
5 k<t =
200 200 @
P62 o 4w c +uw O +wWwW ¢ +uw O +W £ +uw
o Ow °© £0 n Ow ©°o £ n OwW © £0
S 80 g SO S 806 g 8O S 90 2 SO
8 2 g E® 8 28 g EW 8 28 g E®
ATG5 - % gv— - % gv— -~ % gv—
oc © o © o« ©
LC3-l c @« o«
LC3-II E F’16” F
s15 # 515
(7} [7}
3 3
g 10 510
x x
o )
205 205
k] k]
& 00 Lo.0
O tw £ tuw O 4w £ +uw
[ =N «n E=N7)
2 38 2 §8 2 88 2 §8
0 2R § ER 0 2R § ER
0F g &+ O0- o &+
g § e §
o o
1% CSE - + - +
G aMASMM - _ . N H Lc3 1 I ATG5 J P62
< ## c c ##
PRDX6 SiRNA  + + + + o158 Bt g20 it 15 o
— 1%} » # [%3 ##
[—— [ o 15 o
GAPDH | 810 5 510
F— 8 310 3
205 Q 205
pez | TR -..l E £ 05 z
& 0.0 O W < +w ¢ 00 O W < +w €00 » W < +w
ATG5 o 0 7] o 0 7] a 0 <0
- s e 2 8 3 £ © 8 = £ 2 8 = 28
R >R R &R R & R
LCa.l | W—-— e e
LI |- - - K P16 L P21
- §20 i # 515 R
S N § % i
P4 » | o 15 240
[=% a !
x x
2 1.0 @
P1
e L. ) 2.0s 205
T ©
[} [}
x 00 & 0.0
@ w < +u ¢ w < +uw
a @ < <
& & 3 38 & & 3 38
R? R 2 o 2

Figure 4. Rapamycin alleviates, while 3-MA aggravates the effect of PRDX6 knockdown on cellular senescence in CSE-treated BEAS-2B. BEAS-2B cells
were treated with 1% CSE and 5 nM rapamycin for 48 h, following a 6 h PRDX6 siRNA transfection and 48 h culture. (A) WB was used to examine protein
expression levels, which was then quantified for (B) LC3 II/I, (C) ATGS, (D) P62, (E) P16 (F) and P21. BEAS-2B cells were treated with 1% CSE and 5 mM
3-MA for 48 h, following a 6 h PRDX6 siRNA transfection and 48 h culture. (G) WB was used to examine the protein expression levels, which was then
quantified for (H) LC3 II/1, (I) ATGS, (J) P62, (K) P16 and (L) P21. All experiments were reproduced at least three times and performed in triplicate with
bar graphs indicating mean + SD. *P<0.05, #P<0.01 and *#P<0.001 (Sidak correction). PRDX6, peroxiredoxin 6; 3-MA, 3-Methyladenine; ATG3, autophagy
related 5; CSE, cigarette smoke extract; WB, western blotting; siRNA, small interfering RNA.

levels were significantly increased in the 3-MA-treated
group compared with the PBS control group with CSE treat-
ment (Fig. 4G and L). Analysis of the GSE20257 dataset
demonstrated that P62 mRNA levels were significantly
positively correlated with P16 mRNA (r=0.5063, P<0.0001),
while weak positively correlated with P21 mRNA (r=0.2992,
P<0.001) (Fig. 1I and J). By contrast, P62 mRNA levels
showed significant negative correlation with SIRT1 mRNA
(r=-0.4309, P<0.0001; Fig. 1K), indicated that insufficient
autophagic clearance of damaged proteins could be involved
in accelerated cell senescence in COPD.

Discussion

COPD is a global epidemic and has been confirmed as the
third leading cause of mortality worldwide and has been
recognized as a disease of accelerated lung aging (18,19).
Increased cellular senescence is the major feature of

aging and it is widely accepted that cellular senescence
of airway epithelium plays a crucial role in COPD patho-
genesis (20,21). CS-induced autophagy impairment has
been demonstrated to be associated with accelerated
senescence in COPD (22). The present study focused on
cellular senescence and autophagy impairment in COPD,
and CSE-induced BEAS-2B cell senescence was performed
to mimic the challenge of CS on the airway epithelium of
patients with COPD. The present study demonstrated that
aging markers, such as P16 and P21, in human airway
epithelial cells was significantly increased in patients with
COPD and CSE-treated BEAS-2B cells, indicating that
accelerated cellular senescence is involved in the pathogen-
esis of COPD.

PRDXG6 is known for its notable antioxidant activity (23).
PRDXG6 is broadly expressed among tissues especially in lung
alveolar type II and Clara cells, and thus plays a crucial role
against oxidative stress in the respiratory tract (10). Oxidative
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stress is markedly increased in COPD lungs as a result of
cigarette smoking or biomass smoke exposure (24). Certain
studies have proposed that oxidative damage contributes to
the hallmarks of aging, and treatment with antioxidants may
prolong lifespan (7,25). Therefore, as an antioxidant, the role of
PRDX6 against aging has been previously investigated (12,13).
Nevertheless, the role of PRDX6 in airway epithelial cells and
in respiratory diseases, such as COPD, remains to be clari-
fied, especially when considering the regulation of PRDX6
in aging or senescence. The present study demonstrated that
a reduction in PRDX6 expression could aggravate cellular
senescence in CSE-treated BEAS-2B cells. Additionally,
PRDX6 knockdown also induced accelerated senescence in
BEAS-2B cells in the absence of CSE treatment, suggesting
a pivotal role of PRDX6 in regulating cellular senescence in
BEAS-2B cells.

Autophagy impairment is proposed to be closely asso-
ciated to cellular senescence, both of which contribute
to the pathogenesis of COPD (26). Nevertheless, whether
CSE activates autophagy or induces autophagy impairment
in lung epithelial cells remains controversial (22,27,28).
Studies showed that different concentrations or durations
of CSE treatment result in different outcomes (22,27-37).
When considering concentrations of CSE, Vij et al (22)
found that 10% CSE treatment for 6 h could induce
autophagy impairment in BEAS-2B cells, while
Wang et al (37) found that 1% CSE treatment for 1, 4, 8
and 24 h induced a marked elevation of autophagy in HBE
cells. Fujii et al (28) found that 1% CSE induced autophagy
in HBEC, which peaked 12-24 h after treatment, while was
barely detected compared to control group after 36-48 h 1%
CSE treatment, indicating that CSE-induced autophagy was
transient. In the present study it was assumed that different
concentrations or durations of CSE treatment could result
in different outcomes, and it was demonstrated that 1% CSE
was sufficient to observe significant damage and cellular
senescence changes in BEAS-2B cells. Hence, 1% CSE was
selected as the standard treatment concentration in further
experiments. Previous studies indicated that CSE treatment
could activate autophagy. However, CSE treatment in these
studies lasted <24 h (37,38). The present study hypothesized
that extending the duration of CSE treatment could induce
autophagy impairment in BEAS-2B cells. Fujii et al (28)
demonstrated that 1% CSE activates autophagy in HBE
cells at 12-24 h and more than triple the level of LC3-II
was observed in these cells compared with the control
group. The LC3-II level in the CSE treated group was
lower than that of the control group at 36-48 h. The present
study demonstrated a similar result in BEAS-2B cells,
with higher levels of LC3 II/I in the 24 h CSE treatment
group and lower levels of LC3 II/I in the 48 h CSE treat-
ment group, compared with the respective control groups.
We therefore hypothesize that CSE first induces autophagy
activation in BEAS-2B cells, which then plays a defensive
role against the toxic components in CSE. Long-term CSE
exposure then induces autophagy impairment and even
cell death. The present study demonstrated that 1% CSE
treatment for 48 h could decrease the level of autophagy in
BEAS-2B cells. Therefore, smokers could have a defective
autophagy flux compared with non-smokers, which may be

related to accelerated senescence and contribute towards
COPD progression (22,39).

There were, however, several limitations to the present
study. First, the present study only focused on PRDX6
knockdown experiments using siRNA, and PRDX6 over-
expression experiments should also be performed. Second,
only the commercial human lung epithelial cell line,
BEAS-2B, were used in the present study. Further studies
with experimental validations using lung tissue homogenate
and primary lung epithelial cells of humans and animals
are required to validate the roles of PRDX6 in the regu-
lation of autophagy and senescence in COPD. Third, it is
necessary to investigate the roles of PRDX6 in specific
signaling pathways, such as the PINK1/Parkin pathway, to
further examine the mechanisms of PRDX6 in regulating
autophagy and senescence in COPD.

In conclusion, during the development of COPD, the expres-
sion of PRDX6 is downregulated and autophagy is impaired,
which may contribute to an accelerated cellular senescence.
A reduction in PRDX6 expression may accelerate senescence,
at least in part, though stimulating autophagy impairment in
CSE-treated BEAS-2B cells.
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