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Abstract: Cigarette smoke exposure leads to chronic obstructive pulmonary disease (COPD). We investigated the role and 
underlying mechanisms of methyltransferase-like 3 (METTL3) and autophagy-related protein 5 (ATG5) in the progression 
of COPD. In a COPD mouse model exposed to cigarette smoke, lung tissues showed increased levels of METTL3, p-p65/
p65, autophagy markers (LC3 and ATG5), inflammatory factors (interleukin-6, IL-8, and TNF-α), and airway remodeling 
markers (N-cadherin, α-SMA, and Tn-C), while p62 and E-cadherin levels were decreased. Expression of METTL3 and 
ATG5 was positively correlated. These findings are consistent with observations in RAW264.7 mouse mononuclear 
macrophages exposed to cigarette smoke extract (CSE). CSE inhibited cell viability while promoting autophagy. METTL3 
knockdown counteracted CSE effects, and ATG5 overexpression reversed METTL3 knockdown outcomes. Methylated RNA 
immunoprecipitation-qPCR showed that METTL3 knockdown reduced m6A, and the actinomycin D assay suggested that 
METTL3 knockdown reduced ATG5 mRNA levels and lowered ATG5 mRNA stability. METTL3-knockdown RAW264.7 
reduced the inflammation and airway remodeling markers in the co-cultured mouse bronchial epithelial cells. In conclusion, 
inhibition of the METTL3-ATG5 axis-mediated macrophage detrimental autophagy in COPD could alleviate bronchial 
epithelial cell inflammation and reduce airway remodeling.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD), 
which is currently the fourth most common cause of 
mortality worldwide, is a serious global health concern 
[1]. COPD patients exhibit sustained airflow limitation 
and respiratory symptoms [2]. Research has shown that 
macrophage-damaging autophagy is directly related 
to lung pathogen infection, airway inflammation, cell 
apoptosis, oxidative stress, emphysema, and other pro-
cesses [3]. Macrophage-damaging autophagy affects 

the progression of COPD by influencing its polariza-
tion, the release of inflammatory factors, phagocytic 
clearance, and antigen presentation capacity [4,5]. A 
thorough examination of the role and mechanism of 
macrophage-damaging autophagy in the progression 
of COPD is crucial for effective disease mitigation.

Cigarette smoke exposure is the most impor-
tant factor leading to COPD [6]. Studies have shown 
that cigarette smoke extract (CSE) impairs the au-
tophagic degradation process, leading to increased 
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macrophage-damaging autophagy, with elevated levels 
of autophagy-related proteins 5 (ATG5) observed [7,8]. 
Dysregulation of autophagy induced by cigarette smoke/
CSE exposure leads to ciliary dysfunction and airway 
epithelial cell death, as well as induction of impaired 
autophagy and cellular senescence, thereby accelerating 
COPD progression [9,10]. ATG5 is a key molecule in 
the autophagy process. Research has shown that ATG5 
plays an important role in regulating the autophagy 
process, helping to clear damaged proteins, organelles, 
and other cellular components, thus maintaining cel-
lular health and the balance of the internal environ-
ment [11,12]. TNF in keratinocytes upregulates ATG5 
levels while activating the NF-κB pathway, which is 
accompanied by fibroblast activation and inflamma-
tory cell recruitment [13]. However, the relationship 
between macrophage-damaging autophagy and ATG5 
in COPD is unclear. Exploring this relationship and its 
potential signaling pathways may help develop novel 
avenues for COPD treatment.

RNA methylation is a reversible epigenetic modi-
fication, with m6A being the most common type 
of mRNA methylation modification [14]. Studies 
have determined that m6A modification is crucial for 
regulating RNA splicing, transport, translation, and 
stability and is closely related to the occurrence and 
progression of various human diseases [15]. The m6A-
modified circSAV1 promotes the translation of IREB2 
by recruiting YTHDF1, thereby triggering ferroptosis 
in COPD [16]. METTL3-mediated m6A modification 
induces the degradation of the UBX protein domain 1, 
activation of NF-κB, and the malignant development 
of gliomas [17]. After exposure to 5% CSE, METTL3 
mRNA levels significantly increase in human bronchial 
epithelial cells [18]. METTL3, a core component of the 
N6-methyladenosine (m6A) methyltransferase, has 
been shown to target ATG5 in germ cell malignancies 
to control autophagy and cisplatin sensitivity [19]. The 
mechanism of METTL3-ATG5 axis action in COPD 
has not been reported.

Based on the information above, we predict that 
the METTL3-ATG5 axis plays an important role in 
macrophage-damaging autophagy in COPD and in-
fluences bronchial epithelial inflammation and airway 
remodeling. We aimed to investigate the function and 
underlying mechanisms of action of the METTL3-
ATG5 axis in COPD.

MATERIALS AND METHODS

Animal experiments

This study was approved by the Medical Ethics 
Committee of Hunan Aerospace Hospital (No. 
HNHTYY20230412LLSH-016-01). Male C57BL/6 
mice (8 weeks, 20-25 g) were purchased from the 
Hunan Slake Jingda Animal Experimental Company. 
Based on previous studies, a COPD mouse model was 
established using the cigarette smoke exposure method 
[20]. In brief, the mice were housed at 22-24°C on a 
standard diet with a 12 h light-dark cycle. After ad-
aptation for 1 week, 12 C57BL/6 mice were randomly 
divided into control and experimental model groups, 
with 6 mice in each group. Experimental mice were 
placed in a 33×25×23 cm exposure box. Cigarettes 
with a tar content of 11 mg, nicotine content of 1.1 mg, 
and CO content of 12 mg, (China Tobacco Chongqing 
Industrial Co., Ltd.) were lit, and the smoke was ad-
ministered once daily (20 cigarettes each time) 5 times 
per week. Smoke exposure continued for 12 weeks 
[21]. The control group was maintained under normal 
air condition. At the end of the experiment, the mice 
were euthanized with pentobarbital sodium (200 mg/
kg, intraperitoneal injection), and lung tissues were 
collected for further research. Bronchoalveolar lavage 
(BAL) was performed by opening the chest cavities of 
mice. Phosphate-buffered saline (PBS, 800 μL) was 
slowly injected into the lungs through the trachea, 
followed by a gentle withdrawal. BAL was performed 
3 times, and lavage fluid was collected and centrifuged 
at 2000 ×g for 10 min. The cell-free supernatant was 
stored at -80°C for the enzyme-linked immunosorbent 
assay (ELISA).

Histological staining

After 12 h of baking at 60°C, the mouse lung tissue 
slices were dewaxed in water. Hematoxylin (AWI0001a, 
Abiowell, China) and eosin (AWI0001a, Abiowell) 
dyes were used to stain the sections for H&E staining. 
For Masson staining, the sections were stained with 
hematoxylin (60532ES58, Yeasen, China), lisianthus-
acid magenta (60532ES58, Yeasen), and aniline blue 
(60532ES58, Yeasen). After staining, the slices were 
sealed, blow-dried, and examined under a light mi-
croscope (BA210T, Motic).
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Cell culture

The mouse monocyte macrophage RAW264.7 (AW-
CCM002, Abiowell) and mouse primary bronchial 
epithelial cells (MIC-iCell-a008, iCell Bioscience Inc. 
China) were cultured in Dulbecco’s modified Eagle 
Medium (DMEM) (AW-MC001, Abiowell) containing 
10% fetal bovine serum (AWC0219a, Gibco) and 1% 
penicillin/streptomycin (AWH0529a, Abiowell). The 
cells were incubated at 37°C with 5% CO2 in a culture 
incubator. Cell COPD modeling: CSE at increasing 
concentrations (0, 1, 2.5, 5, or 10%) was applied to 
RAW264.7 cells for 48 h [22]. The smoke from 20 
cigarettes was collected using a syringe and bubbled 
into 50-mL DMEM. After titration to pH 7.40±0.05 and 
sterilization with a 0.22-μm filter (FPE204030, Biofil, 
China), the DMEM containing cigarette components 
was regarded as 100% CSE. The CSE was diluted to 
specific concentrations with DMEM for subsequent 
cell treatment.

Cell transfection

Transfection was performed in RAW264.7 cells using 
lipofectamine 2000 (11668019, Invitrogen Thermo 
Fischer Scientific, China) according to the manufactur-
er’s instructions [23]. The following oligos or plasmids 
were used for cell transfection: mice small interfering 
(si)-METTL3 (HG-SM019721, Honorgene, China), 
mice overexpression (oe)-ATG (HG-OM053069, 
Honorgene), and their blank controls si-NC and oe-
NC. To screen out the most effective si-METTL3 
from the three oligos provided by the manufacturer, 
si-METTL3#1, si-METTL3#2, and si-METTL3#3 
were transfected into RAW264.7 cells, respectively. 
The one that led to the lowest expression of METTL3 
was selected as the si-METTL3 for subsequent studies.

Experimental grouping

There were 10 groups in the cell experiments as fol-
lows: (i) the control group: RAW264.7 cells that were 
cultured normally; (ii) si-NC group: si-NC was used 
to transfect RAW264.7 cells; (iii) si-METTL3 group: 
si-METTL3 was used to transfect RAW264.7 cells; 
(iv) CSE+si-NC group: following 10% CSE interven-
tion for 48 h, si-NC was transfected into RAW264.7 
cells; (v) CSE+si-METTL3 group: following 10% CSE 

intervention for 48 h, si-METTL3 was transfected into 
RAW264.7 cells; (vi) CSE+si-METTL3+Rapa group: 
following 10% CSE intervention for 48 h, si-METTL3 
was transfected into RAW264.7 cells, followed by 
treatment with 5 nM rapamycin (an autophagy in-
ducer) or (AY22989, Sirolimus) for 24 h; (vii) oe-NC 
group: oe-NC was used to transfect RAW264.7 cells; 
(viii) oe-ATG5 group: oe-ATG5 was used to transfect 
RAW264.7 cells; (ix) CSE+si-METTL3+oe-NC group: 
following exposure to 10% CSE for 48 h, si-METTL3 
and oe-NC were transfected into RAW264.7 cells; (x) 
CSE+si-METTL3+oe-ATG5 group: following 10% 
CSE intervention for 48 h, si-METTL3 and oe-ATG5 
were transfected into RAW264.7 cells. The bronchial 
epithelial cell CSE, CSE+si-NC, CSE+si-METTL3, 
and CSE+si-METTL3+Rapa groups were co-cultured 
with matching RAW264.7 cells for 48h, respectively.

Western blotting

The cells and tissues of each group were collected and 
washed with pre-cooled PBS buffer, and radioimmu-
noprecipitation assay (RIPA) lysis buffer (AWB0136, 
Abiowell) was added to lyse the samples. About 25 
mg of tissue was washed using PBS, and 300 μL RIPA 
lysis buffer was added; a biosample homogenizer 
(BioPrep-24, Allsheng) was used until the tissue block 
disappeared. For cell processing, 200 μL of RIPA lysis 
buffer was added to each well of a 6-well plate after 
washing the cells with PBS. The cells were then scraped 
from the plate and disrupted using an ultrasonic cell 
disruptor (XM-250T, Xiaomei) for 1.5 min. After 
determining the protein concentration in the lysate 
with a bicinchoninic acid kit (AWB0156, Abiowell), 
protein samples of equal volumes were combined with 
5×loading buffer (AWB0055, Abiowell) and boiled in 
a water bath for 5 min to denature the proteins.

Electrophoresis was performed in a 10% polyacryl-
amide gel at a constant voltage of 75 V using a vertical 
electrophoresis apparatus (DYCZ-24DN, Liuyi) until the 
bromophenol blue trace of the loading buffer reached 
the bottom of the gel. The proteins in the gels were 
transferred to a nitrocellulose membrane (AWB0231a, 
Abiowell) at a constant current of 300 mA using a trans-
fer apparatus (DYCZ-40D, Liuyi) [24]. The membrane 
was then rinsed once in 1×phosphate-buffered saline 
with Tween 20 (PBST) and completely immersed in the 
blocking solution. The membrane was shaken at room 
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temperature for 90 min. Primary antibodies METTL3 
(15073-1-AP, 1:1000, Proteintech), light chain 3B 
(LC3B) (18725-1-AP, 1:500, Proteintech), ATG5 (10181-
2-AP, 1:1000, Proteintech), p62 (18420-1-AP, 1:4000, 
Proteintech), p-p65 (AWA47471, 1:1000, Abiowell), 
p65 (AWA00848, 1:2000, Abiowell), N-cadherin 
(22018-1-AP, 1:5000, Proteintech), α-smooth muscle 
actin (α-SMA) (AWA46841, 1:1000, Abiowell), TN-C 
(67710-1-Ig, 1:5000, Proteintech), E-cadherin (20874-
1-AP, 1:5000, Proteintech), and β-actin (66009-1-Ig, 
1:5000, Proteintech) were diluted with 1×PBST. The 
membrane was left at room temperature for 30 min 
after incubating with primary antibodies overnight at 
4°C. After incubation, the membranes were treated 
with the diluted secondary antibodies HRP goat anti-
mouse IgG (SA00001-1, 1:5000, Proteintech) and HRP 
goat anti-rabbit IgG (SA00001-2, 1:6000, Proteintech) 
at room temperature for 90 min. To observe the blot 
bands, the membrane was incubated with the ECL 
chemiluminescence solution (AWB0005, Abiowell), and 
images of the membrane were captured using chemi-
luminescence imaging equipment (ChemiScope6100, 
Clinx Science Instruments). The results were analyzed 
using the Image J software.

Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR)

Using Trizol (15596026, Thermo), total RNA was 
isolated from the cultivated cells. UV spectrophotom-
etry was used to detect the concentration and purity 
of the extracted material. Reverse transcription was 
performed using a Cwbio kit (CW2569). UltraSYBR 
Mixture (CW2601, Cwbio) was used for the RT-qPCR 
reaction. The PCR reaction parameters were as follows: 
30 μL system, pre-denaturation at 95°C for 10 min, 
denaturation at 95°C for 15 s, annealing extension 
at 60°C for 30 s, and 40 cycles. β-actin served as an 
internal control. Differences in gene expression levels 
were computed using the 2-ΔΔCt method. The design of 
primer sequences was as follows: M-β-actin forward 
5'-ACATCCGTAAAGACCTCTATGCC-3', reverse 
5'-TACTCCTGCTTGCTGATCCAC-3'; M-ATG5 
forward 5'-CACCCCTGAAATGAGTTTTCCA-3', 
reverse 5'-GGTTGATGGCCCAAAACTGG-3'.

Cell Counting Kit-8 (CCK-8) assay

A 96-well plate was filled with 300 µL of medium with 
a cell density of 5×103 cells per well. The plate was then 
placed in the incubator to continue to grow. Following 
treatment, each well received medium contained a 
10% CCK8 working solution (AWC0114b, Abiowell). 
Optical density (OD) at 450 nm was measured using 
a microplate reader (MB-530, Heales) after incuba-
tion for 4 h.

ELISA

The cells and BAL from each group were collected and 
centrifuged at 1000 ×g at 4°C for 15 min. Following 
aspiration of the supernatant, the levels of IL-6, IL-8, 
and TNF-α were measured using ELISA kits, following 
the instructions for IL-6 (CSB-E04639m, Cusabio), 
IL-8 (EM1592, Wuhan Fine Biotech), and TNF-α 
(CSB-E04741m, Cusabio).

Immunofluorescence

The slides were fixed in 4% paraformaldehyde for 30 
min after washing with PBS 3 times. Following fixa-
tion, coverslips were washed for 3-5 min with PBS, 
permeabilized for 30 min at 37°C with 0.3% Triton 
X-100, and washed for 3 min with PBS. After block-
ing for 60 min at 37°C with 5% BSA, the coverslips 
were washed 3 times with PBS. Primary antibodies 
against LC3B and METTL3 were added after wash-
ing and incubated at 4°C overnight. The coverslips 
underwent 5-min PBS washes 3 times. Next, 50-100 
μL of fluorescently labeled secondary goat anti-rabbit 
IgG (H+L) antibodies, Alexa Fluor 488 (AWS0005c, 
1:200, Abiowell) and goat anti-mouse IgG (H+L), 
Alexa Fluor 594 (AWS0004c, 1:200, Abiowell) were 
added and incubated at 37°C for 90 min. Following 
incubation, the coverslips were washed with PBS three 
times for 5 min. The cells were rinsed three times with 
PBS for 5 min each after staining with DAPI working 
solution (17511, AAT Bioquest) for 10 min at 37°C. A 
fluorescence microscope (BA410T, Motic) was used 
to observe the samples.
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Methylated RNA immunoprecipitation  
(MeRIP)-qPCR

The m6A levels of ATG5 in cells were detected using 
an RNA immunoprecipitation kit (RIP, Sigma). The 
cells were rinsed twice with PBS, followed by 5-min 
centrifugation at 200×g at room temperature to discard 
the supernatant. The cell pellet (about 100 μL) was 
resuspended in 100 μL of RIP lysis buffer and incu-
bated on ice for 5 min before storage at -80°C. Protein 
A magnetic beads were washed and then resuspended 
in 100 μL RIP wash buffer. Four μg of m6A antibody 
(68055-1-Ig, Proteintech) or IgG antibody were added 
to the corresponding centrifuge tubes and incubated 
with magnetic beads for 30 min at room temperature. 
The centrifuge tube with the magnetic beads was 
placed in a magnetic field to discard the supernatant, 
and 900 μL of RIP was added. Following lysate thaw-
ing, the mixture was centrifuged for 10 min at 4°C 
at 18756×g. The supernatant was then collected and 
transferred to the pre-prepared centrifuge tube contain-
ing magnetic beads. The samples were then incubated 
overnight at 4°C with rotation. After rinsing with RIP 
wash buffer, magnetic beads that captured RNA were 
digested by adding 150 μL Proteinase K (CW2584M, 
CWbio) work solution (2.4 μg/μL) at 55°C for 30 min. 
Subsequently, RNA isolation was carried out through 
TRIzol, followed by RT-qPCR analysis.

RNA stability assay

ATG5 mRNA stability was determined using the pre-
vious method [25,26]. Cells that reached 50% conflu-
ence were treated with actinomycin D (5 μg/mL) for 
0, 2, 6, 12, and 24 h. Following this step, the cells were 
harvested, and ATG5 mRNA levels were measured 
using RT-qPCR.

Statistical analysis

Statistical analysis was performed using GraphPad 
Prism 8.0.1 software, and all data were presented as the 
mean±standard deviation (SD). For samples that fol-
lowed a normal distribution, comparisons between two 
groups were performed using the t-test, comparisons 
among multiple groups were conducted using one-way 
and two-way analysis of variance (ANOVA) tests, and 
post hoc multiple comparisons were performed using 

Tukey’s multiple comparison tests. A significance level 
of P<0.05 was considered statistically significant. Each 
experiment was repeated 3 times, and each group was 
set up with at least 3 independent samples.

RESULTS

METTL3 was upregulated in the lung tissue of 
COPD mice

To elucidate the function of METTL3 in the progres-
sion of COPD, we investigated its correlation with 
autophagy and inflammatory factors. The H&E staining 
results (Fig. 1A) revealed that compared to the control 
group, the airway wall of mice in the COPD group 
was thicker, the airway structure was disrupted, and 
fibrotic changes and inflammatory cell infiltration were 
observed. The lung injury score, mean alveolar septal 
thickness, and mean linear intercept of alveoli of mice 
in the COPD group were significantly higher than in 
the control group. The mean alveolar number was lower 
than in the control group (Fig. 1B). Masson staining 
indicated that collagen deposition in the lung tissue of 
COPD mice was higher than that in the control group 
(Fig. 1C). Western blot analysis revealed an apparent 
increase in the levels of METTL3, LC3B, ATG5, and 
p-p65/p65 in lung tissues of COPD mice; the levels of 
p62 were significantly lower than in the control group 
(Fig. 1D-1E). ELISA results showed the levels of IL-6, 
IL-8, and TNF-α in the BAL fluid of lung tissues were 
higher than those in the control group (Fig. 1F-1H). 
N-cadherin, α-SMA, and Tn-C protein levels in lung 
tissues were higher in the COPD group than in the 
control group. In contrast, the E-cadherin level was 
significantly decreased (Fig. 1I). The expression of 
METTL3 was positively correlated with LC3B, ATG5, 
IL-6, IL-8, and TNF-α, according to Pearson’s correla-
tion analysis (Fig. 1J-1K). These findings showed that 
METTL3 expression was increased in the lung tissues 
of COPD mice, and there was a positive correlation 
between METTL3 expression and LC3B, ATG5, IL-6, 
IL-8, and TNF-α in COPD lung tissues.

METTL3 reduction was followed by lower  
CSE-mediated macrophage autophagy

To investigate the effect of METTL3 on CSE-mediated 
macrophage autophagy, we measured the autophagy 
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level in macrophages after METTL3 knockdown. 
Results from the CCK-8 assay showed that at 24 h and 
48 h, the cell viability of RAW264.7 cells treated with 
1%, 2.5%, 5%, and 10% CSE was lower than that of the 
0% CSE group, with the lowest cell viability observed 
in the 10% CSE group (Fig. 2A). The 10% CSE group 
was selected for subsequent studies. As shown in Fig. 
2B, the levels of METTL3 in the si-METTL3#1, si-
METTL3#2, and si-METTL3#3 groups were signifi-
cantly lower than in the si-NC group, with the lowest 
level observed in the si-METTL3#1 group. We selected 
si-METTL3#1 for further studies.

As shown in Fig. 2C and D, the CSE group dis-
played higher METTL3, LC3B II/I, and ATG5 levels 
than the control group, but the p62 level was lower. 
The CSE+si-METTL3 group exhibited significantly 
decreased levels in METTL3, LC3B II/I, and ATG5 
compared to the CSE+si-NC group, with an increase 
in p62. The addition of rapamycin led to significant 
rises in METTL3, LC3B II/I, and ATG5 levels and a 
decrease in p62. The CSE group’s LC3B levels were 
higher than those in the control group. LC3B levels in 
the CSE+si-METTL3 group were significantly lower 
than in the CSE+si-NC group. After rapamycin in-
tervention, there was an increase in LC3B levels (Fig. 
2E, Supplementary Fig. S1). As shown in Fig. 2F, the 
levels of p-p65/p65 in the CSE group were significantly 
higher than in the control group, while the levels of 
p-p65/p65 in the CSE+si-METTL3 group were lower 
than in the CSE+si-NC group. Rapamycin reversed the 
effects of METTL3 knockdown. These results showed 
that reduced levels of METTL3 were accompanied by 
decreased levels of autophagy parameters, indicating 
that METTL3 may have a promoting effect on CSE-
mediated macrophage autophagy.

METTL3 promoted CSE-mediated macrophage 
autophagy through m6A-dependent regulation of 
ATG5

To investigate whether METTL3 regulates ATG5 
through m6A-dependent mechanisms in COPD, we 
measured the m6A and mRNA levels of ATG5 after 
inhibiting METTL3. The si-METTL3 group showed 
a decrease in both m6A and mRNA levels of ATG5 
compared to the si-NC group (Fig. 3A and B). These 
findings suggest that METTL3 regulates the expres-
sion of ATG5. There was no discernible difference 

Fig. 1. METTL3 was upregulated in the lung tissue of COPD 
mice. A – H&E staining images of lung tissue in mice. A, B – The 
result of lung injury score, mean alveolar septal thickness, mean 
linear intercept of alveoli, and mean alveolar number. C – Masson 
staining of lung tissue in mice. D, E – The levels of METTL3, 
LC3B, ATG5, p62, and p-p65/p65 detected by Western blotting. 
F, G, H – IL-6, IL-8, and TNF-α levels detected by ELISA. I – The 
E-cadherin, N-cadherin, α-SMA, and Tn-C levels estimated by 
Western blotting. J, K – Pearson correlation analysis of METTL3 
with LC3B, ATG5, IL-6, IL-8 and TNF-α. *P<0.05 vs. the control.
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between the si-NC group and the control group in 
the ATG5 mRNA stability assay; after knocking down 
METTL3, the stability of ATG5 mRNA decreased 
(Fig. 3C). To further investigate the impact of the 
METTL3-ATG5 axis on macrophage autophagy, we 
measured autophagy levels in macrophages following 
METTL3 knockdown and ATG5 overexpression. ATG5 
levels did not differ significantly between the oe-NC 
and control groups. In contrast, the oe-ATG5 group 
exhibited higher ATG5 levels than the oe-NC group 
(Fig. 3D), indicating that oe-ATG5 was successfully 
transfected. Fig. 3E shows that METTL3, LC3B II/I, 
and ATG5 levels in the CSE group were considerably 
higher than in the control group, whereas the p62 level 
was lower. Knocking down METTL3 caused an apparent 
decline in METTL3, LC3B II/I, and ATG5 levels and 
an increase in p62 levels. ATG5 overexpression caused 
an increase in METTL3, LC3B II/I, and ATG5 and a 
decline in p62. Immunofluorescence results showed 
higher levels of METTL3 and LC3B in the CSE group 
than in the control group.

The knockdown of METTL3 led to a decrease in 
METTL3 and LC3B. Transfection with ATG5 overex-
pression led to a significant increase in the levels of 

METTL3 and LC3B (Fig. 3F, Supplementary Fig. S2). 
As shown in Fig. 3G, the p-p65/p65 level in the CSE 
group was higher than in the control group. Knockdown 
of METTL3 led to an essential decrease in p-p65/p65, 
whereas transfection of ATG5 overexpression signifi-
cantly increased p-p65/p65. These results indicate that 
METTL3 regulates ATG5 expression through m6A 
modification promoting CSE-mediated macrophage 
autophagy. Also, ATG5 overexpression led to a sig-
nificant increase in METTL3 (Fig. 3E).

Inhibition of METTL3-ATG5-mediated 
macrophage autophagy alleviated the bronchial 
epithelial cell inflammatory response and airway 
remodeling

To study whether METTL3-ATG5-mediated macro-
phage autophagy could affect bronchial epithelial cell 
inflammation and airway remodeling, we co-cultured 
mouse bronchial epithelial cells with macrophages and 
assessed the relevant indicators of these processes in 
bronchial epithelial cells. As shown in Fig. 4A, p-p65/
p65 in the CSE group was higher than in the control 
group. However, METTL3 knockdown led to a decline 

Fig. 2. METTL3 enhanced CSE-mediated macrophage autophagy. A – The CCK-8 test used to determine the 
viability of RAW264.7 cells. B, C – The levels of METTL3 detected by Western blotting. D – The levels of LC3B, 
ATG5, and p62 measured by Western blotting. E – Immunofluorescence staining of LC3B. F – The levels of p-p65/
p65 assessed by Western blotting. *P<0.05 vs. the control, #P<0.05 vs. CSE+si-NC, &P<0.05 vs. CSE+si-METTL3.
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in p-p65/p65 levels. The level of p-p65/p65 was signifi-
cantly increased with the addition of rapamycin. ELISA 
results showed that the CSE group had considerably 
higher IL-6, IL-8, and TNF-α levels than the control 
group. IL-6, IL-8, and TNF-α levels decreased when 
METTL3 was knocked down but significantly increased 
when rapamycin was added (Fig. 4B, C, and D). Western 
blotting results revealed that the levels of N-cadherin, 
α-SMA, and Tn-C in the CSE group were higher than 
in the control group, while the E-cadherin level was 
significantly decreased. Knockdown of METTL3 led 
to a decline in N-cadherin, α-SMA, and Tn-C levels, 
and a significant increase in E-cadherin. Rapamycin 

addition led to increases in N-cadherin, 
α-SMA, and Tn-C levels and a decline in 
E-cadherin (Fig. 4E). These results show 
that inhibiting METTL3-ATG5-mediated 
macrophage autophagy reduces bronchial 
epithelial cell inflammation and airway 
remodeling.

DISCUSSION

METTL3 plays an essential role in mul-
tiple biological processes [27]. Studies 
have revealed increased expression of 
METTL3 in COPD, which was signifi-
cantly correlated with genes enriched 
in signaling pathways and biological 
processes that promote the progression 
of COPD [18,28]. In this study, we dis-
covered that METTL3 could influence 
the progression of COPD by regulating 
macrophage-damaging autophagy medi-
ated by ATG5.

Previous studies have shown that 
cigarette smoke exposure can cause 
abnormal inflammatory responses in 
the airways and alveoli [29]. Long-term 
exposure to cigarette smoke is also the 
main cause of COPD [30,31]. The oc-
currence and progression of COPD are 
closely associated with CSE-induced 
dysregulation of lung cell autophagy [8]. 
In this study, the lung tissues of COPD 
mice were infiltrated by inflammatory 
cells, and the airways were disrupted. 
This result was consistent with previous 

findings [32]. CSE leads to increased macrophage-
damaging autophagy, with an increase in ATG5 [7]. 
Our results showed that cigarette smoke-induced 
COPD mouse lung tissue inflammation and airway 
remodeling increased concurrently with an increase 
in autophagy mediated by ATG5. CSE has been re-
ported to increase LC3B-II expression and induce 
macrophage-damaging autophagy [33]. Macrophages 
play a central role in coordinating inflammation, em-
physema formation, and lung parenchymal destruction 
in COPD patients [34]. An increase in macrophage 
counts has been reported in the sputum, BAL fluid, 

Fig. 3. METTL3 promoted CSE-mediated macrophage autophagy through m6A-dependent 
regulation of ATG5. A – MeRIP-qPCR for m6A levels of ATG5 in RAW264.7 cells. B – 
ATG5 levels assessed by RT-qPCR. C – ATG5 mRNA stabilization assay. D - The levels 
of ATG5 measured by Western blotting. E – LC3B, ATG5, and p62 levels measured by 
Western blotting. F – Immunofluorescence staining of LC3B and METTL3. G – p-p65/
p65 levels measured by Western blotting. *P<0.05 vs. the control, #P<0.05 vs. CSE+si-NC, 
&P<0.05 vs. CSE+si-METTL3+oe-NC.
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lung parenchyma, and airways of COPD patients [35]. 
Based on this, we speculated that CSE stimulation 
enhances ATG5-mediated macrophage-damaging 
autophagy, exacerbated inflammation, and airway 
remodeling in COPD mice.

The potential role of m6A modifications in COPD 
is a hot topic [24]. In smoking-induced COPD patients 
and cell models of COPD, the expression of METTL3 
was significantly increased [18]. METTL3 has been 
shown to promote autophagy by stabilizing ATG5 

mRNA in osteosarcoma [36]. Increased METTL3 
expression upregulates NF-κB and other inflam-
matory factors in microglial cells [37]. Herein 
we report that METTL3 expression was elevated 
in the lung tissues of COPD mice and positively 
correlated with ATG5 and inflammation markers. 
Therefore, METTL3 may regulate macrophage-
damaging autophagy mediated by ATG5, affect-
ing COPD inflammation and airway remodeling. 
Furthermore, the present study demonstrated 
that knocking down METTL3 alleviated the 
expression of the markers of inflammation and 
fibrosis in mouse bronchial epithelial cells co-
cultured with RAW264.7 cells treated with CSE. 
The autophagy inducer rapamycin reversed the 
effects of METTL3 knockdown. Considering 
the above, we propose that METTL3 exacer-
bates bronchial epithelial cell inflammation and 
airway remodeling by enhancing CSE-induced 
macrophage-damaging autophagy.

Studies have shown that the level of m6A 
modification is abnormally expressed in the 
lung tissues of COPD patients [38]. METTL3 
is the core catalytic enzyme of m6A and plays a 
critical role in m6A modification [39]. ATG5 is 
a key gene in the autophagy process, along with 
autophagy-related proteins such as ATG12/16L 
and LC3, which collectively participate in the 
extension of autophagic vesicles and drive the au-
tophagic process [40]. In our study, we found that 
METTL3 enhanced the mRNA stability of ATG5 
by increasing the m6A level of ATG5, and that 
ATG5 overexpression increased the autophagy 
level of macrophages. This result indicated that 
METTL3 promoted ATG5 mRNA transcrip-
tion in an m6A-dependent manner and that 
ATG5 was associated with impaired autophagy 
in COPD macrophages. METTL3 upregulated 

the expression of ATG5 through m6A modification, 
thereby promoting macrophage-damaging autophagy. 

The crosstalk between autophagy and the RNA 
methylation/demethylation pathway is complex. FTO, 
an m6A demethylase, could elevate ATG5 expression 
via YTHDF2 in mouse pre-adipose cells; the decrease 
of ATG5 conversely leads to a reduction in FTO in 
melanoma [41]. Let-7g is a microRNA targeting 3’-UTR 
of METTL3 and promoting its expression. In breast 

Fig. 4. Inflammatory response markers and airway remodeling were al-
leviated in mouse bronchial epithelial cells co-cultured with macrophages 
inhibiting the METTL3-ATG5 axis. A – The levels of p-p65/p65 in mouse 
bronchial epithelial cells were measured by Western blotting. B, C, D – 
The levels of IL-6, IL-8, and TNF-α in the mouse bronchial epithelial cell 
supernatant detected by ELISA. E – The levels of E-cadherin, N-cadherin, 
α-SMA, and Tn-C in mouse bronchial epithelial cells estimated by Western 
blotting. *P<0.05 vs. the control, #P<0.05 vs. CSE+si-NC, &P<0.05 vs. 
CSE+si-METTL3.
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cancer, hepatitis B, virus X-interacting protein (HBXIP) 
protein enhances METTL3 expression by inhibiting 
let-7g, while METTL3 could promote HBXIP expres-
sion by upregulating the m6A modification levels of 
HBXIP, forming a positive feedback loop [42]. In the 
present study, we observed that ATG5 was diminished 
after METTL3 knockdown, while overexpressed ATG5 
resulted in the elevation of METTL3. These results 
indicate the presence of positive feedback mechanisms 
involving other molecules in the regulation of the 
METTL3-ATG5 axis. Future studies utilizing high-
throughput biological experimental techniques may 
uncover these mechanisms and offer new insights for 
treating COPD.

Our study further explored the impact of down-
regulating METTL3 expression in mouse bronchial 
epithelial cells co-cultured with macrophages. The 
results showed that inhibiting the METTL3-ATG5 
axis reduced the destructive autophagy of macro-
phages, which may alleviate the bronchial epithelial 
cell inflammatory response and reduce airway re-
modeling. However, we only investigated the impact 
of METTL3-ATG5-mediated macrophage-damaging 
autophagy on mouse bronchial epithelial cells. Given 
the differences between species, we intend to further 
validate the findings of this study in a clinical setting, 
and in human cells.

In conclusion, our study demonstrates that inhibit-
ing METTL3 expression can mitigate ATG5-mediated 
harmful autophagy in macrophages, leading to a reduc-
tion in bronchial epithelial inflammation and airway 
remodeling associated with COPD. This research 
introduces novel concepts for potential interventions 
and treatments for the disease.
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