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Abstract 

Background Chronic obstructive pulmonary disease (COPD) is a common respiratory disease and represents 
the third leading cause of death worldwide. This study aimed to investigate miRNA regulation of Receptor 
for Advanced Glycation End-products (RAGE), a causal receptor in the pathogenesis of cigarette smoke (CS)-related 
COPD, to guide development of therapeutic strategies.

Methods RAGE expression was quantified in lung tissue of COPD patients and healthy controls, and in mice with CS-
induced COPD. RNA-sequencing of peripheral blood from COPD patients with binding site prediction was used 
to screen differentially expressed miRNAs that may interact with RAGE. Investigation of miR-23a-5p as a potential reg-
ulator of COPD progression was conducted with miR-23a-5p agomir in COPD mice in vivo using histology and SCIREQ 
functional assays, while miR-23a-5p mimics or RAGE inhibitor were applied in 16-HBE human bronchial epithelial cells 
in vitro. RNA-sequencing, ELISA, and standard molecular techniques were used to characterize downstream signaling 
pathways in COPD mice and 16-HBE cells treated with cigarette smoke extract (CSE).

Results RAGE expression is significantly increased in lung tissue of COPD patients, COPD model mice, and CSE-
treated 16-HBE cells, while inhibiting RAGE expression significantly reduces COPD severity in mice. RNA-seq analysis 
of peripheral blood from COPD patients identified miR-23a-5p as the most significant candidate miRNA interaction 
partner of RAGE, and miR-23a-5p is significantly downregulated in mice and cells treated with CS or CSE, respectively. 
Injection of miR-23a-5p agomir leads to significantly reduced airway inflammation and alleviation of symptoms 
in COPD mice, while overexpressing miR-23a-5p leads to improved lung function. RNA-seq with  validation confirmed 
that reactive oxygen species (ROS) signaling is increased under CSE-induced aberrant upregulation of RAGE, and sup-
pressed in CSE-stimulated cells treated with miR-23a-5p mimics or overexpression. ERK phosphorylation and subse-
quent cytokine production was also increased under RAGE activation, but inhibited by increasing miR-23a-5p levels, 
implying that the miR-23a-5p/RAGE/ROS axis mediates COPD pathogenesis via ERK activation.

Conclusions This study identifies a miR-23a-5p/RAGE/ROS signaling axis required for pathogenesis of COPD. MiR-
23a-5p functions as a negative regulator of RAGE and downstream activation of ROS signaling, and can inhibit COPD 
progression in vitro and in vivo, suggesting therapeutic targets to improve COPD treatment.
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Background
Chronic obstructive pulmonary disease (COPD) is the 
most common chronic disease of the respiratory sys-
tem, characterized by persistent respiratory symptoms 
and limitation of airflow. Its main pathological features 
include chronic airway inflammation, airway remodeling, 
and emphysema, and thus posing a serious danger to 
public health [1, 2], with the latest study of Global Burden 
of Disease (GBD) identifying COPD as the third lead-
ing cause of death worldwide [3]. In previous work, our 
team spearheaded the China Adult Pulmonary Health 
Study (CPHS) survey, revealing a COPD prevalence of 
13.7% among people aged 40 and above in China. Based 
on national census data, an estimated 100 million indi-
viduals suffer from COPD in China alone [4], but despite 
its high socioeconomic burden and mortality rate, our 
understanding of the mechanisms underlying the onset 
and progression of this chronic lung ailment remains 
incomplete. Furthermore, this long-standing gap in 
knowledge gap poses challenges for identifying new and 
potentially effective therapeutic targets for this pressing 
public health issue.

Long-term exposure to cigarette smoke (CS) or sec-
ond-hand smoke is among the main causes of COPD, 
and they have been firmly linked through experimental 

evidence [5]. Cigarette smoke can induce inflammatory 
responses in various tissues, and especially in the air-
way epithelium. This inflammatory response can further 
lead to sustained recruitment of immune cells, squamous 
metaplasia, high mucus secretion, cilia shedding, and 
limited airflow [6]. Additionally, oxidative stress induced 
by cigarette smoke can disrupt connections between 
adjacent epithelial cells, which plays a crucial role in the 
development of emphysema [7–9].

Among the molecular genetic factors contributing to 
COPD, previous studies have identified Receptor for 
Advanced Glycation End-products (RAGE) as a cen-
tral component in the development of inflammation 
in COPD [5, 10]. As a transmembrane pattern recogni-
tion receptor, RAGE can bind to numerous endogenous 
ligands, such as HMGB1, S100, HSP70, etc., respectively 
activating MAPK/NF-κB, Ras, PI3K-AKT, and other sign-
aling pathways that stimulate the release of inflammatory 
mediators, cytokines, and chemokines, which in turn 
trigger a strong inflammatory cascade that ultimately 
leads to tissue destruction and organ damage [11–14]. 
Previous genome-wide association studies (GWAS) have 
identified RAGE as a susceptibility gene for COPD [15]. 
Furthermore, RAGE overexpression in mouse bronchial-
alveolar lavage fluid (BALF)   upregulates the expression 
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of inflammatory factors, accelerates epithelial cell apop-
tosis, and consequently increasing susceptibility to 
emphysema [16]. Notably, the extent of emphysema for-
mation, abundance of infiltrating inflammatory immune 
cells, and inflammatory factor levels in BALF were all 
significantly lower in RAGE knockout mice compared to 
wild-type controls exposed to cigarette smoke [17]. Spe-
cific antagonist of RAGE can inhibit inflammatory cell 
aggregation, inflammatory factor secretion, and expan-
sion of alveolar spaces induced by elastase [18]. Alterna-
tively, cigarette smoke can induce RAGE expression in 
alveolar epithelial cells, which subsequently contributes 
to lung inflammation [19]. Previous work by our research 
group revealed that RAGE mRNA levels in peripheral 
blood of COPD patients are negatively correlated with 
 FEV1, an indicator of lung function [20]. However, the 
mechanism by which increased RAGE expression leads 
to COPD pathogenesis has not been fully determined, 
while the upstream regulatory mechanism responsible 
for its activation remains unclear.

MiRNAs are non-coding, single-stranded, 20–24 
nucleotide (nt) small RNAs that are known to inhibit 
translation or mediate degradation of target gene 
mRNAs through binding to a 6–8 nt or longer comple-
mentary sequence in the 3′ untranslated region (3’UTR). 
This post-transcriptional regulation has been identified 
in cell differentiation, apoptosis, and proliferation among 
other fundamental cellular processes [21]. Studies exam-
ining miRNA expression in lung tissue, specific cell types 
in the lung, peripheral blood, and immune cells have 
identified many miRNAs associated with COPD and/
or COPD-related phenotypes, such as emphysema and 
asthma-COPD overlap syndrome [22–25]. The effects of 
smoking and cigarette smoke components on miRNA 
expression and function are well-established as central 
features of COPD research, especially studies aiming to 
elucidate the relationship between exposure to cigarette 
smoke and non-coding RNAs (including miRNAs), their 
role in COPD pathogenesis, and new therapeutic targets 
for treating COPD.

Due to the lack of studies on miRNA regulation of 
RAGE in COPD, we screened bulk RNAseq data from 
COPD patients and healthy volunteers and found that 
miR-23a-5p is down-regulated, while RAGE is aber-
rantly upregulated, in COPD, which led to our hypoth-
esis that RAGE may be a regulatory target of miR-23a-5p. 
Using a cigarette smoke (CS)-induced murine model 
of COPD and human bronchial epithelial (16-HBE) 
cells, we explored the relationship between miR-23a-5p 
and RAGE and its role in the pathogenesis of COPD. 
Our results confirmed that miR-23a-5p is downregu-
lated while RAGE is upregulated following CS expo-
sure. Increased RAGE expression activates downstream 

ROS-mediated signaling, which in turn promotes infiltra-
tion of inflammatory cells and production of inflamma-
tory cytokines. Alternatively, overexpressing miR-23a-5p 
or applying a miRNA mimic in  vitro, or injection with 
miR-23a-5p agomir in vivo can suppress RAGE upregula-
tion, ROS signaling and downstream inflammatory factor 
secretion, ultimately conferring therapeutic effects ame-
liorating damage from lung inflammation and alveolar 
structural destruction, and inhibiting COPD progression. 
Our study provides a basis for targeting miR-23a-5p to 
inhibit RAGE-mediated inflammatory response and alve-
olar destruction processes in COPD, warranting further 
exploration as potential therapeutic strategy for COPD.

Methods
Subjects
According to a preliminary clinical cohort study, we 
selected 13 patients with COPD alongside 19 healthy 
controls. All subjects were from the China-Japan Friend-
ship Hospital, and 13 patients with COPD met the diag-
nostic criteria: after inhaling bronchodilators,  FEV1/
FVC < 70%. All subjects provided written informed 
consent. The study received approval from the Eth-
ics Committee of the China-Japan Friendship Hospital 
(2022-KY-141).

Animals
Six to 8-week-old male C57BL/6 mice were acquired 
from Si Pei Fu (Beijing) Biotechnology Co., Ltd. All mice 
were housed in a controlled, pathogen-free environment 
in the Animal Experiment Center of the Clinical Medical 
Research Institute of the China-Japan Friendship Hos-
pital. Mice were housed at room temperature (24 ± 2 °C) 
under a 12-h light/ 12-h dark cycle and consistent 
humidity (50 ± 5%). All experimental protocols received 
approval from the Animal Research Ethics Committee of 
the China-Japan Friendship Hospital.

In vivo CS exposure
The CS-exposed mice were placed into the exposure 
chamber, and an automatic lighter was used to light the 
cigarette. A vacuum extractor was employed to inhale 
the smoke into the exposure chamber. Each exposure 
consisted of 20 cigarettes, and the particle concentration 
in the chamber was maintained at 80–120  mg/m3. The 
exposure lasted for 60  min, 4 times daily, five days per 
week. The control group was exposed to fresh air during 
each session, and this experiment lasted 24  weeks. All 
mice were fed a normal diet with a 12-h light/ 12-h dark 
cycle.
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Mouse lung function examination
Weights were examined in mice after exposure to suffi-
cient modeling time, and a corresponding volume of 2% 
pentobarbital sodium intraperitoneal injection (5 µL/g) 
was administered. Following anesthesia, the mice were 
subjected to tracheal intubation. The SCIREQ small 
animal invasive lung function instrument was used to 
examine the lung function of the mice, including meas-
urements of deep inspiratory volume (IC), main airway 
resistance (Rn), and 0.1-s rate  (FEV0.1/FVC).

Collection of alveolar lavage fluid
Following lung function testing in mice, 0.8  mL of PBS 
was injected into both lungs via an air tube and rinsed 
5 times. The aspirated lavage solution was centrifuged at 
4 ℃ for 10 min, and the resulting supernatant was stored 
at − 80 ℃ for cytokine assessment. A sample of 1 mL PBS 
containing 1% BSA was used to resuspend the cell pre-
cipitate, and 10 μL of the cell suspension was obtained 
for cell counting. The cell concentration was adjusted 
after cell counting. A Cytospin centrifuge (Thermofisher, 
USA) was used to obtain the cells, which were fixed with 
4% paraformaldehyde following air drying (Servicebio, 
Wuhan). Cell slides were stained using hematoxylin and 
eosin (H&E) for classification and counting.

Pathological staining of mouse lung tissue
Mouse lung tissue was fixed using 4% paraformalde-
hyde for 24 h. After fixation, the lungs were embedded in 
paraffin for H&E examination. The mean lining interval 
(MLI) was determined based on previous studies.

Luciferase activity assessment
Control plasmids (Genepharm, China) and plasmids 
carrying the AGER 3′-UTR of wild-type and mutant 
were co-transfected in conjunction with the miR-23a-5p 
mimic and a non-targeting control miRNA, respectively, 
into 293T cells. Subsequent to a 24-h incubation, har-
vest, and lysis, and the cells’ chemiluminescence intensity 
was examined by using a Dual-Luciferase Reporter Assay 
Kit (Promega, USA). The activity of firefly luciferase was 
standardized with Renilla luciferase as reference.

Fluorescence in situ hybridization (FISH)
Based on the manufacturer’s instructions from 
RNAWeAMI ™, an in situ hybridization multiple fluores-
cence detection kit (Xavier Biotechnology Co., Ltd.) was 
used for RNA FISH. An assembly of dual-tagged probes 
targeting RAGE and miR-23a-5p was designed, and 
FISH was conducted on paraffinized sections of mouse 
lung tissue. Deparaffinization was performed using a 
series consisting of continuous xylene, graded ethanol, 
and deionized water, followed by antigen thermal repair 

and digestion using proteinase K and pretreatment with 
hydrogen peroxide solutions. Following pre-hybridiza-
tion treatment, multiple target probe 1 hybridization, 
multiple target probe 2 hybridization, and multiple fluo-
rescence probe hybridization (RAGE/IF488, miR-23a-5p/
IF550) were conducted sequentially. After DAPI stain-
ing of the nuclei, cells were observed using a fluores-
cence microscope (Nikon). Green fluorescence indicated 
positive staining with RAGE, while red fluorescence 
indicated positive staining with miR-23a-5p. The mean 
fluorescence intensity (MFI) analysis was conducted 
using ImageJ software (NIH).

Immunofluorescence
16-HBE cells were inoculated onto the cell slides (NEST, 
Wuxi) within a 24-well plate and stimulated using CSE 
for 24 h. The slides were immersed in PBS three times in 
the culture plate, for 3 min each time. The slide was then 
fixed with 4% paraformaldehyde for 15  min and soaked 
in PBS. Cell slides were washed in 0.5% Triton X-100 
(PBS preparation) at room temperature for 20 min before 
being transferred to PBS. Water-absorbent paper was 
used to dry the PBS, and 10% donkey serum was added 
at room temperature for 30  min. Following this, a suf-
ficient amount of 1:100 anti-RAGE antibody (Abcam, 
ab216329) was added onto each slide and placed in an 
incubation chamber. After incubation at 4  °C overnight, 
the slides were immersed in PBST, and diluted 1:200 anti-
rabbit secondary antibody (abbkine) was added dropwise. 
The slides were incubated at room temperature for 1  h. 
An anti-fluorescence quenching sealing agent contain-
ing DAPI was used for sealing, and immunohistochemi-
cal images were captured using a Nikon microscope 
(ECLIPSE Nikon). Image analysis was conducted using 
ImageJ software (NIH). RAGE expression levels were 
compared based on the average fluorescence intensity.

Immunohistochemistry
After paraffinized mouse lung tissue sections were 
dewaxed, antigen repair was conducted using Tris–
EDTA buffer (pH 9.0). After treatment with a 3% hydro-
gen peroxide solution, the sections were sealed at room 
temperature using an immunostaining blocking solution 
(Biyuntian) for 30  min. A dilution of 1:1000 anti-RAGE 
antibodies (Abcam, ab216329) was dripped onto paraf-
fin sections and incubated overnight at 4  °C. Following 
immersion in HRP-labeled anti-rabbit secondary anti-
body (Beijing Guanxingyu Technology Co., Ltd.) was 
added, and the slices were incubated at room tempera-
ture for 1 h. The color rendering was performed using the 
DAB method, and the cells were stained using hematoxy-
lin. The slices were dehydrated and preserved using neu-
tral balsam. Immunohistochemical images were acquired 
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using a fully automatic scanning machine (3D HISTECH, 
Hungary) and analyzed using ImageJ software (NIH). 
The expression levels of RAGE were analyzed by ImageJ 
(NIH) for proportion of positive signal area.

rt‑qPCR
After employing the TriZol-chloroform-isopropanol 
method to extract RNA from cells and lung tissues, 
reverse transcription was conducted using a Takara 
cDNA one-step synthesis kit (Takara, RR036A). Subse-
quently, qPCR was conducted using a StepOne Plus real-
time PCR system (Takara, RR420A). All primers were 
obtained from Shanghai Sheng Gong Biotechnology Co., 
Ltd., China. All mRNA expression values were expressed 
using GUS or β-Actin as internal references for compari-
son, and the 2 − ΔΔ CT method was used for analysis. The 
primers used in qPCR are outlined in Table 1.

Western blotting
The lysates of 16-HBE cells and lung tissues following 
cigarette smoke exposure were prepared using RIPA 
buffer (Beyotime, P0013B) containing cOmplete™ Pro-
tease Inhibitor Cocktail (Roche Diagnostics GmbH, 
4693132001-20) and phosphatase inhibitors (Roche 
Diagnostics GmbH, 04-906-837-001). The total protein 
concentration was measured using a BCA protein assay 
kit (ThermoFisher, USA). Proteins were isolated using 
10% SDS-PAGE and transferred onto PVDF membranes. 
They were incubated overnight with anti-RAGE (sc-
74473, Santa Cruz Biotechnology, USA), anti-phospho-
ERK (ABP0035, abbkine, Wuhan), anti-ERK (ABP0085, 
abbkine, Wuhan), anti-β-actin (E-AB-48018, elabscience, 
Wuhan), and anti-GAPDH (5174S, CST, USA) antibodies 
at 4 ℃. Following washing, the PVDF membranes were 
incubated with an enzyme-linked secondary antibody 
for 1  h at room temperature. Quantitative analysis was 
performed using density measurement alongside ImageJ 
software.

ELISA
Mouse alveolar lavage fluid and lung tissue homogen-
ate were acquired, and the levels of IL-6 (Thermo Fisher, 
88-7064-88) and IL-1 β (88-7013A-88) were detected 
according to the manufacturer’s instructions. An 
enzyme-linked immunosorbent assay (Tecan) was then 
used to detect the absorbance at 450 nm and 570 nm. A 
standard curve was prepared according to the instruc-
tions, and the concentration of cytokines in the sample 
was determined.

Flow cytometry
The upper lobe of the right lung was harvested from 
mice and processed into a single-cell suspension through 

physical shredding and enzymatic digestion. Follow-
ing counting, the cells were divided into two groups and 
utilized for staining of macrophages and neutrophils, 
respectively. Macrophages were labeled with live/read, 
CD45, CD11B, F4-80, CD80, and CD206, while neutro-
phils were labeled with live/read, CD45, CD11B, CD11C, 
Ly6G, and SiglecF. Antibodies were from ThermoFisher.

In vitro cell culture
Human 16-HBE airway epithelial cells were cultured 
in vitro using RPMI 1640 (Gibco) medium. The cells were 
changed the following day and passaged on the third day.

CSE extraction
CSE was prepared for immediate use, using a vacuum 
extractor for cigarette smoke extraction. Each cigarette 
(Marlboro, USA) was extracted using 10  mL of RPMI 

Table 1 The sequences of primers in this study

Primer Sequence

H GUSB F TAC GAA CGG GAG GTG ATC CT

H GUSB R CCC TCA TGC TCT AGC GTG TC

H IL-6 F CCA CCG GGA ACG AAA GAG AA

H IL-6 R TCT CCT GGG GGT ATT GTG GA

H IL-8 F AGT TTT TGA AGA GGG CTG AGA 

H IL-8 R ACC AAG GCA CAG TGG AAC AA

H IL-1B F CCA AAC CTC TTC GAG GCA CA

H IL-1B R AGC CAT CAT TTC ACT GGC GA

H TNFa F CTG GGC AGG TCT ACT TTG GG

H TNFa R CTG GAG GCC CCA GTT TGA AT

U6 RT GTC GTA TCC AGT GCA GGG TCC 
GAG GTA TTC GCA CTG GAT ACG 
ACA AAA TA

U6 F AGA GAA GAT TAG CAT GGC CCCTG 

m RAGE F ACA GAA ACC GGC GAT GAG G

m RAGE R TCT CCG CTT CCT CTG ACT GA

m GAPDH F CCC TTA AGA GGG ATG CTG CC

m GAPDH R ACT GTG CCG TTG AAT TTG CC

m ACTB F GCA GGA GTA CGA TGA GTC CG

m ACTB R ACG CAG CTC AGT AAC AGT CC

H miR-23a-5p F GGG GGT TCC TGG GGATG 

H miR-23a-5p R GTC GTA TCC AGT GCA GGG TCC 
GAG GTA TTC GCA CTG GAT ACG 
ACA AAT CC

M IL-6 F CCC CAA TTT CCA ATG CTC TCC 

M IL-6 R CGC ACT AGG TTT GCC GAG TA

M IL-8 F CGC CAC GTT CTG ACC ACT TA

M IL-8 R GAG AGG CAT CCG GTT CAC AG

M TNF-a F ACC CTC ACA CTC ACA AAC CA

M TNF-a R ACA AGG TAC AAC CCA TCG GC

M IL-1B F GAA ATG CCA CCT TTT GAC AGTG 

M IL-1B R TGG ATG CTC TCA TCA GGA CAG 
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1640 culture medium, with a fixed extraction duration 
of 5 min. The absorbance of the liquid was measured at 
320  nm using an enzyme-linked immunosorbent assay 
(Tecan). When the liquid absorbance of 200 μL was 
found to be 1.0, it was considered 100% CSE, and subse-
quent dilutions were performed based on this.

Measurement of reactive oxygen species assay (ROS)
The extracellular and intracellular levels intracellular lev-
els of ROS were measured by CheKine™ Reactive Oxy-
gen Species (ROS) Detection Fluorometric Assay Kit 
(Abbkine Scientific, Wuhan). In brief, following treat-
ment with CSE and/or other reagents, 5 ×  105/mL cells 
were incubated with a 10  µM solution of DCFH-DA 
dissolved in serum-free medium at 37  °C for 30  min in 
a dark condition. Subsequently, cells were washed three 
times with serum-free medium, then cells were trans-
ferred onto the slide using cytospin and images were 
captured using a Nikon Eclipse fluorescence microscope 
(Nikon, Japan).

Complete RNAseq assessment
RNA isolation
To isolate the complete RNA content from tissues, we 
followed the manufacturer’s guidelines employing Tri-
zol (Invitrogen, USA). Approximately 60  mg of ground 
tissues were homogenized for 2 min before 5 min hori-
zontal standing. Subsequently, the mixture underwent 
centrifugation (12,000g, 4 ℃, 5  min), and the resulting 
supernatant was relocated to a fresh tube along with 
0.3  mL of chloroform/isoamyl alcohol (24:1). The com-
bination was vigorously agitated for 15 s before centrifu-
gation (12,000g, 4 ℃, 10  min). The centrifuged aqueous 
phase (containing the complete RNA) was transferred 
to another tube along with an same volume of superna-
tant and isopropyl alcohol. This new mixture underwent 
centrifugation (12,000g, 20  min, 4  ℃) and supernatant 
removal, the RNA pellet was obtained. After twice rinse 
with 75% ethanol, the pellet was dried in a biosafety 
cabinet (about 5–10 min), and ultimately, DEPC-treated 
water (25–100 µL) was supplemented for RNA dissolu-
tion. The overall RNA content was assessed and quan-
tified through the use of a NanoDrop and Agilent 2100 
Bioanalyzer (Thermo Fisher, USA).

Construction of mRNA Library
mRNA was purified magnetic beads linked to oligo(dT), 
fragmented into smaller pieces using fragment buffer 
at 4 ℃, and then was reverse transcribed to first-strand 
cDNA with a random hexamer primer. Subsequently, 
the second-strand cDNA was synthesized. An RNA 
Index Adapters and A-Tailing Mix were supplemented 
through an incubation step to facilitate end repair. The 

cDNA fragments from the preceding step were ampli-
fied via PCR, and then the fragments were purified using 
Ampure XP Beads before being dissolved in EB solution, 
and qualified on an Bioanalyzer (Agilent Technologies 
2100). The double-stranded cDNA was subjected to heat-
ing, denaturation, and circularization with the help of a 
splint oligo sequence to create the final library. To com-
pile the eventual library, single-stranded circular DNA 
(ssCir DNA) was employed. The ultimate library was 
amplified using phi29 to produce a DNA nanoball (DNB) 
containing over 300 copies of a single molecule. These 
DNBs were loaded onto the patterned nanoarray, and 
paired-end 100 bp reads were obtained using the DNB-
seq platform (BGI-Shenzhen, China).

Statistical analysis
Results were examined using one-way analysis of vari-
ance (ANOVA) or non-parametric t-tests. The Pearson 
correlation coefficient was utilized to analyze the correla-
tion between continuous variables. A p-value of less than 
0.05 was considered to be significant. All experiments 
were repeated in at least triplicate.

Results
Exposure to cigarette smoke (CS) is associated 
with increased RAGE expression
In light of our previous work that showed RAGE expres-
sion was associated with COPD [20], we sought to 
determine whether and how RAGE played a role in the 
pathogenesis of COPD. To this end, we collected lung 
tissue samples from COPD lung transplant patients and 
non-COPD control subjects for immunohistochemical 
staining (Fig. 1A, B), which verified that RAGE was signif-
icantly elevated in lung tissue of COPD patients (marked 
by red arrows). We then constructed a mouse model of 
COPD using the classic 6-month CS exposure method 
(see scheme in Fig. 1C). H&E staining and measurements 
of mean liner intercept (MLI) suggested damage to alveo-
lar structure (Additional file 1: Fig. S1A, B). We then used 
a SCIREQ instrument to examine changes in lung func-
tion in CS-exposed mice and found that the  FEV0.1/FVC 
ratio (Fig.  1D, p < 0.001) and IC (Fig.  1E, p < 0.01) were 
significantly lower compared to those parameters in con-
trol mice, while the decrease of Rn (Fig. 1F, p = 0.05) was 
almost statistically significant. Subsequent detection of 
RAGE mRNA and protein levels were significantly up-
regulated in lungs of model mice, similar to our observa-
tions in lung samples of COPD patients (Fig. 1G–K).

To further investigate the effect of CS on RAGE expres-
sion, we next exposed 16-HBE human bronchial epithe-
lial cells to 2% cigarette smoke extract (CSE) in vitro and 
quantified RAGE expression (Fig.  1L–N) and subcel-
lular localization (Fig.  1O, P), respectively. The results 
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confirmed that stimulation with CSE indeed resulted in 
the upregulation of RAGE in 16-HBE cells. These results 
collectively confirmed that RAGE expression is increased 
upon exposure to CS, thereby providing a basis for explo-
ration of RAGE function in the pathogenesis of COPD 
and its upstream regulatory mechanisms.

RAGE is essential for CS‑induced COPD progression
Since RAGE was significantly increased in response to 
CS exposure, we continued to explore the role of RAGE 
in CS-induced COPD progression. We constructed a 

siRNA by chemical modification with 2-OMe (methoxy), 
which can persist in  vivo for 6  days, to induce RAGE 
knockdown (KD) , with scrambled siRNA (si-NC) as a 
control(see experimental scheme in Fig. 2A). The up-reg-
ulation of RAGE after CS exposure was clearly attenuated 
at both mRNA and protein levels in the siRAGE-treated 
group, whereas it remained significantly elevated in the 
si-NC group.

H&E staining showed a significant decrease in MLI 
after siRAGE treatment in COPD mice, while still 
increasing after si-NC treatment (Fig.  2E, F). Moreover, 

Fig. 1 Exposure to cigarette smoke (CS) causes an increase in RAGE expression. A, B Representative pictures of immunohistochemical staining 
for RAGE in lung tissues of healthy controls and COPD patients (A) and the proportion of positive cells (B) (n = 3); C strategy for the establishment 
of the COPD mouse model; D–F mouse lung function indicators 0.1 s rate  (FEV0.1/FVC), deep inspiratory volume (IC), and airway Newtonian 
resistance (Rn) in different groups (n = 6–8); G rt-PCR was used to detect the levels of Ager mRNA in the lung tissue of control and COPD mice 
(n = 6–8); H, I western Blotting was used to detect RAGE protein levels in the lung tissue of control and COPD mice (n = 6–8); J, K representative 
immunohistochemical pictures (J) and positive rate (K) of RAGE in the lung tissue of each group of mice (n = 3); L AGER mRNA levels in 16-HBE cells 
were detected by rt-PCR(n = 4). M, N Western Blotting was used to detect RAGE protein levels in 16-HBE cells (n = 3); O, P immunofluorescence 
detection of RAGE positive stains in 16-HBE cell slides (O) and MFI analysis (P) (n = 3). Data are least squares means ± standard errors. *p < 0.05; 
**p < 0.01, ***p < 0.001
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SCIREQ assays of lung function after CS exposure indi-
cated that RAGE KD resulted in rescue of  FEV0.1/FVC 
(Fig.  2G), IC (Fig.  2H) and Rn (Fig.  2I) parameters to 
levels comparable with untreated controls, significantly 
higher than that in si-NC-treated CS group. Correlation 
analysis showed that Ager mRNA levels shared a sig-
nificant positive correlation (r = 0.5593, p = 0.004) with 
MLI (Fig. 2J), but were significantly negatively correlated 
with IC (r = 0.697, p < 0.001) and Rn (r = 0.4345, p = 0.04) 
(Fig.  2K), while there seems to be a negative correla-
tion with  FEV0.1/FVC (r = 0.3421, p = 0.1). To assess the 
severity of airway inflammation, we collected BALF from 
mice in each treatment group to quantify and character-
ize inflammatory cell populations. We found that both 

total cell numbers (Fig.  2L) and neutrophil populations 
(Fig. 2M) were significantly increased after CS exposure 
compared to that in untreated control mice, whereas total 
cells and neutrophils detected in BALF of siRAGE COPD 
mice were similar to that in untreated controls. We also 
counted the number of macrophages, eosinophils, and 
lymphocytes, which did not change significantly between 
groups (Additional file  1: Fig. S1 F–H). In addition, rt-
qPCR analysis of IL-1β (Fig.  2N) and TNF-α (Fig.  2O) 
mRNA levels in mouse lung and ELISA detection of IL-6 
(Fig.  2P) and IL-1β (Fig.  2Q) protein in BALF together 
showed that inflammatory cytokines were elevated after 
CS exposure, which could be significantly abolished by 
siRAGE administration, but not si-NC. In vitro cultured 

Fig. 2 RAGE is essential for CS-induced COPD progression. A Flow chart of siRNA administration in chronic obstructive pulmonary disease 
mice for modeling in vivo; B, C WB detection of RAGE protein levels in the lung tissue of each group of mice (n = 3); D rt-PCR was used to detect 
the mRNA level of Ager in the lung tissue of mice in each group (n = 6–8); E Representative images of H&E staining in mouse lung tissue; F MLI 
of mouse lung tissue (n = 6–8); G–I Mouse lung function indicators  FEV0.1/FVC, IC and Rn (n = 6–8); J Pearson correlation analysis between the MLI 
of mouse lung tissue and the level of Ager mRNA (n = 25); K Pearson correlation analysis of  FEV0.1/FVC, IC, and Rn with Ager mRNA levels in mice 
(n = 25); L, M statistics of the total number of inflammatory cells and neutrophils in mouse alveolar lavage fluid (BALF) (n = 6–8); N, O rt-PCR 
was used to detect the mRNA levels of IL-1β and TNF-α in the lung tissues of mice in each group (n = 6–8); P, Q ELISA detection of IL-6 and IL-8 
protein levels in mouse lung tissue (n = 6–8); R–T flow cytometry was used to detect the polarization of macrophage M1 and M2 in mouse lung 
tissue; U, V flow cytometry detection of neutrophil infiltration in mouse lung tissue (n = 4–6). The experimental results were independently repeated 
three or more times, and Data are least squares means ± standard errors. *P < 0.05, **P < 0.01, ***p < 0.001
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16-HBE cells, we also observed that siRAGE significantly 
inhibited the secretion of IL-6 and IL-8 in the superna-
tant of the cell medium (Additional file  1: Fig. S1I, J), 
while simultaneously suppressing RAGE (Additional 
file  1: Fig. S1 C–E). In addition, RAGE specific inhibi-
tor fps-zm1 also plays a significant inhibitory role in the 
production and secretion of inflammatory factors (Addi-
tional file 1: Fig. S1K–P). Flow cytometry-based detection 
of macrophage polarization and neutrophil infiltration 
in mouse lung tissue further confirmed that both mac-
rophage M1 polarization (Fig.  2R–T, Additional file  1: 
Fig. S1Q) and subsequent neutrophil infiltration (Fig. 2U, 
V, Additional file 1: Fig. S1R) were significantly inhibited 
in COPD mice with RAGE KD following treatment with 
CS. These cumulative results indicated that RAGE was 
essential for the CS-induced airway inflammation in mice 
with COPD.

MiR‑23a‑5p  could inhibit the expression of RAGE 
and was reduced in mice with COPD 
As a typical post-transcriptional regulatory factor, 
miRNA was complementary to 3′-UTR of the target 
gene to inhibit the expression of the target gene. In order 
to screen for potentially downregulated miRNAs that 

might target RAGE, we collected peripheral blood from 
13 COPD patients and 19 healthy control volunteers (see 
Table 2) for bulk RNAseq analysis (Fig. 3A). This analy-
sis identified miR-23a-5p as a likely candidate miRNA 
targeting RAGE that was significantly less abundant in 
COPD patients than healthy volunteers. Subsequent cor-
relation analysis showed that miR-23a-5p transcription 
was almost positively correlated with  FEV1/FVC ratio 
(r = 0.3612, p = 0.0641) (Fig. 3B), as well as  FEV1 pred (%) 
(r = 0.2472, p = 0.2138) (Fig.  3C), which suggested that 
miR-23a-5p may play a role in the pathogenesis of COPD. 
Following bioinformatic prediction of the nucleotides 
likely involved in interaction between miR-23a-5p and 
AGER (Fig.  3D), we performed dual luciferase reporter 
assays and found that co-transfection with the vectors 
harboring the wild-type AGER 3′-UTR and an miR-
23a-5p mimic resulted in decreased luciferase activity, 
while no changes in vectors containing a disrupted bind-
ing site 3′-UTR variant or the reporter-only control and 
the miR-23a-5p mimic (Fig. 3E). These results suggested 
that miR-23a-5p could directly bind to the 3′-UTR of 
AGER. In addition, fluorescent in  situ hybridization 
(FISH) (Fig. 3F–G) and rt-qPCR (Fig. 3H) in lung tissue 
of COPD model mice showed that miR-23a-5p levels 
were indeed significantly lower in lungs of COPD mice 
compared to controls.

Based on these findings, we constructed a miR-23a-5p 
mimic (agomir) which was administered weekly through 
tracheal instillation during the COPD model establish-
ment (Fig.  3I). RAGE protein levels were significantly 
lower in lung tissue after miR-23a-5p agomir treatment, 
compared to that in CS-only and CS-agomir negative 
control (NC)mice (Fig. 3J, K). The above FISH assays had 
a similar trend with Western Blotting (Fig. 3L–N). Inves-
tigation of miR-23a-5p regulatory function using miR-
23a-5p mimic or the miR-23a-5p inhibitor, in 16-HBE 
cells in  vitro showed that RAGE expression was signifi-
cantly inhibited in the presence of miR-23a-5p mimics 
(Fig.  3O, P, Additional file  2: Fig. S2A), but increased 
upon CSE stimulation in cells treated with the inhibi-
tor (Fig.  3Q, R). Together, these results illustrated that 

Table 2 Subjects characteristics

All continuous data are given as median (IQR) or mean (SD), all categorical data 
as proportion (%)

Variables Total COPD Health 
control

P value

Number 32 13 19

Age, year 63.91 ± 6.26 65.62 ± 4.07 62.74 ± 7.16 0.214

Sex, 
M:F(10%M)

17:15 8:5 (61.54%) 9:10 (47.37%) 0.43

Height (cm) 166.1 ± 8.52 166.38 ± 9.57 165.89 ± 8.22 0.878

Weight (Kg) 70.92 ± 12.36 70.92 ± 11.22 70.92 ± 13.78 0.999

Body Mass 
Index

25.64 ± 3.67 25.58 ± 3.39 25.68 ± 4.06 0.939

FEV1/FVC (%) 63.32 ± 15.72 47.98 ± 12.96 74.39 ± 4.74  < 0.0001

FEV1 pred (%) 77.29 ± 23.31 58.28 ± 19.26 91.01 ± 15.93  < 0.0001

Fig. 3 Down-regulated miR-23a-5p can target and decrease RAGE in COPD mice. A Differentially expressed microRNAs targeting RAGE were 
screened through bulk RNAseq analysis and website prediction; B Pearson correlation analysis between miR-23a-5p mRNA level and  FEV1/FVC 
of subjects (n = 28); C Pearson correlation analysis between miR-23a-5p mRNA level and  FEV1 pred (%) of subjects (n = 28); D schematic diagram 
of binding sites between miR-23a-5p and AGER; E double luciferase report experiment to verify the binding of miR-23a-5p with AGER (n = 3); F, G 
fluorescence in situ hybridization (FISH) assay to detect the expression of miR-23a-5p in mouse lung tissue and analyze the average fluorescence 
intensity (MFI) (n = 3); H rt-PCR was used to detect mRNA levels of mir-23a-5p in the lung tissue of control and COPD mice (n = 4); I Model 
construction flowchart; J, K Western Blotting detection of RAGE protein levels in the lung tissue of mice in each group (n = 3); L–N fluorescence 
in situ hybridization (FISH) was used to detect the expression of miR-23a-5p and RAGE in mouse lung tissue and analyze the average fluorescence 
intensity (MFI) (n = 3); O, P Western Blotting detection of RAGE protein levels in 16-HBE cells transfected with miR-23a-5p mimics; Q-R: detection 
of RAGE protein levels in 16-HBE cells transfected with miR-23a-5p inhibitor. The experimental results were independently repeated three or more 
times, and Data are least squares means ± standard errors. *P < 0.05, **P < 0.01, ***p < 0.001

(See figure on next page.)



Page 10 of 17Chang et al. Respiratory Research           (2024) 25:93 

Fig. 3 (See legend on previous page.)
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miR-23a-5p, which is downregulated during the patho-
genesis of COPD, has a negative regulatory effect on 
RAGE in vitro and in vivo.

MiR‑23a‑5p reduces emphysema and airway inflammation, 
improving lung function in COPD mice
Given our findings that miR-23a-5p is downregulated 
in COPD patients and that this miRNA has inhibitory 
effects on RAGE levels in  vivo and in  vitro, we next 
investigated whether miR-23a-5p could potentially con-
fer therapeutic effects in mice with COPD. Evaluation of 
airway inflammation, alveolar structure, and lung func-
tion revealed that treatment with miR-23a-5p agomir 
was associated with alleviation of CS-induced alveolar 
structural damage, as indicated by lower MLI values in 
the CS + miR-23a-5p agomir group compared to the CS-
treated control groups (Fig.  4A, B). At the same time, 
CS-induced abnormalities in indicators of lung function, 
including  FEV0.1/FVC (Fig. 4C), Rn (Fig. 4D), IC (Fig. 4E), 
and H (Fig. 4F) were restored in COPD mice treated with 
miR-23a-5p agomir. Similarly, ELISA detection of IL-6 
and IL-1β protein level in mouse lung tissue and BALF 
showed that the IL-6 (Fig.  4G, I) and IL-1β (Fig.  4H, J) 
were significantly inhibited in both lung and BALF of 
the miR-23a-5p agomir group, indicating that miR-
23a-5p exerted an overall anti-inflammatory influence. 
In addition, we detected the protein level of monocyte 
chemokine CCL-2 in BALF and lung tissue by ELISA, 
and the results also found that CCL-2 was significantly 
increased after CS exposure, while miR-23a-5p agomir 
could effectively inhibit the protein level of CCL-2 (Addi-
tional file 2: Fig. S2B, C), which might inhibit inflamma-
tory cell recruitment.

Further, the miR-23a-5p mimic could effectively sup-
press the CSE-induced increase in IL-6 (Fig.  4K), IL-1β 
(Fig. 4L) and TNF-α (Fig. 4M) mRNAs in 16-HBE cells. 
This trend in rt-qPCR data was recapitulated in assays 
quantifying secreted IL-6 (Fig. 4N) and IL-8 (Fig. 4O) in 
16-HBE cells in vitro. These results suggested that nega-
tive regulation of RAGE by miR-23a-5p might potentially 
result in therapeutic effects in COPD.

CS exposure activates reactive oxygen species (ROS) 
signaling downstream of miR‑23a‑5p/RAGE
To further investigate the specific mechanism through 
which miR-23a-5p/RAGE contributes to the patho-
genesis of COPD, we transfected 16-HBE cells with 
miR-23a-5p mimics or RAGE siRNA, then stimu-
lated the cells with CSE in  vitro to collect total RNA 
for bulk RNAseq analysis (Fig.  5A). Analysis of differ-
entially expressed genes (DEGs) between treatment 
and control groups identified 455 up-regulated and 

388 down-regulated genes in response to CSE treat-
ment (Fig. 5B). Subsequent KEGG pathway enrichment 
analysis implied that ferroptosis and ROS pathways 
were significantly enriched among up-regulated genes 
(Fig.  5C), in which 126 of the upregulated DEGs after 
CSE treatment were downregulated by miR-23a-5p 
mimic and RAGE siRNA (Fig. 5D, E).

KEGG pathway enrichment analysis of these 126 
genes showed that ROS signaling was still significantly 
enriched (Fig. 5F). WGCNA analysis identified a signifi-
cant positive correlation between ROS pathway-related 
genes and CSE exposure, but that this correlation 
was inhibited by miR-23a-5p mimics or RAGE siRNA 
(Fig. 5G, H), suggesting that ROS signaling downstream 
of miR-23a-5p/RAGE may contribute to COPD patho-
genesis. To verify these results, we assessed ROS level 
in cells isolated from BALF of COPD and control mice 
in vivo. The results showed that the proportion of ROS-
positive cells was markedly higher in the BALF of CS-
only control mice than in the RAGE siRNA control 
group (Fig.  5J). Immunostaining for ROS in 16-HBE 
cells in  vitro showed that ROS was decreased in cells 
treated with CSE plus miR-23a-5p mimics or RAGE 
siRNA compared with CSE group (Fig.  5I). Similarly, 
administration of miR-23a-5p agomir or RAGE siRNA 
in COPD mice in vivo resulted in significantly reducing 
the fraction of ROS-positive cells in BALF compared 
with CS-stimulated controls (Fig. 5J).

Based on our above RNAseq results, we next used 
Western blotting to detect a key molecule in ROS sign-
aling, aldosterone reductase (AKR), which revealed 
that AKR1C1/1C2 protein levels increased significantly 
after smoke exposure, while expression of RAGE siRNA 
could suppress AKR1C1/1C2 protein levels (Fig. 5K, L). 
To further confirm that ROS signaling downstream of 
miR-23a-5p/RAGE played a role in COPD-associated 
inflammation, we constructed a RAGE overexpression 
plasmid  (OE), which was subsequently transfected, or 
a vector control, into 16-HBE cells (Fig.  5N). Staining 
for ROS indicated that RAGE overexpression resulted 
in significantly increased ROS signal, which could be 
reversed by treatment with the ROS scavenger, acetyl-
cysteine (NAC) (Fig.  5M). In addition, we also quan-
tified mRNA levels of the inflammatory cytokines, 
IL-6 (Fig.  5O), IL-1β (Fig.  5P), and TNF-α (Fig.  5Q), 
and found that expression of these cytokines was also 
increased along with ROS levels in cells overexpressing 
RAGE, thus supporting the pro-inflammatory effects 
of RAGE, which could be at least partially inhibited by 
NAC treatment. Based on the above results, it was rea-
sonable to hypothesize that the ROS signaling pathway 
might potentially contribute to COPD pathogenesis 
after CS exposure downstream of miR-23a-5p/RAGE.
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Fig. 4 MiR-23a-5p reduced emphysema and airway inflammation in COPD mice, leading to improved lung function. A Representative images 
of the H&E stain in the lung tissue of each group of mice; B MLI of mouse lung tissue (n = 6–8); C–F The levels of  FEV0.1/FVC, IC, tissue elasticity (H) 
and Rn in different groups (n = 6–8); G, H ELISA detection of IL-6 and IL-8 protein levels in the lung tissue of mice in different groups (n = 6–8); I, J 
ELISA detection of IL-6 and IL-8 protein levels in BALF of different mice (n = 6–8); K–M rt-PCR was used to detect the mRNA levels of IL-1β and TNF-α 
in HBE cells transfected with mimics; N, O ELISA was used to detect the secretion levels of IL-6 and IL-8 in 16-HBE cells transfected with mimics. The 
experimental results were independently repeated three or more times, and Data are least squares means ± standard errors. *P < 0.05, **P < 0.01, 
***p < 0.001
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The MAPK signaling pathway may be involved 
in the miR‑23a‑5p/RAGE regulatory module 
in the pathogenesis of COPD
As numerous studies have reported that ERK signal-
ing is activated and initiates inflammatory signaling 
in response to ROS [26, 27], we used Western blotting 
assays to evaluate ERK phosphorylation levels in lung 
tissue of mice exposed to CS. The results showed that 
phosphorylation of ERK was significantly increased after 
smoke exposure, and that this increase was significantly 
inhibited in mice expressing miR-23a-5p agomir (Fig. 6A, 
B). A similar phenomenon was observed in CSE-stimu-
lated 16-HBE cells in vitro, which displayed significantly 
greater ERK phosphorylation levels than untreated con-
trols, whereas this CSE-induced increase in p-ERK was 
abolished in cells transfected with miR-23a-5p mimics 
(Fig. 6C, D). In addition, treatment with the ERK-specific 
blocker, PD98059, prior to CSE treatment in 16-HBE 
cells resulted in effectively blocking CSE-induced pro-
duction and secretion of IL-6 (Fig.  6E–G) and IL-8 
(Fig. 6F–H). At the same time, we also saw that siRAGE 
inhibited the phosphorylation of p38 MAPK after CSE 
exposure (Additional file  3: Fig. S3A, B), and the use of 
JNK inhibitor (SP600125) and p38 inhibitor (SB203580) 
could inhibit the secretion of inflammatory factors to 
varying degrees (Additional file 3: Fig. S3C, D). The above 
results suggested that miR-23a-5p/RAGE and ROS sign-
aling likely regulate the pathogenesis of COPD via activa-
tion of MAPK.

Discussion
In this study, we constructed mouse and epithelial cell 
models of COPD through cigarette smoke exposure and 
evaluated the model through lung function tests, H&E 
staining, MLI calculations, and inflammatory factor and 
inflammatory cell measurement. We found that RAGE 
expression significantly increases following exposure to 
CS in COPD patients and mice, and that this upregulation 

can play a key role in the progression of COPD. This find-
ing provides strong evidence for us to pursue the follow-
ing studies on the mechanisms underlying the role of 
RAGE in the pathogenesis of COPD, and to search for 
its upstream miRNA. RAGE is a multi-ligand pattern-
recognition receptor, and many of the ligands of RAGE 
contribute to the pathogenesis of COPD by binding to 
RAGE [10, 11, 14]. However, few studies have focused on 
the role of miRNA in the pathogenesis of COPD by tar-
geting RAGE. We confirmed that miR-23a-5p functions 
as an upstream regulator of RAGE through sequencing 
and in vitro and in vivo models of COPD, which collec-
tively illustrated that miR-23a-5p may potentially confer 
therapeutic effects to alleviate COPD. Finally, our study 
confirms that the miR-23a-5p-RAGE regulatory module 
plays a role in COPD via downstream ROS signaling and 
the MAPK pathway, suggesting a pathway mechanism for 
activation or suppression of inflammatory response to 
cigarette smoke in lung tissue.

COPD is a heterogeneous lung disease characterized 
by chronic respiratory symptoms (e.g., dyspnea, cough, 
sputum production) caused by abnormalities in the air-
way (e.g., bronchitis or bronchiolitis), and/or alveoli 
(e.g., emphysema), leading to persistent and progres-
sive obstruction of airflow [28]. COPD is a major cause 
of morbidity and mortality worldwide and imposes an 
increasingly severe social and economic on affected indi-
viduals, their families, and public healthcare systems [29]. 
The AGER gene has long been known to play a pathologi-
cal role in a variety of airway diseases, including COPD, 
and a number of recent studies have further clarified 
the role of RAGE and its ligands in the pathogenesis of 
COPD [18, 30]. Our current research revealed that RAGE 
was increased in COPD patient and mouse, while inhibi-
tion of RAGE can reduce the severity of COPD, include 
alveolar destruction, inflammation, and lung function, 
all of this shed a light on the importance of RAGE in 
the pathogenesis of COPD. Therefore, the search for a 

Fig. 5 CS exposure activates reactive oxygen species (ROS) signaling downstream of miR-23a-5p/RAGE. A  Principal component analysis for 
the expression of genes in different populations of 16-HBE cells; B the number of the differentially expressed genes (DEGs) in 16-HBE cells 
after different treatment; C KEGG pathway enrichment analysis of DEGs in the CSE group compared to controls; D Venn diagram of DEGs 
in different groups; E boxplots of the distribution of different groups of differential genes in HBE cells; F KEGG pathway enrichment analysis 
of downregulation-DEGs related with siRAGE and miR-23a-5p mimics treatment; G: WGCNA analysis was used to analyze the correlation 
between different treatments and DEGs in 16-HBE cells. H KEGG pathway enrichment analysis of strongly correlated genes in WGCNA analysis; 
I Immunofluorescence was used to detect the production of reactive oxygen species (ROS) after transfection of siRAGE and miR-23a-5p mimics 
in 16-HBE cells. J ROS positive staining was detected by immunofluorescence in alveolar lavage fluid cells from different groups of mice; K, L 
WB was used to detect levels of AKR protein in lung tissue of mice. M Immunofluorescence was used to detect ROS production in 16-HBE cells 
transfected with RAGE over-expression plasmids and ROS scavengers. N AGER mRNA levels were detected by rt-PCR after 16-HBE cells were 
transfected with a RAGE over-expression (OE) plasmids. O–Q mRNA levels of IL-6, IL-1β and TNF-α were detected by rt-PCR after 16-HBE cells 
transfected with RAGE OE plasmids. The experimental results were independently repeated three or more times, and Data are least squares 
means ± standard errors. *P < 0.05, **P < 0.01, ***p < 0.001

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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miRNA that can specifically bind to and inhibit RAGE 
has become particularly important.

Other recent reports have shown that miRNAs play 
an essential role in the occurrence and development of 
inflammatory airway diseases [31, 32]. For instance, sev-
eral studies have confirmed that environmental pollut-
ants, including  PM2.5, may alter the expression profile 
of miRNAs, resulting in pathogenic effects in humans 
[33, 34]. In this study, we characterized the miRNA and 
mRNA transcriptomic profiles of mononuclear cells in 
the peripheral blood of COPD patients and observed 
the aberrant expression of multiple miRNA molecules 
in COPD. MiR-23a-5p was selected for further study 
based on its predicted sequence motif for binding RAGE. 
Thus, our study represents, to our knowledge, the first 
report describing miR-23a-5p function as a regula-
tor of RAGE in the pathogenesis of COPD. Treatment 
with miR-23a-5p agomir in  vivo significantly improved 
lung function in mice with COPD, an important indi-
cator of COPD diagnosis and severity.  FEV0.1/FVC, IC 
and other indicators decreased after CS exposure, which 
could be recovered with miR-23a-5p agomir. COPD is 
a small airway disease, so Rn, as an indicator of atmos-
pheric airway resistance, does not show a clear trend in 

the pathogenesis of COPD. In addition, miR-23a-5p ago-
mir also significantly reduced lung tissue destruction 
and lung inflammation due to CS exposure, as reflected 
by MLI and inflammatory factor detection, suggesting 
new and potentially effective therapeutic strategies for 
improving the generally poor outcomes of COPD treat-
ment with current options.

Although our study provides several advances in 
understanding the regulation of COPD progression, 
some limitations of our study should be kept in mind. 
First, as COPD is defined as a small airway disease, we 
mainly focus on the role of RAGE in airway epithelial 
cells. Due to technical limitations, we were unable to 
obtain alveolar epithelial cells for in  vitro investigations 
of the miR-23a-5p/RAGE regulatory module. Overcom-
ing this technical obstacle will facilitate further detailed 
experiments in future studies. Second, our screening of 
mirnas is dominated by those derived from peripheral 
blood rather than lung tissue. Although we subsequently 
verified the expression of miR-23a-5p and its regulatory 
effect on RAGE in mouse lung tissue, this may make 
our results less convincing. Third, our exploration of the 
downstream targets/effects of miR-23a-5p/RAGE do 
not likely encompass the full suite of RAGE-responsive 

Fig. 6 The MAPK signaling pathway may be involved in the miR-23a-5p/RAGE regulatory module in the pathogenesis of COPD. A, B Western 
Blotting detection of ERK phosphorylation levels in lung tissues of different groups of mice (n = 3); C, D Western Blotting detection of ERK 
phosphorylation levels in HBE cells transfected with miR-23a-5p mimics; E, F rt-PCR detection of mRNA levels of IL-6 and IL-8 in HBE cells after ERK 
inhibitor administration; G-H: ELISA detection of IL-6 and IL-8 secretion levels in HBE cells after ERK inhibitor (PD98059) administration. The 
experimental results were independently repeated three or more times, and Data are least squares means ± standard errors. *P < 0.05, **P < 0.01, 
***p < 0.001
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mechanisms involved in COPD development, which will 
also require further systematic investigation in future 
work. In addition, only an agomir of miR-23a-5p was 
used for in  vivo experiments, with no verification of 
miR-23a-5p therapeutic effects on COPD by chemical 
inhibitors or other means. Further experimental evidence 
defining these effects will be obtained in the future.

In summary, our study details an upstream regulator 
of RAGE, and further defines its downstream inflamma-
tory signaling pathways in COPD, which can guide the 
development of effective drugs that target RAGE to treat 
COPD.

Conclusion
Our study confirmed that miR-23a-5p, as the upstream 
regulatory negative factor of RAGE, inhibits the activa-
tion of the downstream ROS and MAPK signaling path-
way, significantly improves the pathological changes and 
lung function induced by cigarette smoke exposure, and 
may become an effective drug for the treatment of COPD 
targeting RAGE.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12931- 024- 02736-y.

Additional file 1: Figure S1. Inhibition of RAGE  suppressed cellular 
inflammation. A: Representative images of haematoxylin and eosin (H&E) 
staining in mouse lung sections from different groups; B: Mean linear 
interval (MLI) of mouse lung tissues (n = 6–8); C: rt-qPCR was used to 
detect the mRNA level of AGER in 16-HBE cells transfected with siRAGE; 
D, E: Western Blotting was used to detect the protein level of RAGE in 
16-HBE cells transfected with siRAGE; F–H: Statistics of the number of 
macrophages, eosinophils and lymphocytes in mouse alveolar lavage fluid 
(BALF) (n = 6–8); I, J: ELISA was used to detect the levels of IL-6 and IL-8 in 
the culture medium of 16-HBE cells transfected with siRAGE; K–O: rt-qPCR 
was used to detect the mRNA levels of AGER, IL-6, IL-8, IL-1β, and TNFα in 
cells treated with the RAGE-specific inhibitor, named fps-zm1; P: ELISA 
was used to detect the secretion of IL-6 in the culture medium superna-
tant after fps-zm1 treatment; Q, R: The gating strategy of flow cytom-
etry for macrophages and neutrophils. The experimental results were 
independently repeated three or more times, and Data are least squares 
means ± standard errors. *P < 0.05 **P < 0.01, ***p < 0.001.

Additional file 2: Figure S2. The effect of miR-23a-5p on monocyte 
chemokine CCL-2. A: rt-qPCR was used to detect the mRNA level of AGER 
in 16-HBE cells transfected with miR-23a-5p mimics; B, C: The C-Cmotif-
chemokineligand2 (CCL-2) protein levels in lung and BALF of different 
mice were measured by ELISA (n = 6–8). The experimental results were 
independently repeated three or more times, and Data are least squares 
means ± standard errors. *P < 0.05, **P < 0.01, ***p < 0.001.

Additional file 3: Figure S3. The role of MAPK in RAGE-related inflam-
mation. A, B: Western Blotting was used to detect the phosphorylation 
level of p38 in 16-HBE cells transfected with siRAGE; C, D: Detection of 
the effect of MAPK signaling pathway inhibitors on the concentration 
of IL-6 and IL-8 in the culture medium. The experimental results were 
independently repeated three or more times, and Data are least squares 
means ± standard errors. *P < 0.05; **P < 0.01; ***p < 0.001.

Acknowledgements
We thank all the clinical participants in this study.

Author contributions
LB and YT designed the experiments. CC, HK and DR performed the experi-
ments. CC, XX, YT and CX contributed to literature review and data analysis. 
CC and LB contributed to the article writing. CC, HK, LB and YT revised the 
manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by grants from the National Natural Science 
Foundation of China (Grant Nos. 81970043, 82270038, 82300051), National 
Key Research and Development Program of China (2022YFF0710803, 
2022YFF0710800), CAMS Innovation Fund for Medical Sciences (CIFMS) (No. 
2021-I2M-1–049), National High Level Hospital Clinical Research Funding 
(2023-NHLHCRF-DJMS-03) and Elite Medical Professionals Project of China-
Japan Friendship Hospital (No. ZRJY2023-GG07).

Availability of data and materials
All about the data showed in the study are included in the original article or 
in supplementary materials, further information can be directed to the cor-
responding authors.

Declarations

Ethics approval and consent to participate
The study received approval from the Ethics Committee of the China-Japan 
Friendship Hospital (2022-KY-141).

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no commercial or profit relationship in this 
study.

Author details
1 China-Japan Friendship Hospital (Institute of Clinical Medical Sciences), Chi-
nese Academy of Medical Sciences & Peking Union Medical College, Beijing, 
China. 2 Center of Respiratory Medicine, China-Japan Friendship Hospital, 
National Center for Respiratory Medicine, Institute of Respiratory Medicine, 
Chinese Academy of Medical Sciences, National Clinical Research Center 
for Respiratory Diseases, State Key Laboratory of Respiratory Health and Multi 
Morbidity, No 2, East Yinghua Road, Chaoyang District, Beijing 100029, China. 
3 Department of Immunology, School of Basic Medical Sciences, Capital Medi-
cal University, Beijing, China. 

Received: 9 November 2023   Accepted: 14 February 2024

References
 1. Lareau SC, Fahy B, Meek P, Wang A. Chronic obstructive pulmonary 

disease (COPD). Am J Respir Crit Care Med. 2019;199(1):P1–2.
 2. Christenson SA, Smith BM, Bafadhel M, Putcha N. Chronic obstructive 

pulmonary disease. Lancet. 2022;399(10342):2227–42.
 3. GBD 2019 Chronic Respiratory Diseases Collaborators. Global burden of 

chronic respiratory diseases and risk factors, 1990–2019: an update from 
the Global Burden of Disease Study 2019. EClinicalMedicine. 2023;59: 
101936.

 4. Wang C, Xu J, Yang L, Xu Y, Zhang X, Bai C, et al. Prevalence and risk 
factors of chronic obstructive pulmonary disease in China (the China 
Pulmonary Health [CPH] study): a national cross-sectional study. Lancet. 
2018;391(10131):1706–17.

 5. Aghapour M, Raee P, Moghaddam SJ, Hiemstra PS, Heijink IH. Airway epi-
thelial barrier dysfunction in chronic obstructive pulmonary disease: role 
of cigarette smoke exposure. Am J Respir Cell Mol Biol. 2018;58(2):157–69.

 6. Soleimani F, Dobaradaran S, De-la-Torre GE, Schmidt TC, Saeedi R. Con-
tent of toxic components of cigarette, cigarette smoke vs cigarette butts: 
a comprehensive systematic review. Sci Total Environ. 2022;813: 152667.

https://doi.org/10.1186/s12931-024-02736-y
https://doi.org/10.1186/s12931-024-02736-y


Page 17 of 17Chang et al. Respiratory Research           (2024) 25:93  

 7. Miao Q, Xu Y, Zhang H, Xu P, Ye J. Cigarette smoke induces ROS mediated 
autophagy impairment in human corneal epithelial cells. Environ Pollut. 
2019;245:389–97.

 8. Guan R, Wang J, Cai Z, Li Z, Wang L, Li Y, et al. Hydrogen sulfide attenuates 
cigarette smoke-induced airway remodeling by upregulating SIRT1 
signaling pathway. Redox Biol. 2020;28: 101356.

 9. Su X, Chen J, Lin X, Chen X, Zhu Z, Wu W, et al. FERMT3 mediates cigarette 
smoke-induced epithelial-mesenchymal transition through Wnt/β-
catenin signaling. Respir Res. 2021;22(1):286.

 10. Chen L, Sun X, Zhong X. Role of RAGE and its ligand HMGB1 in the devel-
opment of COPD. Postgrad Med. 2022;134(8):763–75.

 11. Sukkar MB, Ullah MA, Gan WJ, Wark PAB, Chung KF, Hughes JM, et al. 
RAGE: a new frontier in chronic airways disease. Br J Pharmacol. 
2012;167(6):1161–76.

 12. Reimann S, Fink L, Wilhelm J, Hoffmann J, Bednorz M, Seimetz M, 
et al. Increased S100A4 expression in the vasculature of human COPD 
lungs and murine model of smoke-induced emphysema. Respir Res. 
2015;16:127.

 13. Chen M, Wang T, Shen Y, Xu D, Li X, An J, et al. Knockout of RAGE amelio-
rates mainstream cigarette smoke-induced airway inflammation in mice. 
Int Immunopharmacol. 2017;50:230–5.

 14. Sharma A, Kaur S, Sarkar M, Sarin BC, Changotra H. The AGE-RAGE axis 
and RAGE genetics in chronic obstructive pulmonary disease. Clin Rev 
Allergy Immunol. 2021;60(2):244–58.

 15. Repapi E, Sayers I, Wain LV, Burton PR, Johnson T, Obeidat M, et al. 
Genome-wide association study identifies five loci associated with lung 
function. Nat Genet. 2010;42(1):36–44.

 16. Waseda K, Miyahara N, Taniguchi A, Kurimoto E, Ikeda G, Koga H, et al. 
Emphysema requires the receptor for advanced glycation end-products 
triggering on structural cells. Am J Respir Cell Mol Biol. 2015;52(4):482–91.

 17. Zhang P, Xin X, Fang L, Jiang H, Xu X, Su X, et al. HMGB1 mediates Asper-
gillus fumigatus-induced inflammatory response in alveolar macrophages 
of COPD mice via activating MyD88/NF-κB and syk/PI3K signalings. Int 
Immunopharmacol. 2017;53:125–32.

 18. Lee H, Park J-R, Kim WJ, Sundar IK, Rahman I, Park S-M, et al. Blockade 
of RAGE ameliorates elastase-induced emphysema development and 
progression via RAGE-DAMP signaling. FASEB J. 2017;31(5):2076–89.

 19. Chen L, Wang T, Guo L, Shen Y, Yang T, Wan C, et al. Overexpression of 
RAGE contributes to cigarette smoke-induced nitric oxide generation in 
COPD. Lung. 2014;192(2):267–75.

 20. Niu H, Niu W, Yu T, Dong F, Huang K, Duan R, et al. Association of RAGE 
gene multiple variants with the risk for COPD and asthma in northern 
Han Chinese. Aging (Albany NY). 2019;11(10):3220–37.

 21. Hobbs BD, Tantisira KG. MicroRNAs in COPD: small molecules with big 
potential. Eur Respir J. 2019;53(4):1900515.

 22. Soeda S, Ohyashiki JH, Ohtsuki K, Umezu T, Setoguchi Y, Ohyashiki K. 
Clinical relevance of plasma miR-106b levels in patients with chronic 
obstructive pulmonary disease. Int J Mol Med. 2013;31(3):533–9.

 23. Shen Z, Tang W, Guo J, Sun S. miR-483-5p plays a protective 
role in chronic obstructive pulmonary disease. Int J Mol Med. 
2017;40(1):193–200.

 24. Lu TX, Rothenberg ME. MicroRNA. J Allergy Clin Immunol. 
2018;141(4):1202–7.

 25. Xu H, Ling M, Xue J, Dai X, Sun Q, Chen C, et al. Exosomal microRNA-21 
derived from bronchial epithelial cells is involved in aberrant epithelium-
fibroblast cross-talk in COPD induced by cigarette smoking. Theranostics. 
2018;8(19):5419–33.

 26. Liu Y, Wei H, Tang J, Yuan J, Wu M, Yao C, et al. Dysfunction of pulmonary 
epithelial tight junction induced by silicon dioxide nanoparticles via the 
ROS/ERK pathway and protein degradation. Chemosphere. 2020;255: 
126954.

 27. Li Q, Zhang M, Sun J, Li Y, Zu S, Xiang Y, et al. Porcine β-defensin-2 allevi-
ates aflatoxin B1 induced intestinal mucosal damage via ROS-Erk1/2 
signaling pathway. Sci Total Environ. 2023;905: 167201.

 28. Rabe KF, Watz H. Chronic obstructive pulmonary disease. Lancet. 
2017;389(10082):1931–40.

 29. Chen S, Kuhn M, Prettner K, Yu F, Yang T, Bärnighausen T, et al. The global 
economic burden of chronic obstructive pulmonary disease for 204 
countries and territories in 2020–50: a health-augmented macroeco-
nomic modelling study. Lancet Glob Health. 2023;11(8):e1183–93.

 30. Faiz A, van den Berge M, Vermeulen CJ, Ten Hacken NHT, Guryev V, Pou-
wels SD. AGER expression and alternative splicing in bronchial biopsies of 
smokers and never smokers. Respir Res. 2019;20(1):70.

 31. Kim RY, Sunkara KP, Bracke KR, Jarnicki AG, Donovan C, Hsu AC, et al. 
A microRNA-21-mediated SATB1/S100A9/NF-κB axis promotes 
chronic obstructive pulmonary disease pathogenesis. Sci Transl Med. 
2021;13(621): eaav7223.

 32. Wu H, Ma H, Wang L, Zhang H, Lu L, Xiao T, et al. Regulation of lung 
epithelial cell senescence in smoking-induced COPD/emphysema 
by microR-125a-5p via Sp1 mediation of SIRT1/HIF-1a. Int J Biol Sci. 
2022;18(2):661–74.

 33. Wang Y, Zhong Y, Sun K, Fan Y, Liao J, Wang G. Identification of exosome 
miRNAs in bronchial epithelial cells after PM2.5 chronic exposure. Eco-
toxicol Environ Saf. 2021;215: 112127.

 34. Zheng R, Du M, Tian M, Zhu Z, Wei C, Chu H, et al. Fine Particulate matter 
induces childhood asthma attacks via extracellular vesicle-packaged 
Let-7i-5p-mediated modulation of the MAPK signaling pathway. Adv Sci. 
2022;9(3): e2102460.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	MiR-23a-5p alleviates chronic obstructive pulmonary disease through targeted regulation of RAGE-ROS pathway
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Subjects
	Animals
	In vivo CS exposure
	Mouse lung function examination
	Collection of alveolar lavage fluid
	Pathological staining of mouse lung tissue
	Luciferase activity assessment
	Fluorescence in situ hybridization (FISH)
	Immunofluorescence
	Immunohistochemistry
	rt-qPCR
	Western blotting
	ELISA
	Flow cytometry
	In vitro cell culture
	CSE extraction
	Measurement of reactive oxygen species assay (ROS)
	Complete RNAseq assessment
	RNA isolation
	Construction of mRNA Library

	Statistical analysis

	Results
	Exposure to cigarette smoke (CS) is associated with increased RAGE expression
	RAGE is essential for CS-induced COPD progression
	MiR-23a-5p  could inhibit the expression of RAGE and was reduced in mice with COPD 
	MiR-23a-5p reduces emphysema and airway inflammation, improving lung function in COPD mice
	CS exposure activates reactive oxygen species (ROS) signaling downstream of miR-23a-5pRAGE
	The MAPK signaling pathway may be involved in the miR-23a-5pRAGE regulatory module in the pathogenesis of COPD

	Discussion
	Conclusion
	Acknowledgements
	References


