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Abstract: The Receptor for Advanced Glycation End Products (RAGE) is a multiligand receptor of the immunoglobulin

superfamily, notably highly expressed in the lungs. Its interaction with a variety of ligands, including advanced glycation

end products (AGEs), S100 proteins, and high mobility group box 1 (HMGB1), activates multiple signaling pathways that

are pivotal in the pathogenesis of numerous pulmonary diseases and comorbidities. However, comprehensive reviews on

the role of ligands-RAGE signaling in specific lung diseases are rare. This review aims to elucidate the mechanisms by

which RAGE-mediated signaling pathways either provide protective or pathogenic effects in pulmonary diseases,

focusing on its key regulatory roles in asthma, chronic obstructive pulmonary disease (COPD), acute respiratory

distress syndrome (ARDS), pulmonary fibrosis (PF), Lung Cancer and COVID-19 Pneumonia, as well as to discuss its

therapeutic potential in the specific context of lung diseases.

Abbreviation
RAGE Receptor for Advanced Glycation End

Products
AGEs Advanced glycation end products
COPD Chronic obstructive pulmonary disease
ARDS Acute respiratory distress syndrome
PF Pulmonary fibrosis
HMGB1 High mobility group box 1
esRAGE Endogenous secretory RAGE
sRAGE Soluble RAGE
CML Nε-Carboxymethyl-Lysine
CEL Nε-(carboxyethyl)lysine
MG-H1 Methylglyoxal-derived hydroimidazolone-1
ADAM10 A disintegrin and metalloproteinase 10
MMP9 Matrix metalloprotein 9
MMPs Matrix metalloproteinases
AGE-R AGE-receptor complex
ICAM-1 Intercellular cell adhesion molecule-1

NF-κB Recombinant Nuclear Factor Kappa B
JNK c-Jun N-terminal kinase
Rac1 Ras-related C3 botulinum toxin substrate 1
BMM model Bone Marrow Macrophage model
TLR4 Toll-like receptor 4
ERK Extracellular regulated protein kinases
MAPK Mitogen-activated protein kinase
Jak Janus Kinase
ROS Reactive oxygen species
Cdc42 Cell Division Cycle Protein 42
DIAPH1 Diaphanous-related formin 1
TIRAP Toll/interleukin-1 receptor domain-contain-

ing adapter protein
P38 p38 mitogen-activated protein kinase
P13K Phosphatidylinositol 3-kinase
CRP C-reactive protein
IL-6 Interleukin 6
Stat3 Signal transducer and activator of

transcription3
MCP-1 Monocyte Chemotactic Protein-1
VACM-1 Vascular Cell Adhesion Molecule-1
PAMPs Pathogen-associated molecular patterns
DAMPs Damage-associated molecular patterns
TSLP Thymic stromal lymphopoietin
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FEV1 Forced Expiratory Volume in 1 second
NSCLC Non-small cell lung cancer
NOX-4 NADPH oxidase 4
AKT/PKB Protein Kinase B
KRAS Kirsten rat sarcoma viral oncogene
FGFR Fibroblast growth factor receptor
LSCC Lung squamous cell carcinoma
TGF-β1 Transforming growth factor-β1
PDGF Platelet-derived growth factor
AQP-5 Aquaporin-5

Introduction

The Receptor for Advanced Glycation End Products (RAGE)
is a multiligand cell surface receptor belonging to the
immunoglobulin superfamily. The discovery of RAGE was
initially made by Neeper with his colleagues in 1992 during
their investigation into the atherosclerotic process, where
they demonstrated its ligand-binding function [1]. RAGE is
a multiligand cell surface protein belonging to the
immunoglobulin superfamily, which plays a pivotal role in
inflammatory, and both innate and adaptive immune
responses. RAGE is capable of binding a wide range of
ligands, including advanced glycosylation end products
(AGEs), S100 proteins, inflammatory mediators, and DNA
and RNA fragments. The role of this process is crucial in
various physiological activities, including immune response,
tissue homeostasis, and recovery and regeneration after
damage in organisms [2], and it is also linked to many
diseases associated with aging and inflammation, such as
diabetes, tumors, and bone-related diseases [3,4]. RAGE
serves as a promising biomarker for diagnosing, and
evaluating prognosis and therapeutic responses. In the last
decade, many RAGE inhibitors have been developed, and
some of them have entered the evaluation phase in the
clinic [5]. RAGE inhibitors show high therapeutical
potentiality, including anti-inflammatory, and anti-tumor
effects, modulation of neurotoxic substances, and
immunomodulatory actions [2].

The aberrant ligands-RAGE signaling has been
associated with many diseases, in particular, vasculopathy
due to diabetes, neurodegenerative diseases, and
tumorigenesis [6,7]. Recent studies emphasized that RAGE
is expressed at the highest level in lung tissues and plays
an important role in the formation and progression of
various lung diseases, including chronic obstructive
pulmonary disease, pulmonary fibrosis, acute lung injury,
and lung cancer [8]. However, systematic examination of
the role of RAGE receptors and their mediated signaling in
lung disease onset, development, and disease progression
has rarely been reported. This paper focuses on
deciphering RAGE-mediated signaling in lung-related
diseases and defining therapeutical potential. First, we
highlight the progress in studying RAGE receptor
expression and function in both lung physiological and
pathological contexts. Second, we discuss the mechanisms

of the RAGE signaling pathway in different lung diseases,
particularly its key regulatory roles in the inflammatory
response, fibrosis, and tumor formation with progression.
Finally, we discuss the current status and prospects of
research on RAGE receptors as potential therapeutic
targets for lung diseases. An in-depth understanding of the
role of RAGE receptors and their signaling pathways in
lung diseases will aid in developing new diagnostic and
therapeutic strategies.

RAGE Axis Overview

RAGE structure, function and distribution in lungs
The RAGE structure consists of a V-type structural domain
located outside the N-terminal cell, two C-type structural
domains, a transmembrane structural domain, and a C-
terminal cytoplasmic tail. These structural domains interact
with numerous proteins related to signaling from outside to
the cellular nucleus, likely transcriptional regulation. The N-
terminal V-type structural domain is regarded as the ligand
attachment point, while the C-terminal cytoplasmic
structural domain plays an irreplaceable role in signaling [9].

Two types of extracellular secretory RAGE have been
identified, which are endogenous secretory RAGE (esRAGE)
and soluble RAGE (sRAGE) [10]. esRAGE is RAGE mRNA
generated by indicated RNA splicing regulation, while
sRAGE is a product produced by releasing extracellular
tissues after protein cleavage of full-length RAGE by the
disintegrin and metalloproteinase 10 (ADAM10) and matrix
metalloprotein 9 (MMP9) [11]. Current studies have
emphasized that secreted RAGE has multiple biological
functions, such as signaling, transcriptional regulation,
translation initiation, and immunosuppressive effects.
Although sRAGE do not possess the properties of
transmembrane regions and cytoplasmic structural domains,
they retain the ability to bind to ligands and thus can
function as decoy receptors that function as competitive
inhibitors, thereby preventing ligand binding to RAGE or
other receptors [12]. In addition, the substance has been
reported to have the ability to regulate directly apoptosis
and related gene expression. Collectively, sRAGE does not
solely act as a RAGE decoy receptor; it also initiates
signaling and triggers an inflammatory response [13].

RAGE is highly expressed in a variety of tissues during
embryonic development, and its levels decrease significantly
in most tissues upon reaching adulthood, except notably in
the lungs [14]. Immunohistochemical studies reveal that
RAGE expression remains significantly elevated in lung
tissues compared to other organs [15,16]. This elevated
expression is particularly pronounced in types I and II
alveolar epithelial cells, alveolar macrophages, bronchial
epithelial cells, and endothelial cells, particularly accentuated
in type I alveolar epithelial cells [17]. Several studies
highlight RAGE’s pivotal role in regulating the proliferation
of type I alveolar epithelial cells, which is essential for
maintaining alveolar function and stability. Additionally,
RAGE mediates the adhesion dynamics between these cells
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and basement membranes [18]. Consequently, RAGE is
recognized as a critical factor influencing the initiation and
progression of various lung-related diseases, such as lung
cancer and pulmonary fibrosis.

RAGE is a multi-ligand receptor
RAGE can bind to various ligands, including advanced
glycosylation end products (AGEs), S100 proteins [19],
inflammatory mediators, Amyloid β, and specific DNA or
RNA fragments (Table 1) [10,20–22].

AGEs
AGEs are a collective term for a group of compounds
generated from amino acid residues of proteins and lipids
through non-enzymatic glycosylation and autoxidation [23].
AGEs are resistant to degradation by proteasomes and
lysosomes, leading to their penetration and accumulation in
tissues and triggering a series of inflammatory response
pathways. The precise mechanism of receptor interactions in
regulating this pathway has not been fully clarified; however,
studies suggest that AGEs are highly involved in the
regulation of various inflammatory cells for the expression
of cytokines, as well as the regulation of immune function.
The interaction between AGEs and RAGE has been shown
to induce the formation of matrix metalloproteinases
(MMPs) and activate multiple signaling pathways, thereby
promoting rapid inflammatory responses and tumor
progression [24]. Besides RAGE, other receptors, such as the
AGE-receptor complex (AGE-R), play crucial roles in the
clearance of AGEs, contributing significantly to cellular
homeostasis and functional integrity across different tissues
and organs [25].

HMGB1
High mobility group box-1 (HMGB1) is a chromatin-binding
protein that plays a vital role in nucleosome stability, DNA
replication, transcription, and repair. HMGB1 can
translocate from the nucleus to the extracellular space,
where it mediates various biological functions impacting
numerous signaling pathways involved in tumor formation
and progression. HMGB1 can bind to RAGE, activating
pathways such as intercellular cell adhesion molecule-1
(ICAM-1), Nuclear Factor Kappa B (NF-κB), c-Jun N-
terminal kinase (JNK), and ras-related C3 botulinum toxin
substrate 1 (Rac1), which enhance tumor growth,
infiltration, and metastasis by promoting cell adhesion and
tumor vascularization [26]. Additionally, HMGB1 can
activate extracellular matrix degradation mechanisms like
matrix metalloproteinase MMP-2, accelerating tumor
metastasis. HMGB1 also serves as an immunomodulator,
inducing immune responses against different antigens or
antibodies [27]. In the Bone Marrow Macrophage (BMM)
model, researchers typically employ macrophages isolated
from murine or other experimental animal bone marrow to
investigate immune responses, inflammatory mechanisms,
and cell signaling pathways [28]. Within this framework,
Toll-like receptor4 (TLR4) is central to initial signaling
events (e.g., extracellular regulated protein kinases (ERK)

and NF-κB activation) of HMGB1, while RAGE regulates
subsequent response events. HMGB1 is expressed at high
levels in various tumor tissues and has significant roles in
both malignant and non-malignant tumors, such as lung
cancer. Furthermore, HMGB1 can induce polarized
co-distribution of RAGE and β2 integrins in neutrophils,
playing a key role in neutrophil recruitment associated with
inflammation [29].

S100A8/A9
The S100 family consists of small Ca2+-binding proteins with
over 20 different members, each exhibiting specific
distribution and function across various tissues. The binding
of RAGE and S100 protein was initially demonstrated
through in vitro cellular immunoprecipitation assays [30].
While numerous studies have explored the regulation and
signaling mechanisms of these proteins, systematic studies
on interactions between different isoforms and RAGE are
very limited. S100A8/A9 binds to the V and C1 domains of
RAGE, protecting the VC1 region from proteolytic cleavage
and continuously activating downstream pathways such as
mitogen-activated protein kinase (MAPK), NF-κB, and
Janus Kinase (JAKs). This activation triggers inflammatory
responses that promote tumor growth, invasiveness,
and metastasis [31]. Additionally, S100A8/A9 exert
immunomodulatory effects by inducing apoptosis or
inhibiting the cell cycle. It stimulates the release of soluble
RAGE (sRAGE) and dampens RAGE’s canonical signaling
in tumor dissemination [32].

RAGE-initiated signaling pathway
Upon binding to its ligands, the RAGE receptor activates
multiple signaling pathways critical for cell proliferation,
apoptosis, inflammatory responses, and metabolic
regulation. RAGE activation of the NF-κB signaling pathway
leads to increased expression of inflammatory factors. NF-

TABLE 1

RAGE’s ligands [10,33]

Subfamily Ligand

AGEs [34] Nε-Carboxymethyl-Lysine (CML)

Nε-(carboxyethyl)lysine (CEL)

Methylglyoxal-derived hydroimidazolone-1
(MG-H1)

Crossline

Pentosidine

S100
proteins

S100A8

S100A9

S100B

S100P

HMGB1 HMGB1

Amyloid β Amyloid β (Aβ)
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κB activation promotes cell proliferation and inhibits
apoptosis, contributing to tumor growth [35]. Additionally,
RAGE regulates cell proliferation and differentiation via the
MAPK signaling pathway, which includes JNK and p38
signaling nodes (Fig. 1). Activation of these pathways can
lead to cell growth, survival, and inflammatory responses
[36]; RAGE can activate the Janus kinase/signal transducer
and activator of transcription (JAK/STAT) signaling
pathway, which plays an important role in cell proliferation,
differentiation, and immune responses (Fig. 1). The
activation of the JAK/STAT pathway is closely related to
tumor cell growth and metastasis [37]. Furthermore, RAGE-
mediated signaling can increase the generation of
intracellular reactive oxygen species (ROS), leading to
oxidative stress (Fig. 1). Oxidative stress is implicated not
only in cell damage and apoptosis but also in the
development of chronic diseases and cancer [38].

RAGE binds to proteins associated with cellular stress and
damage, including AGEs, HMGB1, the S100 family, and Aβ
[12]. Elevated extracellular levels of RAGE ligands
predominantly activate RAGE expression through NF-κB
activation. This interaction establishes a positive feedback
mechanism, wherein increased RAGE activation further
enhances NF-κB activity, resulting in sustained upregulation
of inflammatory responses and RAGE expression [39]. This

loop could perpetuate chronic inflammation and significantly
contribute to the progression of various diseases, including
cancer, diabetes, and neurodegenerative disorders.

In addition to binding to AGEs, RAGE interacts with a
variety of other ligands, such as the S100/calreticulin family,
HMGB1, β-folded fibrils, lysophosphatidic acid, β-amyloid,
transthyretin, serum amyloid A, and β2-integrin. These
interactions activate multiple mechanisms that can also
accelerate the downstream activation of NF-κB and initiate
similar positive feedback mechanisms leading to sustained
RAGE expression, which further enhances NF-κB activation,
creating a continuous inflammatory response [14].
Moreover, RAGE signaling activation contributes to the
formation of ROS, pro-inflammatory cytokine release, pro-
thrombotic factor production, and the expression of cell
adhesion molecules. It has been demonstrated that VC1
domains efficiently bind to multiple negatively charged
RAGE ligands, extending from low molecular weight AGEs,
such as CML and CEL, to macromolecular structures like β-
amyloid peptides and specific proteins such as the S100/
calmodulin family and HMGB1 [40]. VC1 conjugates also
can activate Rac1/Cdc42 of the Rho GTPase family, p38-
mitogen-activated protein kinases (p38-MAPK) (Fig. 1). The
intracellular domains of RAGE bind to key signaling
molecules, which play integral roles in signal transduction.

FIGURE 1. Diagram of the RAGE-mediated signaling pathway activated by the RAGE receptor upon binding to its various ligands, including
the MAPK-NF-κB and JAK/STAT pathways, as well as pathways associated with oxidative stress. The RAGE receptor triggers a series of
intracellular signaling cascades by binding to ligands such as AGEs and S100 proteins, ultimately regulating gene transcriptional activity.
Abbreviations: Jak: Janus Kinase, PI3K: Phosphatidylinositol 3-Kinase, AKT: Serine/Threonine Protein Kinase B, NADPH: Nicotinamide
Adenine Dinucleotide Phosphate, ROS: Reactive Oxygen Species, CRP: C-Reactive Protein, p38: p38 mitogen-activated protein kinase,
PKC: Protein Kinase C, Rac-1: Ras-related C3 botulinum toxin substrate 1, JNK: c-Jun N-terminal Kinase, ERK1/2: Extracellular Regulated
Protein Kinases, IL-6: Interleukin 6, Stat3: Signal transducer and activator of transcription3, MCP-1: Monocyte Chemotactic Protein-1,
TNF-α: Tumor Necrosis Factor-alpha, NF-κB: Recombinant Nuclear Factor Kappa B, VACM-1: Vascular Cell Adhesion Molecule-1,
ICAM-1: Intercellular Cell Adhesion Molecule-1. The images were generated using Biorender.
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These include Diaphanous-related formin 1 (DIAPH1), Toll/
interleukin-1 receptor domain-containing adapter protein
(TIRAP), and extracellular signal-regulated kinase 1/2
(ERK1/2) [41,42].

RAGE and Lung-Related Diseases

Asthma
Asthma, also known as bronchial asthma, is a chronic
inflammatory disease of the airways characterized by diverse
etiologies and clinical symptoms, triggered by a complex
interplay of genetic and environmental factors [43]. Asthma
involves various cells and components, with chronic airway
inflammation being a central feature. This inflammation
leads to structural and physiological alterations in lung
tissue and function, impacting prognosis and quality of life
[44]. In the pathological mechanism of asthma, pattern
recognition receptors (PRRs) such as RAGE are reported to
play a key role [45].

RAGE not only recognizes pathogen-associated molecular
patterns (PAMPs) but also damage-associated molecular
patterns (DAMPs) such as HMGB1 [46]. PAMPs are
molecular structures typically produced by microorganisms
such as viruses and bacteria, which trigger inflammatory
responses by activating the immune system [47]. In asthma
patients, exposure to certain environmental pathogens can
trigger PAMPs, thereby activating the immune response in
the airways, leading to airway inflammation and
overreaction. Meanwhile, DAMPs are endogenous molecules
released by damaged or dying cells, such as HMGB1, which
can also exacerbate airway inflammation and pathological
changes by activating the immune system [48]. By
recognizing these diverse ligands, RAGE can stimulate the
release of various cytokines, including thymic stromal
lymphopoietin (TSLP), IL-1β, IL-33, and IL-25. This
stimulation, in turn, triggers and regulates the activation and
differentiation of dendritic cells (DCs), T-lymphocytes, and
B-lymphocytes, further perpetuating the inflammatory
response in asthmatic airways [49].

Peng et al. reported that abnormalities in the expression
of epithelial barrier proteins, catenin, and E-cadherin, in
toluene diisocyanate (TDI)-induced Asthma may be
modulated via the RAGE-ERK axis [50], highlighting
aberrant RAGE-mediated β-catenin signaling as a crucial
factor in airway inflammation. Moreover, the RAGE’s
ligand, HMGB1, is likely to play a significant role in that
process. HMGB1, an inflammation-associated cytokine
mediator, stimulates neutrophil aggregation and the release
of pro-inflammatory factors. These factors are primarily
produced by immune cells such as macrophages and
monocytes [51]. HMGB1 can also modulate dendritic cell
function by binding to receptors on their surface. This
interaction enhances the antigen-presenting capability of
dendritic cells, thereby facilitating T cell activation.
Activated T cells, particularly Th17 cells, subsequently
secrete inflammatory mediators such as IL-17, which further
exacerbates the inflammatory response in asthma [52].

Clinical studies have shown that the development of
asthma airway inflammation is associated with HMGB1 and
RAGE. HMGB1 can serve as an important indicator for
assessing treatment efficacy relative to asthma severity.
Increased HMGB1 expression in the sputum of asthma
patients correlates with disease severity and lung
inflammatory cell counts (Fig. 2) [53]. Another study
highlights the crucial role of S100A8/A9 in airway
remodeling and inflammation in asthmatics [54].
Experiments using house dust mites to induce airway
inflammation in rats showed that RAGE knockout rats did
not exhibit asthma-like changes compared to wild-type
rats [55]. Similarly, by using ovalbumin to induce airway
sensitization in mice, Akirav et al. observed that RAGE
accelerates T cell growth and differentiation by activating T
cells [56].

Current asthma treatments primarily rely on
medications that control symptoms; however, these are
often limited in efficacy or associated with significant side
effects in some patients. Considering the significant role of
the HMGB1/RAGE axis in asthma-related inflammation,
targeting RAGE and its downstream pathways presents a
promising therapeutic strategy. However, current research is
mainly based on animal models and in vitro experiments,
with limited evidence from (large-scale) clinical trials. Thus,
while preliminary findings are promising, further studies or
validation through clinical trials is necessary. Moreover, a
comprehensive understanding of RAGE and its downstream
pathways across different stages of inflammation and
asthma phenotypes can enhance clinical treatment
outcomes. This knowledge would assist clinicians in
selecting more precise treatment strategies, facilitating
personalized medicine, improving patient outcomes,
reducing disease recurrence, and enhancing quality of life.
Additionally, in-depth research into RAGE’s downstream
signaling pathways may uncover new potential drug targets,
providing a foundation for pharmaceutical companies to
develop novel therapeutics. This approach not only expands
the therapeutic scope of existing medications but also
increases the specificity and efficacy of treatments. Future
studies should focus on designing and conducting large-
scale, randomized controlled trials to confirm the efficacy
and safety of RAGE antagonists and HMGB1 inhibitors in
asthma patients. Additionally, delving into the specific
mechanisms of RAGE and its downstream pathways in
asthma inflammation and clarifying their roles in different
Asthma inflammatory stages is crucial.

Chronic obstructive pulmonary disease (COPD)
Chronic obstructive pulmonary disease (COPD) is a
widespread, preventable, and treatable condition primarily
characterized by airway inflammation and structural
remodeling [57]. With the increasing understanding of
COPD, more attention is being paid to its various
complications, such as respiratory failure, heart failure,
pulmonary edema, hypoxemia, and cardiac arrhythmias.
Despite extensive research, the exact pathogenesis of COPD
remains elusive. Core mechanisms include chronic
inflammation, imbalances between proteases and anti-
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proteases, oxidative stress, and increased aberrant apoptosis
[58]. RAGE and its associated ligands play significant roles
in the pathogenesis of COPD. And genetic factors also
influence RAGE function, with polymorphisms in the gene
which encoding RAGE being linked to decreased lung
function and higher COPD risk [59]. A clinical study also
confirm that the G82S polymorphism of RAGE gene
increases the risk of COPD among Chinese smokers [60].

The expression of RAGE and its ligand HMGB1 was
reported to be significantly enhanced in both sputum and
pathological samples from COPD patients (Fig. 2) [61].
Elevated levels of AGEs were also detected in lung tissues
and small airways of COPD patients (Fig. 2) [62].
Additionally, it is evidenced that an increasing trend in the
number of AGEs in the skin of COPD patients compared to
healthy smoking and non-smoking controls [63]. Meanwhile,
the expression of sRAGE has been found to be decreased in
patients with COPD according to numerous scientific
studies. sRAGE functions as a decoy receptor that sequesters
circulating AGEs, thereby inhibiting their binding to cell
surface receptors and subsequently reducing the
inflammatory response mediated by RAGE signaling
[8,64,65]. Research has demonstrated that reduced levels of
sRAGE are associated with the severity of COPD and, to
some extent, with lung function. In a study by Gopal et al.,
serum levels of sRAGE and Forced Expiratory Volume in 1 s
(FEV1) were tested in 88 patients with COPD. The results

showed a significant association between total plasma sRAGE
levels and FEV1, suggesting that sRAGE can be an important
indicator for assessing disease status and severity in COPD
patients [66]. Overall, the involvement of RAGE signaling in
COPD underscores its significance in disease mechanisms
and potential as a target for therapeutic interventions.

Lung cancer
Lung cancer remains one of the most lethal diseases globally,
with its rising incidence posing significant threats to human
health. High-risk factors include cigarette smoking,
environmental smoke, genetic factors, air pollution, and
occupational exposures such as asbestos and radon [67].
RAGE is implicated in the pathogenesis and progression of
non-small cell lung cancer (NSCLC) [68]. Unlike other solid
tumors like hepatocellular carcinoma, RAGE expression was
reported to be significantly reduced in NSCLC [69].
However, it may play a crucial role in chronic inflammation
and oxidative stress within the tumor microenvironment,
contributing to cancer progression.

NADPH oxidase 4 (NOX-4), a member of the NOX
family, is involved in the formation of endogenous ROS and
the inflammatory response. NOX-4 proteins may act as
downstream effectors of RAGE in chronic inflammation,
affecting the tumor microenvironment. The interaction
between RAGE and NOX-4 mediates chronic inflammation,
which can increase cancer risk [70]. RAGE also engages in

FIGURE 2. Involvement of multiple RAGE ligands in various human lung-related diseases, including Asthma, COPD, Lung Cancer, ARDS
and PF. The coexistence of S100 protein, AGEs, and HMGB1 with RAGE in patients diagnosed with asthma, COPD, ARDS, PF and SARS-
CoV-2 can elicit an inflammatory response, thereby potentially leading to alterations in lung tissue structure and physiological function.
Elevated levels of sRAGE in the plasma of individuals at high risk for ARDS serve as a promising predictive and diagnostic biomarker for
this condition. Moreover, the release of S100 protein and HMGB1 from cancer patients can induce cellular activation and contribute to
tumor invasion and migration. In addition, S100A12 levels are significantly elevated in severe COVID-19 patients and can serve as a
marker for identifying severe cases. HMGB1 is considered a prospective biomarker for the severity of COVID-19 and a potential
therapeutic target. Abbreviations: PF: Pulmonary Fibrosis, COPD: Chronic Obstructive Pulmonary Disease, ARDS: Acute Respiratory
Distress Syndrome, HMGB1: High-Mobility Group Box 1, AGEs: Advanced Glycation End Products, sRAGE: soluble Receptor for
Advanced Glycation End Products. The images were generated using Biorender.
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ligand-receptor binding with S100 family proteins, initiating a
cascade of biochemical reactions. When extracellular S100P
binds to RAGE on the cell surface, it triggers downstream
signaling cascades that influence the cell growth cycle and
activity (Fig. 2). This interaction is crucial, particularly
in mediating drug resistance and invasive metastasis of
tumors [71].

Studies on lung adenocarcinoma have demonstrated that
S100A11 expression is significantly increased in tissues with
the Kirsten rat sarcoma viral oncogene (KRAS) gene variant,
promoting cell proliferation. And both S100A11 and
S100A16 are associated with the prognosis of lung
adenocarcinoma, with S100A16 being prominent in high-
stage lung cancer (Fig. 2) [72]. Recent study suggests that
the extracellular segment of the S100 receptor (esFc) acts as
a significant trigger for lung cancer metastasis upon
stimulation by S100A8/A9. Therefore, disrupting this
interaction may help in preventing cancer metastasis [73].
Moreover, Choi et al. [74] identified a serum protein level
threshold of 0.058 ng/mL for S100B when examining lung
cancer associated with brain metastases. This threshold
exhibited a sensitivity of 89%, specificity of 43%, and overall
accuracy of 51% in diagnosing patients with brain
metastases. When combined with autoantibody levels of
S100B, the overall diagnostic accuracy improved to 62.5%.
Interestingly, S100B can bind to RAGE, promoting cell
growth by activating the fibroblast growth factor receptor
(FGFR1) in a bFGF-dependent manner [75], while aberrant
bFGF-FGFR1 is reported to be highly involved in the tumor
initiation progression and drug resistance in lung squamous
cell carcinoma (LSCC) [76]. Further exploration of RAGE
signaling in the specific context of LSCC might provide new
targets to conquer this specific type of LSCC, which is still
absent of targeted therapy [77].

It was demonstrated that a significant reduction in RAGE
expression levels among non-small cell lung cancer patients
[78]. Kobayashi et al. investigated RAGE expression in 182
non-small cell lung cancer tissues, revealing either absent or
low RAGE expression in 147 samples, which correlated
positively with patient survival [79]. Consistently, increasing
RAGE expression notably inhibited lung cancer cell growth
and tumorigenesis [80]. Lung cancer development involves
substantial microenvironmental changes that impact cancer
cell differentiation and metastasis. Mechanically, reduced
RAGE expression in lung cancer disrupts cellular and
extracellular matrix interactions, enhancing cell proliferation,
migration, and metastasis [81]. Notably, Oczypok et al.
observed highest RAGE expression in type I alveolar
epithelial cells compared to lower levels in bronchial epithelial
cells of lung cancer tissues. This differential expression may
enhance cancer cell proliferative capacity rather than suppress
apoptosis, potentially evading immune recognition and
fostering immune tolerance [22]. Chronic inflammation and
oxidative stress mediated by RAGE-associated factors like
NF-κB further exacerbate tumorigenesis by impairing normal
cell interactions and apoptosis [82].

Unexpectedly, despite decreased RAGE expression in
lung cancer, the levels of its ligands such as AGEs tend to

increase due to negative feedback regulation and the high
metabolic activity of tumor tissues, promoting tumor
progression [69]. Conversely, sRAGE levels decrease in lung
cancer tissues compared to normal and benign lesions,
showing a negative correlation with lymph node metastasis
degree, thereby holding promise for lung cancer detection
and prognostic evaluation [83].

Collectively, RAGE signaling plays a complex role in lung
cancer, involving chronic inflammation, oxidative stress, and
interactions with various proteins and ligands. Despite
reduced RAGE expression in lung cancer, there is an increase
in its ligands, suggesting a potential feedback mechanism.
Furthermore, sRAGE shows promise as a biomarker for lung
cancer, offering avenues for future therapeutic and diagnostic
strategies. Deep elucidating the role of RAGE-mediated
signaling in different subtypes of lung cancer may provide
new directions for precision therapies.

Acute respiratory distress syndrome (ARDS)
Acute respiratory distress syndrome (ARDS) is a prevalent
inflammatory lung injury characterized by increased
pulmonary edema and respiratory failure triggered by
hypoxemia [84]. Clinically, ARDS manifests as persistent or
recurrent wheezing, cough, varying degrees of chest
tightness, and shortness of breath. Severe dyspnea,
progressive cyanosis, and wet rhonchi in the lungs are key
distinguishing symptoms. Death by asphyxia can result from
thickening of the alveolar walls due to the deposition of
large amounts of extracellular exudate in the alveolar
cavities, leading to impaired ventilation [85]. Alveolar fluid
is transported to alveolar epithelial cells primarily by
sodium ions via sodium channels, followed by the NA+-K+
ATPase within the basement membrane that pumps these
sodium ions to the interstitium, creating a localized osmotic
gradient [86]. Aquaporin-5 (AQP-5) channels in the
alveolar epithelium facilitate water transport, effectively
removing fluid from the alveoli. These pathways are crucial
for maintaining pulmonary circulation homeostasis. The
active transport of ions and fluids by the alveolar epithelium
is vital for keeping the alveoli dry and ensuring efficient gas
exchange [87]. Besides, anions, cations, and other small
molecules in lung tissue can enter the alveolar lumen
through cell membranes. When lung damage occurs, the ion
transport pathways are disrupted, which reduces the
efficiency of alveolar fluid clearance. This leads to the
accumulation of water and sodium, ultimately resulting in
pulmonary edema.

RAGE is highly expressed in the lungs, particularly on the
basement membrane of type I alveolar epithelial cells, and is
also present in type II alveolar epithelial cells [10].
Additionally, polymorphisms in the sRAGE gene (AGER)
play a crucial role in predicting the development of ARDS.
Specifically, the AGER SNP rs2070600 (Ser/Ser) is associated
with an increased risk of ARDS and elevated plasma sRAGE
levels (Fig. 2). In high-risk intensive care patient populations,
elevated plasma sRAGE levels can help identify individuals
more susceptible to ARDS and predict their prognosis [88].
Mechanical degeneration of epithelial and endothelial cells

MODULATING RAGE SIGNALING HOLDS PROMISE FOR MAINTAINING LUNG HOMEOSTASIS 1727



can trigger a significant release of sRAGE in the short term
when lung tissue is compromised. These cells can modulate
their oxygen requirements through secretion or direct action
on other organelles, leading to a range of pathophysiologic
changes, including airway obstruction, alveolar damage, and
inflammatory responses. During treatment, serum levels of
sRAGE gradually decrease, primarily due to reduced
inflammation, and research indicates that sRAGE can be
rapidly cleared by the kidneys [89]. Elevated sRAGE levels
correlate with ARDS severity, serving as a biomarker. Future
treatments may focus on modulating sRAGE-mediated
signaling, improving early detection, prognosis, and
personalized therapies for treating ARDS.

Pulmonary fibrosis (PF)
Englert et al. reported significantly lower RAGE protein levels
in alveolar lavage fluid and tissue homogenates from PF
patients compared to healthy individuals [90]. Experimental
models of pulmonary fibrosis in mice, induced by
bleomycin and asbestos, also showed decreased RAGE
expression, suggesting its possible protective role in the
context of complex inflammatory response leading to
pulmonary fibrosis due to excessive extracellular matrix
deposition around blood vessels [91]. Further studies
revealed that RAGE knockout mice naturally exhibit altered
lung fibrosis compared to wild-type mice. Both lung injury
and sham-operated groups showed multiple pro-fibrotic
cytokines compared to normal mice, suggesting involvement
in lung tissue remodeling. This indicates RAGE’s protective
role in pulmonary fibrosis development [21]. He et al.
assessed pro-fibrotic cytokines like transforming growth
factor-beta1 (TGF-β1) and platelet-derived growth factor
(PDGF) in RAGE knockout and wild-type mice, finding no
increasing trend in RAGE knockout mice [92]. Ramsgaard
et al. found similar asbestos-induced pulmonary fibrosis
effects in both RAGE knockout and wild-type mice [21].
However, Morbini used immunohistochemistry to examine
RAGE expression in smokers’ fibrosis and healthy tissue
samples, finding increased RAGE in alveolar cells, bronchial
epithelial cells, and endothelial cells [93].

The role of RAGE in pulmonary fibrosis is debated, with
animal experiments yielding varied conclusions. Nevertheless,
most studies show a gradual decrease in RAGE expression in
both patients and animal models of pulmonary fibrosis.
Whether this is due to a decrease in the RAGE gene itself or
damage to type I alveolar epithelial cells remains unclear,
necessitating further investigation.

SARS-COVID-2 viral pneumonia
SARS-CoV-2 was first reported in 2019 and led to the global
COVID-19 pandemic. Patients infected with this virus may be
asymptomatic or present with moderate to severe clinical
symptoms, primarily manifesting as pulmonary infections
such as pneumonia, respiratory failure, and death [94].

Research indicates that RAGE can act as a functional
receptor for SARS-CoV-2, binding to the S1 receptor-
binding domain of the virus. The interaction between RAGE
and the Spike protein facilitates the infection of monocytes,
and the RAGE pathway is crucial for SARS-CoV-2 infection

[95]. Basile’s research reveals that SARS-CoV-2 infection
causes a significant upregulation of the PI3K-AKT-mTOR
pathway, primarily evidenced by extensive modification of
protein phosphorylation sites [96]. Studies reveal that
downstream MAPK signaling molecules in COVID-19
patients, such as ERK1/2 and p38, show significantly
elevated phosphorylation levels, indicating that the MAPK
signaling pathway is significantly activated [97].

Numerous studies have shown that many ligands of
RAGE play a significant role in the disease progression of
COVID-19 patients. Elevated levels of S100A8, S100A9, and
HMGB1 are observed in COVID-19 patients. Holms
discovered that S100A8/A9 can bind to RAGE, activating
downstream pathways and leading to the release of IL-6
[98]. The secreted IL-6 can further activate STAT3, which
stimulates the expression of S100A8/A9 in monocytes,
creating a positive feedback loop that amplifies
inflammation. S100A12, another ligand of RAGE, is
primarily activated in severe patients and shows increased
expression in lung tissues. Its exact role remains unclear, but
research indicates that compared to healthy controls,
COVID-19 patients have higher levels of S100A12, and its
levels correlate positively with disease severity [99]. Mester
proposed that S100A12 could serve as a biomarker for
severe cases and suggested that serological measurement of
S100A12 might improve the selection of antibiotics and
antiviral drugs for COVID-19 patients [100]. HMGB1 plays
a role in COVID-19 patients like its role in other diseases. It
can form complexes with DNA and RNA, which then bind
to mRNA and Toll-like receptors, initiating pro-
inflammatory responses. This interaction increases the
output of pro-inflammatory factors, creating a harmful
feedback loop [101]. It has been reported that HMGB1 may
serve as a prognostic marker for the severity of COVID-19
and as a potential therapeutic target [102].

AGE mediates the interaction between inflammatory
proteins and connective tissue, making them more
susceptible to damage from immune system imbalance.
Inflammation is currently understood as a complex process
induced by various types of cytokines, including
interleukins, tumor necrosis factors, and other inflammatory
mediators, as well as regulatory substances like the
complement system. RAGE is expressed in multiple
inflammation-related cells. When AGE is activated, it
triggers the activation of several downstream signaling
pathways, which can ultimately lead to tissue damage due to
inflammatory responses. Published studies suggest that the
AGE-RAGE signaling pathway may be associated with the
severity of COVID-19 [103–105]. Furthermore, some
researchers propose that this signaling pathway could serve
as a novel anti-inflammatory drug target for clinical
application. Multiple studies have found that the AGE-
RAGE signaling pathway may be associated with the
therapeutic effects of various traditional Chinese herbs on
COVID-19. It has been confirmed that some traditional
Chinese medicines, such as Astragalus injection,
Honeysuckle injection, and Baicalin injection, have antiviral
replication-inhibiting and immune-modulating effects [106].
These findings suggest a close connection between the
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AGE-RAGE signaling pathway and the pathogenic
mechanisms of SARS-CoV-2.

RAGE Inhibitor and Therapeutical Potential in Lung
Related Diseases

RNA interference (RNAi) based therapy has been explored to
reduce RAGE expression [107]. In addition, methods to
antagonize ligands-RAGE signaling include using sRAGE
decoy molecules, as well as small molecule inhibitors such
as FPS-ZM1, which selectively and competitively binds to
RAGE to prevent signaling ligands’ interaction [108,109].

Other approaches include the use of RAGE antibodies and
low molecular weight heparin to inhibit RAGE activity.

While the current development of RAGE inhibitors has
primarily focused on diseases such as Alzheimer’s disease
and cancer [109–112], the potential of RAGE inhibitors in
treating specific lung-related diseases has received less
attention. Therefore, we herein summarized specific clinical
studies focusing on RAGE inhibiting molecules for treating
lung or its associated diseases (Table 2). These clinical trials
have shown promising results, which suggest that targeting
RAGE could be a promising therapeutic strategy for various
lung-related diseases.

TABLE 2

RAGE inhibiting molecules

Drug Mechanisms Clinical trial
identifier

Lung-related
diseases

Recruitment
status

Sponsor Phase

Epigallocatechin-
3-gallate (EGCG)

Capture of MGO (a highly reactive α-
dicarbonyl compound) reduces the
formation of AGEs and decreases RAGE
expression

NCT03928847 Pulmonary
fibrosis

Completed Hal Chapman,
USA

Early
Phase 1

NCT05195918 Idiopathic
pulmonary
fibrosis

Recruiting Hal Chapman,
USA

Phase 1

Resveratrol Capture of MG and highly reactive α-
dicarbonyl compounds MG and glyoxal
dicarbonyl compounds reduces the
formation of AGEs; reduces RAGE
expression

NCT01492114 Anti-
inflammatory
and
antioxidant

Completed University of
Turin, Italy

Phase 3

Small RAGE
antagonist
peptide

Reduced s100s, HMGB1 interaction with
RAGE, and inhibition of NF-κB

Not applicable

Hispidin Inhibition of NF-κB and RAGE
expression

Ergothioneine Inhibition of NF-κB and RAGE
expression

NCT05190432 Oxidative
stress,
inflammation

Active, not
recruiting

University of
Southampton,
UK

Not
applicable

Ethyl pyruvate Inhibition of NF-κB, STAT-3, HMGB1
and RAGE expression

Not applicable

FPS-ZM1 Selectively binds RAGE, blocks the
binding of Aβ to the V structural domain
of RAGE, and inhibits cellular stress
induced by Aβ40 and Aβ42 in RAGE-
expressing cells in vitro and in vivo

Not applicable

TTP48 RAGE antagonists that block Not applicable

Curcumin Induction of sRAGE expression reduces
the effect of AGEs accumulation

NCT04458116 Oxidative
stress,
inflammation

Withdrawn Universidade
Federal
Fluminense,
Brazil

Not
applicable

NCT05349032 Inflammations Unknown
status

Epiceutical
Labs, USA

Not
applicable

Recombinant
soluble RAGE

Inhibition of RAGE-activated pathway
reduces ligand-induced inflammatory
response, migration, and proliferation

Not applicable

RAGE-DNA-
aptamer

Binds to RAGE and competitively inhibits
the binding of RAGE ligands to RAGE

Not applicable

RAGE vaccine Generation of RAGE-specific IgG
antibodies

Not applicable

Note: Data from http://clinicaltrials.gov (accessed on 10 August 2024).
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Conclusion

RAGE exhibits notable expression in pulmonary tissues under
physiological conditions, distinguishing it from other organ
systems. Its regulatory influence in lung-related disorders
such as lung cancer, asthma, and COPD is increasingly
acknowledged. The modulation of ligands-RAGE signaling
in these diseases underscores its significant role, with
outcomes varying markedly depending on the specific
context of lung pathology.

Inflammatory responses are prominently initiated by
RAGE activation, highlighting its pivotal role in conditions
like asthma and COPD. Activation of this receptor
commonly amplifies inflammatory reactions, a shared
characteristic observed in diseases including diabetes,
neurodegenerative disorders, and cardiovascular diseases.
Through the NF-κB signaling pathway, RAGE enhances the
expression of multiple inflammatory mediators, perpetuating
chronic inflammation crucial to disease progression.
Additionally, RAGE activation escalates intracellular ROS,
triggering oxidative stress that plays a pivotal role in cellular
damage and apoptosis across diverse cell types such as
endothelial cells, macrophages, and neuronal cells.

In lung diseases like lung cancer and pulmonary fibrosis,
RAGE’s presence may confer a protective role by exerting
anti-inflammatory or immunosuppressive effects through
modulation of immune responses and interaction with genes
involved in airway inflammation. Further investigations are
necessary to elucidate its precise mechanisms. We proposed
future research efforts should prioritize:

1. Elucidating the specific mechanisms of ligands-RAGE
signaling in either promoting or mitigating lung-related
diseases to identify novel therapeutic targets.

2. Assessing the potential of RAGE and its various ligands as
biomarkers for specific lung diseases and complex
pulmonary comorbidities, considering their varied
expression levels and critical roles across numerous
lung diseases.

3. Developing potent and selective inhibitors targeting RAGE’s
specific ligands, which may offer enhanced safety profiles
compared to broad RAGE inhibitors, represents a
promising avenue for clinical translation in therapeutic
intervention.

While the initial objective of this review is to explore
recent discoveries of AGE-RAGE signaling axis in the
specific context of lung diseases from both basic research
and clinical advancements, thus, to provide valuable
references for future studies, it is important to note that
certain limitations remain, including:

First, the scope of this review primarily centers on
established mechanisms of RAGE interaction and signaling,
potentially overlooking emerging insights into less studied
ligands and novel regulatory mechanisms. Expanding the
exploration of these newly discovered pathways could
provide a more holistic understanding of the complexities of
RAGE signaling. Furthermore, while this review
predominantly discusses RAGE’s role in lung-related
diseases, it’s important to acknowledge that the complexity

of lung diseases extends beyond the conditions discussed
here, such as asthma, COPD, pulmonary fibrosis, ARDS,
and lung cancer. Other respiratory conditions, including
bronchitis and pneumonia, are influenced by a multitude of
factors. Notably, various viruses and bacteria may induce
different lung injuries and are potentially linked to varying
degrees of dysregulation in the AGE-RAGE signaling
pathway, even though related mechanistic studies and
clinical investigations are still lacking.

The existing literature lacks sufficient evidence
supporting the feasibility and efficacy of clinical applications
related to this topic. This oversight may lead to an
oversimplified understanding of the underlying mechanisms
governing RAGE’s functionality. We believe that although
existing research has highlighted the significance of RAGE
in lung diseases, further exploration is warranted to
elucidate its specific mechanisms. Exploring the mechanisms
of the AGE-RAGE pathway in the initiation and progression
of specific lung diseases, particularly through clinical
research and trials-driven basic studies, holds great
significance for developing more effective targeted
therapeutic strategies of specific lung diseases.

In conclusion, the multifaceted involvement of RAGE in
lung diseases underscores its potential as both a therapeutic
target and biomarker, necessitating further exploration to
fully harness its clinical potential.
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