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Abstract: Chronic obstructive pulmonary disease (COPD) is a heterogeneous lung condition charac-
terized by persistent respiratory symptoms and airflow limitation. While there are some available
treatment options, the effectiveness of treatment varies depending on individual differences and the
phenotypes of the disease. Therefore, exploring or identifying potential therapeutic targets for COPD
is urgently needed. In recent years, there has been growing evidence showing that lysophospholipids,
namely lysophosphatidylcholine (LPC) and lysophosphatidic acid (LPA), can play a significant role
in the pathogenesis of COPD. Exploring the metabolism of lysophospholipids holds promise for
understanding the underlying mechanism of COPD development and developing novel strategies for
COPD treatment. This review primarily concentrates on the involvement and signaling pathways of
LPC and LPA in the development and progression of COPD. Furthermore, we reviewed their associa-
tions with clinical manifestations, phenotypes, and prognosis within the COPD context and discussed
the potential of the pivotal signaling molecules as viable therapeutic targets for COPD treatment.

Keywords: COPD; lipid metabolism; lysophospholipids; lysophosphatidylcholine; lysophosphatidic
acid

1. Introduction

COPD is a heterogeneous lung condition characterized by persistent respiratory symp-
toms due to abnormalities of the airways and/or alveoli that cause irreversible airflow
obstruction [1]. The primary environmental factors contributing to COPD are cigarette
smoking and the inhalation of toxic particles and gases, often produced by indoor and
outdoor air pollution. With a global prevalence rate now at 10.3%, COPD has become a
significant worldwide public health concern. In China, the prevalence of COPD among
individuals aged 40 and above was 13.7%, affecting approximately 100 million people [2].
Annually, COPD claims the lives of over 3 million individuals worldwide [3], making it
one of the top three leading causes of death globally, with 90% of these deaths occurring in
low- and middle-income countries [1]. COPD has a substantial impact on national health
systems, imposing a considerable economic and health burden on individuals, families,
and communities [4]. This burden is expected to escalate in the coming decades due to
continued exposure to COPD risk factors and an aging population [1]. Various key factors
are involved in the pathogenesis and progression of COPD, including chronic airway
inflammation and emphysema, oxidative stress, apoptosis, imbalances between proteases
and antiproteases, as well as airway remodeling and fibrosis [5,6].

Lipids serve multiple functions within cells, acting as major cellular components and
important energy storage reservoirs. Moreover, extensive research conducted over the
past two decades has elucidated their role in cellular signaling [7]. Recent studies have
underscored the significance of lipid metabolism in COPD pathogenesis [8], with particular
attention given to lysophospholipids. Lysophospholipids are essential lipid components,
representing monoacyl hydrolyzed products derived from diacyl phospholipid precursors,
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aptly named for their erythrocyte-lysing capability [4]. These lysophospholipids partic-
ipate in numerous signaling pathways and play an important and complicated role in
the pathogenesis of COPD. Previous research has predominantly centered around two
lysophospholipids: lysophosphatidic acid (LPA) and lysophosphatidylcholine (LPC), the
most abundant lysophospholipid in the human body. In this review, we provide an overall
picture of the roles of the LPC–LPA axis in the pathogenesis of COPD. This study aims to
deepen our understanding of COPD pathogenesis and open up new avenues for future
therapeutic strategies.

2. Lysophospholipids

Lysophospholipids represent a common class of phospholipids, encompassing LPC,
lysophosphatidylethanolamine (LPE), lysophosphatidylserine (LPS), lysophosphatidyli-
nositol (LPI), lysophosphatidylglycerol (LPG), and LPA. These lysophospholipids are
produced through the hydrolysis of membrane phospholipids by either phospholipase A1
or phospholipase A2 enzymes [9]. In circulation, LPC is the most prevalent lysophospho-
lipid [10], followed by LPE and LPA. In the physiological environment, lysophospholipids
are abundantly present in the extracellular space, such as plasma and interstitial fluid.
Their amphiphilic nature allows certain molecules to be secreted extracellularly, where they
serve as signaling molecules [9]. Among the lysophospholipids, LPA and LPC are the most
extensively studied. LPA is composed of a phosphate group, a central glycerol backbone,
and a fatty acid chain. LPA predominantly originates extracellularly, primarily through
various pathways. Notably, phospholipids within biological membranes, such as phos-
phatidylcholine (PC), phosphatidylethanolamine (PE), or phosphatidylserine (PS), can be
enzymatically hydrolyzed by phospholipase D (PLD) 1 or 2 to generate phosphatidic acid
(PA). In an alternative pathway, intracellular diacylglycerol (DAG) undergoes conversion to
PA catalyzed by DAG kinase (DAGK). Subsequently, PA is transformed into LPA through
the actions of PA-selective phospholipase (PL) A1 or PLA2 enzymes localized at the cell
membrane surface [11]. Enzymes responsible for PA production, such as phospholipase D
and diacylglycerol kinase, are exclusively found within the cytoplasm. Consequently, the
production of LPA via PA-selective PLA is believed to be closely linked to PA production
and its subsequent transport [12]. Moreover, intracellularly, LPA can be produced through
acylglycerol kinase (AGK) acting on monoacylglycerol, and via acylation of glycerol-3-
phosphate by glycerol-3-phosphate acyltransferase. This intracellular pathway represents a
significant mechanism for LPA production [13,14].

Extracellularly, phospholipids, such as PC, are converted into lysophospholipids, such
as LPC. This conversion is facilitated by secretory PLA2 or phospholipase PLA1 enzymes.
Autotaxin (ATX), an abundantly secreted lysophospholipase D found extracellularly, plays
a pivotal role in the following process. ATX cleaves the choline, ethanolamine, or serine
portions of LPC, LPE, and LPS, respectively, to generate LPA [13]. ATX, present in plasma, is
responsible for regulating plasma LPA levels [15]. Additionally, LPA can be generated from
phospholipids through a sequential action involving lecithin cholesterol acyltransferase
(LCAT) followed by ATX [16,17] (Figure 1).

Extracellular LPA circulates and can bind to one of six subtypes of LPA receptors
(LPARs) denoted as LPAR1-6, all of which belong to the G protein-coupled receptor (GPCR)
family [18]. These LPARs can activate downstream signaling effectors, including Rho-
associated kinase (Rock), phospholipase C (PLC), inositol triphosphate (IP3), diacylglycerol
(DAG), mitogen-activated protein kinase (MAPK), Phosphoinositide-3-kinase (PI3K), pro-
tein kinase b (AKT), and adenylyl cyclase (AC)/cAMP, through various G-protein subunits,
such as Gα12/13, Gαq/11, Gαi/o, and Gαs [19–21]. The activation of Gα12/13 promotes
the Rho/Rock and Rho/ Serum Response Factor (SRF) pathways, responsible for orchestrat-
ing cell motility, infiltration, and cytoskeletal rearrangements. Gαq/11 activation stimulates
the IP3 pathway, facilitating vasodilation and governing cell growth and immune responses.
Gαs activation mediates AC signaling, culminating in cyclic AMP (cAMP) production.
Meanwhile, Gαi/o activation supports various cellular processes including morpholog-
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ical alterations, cell migration, and survival through PLC, Ras/MAPK, PI3K/Rac, and
PI3K/Akt pathways [22] (Table 1). LPA initiates a diverse range of cellular processes, en-
compassing cell proliferation, apoptosis inhibition, cell migration (including T-cells, neural
cells, fibroblasts, and tumor cells), secretion of cytokines (including Interleukin (IL)-2, IL-8,
IL-12, and Tumor necrosis factor α), platelet aggregation, smooth muscle contraction, and
myofibroblast differentiation [17,22–26]. These biological effects underscore the significant
role of LPA as a crucial molecule in cellular signaling and functional regulation.
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Figure 1. Lysophosphatidic acid (LPA) generation Phospholipids within biological membranes, such
as phosphatidylcholine (PC), can be enzymatically hydrolyzed by phospholipase D (PLD) 1 or 2
to generate phosphatidic acid (PA). In an alternative pathway, intracellular diacylglycerol (DAG)
undergoes conversion to PA catalyzed by DAG kinase (DAGK). Subsequently, PA produced through
both of these pathways is transformed into LPA by PA-specific phospholipase (PL) A1 or PLA2
enzymes localized at the cell membrane surface. Moreover, intracellularly, LPA can be produced
through acylglycerol kinase (AGK) acting on monoacylglycerol, and via acylation of glycerol-3-
phosphate by glycerol-3-phosphate acyltransferase. Extracellularly, Phospholipids such as PC are
converted to lysophospholipids such as lysophosphatidylcholine (LPC) by secretory PLA1 or PLA2.
ATX then cleaves the choline of LPC to generate LPA. Additionally, LPA can be generated from
phospholipids through a sequential process involving lecithin cholesterol acyltransferase (LCAT),
followed by the action of autotaxin (ATX).

Table 1. Summary of LPA receptors, downstream signaling pathways, and biological effects.

Receptor G-Protein Subunit Downstream Signaling Specific Biological Functions

LPAR1-6 (GPCR)

Gα12/13 Rock, Rho/SRF Cell motility, infiltration,
cytoskeletal rearrangements

Gαq/11 PLC, IP3 Vasodilation, cell growth,
immune responses

Gαs AC/cAMP Production of cAMP

Gαi/o PLC, Ras/MAPK, PI3K/Rac,
PI3K/Akt

Morphological alterations, cell
migration, survival

GPCR, G protein-coupled receptor; Rock, Rho-associated kinase; SRF, Serum Response Factor; PLC, Phospholipase
C; IP3, Inositol triphosphate; AC, Adenylyl cyclase; cAMP, cyclic AMP; MAPK, mitogen-activated protein kinase;
PI3K, Phosphoinositide-3-kinase; AKT, protein kinase b.
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3. LPA, LPC Receptors in the Respiratory System
3.1. LPA

LPAR1-3 have broad expression across lung epithelial cells, endothelial cells, airway
smooth muscle cells, and various immune cell types, including eosinophils, macrophages,
neutrophils, and lymphocytes [26]. Particularly in human airway epithelial cells and airway
smooth muscle cells, studies have confirmed the presence of LPAR1, LPAR2, and LPAR3
receptors [23,27]. Flow cytometry-based investigations have also revealed the surface
expression of LPAR1, LPAR2, and LPAR3 receptors on both Type 1 T helper (Th1) and Type
2 T helper (Th2) cells [13,27,28]. Conversely, eosinophils express LPAR1 and LPAR3 but
not LPAR2 [13,29].

LPA exerts a range of effects on airway cells, including enhancing smooth muscle cell
contractility, promoting the proliferation of mesenchymal cells, reinforcing the epithelial
cell barrier, stimulating the expression of both pro- and anti-inflammatory cytokines in
human bronchial epithelial cells, and facilitating T cell homing. These findings underscore
the distinct biological roles that LPA plays across various lung cell types [13,25,30].

3.2. LPC

Compared to LPA, the receptors of LPC are not well studied. The main LPC receptors
that have been reported are GPCR and Toll-like receptors (TLR). In GRCP, GPR132 (G2A)
and GPR4 are known LPC receptors. The affinity of LPC for G2A is significantly higher
than that for GPR4. G2A is mainly expressed in lymphocytes and macrophages [31].

When LPC binds to G2A, it activates extracellular signal-regulated kinase (ERK) mitogen-
activated protein kinase to induce T lymphocyte and macrophage migration [32,33]. In addi-
tion, LPC can activate nuclear factor kappa B (NF-kB), p38 MAPK, and c-Jun N-terminal
kinase (JUK) signaling pathways by binding to TLR2 and TLR4 receptors [34,35]. The acti-
vation of these pathways induces the production of pro-inflammatory factors that modulate
inflammation. These activations mediate a wide array of biological functions, such as the
induction of chemotaxis, modulation of inflammatory factors, regulation of oxidative stress,
and apoptosis [36]. It is worth noting, however, that the specific receptors for LPC and
their expression in the lungs remain poorly characterized. Therefore, future studies should
prioritize these issues in order to gain a more thorough understanding of LPC’s biological
role and its potential implications in chronic airway diseases.

4. Role of LPC–LPA Axis in COPD Pathogenesis
4.1. Chronic Airway Inflammation

It is well-established that chronic airway inflammation in COPD primarily involves
inflammatory cells such as airway neutrophils, macrophages, T-lymphocytes, and various
inflammatory cytokines [37]. LPC and LPA actively participate in the development and
maintenance of chronic airway inflammation in COPD by modulating the activities of the
aforementioned inflammatory cells and cytokines.

LPA appears to have dual roles, with both pro-inflammatory and anti-inflammatory
effects in chronic airway inflammation. LPA has been found to strongly stimulate IL-8
secretion in various airway epithelial cell types, consequently increasing airway neutrophil
infiltration [25,38]. The LPA-induced IL-8 secretion process is mediated through LPAR 1-3,
coupled to Gαi and Gα12/13, in human bronchial epithelial cells [38–40]. This regulation
involves changes in intracellular calcium ion concentration ([Ca2+]i), IκB phosphorylation,
NF-κB activation, and the transcriptional activation of the IL-8 gene in human bronchial
epithelial cells (HBEpCs) [41]. In line with in vitro findings, the intratracheal injection of
LPA in mice led to increased levels of MIP-2 (the murine homolog of IL-8) within 3 h and
chemoattracted neutrophil infiltration in the alveolar lumen within 6 h [25]. Furthermore,
LPA significantly enhanced the chemotaxis of neutrophils isolated from patients with
pneumonia [42,43]. These results collectively indicate that LPA plays a role in the regulation
of airway inflammation by stimulating the release of chemokines and other inflammatory
mediators, as well as the infiltration of neutrophils in the airway [25].
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Furthermore, LPA plays a role in promoting monocyte recruitment and mediating
monocyte differentiation into macrophages in both humans and mice [44–46]. This process
may be mediated through the activation of peroxisome proliferators-activated receptor γ
(PPARγ), which acts as a non-classical LPAR [45]. LPA also indirectly regulates monocytes
and neutrophil migration via stimulating the production of the chemokines monocyte
chemotactic protein 1 (MCP1) and IL-8 by endothelial cells [47]. Additionally, LPA interacts
with LPAR5 to induce the release of macrophage inflammatory protein 1 β (MIP-1β), a
potent chemotactic and activating agent for monocytes, lymphocytes, and various immune
cells [48]. Simultaneously, LPA significantly upregulates the expression of TLR-4 and
promotes NF-kB activation, consequently contributing to the secretion of pro-inflammatory
cytokines TNF-α by Tohoku hospital pediatrics-1(THP-1) cells, a human monocyte cell
line [49] (Figure 2).
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Figure 2. The role of lysophosphatidic acid (LPA) in airway inflammation. LPA can strongly stimulate
the secretion of IL-8 in the various airway epithelial cells and increase the infiltration of airway
neutrophils. LPA-induced IL-8 secretion is mediated through Gαi and Gα12/13-coupled LPAR1-3
in human bronchial epithelial cells, partially mediated by [Ca2+]i, IκB phosphorylation, and NF-κB
activation Changes and regulation of transcriptional activation of IL-8 gene expression in human
bronchial epithelial cells (HBEpC). In addition, LPA promotes the recruitment of monocytes and
mediates the differentiation of monocytes into macrophages. This process is likely through the activa-
tion of peroxisome proliferators-activated receptor γ (PPARγ), a non-canonical LPA receptor. LPA
also indirectly regulates monocyte and neutrophil migration through the production of chemokines
monocyte chemotactic protein 1 (MCP1) and IL-8 by endothelial cells. In addition, LPA acts on LPAR5
to induce the release of macrophage inflammatory protein 1 β (MIP-1β), a potent chemoattractant
and activator of monocytes, lymphocytes, and various immune cells. Simultaneously, LPA signifi-
cantly upregulated Toll-like receptors 4 (TLR-4) expression and promoted NF-kB activation, thereby
prompting THP-1 cells (a human monocytic cell line) to secrete the pro-inflammatory cytokine TNF-α.

These findings suggest that LPA exhibits a pro-inflammatory activity in airway inflam-
mation of COPD in multiple ways, including promoting neutrophil recruitment, facilitating
macrophage migration, and inducing cytokine secretion.

However, it is important to note that LPA might also exhibit an anti-inflammatory role
in airway inflammation. LPA induces the expression of Cyclooxygenase (COX)-2 and the
production of Prostaglandin E2 (PGE2) through regulating transcription factors such as
NF-κB, c-Jun, and the epidermal growth factor receptor (EGFR) trans-activation-dependent
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activation of CCAAT/enhancer-binding protein β (C/EBPβ) in HBEpCs [50]. In the lungs,
unlike many other parts of the body, PGE2 and COX2 are involved in limiting the immune
inflammatory response as well as contributing to tissue repair processes [51,52]. Thus, the
LPA-induced enhancement of COX-2 expression and PGE2 release may have a protective
role against airway inflammation [38] (Figure 3).
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induces COX-2 expression and PGE(2) production through EGFR transactivation-independent activa-
tion of transcriptional factors NF-kappaB and c-Jun, and EGFR transactivation-dependent activation
of C/EBPbeta in HBEpCs.

Therefore, the role of LPA in airway inflammation is complex, as it can trigger an
inflammatory response through the infiltration of neutrophils, the migration of monocytes,
macrophages, and lymphocytes, and the secretion of pro-inflammatory cytokines, while
also exerting anti-inflammatory effects by inducing COX-2 expression and promoting
PGE2 release.

LPC is the precursor of LPA and can increase the expression of chemokines such
as MCP-1 and IL-8 in endothelial cells, thereby promoting the migration of monocytes,
macrophages, neutrophils, and lymphocytes [4,53]. Moreover, LPC significantly enhances
the expression of chemokine receptors CXC chemokine receptor 4 (CXCR4) and cysteine-
cysteine chemokine receptor 5 (CCR5) in human CD4 T-cell lines and induces the expression
of CXCR4 and C-X-C motif chemokine ligand 12(CXCL12) in monocytes, thereby augment-
ing their migratory capacity [54,55]. The mechanism by which LPC induces monocyte
migration primarily involves the activation of the protein kinase D 2 (PKD2)/P38MAPK
signaling pathway and Ca2+ ion channels [31,56,57]. Additionally, LPC increases the re-
lease of inflammatory factors, including IL-1β, IL-8, Interferons-γ(IFNγ), IL-6, IL-5, and
arachidonic acid (AA) [58,59].

However, different LPC subtypes may have varying effects, which can be influenced
by the length and saturation of the fatty acid chain. Saturated LPCs, such as LPC (16:0),
induce an inflammatory response, contributing to immune cell migration and the release of
pro-inflammatory factors. In contrast, polyunsaturated LPCs, such as LPC (20:4), LPC (20:5),
and LPC (22:6), can serve as potent anti-inflammatory agents counteracting the immune
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responses triggered by saturated LPCs [31]. LPCs can downregulate the production of
pro-inflammatory mediators (e.g., IL-5, IL-6, NO, TNF-α) and upregulate the expression of
anti-inflammatory mediators (e.g., IL-4 and IL-10) [31,60], resulting in an anti-inflammatory
effect. These results showed that different LPC subtypes play distinct roles in the regulation
of inflammation, with some subtypes promoting inflammatory processes while others
exhibit anti-inflammatory effects [61]. The underlying mechanism remains unclear and
needs further research to address this issue. Currently, there is a notable paucity of research
on the associations between LPC, LPA, and inflammation, specifically regarding cytokine
profiles within COPD cohorts. This area warrants further investigation in future studies.

4.2. Airway Remodeling and Fibrosis

There is growing evidence to support the association of airway remodeling, fibrosis,
and epithelial-mesenchymal transition (EMT) with airway constriction and the progression
of emphysema [62,63]. LPA can trigger an inflammatory growth factor-like response
and promote cell proliferation [64]. Specifically, LPA can independently stimulate the
proliferation of human airway smooth muscle (HASM) cells or synergize with epidermal
growth factor (EGF) to further enhance HASM cell proliferation [65,66]. Additionally,
LPA induces actin reorganization through Gαi-2 and Gαq proteins, leading to cAMP
accumulation, PI hydrolysis, and Rho activation in HASM cells. This, in turn, results in
HASM cell proliferation in a concentration-dependent manner [67].

Furthermore, LPA stimulates migration, fibronectin secretion, and filamentous pseu-
dopod extension in human bronchial epithelial cells through the activation of protein
kinase Cδ (PKCδ) and cortactin phosphorylation [23,68,69]. LPA also mediates fibroblast
migration and proliferation via LPAR1 and is implicated in collagen gel contraction, a
process associated with the development of pulmonary fibrosis [68]. Elevated LPA levels
in the airways have been observed in a mouse bleomycin-induced idiopathic pulmonary
fibrosis (IPF) model [70]. LPA levels in the airways were elevated in a mouse bleomycin
IPF model [71]. The inhibition of LPA receptor 1 and antagonism of ATX reduced fibroblast
chemotaxis in response to bronchoalveolar lavage (BAL) fluid, ultimately preventing pul-
monary fibrosis [71,72]. Regarding LPC, there is currently no direct evidence linking it to
airway remodeling in patients or animal models with COPD.

4.3. Apoptosis

Elevated levels of apoptotic cells in the airways of COPD patients represent one of the
notable pathological features of the disease [73]. Apoptosis has been proven to be involved
in the development of emphysema [74].

It is widely recognized that LPA has been identified as a promoter of proliferation in
various airway cell types, including HASM cells and lung fibroblasts [75]. However, the
role of LPA in cell survival and apoptosis is exceedingly intricate and hinges on numer-
ous factors, including concentration, receptor type, cell type, and physiological context.
Research has demonstrated that low concentrations of LPA stimulate the proliferation
of HASM cells, whereas high concentrations (greater than 100 µmol/mL) of LPA induce
apoptosis [76]. Hence, the role of LPA may exhibit distinct effects in different scenarios.
This underscores the necessity to consider these factors when investigating the apoptosis
mechanism of LPA in COPD. In the pathological context of COPD, whether the concentra-
tion of LPA is elevated and potentially triggers apoptosis in alveolar cells warrants further
investigation. Additionally, studies have revealed that LPA signaling promotes apoptosis in
lung epithelial cells following bleomycin injury through its receptor LPAR1. Notably, after
the bleomycin challenge, LPAR1, and LPAR2-deficient mice exhibited significantly reduced
numbers of apoptotic cells in the alveolar and bronchial epithelium, along with decreased
lung caspase-3 activity [71,77]. In line with these in vivo findings, LPA signaling through
LPAR1 was found to induce apoptosis in cultured normal human bronchial epithelial
cells [78].
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Moreover, the increased presence of apoptotic cells in the airways of COPD patients
may stem from a deficiency in the ability of alveolar macrophages to phagocytize apop-
totic cells, a process known as efferocytosis, particularly in COPD patients and current
smokers [79]. This defect in efferocytosis is considered one of the principal mechanisms
driving the progression of emphysema. Disruptions in exocytosis may lead to heightened
inflammation, triggering the release of proteases and resulting in excessive apoptosis and
the necrosis of lung cells [80], ultimately contributing to emphysema development [81].
Indeed, there is evidence demonstrating that LPA induces impaired exocytosis in airway
macrophages of COPD patients by activating RhoA signaling [82].

Regarding whether LPC can regulate lung tissue apoptosis in COPD, current research
has not provided a direct answer. However, LPC has been demonstrated to induce apoptosis
in various cell types, including endothelial cells, cardiomyocytes [31,83], coronary smooth
muscle cells [84], and ovarian cells [85]. The mechanisms underlying LPC-induced apopto-
sis involve caspase activation, calcium influx, cytochrome c release, and the mitochondrial
pathway [31]. Additionally, LPC can induce apoptosis by upregulating the expression of
the Fas ligand (FasL) through the activation of the NF-κB signaling pathway [59].

In an emphysema model, lysophosphatidylcholine acyltransferase 1 (LPCAT1), an
enzyme responsible for catalyzing surfactant lipid biosynthesis and expressed in type 2
alveolar epithelial cells, converts LPC to PC, thereby reducing LPC levels in the body. It
was observed that Lpcat1 knockout (KO) mice were more susceptible to porcine pancreatic
elastase (PPE)-induced emphysema. Significantly, the addition of artificial surfactants did
not reverse the aggravation of emphysema, ruling out surfactant damage as a contributing
factor to emphysema. Simultaneously, LPCAT1 KO attenuated the proliferation of lung
epithelial cells and enhanced apoptosis induced by cigarette smoke extract (CSE). Therefore,
the protective effect of LPCAT1 on emphysema may be linked to the inhibition of apoptosis
in alveolar type 2 (AEC2) cells [86].

Considering that LPCAT1 is the enzyme responsible for the conversion of LPC, some
studies have also suggested that LPC can induce various forms of cell damage and apopto-
sis. Thus, it is speculated that the promotion of alveolar cell apoptosis by LPCAT1 KO might
result from excessive LPC accumulation. Further research is needed to elucidate the mech-
anism underlying LPCAT1 deficiency-induced apoptosis. However, some studies have
found that LPC can inhibit apoptosis through indirect effects. Apoptotic cells release LPC
through the caspase-3-mediated activation of calcium-independent phospholipase A2, and
LPC can attract THP1 macrophages to migrate to apoptotic cells, facilitating the clearance
of apoptotic cells (efferocytosis), which contributes to the reduction of apoptosis [87].

4.4. Oxidative Stress

One of the pathophysiological features of COPD is increased production of reactive
oxygen species (ROS) and an imbalance in the redox state of lung tissue. These ROS
originate primarily from two sources within cells: mitochondrial oxidative phosphorylation
and the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) [88].

In vascular endothelial cells, LPC induces injury to human umbilical vein endothelial
cells (HUVECs) in a concentration-dependent manner. LPC leads to an overproduction of
nitric oxide (NO) and ROS in HUVECs [89]. The use of eNOS inhibitors (L-NAME) and
antioxidants significantly inhibits LPC-induced damage to HUVECs [83]. Furthermore,
LPC induces the production of ROS through NOX in aortic endothelial cells [90]. LPC also
modulates the activity of transcription factors involved in the regulation of oxidative stress
gene expression, such as activator protein-1 (AP-1) and NF-kB, which further exacerbates
the biological effects of oxidative stress [91]. Additionally, LPC strongly induces the
production of NADPH oxidase and superoxide in neutrophils [31]. It is worth noting
that unsaturated LPC substances induce persistent superoxide production by neutrophils,
while saturated LPC, especially the most abundant 16:0 species, induces significantly lower
superoxide production than unsaturated species [92]. These results suggest that LPC may
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exacerbate oxidative stress by activating neutrophil NADPH oxidase and that there are
significant acyl chain-dependent differences in the cellular effects of LPC.

Regarding LPA, a recent study reported that in lung endothelial cells and alveolar
macrophages, Prdx6-PLA2 (peroxiredoxin 6 phospholipase A2 activity) stimulates ROS
production by converting LPC to LPA, thereby activating the enzyme GTPase, which in
turn regulates NOX2 activation [93]. Further experiments showed that ROS production
could be reduced by blocking LPA receptors or knocking down LPAR1 [89]. These results
emphasize the critical role of the LPC–LPA axis in the regulation of oxidative stress and
ROS production, but its specific role in COPD and lung tissues warrants further in-depth
investigation.

5. Association of Lysophospholipids with Clinical Features, Phenotypes, and Prognosis
of COPD

In one study, serum LPA (16:0) and LPA (18:2) levels were higher in COPD smokers
than in healthy smokers. They were positively correlated with forced expiratory volume in
1 s (FEV1) in male COPD patients but not in females [94].

However, data from another large study did not show a significant correlation between
LPAs and post-bronchodilator FEV1 or between LPAs and post-bronchodilator forced
expiratory volume in 1 s/forced vital capacity (FEV1/FVC) ratio [95]. This indicates that
the relationship between LPAs and lung function in COPD patients may not be consistent
across all studies and may depend on various factors. Interestingly, a post hoc analysis
from a clinical trial found that patients with low and intermediate levels of LPA (especially
LPA (16:0) and LPA (20:4)) had a higher incidence of exacerbation than those with high
LPA levels. Additionally, the first exacerbation occurred earlier in patients with lower
LPA levels [46]. This suggests that COPD patients with low LPA levels may be at an
increased risk of exacerbation. LPA is implicated in immune modulation and the resolution
of inflammation. Consequently, the increased incidences of exacerbations and their earlier
onset in patients with reduced LPA levels could be related to disruptions of airway immune
function or the resolution of inflammation [46]. In the future, it is essential to investigate the
specific molecular signaling pathways triggered by different LPA species, as they exhibit
different biological activities, especially in airway inflammation.

In a study involving 115 subjects, there was no significant correlation between FEV1/FVC
and LPC in BAL from patients with COPD [96]. Another study using LC-MS on plasma
from smokers with COPD found that LPC (16:0) and LPC (18:1) were significantly nega-
tively correlated with the percentage predicted of FEV1 (FEV1%pred) and the ratio of
FEV1/FVC [97]. This suggested that increased levels of LPC may be associated with a
decline in lung function in COPD, possibly due to its involvement in oxidative stress. Our
previous study revealed that LPC (18:3) was significantly lower during acute exacerbations
than in the recovery stage in COPD patients, especially in non-eosinophilic exacerbators [4].
This observation might be explained by the anti-inflammatory properties associated with
unsaturated LPCs. Additionally, our recent study indicated that LPC (16:0) and LPC (20:2)
levels were increased in eosinophilic AECOPD and were associated with certain positive
clinical outcomes, including less hypercapnic respiratory failure, shorter intensive care
unit (ICU) stays, and lower fibrinogen levels [98], indicating that LPC (16:0) and LPC (20:2)
may be linked to the eosinophilic phenotype of AECOPD and a better prognosis (Table 2).
Elevated levels of multiple LPCs were also negatively correlated with plasma levels of
fibrinogen, indicating a potentially weaker systemic inflammatory response. Therefore,
certain subtypes of LPCs may exert a protective effect in eosinophilic AECOPD. The possi-
ble mechanism for the association between LPC and eosinophil phenotype of AECOPD
involves PLA2, which is highly expressed in eosinophils and can increase LPC levels by
cleaving phosphatidylcholine into LPC [99]. Additionally, LPC has been shown to induce
eosinophil adhesion and penetration into the airway wall, although this research is primar-
ily based on allergic diseases such as asthma and allergic rhinitis [100,101]. The biological
effects of LPC observed in clinical studies appear to diverge significantly from those ob-
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served in animal models or in vitro experiments. We hypothesize that this disparity may
be attributable to factors such as the local concentration of LPC, the microenvironment, and
the length or degree of unsaturation of the fatty acid chain within LPC molecules. These
issues warrant elucidation in future research endeavors. Of note, COPD is characterized by
its heterogeneity, with intricate risk factors. It is hypothesized that distinct etiologies or
phenotypic manifestations of the disease may exhibit unique lysophospholipid metabolic
profiles. However, there is currently a paucity of broader research specifically addressing
these associations. Future research is necessary to address these gaps and further our
understanding of lysophospholipid metabolism in different COPD phenotypes and COPD
patients with different risk factors.

Table 2. Summary of studies investigating LPC and LPA in COPD patients.

Study Sample Size
LPC Levels
(COPD vs.
Control)

LPA Levels
(COPD vs.
Control)

Correlations with
Lung Function Main Findings

Naz et al. (2017)
[94]

Healthy smokers
(n = 40) and COPD

Patients (n = 38)
N/A

LPA (16:0) and
LPA (18:2) were

increased
significantly

(p < 0.05).

LPA (16:0) and
LPA (18:2) were
correlated with
FEV1 in male

COPD patients but
not in females.

LPA (16:0) and
LPA (18:2) were

increased
significantly in
COPD patients
and correlated

with FEV1 in male
COPD patients but

not in females.

Li et al. (2021) [95]

Two cohorts of
samples, a small
cohort, healthy
controls (n = 10)

and COPD patients
(n = 11). A large
cohort, COPD

patients (n = 268).

N/A

LPA(16:0),
LPA(18:0),
LPA(18:1),

LPA(18:2) were
increased

significantly
(p < 0.05).

No correlation
with LPA and

FEV1 or
FEV1/FVC.

The correlation
was not significant
between LPA and
FEV1, or LPA and
postbronchodila-

tor ratio
FEV1/FVC in

either female or
male patients.

Li et al. (2021) [46] COPD patients
(n = 136) N/A N/A N/A

Patients with low
and intermediate

levels of LPA
(especially LPA
(16:0) and LPA

(20:4)) had a higher
incidence of

exacerbation than
those with high

LPA levels.

Cruickshank-
Quinn et al. (2018)

[97]

COPD patients
(n = 149) N/A N/A

LPC (16:0) and
LPC (18:1) were

negatively
correlated with the

FEV1%pred and
the ratio of
FEV1/FVC

LPC (16:0) and
LPC (18:1) were

negatively
correlated with the

FEV1%pred and
the ratio of
FEV1/FVC

Eitan
Halper-Stromberg

et al. (2019) [96]

COPD Patients
(n = 47) N/A N/A

No significant
correlation

between
FEV1/FVC and

LPC

There was no
significant
correlation

between
FEV1/FVC and

LPC in BAL from
patients with

COPD.
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Table 2. Cont.

Study Sample Size
LPC Levels
(COPD vs.
Control)

LPA Levels
(COPD vs.
Control)

Correlations with
Lung Function Main Findings

Gai et al. (2022) [4] AECOPD Patients
(n = 58) N/A N/A N/A

LPC (18:3) was
significantly lower

during acute
exacerbations than

that in recovery
stage in COPD

patients, especially
in non-eosinophilic

exacerbators.

Wang et al. (2023)
[98]

AECOPD patients
(n = 71) N/A N/A N/A

LPC (16:0) and
LPC (20:2) levels
were increased in

eosinophilic
AECOPD and were

associated with
certain positive

clinical outcomes

N/A: Data not reported in the study. LPC, Lysophosphatidylcholine; LPA, Lysophosphatidic acid; COPD, chronic
obstructive pulmonary disease; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; FEV1%pred,
the percentage predicted of FEV1; BAL, bronchoalveolar lavage.

6. Potential Therapeutic Targets

Targeting lysophospholipids to modulate efferocytosis appears to be a promising
strategy for the treatment of COPD. LPA impairs efferocytosis by inducing RhoA signaling.
Statins, which are effective cholesterol-lowering drugs, have the ability to block RhoA.
Recent studies have investigated the effects of lovastatin on efferocytosis in primary hu-
man macrophages, mouse lungs, and human alveolar macrophages taken from patients
with COPD. These studies have shown that lovastatin ameliorates impaired efferocytosis
triggered by the LPA-induced RhoA signaling pathway. Lovastatin also enhances the effero-
cytosis of alveolar macrophages in patients with COPD [82]. Therefore, by targeting RhoA
signaling downstream of LPA, lovastatin demonstrates therapeutic potential for COPD
with impaired efferocytosis. The chemotactic stimulation of fibroblasts by LPA is inhibited
by the LPAR1 antagonist Ki16425, demonstrating that the LPA/LPAR1 signaling pathway
plays a pivotal role in chemotaxis. In LPAR1 knockout (KO) mice, bleomycin-induced
fibrosis is notably reduced, the hydroxyproline content in the lungs significantly decreases,
and the 21-day survival rate markedly improves [71]. These results support the potential of
LPAR1 as a therapeutic target. Furthermore, the LPAR1/3 antagonist VPC12249 has been
shown to alleviate pulmonary fibrosis in a mouse model of radiation-induced lung fibrosis.
Following the observation of increased LPAR1/3 expression in mice exposed to 16 Gray
radiation, the administration of VPC12249 effectively inhibited both the decline in survival
and the progression of pulmonary fibrosis while also reducing the levels of pro-fibrotic
cytokines such as transforming growth factor beta (TGFβ) and connective tissue growth
factor (CTGF) [102]. Two LPAR1 inhibitors, BMS-986020 and BMS-986278, are currently
under clinical trial as innovative therapeutic agents for idiopathic pulmonary fibrosis (IPF).
For patients with COPD combined with pulmonary fibrosis, targeting LPA might be an
effective treatment strategy in the future. This link presents a promising area for future re-
search; however, it currently lacks sufficient clinical evidence to justify a detailed discussion
in this manuscript.

The lysophospholipid signaling axis plays a crucial role in the pathogenesis and pro-
gression of COPD. Currently, there are no reports of lysophospholipid signaling-targeted
therapy for COPD treatment. A thorough investigation of the lysophospholipid signaling
axis is likely to offer a novel target and direction for COPD treatment. Given the intricate
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nature of lysophospholipid signaling, its actions may depend on factors such as lysophos-
pholipid concentration, saturation, acyl chain length, the receptor it acts upon, and the
specific cell type, underscoring the need for precise cellular and receptor targeting, as well
as dosage control in drug development.

It is worth noting that since LPA and LPC signaling are also involved in organismal
homeostasis, targeted therapies may lead to abnormal responses in normal tissues. There-
fore, when developing drugs, special techniques are necessary to achieve precise drug
delivery or accumulation in the lungs, such as inhalation administration. Moreover, COPD
exhibits significant heterogeneity, indicating that it is crucial to identify which phenotypes
or endotypes are probably most responsive to lysophospholipid signaling pathway-targeted
therapeutic approaches. Therefore, numerous issues regarding the lysophospholipid sig-
naling pathway in COPD or other airway diseases need to be addressed in further studies.

7. Conclusions

Over the last decade, there has been a growing interest in the role of lysophospho-
lipids. Emerging evidence highlights their significance in COPD pathogenesis, particularly
through the LPC–LPA axis.

This axis regulates airway inflammation by regulating the lung infiltration of inflamma-
tory cells such as neutrophils, monocyte macrophages, and lymphocytes and the secretion
of various cytokines. Additionally, the LPC–LPA axis can also contribute to airway remod-
eling and fibrosis via stimulating airway smooth muscle cells, epithelial cell migration,
fibroblast migration and proliferation, and epithelial-mesenchymal transition in COPD.
Lysophospholipids exhibit a complex role in apoptosis, with LPA showing dual effects
depending on various factors such as concentration, receptor type, cell type, and the overall
physiological condition of the organism. Furthermore, the relationship between LPC and
apoptosis in COPD lung cells remains unclear, although some studies have demonstrated
the role of LPC in inducing apoptosis in various cell types.

Concerning clinical characteristics and prognosis, certain lysophospholipid subtypes
correlate with lung function and COPD outcomes. For instance, low levels of certain LPAs
are associated with poorer prognoses [46], possibly due to impaired immune regulation or
compromised inflammation resolution. Moreover, different LPC subtypes exhibit distinct
associations with COPD severity, phenotypes, and prognosis, suggesting varied roles in
disease progression. This highlights the importance of studying LPC subtypes individually.

As COPD currently lacks highly effective treatments, it has become increasingly
important to develop drugs targeting different therapeutic pathways. Key receptors in LPC
and LPA signal transduction, along with targeted therapy of signaling molecules, may offer
effective strategies for COPD treatment. For instance, lovastatin has shown promise in cell
experiments for regulating LPA signaling to enhance the efferocytosis of lung macrophages
in COPD, warranting further investigation. However, due to the intricate signaling of
lysophospholipids, precise cellular and receptor targeting and dosage control, as well as
drug delivery, are crucial for drug development.

In summary, the role of lysophospholipid metabolism in the pathogenesis of COPD has
attracted more attention in recent years. Different lysophospholipid molecules play unique
roles in airway inflammation, including having pro-inflammatory and anti-inflammatory
effects. Elucidating the metabolism of lysophospholipids in diverse cellular populations
and advancing therapeutic interventions will translate into clinical applications to cope
with the challenges of COPD.
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