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Abstract: Lysophosphatidic acid (LPA) is a bioactive phospholipid that regulates physiological and
pathological processes in numerous cell biological functions, including cell migration, apoptosis,
and proliferation. Macrophages are found in most human tissues and have multiple physiological
and pathological functions. There is growing evidence that LPA signaling plays a significant role in
the physiological function of macrophages and accelerates the development of diseases caused by
macrophage dysfunction and inflammation, such as inflammation-related diseases, cancer, atheroscle-
rosis, and fibrosis. In this review, we summarize the roles of LPA in macrophages, analyze numerous
macrophage- and inflammation-associated diseases triggered by LPA, and discuss LPA-targeting
therapeutic strategies.

Keywords: lysophosphatidic acid; lysophosphatidic acid receptor; macrophage; inflammation;
atherosclerosis; fibrosis

1. Introduction

Macrophages are a significant component of the innate immune system and are found
in nearly all human tissues. It is now known that macrophages serve multiple purposes in
both physiological and pathophysiological contexts. These functions include development,
homeostasis, repair, and pathogen-specific immune responses [1]. However, continuous
insult can disrupt homeostasis and repair, leading to macrophage-related diseases such as
inflammation, atherosclerosis, and fibrosis.

Lysophosphatidic acid (LPA) is a bioactive lipid identified in various tissues and cells
and works via six different types of G-protein-coupled receptors (GPCRs). LPA acts via
specific receptors (LPA1–LPA6) and is related to a wide range of cell responses, such as pro-
liferation and migration [2]. In recent years, the physiological and pathological relationship
between LPA and macrophages has become increasingly evident. In our review, we cover
LPA metabolism. In addition, we focus on the physiological functions of macrophages
mediated by LPA and the numerous macrophage-associated LPA-related diseases. Finally,
we summarize the therapeutic potential of pharmacologically targeting LPA.

2. The Metabolism of LPA

LPA molecules‘ characteristics comprise a glycerol backbone with a phosphate group
in the sn-3 position, a fatty acid chain, and a hydroxyl group in the sn-1 or sn-2 position.
Saturated (16:0 and 18:0) and unsaturated (16:1, 18:1, 18:2, and 20:4) fatty acids make up
the LPA species. Different LPAs have distinctive biological behaviors. For example, LPA
20:4 promotes the development of macrophages and the spread of plaques, but LPA 18:0
does not. According to research conducted by Zhou et al., the mitogenic effects of LPA
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18:0, 18:2, and 18:3 are also different [3]. In addition, LPA is produced via the internal and
extracellular production of cell membranes (Figure 1).
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Figure 1. The extracellular and intracellular metabolism of LPA. Abbreviations: PC—phosphatidylcholine;
PS—phosphatidylserine; PE—phosphatidylethanolamine; PS-PLA1—phosphatidylserine-specific
phospholipase A1; sPLA2—secretory phospholipase A2; LCAT—lecithin–cholesterolacyltransferase;
LPLs—lysophospholipids; LPC—lysophosphatidylcholine; LPS—lysophosphatidylserine; LPE—
lysophosphatidylethanolamine; ATX—autotaxin; DAG—diacylglycerol; PLD—phospholipase D;
LPAAT—LPA-acyltransferase; MAG—monoacylglycerol; GPAT—glycerophosphate acyltransferase;
G-3-P—glycerol 3-phosphate; LDL—low-density lipoprotein. Created with BioRender.com (accessed
on 28 July 2023).

2.1. Extracellular Synthesis Pathways

LPA can be extracellularly synthesized mainly via two pathways. In the first path-
way, the membrane phospholipids phosphatidylcholine, phosphatidylserine, and phos-
phatidylethanolamine are converted to corresponding lysophospholipids (LPLs) including
lysophosphatidylcholine (LPC), lysophosphatidylserine (LPS), and lysophosphatidyleth-
anolamine (LPE). However, the enzymes catalyzing the process vary depending on the
environment. In plasma, LPC is produced via lecithin–cholesterolacyltransferase (LCAT)
and phospholipase A1 activity. In rats’ platelets, the conversion is accomplished by
phosphatidylserine-specific phospholipase A1 (PS-PLA1) or secretory phospholipase A2
(sPLA2), while in humans, the conversion happens on the plasma membrane [4,5]. In
both contexts, autotaxin (ATX) then converts LPLs to LPA. LPLs can elicit a variety of
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cell responses by activating GPCRs that are particular to each type of LPL. ATX, also
known as ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), is a glycoprotein
with lysophospholipase D activity that is secreted from cells [6]. ATX is also a significant
contributor to extracellular LPA. Plasma LPA levels decreased by approximately half in
ATX heterozygous mice [7]. LPL mediators include lysophosphatidylserine (LysoPS), sph-
ingosine 1-phosphate (S1P), and LPA. In the second pathway, phospholipase D initially
converts phospholipids to PA. Then, PA is directly transformed into LPA via the activities
of phospholipase A1 or phospholipase A2 [2].

2.2. Intracellular Synthesis Pathways

A minimum of four intracellular synthesis routes have been identified. Initially, the
monoacylglycerol kinase (MAGK) pathway uses monoacylglycerol kinase (MAG-kinase) to
phosphorylate monoacylglycerol (MAG) into LPA [8]. LPA can also be synthesized in the
endoplasmic reticulum and mitochondria. The glycerophosphate acyltransferase (GPAT)
in these organelles can form LPA via the acylation of glycerol 3-phosphate (G-3-P). The
third pathway is initiated via the production of PA from phospholipids by phospholipase
D (PLD1–2) or from diacylglycerol (DAG) by diacylglycerol kinase (DAG-kinase). Then, PA
is converted into LPA by phospholipase A1 or phospholipase A2. The difference between
phospholipase A1 and phospholipase A2 is that phospholipase A1 produces 2-acyl-LPA,
while phospholipase A2 produces 1-acyl-LPA [8]. Finally, low-density lipoprotein (LDL)
can also produce LPA via oxidative modification.

2.3. Degradation

Several enzymes, including LPA-acyltransferase (LPAAT), lipid phosphate phos-
phatases (LPPs), and lysophospholipase, are capable of degrading LPA. LPA may be
converted to PA by LPAAT, generating MAG via LPP [9], or converted to G-3-P by lysophos-
pholipase [10].

3. LPA Signaling and Receptors

Six currently recognized LPA receptors, LPA1–6, mediate the numerous physiological
effects of LPA. The protein names are LPA1–6, and the gene names are LPAR1–6 (human)
and Lpar1–6 (non-human). These GPCRs couple to G12/13, Gq/11, Gi/o, and Gs and initiate
various signaling cascades (Table 1).
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Table 1. LPA receptors: intercellular functions.

Receptors G Protein Cascade Pathways Functions Reference

LPA1/Edg2/vzg-1 Gα12/13, Gαq/11, and Gαi
PLC, MAPK, Akt, Rho, and
YAP/Taz activation

Cerebral cortex formation and function;
Myelination;
Astrocyte proliferation and astrogliosis;
Cell proliferation;
SRE activation;
Activation of AC inhibition;
Ca2+ mobilization;
Development of neuropathic pain.

[11–14]

LPA2/Edg4 Gα12/13, Gαq/11, and Gαi
MAPK, PLC, Akt, Notch, and Rho
activation

AC inhibition;
Ca2+ mobilization;
SRE activation;
Neurogenesis;
Ovarian cancer aggressiveness;
Migration and invasion activities of SGc-7901 gastric cancer cells.

[15–17]

LPA3/Edg7 Gαq/Gαi
PLC, YAP/Taz, and MAPK
activation

Ca2+ mobilization;
AC inhibition and activation;
Embryo implantation and altering embryo spacing;
Ovarian cancer aggressiveness.

[16,18,19]

LPA4/p2y9/GPR23 Gα12/13, Gαq/11, Gαi, and Gαs
Rho/ROCK, MAPK, Akt, and PLC
activation

Cell aggregation;
N-cadherin-dependent cell adhesion;
Intracellular cAMP accumulation;
Negatively regulates cell motility.

[8,20–23]

LPA5/GPR92 Gα12/13 and Gαq/11 PLC activation

Neurite retraction and stress fiber formation;
Increases cAMP levels and inositol phosphate production;
Affects water absorption in the colon;
Ca2+ mobilization.

[8,24,25]

LPA6/p2y5 G12/13 Rho activation

AC activation;
Neurite retraction in B103-LPA6 cells;
Membrane blebbing in RH7777-LPA6 cells;
Involved in hypotrichosis simplex;
Involved in metastasis of androgen-independent prostate cancer cells.

[26–28]

Abbreviations: PLC—phospholipase C; MAPK—mitogen-activated protein kinase; Edg—endothelial differentiating gene; YAP—yes-associated protein; ROCK—Rho-associated protein
kinase; SRE—serum-responsive element; AC—adenylyl cyclase; cAMP—cyclic adenosine 3,5-monophosphate.
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LPA1 was the first-identified LPA receptor. The LPAR1 gene is widely expressed in
various organs, including the testis, lungs, brain, heart, spleen, small intestine, thymus,
stomach, and skeletal muscle [17]. LPA1 can also serve as a marker of stem and progen-
itor cells in the dentate gyrus, which outperforms the current gold standard, nestin [29].
Immune organs express LPA1 and LPA2, and depending on their activity levels, LPA may
either increase or decrease the activity of T cells. LPA2 prevents T cells from secreting
interleukin (IL)-2 when they are not activated. LPA1 is elevated in activated T cells, whereas
LPA2 is downregulated, and when IL-2 production is triggered, LPA1 and LPA2’s antag-
onistic effects on T cells are visible [2]. LPA1 and LPA2 are also able to work corporately.
LPA1 and LPA2 induce the phosphorylation of the ezrin/radixin/moesin (ERM) proteins
at their C-termini. The LPA1/LPA2/ERM pathway can stimulate the migration of ovarian
cancer cells [30]. LPAR3 is strongly expressed in the human testis, heart, prostate, and
pancreas and less expressed in human lungs and ovaries [31]. LPA1–3 belong to the EDG
family of LPA receptors.

After the discovery of the EDG family of LPA receptors, the non-EDG family of LPA re-
ceptors, LPA4–6, was discovered and provided an additional framework for comprehending
LPA signaling. LPA4 is the first LPA receptor that shows a dissimilar sequence compared
with the formerly discovered receptors, LPA1–3. LPA4 is more related to P2Y purinergic
receptors but does not respond to any nucleotides or nucleosides [23]. In humans, LPAR4
is prominently expressed in the ovaries and less prominently in the colon, spleen, testis,
prostate, small intestine, heart, brain, thymus, and pancreas [2]. LPA5 is an orphan GPCR
(GPR92). LPAR5 is highly expressed in the spleen and less expressed in the small intestine,
heart, placenta, colon, and liver [8]. In addition, diffused LPA5 expression has also been ob-
served in the developing brain, suggesting LPA5 may participate in brain development [32].
LPA6 is the newest identified LPA receptor. The understanding of LPA6 remains limited.
LPA6 is implicated in the metastasis of androgen-independent prostate cancer cells [28] and
hypotrichosis simplex. The recent determination of the crystal structure of LPA6 explains
the ligand recognition mechanism of the non-EDG family of LPA receptors [33].

Besides LPA1–6, the GPR87 and P2Y10 receptors are also known as LPA receptors.
Furthermore, LPA stimuli activate the transient receptor potential vanilloid 1 (TRPV1) ion
channel [8]. The peroxisome proliferator-activated receptor γ (PPARγ) is another intracel-
lular receptor for LPA. PPARγ is expressed in monocytes and macrophages and regulates
various physiological or pathological activities, such as atherosclerosis, inflammation, and
fibrosis [34,35].

4. LPA, Macrophages, and Inflammation
4.1. LPA in the Migration and Infiltration of Macrophages

LPA1–4 are expressed in macrophages. LPA1 is highly expressed in monocytes but
decreases during differentiation [36]. LPA5 expression has been discovered in macrophages.
Various LPA signaling pathways have been revealed to be associated with the migration and
penetration of macrophages. A previous study showed that LPA is a significant survival
factor for macrophages. LPA is a key noncytokine survival factor in serum, and it functions
via phosphatidylinositol 3-kinase (PI3K) to inhibit apoptosis [37]. Tyrosine kinase can
control the RhoA signaling pathway when LPA is present. Worthylake et al. observed that
inhibiting RhoA in monocytes limits their transendothelial migration and, consequently,
their transition into tissue macrophages. The activation of RhoA and p160ROCK, a down-
stream effector of RhoA, is necessary for monocyte rearward migration [38]. In addition, a
recent study showed that LPA increased a chronic inflammatory milieu in the rotator cuff
(RC) muscle, improved RhoA signaling, caused macrophage infiltration, and subsequently
accelerated RC muscle fibrosis, fatty infiltration, and atrophy [39].

Additionally, LPA is involved in atherosclerosis (AS). In the subendothelial area,
monocyte-derived mononuclear phagocytes consume normal and modified subendothelial
lipoprotein and subsequently transform into cholesterol-laden foam cells that remain in
plaques and accelerate the course of the illness [40]. The advancement of AS is related to
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the increase in monocyte-derived cells in AS plaque, which is caused by the recruitment
of monocytes into subendothelial areas and the reduced rate of their migratory clearance
from lesions [41]. A preliminary study revealed that LPA inhibits the combination of HNF1
and the Fut8 promoter region by activating the LPA1 and LPA3 receptors of foam cells, and
LPA, therefore, reduces the migratory capacity of foam cells [42].

Microglia is one kind of tissue macrophage. In the central nervous system (CNS),
microglia can express high ATX levels and are considered the primary source of LPA in the
CNS [43]. The expression of LPA1 and ATX in glioblastomas (GBMs) correlates with glioma
aggressiveness and predicts a poor prognosis. LPA derived from microglia promotes GBM
cell migration, survival, and proliferation via LPA1. GBM can induce microglia to produce
more LPA, and this positive feedback may accelerate tumor growth [44]. Research has
shown that a hypoxic environment may also enhance the effects of the ATX-LPA-LPA1
axis [44,45]; therefore, a hypoxic microenvironment is one of the characteristics of rapidly
growing malignancies such as GBMs [46].

4.2. LPA in Inflammation Regulation of Macrophages

Inflammation is a defensive physiological reaction to pathogens, particles, and dam-
aged tissues. Inflammation usually has a beneficial effect but also causes collateral harm
to neighboring cells. Therefore, inflammation is a significant factor in increasing an ex-
isting illness state [47]. The ATX/LPA signaling pathway is involved in the response to
inflammation. During typical tissue remodeling and wound healing, ATX/LPA signals
may cause platelet aggregation and promote the growth and migration of keratinocytes,
vascular smooth muscle cells, fibroblasts, and endothelial cells [48]. Notably, ATX/LPA
signals exacerbate chronic inflammation in chronic pathological situations by generating
cytokines and attracting inflammatory cells into the local tissue environment [49]. Tang et al.
observed that doxycycline inhibits NF-κB activation and reduces plasma LPA concentra-
tions to reduce inflammation caused by breast cancer. According to the literature, LPA can
facilitate the nuclear translocation of NF-κB, hence boosting the production of inflammatory
cytokines. Moreover, high LPA concentrations exacerbate tumor inflammation [50].

LPA directly promotes the release of proinflammatory mediators, such as IL-1 and
reactive oxygen species (ROS), in macrophages [51]. In vitro studies also exhibited that
LPA could activate LPS-induced nucleotide-binding oligomerization domain-like receptor
family pyrin-domain-containing 3 (NLRP3) inflammasome via LPA5, and LPA5 signaling
was found to upregulate the NLRP3 expression in psoriasis lesions [52]. The NLRP3
inflammasome induces the production of the proinflammatory cytokines IL-1 and IL-18.
Recent research has shown that LPA1 can activate the NLRP3 inflammasome via ERK1/2 and
p38, and the activated NLRP3 inflammasome is implicated in ischemic brain damage [53].

Nonetheless, several studies have indicated that LPA may inhibit inflammation. Ex-
ogenous LPA demonstrated a protective effect against bacterial-endotoxemia-induced
kidney inflammation and impairment [54]. LPS can activate inflammation cascades in
macrophages. Moreover, LPS mediates the cyclooxygenase-2 (COX-2)/prostaglandin E2
(PGE2) pathway and the inducible NO synthase (iNOS)/NO pathway. LPA has an anti-
inflammatory role via Gαi owing to its suppressive effect on LPS-induced inflammation due
to p38, NF-κB, and Akt [55]. Additionally, in primary macrophages and macrophage-like
J774 cells, LPS-induced inflammation can be deregulated via LPA signaling mediated by
LPA5 and LPA6 [56]. Different LPS doses, macrophage treatments, and cell types may be
responsible for discrepancies.

5. ATX/LPA Signals in Macrophage Dysfunction and Inflammation Diseases
5.1. Autoimmune Encephalomyelitis

As the most common form of persistent inflammation of the central nervous system
(CNS), multiple sclerosis (MS) is characterized by inflammation, demyelination, and glial
response in the brain and spinal cord, reversible neurologic impairments, and decreased
cognition and movement [57]. MS pathogenesis can be derived from the experimental
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autoimmune encephalomyelitis model, which can be generated in immunological animals
by exposing them to myelin antigens [58]. ATX-expressing F4/80+ CD11b+ cells, primarily
activated microglia and macrophages, are a hallmark of autoimmune encephalomyelitis. In
addition, ATX genetic deletion from CD11b+ cells inhibits the progression of autoimmune
encephalomyelitis, indicating the potential therapeutic value of ATX targeting [59]. More-
over, LPA1 expression is associated with a pro-inflammatory phenotype of macrophages
and contributes to the development of MS and experimental autoimmune encephalomyeli-
tis (EAE) (Figure 2), indicating LPA1 as a therapeutic target biomarker for MS and EAE [60].
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Figure 2. ATX/LPA signaling pathway in different inflammatory diseases. ATX/LPA signaling path-
way mediates various inflammatory diseases through LPA receptors. LPA1 promotes MS by activating
M1 macrophages; LPA2 worsens DSS-induced IBD; LPA2 causes asthma by enhancing IL-13 expres-
sion via activating PKA signaling pathway; LPA1 and LPA3 promote BPD by producing IL-6 via acti-
vating NF-κB signaling pathway; LPA1 and LPA3 activate ERK signaling pathway, which promotes
BPD and worsens RA via producing MMP; and LPA3 mediates the pathogenesis of RA by activating
p38 MAPK signaling pathway. (Abbreviations: LPL—lysophospholipid; ATX—autotaxin; LPA—
lysophosphatidic acid; MS—multiple sclerosis; DSS—dextran sulfate sodium; IBD—inflammatory
bowel disease; cAMP—cyclic adenosine 3,5-monophosphate; PKA—protein kinase A; IL—interleukin;
NIK—NF-κB-inducing kinase; IKK—IκB kinase; NF-κB—nuclear factor κB; ERK—extracellular-
signal-regulated kinase; MMP—matrix metalloproteinase; TAK—transforming growth-factor-β-
activated kinase; MKK—mitogen-activated protein kinase kinase; BPD—bronchopulmonary dyspla-
sia; RA—rheumatoid arthritis). Created with Biorender.com (accessed on 28 July 2023).

5.2. Infection of the Gastrointestinal Tract

Macrophages are crucial for maintaining intestinal homeostasis and intestinal immu-
nity. Nonetheless, they can also cause chronic illnesses of the gastrointestinal system, such
as inflammatory bowel disease (IBD) [61]. ATX mRNA expression was elevated in the
inflamed mucosa of IBD patients compared with healthy individuals [62]. A recent study
has demonstrated that ATX has potent proinflammatory effects in colitis. The ATX/LPA
axis worsens dextran sulfate sodium (DSS)-induced colitis by activating the LPA2 receptor

Biorender.com
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in macrophages and is a possible therapeutic target for IBD [63]. However, a study on
myeloid-cell-lineage-restricted ATX knockout mice showed that ATX deficiency impairs
Toll-like receptor 4 (TLR4)-mediated responses in macrophages and hampers the innate
immune response, leading to the accelerated development of colitis [64]. The study indi-
cates that the inhibition of ATX may also impair the immune response, which needs further
research to overcome the therapeutical barrier.

5.3. Asthma

Asthma is often characterized by chronic inflammation of the airways. Inflammation
is linked to hyper-responsiveness, which causes shortness of breath, chest constriction,
and dyspnea [65]. Traditional treatments for asthma include utilizing corticosteroids, but
novel methods are required to overcome steroid-induced side effects [66]. LPA is present
in human BAL fluid at baseline and is more prevalent after allergic inflammation [67].
Additionally, increased ATX is present in asthmatic BAL fluid. Elevated ATX is associated
with increased 22:5 and 22:6 LPA levels [68]. LPA can also selectively enhance IL-13
expression by activating the cAMP signaling pathway [69]. Moreover, LPA induces actin
reorganization, chemotaxis, and calcium mobilization in human eosinophils [70]. Therefore,
LPA may promote the release of Th2 cell cytokines in asthmatic airway inflammation.

Asthma therapy has been found to target LPA2. When administered before an antigen
challenge or prior to sensitization, the LPA2 antagonist H2L5186303 efficiently inhibits
symptoms and immunological responses in BALA/c mice [71]. LPA upregulates the release
of proinflammatory cytokines (such as IL-8) and PGE2 and attenuates the effect of Th2-type
cytokines (such as IL-13). In contrast, some studies have shown that LPA could be an
anti-inflammation mediator. Mice lacking the LPA2 gene (Lpar2

−/−) had greater lung
inflammation than wild-type mice [72]. Such discrepancies may result from the differences
between mouse models of asthma or the recruited cell types [73].

5.4. Rheumatoid Arthritis (RA)

RA, as a prevalent autoimmune disorder, is characterized by synovial inflammation
and autoantibody production, hyperplasia, and cartilage and bone degradation [74]. Resi-
dent fibroblast-like synovial cells (FLS) and osteoblasts may promote the disease [75,76].
FLS is a major source of metalloproteinases and proinflammatory mediators and causes
RA joint functional disability. The activation of osteoblasts and the presence of osteoclasts
also result in permanent joint deformities and impairments in RA [77]. LPA signaling is
deeply involved in the development of RA. LPA plays a prominent part in promoting
the production of cyclooxygenase-2 (COX-2) with inflammatory cytokines [78]. Moreover,
LPA induces the migration of FLS and the secretion of IL-8 and IL-6. LPA1 and LPA3 also
mediate various pathways contributing to the pathogenesis of RA [79]. For instance, LPA1
transcriptionally increases matrix metalloproteinase (MMP) production by stimulating the
LPA1/ERK1/2 signaling pathway. Additionally, tumor necrosis factor (TNF) increases LPA3
expression in RA patients, which modulates cytokine production via p38 MAPK and Rho
kinase [79]. TNF can also drive ATX expression in the synovium. Anti-TNF treatment with
infliximab injection has been shown to attenuate ATX expression [80].

LPA receptors may be attractive therapeutic targets for the treatment of RA patho-
physiology. Orosa et al. found that Ki16425, a selective antagonist for LPA1/3 receptors,
was an effective therapy for the K/BxN serum transfer model of arthritis [81]. Recent
research has revealed that berberine can inhibit the inflammatory proliferation of FLS by
modulating severe signaling pathways, including LPA/LPA1/ERK/p38 MAPK and thus
prevent cartilage and bone destruction [82]. Therefore, berberine can serve as a novel
therapeutical drug for RA treatment.

5.5. Neonatal Chronic Lung Disease or Bronchopulmonary Dysplasia (BPD)

BPD is the most common chronic respiratory disease in infants. Mechanical ventilation,
oxidant injury, and proinflammation mediators may cause barotrauma or volutrauma [83].
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Studies showed that hyperoxic chronic injury in newborn animals exhibits similar mor-
phologic changes to those observed in BPD [84]. In addition to anomalous lung structure
and function, infants with BPD exhibited elevated pulmonary vascular resistance and
pulmonary arterial pressure [85].

The LPA1 pathway is regarded as a promising target for BPD therapy. Various adverse
effects are mediated via LPA, such as pulmonary arterial hypertension, lung inflammation,
and fibrosis [86]. In addition, Shim et al. demonstrated that rats subjected to hyperoxia
exhibited significantly elevated ATX, LPA1, and LPA3 expression levels relative to rats
exposed to room air. These results demonstrate that hyperoxia exposure may enhance local
LPA production and contribute to BDP pathogenesis [87]. LPA-LPA1 signaling reduction
is related to positive effects in lung illnesses, indicating the therapeutic potential of LPA1
occupancy. Chen and colleagues discovered that LPA1-deficient rats had higher BPD
survival rates and were less vulnerable to a second, more severe blow, which was associated
with the ERK signal transduction pathway [88]. Other studies have demonstrated that
LPA1 deficiency decreases pulmonary injury by reducing pulmonary inflammation and
fibrosis without altering alveolar and vascular development [86].

6. ATX/LPA Signals in Other Macrophage-Dysfunction-Related Diseases
6.1. Tumor

The tumor microenvironment (TME) plays a prominent role in tumor initiation, pro-
gression, and induction [89]. The tumor microenvironment is composed of macrophages,
which can be categorized into three main categories: tumor-associated macrophages (TAMs)
derived from monocytes, myeloid-derived suppressor cells (MDSCs), and tissue-resident
macrophages. The majority of immune cells in the TME are TAMs [90].

LPA has been demonstrated to differentiate monocytes into macrophages via the
Akt/mTOR pathways, with PPAR functioning as the primary regulator of this differenti-
ation [91]. In breast cancer, LPA3 expression is associated with cancer-related inflamma-
tion [92]. In colorectal cancer (CRC), however, suppressing 1-acylglycerol-3-phosphate
O-acyltransferase 4 (Agpat4) can stimulate the production of LPA from CRC cells, and
LPA polarizes macrophages into M1-like phenotypes through LPA1 and LPA3 [93]. M1
and M2 macrophages are the two most prevalent forms of macrophages in the TME. M1
macrophages oppose tumor cells and sustain the inflammatory response by secreting
nitric oxide (NO), producing pro-inflammatory cytokines, and activating immune cell
responses [94]. M2 macrophages have a suppressive immune phenotype and promote
tumor development [95]. TAMs can augment tumor cell migration with epidermal growth
factor (EGF), proliferation with platelet-derived growth factor (PDGF), and angiogenesis
with vascular endothelial growth factor (VEGF) [96–98].

Furthermore, LPA stimulates the production of IL-6 and IL-8 by ovarian cancer cells
in the TME. IL-6 and IL-8 stimulate the differentiation of osteoclasts in vitro and recruit
osteoclasts to bone metastasis sites in vivo [99]. As osteolytic bone metastasis advances,
tumor cells convert LPA precursors into LPA locally by secreting ATX, and the procoag-
ulant abilities of cancer cells are likely to release LPA and LPA precursors upon platelet
aggregation [100]. LPA stimulates the secretion of IL-6 and IL-8 in oral squamous cell
carcinoma (OSCC) via ERK1/2 and Akt-mediated NF-κB and AP-1 [101]. In pathological
states such as bone metastasis, LPA-induced IL-6 and IL-8 increase the osteoblast receptor
activator of nuclear factor (NF)-κB ligand (RANKL) expression and promote osteoblast
formation from osteoblast precursors [101].

6.2. Atherosclerosis

Atherosclerosis is caused by the formation of atheromatous lesions on the arterial
wall’s inner surface. Chronic inflammation of the arterial wall is the underlying pathology.
Changes in the extracellular matrix underneath the endothelium and the endothelium’s
permeability allow cholesterol-containing LDLs to enter and remain in the artery wall.
Monocytes are recruited to the arterial wall at an early stage, where they consume lipopro-
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tein particles and transform into foam cells. Smooth muscle cells (SMCs) move from the
tunica media to the tunica intima at the advanced stage of atherosclerosis to create fi-
broatheroma plaques [102,103]. LPA and its receptors significantly promote the progression
of atherosclerosis, especially in the formation of foam cells and atherosclerotic plaques. A
lack of LPA4 reduces atherosclerosis in male mice, which correlates with an increase in M2
macrophage content. M2 macrophages tend to reduce inflammation and promote tissue re-
pair. The transcription factor Krüppel-like factor 4 (KLF4) promotes the polarization of M2
macrophage while inhibiting M1 polarization. The absence of KLF4 hastens atherosclero-
sis [104]. LPA4 appears to inhibit the increase in KLF4 expression mediated by LPA, causing
a decrease in M2 macrophage levels. Moreover, LPA4 regulates endothelium permeability,
hematopoiesis, and lymphocyte migration, which contributes to atherosclerosis [105].

Foam cells are predominantly formed via unchecked oxidized low-density lipoprotein
(ox-LDL) absorption, while excessive cholesterol esterification and hindered cholesterol
release result in the accumulation of cytoplasmic lipid droplets [106]. Macrophage pattern
recognition receptors are involved in the detection and internalization of ox-LDL. The two
main scavenger receptors for the binding and absorption of ox-LDL are CD36 (a class B
scavenger receptor) and SRA (a class A scavenger receptor) [107]. However, the reverse
cholesterol transport (RCT) realized by ATP-binding cassette (ABC) transporters, such as
ABCA1, ABCG2, and class B scavenger receptor type I (SRBI), mediates the excretion of
intracellular unesterified cholesterol in high-density lipoproteins or apoAI [108]. LPA was
shown to greatly enhance foam cell formation by disrupting the equilibrium between lipid
absorption and efflux. Blocking SRBI expression via LPA1/3 expression and activating the
AKT signaling pathway successively led to the observed findings [109]. Bioactive lipid
molecules are also found to enhance the uptake of ox-LDL. LPA was shown to increase the
uptake of ox-LDL in the J774 macrophage cell line [110]. In addition, repeated intravenous
and intraperitoneal injection of LPS accelerates atherosclerosis in rabbits and Apoe−/−

mice [111,112]. An investigation revealed the connection between LPA and LPS in the
formation of foam cells. LPA induces CD14 via LPA1, and CD14 facilitates the induction of
scavenger receptor class A type I (SRAI) via LPA and LPS. The LPA/LPS/CD14/SRAI axis
greatly improves ox-LDL absorption and stimulates the development of foam cells [113].

Besides its role in the formation of foam cells, LPA is implicated in the inflammation
of atherosclerotic plaques. During the early phase of atherosclerosis, CXCL1 promotes the
accumulation of macrophages and induces monocyte arrest in the vessel wall [114]. LPA
accelerates the progress of atherosclerosis and recruits leukocytes to the vessel wall via the
release of CXCL1 mediated by LPA1 and LPA3 [3]. NF-κB signaling and hypoxia-inducible
factor (HIF)-1α are implicated in the regulation of CXCL1 expression. Unsaturated LPAs
induce the upregulation of HIF-1α by activating LPA receptors in cancer cells and SMCs.
HIF-1α increases microRNA-19a expression, which is associated with the activation of
NF-κB, the expression of CXCL-1, and CXCL-1-dependent monocyte adhesion [115]. Ac-
cording to another study, lipoprotein-associated phospholipase A2 (Lp-PLA2) hydrolyses
oxidized the phospholipid in LDL to produce lysophosphatidylcholine (lysoPC), which
plays a crucial role in the inflammation of human atherosclerotic plaques. This observa-
tion indicates that inhibiting Lp-PLA2 is a promising therapeutic strategy. Moreover, the
relationship between lysoPC and plaque inflammation may result from LPA rather than
being a direct effect of lysoPC [116]. MMPs are zinc-dependent enzymes and participate
in the degradation and remodeling of the extracellular matrix. MMPs may accelerate
plaque disruption [117]. Particularly, MMP-9 content is associated with plaque stability.
Fan et al. revealed that MMP-9 derived from macrophages was related to coronary plaque
instability [118]. LPA activates the NF-κB signaling pathway to promote the expression
and bioactivity of MMP-9 via LPA2 [119]. Mast cell activation has a crucial role in the
development and destabilization of plaque. LPA levels rise in or near the plaque as it
progresses, increasing the number of macrophages and causing vascular leakage by ac-
tivating mast cells. A fraction of hematopoietic cells and potentially harmful substances
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enter atherosclerotic plaques because of microvascular leakage, which destabilizes the
plaques [120].

LPA content regulation is another factor that regulates atherosclerosis. LPA availability
is regulated by lipid phosphate phosphatase 3 (LPP3), which is encoded by the PLPP3
gene. LPP3 expression in SMCs controls LPA-induced Rho activity, ERK activation, and
migration. Consequently, SMC LPP3 is a crucial factor in the progression of atherosclerosis
and LPA content in lesions [121]. LPA6 expressed by endothelial cells is the most prevalent
LPA receptor in plaques and positively correlates with PLPP3 gene expression. LPA2 and
LPA5 are also upregulated in carotid atherosclerotic lesions, while LPA1 is the only LPA
receptor that is downregulated [122].

6.3. Fibrosis

The ATX/LPA signaling axis is apparent in pulmonary fibrosis. ATX is predominantly
expressed in alveolar macrophages and bronchial epithelial cells. The conditional deletion
of ENPP2 in both pulmonary cell compartments diminishes lung fibrosis, implicating
ATX in the pathogenesis of the disease [123]. Peroxiredoxin 6 (Prdx6)-LPA2 signaling
transduction modulates NADPH oxidase 2 (NOX2) activation in alveolar macrophages
(AMs) and pulmonary microvascular endothelial cells (PMVECs) [124,125]. The single-cell
RNA sequence data of ATX-expressing cells revealed these two macrophage populations,
including resident macrophages (MRes-FABP4+) and monocyte-derived macrophages
(MDM-FCN1+), in the bronchoalveolar lavage (BAL) fluid of a lung transplant recipi-
ent with chronic lung allograft dysfunction (CLAD). MDM exhibited proinflammatory
properties and generated the highest ATX levels, suggesting that it may be the initiator
of the ATX-LPA cascade. LPA was also shown to initiate MSC migration and fibrotic
contraction, indicating that ATX-induced LPA is central to the pathogenesis of CLAD [126].
ATX-expressing alveolar macrophages have also been detected in the BAL fluid of CLAD
patients. These cells may be the source of ATX/PLA, which drives mesenchymal stem cell
aggregation and tissue contraction. This finding suggests that CLAD and another form of
pulmonary fibrosis share a common pathogenesis [126].

Other research on idiopathic pulmonary fibrosis (IPF) revealed that the inhibition of
LPA1 reduced fibroblasts’ responses to chemotactic stimuli [127]. In addition, LPA signal-
ing via LPA1 induced the apoptosis of normal bronchial epithelial cells while promoting
lung fibroblasts’ resistance to apoptosis [128]. Therefore, LPA signaling promotes lung
fibrosis via LPA1. TGF-β is a fibrotic factor prototype with effects on alveolar epithelial cell
injury, extracellular matrix regulation and remodeling, myofibroblast differentiation, and
epithelial–mesenchymal transition (EMT) [129]. Mammalian TGF-β exists in three isoforms:
TGF-β1, TGF-β2, and TGF-β3. These TGF-β isoforms possess similar biofunctions and
significantly regulate lung development, inflammation, repair, and injury. Consequently,
TGF-β activation is an additional important mechanism in fibrosis, and TGF-β is a promis-
ing therapeutic target for pulmonary fibrosis [130]. LPA2 deletion attenuated the apoptosis
of alveolar and bronchial epithelial cells in the murine lung. In general, LPA2 deficiency
reduces lung injury and lung fibrosis [131]. The role of LPA3–6 in IPF and lung fibrosis
remains to be discovered.

7. Intervention Strategies Targeting LPA Metabolism in Macrophages and Diseases

Due to LPA’s critical functions in a range of pathogenic events mediated by macrophages,
numerous researchers have investigated intervention tactics targeting its metabolism. In
general, the approaches concentrate on blocking LPA receptors and reducing ATX.

7.1. Intervention Strategies in LPA Receptors

LPA has been found to target LPA1 and cause neuron apoptosis. Preclinical research
has suggested a connection between depression and hippocampal neuronal death [132].
According to Xu et al., Saikosaponin D reduced depressive-like behaviors caused by LPS via
control of the LPA1/RhoA/ROCK2 signaling pathway, which, in turn, prevented neuronal
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death [133]. LPA synthesis and signaling transduction are also connected to the start of
neuronal pain (NP). Numerous studies have shown that LPA1 and LPA5 can activate NP via
various pathways [134,135]. Therefore, limiting LPA1 and/or LPA5 downstream signaling
cascades or focusing on LPA synthesis by inhibiting ATX could be potential methods
for preventing the development of NP [136]. C22:5 and C22:6 polyunsaturated LPAs can
potentially serve as asthma markers [137]. Additionally, the discovery of asthma biomarkers
may be used for patient-specific care and treatment, disease diagnosis, and disease severity.
Moreover, LPA generated from activated blood platelets [4] works as a tumor mitogen and
inducer of tumor cytokines and is absorbed by breast and ovarian cancers, hence promoting
the progression of bone metastases [99]. Further evidence that LPA1 is important for
immunological infiltrates in prostate cancer and may serve as a therapeutic target derives
from its association with immune cell migration in this disease [138].

In clinical trials, LPA1 inhibitors are mainly used in intervention strategies for IPF and
systemic sclerosis (Table 2). In detail, the ability of LPA1 antagonism to promote antifibrosis
in lung fibrosis greatly impacts ECM remodeling and lung function in IPF patients [139].
Regarding systemic sclerosis, LPA1 inhibition reduces or even reverses the progression
of fibrosis [140]. LPA3 is the sole LPA receptor that is differentially expressed in ovarian
cancer, and LPA elevates the migration and proliferation of LPA3-overexpressing cancer
cells. The data suggest that LPA may be an ideal therapeutic target for ovarian cancer [141].

Table 2. Clinical trials using intervention strategies targeting LPA metabolism.

Disease Target Drug Name Phase ClinicalTrials.gov Identifier

Idiopathic pulmonary fibrosis LPA1 inhibitor BMS-986020 2 NCT01766817
Idiopathic pulmonary fibrosis LPA1 inhibitor 18F-BMS-986327 1 NCT04069143
Idiopathic pulmonary fibrosis ATX inhibitor BBT-877 1 NCT03830125
Idiopathic pulmonary fibrosis ATX inhibitor GLPG1690 2 NCT02738801
Metastatic pancreatic cancer ATX inhibitor IOA-289 1/2 NCT05586516

Chronic liver disease ATX inhibitor BLD-0409 1 NCT04146805
Systemic sclerosis LPA1 inhibitor SAR100842 2 NCT01651143

Data extracted from www.clinicaltrials.gov (accessed on 19 June 2023).

7.2. Invention Strategies for the Attenuation of ATX

By increasing LPA synthesis, ATX may diminish the efficacy of cancer therapy. In
breast cancer treatment, the ATX inhibitor GLPG1690 reduces the concentration of LPA in
the tumor microenvironment, hence enhancing the efficacy of conventional chemotherapy
and radiotherapy. Furthermore, GLPG1690 may theoretically inhibit the development
of radiation-induced fibrosis [142]. In clinical trials, ATX inhibitors are mainly used in
intervention strategies for IPF, metastatic pancreatic cancer, and chronic liver disease
(Table 2).

The ATX-LPA axis is also essential for the development of cardiovascular disease. LPA
impacts the behavior of blood cells and vascular cells via the transduction of downstream
signaling. Specifically, LPA stimulates the production of thrombus upon an atheroscle-
rotic plaque’s rupture via LPA5 [143], increases the migration of endothelial cells [144],
and induces monocyte differentiation into macrophages [91] and foam cell formation via
LPA1–3 [109]. The use of ATX inhibitors such as GLPG1690 or monoclonal antibodies is
being evaluated to decrease LPA. Although the majority of these medication candidates are
not intended specifically for cardiovascular conditions, their potential to reduce circulating
LPA levels remains promising [145].

8. Conclusions

Many discoveries indicate that LPA and its receptor signaling display multiple effects
in macrophage dysfunction and inflammation-related diseases, including autoimmune
encephalomyelitis, IBD, asthma, RA, BPD, tumors, atherosclerosis, and fibrosis. However,
the exact molecular mechanism is largely unknown, and these findings on the roles and

www.clinicaltrials.gov


Int. J. Mol. Sci. 2023, 24, 12524 13 of 19

intervention value of LPA metabolism and/or signals are mainly based on data from
in vitro and or in vivo mouse models. Additionally, there remains the need for large-
sample-sized clinical studies to illustrate and evaluate the effects and safety of LPA re-
ceptor antagonists and ATX inhibitors in the treatment of macrophage-dysfunction- and
inflammation-related diseases.
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