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Recent progress of nanomedicine in secreted
phospholipase A2 as a potential therapeutic target

Diya Shi, Congshu Feng, Jinhai Xie, Xi Zhang, HongLian Dai and Lesan Yan *

Overexpressed secretory phospholipase A2 (sPLA2) is found in many inflammatory diseases and various

types of cancer. sPLA2 can catalyze the hydrolysis of phospholipid sn-2 ester bonds to

lysophosphatidylcholine and free fatty acids, and its catalytic substrate and downstream products mediate

a series of cascade reactions and inflammatory responses. Furthermore, different subtypes of sPLA2 can

participate in different physiological processes by driving unique lipid pathways. Recently, many diseases

have not been treated by appropriate chemotherapy methods due to low bioavailability and severe side

effects of clinically available small-molecule drugs. Therefore, they have great development prospects of

revealing the therapeutic mechanism of sPLA2 and use sPLA2 as a potential therapeutic target for

designing and exploring new drugs and their delivery systems. Notably, the emergence of nanomedicines

in recent years provides a practical and innovative means for overcoming the challenges associated with

chemotherapy. With these considerations in mind, this paper systematically reviews recent studies on

nanomedicines targeting sPLA2 overexpression in various diseases during the past few years.

1. Introduction

Phospholipase A2 (PLA2) is a superfamily of enzymes with
phospholipid decomposition activity.1 According to their struc-
ture and function, phospholipases are mainly divided into four

categories:2,3 cytosolic phospholipase A2 (cPLA2), secreted phos-
pholipase A2 (sPLA2), lipoprotein-associated phospholipase A2
(Lp-PLA2), and calcium-independent phospholipase A2 (iPLA2).

Secreted PLA2 was the first type of PLA2 enzyme to be
identified. It is a small molecular weight secreted protein with
molecular weights of 14–18 kDa and linked by 6–8 disulfide
bonds.3 So far, the human genome has encoded 9 sPLA2 genes,
all of which are named in the form of disulfide bonds and the
order of discovery, showing different subtypes in human life
activities.4 sPLA2 generally has an N-terminal signal peptide,
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which is related to the initiation of some functions. Protein
folding structures may be different between different subtypes,
but all sPLA2s have an active site slot of B15 Å depth. When the
enzyme is transferred from the aqueous phase to the surface of
the phospholipid membrane, the protein surface region sur-
rounding the opening of the active site slot is in direct contact
with the membrane, forming a water/membrane interface.5 The
catalysis activity of sPLA2 requires the assistance of Ca2+ and is
controlled by the composition, morphology, and physico-
chemical properties of the phospholipid membrane. sPLA2
generally doesn’t hydrolyze individual phospholipid molecules
in solution but is only activated at the water/membrane interface.
As a result, the enzyme must be adsorbed at the substrate
membrane interface to hydrolyze phospholipids. In addition,
the surface properties of the bound membrane, and the inhibition
and degradation processes that result from binding to specific
proteins will also affect the function of the enzyme.5,6

sPLA2s can catalyze the hydrolysis of the sn-2 ester bond
in glycerophospholipids, releasing free fatty acids such as
arachidonic acid (AA) and lysophospholipids (Fig. 1).5 Different
subtypes of sPLA2 participate in different physiological processes
or diseases by driving unique lipid pathways. For example, sPLA2-
X in the airways of asthma patients plays an important role in
promoting infection,7 while sPLA2-IIA has strong antibacterial
activity in vivo by the degradation of bacterial membranes.8 sPLA2
can also modulate the systemic metabolic state by regulating
lipoprotein phospholipids. Some sPLA2s even participate in the
immune processes, and some may lead to severe obesity.9,10

Moreover, phospholipid hydrolysates are involved in tissue and
nerve injury, as well as a series of inflammation and neurological
disorders. Under pathological conditions, sPLA2 can be
induced by multiple cascades and effector molecules. Many
inflammatory pains, such as disc herniation, disc degenera-
tion, atherosclerosis, osteoarthritis, and neuropathic pain, are
associated with sPLA2. sPLA2 is also actively overexpressed in
many types of cancer, including lung cancer,11,12 prostate
cancer,13,14 and ovarian cancer.15 In addition, the hydrolysate-
free fatty acid AA can be converted into a variety of precursors of
eicosanoids, such as prostaglandins (PGs), leukotrienes (LTs),
etc. Eicosanoids are involved in many physiological and patho-
logical activities, such as sleep regulation, immune response,
inflammation, and pain perception, by binding to specific
G-protein coupled receptors.4,16 Therefore, sPLA2 has great
potential both as the enzyme itself involved in regulating
life activities and as the starting node of arachidonic acid
metabolism.

As we know, small-molecule therapeutic drugs often suffer
from a short half-life in blood circulation and low bioavailability
after intravenous administration in vivo. In contrast, nanomedi-
cine emerged in recent years not only can improve the solubility
and stability of hydrophobic drugs, and prolong the blood
circulation time, but also can overcome several limitations, such
as nonspecific systemic distribution, blood–brain barrier, etc.
Therefore, the drug can be delivered to the lesion efficiently to
exert its effectiveness.17,18 In addition, nanomedicine can realize
the synergistic effect by co-delivery of multiple drugs, thereby
improving the therapeutic efficacy and solving the drug resis-
tance during the long-term use of a single drug. By adjusting the
composition, structure, and other characteristics of the nano-
carrier, the drug release rate can also be controlled, the blood
drug concentration can be maintained at the therapeutic win-
dow level, and the drug can be targeted delivered to specific
organs, tissues and even cells at a predictable rate and
mechanism.19 Therefore, exploring potential drug targets and
developing the targeted delivery of nanomedicine have become
extremely promising and challenging tasks.

Based on these considerations, this paper reviews the latest
progress of sPLA2 as a potential therapeutic target, discusses
the mechanism of action of sPLA2 in different diseases, as well
as its feasibility and importance as a drug target, and focuses
on the recent progress of nanomedicine targeting sPLA2 in the
treatment of inflammatory diseases and cancers.

2. Recent progress of nanomedicine
targeting sPLA2 in the treatment of
different diseases
2.1 Osteoarthritis

Osteoarthritis (OA), which occurs mostly in people over 65 years
old, is one of the most common joint diseases in clinics with
high morbidity and high disability rate. It shows symptoms of
chronic pain, joint instability, stiffness, joint deformity, and
narrowing of joint space.20 OA in young people is usually
caused by a sports injury. After the injury, due to insufficient
blood supply to articular cartilage and inefficient metabolic
activity, the cartilage gradually degenerates and eventually
causes OA.21 OA at the cellular level causes decreased mito-
chondrial respiration activity under a hypoxic environment,
insufficient ATP production, more reactive oxygen species
(ROS) and nitric oxide (NO) produced by chondrocytes and
synoviocytes, and the disruption of the redox balance in vivo.22

Fig. 1 The hydrolysis mechanism of sPLA2.
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In addition, many factors can affect OA. For example, aging will
lead to cumulative DNA damage, which increases the expres-
sion of p16INK4a, a cyclin-dependent kinase inhibitor related
to the cell cycle, and accelerates the rate of cellular aging.23

Obesity increases the loading on knee joints and secrete
adipokines, leading to low-grade systemic inflammation.24

Since the middle of the 20th century, the incidence rate of OA
has doubled due to the decrease in exercise and the increased
population of obese people.25 According to the studies of
genome-wide association screens (GWAS), more than 80 gene
mutations have been related to the pathogenesis of OA.24

Different people have different clinical symptoms in OA, which
indicates that its pathogenesis is influenced by a variety of
genetic and environmental factors.

The sPLA2 family is one of the powerful inflammatory
mediators involved in the development of OA. Through the
analysis of AA and oleic acid release, sPLA2 can be induced by
pro-inflammatory cytokines and free radicals under pathological
conditions, and can participate in the development of OA
through multiple cascades.26 Zhai et al.27 performed targeted
metabolomic analysis on the collected clinical serum samples
and evaluated the cartilage volume loss in the time course of
24 months by magnetic resonance imaging (MRI). The results
suggested that the ratio of serum lysophosphatidylcholine
(LysoPC) to phosphatidylcholine (PC) was associated with carti-
lage volume loss and markers of joint degradation, which could
be used to predict the risk of knee OA. It also revealed that sPLA2
can catalyze the hydrolysis of phospholipids, which is exactly the
reason that promotes the conversion of PC to lysoPC. Although
there was no difference in the plasma sPLA2 content between OA
patients and healthy controls, the enzyme was indeed highly
expressed in OA chondrocytes under the stimulation of pro-
inflammatory factors such as IL-1b, TNF, and IL-6.26,28 The ratio
of LysoPC to PC can be easily measured in blood and can be used
as an auxiliary means for clinicians to predict and diagnose
knee OA.

In the clinic, cartilage is one of the earliest deteriorated
tissues in the joint to develop into OA. It releases proteoglycan
degradation products and damage-associated molecular
patterns (DAMPs) into the joint space.29 The synovium is the
connective tissue that connects the joint space, which main-
tains low-level inflammation by secreting pro-inflammatory
cytokines and forms a positive feedback pathway, thus disrupt-
ing the self-healing balance of the joint.30 In fact, during intra-
articular injection in patients with OA, it is very difficult for
drugs to penetrate the extracellular matrix (ECM) into the joint
and act on the lesions because the articular cartilage has no
blood vessels and is surrounded by a dense negatively charged
ECM. Even worse, the synovial fluid continuously flushes small-
molecule drugs away, allowing them to be cleared through
capillaries and drainage lymphatic vessels. All these factors
make treating chondro-arthritis extremely challenging.31,32

Currently, the treatments for OA mainly focus on alleviating
pain, suppressing the inflammatory response, and maintaining
daily function. Nonsteroidal anti-inflammatory drugs (NSAIDs),
as inhibitors of the cyclooxygenase (COX), are used in the OA

treatment, but they will cause serious side effects on the
gastrointestinal tract, kidneys, and cardiovascular system. For
patients with NSAIDs intolerance, opioids often used may also
cause side effects such as nausea, vomiting, dizziness, and
constipation.33 Through the study of OA pathogenesis, it was
found that using sPLA2 as a potential drug target, combined
with the advantages of nanomedicine in vivo, may be able to
improve the bioavailability of drugs, alleviate the OA symptoms
and even reverse the process of OA.

As mentioned above, sPLA2 is usually present at a low level
in healthy knee tissue, but it is highly expressed and active in
synovial fluid and articular cartilage of OA patients. Therefore,
when nanomedicine is used for intra-articular treatment, sPLA2
can be considered as the therapeutic target. By modifying its
surface functional groups, nanomedicine can enhance the
penetration of the ECM, thereby more effectively transporting
sPLA2 inhibitors to the joint to increase the concentration of
the inhibitor, and finally improve the therapeutic efficacy by
inhibiting the sPLA2 activity. In this regard, Wei et al.34

designed an sPLA2 inhibitor-loaded nanoparticles (sPLA2i-
NPs) (Fig. 2). Using the special amphiphilic properties of
phospholipids, the lipid and inhibitors were self-assembled
into micelles. After sPLA2i-NPs and free rhodamine were incu-
bated with bovine cartilage tissue for a different time in vitro,
the confocal fluorescence images of cartilage sections were
obtained. The results showed that the fluorescence signal of
the sPLA2i-NPs group doped with cationic DOTAP increased
over time, indicating that the cationic DOTAP indeed helped
the sPLA2i-NPs penetrate to the deep region of the cartilage.
Using sPLA2i-NPs (DOTAP+) for the subsequent experiment, it
was found that nanoparticles could remain in the knee joint for
a longer time than free ICG. As sPLA2 is located in the deep
cartilage tissue, it can enhance the deep cartilage penetration of
nanoparticles and prolong the retention time in the knee joint
by adjusting the surface charge, so that drugs promoted suffi-
cient inhibition of sPLA2. Studies in the mouse model of OA
also showed that local delivery of sPLA2i-NPs could attenuate
the progression of OA, block joint injury, and relieve pain,
compared with sPLA2i or nanoparticles alone. Because OA is a
chronic disease, long-term treatment is required to further
prove the safety of nanomedicine. However, the nanocarrier
can improve the drug delivery efficiency, which undoubtedly
provides a new idea for the treatment of OA.

2.2 Spinal cord injury and neuropathic pain

Neuropathic pain is a frequent complication of spinal cord
injury (SCI). After the initial core injury induced by mechanical
force, the functional adaptability of the nervous system is poor,
and it usually develops to the secondary injury stage through a
series of complex cell networks, such as the regulation of
synaptic remodeling and connection by microglia.35,36 During
this period, a large number of nerve cells undergo apoptosis,
resulting in the interruption of the neural circuit surrounding
the injury core.37 Both spinal cord injury and nerve root
compression can cause painful nerve damage, and some even
produce secondary neuroinflammatory responses at the injury
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site and distal to the spinal cord. Glial cells promote the
production of proinflammatory cytokines and chemokines,
which trigger the hyperexcitability of spinal cord neurons,
and play important roles in initiating and maintaining
pain.38,39 It has been reported that the PLA2 family is involved
in the process of spinal neuroimmune regulation of pain, and
contributes to the production of downstream inflammatory
proteins.40 In addition, phospholipid hydrolysates can also
act as secondary signaling molecules to enhance the spinal
cord inflammatory cascade.

To clarify the role of sPLA2 in spinal cord injury, Yang et al.41

confirmed the high-level expression of sPLA2-III in the brain-
stem, spinal cord, and cerebral neocortex by RT-PCR and
western blot. Moreover, the electron microscopy results of the
spinal cord and cerebral neocortex revealed that sPLA2-III was
mainly located in dendrites or dendritic spines and played an
important role in neuronal differentiation, growth, and signal-
ing. Quartino et al.42 characterized myelin tissue by small-angle
X-ray scattering (SAXS). The experimental results showed that
the different sPLA2-treated myelin retained the lamellar

structure, but the separation between the myelin membranes
increased and the myelin was in an unstable state, which was
easily affected by other factors. Herein, myelin is the phospho-
lipid outside of neurons that helps neurons transmit signals.
This insulating lipid will degrade and becomes ineffective due
to the central nervous system dysfunction. The upregulation of
sPLA2 activity accompanied by inflammation undoubtedly
accelerates this process.

It is known that elevated phospholipase can promote the
production of bioactive lipid mediators, thereby aggravating
spinal inflammation and enhancing nociceptive signals.43 Neu-
ropathic pain is the result of crosstalk mechanisms of multiple
PLA2 subtypes, and sPLA2 and cPLA2 are expressed by immune
activation simultaneously in the early stages of nerve injury.
Tanaka et al.44 found that intra-spinal injection of viral-miRNA
targeting sPLA2-III could significantly reduce the expression of
sPLA2-III in the spinal cord, and substantially eliminate hyper-
algesia after 14 days of treatment. Intrathecal treatment with
antisense oligodeoxynucleotide or siRNA targeting sPLA2-III
was able to reverse established thermal hyperalgesia. Using a

Fig. 2 (A) Schematic diagram of the sPLA2 inhibitor-loaded nanoparticle; (B) zeta potential of sPLA2i-NPs with/without cationic lipid DOTAP; (C) the
response of sPLA2i-NPs to sPLA2 enzyme by a fluorescence spectrometer; (D) IVIS image of healthy and OA mouse knee joints after injection over
28 days; (E) semiquantitative analysis of time-course fluorescent radiant efficiency within healthy and OA mouse knee joints; (F) semiquantitative analysis
of the AUC based on the fluorescence intensity profiles; (G) the design of sPLA2i-NP treatment for the destabilization of the medial meniscus (DMM)-
induced OA mice; (H) Von Frey assay was performed after surgery; (I) IHC staining of the tibial articular cartilage at 2 months after surgery. Reproduced
with permission.34 Copyright 2021, Science.
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well-established model of pain associated with nerve root
compression, Kartha et al.45 investigated how sPLA2 in the
spinal cord mediates the process of maintaining pain after
nerve injury. The results showed that the level of sPLA2 was

upregulated within 4 hours in spinal cord injury, and immedi-
ate inhibition could prevent the occurrence of pain and spinal
cord hyperexcitability. 7 days after injury, the expression of
sPLA2 in the spinal cord is still elevated. Inhibition of sPLA2 at

Fig. 3 (A) Schematic diagrams of sPLA2 inhibitor-loaded micelles. (B) The local/intravenous administration in a nerve root compression rodent model;
(C) ipsilateral paw withdrawal thresholds and (D) the withdrawal threshold in the contralateral paw change following local administration with sPLA2
inhibitor-loaded micelles after a painful neuropathic nerve root compression injury; (E) iron is detected in the injured nerve root after local administration;
(F) ipsilateral claw withdrawal threshold and (G) contralateral claw withdrawal threshold change following repeated intravenous administration of sPLA2
inhibitor-loaded micelles after nerve root compression; (H) spinal sPLA2 expression is significantly decreased (*p = 0.038) in the superficial dorsal horn
after treatment of micelles with the inhibitor; (I) peripheral sPLA2 expression in the DRG is also significantly (*p = 0.002) reduced after treatment with
sPLA2 inhibitor-loaded micelles. Reproduced with permission.48 Copyright 2020, American Chemical Society.
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this time can reduce the proportion of a wide dynamic range
(WDR) neurons, abolish behavioral sensitivity, reduce neuronal
discharge in the spinal cord, and restore the phenotype
distribution and induced activity of spinal cord neurons to
sham levels. In conclusion, many studies have confirmed the
role of spinal cord sPLA2 in maintaining pain and central
sensitization after nerve injury, providing experimental
evidence for sPLA2 as a therapeutic target for the treatment
of neuropathic pain.

After nerve injury, the expression of sPLA2 is elevated in the
central spinal cord and peripheral dorsal root ganglion (DRG),
accompanied by robust inflammatory and oxidative stress
responses. Kartha et al.46 attempted to apply the COX-2
inhibitor, meloxicam, for pre-treatment before nerve root injury.
After nerve root compression, the meloxicam pre-treated group
showed alleviated pain and decreased activation of spinal micro-
glia and astrocytes on day 7. Compared with the control group,
meloxicam reduced the level of sPLA2 in the spinal cord and
inhibited the oxidative stress response. If the sPLA2 inhibitor
thioetheramide-PC (TEA-PC) was injected immediately after
injury, it can effectively prevent the decrease of paw withdrawal
threshold (PWT) on the first day after injury and the increase of
large dynamic range spinal cord neurons caused by nerve root
injury. In other words, the use of sPLA2 inhibitors can prevent
mechanical ectopic pain and attenuate the hyperexcitability of
the dorsal horn.47 Besides, Chen et al.40 investigated the role of
CHEC-9, a broad-spectrum inhibitor of sPLA2, in neuro-
degeneration. Through the analysis of neuronal cells (SY5Y)
treated with CHEC-9, it was found that CHEC-9 can inhibit the
inflammatory cascades induced by sPLA2 and promote the
survival of neuronal cells without promoting differentiation.
In addition to the direct protection of neuron cells, CHEC-9
can also independently inhibit immune cell responses and play a
neuroprotective role. This indicates that spinal sPLA2 may be
related to the excitatory mechanism of early spinal neurons,
and drugs can inhibit pain and subsequent inflammation by
preventing the increase of sPLA2.

In the clinic, the systemic delivery of small molecule drugs
has the problem of high blood clearance efficiency. If the drug
is delivered directly to the spinal cord through intrathecal
injection, it will cause harm to the uninjured spinal cord.
To address this issue, Kartha et al.48 developed sPLA2
inhibitor-loaded micelles (Fig. 3). In particular, phospholipids
and hydrophobic superparamagnetic iron oxide (SPIO) nano-
particles were co-assembled to form micelles, and sPLA2
inhibitors were incorporated into the phospholipids layer,
which not only improved the solubility of SPIOs but also led
to the dissociation of micelles in the sPLA2 overexpressed
region. Thus, the inhibitors and other drugs were directly
released into the pain region. It was found that local adminis-
tration immediately after nerve root compression in the rodent
model could effectively reduce the expression of sPLA2 in the
spinal cord, and prevent the development of pain. Compared with
the control group without inhibitors, the PWT was significantly
higher in the inhibitor-loaded group. Delayed intravenous admin-
istration can also eliminate pain and reduce the expression of

sPLA2 in the spinal cord, but the pain threshold is lower than that
in the sham surgery group. In addition, SPIOs can be used as an
imaging agent to track micelles and monitor the pathological
state of pain sites. Therefore, the sPLA2-responsive phospholipid
micelles can be used as a theragnostic agent and a sustained
pain relieving agent. Compared with traditional drugs, this drug-
loaded nanoparticle demonstrates excellent performance and
broad application prospects.

2.3 Atherosclerosis

Cardiovascular disease (CVD) is one of the most common
causes of death worldwide and often leads to myocardial
dysfunction. The human body supplies oxygen and nutrients
to the heart through blood flow to maintain normal life
activities. However, when lipid metabolism is impaired, it
accumulates in the arterial intima, accompanied by fibrous
tissue hyperplasia and calcium deposition. After atherosclero-
sis or thrombosis, the blood vessels become narrow or even
blocked, and the heart experiences an ischemic shock, which
may develop into myocardial infarction. After acute myocardial
infarction, timely reperfusion is the main treatment to control
the injury, but reperfusion itself can also damage myocardial
cells, known as reperfusion injury.49,50

Insufficient oxygen supply caused by ischemia leads to
metabolic acidosis, increased Ca2+, and elevated levels of
ROS.51 During this process, a large amount of calcium-
dependent sPLA2 is released, accelerating the degradation of
phospholipids to AA, and promoting the release of inflamma-
tory factors through the cyclooxygenase (COX) pathway, leading
to myocardial necrosis. Meanwhile, elevated ROS levels can
cause mitochondrial dysfunction. Due to the decomposition of
phospholipid in the mitochondrial inner membrane, energy-
producing enzymes in the electron transport chain are
destroyed, finally leading to myocardial necrosis, as shown in
Fig. 4.52 Several studies have shown that the activity of sPLA2
increases during reperfusion and inhibition of the enzyme’s
activity can protect the heart.53,54 Thus, in the pathophysiology
of ischemia-reperfusion injury, sPLA2 provides a promising
target for the treatment of vascular remodeling injury.

Multiple sPLA2 subtypes have been shown to be associated
with atherosclerosis. For example, sPLA2-X can lead to reduced
cell cholesterol efflux and vascular cell proliferation by modifying
lipoprotein.55 PLA2G5 can effectively hydrolyze phospholipids in
lipoproteins, the hydrolysate can promote the proliferation of
smooth muscle cells and induce apoptosis, and finally aggravate
atherosclerosis.56 Yano et al.57 constructed a sPLA2-V�/� mouse
model by knocking out the sPLA2-V gene. Compared with wild-
type mice, sPLA2-V�/� mice had decreased left ventricular dys-
function and a 44% reduction in myocardial infarct area after
experiencing a myocardial ischemia-reperfusion injury. Studies
had shown that there is an independent association between
elevated levels of sPLA2-IIA and early atherosclerosis, and thus it
can be served as a biomarker for cardiovascular disease.58 In
addition, sPLA2-IIA can promote the formation of aggregated/
fused low-density lipoprotein (LDL) particles. As a result, the
cholesterol carried by excessive LDL after oxidation will
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accumulate on the arterial wall, thereby causing arteriosclerosis.59

The sPLA2-IIA can also increase the expression of COX-2 and ROS
and exert pro-inflammatory signals through M-type receptors to
promote the formation of atherosclerotic lesions.60

So far, many sPLA2 inhibitors have been developed to
reduce the risk of myocardial injury caused by atherosclerosis.
For example, A-001 is a kind of inhibitor of the sPLA2 enzyme,
and varespladib (A-002) is an orally bioavailable prodrug of
A-001. Fraser et al.61 found that A-001 can effectively inhibit
sPLA2 enzymes with IC50 values as low as the nM range.
Moreover, it was found that oral administration of A-002 for
16 weeks significantly alleviated aortic atherosclerosis in the
standard ApoE�/� mouse model. This improvement was asso-
ciated with a significant reduction in total cholesterol but no
effect on body weight, suggesting that A-002 was effective in
significantly reducing the formation of atherosclerosis.

According to the mechanism of action of sPLA2 in athero-
sclerosis, it was found that inhibition of sPLA2 or the corres-
ponding targets of its downstream signaling cascades may be a
new therapeutic method to prevent or treat cardiovascular
diseases. Till now, the development of selective inhibitors of
sPLA2 has been carried out successively, and several therapeu-
tic agents targeting sPLA2 to treat atherosclerosis are under
clinical trials or in the preclinical phase.62 However, there is no
relevant report on nanomedicines to the best of our knowledge.
Due to the significant advantages of nanomedicines in applica-
tions, introducing the concept of nanomedicine into the deliv-
ery of sPLA2 inhibitors for atherosclerosis treatment is expected
to be a major development direction in the future.

2.4 Cancer

Malignant tumor is one of the most lethal disease conditions in
the world, seriously endangering human life and health. As the
place for tumor cells to survive, the tumor microenvironment

(TME) is a complex integrated system, including the internal
and external cellular environment during tumor occurrence,
growth, and metastasis. It is mainly composed of tumor cells,
stromal cells, extracellular matrix, and soluble substances,
wherein cells and substances are in a process of dynamic
change. Immunosuppressive cells, tumor-associated macro-
phages, and a large number of inflammatory factors, such as
IL-6, IL-10, TGF-b, and matrix metalloproteinase (MMP), gather
together in the tumor microenvironment to jointly promote the
proliferation and metastasis of tumor cells.63 In addition, there
are significant differences between tumor tissues and normal
tissues. For example, tumor cells produce a large amount of
lactic acid by glycolysis, leading to a weak acidic environment
(pH 6.5–7.2) in the tumor site.64 There are also high levels of
ROS65 and reducing substances such as glutathione (GSH)66 in
the tumor microenvironment, resulting in the imbalance of
redox states.

Due to abnormal cell growth during tumorigenesis, the
expression of certain genes will be disordered, leading to the
abnormal expression or activity of certain enzymes inside or
outside tumor cells, such as MMP, a-amylase, and cathepsin
B.67,68 Notably, sPLA2 has also been shown to be overexpressed
in a variety of tumors. For example, it is 22-fold higher in
prostate cancer than in normal tissues.69 Therefore, revealing
the mechanism of sPLA2 in cancer, to explore sPLA2 as a
potential therapeutic target for cancer theranostics, has
become an important development direction. In recent years,
some progress has been made. For example, Xu et al.70 found
that the expression levels of SLNCR1, an oncogenic long non-
coding RNA (lncRNA), and sPLA2 were both upregulated in
tumor tissues of patients with non-small cell lung cancer
(NSCLC). Moreover, the expression levels of lncRNA, SLNCR1
and sPLA2 were positively correlated in the plasma of NSCLC
patients, while these are not observed in the healthy controls.

Fig. 4 The mechanism of sPLA2 in myocardial reperfusion injury. Reproduced with permission.52 Copyright 2017, Elsevier.
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Lee et al.71 revealed that the enzyme catalyzes the hydrolysis of
phospholipids and induces the phosphorylation of protein
kinases, thereby activating the mitogen-activated protein
kinase (MAPK) pathway and leading to cPLA2 activation. The
cPLA2 can also hydrolyze phospholipid membranes to AA,
forming a positive feedback loop. The crosstalk mechanism
of sPLA2 and cPLA2 leads to the massive production of AA, and
the AA-induced downstream inflammatory pathway and down-
stream product prostaglandin E2 (PGE2) to promote the devel-
opment of cancer. It is reported that the expression of
intracellular adhesion molecule-1 (ICAM-1) is associated with
the increase of advanced lung cancer and lymph node metas-
tasis, while the signal transducer and activator of transcription
3 (STAT3) can promote invasion. Studies have shown that
knockout of sPLA2-related genes can effectively reduce the
phenotype of cancer stem cells (CSCs) in NSCLC, and reduce
the secretion of PGE2 and ICAM-1. As a result, the STAT3
pathway is blocked, which attenuates the progress of cancer
invasion and thus plays an anti-cancer effect.11,72

As we know, liposomes composed of phospholipids have a
bilayered structure similar to cell membranes. Both the internal
cavity and the bilayer are very suitable for drug delivery. It can
not only improve the solubility and bioavailability of drugs, but
also reduce the side effects on other organs. Based on the
specific hydrolysis properties of sPLA2, Arouri et al.73 proposed
to replace the acyl chain at the sn-2 position with anticancer
drugs. The obtained prodrugs can self-assemble into liposomes
due to their amphiphilic properties (Fig. 5). Once subjected to
sPLA2, the sn-2 ester bond would be specifically hydrolyzed,
and the conjugated anticancer drugs would be cleaved and
released from liposomes. The enzymatic hydrolysis process was
analyzed by mass spectrometry. It was found that the introduc-
tion of other lipid components, such as 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), could accelerate hydrolysis
compared with the single prodrug liposome alone. As a result,

the premixing of the prodrug with DPPC significantly improved
the drug release from liposomes. The design undoubtedly
provides a new idea for the development of sPLA2-related
nanomedicines.

Due to the specific hydrolysis ability of sPLA2, liposomes
as nanocarriers for sPLA2-overexpressed cancer therapy have
been extensively developed. Liposomal cisplatin is the first
chemotherapeutic drug developed to exploit using a sPLA2-
dependent release mechanism and it is undergoing phase II
clinical trials, currently.74 In addition to the release of the
conjugated drug at the sn-2 position, the encapsulated drug
in the aqueous interior cavity of the liposome can also be
released arising from the imbalance of hydrophilic and hydro-
phobic properties under the catalytic hydrolysis of sPLA2.
Hansen et al.75 used a fluorescent dye for release experiments
to verify the sPLA2-triggered liposome hydrolysis. It was found
that temperature can lead to changes in the calcein release
profile by affecting the activity of sPLA2. Furthermore, DPPC
was completely degraded in the presence of sufficient sPLA2,
and the release percentage was proportional to the DPPC
concentration. Notably, when C16 alkyl chain phospholipids
replaced C14 alkyl chain phospholipids, the final percentage of
calcein released from liposomes was greatly reduced. Mock
et al.76 compared the different roles of sPLA2 in the drug
release and cellular uptake between sterically stabilized
liposomes (SSL) and sPLA2 responsive liposomes (SPRL) by
regulating components of liposomes. It was found that when
liposomes encapsulated with 6-carboxyfluorescein (6-CF) were
exposed to sPLA2, the release increased with time, but SPRL
was more dependent on sPLA2. After treating different subtypes
of prostate cancer cells with doxorubicin (DOX)-loaded SSL and
SPRL, it was found that the intracellular drug level in the SPRL
group was 1.5–2 times higher than that in the SSL group. The
content of DOX in PC-3 cells was the highest, while it was lower
in the LNCaP cells. This indicates that cellular uptake is related

Fig. 5 Schematic diagram of liposomes composed of DPPC and C6-RAR, and hydrolyzed by sPLA2 enzyme. Reproduced with permission.73 Copyright
2011, Elsevier.
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to liposomes and cell types, and SPRL may be more suitable for
the treatment of sPLA2 overexpressed diseases.

Tagami et al.77 developed a complex liposome composed of
DPPC and triblock copolymers (Poloxamer 188). DPPC/P188
liposomes remained stable when incubated at 37 1C for
60 minutes without sPLA2, but released B80% encapsulated
calcein within 10 minutes in the presence of sPLA2. In addi-
tion, the triggered release of DOX from the interior of liposome
under the catalysis of sPLA2 exhibited significantly enhanced
cytotoxicity against A549 lung cancer cells. Ghavami et al.78

attempted to deliver octaarginine-peptide nucleic acid (r8-PNA)
conjugates using liposomes (Fig. 6). Herein, PNA is a macro-
molecular antisense drug, which can be effectively encapsu-
lated in SPRL, and needs to be taken up by cells to play its role.
Under serum-free conditions, sPLA2 triggered the release of
PNA. However, the release of PNA was inhibited in a serum-
containing medium. This may be due to the adsorption of
serum protein on the surface of liposomes to form protein
coronas, which prevents sPLA2 from hydrolyzing the phospho-
lipid components in liposomes.

Ostrem et al.79 developed an oxaliplatin liposome (L-OHP)
that was highly sensitive to sPLA2. In the presence of sPLA2,
L-OHP doped with 20% cholesterol showed B80% platinum
release. In addition, it was observed that the L-OHP exhibited
enhanced anti-proliferative effects in vitro on sPLA2-secreting
MT-3 cells. However, the mouse model injected with sPLA2-
sensitive liposomes developed severe systemic toxicity within
3 days. Similarly, Pourhassan et al.80 compared liposomes with
different sPLA2 sensitivities, where the controlled drug release
rate could be realized by adjusting the liposomal composition
(Fig. 7). After intravenous injection, liposomal oxaliplatin
significantly inhibited tumor growth compared to the free drug.
However, the antitumor efficacy of sPLA2 sensitive liposomes
was not significantly improved compared with non-sensitive or
low-sensitive liposomes. After multiple injections of sPLA2
sensitive liposomes, subcutaneous bleeding and multifocal
liver necrosis were even observed in experimental mice. These
results indicate that although sPLA2 sensitive liposomes can
enhance the anti-tumor effect compared to free drugs, there
remains a safety concern and the possibility of failure in

Fig. 6 sPLA2 response mechanism of r8-PNA-loaded liposomes in the presence or absence of serum. Reproduced with permission.78 Copyright 2020,
American Chemical Society.

Fig. 7 (A) Schematic diagram of the mechanism of sPLA2 sensitive liposomes in vitro and in vivo; (B) the cytotoxicity of liposomes in vitro; (C) petechial
cutaneous hemorrhages, along with multifocal hepatonecrotic lesions in vivo. Reproduced with permission.80 Copyright 2017, Elsevier.
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clinical application. Therefore, there is still a long way to go to
bring sPLA2-sensitive nanomedicines to the clinic.

3. Conclusions and prospects

sPLA2 with phospholipid catalytic activity is an important
enzyme to maintain the normal physiological activities of cells.
Many inflammation-related diseases and cancers often exhibit
changes in sPLA2 expression and abnormalities in its down-
stream cascade metabolites. Numerous studies have shown
that inhibition of sPLA2 can block the inflammatory cascade
pathway and other related signaling pathways, to achieve the
therapeutic effect of treating inflammation and cancer.

To make better use of sPLA2 and make it further play a
crucial role in the treatment process, it is necessary to under-
stand the mechanism of action of sPLA2 in related diseases.
As mentioned earlier, sPLA2 is a general term for a class of
enzymes that includes different subtypes. Some function
as tumor suppressors, while some are positively correlated
with tumorigenesis. Some form signaling pathways with phos-
pholipid hydrolysates and their downstream active factors to
enhance tumor invasiveness, while some form a positive feed-
back loop with cPLA2 to promote the inflammation process
through a crosstalk mechanism. Therefore, it is necessary to
further explore the role of sPLA2 in the pathogenic process,
clarify the pathogenesis, and thus select the appropriate sPLA2
subtype as the target to speed up the development of innovative
drugs. Besides, the development of nanocarriers needs to be
further strengthened. Due to so many obstacles for small
molecule drug delivery, nanomedicine shows great potential
in vivo. It can not only overcome multiple physiological barriers
during the delivery process but also realize targeted controlled
drug release and even co-delivery of multiple drugs through the
design and modification of nanocarriers. Among various nano-
medicines, it is worth noting that sPLA2 has broad application
prospects as a potential therapeutic target. For example, func-
tional prodrugs could be designed according to the property of
sPLA2 to specifically hydrolyze the sn-2 ester bond; the sPLA2
responsive carriers can be designed to load imaging agents to
realize the detection, localization and tracking of lesions. In
addition, sPLA2 responsive carriers can also be utilized to co-
deliver multiple drugs to play a synergistic effect, to overcome
the drug resistance caused by the long-term use of a single
drug. At the same time, the formulation and preparation
process needs to be continuously optimized to achieve high-
precision controlled release and large-scale production, and
ultimately safe and effective use in vivo.

Overall, we discussed various diseases associated with the
abnormal expression of sPLA2, summarized and discussed the
application of sPLA2 in osteoarthritis, neuropathic pain, ather-
osclerosis, and cancer therapy. Although numerous small-
molecule drugs targeting sPLA2 have been developed, there is
still no available clinical drug due to their limited efficacy and
severe side effects. Recent progress suggests that nanomedi-
cines using sPLA2 as a therapeutic target show great potential

and advantages in clinical translation. Therefore, this review
may provide insights and ideas for the development of nano-
medicine using sPLA2 as a potential therapeutic target, to
expand the research direction, and provide help for its clinical
translation.
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