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Within the lipidome oxidized phospholipids (OxPL) form a class of chemically highly reactive
metabolites. OxPL are acutely produced in inflamed tissue and act as endogenous,
proalgesic (pain-inducing) metabolites. They excite sensory, nociceptive neurons by
activating transient receptor potential ion channels, specifically TRPA1 and TRPV1. Under
inflammatory conditions, OxPL-mediated receptor potentials even potentiate the action
potential firing rate of nociceptors. Targeting OxPL with D-4F, an apolipoprotein A-I mimetic
peptide or antibodies like E06, specifically binding oxidized headgroups of phospholipids,
can be used to control acute, inflammatory pain syndromes, at least in rodents.With a focus
on proalgesic specificities of OxPL, this article discusses, how targeting defined substances
of the epilipidome can contribute to mechanism-based therapies against primary and
secondary chronic inflammatory or possibly also neuropathic pain.

Keywords: oxidized phospholipids, TRP channel, ion channel, analgesia, pain therapy, nociception, therapeutic
antibody, mimetic peptide
INTRODUCTION

Pain is the result of molecular and psycho-behavioural elements triggered by tissue damage (1). In
developed countries, the estimated prevalence of chronic pain is about 20% (2, 3). In the new, eleventh
international classification of diseases (ICD-11), primary chronic pain has been classified as an
independent disease, like low back pain or fibromyalgia, and separated from syndromes where pain is
secondary to another underlying disease, like in osteoarthritis or rheumatoid arthritis (4). To improve
the quality of life, an effective pain treatment has major impact. Reports by the National Institutes of
Abbreviations: 4-HNE, 4-hydroxynonenal; 13-HODE, 13-hydroxy-10E,12Z-octadecadienoic acid; 9-HODE, 9-hydroxy-
10E-,12Z-octadecadienoic acid; ApoA-I, Apolipoprotein A-I; D-4F, D-amino-4-phenylalanine mimetic peptide of
Apolipoprotein A-I; E06, E06 monoclonal antibody; H2O2, Hydrogen peroxide; HDL, High density lipoprotein; LDL, Low
density lipoprotein; LPC, Lysophosphatidycholin; OxLDL, Oxidized low density lipoprotein; OxPAPC, Oxidized 1-palmitoyl-
2-arachidonyl-sn- glycero-3-phosphorylcholine; OxPL, Oxidized phospholipids; PEIPC, 1-palmitoyl-2-(5,6)-
epoxyisoprostane E2-sn-glycero-3-phosphocholine; PGPC, 1-palmitoyl-2-glutaryl phosphatidylcholine; POVPC,
1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine; ROS, Reactive oxygen species; TLR-4, Toll-like receptor 4;
TRPA1, Transient receptor potential ankyrin type 1; TRPC5, Transient receptor potential canonical type 5; TRPV1,
Transient receptor potential vanilloid type 1.
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Health indicate that opioids have been themost prescribed drugs for
pain treatment in the US leading to the opioid overdose crisis
uncovered in 2017/18. In addition, over the counter drugs like
ibuprofen can provoke severe side effects such as gastrointestinal
bleedings. Hence, a better understanding of pain-inducing
mechanisms as well as the development of novel targets for acute
and chronic inflammatory pain treatment is essential.

Pain can be initiated and maintained by a subpopulation of
primary sensory neurons, the nociceptors, which have their cell
bodies in dorsal root ganglia (5, 6). According to the International
Association for the Study of Pain (IASP), nociceptors are defined as:
‘A high-threshold sensory receptor of the peripheral somatosensory
nervous system that is capable of transducing and encoding noxious
stimuli’ (7). Peripheral branches of these pseudounipolar dorsal root
ganglion neurons sense physical and chemical stimuli. After passing
the dorsal root ganglion, central branches transmit the sensory
information to the spinal cord. Nociceptive dorsal root ganglion
neurons mostly have small-diameter cell bodies and are primarily
responsible for slow pain sensation evoked by noxious stimuli (6).
Chronic pain often results from temporary to permanent changes in
the signaling cascades responsible for nociception. This leads to
prolonged and enhanced transmission of nociceptive signals from
the periphery to the central nervous system. For instance, the local
inflammatory environment can sensitize nociceptors, increase the
Frontiers in Endocrinology | www.frontiersin.org 2
spontaneous action potential firing rate, and facilitate the
responsiveness to endogenous or exogenous, proalgesic irritants (8).

Recent research on lipids points toward its new role in pain
signaling. Molecular components that act as pro- and analgesic
factors, are found within the epilipidome. When looking at lipids
in a hierarchical order (Figure 1A), compound lipids such as the
ubiquitous phospholipids or glycerophospholipids, both
critically important for integrity and function of all cellular
membranes (9), are identified as upstream pain-inducing
metabolites (10, 11). Phospholipids carry unsaturated fatty
acids making them accessible for oxidation, nitration, and
subsequent oxidative degradation. Chemical, non-enzymatic
production of oxidized phospholipids (OxPL) leads to diverse
biologically active OxPL species (proalgesic metabolites are
indicated in Figure 1B). Besides non-enzymatic oxidation of
phospholipids, enzymatic activity, for instance by lipoxygenases,
also regulates OxPL abundance (9, 12, 13). Experimental
evidence, mostly in preclinical rodent models, has corroborated
the view that OxPL contribute to many diseases, including
diverse pain syndromes, thus, making them attractive for a
broad range of therapeutic approaches (Figure 2).

This review focuses on the biology of oxidized phospholipids
(specifically in pain syndromes) and summarizes recent data in
preclinical rodent pain models that show how targeting the
A

B

FIGURE 1 | (A) Classification of lipids. The large group of lipids can be divided in four groups with respective subgroups. Oxidized phospholipids, pain-inducing,
natural metabolites, are discussed in this review. Created with biorender.com©. (B) Pain-related oxidized phospholipids. The unoxidized PAPC consists of a 1‐
palmitoyl‐sn‐glycero‐3‐phosphocholine backbone (R) and a linear, arachidonic tail of 20 carbon atoms including four double bonds. Oxidation of this phospholipid
generates fragments such as POVPC and PGPC. In both molecules, the arachidonic tail is shortened to C5. Both molecules carry an aldehyde group or a carboxyl
group, respectively. In addition, PEIPC is generated from PAPC by formation of a bond between C8 and C12, within the arachidonic tail, by reduction of two double
bounds and additional oxygenation as well as radical formation.
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biological activity of OxPL can control pain or can even
contribute to natural pain resolution.
OXIDIZED PHOSPHOLIPIDS ARE LINKED
TO INFLAMMATORY CONDITIONS
AND PAIN

Research on inflammatory pain in the early years focused on stable
biomolecules like prostaglandins and peptides/proteins such as
cytokines which trigger the action potential firing of nociceptors
(8). Recently, works by our group and others have identified OxPL
as proalgesic compounds in preclinical pain models (10, 11, 14, 15).
Mechanistically, the highly reactive, transient, endogenous irritants
directly activate ion channels on nociceptive C-fiber neurons. This
function is different to the sensitizing effects provoked by typical
inflammatory mediators (10, 11). Ion channels, like transient
receptor potential ankyrin 1 (TRPA1) or voltage-gated sodium
channels like NaV1.9, are exciting pharmacological targets for
pain relief. Inhibiting ion channel function can stop effectively the
Frontiers in Endocrinology | www.frontiersin.org 3
transmission of nociceptive signals toward the central nervous
system, devoid of central nervous system side effects. Therapeutic
strategies against OxPL-mediated pain aim to reduce their direct
excitatory function on nociceptors.

Acute and chronic inflammation can cause a variety of pain states.
By affecting many different organs and the contribution to
chronification of pain, inflammation is hindering pain resolution.
Immune cells continuously produce reactive oxygen species (ROS), a
source of highly reactive hydroxyl radicals. The reactions of ROSwith
phospholipids in plasma membranes and in lipoproteins lead to a
continuous and even self-perpetuating production of OxPL (16). For
instance, in inflammatory and neuropathic conditions such as
arthritis or sciatic nerve axotomy, levels of a variety of reactive
lipids rise in the plasma and in dorsal root ganglion neurons (17–19).
Furthermore, levels of reactive lipids correlate positively with
nocifensive behavior in mice. In endometriosis oxidized LDL
(OxLDL) levels increase and subsequently occurring fragments
such as prostaglandins evoke pain. In addition, OxLDL correlate
with symptom severity in patients with fibromyalgia (20, 21).
However, oxidized LDL levels remain comparable in patients with
and without polyneuropathy due to type 2 diabetes (22). Notably,
FIGURE 2 | OxPL contributing to disease pathophysiology. OxPL can be found in several tissue affected by inflammatory diseases throughout the body. Most of the
evidence comes from preclinical models, but especially in atherosclerotic cardiovascular disease and multiple sclerosis, there is evidence of OxPL in human tissue.
Created with biorender.com©.
January 2021 | Volume 11 | Article 613868

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Oehler et al. Oxidized Phospholipids in Pain
OxPL levels also rise in many other diseases (13). These include
classical inflammatory diseases like peritonitis, nephritis, lung injury
and multiple sclerosis (Figure 2). Most of the evidence comes from
preclinical and clinical studies in cardiovascular disease (12, 23, 24).
Many other bioactive lipids, e.g., eicosanoids (prostaglandins,
leukotrienes, resolvins; see Figure 1) also rise already during the
early acute phase of inflammation. It is obvious that both OxPL and
eicosanoids co-exist in acute pain. It might be that OxPL, when
generated non-enzymatically, appear a little bit earlier than
eicosanoids. As some eicosanoids such as prostaglandin E2 are
pro-inflammatory and are able to sensitize nociceptors and OxPL-
mediators (e.g., NaV1.9), it might be beneficial to target non-
enzymatic OxPL production as well as cyclooxygenases as early
as possible.
OXPAPC, A MIXTURE OF PAIN-INDUCING
OXPL METABOLITES

Oxidation of PAPC (1-palmitoyl-2-arachidonoyl-sn-glycero-3-
phosphorylcholine) generates long-chain and fragmented oxidized
PAPC (OxPAPC) products. These include POVPC (1-palmitoyl-2-
(5’-oxo-valeroyl)-sn-glycero-3-phosphocholine), PGPC
(1-palmitoyl-2-glutaryl-sn-glycero-3-phospho-choline) and PEIPC
(1-palmitoyl-2-5,6-epoxyisoprostane E2-sn-glycero-3-phosphatidyl-
choline) (Figure 1B) (13). Commercially available OxPAPC is a
mixture of molecules that is produced by air oxidation of synthetic
PAPC. This OxPAPC-formulation serves as model substance for
investigating OxPL functions in pain (10, 11).

OxPL can also be produced by enzymatic reactions, e.g., by
lipoxygenases, cyclooxygenases, cytochrome P450 and cytochrome
c. Enzymatic OxPL synthesis leads to a more precise formation of
individual, often truncated, oxidized lipids (25). An enzymatic
modification of PAPC has also been reported (26). How enzymatic
production of phospholipids contributes to pain is not known yet,
but it can well be that especially secreted lipoxygenases promote local,
continuous and long-lasting OxPL production. From a mechanistic
point of view, enzymatic OxPL production might even contribute to
pain sensation in case of bacterial infections, because microbes such
as Pseudomonas aeruginosa, a critical human pathogen responsible
for many healthcare-associated infections, secrete lipoxygenases to
produce OxPL (27).

OxPAPC as well as its corresponding metabolites excite
nociceptors and pain behaviour in different models for
inflammatory pain (10, 11, 14, 15, 28, 29). Specific OxPAPC
components such as PGPC and POVPC as well as the OxPL
degradation product lysophosphatidylcholine (LPC) are increased
in chloroform-based lipid extracts from inflamed tissue by MALDI-
TOF (10). Highly reactive, long-chain OxPL, such as PEIPC or
POVPC, degrade to transient products or rearrange to more stable
metabolites. These degradation products also show biological activity
and include molecules such as LPC, the oxidation end product
PGPC, the fragmented product 4-hydroxynonenal (4-HNE), or
prostaglandin 15d-PGJ2 (10, 30). The ladder is a remote metabolite
of OxPAPC. In addition to oxidative processes, enzymatic reactions,
e.g., by phospholipase A2, facilitate the metabolization of OxPL
Frontiers in Endocrinology | www.frontiersin.org 4
species. The fast metabolization of the compounds produces new
physiologically relevant, bioactive signaling molecules. Important is
that many of the OxPL metabolites generated under inflammatory
conditions can induce pain by acting as acute excitants.
OXPL-MEDIATED SIGNAL
TRANSDUCTION

The transient receptor potential channels TRPA1 and TRPV1 are
excitatory ion channels mediating OxPL effects (Figure 3). They are
polymodal, ionotropic receptors detecting noxious stimuli including
chemical (e.g., capsaicin) or physical stimuli (e.g., heat) (5).
Both cation channels are highly expressed in sensory neurons.
When activated, the channels mediate pain behaviour and
promote inflammation by triggering the increased release of
neurotransmitters, inflammatory mediators and neuropeptides (8).
Behavioural studies in knock-out mice and in vitro experiments on
cultured small-diameter dorsal root ganglion neurons revealed that
TRPA1 is the main target of OxPAPC and its components PGPC
and POVPC. Much higher concentrations of the OxPL compounds
are needed to stimulate TRPV1 responses and the induced activation
of TRPC5, another TRP channel involved in pain mediation, is only
short-lasting (10, 11, 31).

When applied rapidly and locally to cultured small-diameter
neurons the prototypical OxPL compound PGPC induces calcium
spikes – an effect mediated by TRPA1, but not TRPV1 (29). This is
not easy to understand but points to a different mechanism of how
OxPL activate TRP channels. For instance, TRPA1 activation by
OxPL via an interaction with cysteines in the TRP N-terminus
requires an electrophilic substance, similar to activation by the
mustard oil compound AITC or 4-HNE or electrophilic OxPAPC
compounds (28, 32, 33). Electrophilic compounds such as 4-HNE
covalently bind via Michael addition and Schiff base formation to
histidine, lysine, and cysteine residues, a key mechanism of TRPA1
activation. However, in an OxPAPC-hTRPA1 peptide binding study,
no adduct formation and direct thiol oxidation were detected,
suggesting that OxPAPC act as two-electron oxidants. However,
Kelch-like ECH-associated protein 1 (Keap1), the oxidative stress
sensor, is activated by the same electrophilic compounds as TRPA1
including OxPAPC (34).

Due to its chemical properties, the prototypical OxPL PGPC,
a stable but non-electrophilic, acid oxidation end-product of
OxPAPC, must use a different mechanism to activate TRPA1
(29). PGPC and other oxidized phospholipids rapidly integrate
into the lipid bilayer of plasma membranes and thereby
modulate functional properties of lipids and proteins (35). At
least some of the OxPL compounds or even other members of the
epilipidome probably induce rearrangements of the plasma
membrane to mechanically activate TRPA1 and maybe even
TRPV1 (36–38). When co-expressed, TRPA1 function can be
increased via TRPV1-induced calcium influx. Though, an
interaction of TRPA1 and TRPV1 might contribute to the
rather complex OxPAPC action (see below).

Fast calcium imaging and patch-clamp recording revealed
additional relevant ion channels that are involved in the signal
January 2021 | Volume 11 | Article 613868
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transduction of OxPL stimuli (29). The unique low-threshold
sodium channel NaV1.9 is of outstanding importance. In
nociceptors, NaV1.9 is switched on under inflammatory
conditions, by coincident signaling pathways (29, 39). When
active, Nav1.9 potentiates acute OxPL responses and increases
the excitability of neurons (29). This even induces calcium spikes
in nociceptors that can be blocked with W -conotoxin, a high-
affinity blocker of N-type voltage-gated calcium channels (29,
40). This is remarkable as N-type calcium channels mediate
rather strong calcium influx signals. Activity-dependent calcium
influx is often upstream of cellular plasticity effects such as
activity-dependent axon growth (40) and is able to stimulate
long-term changes in gene expression. It will be interesting to
find out whether this calcium influx is involved in gene
expression changes or axon sprouting upstream of nociceptor
sensitization. Also, downstream, the stimulation of TRP channels
with OxPAPC is sufficient to release calcitonin gene-related
peptide (CGRP), a potent vasodilator and mediator of
peripheral nociceptor sensitization. This indicates that OxPL
are not only excitants, but also contribute indirectly to
neurogenic inflammation (10, 15).

In summary, OxPL are nociceptor excitants and trigger
signaling cascades that are able to induce long-term changes in
nociceptors. Interrupting acute OxPL signaling might support
pain resolution in transient and chronic inflammatory and
possibly also neuropathic pain.
Frontiers in Endocrinology | www.frontiersin.org 5
OxPL act locally and acutely on nociceptors. Biochemically,
proalgesic OxPL are produced in all cellular membranes. It is likely
that OxPL act autocrine as well paracrine. But, OxPL are also highly
enriched in apolipoproteins. OxPL-rich apolipoproteins can also be
found in the cerebrospinal fluid in the brain, spinal cord and dorsal
root ganglion. Therefore, it is theoretically possible that OxPL
contribute systemically to certain pain syndromes, maybe via a
dysbalanced OxPL/apolipoprotein/cholesterol axis.
ADDITIONAL OXIDIZED LIPIDS INVOLVED
IN PAIN PERCEPTION

Besides the long-chain OxPL, other lipid metabolites being generated
in inflammation evoke nocifensive behaviour in rodents. For
instance, fragmented products of OxPAPC such as eicosanoids and
prostaglandins are downstream of phospholipase A2-mediated
conversion of arachidonic acid. Oxidized metabolites of the
arachidonic and linoleic acids increase upon systemic stimulation
mice with nerve growth factor, a most important neurotrophic
factor involved in pain signaling (41, 42). In sterile inflammation,
evoked by physical burn as well as UVB-mediated sunburn, derivates
of oxidized linoleic acid increase (43, 44). Lysophosphatidic acid 18:1
and lysophosphatidyl choline 16:0 and 18:1, additional metabolites
deriving from phosphatidylcholine precursors, mediate neuropathic
pain (45–48). In a mouse model of chronic inflammation,
A B

FIGURE 3 | The proalgesic role of oxidized phospholipids and therapeutic options to target OxPL. Display of representative terminals of nociceptors, the first neuron
in the pain pathway, found in peripheral tissue. (A) Inflammation attracts immune cells invading the tissue, e.g., in arthritis. Especially neutrophils and macrophages
release reactive oxygen species (ROS). They oxidize lipids like those found in the plasma membrane (purple circle). The resulting oxidized phospholipids (OxPL)
activate non-selective, excitatory ion channels like transient receptor potential ankyrin 1 (TRPA1) or transient receptor potential vanilloid 1 (TRPV1). Activation of TRP
channels leads to a subsequent activation of voltage gated sodium channels (NaV) and the release of proalgesic molecules like calcitonin gene related peptides
(CGRP). Action potentials are induced and propagated along the pain pathways, resulting in pain perception. (B) Treatment with monoclonal E06 antibodies or with
the ApoA-I mimetic peptide D-4F scavenge OxPL and thereby reduce nociceptor firing, pain and inflammation. Created with biorender.com©.
January 2021 | Volume 11 | Article 613868
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oxidized linoleic acid-derived mediators increase in the central
nervous system (49). The complex mode of actions in algesia are
highlighted by modulation of small G-proteins such as GPR132 in
addition to direct ion channel activation (18). These findings indicate
that a variety of alterations of the lipid signaling cascade have
deciphered promising approaches for future pain treatment.
TARGETING OXIDIZED PHOSPHOLIPIDS
TO TREAT PAIN SYNDROMES

Advances in lipidomics give the opportunity to identify lipids that
may serve as biomarkers or treatment targets. Based on the idea
that proalgesic OxPL are preferentially produced locally and non-
enzymatically, OxPL neutralization was thought to be a feasible
strategy to target the proalgesic function of OxPL, at least in rodent
pain models (10, 14, 15). Targeting enzymatic OxPL production
with small molecule inhibitors, for instance oxazolone-derived
compounds for lipoxygenase inhibition, is antinociceptive (50). It
could well be that co-treatment with OxPL scavengers together
with small molecule lipoxygenase blockers can synergistically even
enhance the efficiency of pain control.
THERAPEUTIC EFFECTS OF
MONOCLONAL E06 ANTIBODIES FOR
PAIN TREATMENT

Oxidation of the phosphatidylcholine headgroup creates “neo”-self-
antigens that are recognized by the acquired immune system.Distinct
chemical structures and the conformation of lipids are indispensable
for the formation of pattern recognisingmolecules such as antibodies.
Anti-OxPL antibodies were originally discovered in preclinical
models for atherosclerosis and pneumonia where they substantially
increased under inflammatory conditions and (51, 52). One class of
antibodies, the monoclonal E0 antibodies, were isolated from apoE-
deficient mice, their eponym. Due to its high affinity to the oxidized
head group of phosphatidylcholines, the monoclonal antibody
(mAb) E06, also known as T15, got striking attention (53–55). Due
to its unique properties, mAb E06 became an often-used tool to
investigate OxPL abundance in various inflammatory diseases like
acid-induced lung injury, arteriosclerosis, bacterial peritonitis,
multiple sclerosis, inflammatory nephritis, and age-related macular
degeneration (52, 56–60). Furthermore, the antibody was employed
in immunohistochemistry or ELISA for OxPL binding studies.
Notably, the mAb E06 also has therapeutic potential: passive
immunization with E06 protects against atherosclerotic plaque
development and inflammatory arthritis (61, 62).

In a model of inflammatory pain using complete Freund’s
adjuvant (CFA), an E06-based competitive binding assay allowed
for quantification of OxPAPC species in freshly isolated tissue. These
experiments revealed rather high amounts of mAb E06 reactive
OxPL in inflamed tissue (15, 28). These observations raised the idea
that the pro-inflammatory OxPL function could also be blocked by
antigen neutralization with the mAb E06. Indeed, locally applied E06
Frontiers in Endocrinology | www.frontiersin.org 6
allowed to control pain behaviour in preclinical pain models (15, 28).
Intraplantar application of E06 even ameliorated hypersensitivity in
CFA-induced hind paw inflammation and collagen-induced arthritis
(10). Furthermore, E06, but not its isotype control IgM, reduced the
levels of low mass metabolization products of OxPAPC, like
lysophosphatidylcholine (LPC 16:0).

In order to nail down specific mediators interacting with E06,
TRPA1 and TRPV1 ligands were tested. In vitro, E06 prevented 4-
HNE, OxPAPC, AITC, but not capsaicin-induced calcium influx in
HEK-293 cells expressing recombinant TRPA1 and TRPV1.
Furthermore, E06 could also inhibit corresponding TRPA1 and
TRPV1 responses in dorsal root ganglion neurons. Mechanical
hypersensitivity induced by intraplantar OxPAPC, or irritants like
AITC or 4-HNE, was also prevented by local E06 application (15, 28).
This was not due to binding of 4-HNE itself, but rather the formation
of E06-reactive OxPLs after local irritant injection (15, 54).

Recently, in a series of very elegant experiments, the single-chain,
non-immunogenic variable fragment of E06 (E06-scFv) has been
expressed in transgenic mice. These experiments showed a striking
potential of E06 to ameliorate atherosclerosis, non-alcoholic
steatohepatitis, and high fat-induced bone loss (63–65). In
summary, E06 is an exciting tool to scavenge ROS-induced
downstream mediators and is a promising therapeutic for
inflammatory diseases and inflammatory pain.
D-4F, AN APOA-I MIMETIC PEPTIDE
SHOWS ANALGESIC POTENTIAL

OxPL are typically transported by apolipoproteins, which can
provide anti-atherogenic and anti-inflammatory properties. In
order to mimic this function, apolipoprotein A-I (ApoA-I)-
mimetic peptides have been developed. Especially the peptide D-
4F, a small peptide of 2.3 kDa, shows considerable anti-inflammatory
features in vitro and in animal models (66, 67). In addition, multiple
doses of oral D-4F lower the HDL inflammatory index in high-risk
coronary heart disease patients (68). D-4F has high affinity to OxPL –
actually several magnitudes higher than ApoA-I. Apo-mimetic
peptides, however, are not specific for OxPAPC: the binding
capacity of D-4F to PGCP, POVPC, PEIPC and 1-(palmitoyl)-2-
(5-keto-6-octene-dioyl) phosphatidylcholine (KOdiaA-PC) is
substantially higher than for PAPC or other non-oxidized lipids,
cholesterol, or oxidized lipids like 5(S)-hydroperoxy-5Z,8Z,10E,14Z-
eicosatetraenoic acid (HPETE). Hence, the peptide D-4F is a well-
suited tool to scavenge and neutralize free OxPL (67). As OxPL are
involved in many diseases (Figure 2) and due to the fact that D-4F
mimic a natural and commonmechanism, it was suggested that these
peptides could have a rather broad therapeutic potential. However,
albeit the basic concept is rather old, mimicking the beneficial role of
HDL/Apo-A1 or OxPL scavenging with mimetic peptides has not
reached the clinic yet.

D-4F blocks H2O2, 4-HNE, and OxPAPC, but not capsaicin- or
AITC-induced calcium influx in TRPA1- or TRPV1-expressing
HEK293 cells or dorsal root ganglion neurons (10, 14). Apart from
OxPL scavenging, other mechanisms of function are discussed for
D-4F. It may be that 4-HNE, a lipid peroxidation downstream
January 2021 | Volume 11 | Article 613868
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product, is the functional target of D-4F. 4-HNE could possibly bind
to the lysine residues in D-4F and consecutively being inactivated
(14). Indeed, in a murine asthma model, 4-HNE production was
decreased after D-4F treatment. Alternatively, D-4F stimulates
cholesterol efflux from cellular membranes, a mechanism altering
lipid rafts and thereby nociceptors excitability (69, 70). Similar
mechanisms have been observed in experiments with the ApoA-I
binding protein which reduces lipid raft abundance via increased
removal of excess cholesterol, thereby preventing allodynia in
different preclinical models (71).

When D-4F is applied systemically, it inhibits capsaicin-,
OxPAPC- and 4-HNE-evoked hypersensitivity in rodents (14,
28). In these experiments, D-4F was more effective against
mechanical than thermal hypersensitivity. In preclinical models
of inflammation like collagen-induced arthritis and CFA-
induced hind paw inflammation, systemic D-4F reverses
mechanical and thermal hypersensitivity as paw edema (14, 28).

In summary, D-4F is an analgesic substance ameliorating
inflammatory pain. Whether it is beneficial in other painful
diseases like traumatic nerve injury or chemotherapy-induced
neuropathy needs further evaluation. Likewise, its exact
mechanisms of function other than OxPAPC scavenging, e.g.,
interference with cholesterol metabolism like ABC transporters,
and its potential in clinical trials have to be examined in the future.
CONCLUSION

This review highlights oxidized phospholipids as novel targets for the
treatment of acute and prolonged inflammatory pain. New
technological developments allow an in-depth classification of
oxidized lipids within the epilipidome and, thereby, the
identification of innovative biomarkers and druggable targets.
Detection of undiscovered compounds by oxidized lipidomics
provide new insights into pain-generating mechanisms. Research
shows that endogenous OxPL, generated under inflammatory
Frontiers in Endocrinology | www.frontiersin.org 7
conditions, activate well-studied pain pathways like the TRPA1
signaling cascade. Deciphering their modes of action improve the
development of pharmacological tools like the monoclonal antibody
E06 and the ApoA-1 mimetic peptide D-4F as promising new
therapeutic options. E06 antibodies as well as ApoA1 are
physiologically present in our body. This may point to the body’s
own potential to handle pain and give a better understanding of the
fundamental mechanisms of OxPL physiology. Insights might open
new gates for pain management by strengthening natural
mechanisms of pain resolution. Proven biological compatibility of
D-4F in humans opens the possibility of local or systemic application
of D-4F for patients with inflammatory pain, in the near future.

As our understanding of anti-OxPL therapy in pain has only
been tested in preclinical rodent models in a few studies, mostly
by a few research groups (10, 11, 14, 15, 29), a broad evaluation
of the OxPL biology and anti-OxPL therapy by the science
community is essentially needed.
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