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Neuropathic pain, de(ned as pain caused by a lesion or disease of the somatosensory nervous system, is characterized by dysesthesia,
hyperalgesia, and allodynia. 'e number of patients with this type of pain has increased rapidly in recent years. Yet, available
neuropathic pain medicines have undesired side e)ects, such as tolerance and physical dependence, and do not fully alleviate the
pain. 'e mechanisms of neuropathic pain are still not fully understood. Injury causes in*ammation and immune responses and
changed expression and activity of receptors and ion channels in peripheral nerve terminals. Additionally, neuroin*ammation is
a known factor in the development and maintenance of neuropathic pain. During neuropathic pain development, the C-C motif
chemokine receptor " (CCR") acts as an important signaling mediator. Traditional plant treatments have been used throughout the
world for treating diseases.We and others have identi(ed food-derived compounds that alleviate neuropathic pain. Here, we review
the natural compounds for neuropathic pain relief, their mechanisms of action, and the potential bene(ts of natural compounds
with antagonistic e)ects on GPCRs, especially those containing CCR", for neuropathic pain treatment.

1. Introduction

'e International Association for the Study of Pain (IASP)
de(nes neuropathic pain as pain caused by a lesion or disease
of the somatosensory nervous system, which causes unpleas-
ant and abnormal sensation (dysesthesia), an increased
response to painful stimuli (hyperalgesia), and pain in
response to a stimulus that does not normally provoke pain
(allodynia) [$, "]. 'is de(nition of neuropathic pain distin-
guishes it from other types of pain, includingmusculoskeletal
pain, by restricting its extent to the somatosensory nervous
system.

According to previous studies, neuropathic pain a)ects
about $ in every $# adults and the economic burden for
treating this pain is increasing [+, ,]. Langley and colleagues
have described the importance of pain in terms of social
impact and have shown that people experiencing neuropathic
pain have an economic burden twice that of patients with

chronic nonneuropathic pain, in (ve countries in Western
Europe [!, %].

'ere are four main types of pharmacological therapies
for neuropathic pain: antidepressants, anticonvulsants, opi-
oids, and topical agents. 'e (rst-line treatments for neu-
ropathic pain, based on e-cacy and safety, include antide-
pressants (e.g., tricyclic antidepressants [TCAs], serotonin-
norepinephrine reuptake inhibitors [SNRIs]) and certain
anticonvulsants (e.g., gabapentin, pregabalin, and topical
lidocaine) [.]. Opioid analgesics have been recommended as
second-line treatments, given their safety; however, they are
sometimes used as (rst choice.'ird-line treatments include
certain antidepressant medications (e.g., bupropion, citalo-
pram, and paroxetine) and certain anticonvulsants med-
ications (e.g., carbamazepine, lamotrigine, oxcarbazepine,
and N-methyl-D-aspartate [NMDA] receptor antagonists).
However, these drugs are not completely e)ective in atten-
uating neuropathic pain, because of the complexity of this
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type of pain, and also have side e)ects, such as sedation,
dizziness, edema, and ataxia [/, &]. For these reasons, there
is interest in new agents for relieving neuropathic pain.
Although the existing neuropathic pain animal model does
not fully represent the human condition, it facilitates studies
on nerve injury-induced pain and indicates neuropathic
pain mediators. Natural products have been widely used for
centuries to treat various diseases and can e)ectively treat
diseases, without causing side e)ects [$#], and may present
therapeutic candidates for the development of new drugs to
alleviate neuropathic pain.

'e causes of neural damage can be diverse; these include
diabetic neuropathy, human immunode(ciency virus (HIV)
neuropathy, postherpetic neuralgia, drug-induced neuropa-
thy, and traumatic nerve injury. Various neuropathic pain
models have been developed, with consideration of di)erent
neuroimmune signaling pathways [$$]. Tissue and nerve
injury-induced hyperexcitability are due to immune cells and
the in*ammatory mediators that they release. In particular,
it is well-known that neuroin*ammation, which is a local
in*ammatory reaction in the nervous system, can lead to the
development of neuropathic pain. In addition, ion channels
open and close in response to chemical ormechanical signals,
and G protein-coupled receptors (GPCRs) also stimulate
hyperexcitability. GPCRs regulate ligand-gated and voltage-
dependent ion channels and are activated in response to
in*ammatory mediators that are released by peripheral tis-
sues and immune cells.

In this review, we summarize the processes involved in
neuropathic pain development and natural compounds that
are useful for neuropathic pain alleviation and further discuss
the potential bene(ts of C-C motif chemokine receptor "
(CCR") antagonists for treatment of neuropathic pain.

2. Mechanism of Neuropathic Pain

Generally, pain perception involves the following processes:
transduction, transmission, modulation, and perception. In
brief, nociceptors switch noxious stimulation to nociceptive
signals, which are transported into the central nervous system
(CNS) along nerve (bers from the site of injury. 'ese
nociceptive signals are modulated at synaptic sites and in
the CNS by ascending and descending pathways, and we
recognize pain [$"]. In neuropathic pain, nerve injury alters
expression of genes encoding cytokine and chemokine recep-
tors; ion channel expression at themembranes and substances
released by immune cells induce nociceptive signaling in
the peripheral and central nervous system and ultimately
cause the development of neuropathic pain (Figure $) [$+, $,].
Moreover neuroin*ammation, that is, immune reaction in
the peripheral and CNS, including activation of mast cells
and glial cells, may occur due to nerve injury.'ese changes
induce peripheral sensitization, which involves enhanced
excitability of the primary a)erent nociceptors that convert
peripheral stimuli into action potentials that are propagated
in the CNS [$!]. 'us, peripheral sensory nerve hyper-
excitability and central nerve hyperexcitability, involving
diverse pathways, are the major reasons for the initiation,

development, and maintenance of neuropathic pain [$%].
A0er peripheral nerve injury, microglia in a resting state in
the spinal dorsal horn and dorsal root ganglia (DRG) are
activated through a series of cellular and molecular changes
that are mainly produced by monocyte chemoattractant
protein $/C-C motif chemokine ligand " (MCP$/CCL").'is
activation is commonly observed among various models of
neuropathic pain [$.].

#.!. Neuroimmune Interactions Are Mediated by In)ammatory
Cytokines and Chemokines. Growing evidence indicates that
in*ammatory and immune responses contribute to neuro-
pathic pain [$/]. A0er nerve injury, immunocompromised
mice show alleviation of neuropathic pain as compared with
normal mice, in the early stage [$&]. In addition, neuroin-
*ammation induced by nervous system injury accompanies
a neuroimmune interaction that activates immune cells and
leads to development of chronic pain, including neuro-
pathic pain. For instance excessive neuroin*ammation, as
found in Guillain–Barré syndrome and multiple sclerosis, is
associated with neuropathic pain. In this regard, targeting
neuroin*ammation is also a promising analgesic approach for
neuropathic pain ["#, "$].

One characteristic of neuropathic pain is in(ltration of
blood leukocytes by chemokines [""]. Accumulating evi-
dence has indicated that glial cell activation and the resulting
expression of proin*ammatory immune mediators, such as
tumor necrosis factor-! (TNF-!), interleukin-$" (IL-$"), and
brain-derived neurotrophic factor (BDNF), play critical roles
in neuropathic pain ["+, ",]. In early life, nerve injury triggers
anti-in*ammatory responses, such as expression of IL-, and
IL-$# rather than proin*ammatorymediators, supporting the
supposition that infants rarely experience neuropathic pain
["!].

We will describe immune responses focused on immune
cells (mast cells, microglia, neutrophils, macrophages,
Schwann cells, and T cells) and some of their in*ammatory
mediators. In a normal state, mast cells have granules that
contain a variety of bioactive chemicals. Nervous injury
triggers neuroin*ammation, which activates mast cells, and
activated mast cells in turn release in*ammatory factors,
such as bradykinin, prostaglandins, histamine, and substance
P ["%]. Partial sciatic nerve ligation (PSNL) induces mast
cell activation and degranulation and neutrophil and
macrophage in(ltration, which is reversed by treatment with
amast cell stabilizer.'is suggests thatmast cells are powerful
neuropathic pain mediators [".]. Microglia, which are glial
cells that are located throughout the CNS, become activated
in response to nerve injury and immunological stimuli,
including proin*ammatory signals released from immune
cells, such as mast cells. 'is interaction between mast cells
and microglia regulates peripheral pain signaling. Microglia
activation causes pain states by releasing proin*ammatory
cytokines, chemokines, and proteases ["/]. Astrocytes, the
most abundant glial cell type in the CNS, also play a major
role in pain facilitation and are fundamental contributors
to the neuropathic pain involved in neuroin*ammation.
'erefore, a promising therapeutic target for managing
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F12345 $: Mechanisms involved in peripheral sensitization in neuropathic pain. Tissue and nerve injury lead to in*ammation, including
neuroin*ammation, via activation of immune cells (T cells, macrophage, mast cell, and neutrophil), by releasing diverse in*ammatory
mediators, such as TNF-!, IL-$", IL-%, CCL", PGE", BK, and NGF, in nearby peripheral nociceptive nerve terminal. 'ese mediators act
on their respective receptors, including TRPV$, P"X+, cytokine receptors, and G-coupled protein receptors.'e activation of these receptors
results in upregulation of Ca2+ and cyclic AMP, which related to several kinase signaling pathways. Altogether, these mechanisms can lead to
neuronal excitation andmicroglial activation, as well as gene expression changes in sensory neurons. Overactivatedmicroglia can also trigger
neuropathic pain via in*ammatory mediator-related signaling.

neuropathic pain would be factors that mediate mast and
glia cell reactivity.

In a normal state, neutrophils, which are the (rst leuko-
cytes to arrive at a site of tissue damage, accumulate in the
epineurium a0er nerve injury, contributing to neuropathic
pain ["&]. Depletion of circulating neutrophils, by using
antibodies, attenuates the induction of thermal hyperalgesia
a0er PSNL but does not alleviate the typical hyperalgesia at
day / a0er injury, suggesting that endoneurial accumulation
of neutrophils is related to the development of neuropathic
pain [+#]. Macrophages are signi(cantly increased in neu-
ropathic pain models [$$, +$]. Moreover, systemic depletion
of macrophages reduces mechanical hypersensitivity, sug-
gesting their importance in the generation of neuropathic
pain [+"]. Furthermore, the role of Schwann cells in the
generation of neuropathic pain has been con(rmed [++]. In
a chronic constriction injury (CCI) rat model, Schwann cells
release erythropoietin (EPO), while injection of EPO may
protect against neuropathic pain [+,, +!]. CCI induces T
cell in(ltration, as well as mechanical allodynia and thermal
hyperalgesia. 'ese neuropathic pain symptoms are signi(-
cantly reduced in rats lackingmature T cells, indicating that T

cells are key immune cells in the development of neuropathic
pain.'ere are twomain T helper (') cell subtypes:'$ cells
and '" cells. '$ cells produce proin*ammatory cytokines
and'" cells produce anti-in*ammatory cytokines. Injection
of these two types has opposite e)ects: '$ cell injection
enhances neuropathic pain symptoms, while '" injection
reduces pain hypersensitivity [+%].

Awide variety of experimental approaches have indicated
that in*ammatorymediators play crucial roles in neuropathic
pain. Proin*ammatory cytokines and chemokines have been
associated with neuropathic pain and play critical roles
in this condition by direct and indirect actions. Some of
these factors can activate and sensitize nociceptors and
thereby induce pain [+.]. Furthermore, nerve injury pro-
duces proin*ammatory cytokines: TNF-!, IL-$", and IL-
% and in*ammatory mediators: prostaglandin, serotonin,
bradykinin, and histamine, as well as neurotrophic factors,
such as nerve growth factor (NGF). On the other hand, some
immune cells can produce and release anti-in*ammatory
cytokines and opioid peptides, such as "-endorphin, which
may induce analgesia and alleviate pain [+/]. Taken together,
these studies indicate that several immune cell types and their
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mediators are implicated in the development of neuropathic
pain [$/].

In a neuropathic pain model, IL-$" expression is
upregulated in the injured sciatic nerve, DRG, and spinal cord
[+&–,$]. Interestingly, the injection of an IL-$"-neutralizing
antibody was shown to alleviate the behavior related to
neuropathic pain [,#]. IL-$" functions to enhance excita-
tory synaptic transmissions and reduce inhibitory synaptic
transmissions in the dorsal horn neurons [,"]. It has also
been reported that TNF-! was upregulated in a neuropathic
pain model and this phenomenon was con(rmed by speci(c
inhibitor treatment [,+, ,,]. Xu and colleagues have sug-
gested that TNF-! may be a biomarker for chronic neuro-
pathic pain in patients with spinal cord injury (SCI) [,!].
Furthermore, IL-% is also a neuropathic pain-related proin-
*ammatory cytokine. In a model involving partial ligation of
the sciatic nerve, IL-% expression was increased [,%]. TNF-! only enhances excitatory synaptic transmissions, while
IL-% reduces inhibitory synaptic transmission at the same
spinal cord level [,"]. Additionally, NGF-overexpressing
mice showed hypersensitivity [,.]. Moreover, MCP$, also
known as CCL", is a major in*ammatory chemokine that
is speci(cally responsible for recruiting monocytes into the
site of in*ammation. A0er nerve damage, MCP! mRNA
expression was signi(cantly upregulated in the rat DRG
[,/]. In addition, intrathecal injection of MCP$ produces
mechanical allodynia [,/].

#.#. Regulation of Peripheral Nerve Excitability. Nerve injury
increases expression of sodium channels in the DRG and
around the terminal injury site of injured axons. Nav$.. and
Nav$./ double-knockout mice normally develop neuropathic
pain in PSNL animal model [,&]. Nav$.. is not required
for oxaliplatin-induced neuropathic pain but is essential
in CCI mice, suggesting that the neuropathic pain trigger
a)ects the mechanism by which pain develops [!#]. In
addition, knockdown of Nav$./ by means of siRNA alleviates
mechanical allodynia in CCI rats [!$].

Nav$.. and Nav$./ expression are also signi(cantly
increased in the lumber disc herniation model [!"]. Nav$.+
is upregulated in the DRG a0er nerve injury, in line with the
data showing that knockdown of Nav$.+ reduces pain in the
neuropathic pain model [!+, !,].

Drugs blocking sodium channels include lidocaine, mex-
iletine, phenytoin, carbazepine, oxcarbazepine, lamotrigine,
and TCAs. 'ese drugs, which are nonselective for channel
subtypes, can alleviate neuropathic pain by interfering with
spontaneous ectopic discharges but also have many side
e)ects [!!].

Voltage-gated calcium channels (Cav) also play a role in
neuropathic pain development. T-type channel current den-
sity signi(cantly increases a0er nerve injury, and inhibitors of
this type of channel can reduce excitability in a neuropathic
pain model [!%, !.]. Mice lacking the N-type channel show
reduced responses to mechanical and thermal stimuli in
neuropathic pain models [!/].

Ligand-gated ion channels also have crucial roles in terms
of the onset of neuropathic pain. Interestingly, agonists and

antagonists of transient receptor potential vanilloid member
$ (TRPV$) are both e)ective in neuropathic pain alleviation.
TRPV$ agonists release transmitters and induce cation in*ux
into the nerve, as well as receptor desensitization [!&]. Topical
formulations of high-dose capsaicin have been shown to
be e-cacious in a number of neuropathic pain conditions,
including Phase + studies in postherpetic neuralgia patients
[%#]. It has been reported that antagonists that block TRPV$
signal transduction can reverse heat-related hyperalgesia in
sciatic nerve ligation in mice [%$]. A0er chronic compression
of the DRG, mechanical allodynia was enhanced by injection
of a TRPV, agonist but reversed by its antagonist [%"].
Antagonists of NMDA receptors, which are subtypes of the
glutamate receptor, are third-line treatments for neuropathic
pain and can reduce pain in animal models but have many
side e)ects, including sedation, confusion, and motor inco-
ordination [%+].

#.$. G Protein-Coupled Receptors (GPCRs). G protein-cou-
pled receptors (GPCRs) comprise the largest superfamily of
transmembrane receptors and transduce extracellular stim-
uli into intracellular responses. Targeting GPCRs is highly
successful, so that +#% of drugs target GPCRs for conditions
including allergies, hypertension, migraine, asthma, stroke,
and pain [%,]. GPCRs and their ligands play a number of
important roles in the modulation of acute and chronic pain,
including neuropathic pain [%!].

#.$.!. GABA Receptors. Gamma-aminobutyric acid (GABA)
is a widely distributed inhibitory neurotransmitter, also
found in the spinal cord. It is well-known that hypofunction
of GABAergic tone leads to development of neuropathic
pain in animal models [%%]. Treatment with GABA agonists
reduces central neuropathic pain behavior and neuronal
hyperexcitability a0er SCI. Injection of GABA a0er SCI
attenuated mechanical allodynia and hyperexcitability of the
spinal dorsal horn neurons. 'is reduction is regulated by
both GABAA and GABAB receptors. Moreover, bicuculline,
a GABAA receptor antagonist, induces hyperexcitability and
pain behavior in normal rats [%.].'e number of GABAergic
interneurons is also decreased in a neuropathic pain model
[%/, %&].

#.$.#. Bradykinin Receptors. Bradykinin (BK), an in*am-
matory mediator, is a vasodilator and is known to induce
neuropathic pain by binding to the BK$ and BK" receptor.
Several studies have shown the participation of kinins and
their receptors in neuropathic pain development [&#]. Nerve
injury induces an increase in BK$ receptor mRNA in the
spinal cord and sciatic nerve and also produces mechanical
allodynia and hyperalgesia. 'e BK$-knockout mice show
reduction in both allodynia and hyperalgesia in a neuropathic
pain animal model. Inhibition of BK$ and BK" reverses
the e)ect of dynorphin A, an endogenous opioid peptide,
inducing persistent neuropathic pain [&$].

#.$.$. Opioid Receptors. Most opioids are used as second- or
third-line analgesics that may provide reasonable analgesia



BioMed Research International !

to some neuropathic pain [&"]. Because opioid treatment
may require relatively higher doses, opioid-related adverse
reactions are common. Morphine is an opioid analgesic and
reduces neuropathic pain, but the mechanisms underlying
this reduction are unclear [&+]. 'ere are four types of
known opioids receptors: delta (DORs), kappa (KORs), and
mu-opioid receptors (MORs) and opioid receptor like-$
(ORL$). DOR-knockout mice showed increased neuropathic
pain, implying that endogenous delta opioid activity reduces
chronic pain [&,]. TCAs alleviate allodynic e)ects in a
neuropathic pain model; however, in DOR-knockout mice,
the e-cacy of these drugs was reduced [&!]. Antidepressant
drugs are still e)ective inMOR-knockout animals, suggesting
that these drugs are regulated by DOR rather thanMOR [&%].
KORs are also not necessary for the e)ect of TCAs against
neuropathic allodynia. 'ese data indicate that DOR is the
only opioid receptor that is necessary for the antiallodynic
action of antidepressants [&.]. In addition, ORL$ receptor
agonist relieves thermal hyperalgesia a0er nerve injury [&/].

#.$.(. Histamine Receptors. Histamine is an organic nitroge-
nous compound involved in local immune responses as well
as in regulating physiological function. As mentioned above,
Nav$./ upregulation in primary a)erents plays a critical role
in the development and persistence of neuropathic pain,
although the mechanisms underlying this upregulation are
not fully understood. Histamine increases Nav$./ expression
in primary a)erent neurons [&&], while histamine receptor
antagonists suppress mechanical allodynia in neuropathic
rats [".].

#.$.%. Prostaglandin E# Receptors. Prostaglandin E" (PGE")
is a well-known mediator of in*ammation and pain and
plays a pivotal role in nociceptive processing and sensitization
in the spinal cord. A0er nerve injury, the pain mediator,
cyclooxygenase " (COX"), and its end product, PGE", are
persistently upregulated in invading macrophages. Nervous
tissue damage induced PGE" contributes to upregulation of
BDNF in DRG neurons, leading to neuropathic pain [$##].

#.$.". CCR#. Among GPCRs, chemokines associated with
the immune system are remarkable neuropathic pain modu-
lators. Chemokines constitute a large family of relatively low-
molecular weight proteins, that is, chemoattractant cytokines
controlling immune cell tra-cking. MCP$ (CCL") is a mem-
ber of the CC chemokine family that speci(cally attracts and
activatesmonocytes to sites of in*ammation.'is chemokine
is absent from the normal CNS and is found a0er in*am-
mation and pain, including neuropathic pain, development.
CCR", the receptor forMCP$, is expressed selectively on cells
of the monocyte/macrophage lineage in the periphery and in
neurons and astrocytes in the brain. Peripheral nerve injury
can result in a disruption of the blood spinal cord barrier
(BSCB), allowing in*ux of peripheral immune cells, which
is mediated by MCP$. Additionally, activated microglial cells
express CCR" and modulate the CCR"-CCL" interaction
between injured primary a)erent (ber terminals and dorsal

horn microglia [$#$]. Interestingly, spinal microglia activa-
tion occurs during the early phase of neuropathic pain,
suggesting that microglia may be important for initiation
of neuropathic pain, while astrocytes are important for its
maintenance. In addition, one study has demonstrated that
CCL"/CCR" signaling in theDRG and spinal cord is involved
in neuropathic pain via distinct mechanisms [$#"]. Nucleus
pulposus-induced mechanical allodynia is attenuated by
treatment with the CCR" antagonist RS!#,+&+ in radicular
neuropathic pain. RS!#,+&+ decreased lipopolysaccharide-
evoked upregulation of the CCL" and CCR" expression and
protein level in primary microglial cell cultures [$#+]. Mice
lacking CCR" showed substantially less hypersensitivity to
mechanical stimulation a0er nerve injury but showed a nor-
mal response in acute pain [$#$]. Currently, CCR" antagonists
are in clinical trials and may be promising medicines for
neuropathic pain patients in the future.

3. Natural Products and Compounds
Ameliorating Neuropathic Pain

Natural products and compounds derived from them have
shown analgesic e)ects in neuropathic pain models, by
various modes of action (Table $).

$.!. Food-Derived Compounds against Neuropathic Pain. A
number of studies have indicated that neuroin*ammation
plays an important role in the induction and maintenance
of chronic pain. Considering this importance, decreasing
neuroin*ammation through regulation of anti-in*ammatory
and in*ammatory mediators is promising for treating neu-
ropathic pain. According to a systematic review of natural
products evaluated in neuropathic pain models, the (ve most
researched compounds are as follows: *avonoids ("/%), ter-
penes ($.%), alkaloids ($,%), phenols ($#%), and carotenoids
($#%) [$#,]. Food-derived compounds alleviating neuro-
pathic pain are described inTable $. Brie*y, capsaicin is awell-
known TRPV$ agonist. Unusually, capsaicin induces pain
by a single treatment but relieves pain with repeated injec-
tions [$#!]. Intrathecal capsaicin injection attenuates thermal
hyperalgesia but does not reduce mechanical allodynia in
nerve-injured rats [.$].

Palmitoylethanolamide (PEA), an endogenous fatty acid
amide, has been shown to perform various biological func-
tions related to chronic and neuropathic pain and in*am-
mation in clinical trials. PEA is an endogenous modulator
found in food, such as eggs and milk, and no serious side
e)ects to this treatment have been reported. PEA treatment
was shown to relieve both thermal hyperalgesia andmechan-
ical allodynia by regulating cannabinoid receptor $ (CB$),
peroxisome proliferator-activated receptor # (PPAR#), and
TRPV$ receptors in neuropathic pain model mice [/"]. In
clinical studies, PEA was shown to alleviate neuropathic pain
regardless of age, sex, and the pain trigger [$#%].

Zerumbone, a bioactive compound derived fromZingiber
zerumbet was demonstrated to exert antiallodynic and anti-
hyperalgesic e)ects in a CCImousemodel [/&]. Additionally,
most available evidence suggests that curcumin alleviates



% BioMed Research International

T6
78
5
$:
Fo

od
-d
er
iv
ed

co
m
po

un
ds

all
ev
iat
in
gn

eu
ro
pa
th
ic
pa
in

in
vi
vo
.

Fo
od

co
m
po

un
d

So
ur
ce

Ta
rg
et

Si
te

An
im

al
m
od

el
Re

fe
re
nc
e

Be
rb
er
in
e

Be
rb
er
is
vu
lga

ris
N
F-
$B

PN
S

CC
I

[.
#]

Ca
ps
aic

in
H
ot

ch
ili

pe
pp

er
s

TR
PV

$
PN

S
CC

I
[.
$]

"-Caryo
ph

yl
len

e
Or

iga
nu

m
vu
lga

re
L.

CB
"

Sp
in
al
co
rd

PN
L

[.
"]

Ch
lo
ro
ge
ni
ca

cid
Ile
xp

ar
ag
ua

rie
ns
is,

co
)e
e

G
AB

A
re
ce
pt
or
,N

PY
sp
in
al
co
rd
,D

RG
SN

I,
CC

I
[.
+,
.,
]

Cu
rc
um

in
Cu

rc
um

a
lon

ga
D
R,

CR
EB

,p
ho

sp
ho

lip
as
eC

ce
re
br
al
co
rte

xa
nd

ce
re
be
llu

m
D
iab

et
ic
m
od

el
[.
!]

D
H
CB

Co
ry
da
lis

am
bi
gu
a
va
r.
am

ur
en
sis

D
R

Br
ain

SN
L

[.
%]

G
en
ist
ein

So
y

ER
",NOS,

N
F-
$B

sc
iat
ic
ne
rv
e,
D
RG

,s
pi
na
lc
or
d,
th
ala

m
us

CC
I

[.
.]

H
up

er
zin

eA
Hu

pe
rz
ia
se
rr
at
a

m
AC

hR
s

PN
S

CP
N

[.
/]

Ly
co
pe
ne

To
m
at
o

Cx
,+

sp
in
al
as
tro

cy
te
s

PN
L

[.
&]

N
ar
in
gi
n

G
ra
pe

in
*a
m
m
at
or
ym

ed
iat
or
s,
ap
op

to
sis

ne
ur
al
ce
ll

D
iab

et
ic
m
od

el
[/
#]

O
m
eg
a-
+

Fi
sh

oi
l

p+
/M

AP
K

Sp
in
al
co
rd

SC
I

[/
$]

PE
A

Eg
gs

an
d
m
ilk

CB
$,
TR

PV
$,
PP

AR
#recept

or
s

Sp
in
al
co
rd

CC
I

[/
"]

Ph
lo
ro
ta
nn

in
s

Se
aw

ee
d

In
*a
m
m
at
or
ym

ed
iat
or
s

D
RG

SN
I

[/
+]

Q
ue
rc
et
in

Re
d
ki
dn

ey
be
an
s,
ca
pe
rs

O
PR

PN
S,
CN

S
D
iab

et
ic
m
od

el,
CC

I
[/
,,
/!
]

Re
so
lv
in

E$
O
m
eg
a-
+p

ol
yu
ns
at
ur
at
ed

fa
tty

ac
id

M
icr

og
lio

sis
,T

N
F-
!

m
icr

og
lia

SN
L

[/
%]

Re
sv
er
at
ro
l

G
ra
pe
s,
nu

ts,
be
rr
ies

SI
RT

$
Sp
in
al
co
rd

CC
I

[/
.,
//
]

Ze
ru
m
bo

ne
Zi
ng
ib
er
ze
ru
m
be
t

TR
PV

$,
TR

PA
$

D
RG

CC
I

[/
&]

D
H
CB

:d
eh
yd
ro
co
ry
bu

lb
in
e,
PE

A:
pa
lm

ito
yl
et
ha
no

lam
id
e,
N
F-
!B:nuc

lea
rf
ac
to
rk

ap
pa
-li
gh
t-c

ha
in
-e
nh

an
ce
ro

fa
ct
iv
at
ed

B
ce
lls
,T

RP
V$

:t
ra
ns
ien

tr
ec
ep
to
rp

ot
en
tia

lv
an
ill
oi
d
$,
CB

":
ca
nn

ab
in
oi
d
re
ce
pt
or

ty
pe

",
G
AB

A:
ga
m
m
a-
am

in
ob

ut
yr
ic
ac
id
,N

PY
:N

eu
ro
pe
pt
id
eY

,D
R:

do
pa
m
in
er

ec
ep
to
r,
CR

EB
:c
AM

P
re
sp
on

se
ele

m
en
t-b

in
di
ng

pr
ot
ein

,E
R":estr

og
en

re
ce
pt
or
s,
N
O
S:
ni
tri
co

xi
de

sy
nt
ha
se
,m

AC
hR

s:
m
us
ca
rin

ic
ac
et
yl
ch
ol
in
er

ec
ep
to
rs
,c
x,
+:
co
nn

ex
in

,+
,p

+/
M
AP

K:
p+
/
m
ito

ge
n-
ac
tiv

at
ed

pr
ot
ein

ki
na
se
s,
PP

AR
#:perox

iso
m
ep

ro
lif
er
at
or
-a
ct
iv
at
ed

re
ce
pt
or
,O

PR
:o
pi
oi
d
re
ce
pt
or
,T

N
F-
$:tumo

rn
ec
ro
sis

fa
ct
or
-$,SIRT

$:
Si
rtu

in
$,
TR

PA
$:
tra

ns
ien

tr
ec
ep
to
rp

ot
en
tia

la
nk

yr
in

$,
PN

S:
pe
rip

he
ra
ln

er
vo
us

sy
ste

m
,D

RG
:d
or
sa
lr
oo

tg
an
gl
io
n,
CN

S:
ce
nt
ra
ln

er
vo
us

sy
ste

m
,C

CI
:c
hr
on

ic
co
ns
tri
ct
io
n
in
ju
ry
,P
N
L:
pa
rti
al
ne
rv
el
ig
at
io
n,
SN

I:
sp
ar
ed

ne
rv
ei
nj
ur
y,
SN

L:
sp
in
al
ne
rv
el
ig
at
io
n,

an
d
CP

N
:C

om
m
on

Pe
ro
ne
al
N
er
ve
.



BioMed Research International .

mechanical allodynia and thermal hyperalgesia in a CCI
injured model [$#., $#/]. 'is compound modulates the
dopamine receptor and downregulates p+##/CBPHAT activ-
ity, reducing expression of BDNF and COX# in a neuropathic
pain rat model [$#&].

Dehydrocorybulbine (DHCB) is isolated from Corydalis
yanhusuo, a traditional pain relief plant. Synthetic DHCB
has e-cacy in acute pain, in*ammatory pain, and neuro-
pathic pain, without side e)ects, such as sedation. 'ese
antinociceptive e)ects are reversed by a dopamineD" agonist
in the tail-*ick test. DHCB exhibits a-nities to dopamine
receptors and displays its highest a-nity to the D" receptor
[.%]. Interestingly, both dopamine D" receptor agonists and
antagonists have been reported to have analgesic properties
[$$#, $$$]."-Caryophyllene (BCP) is natural selective agonist of
the peripherally expressed cannabinoid receptor " (CB"), an
important receptor in neuropathic pain, and is found inmany
spices and food plants. Administration of BCP attenuated
thermal hyperalgesia and mechanical allodynia and reduced
spinal neuroin*ammation in mouse models of in*ammatory
and neuropathic pain [."].

Huperzine A (HUP-A), a naturally occurring Lycopodium
alkaloid, isolated from Huperzia serrata, exerts potent
reversible inhibition on acetylcholinesterase and NMDA
receptors, alleviating neuropathic pain, without drug toler-
ance and dependence [$$"].

Quercetin has been described as an antioxidant, antinoci-
ceptive, and anti-in*ammatory compound and has preven-
tive e)ects against oxaliplatin-induced painful peripheral
neuropathy [$$+].

Berberine is a plant alkaloid that is derived from various
plants and has been reported to show multiple pharma-
cological properties of use in several conditions, including
neuropathic pain. Berberine exerts an antidepressant e)ect
by modulating dopamine. Berberine could reduce cold and
mechanical allodynia, induced by nerve injury and diabetic
neuropathy [.#, $$,].

Chlorogenic acid (CGA) is a natural organic phenolic
compound that is found in many plants, fruits, and vegeta-
bles, including Yerba mate. CGA has bene(cial bioactivities
and strong anti-in*ammatory e)ects. In addition, admin-
istration of CGA prevented the development of mechan-
ical hyperalgesia and attenuated histopathological changes
induced by nerve injury [$$!].

Additionally, iso*avones are phytoestrogen used for treat-
ing hormone dysregulation like menopause and e)ective
in diverse diseases. Genistein, a soy iso*avone, ameliorates
painful neuropathy via multiple mechanisms, regulating
estrogen receptor-", and antioxidant and anti-in*ammatory
activities [..].

In streptozotocin-induced diabetic mice, treatment with
lycopene, a carotenoid mostly found in tomatoes, attenuated
neuropathic pain by inhibiting nitric oxide and TNF-!
release [$$%]. In addition, treatment with lycopene notably
prevented mechanical hypersensitivity and downregulated
CX,+ expression in the spinal dorsal horn [.&].

Naringin, a *avonoid abundant in citrus fruits, such as
grapefruits, has been reported to possess anti-in*ammatory

properties. Naringin reversed the pain response in STZ-
induced diabetic rats by altering expression of endogenous
biomarkers [/#].

Moreover, there are many studies showing that omega-+
polyunsaturated fatty acids (PUFAs) have positive e)ects on
mood, as well as analgesic e)ects [$$.–$$&]. Omega-+ is e)ec-
tive against in*ammatory pain and neuropathic pain. 'is
compound does not interact with the pharmacodynamics or
pharmacokinetics of commonly used analgesic drugs [$"#]
and can therefore be used concomitantly with conventional
analgesics. In addition, resolvin E$ derived fromomega-+ also
has analgesic e)ects in neuropathic pain [/%].

Resveratrol is a natural polyphenolic compound with
anti-in*ammatory, cell growth-modulatory, and anticarcino-
genic properties and is used to treat cardiovascular diseases,
cancers, and aging. Injection of resveratrol increased the
silent information regulator $ (SIRT$) and decreased acetyl-
histone H+, alleviating neuropathic pain [/.].

In addition, Harpagophytum procumbens, also known as
Devil’s Claw, is a plant species that has widespread medic-
inal uses, for treating fever, malaria, indigestion, and pain.
H. procumbens extracts signi(cantly reduced nerve injury-
induced mechanical allodynia [$"$].

Furthermore, Ginkgo biloba extract is known for its
bene(cial e)ects on brain functioning.'e administration of
G. biloba extract attenuates mechanical and cold allodynia in
an animal model, suggesting it may be promising target for
neuropathic pain. However, sedation and motor disturbance
were observed with high-dose treatments [$""].

$.#. CCL#/CCR# Downregulation by Natural Compounds.
CCL" and CCR" are involved in the pathology of a number
of diseases, including rheumatoid arthritis, multiple sclerosis,
atherosclerosis, asthma, and neuropathic pain [$"+]. Recently,
pharmaceutical companies have taken an interest in the
discovery and development of CCR" antagonists for the
treatment of neuropathic pain and other diseases. We and
others have also attempted to (nd natural products with
CCR" antagonistic e)ects, with a view to developing new
drugs or functional foods against various diseases. Many
studies have indicated that natural compounds can reduce
CCL" expression in diverse models. 'e diallyl disul(de
found in garlic inhibits TNF-!-induced CCL" release in vitro
by suppressing CCL"-CCR" signaling [$",]. Similarly, other
natural compounds, including ca)eic acid, CGA, berberine,
amorfrutin A, and curcumin, decrease CCL" expression
[$"!–$"&]. 'ere are very few studies about natural com-
pounds that alleviate neuropathic pain by inhibiting CCL"-
CCR" binding, although some natural compounds have been
shown to decrease the expression of CCR" in disease models.
'erefore, the compounds or plant extracts and other agents
that can reduce expression of CCL" in vitro and in vivo
should be studied further to determine whether these natural
compounds have potential CCR" antagonistic e)ect or can
reduce the CCL-CCR binding a-nity in neuropathic pain
models.
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4. Conclusion

Recently, natural products and their constitutive compounds
have come to be considered as a new direction for devel-
opment of analgesics and functional foods to resolve pain
and pain-related problems. Most of the evidence suggests
that GPCRs are the most promising potential targets for
pain therapeutics, and CCR", among the GPCRs, plays a
particularly crucial role in the early phase during the onset
of neuropathic pain. Overactivated microglia can also trigger
neuropathic pain via CCR"-related signaling, resulting in
neuroin*ammation.'erefore, a CCR" antagonist may have
an e)ect as a neuropathic pain reliever. Further studies are
needed to identify natural products that can inhibit CCL"-
CCR" binding. Although toxicological and pharmacological
investigations are needed to clarify the distinctivemechanism
of action and evaluate their safety in humans, natural prod-
ucts and their compounds may be useful in the treatment of
neuropathic pain.
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modulation of neuropathic pain: analgesia in rats by a D"-type
receptor agonist,” Brain Research Bulletin, vol. $#%, pp. %"–.$,
"#$,.

[$$$] R. N. Freedenfeld, M. Murray, P. N. Fuchs, and R. S. Kiser,
“Decreased pain and improved quality of life in (bromyalgia
patients treated with olanzapine, an atypical neuroleptic,” Pain
Practice, vol. %, no. ", pp. $$"–$$/, "##%.

[$$"] D. Yu, D. K. 'akor, I. Han et al., “Alleviation of chronic pain
following rat spinal cord compression injury with multimodal
actions of huperzine A,” Proceedings of the National Academy of
Sciences of the United States of America, vol. $$#, no. /, pp. E.,%–
E.!!, "#$+.

[$$+] M. I. Azevedo, A. F. Pereira, R. B. Nogueira et al., “'e
antioxidant e)ects of the *avonoids rutin and quercetin inhibit
oxaliplatin-induced chronic painful peripheral neuropathy,”
Molecular Pain, vol. &, article !+, "#$+.

[$$,] S. O. Kim and H. J. Kim, “Berberine ameliorates cold and
mechanical allodynia in a rat model of diabetic neuropathy,”
Journal of Medicinal Food, vol. $%, no. %, pp. !$$–!$., "#$+.

[$$!] D. Bagdas, N. Cinkilic, H. Y. Ozboluk, M. O. Ozyigit, and
M. S. Gurun, “Antihyperalgesic activity of chlorogenic acid in
experimental neuropathic pain,” Journal of Natural Medicines,
vol. %., no. ,, pp. %&/–.#,, "#$+.

[$$%] A. Kuhad, S. Sharma, and K. Chopra, “Lycopene attenuates
thermal hyperalgesia in a diabetic mouse model of neuropathic
pain,” European Journal of Pain, vol. $", no. !, pp. %",–%+", "##/.

[$$.] P. M. Kidd, “Omega-+ DHA and EPA for cognition, behavior,
and mood: clinical (ndings and structural-functional syner-
gies with cell membrane phospholipids,” Alternative Medicine
Review, vol. $", no. +, pp. "#.–""., "##..



$" BioMed Research International

[$$/] J. E. Manson, “Pain: sex di)erences and implications for
treatment,” Metabolism: Clinical and Experimental, vol. !&,
supplement $, pp. S$%–S"#, "#$#.

[$$&] R. J. Goldberg and J. Katz, “A meta-analysis of the analgesic
e)ects of omega-+ polyunsaturated fatty acid supplementation
for in*ammatory joint pain,” Pain, vol. $"&, no. $-", pp. "$#–""+,
"##..

[$"#] H. Shapiro, “Could n-+ polyunsaturated fatty acids reduce
pathological pain by direct actions on the nervous system?”
Prostaglandins Leukotrienes and Essential Fatty Acids, vol. %/,
no. +, pp. "$&–"",, "##+.

[$"$] D.W. Lim, J. G. Kim, D. Han, and Y. T. Kim, “Analgesic e)ect of
harpagophytumprocumbens on postoperative and neuropathic
pain in rats,”Molecules, vol. $&, no. $, pp. $#%#–$#%/, "#$,.

[$""] Y. S. Kim, H. J. Park, T. K. Kim, D. E. Moon, and H. J. Lee, “'e
e)ects of ginkgo biloba extract EGB .%$ onmechanical and cold
allodynia in a rat model of neuropathic pain,” Anesthesia and
Analgesia, vol. $#/, no. %, pp. $&!/–$&%+, "##&.

[$"+] N. L. Subasinghe, J. Lanter, T. Markotan et al., “A novel series of
N-(azetidin-+-yl)-"-(heteroarylamino)acetamide CCR" antag-
onists,” Bioorganic and Medicinal Chemistry Letters, vol. "+, no.
,, pp. $#%+–$#%&, "#$+.

[$",] D. Bauer, E. Mazzio, K. F. Soliman et al., “Diallyl disul(de
inhibits TNF!-induced CCL" release by MDA-MB-"+$ cells,”
Anticancer Research, vol. +,, no. %, pp. ".%+–"..#, "#$,.

[$"!] H.-P. Zhao, J. Feng, K. Sun et al., “Ca)eic acid inhibits acute
hyperhomocysteinemia-induced leukocyte rolling and adhe-
sion in mouse cerebral venules,”Microcirculation, vol. $&, no. +,
pp. "++–",,, "#$".

[$"%] H. Shi, L. Dong, X. Dang et al., “E)ect of chlorogenic acid
on LPS-induced proin*ammatory signaling in hepatic stellate
cells,” In)ammation Research, vol. %", no. %, pp. !/$–!/., "#$+.

[$".] F. Zimetti, M. P. Adorni, N. Ronda, R. Gatti, F. Bernini, and
E. Favari, “'e natural compound berberine positively a)ects
macrophage functions involved in atherogenesis,” Nutrition,
Metabolism and Cardiovascular Diseases, vol. "!, no. ", pp. $&!–
"#$, "#$!.

[$"/] H. Shi, J. Ma, C. Mi et al., “Amorfrutin A inhibits TNF-!-
induced NF-$B activation and NF-$B-regulated target gene
products,” International Immunopharmacology, vol. "$, no. $, pp.
!%–%", "#$,.

[$"&] Z.-J. Zhang, L.-X. Zhao, D.-L. Cao, X. Zhang, Y.-J. Gao, and C.
Xia, “Curcumin inhibits LPS-inducedCCL" expression via JNK
Pathway in C% rat astrocytoma cells,” Cellular and Molecular
Neurobiology, vol. +", no. %, pp. $##+–$#$#, "#$".


