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Abstract

Acupuncture, as a traditional treatment, has been extensively used in China for thousands of years. According to the World
Health Organization (WHO), acupuncture is recommended for the treatment of 77 diseases. And 16 of these diseases are
related to inflammatory pain. As a combination of traditional acupuncture and modern electrotherapy, electroacupuncture (EA)
has satisfactory analgesic effects on various acute and chronic pain. Because of its good analgesic effects and no side effects,
acupuncture has been widely accepted all over the world. Despite the increase in the number of studies, the mechanisms via
which acupuncture exerts its analgesic effects have not been conclusively established. A literature review of related research is
of great significance to elaborate on its mechanisms and to inform on further research directions. We elucidated on its
mechanisms of action on inflammatory pain from two levels: peripheral and central. It includes the mechanisms of acupuncture
in the periphery (immune cells and neurons, purinergic pathway, nociceptive ion channel, cannabinoid receptor and endogenous
opioid peptide system) and central nervous system (TPRV, glutamate and its receptors, glial cells, GABAergic interneurons and
signaling molecules). In this review, we collected relevant recent studies to systematically explain the mechanisms of acu-
puncture in treating inflammatory pain, with a view to providing direction for future applications of acupuncture in inflammatory
pain and promoting clinical development.
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(substance P (SP), histamine and prostaglandin E9) are lo-
cally released due to tissue damage. These mediators activate
immune cells and release various proinflammatory factors.
Peripheral nociceptor cells are induced by proinflammatory
factors to produce action potentials, which eventually lead to
pain.” There are several approaches for alleviating inflam-
matory pain. The first involves the use of central nervous
system drugs such as opioid receptor agonists to inhibit pain.
However, these drugs are associated with several side effects,
such as respiratory depression, drug resistance, gastrointes-
tinal motility decline and drug addiction. The second option
involves the use of non-steroidal anti-inflammatory drugs
(NSAIDs), which have less ideal analgesic effects.® Due to
its good analgesic effects and minimal side effects, acu-
puncture is a viable option for treatment of inflammatory
pain.'”

From sharpened stones to stainless steel needles, acu-
puncture therapy has been widely used in East Asia since
6000 BC.'""'? The WHO reports that acupuncture is rec-
ommended for treatment of 77 diseases, 16 of which are
associated with inflammatory pain. As a combination of
traditional acupuncture and modern electrotherapy, electro-
acupuncture (EA) can have satisfactory analgesic effect on
various acute and chronic pain.'*'* Controllability of stim-
ulation makes it very popular in basic research and clinical
practice.'® Due to wide clinical applications of acupuncture,
more and more studies are now aimed at elucidating on its
mechanisms. In studies on effects and mechanisms of acu-
puncture on inflammatory pain, various animal models have
been used. The mechanism of acupuncture analgesia has been
gradually discovered and confirmed. We reviewed relevant
studies published in the past 5 years. First, we summarized the
effects of acupuncture parameters on analgesia in inflam-
matory pain models. Second, we elucidated on how acu-
puncture mediates analgesia at the peripheral and central
levels through the many bioactive chemicals. Based on this
review, the roles and mechanisms of acupuncture in anti-
inflammation can be further explored to provide a new di-
rection for clinical acupuncture applications in inflammatory
pain.

Influence of parameters

The analgesic effects of EA are affected by various param-
eters, including the different stimulation times and fre-
quencies. Different frequencies of EA have different
therapeutic effects on pain. Fang et al.'® reported that EA has
parameter-specific effects on CFA induction of chronic in-
flammatory pain relief, these effects are mainly determined by
stimulation frequencies rather than stimulation time at a
defined stimulation period. Whether stimulation lasted for
20 min, 30 min or 45 min, 100 Hz EA had the greatest
analgesic effects and the weakest analgesic effects were
established at 2 Hz. The effect of EA’s analgesia were not
dependent on the period of stimulation.'” Moreover, high-

frequency EA stimulation is more effective than low-
frequency stimulation.'®'® Acupuncture also follows that
(e.g. 120-180 rotations per minute).’>*' In other Inflam-
matory pain models 2/100 Hz or 2 Hz EA was selected to
achieve the best analgesic effect. Chai et al. found the 2/
100 Hz EA has better effect on acute gout arthritis.** Lin et al.
Revealed that EA with 2/100 Hz at 1.3 mA can better relieve
muscle inflammatory pain.*® In the study, they found that EA
with intensity of A fiber threshold (EA-Ta:EA with 2/100 Hz
at 1.3 mA) is more effective for inflammatory muscle pain.
EA-Ta was considered to be the minimal stimulation intensity
required to evoke EMG of A-activities with a conductive
velocity of 4-36 m/s. In the study, the spontaneous EMG
activities and imbalances of weight bearing caused by CFA
were alleviated by EA. Furthermore, EA-Ta stimulation
improved the activities of low-threshold mechanoreceptive
(LTM) neurons and inhibited the wide-dynamic range (WDR)
neurons in spinal dorsal horns. EA-Ta is an appropriate in-
tervention for relieving inflammatory muscle pain. Mecha-
nistically, EA-Ta activates LTM neurons and inhibits WDR
neuron activities in the spinal dorsal horn, resulting in
negative correlation between the firing rates of the two types
of neurons.

Bai et al. reported that the therapeutic effect of acu-
puncture has been improved through the transformation of
needle.”* They found that micro/nano porous acupuncture
needles (PN) with a large surface area are superior to tra-
ditional acupuncture needles (CN) for treatment of CFA-
induced hyperalgesia. This is because, PN exhibits a greater
needle grasping power, resulting in greater morphological
changes in subcutaneous and muscle tissues. Moreover, the
analgesic effects of PN treatment increase with increasing
time. Therefore, PN is an effective tool for improving the
efficacy of acupuncture in clinical medicine.

Therefore, the stimulation frequency of acupuncture is
particularly important for its analgesic effects, and there is an
optimal frequency preference for different inflammatory pain
models. For instance, in CFA-induced chronic inflammatory
pain, 100 Hz electroacupuncture and high-frequency acu-
puncture have the best analgesic effects, while in acute gout
arthritis and muscle inflammatory pain, 2/100 Hz electro-
acupuncture can achieve better effects. Different needles may
exert profound analgesic effects of acupuncture, which need
to be further elucidated.

Peripheral mechanisms

Inflammatory pain mechanisms at the peripheral level involve
interactions between inflammatory response-mediated im-
mune responses and nociceptor pain sensitization. Local
tissue damage due to chemical drug stimulation, mechanical
stimulation, thermal stimulation, trauma, infection or post-
operation can result in inflammatory reactions accompanied
by pain. These tissue injuries stimulate immune cells to
secrete inflammatory mediators and inflammatory factors,
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and increase the expressions of some related proteins and
chemokines. Acupuncture mediates interactions between
immune cells and nociceptors to regulate the peripheral
purinergic pathways, endogenous cannabinoid systems,
opioid peptide systems and nociceptive ion channels to
regulate the above inflammatory factors to achieve analgesic
effects. (Table 1) (Figure 1)

Immune cells and neurons

At the peripheral level, inflammatory pain is mainly mediated
by inflammatory reactions, which mediates interactions be-
tween immune responses and nociceptor pain sensitization.
Tissue injury and inflammatory reactions mediate neural
immune responses and release the inflammatory medium that
stimulates and corresponds to the receptor at the end of
nociceptor. Continuous inflammatory stimulation enhances
the transmission of nociceptor hyperalgesia pain signals to
the dorsal horn of the spinal cord via the dorsal root ganglion.
Long term inflammatory pain can produce central sensiti-
zation.”> Neuroimmune interactions are essential for pe-
ripheral and central sensitization. Immune cells, including
mast cells, macrophages, neutrophils and lymphocytes
among others participate in inflammation through different
ways. They either release inflammatory mediators to promote
inflammatory pain, or release endogenous analgesic sub-
stances such as opioid peptides to inhibit inflammatory
pain.*

Physiologically, IL-10, a key anti-inflammatory cytokine
produced by activated immune cells, plays a key role in
controlling immune responses.”’ Immune cells, especially
regulatory T cells (Treg cells), induce IL-10 production to
maintain immune homeostasis.”**’ Mechanistically, EA
stimulates the activation of Treg cells to induce the pro-
duction of higher levels of IL-10. The number of macro-
phages and neutrophils is reduced, thereby suppressing the
expressions of pro-inflammatory mediators (IL-1 , NLRP3
and TNF- o) and ultimately inhibiting inflammation and
pain.’® Moreover, MA at bilateral ST36 was shown to dy-
namically regulate local cellular communication networks of
inflammatory joints. The key cells that mediate the effects of
joint acupuncture are monocytes/macrophages, which can
inhibit macrophage maturation towards the M1 phenotypes,
implying that acupuncture promotes macrophage differenti-
ation at the inflammatory site into the M2 phenotypes, so as to
achieve the anti-inflammatory and analgesic effects.”' Anti-
inflammatory cytokines such as TGF- B and IL-10 expres-
sion, arginine is metabolized into ornithine and polyamine
intermediates to promote healing, which is the characteristic
of macrophage polarization to “M2” phenotype.’’ These
findings have been verified in other models. For instance, in
spinal cord injury rat models, the proportion of M1 macro-
phages as well as TNF-a, IL-1B and IL-6 expressions were
suppressed by EA, while the abundances of IL-10 and M2
macrophages were increased. This increase was confirmed by

up-regulated expressions of M2 markers (CD206 and NT-3).
The fire needling applied to KOA mice confirmed this
process.32*

Wang et al.”” found that after trinitrobenzene sulfonic acid
(TNBS) stimulation, tyrosine hydroxylase immunoreactive
(TH-IR) neurons in the L6 dorsal root ganglion of colitis rats
increased and overgrew to sensory neurons, resulting in
colitis and secondary hindfoot hypersensitivity. Applications
of EA at ST36 and ST37 can reduce colitis and allergic
reaction, which may be mediated by inhibiting TH-IR ger-
mination in L6 Dorsal root ganglion (DRG). The pivotal roles
of sympathetic activities in pathologic pain development and
persistence have been documented. Research reported that
mechanical pain behaviors was found in rats with ligated L5
spinal nerve and L5 DRG. And both two models lead to
neuroinflammatory changes in the sympathetic ganglia, such
as macrophage response, activation of satellite glial cells, and
increased T cell count, as well as increased excitability of
sympathetic neurons. However, local sympathectomy sig-
nificantly inhibited the pain behavior of the two models.*
This implies that the sympathetic activity aggravates pain and
inflammation in innervated areas. Both EA (at acupoints
ST36 and ST37) and guanethidine (a sympathetic blocker)
administration relieved the pain and attenuated inflammatory
injuries of the distal colon, and secondary hindpaw hyper-
algesia by inhibiting tyrosine hydroxylase(TH) expressions in
L6 DRG.

Acupuncture induces IL-10 expressions by promoting
Treg cell activations or polarization of M1 type macrophages
towards the M2 type. In addition, the increase of M2 type
macrophages also increases TGF- [ to achieve anti-
inflammatory effect. Acupuncture also plays an important
role in plasticity of neurons for inflammatory pain. It inhibits
excess germination of TH-IR to the sympathetic nerve,
thereby reducing the secondary hindpaw pain caused by
colitis.

1.35

The purinergic pathway

Extracellular nucleotides, nucleosides and their receptors, P1
and P2 purinergic receptors (including P1 adenosine receptor,
P2 ionic receptor P2X and metabolic receptor P2Y), catabolic
enzymes and nucleoside transporters constitute the main
regulatory systems in the body.”’ The purinergic pathway
plays different roles in pain processes. Studies on this aspect
have mainly focused on nucleotide induced cellular signals,
adenosine triphosphate (ATP) and P2 ion receptor (P2X3), as
well as on adenosine and its receptor.

Adenosine (ADO), a downstream product of adenosine
triphosphate (ATP), plays an anti-nociceptive role by
binding to Al, A2A and A3 receptors.’®*’ Electro-
acupuncture relieves inflammatory pain by increasing
adenosine levels and activating adenosine receptors. Re-
search report, pain is related to SP released by dorsal root
ganglion, but adenosine can inhibit its expression.
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Figure |. The peripheral mechanisms of acupuncture in treating inflammatory inflammatory pain. DRG: dorsal root ganglia; TRPVI: transient
receptor potential vanilloid |; PKC: protein kinase C; PI3K: phosphatidylinositide 3-kinase; SP: substance P; CB,R: cannabinoid type 2
receptors; CREB: cyclic response-element binding protein; cAMP: Cyclic adenosine monophosphate; NF-«kB: nuclear factor kappa-B; mTOR:
mammalian target of rapamycin; PKA: protein kinase A; ERK: extracellular regulated protein kinases; JNK: c-Jun N-terminal kinase; AKT:
protein kinase B; Navl.7: Voltage gated sodium ion channel 1.7; Navl.8:Voltage gated sodium ion channel 1.8; NK-IR: Neurokinin-|
receptor; CD68: Macrophage sialoprotein; TNF-a: Tumor necrosis factor-a; IL-1B:Interleukin-18; IL-6: Interleukin-6; IL-10: Interleukin-10;
S100B:S100 calcium binding protein B; RAGE:Advanced glycosylation end product receptor; COX-2: Cyclooxygenase; Iba-1: lonized calcium
binding adapter molecule I; NLRP3: pyrin domain containing 3; FOXP3:Forkhead box protein P3; ANXAI:annexin|; FPR2/ALX receptor:
Formyl peptide receptor 2; eATP: extracellular adenosine-triphosphate; NTPDase-2: nucleotidases; NTPDase-3: nucleotidases; MrgprC:
Mas-related G protein-coupled receptor C; BAM22: bovine adrenal medulla 22 peptide; P70S6K: phosphoprotein 70 ribosomal protein S6

kinase.

Mechanistically, SP and other inflammatory mediators
activate immune cells to release pro-inflammatory factors
and induce peripheral nociceptor cells to produce action
potentials, resulting in pain. In a previous study,*’ they
found that EA stimulation reduced CFA induced pain in
rats by inhibiting the expression of inflammatory pain
related factors, such as SP, NK-1R, CD68, TNF-a, IL-1,
and IL-6 in rat DRG by increase adenosine level. Direct
injection of AG (Al receptor agonist, N6-cyclo-
pentyladenosine) at ST36 exerts comparable effects.
Furthermore, Dorsal Nerve Root Transection (DNRR) and
SP receptor antagonist (CP96345) injection blocked EA-
induced analgesia in CFA rats, also increased the ex-
pressions of SP, NK-1R and their downstream inflamma-
tory molecules. This proves that electroacupuncture
relieves inflammatory pain by increasing adenosine levels
at inflammatory sites and inhibiting SP secretion. Liao
et al. also reported the important role of adenosine in
acupuncture analgesia.*'"**This effect is achieved by

activating local adenosine signal pathways of acupoints
and inhibiting PKC-¢ and cyclooxygenase-2 (COX-2).
Tang et al. reported that neurons in the peripheral sensory
ganglia, which are at the front in reception of nociceptive
inputs, are the primary targets of acupuncture regulation. The
ATP neurotransmitter system is an important pathway from
the periphery to the spinal cord. In this system, extracellular
ATP (eATP) and its hydrolysates play different roles in pain
transmission by binding their respective receptors. During
peripheral neuropathic pain, inflammatory pain or visceral
pain, expressions of P2X3 (P2X2/3), P2X7 and P2Y1, 2 and
6 receptors, especially the P2X3 receptor, have been shown to
be markedly elevated. However, adenosine, the downstream
product of eATP, exerts anti-nociceptive effect by binding to
its A1, A2A and A3 receptors.’™** Acupuncture plays an
analgesic role by reversing the elevated expressions of
P2X3 in different pain types.'>* It has been reported that
P2X3 is a purinoceptor with ion channel activities in
response to eATP.* It is mainly expressed in small- and
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medium-diameter DRG neurons (diameter <35 pm). Studies
have confirmed that EA inhibits P2X3 to alleviate inflam-
matory pain.'®'” Xiang et al.'” used CFA-induced inflam-
mation pain models and found that protein expressions of
P2X3 were elevated in DRG, 100 Hz EA stimulation at-
tenuated CFA-induced mechanical allodynia and reversed
P2X3 elevation in L4-6 DRG after CFA injection. Overall,
there is conclusive evidence that eATP is an endogenous
ligand of P2X3 (P2X2/3), P2X4 and P2X7 receptors, which
contribute to pain transmission, and its hydrolysate ADP is an
agonist of P2Y1, P2Y 12 and P2Y 13 receptors, which can also
enhance pain perception.'> Shen et al. reported that unilateral
acupuncture can relieve bilateral hyperalgesia, and in this
process, eATP metabolism in peripheral sensory nervous
systems is simultaneously regulated.* In this study, CFA
induced bilateral thermal hyperalgesia and ipsilateral allo-
dynia, accompanied by increased mechanical sensitivities
and eATP levels of bilateral DRG, but decreased eATP levels
of bilateral sciatic nerves.Acupuncture has anti-nociceptive
effects on bilateral hind paws and reverses the above changes
of eATP in DRG and sciatic nerves. The mRNA expressions
of nucleotidases (NTPDase-2 and -3) are also modulated
during acupuncture analgesia. Furthermore, regulations of
NTPDase-2 and - 3 in the bilateral ganglia and sciatic nerves
are inconsistent. In the CFA group, the mRNA expressions of
NTPDase-2 in the sciatic nerve were higher than those in the
ganglion. In contrast, in the CFA + acupuncture treatment
group, the contralateral DRG expressed higher levels of
NTPDase-2 than the nerve. Changes in NTPDase-3 ex-
pressions were consistent between the two sides. The mRNA
expressions of NTPDase-3 in treated nerves were signifi-
cantly elevated. This explains how acupuncture regulates
eATP hydrolysis.

Nociceptive ion channel

Inflammation is a pathological result of tissue damage. The
damage releases endogenous biochemical substances, in-
cluding transient receptor vanilla like member 1 (TRPV1),
which can activate nociceptors and transmit signals from the
periphery to the neurons and to the brain via dorsal root
neurons and the spinal cord.** TRPVI is a non-selective
calcium-permeable cation channel, and the first unit of the six
members in the TRPV subfamily to be specified. It is mainly
expressed in small diameter DRG neurons (areas of less than
200 pixels) of L4-L6 DRG. Due to its low PH (<6.0) and high
temperature (>43° C), its significance in inflammation, and its
tendency to activate receptors by binding specific molecular
sites and increasing membrane depolarization are well
known. It can result in a surge of neurotransmitters and
further cascade to subsequent neurons or nuclei via the in-
tercellular kinase pathway, protein kinase C, protein kinase A
dependent and MAPK pathways.*’° These irritants are
important components of secreted inflammatory mediators

that are responsible for the five typical symptoms (redness,
swelling, increased heat, pain, and loss of functions).”'

TRPV1 has increased expression and function in DRG of
various types of pain models, such as inflammatory pain
(CFA model,** carrageenan model, capsaicinmodel®), neu-
ropathic pain (CCI model®®), visceral pain,”> among these
CFA induced inflammatory expression is further enhanced.
This shows that TRPV1 plays a significant role in inflam-
matory pain.’® A previous study reported that CFA-induced
inflammatory pain in mice activated TRPV1 and triggered the
signal pathway to activate the nociceptive Nav channel, si-
multaneously activating astrocytes and glial cells, and
releasing RAGE and its ligand, S100B. The EA and
TRPV1 gene deletions were shown to eliminate these
changes.*' Lu et al. found that after CFA injections, the
expressions of TRPV1 and associated signaling pathways
were elevated. However, these effects were suppressed by EA
treatment and TRPV1 gene deletions.”” The EA treatment
(1 mA for 15 min at 2 Hz) at the bilateral ST36 reduced CFA-
mediated mechanical hyperalgesia as well as thermal hy-
peralgesia and reversed the increase in TRPV 1 and associated
downstream molecules in DRG and the spinal cord (SC).
Such as rotein kinases (pPKA, pPI3K, pPKC, pERK, pp38,
pJNK, and pAkt), transcription factors (pCREB and pNK«B),
nociceptive channels (Navl. 7 and Navl. 8). In the TRPV1-/-
mice the hyperalgesia and the increase not induced. It has
been reported that EA reduces chronic inflammatory pain by
down-regulating TRPV1 pathway signaling from peripheral
DRG to central SC. The TRPV1 and downstream molecules
were also altered in SC, implying that they are involved in
central sensitization. These findings have been confirmed in
previous studies.'®*® Liu et al. found that Mas-related G
protein-coupled receptor C (MrgprC) alleviates CFA-induced
thermal hyperalgesia and is involved in EA analgesia by
inhibiting the TRPV 1 pathway.’® The MrgprC is an atypical
opioid receptor that is activated by opioids. The degradation
product of proenkephalin (bovine adrenal medulla 22 peptide
(BAM22)) is its unique endogenous ligand. In acute in-
flammatory pain, TRPV1 is a major downstream target in
MrgprC-activated signaling pathways.®® Moreover, EA and
MrgprC regulate chronic inflammatory pain by inhibiting the
expressions, translocation and PKC-mediated phosphoryla-
tion of TRPV1 in DRG.*® It was revealed that EA at ST36
alleviated the CFA-induced thermal hyperalgesia. Treatments
with EA suppressed the CFA-induced increase in TRPV1 and
PKC expressions, TRPV1 translocation and p-TRPV1 levels
in DRG and spinal cord dorsal horns (SCDH). And BAMS8-22
(a selective agonist of MrgprC) can achieve the same effect.
Intrathecal administration of MrgprC small interfering RNA
(MrgprC siRNA) blocked the analgesic effects while EA
reduced TRPV1 translocations, p-TRPV1 levels and PKCO
in DRG. Therefore, Mrgprc participates in EA analgesia in
different ways via the PKC/TRPV1 pathways in DRG and
SCDH.
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In summary, peripheral sensitization is a key component in
pain formation, which involves multiple ion channels (re-
ceptors). Among them, P2X3 and TRPV1 are the two most
important receptors that are widely expressed in peripheral
sensory conduction pathways.'”°"** In vivo,P2X3 and
TRPV1 regulate the occurrence and development of various
pathological pain through different ways.>%*:%3

The analgesic effects of EA are also associated with in-
hibition of co-expressions of P2X3 and TRPV1. Chronic
inflammatory pain activates the TRPV1 receptor, which
promotes the secretion of neurotransmitters such as SP and
CGRP among others® to activate mast cell-secreted protease
and tryptase,®® thereby activating TRPV1.°® When the sen-
sitivity of TRPV1 is up-regulated by neurotransmitters, in
vivo activation of the P2X3 receptor is also increased,®
which is evidence of interactions between peripheral
TRPV1 and P2X3 under pathological conditions. Liu et al.®’
found that EA could not completely alleviate the physical
interactions between TRPV1 and P2X3 in CFA-induced
hyperalgesia, thus, the analgesic effects of EA may partly
be attributed to inhibition of co-expressions and indirect
interactions between TRPV1 and P2X3 in DRG. In this study,
the bilateral ST36 and BL60 of CFA rats were treated with
100 Hz EA. Treatment with EA markedly up-regulated the
mechanical paw withdrawal thresholds (mPWTs) and in-
hibited CFA-mediated elevations in co-expressions of
TRPV1 and P2X3 in L4-L5 DRG as well as the spontaneous
pain behavior (SPB) induced by the increase. They also found
that in CFA and SNI rats treated with electroacupuncture
(100 Hz or 2 Hz) for 3 days, enhanced effects of the TRPV1
agonist on SPB induced by P2X3 agonist were weakened,
which may be attributed to indirect interactions between
TRPV1 and P2X3.

Cannabinoid receptors

Cannabinoid receptors belong to the G-protein coupled re-
ceptor (GPCR) superfamily with two major subtypes: can-
nabinoid type 1 receptors (CB1Rs) and cannabinoid type 2
receptors (CB2Rs), which couple to inhibitory Gi/o pro-
teins.®® The CBIRs are mainly expressed in the central
nervous system (CNS) and the peripheral nervous system
(PNS) while the CB2Rs are mainly distributed in the pe-
ripheral nervous system, immune cells (e.g., lymphocytes,
neutrophils, and macrophages), hematopoietic cells, myo-
cardial cells, epithelial cells, fibroblasts, osteoblasts, and skin
keratinocytes.®” In lower levels of the CNS, the CB2Rs are
primarily found on the microglia, but have also been iden-
tified on some neurons (e.g., in the hippocampus, cortex, and
substantia nigra).””’" The CB2Rs-associated signal trans-
ductions are highly involved in anti-inflammatory actions,’”
and without the negative effects observed with CB1Rs ac-
tivation (e.g., cognitive impairment, catalepsy, as well as the
negative impacts on learning and memory)”® Activation of
CB2Rs enhances IL-10 expressions and suppresses the

expressions of pro-inflammatory mediators such as TNF-a,
CCL2 and nitric oxide.”* Therefore, CB2Rs is an important
target for analgesia research.

In inflammatory pain, acupuncture affects the NLRP3
inflammasome via CB2Rs to achieve the therapeutic effects.
The NLRP3 (NLR family, Pyrin domain containing 3, also
known as NALP3 or Cryopyrin) inflammasome is an intra-
cytoplasmic protein complex. It is composed by NLRP3,
ASC (apoptosis-associated speck-like protein containing a
CARD) and pro-Caspase-1. It can accelerate the maturation
of inflammatory cytokines and is closely associated with
inflammatory pain. In a previous study,”* EA relieved in-
flammatory pain by suppressing activation of the NLRP3
inflammasome through cannabinoid CB2Rss, mainly in the
macrophage system of inflammatory tissues, and delaying the
maturation of IL-1B. The CB2Rs is an important regulator of
the NLRP3 inflammasome in macrophages. In another
study,” activation of CB2Rs alleviated colitis by enhancing
autophagy and inhibiting NLRP3 inflammasome activation in
mice macrophages. This is because activated CB2Rs in-
creases the levels of phosphorylated AMPK and reduces the
levels of phosphorylated mTOR and P70S6K, promoting the
inhibition of macrophage autophagy and NLRP3 in-
flammasome. Applications of EA at “Dachangshu” (BL25)
were also shown to alleviate pain and inflammation in colitis
mice models via CB2R activation of macrophages and in-
hibition IL-1p iNOS expressions.”’In a knee osteoarthritis
(KOA) model established by injection of iodophor mono-
sodium into the knee, EA at “Neixiyan” (Ex-LE4) and “Dubi”
(ST35) increased the mechanical threshold, thermal latency,
and weight borne after KOA modeling. Moreover, EA en-
hanced CB2Rs expressions in fibroblasts and suppressed IL-
1B expressions in the menisci. However, the EA-associated
effects were eliminated by CB2Rs-knockout. Thus, EA in-
hibited chronic pain in KOA mice models by activating
CB2Rs to suppress IL-1 B expressions.’’

Endogenous opioid peptides system

It has been documented that EA can drive monocytes/mac-
rophages containing opioid peptides to migrate to inflam-
matory sites, and locally release opioid peptides to bind
receptors on peripheral sensory neurons, thereby exerting
peripheral analgesic effects.”®’® Endogenous opioid peptides
play an indispensable role in acupuncture analgesia.*’ Some
analgesic mechanisms are more or less associated with them.

Acute gout arthritis is one of the most painful inflam-
matory conditions. In a previous study,”” rat models of acute
gout arthritis were established via injection of viamonoso-
dium urate (MSU) into ankle joints. Treatment of the rats with
EA effectively alleviated pain responses as well as inflam-
mation and significantly upregulated the expressions of the
endogenous opioid receptor agonist (B-endorphin) in local
ankle skin tissues. In addition, EA achieved analgesic effects
that are equivalent to those of the widely used NSAID
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(indomethacin), and these effects were peripheral k- and
p-opioid receptor-mediated.

The mechanisms underlying the analgesic effects of
acupuncture and recombinant chemokine ligand 1 (CXCL1)
may both be associated with a peripheral opioid-mediated
pathway.?® Chemokines are a family of small secreted cy-
tokines that are closely related to inflammatory pain.* They
can regulate inflammatory pain in different peripheral and
central regions.*’®> As a member of the CXC chemokine
family, CXCL1 is a well-known neutrophil attractant. During
inflammation, neutrophils infiltrate infected sites and inhibit
pain through opioid peptides.®* Moreover, CXCL1 induces
the release of endogenous opioid peptides in inflammation.™*
In a previous study on rheumatoid arthritis, Xu et al. used
multiple enzyme-linked immunosorbent assays (ELISAs) to
determine the cytokines/chemokines that are involved in anti-
injury effects of acupuncture and moxibustion. Only CXCL1
was found to be markedly elevated at multiple time points as
acupuncture effectively alleviated inflammatory pain.” This
finding was later confirmed.?® They further investigated the
role of CXCL1 in EA analgesia and revealed that serum
CXCL1 has analgesic effects and may be a key anti-
nociceptive medium in acupuncture-mediated treatment of
inflammatory pain. The analgesic effects of acupuncture and
recombinant CXCL1 were alleviated by an i.pl. injection of a
non-selective opioid receptor antagonist (naloxone). There-
fore, acupuncture may induce neutrophils to infiltrate the
infection sites and release opioids by up-regulating CXCLI
expressions to achieve analgesia.

The pro-resolving mechanism is a recently discovered
endogenous process that regulates inflammation. Persistence
of inflammation has been attributed to the inability of or-
ganisms to produce enough pro-resolving mediators, or the
secreted mediators cannot bind their receptors.®® In a previous
study,*’the antihyperalgesic effects of EA on inflammatory
pain were found to involve annexinl (ANXAT1) and the
Formyl peptide receptor 2/ALX(FPR2/ALX) pro-resolution
pathway. These effects were induced by activation of FPR2/
ALX receptors and crosstalk communication with opioid
systems. Activation of human neutrophils by ANXAI en-
hances the secretion of endogenous opioids such as Met-
enkephalin.**Activation of FPR2/ALX is involved in mo-
lecular pathways that are associated with tonic opioid release
from neutrophils in inflammatory pain.*’ ANXAI activates
the FPR2/ALX receptor precede release of opioids induced
by EA. This shows that EA promotes ANXAI secretion,
activates FPR2/ALX receptor and interacts with it, then in-
duces the release of opioid peptides and binds with their
receptors to establish analgesic effects.

The above findings show that acupuncture regulates pain
through multiple complex systems in the periphery, involving
interactions between immune cells and nociceptors, the pe-
ripheral purinergic pathway, the endogenous cannabinoid
system, opioid peptide systems and nociceptive ion channels.
Moreover, immune cells play an indispensable role in

peripheral analgesic mechanisms of acupuncture.By ex-
pressing various pro-inflammatory substances (such as SP,
IL-1PB, and NLRP3 among others), they are involved in pain
generation, and they also secrete anti-inflammatory and an-
algesic substances (such as IL-10 and opioid peptides, etc.) to
relieve inflammation and pain. Therefore, immune cells are
involved in almost all peripheral analgesic mechanisms of
acupuncture. From the perspective of the purinergic pathway,
acupuncture can directly regulate eATP levels in peripheral
nerves, inhibit the expressions of its receptor (P2X3).
Through nucleotidase to promote eATP hydrolysis, and
prevent the combination of eATP and P2X3 to relieve pain.
Acupuncture can also increase the local levels of adenosine,
and activate its receptors to inhibit the DRG-secreted SP.
Thus, SP cannot activate immune cells to release pro-
inflammatory factors, achieving the purpose of analgesia.

From a cannabinoid receptor perspective, CB2R is widely
distributed in various immune cells. Acupuncture activates
CB2Rs in macrophages to enhance autophagy, inhibit
NLRP3 inflammasome activation and delay IL-1 maturation
to regulate pain. The AMPK-mTOR-P70S6K signaling
pathway is involved in this process. From an endogenous
opioid peptide system perspective, mononuclear cells/mac-
rophages containing opioid peptides are the basis of this
system, and acupuncture can promote these cells to migrate to
inflammatory sites and release opioid peptides to bind its
receptors. Moreover, as a neutrophil attractant, CXCL1 may
participate in analgesia through the peripheral opioid peptide
system. In the recently discovered pro-resolving mechanism,
ANAXI1 and FPR2/ALX are involved in the process by which
neutrophils secrete opioids.

The relieving effect of acupuncture on inflammatory pain
is not a function of certain immune cells but involves in-
teractions between various immune cells. For instance,
acupuncture promotes Treg cell activation, thereby elevating
IL-10 expressions while inhibiting the number of macro-
phages and neutrophils. In addition, acupuncture improves
pain by regulating the expressions and secretion of various
substances in immune cells as well as by dynamically reg-
ulating the local cellular communication network of in-
flammatory sites. It mainly inhibits M1 macrophages and
promotes macrophage polarization towards the M2 pheno-
type, and improves expressions of anti-inflammatory factors
(TGF- B and IL-10). Moreover, it enhances the metabolism of
arginine into ornithine and polyamine intermediates to pro-
mote healing.

In addition, TPRV1 and its related molecules (e.g.
downstream molecules pPI3K, pAkt, pmTOR, members of
MAPK subfamily pERK, pp38, pJNK, transcription factors
pCREB, PNKkB and nociceptive channels Navl.7 and
Nav1.8) were inhibited during acupuncture analgesia. And
the expression, translocation and PKC mediated phosphor-
ylation of TPRV 1were also inhibited by acupuncture through
MrgprC. What can further prove the complexity of acu-
puncture analgesia mechanism is that acupuncture can
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achieve the goal by inhibiting the co expression and indirect
interaction between TRPV1 and P2X3.

Central mechanisms

Physiologically, SCDH receives nociceptive pain signals
from peripheral DRG, which are integrated and transmitted to
the brain via ascending pathways such as the spinothalamic
tract. At the same time, these signals are fed back to the spinal
cord from the brain stem through the descending pathways.
During the process of CNS involvement in pain generation,
SCDH contains rich neuronal types (such as excitatory
neurons and inhibitory interneurons among others), which
can produce and release various neurotransmitters. Microglial
activation and release of inflammatory mediators also plays
an important role in central sensitization. The analgesic
mechanisms of acupuncture in the central nervous system
involve multiple neuronal pathways and neurotransmitters at
the spinal cord and brain levels, as well as their interactions.
Acupuncture regulates the complex associations among these
molecules through various mechanisms at the spinal cord
level, in which various signaling pathways also play an in-
dispensable role. The analgesic mechanisms of acupuncture
in the brain are mainly achieved through some neurotrans-
mitters or mediators acting on some important brain regions
and nuclei, for instance, the hypothalamus, hippocampus,
cerebellum, prefrontal cortex (PFC), periaqueductal gray
(PAG), and rostral ventromedial medulla (RVM) among
others. These effects can affect the pain itself and the pain
emotions that have attracted much attention in recent years
(refer to negative emotions such as anxiety, depression,
disgust and fear caused by harmful stimuli).”>®* In this
section, we elucidate on the identified new mechanisms of
acupuncture analgesia at the central level, and provide some
new ideas for research. (Table 2) (Figure 2.)

Nociceptive ion channel

The TRPV 1 distributed in the periphery®' and in the central
nervous system.'°’ It’s where they participate in regulation of
inflammatory pain and harmful stimuli.'"" Mechanistically,
EA reduces pain by downregulating TRPV1 and downstream
molecules supporting central sensitization. Moreover, EA
regulates chronic inflammatory pain by inhibiting the ex-
pressions, translocations and PKC-mediated phosphorylation
of TRPV1 in SCDH via MrgprC.>® It has been docu-
mented,'* that after CFA injection, expressions of TRPV1
and related molecules, such as downstream molecules
(pPI3K, pAkt and pmTOR), members of the MAPK sub-
family (pERK, pp3, pJNK), transcription factors (pCREB,
PNK«kB), nociceptive channels (Navl. 7 and Navl. 8), were
elevated in the PFC and hypothalamus, but decreased in the
PAG region. Treatment with EA alleviated thermal and
mechanical hyperalgesia in mice by reversing this trend.
Moreover, EA on Hegu (LI4) proved that electroacupuncture

at the distal point of the pain site has the same anti-
inflammatory effects as that at the local point. This proves
that TRPV1 and related molecules are involved in inflam-
matory pain, and that distal EA reduces inflammatory pain by
regulating TRPV1 and related molecules in PFC, hypothal-
amus and PAG. In another study,'”" EA resulted in inflam-
matory pain regulation by down regulating the protein levels
of TRPV1, ASIC3, Navl. 7, Navl. 8, RAGE, S100B, pPI3K,
pmTOR, pAkt, pERK, pPKAIla, pPKCe, pCREB and
pNFkB in V, Vla and VII of mice cerebellar lobules. These
results indicate that EA at ST36 can treat CFA-induced in-
flammatory pain by regulating TRPV1 and related molecular
pathways in cerebellar lobules V, Vla and VII.

TPRV1 is involved in inflammatory pain sensations at the
brain level and also affects pain-related emotions. Lin et al.
reported that EA can relieve pain and control depression
through TPRV 1 and related factors.''> Most TRPV 1 proteins
and related molecules were significantly reduced in mPFC,
hippocampus and PAG of chronic pain and depression co-
morbidity (CPDC) mice models, but increased in the
amygdala of mice models. These trends were reversed by EA.
Moreover, EA suppressed the expressions of pro-
inflammatory cytokines and mediators. The therapeutic ef-
fects of acupuncture on both depressive and chronic pain
symptoms were alleviated in part through their anti-
inflammatory effects.”>"*

Glutamate receptors

Glutamate receptors can be grouped into N-methyl-D-as-
partate receptors (NMDAR) and a-Amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptors (AMPAR). The
NMDAR contains five subunits, NR1 and NR2 (A-D). The
AMPAR receptor is a heteropolymer that is assembled by
several subunits, including GluAl, GluA2, GluA3 and
GluA4. These receptors play important roles in pain
regulation.

When CFA was injected into the hind paw of mice, it
promoted ser880 phosphorylation in GluA2 and subsequent
internalization of GluA2, resulting in elevated AMPAR on
the neuronal membrane. Ultimately, the improved perme-
ability promotes Ca2" influx, leading to inflammatory pain
hypersensitivity.''? Moreover, interactions of spinal proteins
with C kinase 1 (PICK1) may maintain inflammatory pain by
promoting PKCa-mediated GluA2 phosphorylation at Ser880
and GluA2 internalization in SCDH. However, CFA did not
cause this phenomenon in PICK1 knockout mice. Thus,
PICK1 plays an important role in pain maintenance. It has
been reported'®? that EA promotes ICA69 expressions in
SCDH and regulates GluA2 phosphorylation through PICK1,
so as to achieve the anti-hyperalgesic effects on CFA-induced
inflammatory pain. Prior to EA, ICA69 protein levels in
SCDH were relatively low, and the binding with PICK1
proteins in the cytoplasm were not abundant. Therefore, the
intermediate PICK1 protein can be freely transported to the
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Figure 2. The central mechanisms of acupuncture in treating inflammatory inflammatory pain. SC: spinal cord; PFC: prefrontal cortex; PAG:
periaqueductal gray; RVM: rostral ventromedial medulla; ACC: anterior cingulate cortex; TRPVI: transient receptor potential vanilloid |;
PKC: protein kinase C; PI3K: phosphatidylinositide 3-kinase; CREB: cyclic response-element binding protein; cAMP: Cyclic adenosine
monophosphate; NF-kB: nuclear factor kappa-B; mTOR: mammalian target of rapamycin; PKA: protein kinase A; ERK: extracellular regulated
protein kinases; JNK: c-Jun N-terminal kinase; AKT: protein kinase B; Nav|1.7: Voltage gated sodium ion channel 1.7; Nav|.8: Voltage gated
sodium ion channel 1.8; ASIC3: acid sensing ion channel subunit 3; GluAl:glutamate receptor |; GluA2: glutamate receptor 2; ICA69: Islet
cells Antigen 69; PICK: protein interacting with Ca kinase |; NRGI: Neuromodulin |; ErbB4: Receptor protein tyrosine kinase ErbB4; TLR2:
Toll like receptor 2; GRK2: G protein coupled receptor kinase 2; p38MAPK: p38 mitogen-activated protein kinases; AlC3:acid-sensing ion
channel 3; NR1: N-methyl-D-aspartate receptors NR|; NR2: N-methyl-D-aspartate receptors NR2; IFN-y: Interferon v; IL-4: Interleukin-4;

IL-6: Interleukin-6.

cell membrane, resulting in GluA2 phosphorylation. Once
GluR?2 is phosphorylated to GluA2-p, endogenous GluA2 is
transferred from the cell membrane to the cytoplasm. The
AMPA receptors lacking GluA2 can increase the Ca2+ influx,
leading to cellular inflammation and hyperalgesia. Besides,
EA treatment elevated ICA69 protein expressions and formed
arich complex with PICK1, so that PICK 1 was retained in the
cytoplasm. This prevented GluR2 phosphorylation so that
AMPARSs could maintain the impermeability of cell mem-
branes to Ca2+, and ultimately produce anti-inflammatory
and anti-pain effects.

The the anterior cingulate cortex (ACC) is a major brain
area for pain and pain-related emotions.''* As a multifunc-
tional serine/threonine kinase, Ca2"/calmodulin-dependent
protein kinase II (CaMKII) is widely distributed in the central
and peripheral nervous systems, its phosphorylated protein
(P-CaMKII) is involved in memory, emotion and pain reg-
ulation in ACC. Treatment with EA alleviates inflammatory
pain by inhibiting CaMKII-GluAl phosphorylation in
ACC.” In the study, EA was shown to inhibit P-CaMKII and
GluAl expressions in ACC. P-CaMKII involved in EA
analgesia by forming pCaMKII-PICK1(C-P) complexes.

That is because the amounts of C-P complexes were increased
by EA, and achieved the analgesic effects by the inhibitory
effects of C-P complexes on GluAl phosphorylation.
However, as earlier mentioned, at the SC level, the analgesic
effects are achieved by inhibiting GluA2 phosphorylation
through ICA69 and PICK1 complexes.'®® This shows that
even the same molecule can form different complexes at
different levels, affecting different receptors.

As an isoform of protein kinase C with persistent activ-
ities, Protein kinase Mzeta (PKMzeta) is involved in neural
plasticity that is associated with pain and anxiety disorders.'"”
It has been found”® that EA inhibits the activation of
PKMzeta in ACC, improves paw withdrawal thresholds
(PWT) and reduces pain related anxiety-like behaviors. In
this study, EA at ST36 reduced CFA-induced allodynia and
anxiety-like behaviors. Moreover, EA reversed the increase
in p-PKMzeta (T560) and GluA1 protein expressions in rat
ACC after CFA injection. Injection of zeta-interacting protein
(Z1Pan inhibitor of PKMzeta) into rats ACC resulted in
comparable effects. Therefore, the PKCzeta/PKMzeta-
GluA1l pathway is involved in EA regulation of pain and
pain-induced anxiety-like behaviors.



Molecular Pain

In addition, in a study on chronic pain and depression
comorbidity,”” it was found that NMDARs (pNR1, NR1,
pNR2B, NR2B) and calcium/calmodulin-dependent protein
kinase type II alpha isoforms (pCaMKIla) in the prefrontal
cortex (PFC), hippocampus and hypothalamus of mice were
markedly suppressed after CFA injection. EA reversed this
decrease and reduced the depressive behaviors. This proves
that EA treats the comorbidities by upregulating NMDA
signaling pathways in PFC, hippocampus and hypothalamus.

Microglia

Glial cells in the CNS are grouped into three: astrocytes,
microglia and oligodendrocytes.''® They play important roles
in pain generation and maintenance. For instance, microglia
can secrete TNF-0,''” while astrocytes can secrete IL-1p.''8
Recent studies have majorly focused on microglia, therefore,
we elucidated on the roles of microglia in acupuncture an-
algesia. Microglia are distributed in the spinal cord and brain
and play a role in local environment maintenance.''® After
pathophysiological stimulation, the microglia become acti-
vated and their morphology changes, the number of cells
increases, and gene expressions of proinflammatory cyto-
kines such as IL-6 and IL-1B in the spinal cord also been
upregulated.’?® These proinflammatory cytokines act as
mediators to participate in the crosstalk process with noci-
ceptive neurons, and ultimately promote pain and mainte-
nance.'”' In formalin-induced acute inflammatory pain
models,'”® pre-EA (rats received EA treatment at the same
side Zusanli (ST36) and Zhongwei (BL40) acupoints (2 Hz,
1 mA) for 30 min before formalin injection) significantly
alleviated the pain. This is because, pre-EA significantly
suppresses the expressions of IFN- y, IL-6, SP and CGRP as
well as the activation of microglia and neurons, thereby
interrupting the crosstalk between the microglia and spinal
sensory neurons. In addition, it suppressed spinal neuro-
inflammation and central nociceptive sensitization. Even
though both pre-EA and post-EA (rats received the same
treatment immediately after formalin injection) significant
suppressed the formalin-induced increase of Iba-1 and c-fos,
pro-inflammatory cytokines (IL-6 and IFN- y), pain neuro-
transmitters (SP and CGRP). And the decrease of anti-
inflammatory cytokine IL-4 were reversed. However, regu-
lation of pre-EA on these factors is better than those of post-
EA.

Toll like receptors (TLRs) are an evolutionarily conserved
pattern recognition receptors that are widely expressed in
neurons, microglia and astrocytes of the CNS. They can
regulate innate and adaptive immunity against exogenous or
endogenous dangerous ligands and risk-related molecular
patterns after tissue injury.'?*'**There are 10 different
subtypes and different specific ligands of TLR.'* Activation
of TLR in glial cells can produce a wide range of proin-
flammatory cytokines, including IL-1B, IL-6 and TNF-o.
Moreover, its expressions in the central nervous system

contributes to glial cell activation.'** In CFA mice models, it
was confirmed that,”®> TLR2 and downstream molecule
(pPI3K, pAkt, pmTOR), MAPK subfamiliy members(pERK,
pp38, pJNK), transcription factors(pCREB, pNKkB)noci-
ceptive channels (Navl.7 and Navl.8) were significantly
increased in DRG, SC and thalamus. Treatment with EA
suppressed CFA-induced mechanical and thermal hyper-
algesia and downregulated the increased signals of TLR2
pathway members from peripheral DRG to the CNS as well.
Treatment with Cu-cpt22 (TLR2 antagonist) achieved the
same effects. Thus, EA can relieve inflammatory pain by
downregulating the increased signaling of TLR2 pathway-
related molecules, from peripheral DRG to the CNS.

The G protein coupled receptor kinase 2 (GRK2) is a
serine/threonine kinase that can protect cells from excess
stimulation.'*’ Inflammatory pain in rodent models has been
associated with reduced GRK2 expressions in the spinal
cord.'”® Electroacupuncture therapy increasing the abun-
dance of GRK2 neuron to restore GRK2 expressions, then
inhibiting microglial activation and suppressing neuro-
inflammation in the spinal cord, thereby promoting inflam-
matory pain relief.'*®

Signaling molecules

Recent studies have majorly focused on p38 mitogen-
activated protein kinases (p38MAPK), therefore, we eluci-
dated on the significance of p38MAPK in acupuncture
treatment of inflammatory pain. Activation and phosphory-
lation of p38MAPK enhances the expressions of transcription
factors (TNF-a and ATF2) as well as inflammatory mediators
(IL-1 and COX-2) in the spinal cord, thereby promoting
pain."?*"*% 1t has been revealed,”” that p38MAPK expres-
sions were elevated in SCDH of CFA-injected rats. In ad-
dition, EA suppressed CFA-induced mechanical and thermal
hyperalgesia and edema by reversing the increase in
p38MAPK expressions in SCDH. Ni et al.'*' found that
chronic constrictive nerve injury leads to mechanical hy-
peralgesia and increases the expressions of phosphorylated
p38MAPK (p-p38MAPK) in the ventrolateral periaqueductal
gray (VIPAG). In another study,”” EA treatment can signifi-
cantly increase PWT and relieve paw edema. In addition, EA
reversed the increase of p-p38MAPK-IR cells in PAG and
RVM after CFA injection. These suggested that EA could
disrupt descending facilitation in PAG, RVM, and SCDH and
exhibits anti-hyperalgesic effect by inhibiting p38MAPK
activation in descending facilitatory pathway.

The p38MAPK also plays important roles upstream or
downstream of different pathways in SC to mediate the
analgesic effects of EA. Li et al.** proved that p38MAPK
phosphorylation and release of cytokines (IL-1p, IL-6, TNF-
o) was increased in the spinal cord after CFA injection.
Treatment with EA alleviated CFA-induced hyperalgesia by
inhibiting CX3CL1 and p38MAPK expressions. Further-
more, this analgesic effect was CX3CL1 inhibition
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dependent. This shows that in the spinal cord, EA therapy
plays an analgesic role by suppressing signal transduction of
the CX3CLI1-p38MAPK cytokine axis and the subsequent
cytokine release. Jin et al. found that in pain sensitive priming
(HP) models established by carrageenan and PEG2 (the
transition model from acute pain to chronic pain), EA alle-
viated the transition from acute pain to chronic pain via the
p38 MAPK/TNF-o. signaling pathway in SCDH.'” They
found that EA at ST36 and B160 reduced the mechanical claw
withdrawal threshold and p38 MAPK/TNF-a levels in the
spinal dorsal horn of HP rats. Administration of U-46619
(selective p38 MAPK agonist) attenuated this effect. This
shows that EA relieves pain and inhibits the transformation
from acute inflammatory pain to chronic inflammatory pain.
This effect is achieved by inhibiting the p38 MAPK/TNF-a
signaling pathway in the dorsal horn of the spinal cord.

GABAergic interneuron

Although the abundance of GABAergic interneurons in the
brain is limited, they are particularly important in controlling
inhibition."** Moreover, GABAergic interneurons in the CNS
are indispensable in pain regulation. GABAergic interneu-
rons in the ACC and basolateral amygdala (BLA) are as-
sociated with chronic inflammation.'**'** Transplantation of
GABAergic cells into ACC reduced neuropathic pain and
pain aversion,'** implying that GABAergic interneurons in
ACC are crucial in regulation of pain and associated emo-
tions. Parvalbumin (PV) is a subtype of GABAergic inter-
neurons. The PV neurons in the hippocampus and amygdala
are closely associated with negative emotions such as anxiety
or depression.'**'*7 The PV-positive cells were found to be
decreased in neuropathic pain mice models, proving its as-
sociation with pain.'**Shao et al.”” found that EA ameliorates
chronic inflammatory pain and pain-related anxiety by up-
regulating PV interneurons in ACC after CFA injection.
Moreover, they established that EA for ST36 and BL60
reduced mechanical pain sensitivity as well as anxiety-like
behaviors and increased PV interneurons in ACC, that had
been reduced by CFA injection. The same effects were found
in rats with chemogenetic activated PV. The effects of EA
were impaired by chemogenetic inhibition of PV interneurons
in ACC.

Neuromodulin 1 (NRG1) belongs to the epidermal growth
factor family and can produce six different types of proteins
(1-vD).'* Receptor protein tyrosine kinase (ErbB4) is a re-
ceptor tyrosine kinase of the EGF receptor family that binds
NRGI and is therefore, activated by NRG1. ErbB4 is ex-
pressed in GABAergic interneurons and is indispensable in
GABAergic signal transduction and neuronal plasticity.'*°
NRGI1-ErbB4 signaling is involved in GABAergic conduc-
tion in the CNS.'"*' Some studies showed that EA can in-
crease NRG1 expressions in muscles, proving that there is a
potential relationship between EA and NRGI."**'* Wan
et al.”® found that EA alleviated pain hypersensitivity because

it increased NRG1 expressions in SC of CFA-induced in-
flammatory pain mice models. This analgesic effect was
partly mediated by NRG1-ErbB4 signaling. In addition, co-
applications of EA and NRGI1 could not enhance EA-
mediated analgesia. In mice injected with CFA or carra-
geenan, inhibition and neutralization of the ErbB4 receptor
reduced the mechanical threshold, but did not affect the heat
latency. At the same time, they found a decrease in baseline
levels of the mechanical threshold in two kinds of mice with
ErbB4 knockout from PV neurons, which proved that PV"
interneurons are very important in maintaining normal me-
chanical sensation and analgesic effects of NRG1-mediated
mechanical hyperalgesia.

In conclusion, among the different analgesic pathways in
the CNS, TPRV1 has attracted much attention in recent years
due to its wide distributions in peripheral and central nervous
systems. As earlier mentioned, acupuncture inhibits the ex-
pressions of TRPV1 and downstream factors in SC, PFC
hypothalamus can cerebellar lobules, but increased in the
PAG. Its translocation and PKC-mediated phosphorylation
can also be inhibited in SCDH through MrgprC. Thus,
acupuncture can relieve pain and related depression by
regulating TPRV1 expressions in different brain regions.

Glutamate receptors are widely distributed in neurons and
are indispensable in regulation of inflammatory pain during
acupuncture. In the CNS, acupuncture regulates pain and its
related emotions via different pathways that are mediated by
different glutamate receptors. These mechanisms involve
inhibition of glutamate receptor phosphorylation. Even the
same factors can inhibit the phosphorylation of different
receptors by forming different complexes at different levels.
For instance, PICK1 forms a complex with ICA96 in SC to
inhibit GluA2 phosphorylation, while in ACC, it forms a C-P
complex with P-CaMKII to inhibit GluA1 phosphorylation-
mediated acupuncture analgesia. In addition, acupuncture
inhibited the PKCzeta/PKMzeta-GluR 1 pathway in ACC and
up-regulated the NMDAR pathway in PFC, hippocampus and
hypothalamus, relieving inflammatory pain-related adverse
emotions.

From an intermediate neuron perspective, acupuncture
relieves pain by up regulating GABAergic intermediate
neurons in ACC and also relieves pain-related anxiety as well
as depression. In addition, EA increased NRG1 expressions
in SC and activated ErbB4 analgesia in GABAergic inter-
neurons in inflammatory pain mice models.

The P38MAPK is activated and phosphorylated in SCDH
of CFA rats, and increases the production and expressions of
transcription factors as well as inflammatory mediators in the
spinal cord. This process was also found in PAG. Moreover,
EA can destroy the descending facilitation of PAG, RVM as
well as SCDH, and exerts anti-hyperalgesic effects by in-
hibiting the activation of p38MAPK and its downstream
factors (TNF- a, ATF2, IL-1, and COX-2) in the descending
facilitation pathway. This effect is probably mediated by the
CX3CL1-p38MAPK/TNF-a pathway in SC. Acupuncture
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can also treat inflammatory pain by inhibiting microglial
activation and TLR2 expressions in the central nervous
system. The microglia in the CNS and their associated
proinflammatory cytokines are also regulated during acu-
puncture analgesia, and in this process, they interact with
each other. The TLR2 and its downstream molecules, which
are widely distributed in glial cells, also play an important
role in this process. Activation of TLR2 promotes proin-
flammatory cytokine production and glial cell activation. This
effect can also be reflected in microglia. In addition, acu-
puncture can inhibit microglial activation, reduce neuro-
inflammation and relieve pain by restoring the number of
GRK2 in neurons.

In summary, the mechanisms of acupuncture in central
analgesia are very complex, and they not only involve dif-
ferent mechanisms at different levels of the spinal cord and
brain, but also relates to interactions between ascending
pathway of the spinothalamic tract and the descending
pathway of the brainstem. The rich neuronal types (such as
excitatory neurons, and inhibitory interneurons among
others) and glial cells in the CNS participate in pain regu-
lation via production of neurotransmitters and a series of
inflammatory factors. The roles of various signaling path-
ways are assignable. Pain is often accompanied by different
levels of pain emotions, and acupuncture can relieve pain and
these bad emotions at the same time, which is also a feature of
the mechanisms involved in acupuncture analgesia at the
brain level.

Discussion and prospects

Pain is a distressing experience associated with actual or po-
tential tissue damage that has sensory, emotional, cognitive and
social components. As a symptom, inflammatory pain often
appears alone or with some chronic diseases in clinical practice.
It seriously affects the quality of life for individuals, and causes
damage to physical and mental health. Its development is mostly
caused by local tissue damage due to chemical drug stimulation,
mechanical stimulation, thermal stimulation, trauma, infection
or postoperation, which cause inflammatory reactions. Local
tissues secrete various neurotransmitters and mediators, and
causes peripheral as well as central sensitization, resulting in
pain. As a treatment approach for pain, acupuncture has been
gradually accepted by people in recent years Studies on acu-
puncture analgesia in various types of pain have been increasing.
Different animal models have also been used to study the
therapeutic effects of acupuncture on these different pain types.
In this review, we summarized recent evidence on mechanisms
of acupuncture in treatment of inflammatory pain. The analgesic
and anti-inflammatory effects of acupuncture on inflammatory
pain are complex processes involving multi-levels, multi-
channels and multi-targets. They involve the peripheral and
central levels, opioid peptide system, cannabinoid system,
Purinergic signal, monocyte macrophage system and glial cells
distributed therein. Various inflammatory factors and mediators

are also closely associated with inflammatory pain. It is not
difficult to found that in recent years, there are more and more
studies focused on the mechanism of the central system, es-
pecially the brain, not only for pain itself, but also for pain
related adverse emotions.

In studies of various acupuncture analgesia-related factors,
opioid peptides, ephedrine and its receptors, as well as Pu-
rinergic signal are still the research hotspots. The TRPV1 and
its downstream molecules have attracted much attention in
recent years due to their wide distributions in peripheral and
central nervous systems. Apart from the above widely in-
vestigated molecules, new mechanisms are also being dis-
covered and studied, including the role of pro-resolving
mediators in inflammatory pain. The apelin/APJ system has
also been recently proven to be related to acupuncture. These
studies are of great significance as they inform clinical drug
research. In addition, the current research is not only the study
of a single pathway, but also began to pay attention to the
correlation and interaction between the two pathways (such
as TRPV1 and P2X3). New technologies such as genetics and
proteomics have also been used for related research, which
may reveal the mechanism of acupuncture in treating in-
flammatory pain from a deeper place.

Although the mechanism of acupuncture in treating in-
flammatory pain has been studied to some extent, there are
still some deficiencies. First, acupuncture treatment often
targets ST36 acupoints in inflammatory pain, with other
acupoints such as BL60, SP6, and GB34 also selected for
experimentation. While some studies have confirmed the
specificity of acupoint selection in the analgesic effect of
acupuncture, there is limited research exploring the thera-
peutic differences and mechanisms between various acu-
points. This may present a potential area for future
investigation. Second, studies on adenosine and its receptors
in the spinal cord and brain are limited. Further more in-
terrelationships between various mechanisms are still unclear.
For instance, the mechanisms of acupuncture analgesia in
brain regions involves different brain regions and nuclei, and
relationships between these brain regions and nuclei should
be researched further. Correlations and interactions among
the various pathways also require further research. Pain is
closely accompanied by bad emotions. Can all pain relief
mechanisms in the brain region also regulate these bad
emotions? Finally, studies have proven the analgesic effects
of pre-EA, which has a better curative effect than EA. How
does this difference come about? We reviewed relevant
studies in recent years and identified research gaps thereby
providing new directions and ideas for future research.
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