Send Orders for Reprints to reprints@benthamscience.net

Current Neuropharmacology, 2022, 20, 147-157 147

REVIEW ARTICLE

The Comprehensive Neural Mechanism of Oxytocin in Analgesia

Liu-Nan Yang', Kai Chen', Xiao-Ping Yin®", Dan Liu®" and Ling-Qiang Zhu""

'Department of Pathophysiology, Key Lab of Neurological Disorder of Education Ministry, School of Basic Medicine,
Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China; *Department of Neu-
rology, Affiliated Hospital of Jiujiang University, Jiujiang, China; *Department of Medical Genetics, School of Basic
Medicine, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China

Abstract: Oxytocin (OXT) is a nine amino acid neuropeptide hormone that has become one of the
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most intensively studied molecules in the past few decades. The vast majority of OXT is synthe-
sized in the periventricular nucleus and supraoptic nucleus of the hypothalamus, and a few are syn-

thesized in some peripheral organs (such as the uterus, ovaries, adrenal glands, thymus, pancreas,
etc.) OXT modulates a series of physiological processes, including lactation, parturition, as well as
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some social behaviors. In addition, more and more attention has recently been focused on the anal-
gesic effects of oxytocin. It has been reported that OXT can relieve tension and pain without other

adverse effects. However, the critical role and detailed mechanism of OXT in analgesia remain un-
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mechanism.

clear. This review aims to summarize the mechanism of OXT in analgesia and some ideas about the
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1. INTRODUCTION

Pain, as defined by the International Association for the
Study of Pain (IASP), defines pain as an unpleasant subjec-
tive and emotional experience associated with tissue damage
or potential tissue damage. Suffering causes tremendous
pressure to human society. However, the current clinical
anti-injury treatment effect is not ideal. Therefore, finding
new therapeutic strategies for pain becomes a hot and im-
portant topic in this area.

Oxytocin (OXT) is a uterine contraction drug extracted or
chemically synthesized from the posterior pituitary gland of
animals. In 1906, Dell discovered a kind of neurohypophysis
extract, which has a significant contraction effect on the
uterus of a pregnant cat [1]. A few years later, Ott and Scott
reported another neurohypophysis extract that could promote
lactation [2]. Subsequently, related studies have shown that
the physiological effects of these two neurohypophysis ex-
tracts belong to the same substance, namely OXT [3]. OXT
is a peptide composed of nine amino acids (Gly-Leu-Pro-
Cys-Asn-Gln-Ile-Tyr-Cys) with a molecular weight of 1.0
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kd. Because of its role in breastfeeding and childbirth, OXT
was originally considered a hormone. However, subsequent
studies have shown that OXT is also a neurotransmitter and
regulates the nervous system [4]. In addition, researchers
found that OXT has a high degree of sequence homology
with another neuropeptide substance, arginine vasopressin
(AVP) (only two amino acids are different), so OXT can
interact with the arginine vasopressin receptor (AVPR) com-
bined with neuromodulation [5].

Recent studies have shown that OXT has great potential
in regulating pain and is an ideal analgesic target molecule
without obvious side effects and addiction. This article re-
views the clinical and basic research progress of OXT treat-
ment of pain, which is helps understand the mechanism of
oxytocin in regulating pain.

2. BASIC PROPERTIES AND PHYSIOLOGICAL
FUNCTIONS OF OXT

OXT is mainly synthesized and secreted by neurons in
the paraventricular nucleus (PVN) and supraoptic nucleus
(SON), and widely distributed in the central nervous system
(such as midbrain aqueduct gray matter, dorsal raphe nucle-
us, spinal cord, efc.) and surrounding tissues (such as uterus,
placenta, breast, ezc.). It is mainly involved in the regulation
of fertility-related functions such as reproduction and breast-
feeding, as well as the regulation of cognition, social behav-
ior, and addiction. The first is fluid regulation, which is
transported by OXT from the nerve fibers of the hypothalam-
ic-pituitary axis to the posterior pituitary, where it is released
into the bloodstream and delivered to target organs [6]. An-
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other is neuromodulation, OXT secreted by nerve fibers from
the different parts of the nervous system, paraventricular
nucleus of the nerve endings OXT directly projected to other
areas of the central nervous system.

In the central nervous system of mammals, there are two
forms of OXT-releasing cells: Magnocellular OXT (Magn-
OXT) neurons and Parvocellular OXT (Parv-OXT) neurons.
The diameter of Magn-OXT neurons is 20-30 um, and they
are distributed in the paraventricular nucleus, supraoptic
nucleus and middle accessory nucleus of the inferior
colliculus. Magn-OXT neurons release OXT into the blood
through the neurohypophysis gland [7]. Then OXT acts on
target organs, such as the uterus and breast, through the sys-
temic blood circulation, thereby promoting women's delivery
and lactation. Moreover, Magn-OXT neurons have extensive
projections in forebrain regions, such as the nucleus accum-
bens [8] and the central amygdala [9]. The OXT released
from the ends of their axons can precisely regulate the
activity of the relevant areas. For example, Magn-OXT neu-
rons in the central amygdala can attenuate emotional re-
sponses such as fear [9]. In addition, Magn-OXT neurons
may also exert analgesic effects by targeting C-type fibers in
the dorsal root ganglion (DRG) [10]. Different from Magn-
OXT neurons, Parv-OXT neurons are smaller in diameter,
approximately 10-20 pm, distributed in the paraventricular
nucleus of the PVN. Parv-OXT neurons project to the brain-
stem and spinal cord [11]. Based on the projection of Parv-
OXT neurons in the brain stem and spinal cord, it has been
demonstrated that OXT produced by axon terminals of Parv-
OXT neurons could affect cardiovascular functions, respira-
tory movement, and food intake [12]. Recently, it has been
found that a group of new Parv-OXT neurons can regulate
the activity of Magn-OXT neurons, either by rapid direct
neuronal projections that is releasing OXT from axons into
spinal cord neurons and inhibiting their activity, or by slow
indirect modulation of Magn-OT neurons to release OXT
into the peripheral nervous system, acting as analgesics in an
inflammatory pain model [13]. There are approximately 30
kinds of Parv-OXT neurons that can regulate Magn-OXT
neurons and spinal cord deep neurons, respectively, through
collateral projections. It has been reported that triggering the
release of OXT from this group of OXT neurons can effec-
tively inhibit the sense of injury. Personnel found that Parv-
OXT primarily regulated blood pressure, heart rhythm, gut
response, and pain sensation [14].

3. STRUCTURE AND FUNCTION OF OXT RECEP-
TOR

The OXT system consists of two functional units: OXT
and OXT receptor (OXTR). OXT only works when com-
bined with specific OXTR in the brain, so the effect of OXT
depends on the quantity and quality of OXTR [15]. OXTR
belongs to the family of G Protein-Coupled Receptors
(GPCRs) of rhodopsin (A) and is coupled to phospholipase
CB (PLCB) via Gq/11 protein. The OXTR gene is located on
chromosome 3p25 and contains three introns and four exons,
which play an essential role in the structural coding and ac-
tivity of the OXTR [16]. Moreover, the OXTR gene has doz-
ens of single nucleotide polymorphisms (SNP); these SNPs
directly affect the expression of the OXTR and then affect
OXT [17]. Generally, OXT receptors are widely distributed
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in the central nervous system, such as the cortex, basal gan-
glia, brain stem, and spinal cord [18]. Specifically, OXT
receptors are highly expressed in key brain areas that control
mental, emotional, and social behaviors, such as the auto-
nomic nervous system, frontal cortex, olfactory system, basal
ganglia, limbic system, thalamus, hypothalamus, brainstem,
and spinal cord [19]. Besides, OXT receptors are also present
in surrounding tissues such as the kidney, uterus, heart, and
thymus. In addition, OXT has different functions in different
organizations [20]. Specifically, when OXT binds to OXTR,
the phospholipase CB-phosphatidylinositol diphosphate ino-
sitol triphosphate (PLCB-PIP2-IP3) pathway is activated by
the Gg/11 protein, resulting in the release of Ca®" from the
endoplasmic reticulum to form Ca*’Calmodulin complex,
further activates nitric oxide synthase (NOS) and triggering
the nitric oxide-guanylate cyclase-cyclic guanosine mono-
phosphate (NO-GC-cGMP) pathway [21]. Furthermore,
OXT receptors may also increase prostaglandin E2 (PGE2)
synthesis through Gg/11 protein and promote F-actin
polymerization to increase smooth muscle excitability [22].

Since OXT and AVP have similar structures, they share
some receptors. Therefore, OXT can also act on arginine
vasopressin receptor la (AVPR1a). However, the distribu-
tion of the OXT receptor and AVP receptor in the body is
different [23]. Even if the two receptors exist in the same
nucleus at the same time, there are differences in most of
their distribution between subnuclei [24]. For example, in the
rat hippocampus, AVPR is mainly distributed in the dentate
gyrus, while OXT receptors are only expressed in the CAl
area.

Above all, OXTR is an important decisive factor in OXT
signal transduction, and the expression of OXTR is affected
by many factors such as genetic variation and physiological
hormone fluctuation [25].

4. THE ANALGESIC EFFECT OF OXT

The definition of pain in modern medicine refers to a ra-
ther unpleasant emotional feeling, a complex physical and
psychological activity, and one of the most common clinical
symptoms. It contains pain caused by noxious stimuli that
are sensitive to the body, and the pain response of the human
body can be used as a warning to the body, leading to a se-
ries of defensive and protective reactions. Various injury
stimuli are transmitted into the spinal cord through sensory
nerve fibers and finally reach the sensory area of the cerebral
cortex, causing pain, affecting the patient's quality of life,
and even causing unbearable torture to the body. Inflamma-
tory pain is mainly caused by inflammatory factors (also
known as pain-causing factors) released after tissue injury
and is the main pathological basis of pain. Pain-causing fac-
tors include pro-inflammatory factors, prostaglandins (PG),
bradykinin (BRK), efc, which are mainly released by macro-
phages, mast cells, and lymphocytes. PGE2 is one of the
most important pain-causing factors among these transmit-
ters [26].

Chronic pain is one of the most common health prob-
lems. Exploring different analgesic strategies and related
mechanisms has always been a hot topic. OXT is a self-
secreted neurotransmitter. In addition to its well-known
functions, such as strengthening uterine contractions during
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childbirth and promoting lactation, the role of OXT in anal-
gesia has also received increasing attention [27]. OXT can
upregulate the activity of 5'-adenosine monophosphate
(AMP) activated protein kinase (AMPK) mediated by G pro-
tein [28]. After combining with OXTR, OXT can activate
protein kinase C (PKC), phospholipase C (PLC), and other
systems and trigger a series of biological events by increas-
ing the concentration of endogenous Ca* [29].

Meanwhile, OXT can also increase glutamic pyruvic
transaminase (GPT) and PLC [30]. In recent years, the anal-
gesic effect of OXT at the central system level, especially the
analgesic effect at and above the spinal cord level, has been
widely confirmed [31]. However, many studies have shown
that the analgesic mechanism of OXT at the spinal cord level
is different from that at the spinal cord level. At the spinal
cord level, the analgesic effect of OXT is related to endoge-
nous opioid peptides, while above the spinal cord, the anal-
gesic effect of OXT is not related to endogenous opioid pep-
tides. The underlying mechanisms of different levels of OXT
analgesia are discussed below.

4.1. The Mechanism of Analgesic Effect of OXT at Spinal
Cord Level

As early as 30 years ago, researchers discovered that
OXT-containing nerve fibers project from the paraventricu-
lar nucleus of the hypothalamus to the superficial layer of the
spinal dorsal horn [32]. The dorsal horn of the spinal cord is
an important part of signal transmission and regulation of
peripheral injury. PVN-OXT neurons project axons to the
spinal dorsal horn and establish axon-dendritic synaptic con-
nections with neurons in layers I and II of the spinal dorsal
horn. This neural pathway has been proved to be involved in
the regulation of the transmission of pain information in
traumatic stimulation [33]. Besides, another study found that
OXT receptors were highly expressed in pain-related areas
of the spinal dorsal horn [34]. The results of immunohisto-
chemistry showed that there are a large number of OXT
binding sites in the superficial layer of the spinal dorsal horn.
On the contrary, the superficial layer of the spinal dorsal
horn plays a key regulatory role in the transmission of pain
information from the periphery to the center [35], which was
most likely to be the target of the projection of PVN neurons
in the spinal cord. It was suggested that OXT might be in-
volved in the regulation of pain at the spinal cord level.
However, the projection of OXT fibers is limited to the ge-
latinous substance, marginal division, and the mediolateral
column of the central gray matter of the spinal cord [36].
However, studies have shown that the projection position of
the hypothalamic spinal cord OXT neurons matches the dis-
tribution of the OXT binding sites in the spinal cord [37],
which also indicates that OXT produced by the hypothala-
mus can be transported to the spinal cord level through the
hypothalamo-spinal projection to play an analgesic role.

At the same time, OXT may play an indirect analgesic ef-
fect by regulating the intermediate neurons. It has been ob-
served that continuous epidural anesthesia with OXT exhib-
its a better impact on relieving incision pain after an opera-
tion. In the inflammatory pain model, the intrathecal injec-
tion of OXT upregulated the pain threshold in a dose-
dependent and mechanical manner. Intrathecal injection of
ferulic acid can weaken the anti-noxious effect of p-opioid
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receptor antagonist and its application k-opioid receptor an-
tagonist. The analgesic effect was achieved [38]. Condes-
Lara observed significant analgesic effects by injecting OXT
into the dural sac of carrageenan-induced inflammatory pain
model rats, which lasted for more than 5 hours [39].

Studies have shown that intrathecal injection of OXT can
also effectively relieve patients' low back pain, and this effect
can last for several hours [40]. A clinical trial reported that
intravenous injection of high-concentration OXT (300 pg) in
patients with refractory cancer pain who is not sensitive to
opioid analgesics has a significant analgesic effect, and lasts
for 70 minutes [41]. All these pieces of evidence indicate that
the endogenous opioid peptide system is involved in the pain
regulation of OXT, and the p opioid receptor (MOR) and «
opioid receptor (KOR) in the spinal cord are involved in the
analgesic effect of OXT. Also, OXT had an analgesic effect
on the inflammatory pain model in rats [42]. Administration of
exogenous OXT can alleviate the pain-induced by inflamma-
tion at the level of the spinal cord [36, 43].

On the other hand, many studies have suggested that the an-
algesic effect of OXT is mediated by the y-aminobutyric acid
(GABA) receptor [44]. The analgesic effect induced by the
stimulus on PVN or local administration of OXT in the superfi-
cial dorsal horn of the spinal cord can be reversed by bicuculline
(GABAA receptor antagonist). Therefore, it is speculated that
OXT may activate GABA intermediate neurons in the superfi-
cial dorsal horn of the spinal cord, and the released GABA tar-
gets the GABAA receptors on the pain transmission neurons in
the spinal cord, making them hyperpolarized, thus reducing the
transmission of pain information to the center. Breton explored
the mechanism of analgesia mediated by OXT at the spinal cord
level by using patch-clamp and immunohistochemical tech-
niques [45]. The results showed that OXT stimulated PVN to
release activated intermediate glutamatergic neurons in the su-
perficial layer of the spinal dorsal horn, leading to glutamate
release and activation of inhibitory GABA interneurons, and
finally inhibiting the expression of pain-related neurons. C fiber
is the incoming pain, which plays the role of pain modulation.
However, this inhibition can be reversed by selective OXT an-
tagonists [46].

In short, the analgesic mechanism of oxytocin at the spi-
nal cord level may be through the direct projection of oxyto-
cin neurons to wide dynamic range (WDR) neurons, or direct
activation of inhibitory GABA interneurons or activation of
glutamatergic neurons to promote glutamine Acid release,
activate downstream inhibitory GABA interneurons and reg-
ulate the endogenous opioid peptide system.

4.2. The Mechanism of Analgesic Effect of OXT at the
Level Above the Spinal Cord

At the level above the spinal cord, both the increase of
endogenous OXT and the administration of exogenous OXT
can show significant analgesic effects. In the brain, OXT is
mainly produced and secreted by SON and PVN. Studies
have found that direct stimulation of supraventricular or par-
aventricular nuclear energy can increase endogenous OXT
and play an analgesic effect. After stimulating SON and
PVN, the animal's pain threshold was significantly increased,
and after destroying SON and PVN, the animal's pain
threshold was significantly reduced [37].
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Recently, it has also been reported that stimulus on PVN
can increase the release of OXT at the spinal level [13]. Sim-
ilarly, the electrical stimulus on PVN can increase the con-
centration of OXT in the cerebrospinal fluid (CSF) and ex-
hibit an analgesic effect [37]. These results suggest that OXT
may be involved in the regulation of pain in the brain. In the
cerebral cortex, the hypothalamic OXT neurons have a wide
range of projections in the cortex [47], such as the prefrontal
cortex (PFC), the cingulate cortex (ACC), the insular cortex
(IC), the orbital frontal cortex (OFC) [9], where a large
number of OXT receptors exist [48]. ACC and IC, in particu-
lar, are activated during acute pain in rodents and humans
[49]. However, no study focused on the relationship between
the changes of cortex and pain after the activation of OXT,
and only a few studies cared about imaging of OXT and
pain. Some researchers used functional neuroimaging to ex-
plore the effect of OXT on neural pain circuits and found
that when the subjects watched others suffered, they would
suffered enormously enhance the neural activity of some
cortex (insular lobe and sensorimotor area). However, after
administration of OXT via the nose, the neural activity of the
cortex (especially the left insular lobe) of the subjects de-
creased significantly compared with that before, indicating
that OXT could reduce pain empathy by inhibiting the neural
activity of the cortex [50]. But, at present, there is no study
exploring the direct analgesic effect of OXT in rodents and
the human cortex. Periaqueductal gray matter (PAG) of the
midbrain is an important structure of the endogenous pain
modulation system. It is closely related to the hypothalamus
and the rostral ventromedial reticular structure (RVM). It
regulates the primary afferent activity of the dorsal horn of
the spinal cord through a downward inhibitory pathway [51].
It was found that PAG was a region of extensive expression
of the OXT receptor [47]. Some researchers have found that
injecting OXT into PAG can increase the pain threshold, and
this effect can be removed by giving OXT receptor antago-
nists [52]. After treatment with the OXT receptor antagonist,
the concentrations of endogenous opioid peptides (including
leucine enkephalin, methionine enkephalin, and f-
endorphin) in PAG perfusion decreased significantly. Also,
treatment of naloxone, an opioid receptor antagonist, effec-
tively attenuated OXT induced analgesia, and the concentra-
tion of endogenous opioid peptide increased after administra-
tion of exogenous OXT [53]. In the same way, RVM, which
contains OXT and OXT receptor, is also used as the target
area for studying the analgesic mechanism of OXT [54].
Injection of OXT into PAG or RVM can reduce pain [55]. A
large number of OXT terminals from PVN were also found
in the brain area of the rostral ventrolateral medulla (RVLM)
"PAGRVM-spinal cord" nociceptive signal pathway, and
OXT could activate the neurons involved in the analgesic
effect in RVM [56]. Recent studies have also found that in
neuropathologic pain models, microinjection of OXT into
the ventrolateral orbital cortex (VLOC) can alleviate pain,
which may be mediated by the opioid receptor of PAG [57].
According to the abovementioned studies, it can be conclud-
ed that OXT, as a non-opioid analgesic, plays a key role in
pain regulation and will be one of the potential analgesic
drugs in the future.

The forebrain, including the amygdala, plays an essential
role in emotional and cognitive responses to pain. The
amygdala is a key structure for regulating pain and related
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emotions. Hypothalamus OXT neurons were projected to the
amygdala, in which there some interneurons specifically
expressing OXT receptors in the lateral of the central nucleus
(CeL) part [58]. Stimulating the release of OXT by these
neurons could reduce fear behavior [9]. Recent evidence
indicates that the mesolimbic dopamine system, a circuit
implicated in the rewarding properties of drugs of abuse, is
also critical for the rewarding effects of social stimuli. The
key element of this circuit is the dopamine neuron, which
projects from the ventral tegmental area (VTA) to the nucle-
us accumbens (NAc). For a long time, OXT has been recog-
nized for its important role in a variety of social behaviors
[59]. It participates in mediating social rewards through its
behavior in VTA and NAc. Inhibition of OXT receptors in
male mice [60] NAc or male hamsters [61] or mice [62]
VTA can significantly weaken attachment behaviors and the
rewarding characteristics of certain social interactions. In
recent years, studies have found that OXT is also an im-
portant regulator of emotion and motivation and plays a crit-
ical regulatory role in various neuropsychiatric diseases. For
example, OXT related pathways may be involved in regulat-
ing the occurrence and development of depression [63]. As
we all know, the central amygdala (CeA) is involved in the
regulation of pain. Therefore, OXT may participate in anal-
gesia by projecting to the end of CeA. Some researchers
have confirmed that after OXT is injected into the central
amygdala of rats, the thermal pain threshold and mechanical
pain threshold are significantly increased, and this effect can
be antagonized by OXT receptors [64]. In addition, in arthri-
tis pain models, OXT receptors in the central amygdala me-
diate analgesia by inhibiting pain-related destructive emo-
tions [65]. Therefore, we speculate that OXT may play an
analgesic role by regulating pain-related emotional responses
through the amygdala. It was found that OXT receptors and
OXT fibers were distributed in the NAc of rats. After the
administration of OXT in the NAcc of rats, the hind paw
heat threshold and mechanical pain threshold increased sig-
nificantly [66], indicating that the administration of OXT in
the NAcc has a good anti-injury effect. The application of
naloxone in NAcc weakened the analgesic effect of OXT,
suggesting that the endogenous opioid system may be in-
volved in the analgesic effect of OXT.

OXT may regulate pain sensitivity in many ways. For
example, receiving direct projection from hypothalamic
OXT neurons, stimulating inhibitory GABA interneurons in
the spinal cord, directly inhibiting afferent neurons that re-
ceive pain information in the periphery, or acting on the cer-
ebral cortex, PAG, amygdala, NAcc, and other central areas
(Fig. 1). At present, although the analgesic effect of OXT at
the central level has been widely reported, the specific
mechanism of OXT action is still unclear, especially the
mechanism of its upper central and downstream signaling
pathways at the level of the spinal cord. For example, ad-
vanced areas of the brain that regulate pain, such as the pre-
frontal lobe and the cingulate gyrus, require further research.

5. THE MECHANISM OF ANALGESIC EFFECT OF
OXT AT THE PERIPHERAL NERVOUS SYSTEM

The mechanism by which OXT regulates pain at the level
of the central nervous system has attracted widespread atten-
tion, but the mechanism of peripheral analgesia is poorly
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the spinal cord: OXT activates the
inhibitory GABAergic interneurons,
inhibits discharge of Ad and C
fibers.

OXT inhibits activity of C fibers
and blocks their input transmission
to spinal WDR neurons.

Fig. (1). The analgesic mechanisms of oxytocin. A: The conduction pathways of pain and the regulatory sites of OXT. Ascending pain path-
ways (Red line): peripheral stimulation or inflammation activates Ad and C pain afferent fibers, Ad and C pain afferent fibers transmit noci-
ceptive sensation to the spinal dorsal horn, which further transmits nociceptive sensation through the ascending spinothalamic tract, and the
thalamus then projects to many brain regions such as ACC, insular (INS) and amygdala (AMY). Descending pain pathways (Blue line): Cor-
tex, ACC, INS and AMY regulate the nociceptive signals to the PAG, PAG regulate the signal of RVM, RVM regulate the signals to the spi-
nal dorsal horn. The regulatory sites of OXT are Cortex, AMY, PAG, RVM, NAc, spinal cord, DRG neurons and primary afferent fibers.
B: SON and PVN neurons secrete OXT. C: in PAG, NAc and the spinal cord, OXT (Green line) relieves pain by regulating the opioid sys-
tem. D: in the spinal cord, OXT can activate inhibitory GABAergic intermediate neurons and glutamatergic neurons that release glutamate,
and then excite downstream inhibitory GABAergic neurons, thus inhibiting the discharges of Ad and C fibers. OXT also inhibited the excita-
bility of neurons in the substantia gelatinosa. E: OXT inhibits the activity of C fiber and blocks its afferent transmission to spinal WDR (wide

dynamic range) neurons.

understood. Recent studies have shown that subcutaneous
injection of OXT can relieve pain, but the exact mechanism
is still unclear. Some studies have shown that painful stimu-
lation can cause the activation of the entire OXT system,
which leads to the release of a large amount of OXT into the
blood, thereby producing analgesic effects. Some researchers
have detected the immune signal of the OXT receptor at the
end of the noxiousness of the epidermis and found that sub-
cutaneous injection of OXT can activate the OXT receptor
on the epidermis [67]. The peripheral OXT in regulating
nociceptive sensation is the peripheral nociceptive terminal
axons in the skin [68].

Furthermore, it was verified in the formalin pain model
that OXT played an analgesic effect by activating the OXT
receptor on the epidermis to inhibit the discharge of C fibers
and block the nociceptive sensory signals transmitted to wide
WDR neurons in the spinal dorsal horn. What’s more, OXT
and its receptors are also expressed in DRG and peripheral
skin [68], suggesting that OXT may be involved in the pro-
cess of pain modulation [35]. It has been shown that OXT

can rapidly decrease the excitatory ATP-activated current on
the membrane of DRG neurons, and this inhibitory effect is
triggered by activating the concentrations of PKA and Ca®".
Exogenous OXT can also reduce the excitability of isolated
rat DRG neurons by increasing membrane outward current
and membrane hyperpolarization, which is mediated by
Ca*/nNOS/NO/KATP pathway [13].

OXT receptors exist in the injury-specific terminals of
the skin, and OXT effectively suppresses nociceptive senso-
ry signals of WDR neurons from the peripheral to the dorsal
horn of the spinal cord. Therefore, it is likely to reveal a new
potential role of OXT in pain regulation by inhibiting the
antinociceptive effect of peripheral nociceptive terminal ax-
ons in the skin. But at present, compared with the study of
OXT regulating DRG neurons to reduce pain perception and
pain perception, the research on the mechanism of OXT-
mediated analgesia in the skin is still minimal. These new
findings give rise to many forward-looking problems, such
as the source of OXT acting on the skin, the signal transduc-
tion mechanism of OXT receptors in axonal terminals, and



152 Current Neuropharmacology, 2022, Vol. 20, No. 1 Yang et al.
Table 1. Overview of the analgesic mechanism of OXT.
XT Regulat Exist f Hyd 1- E ion of
o eg}1 atory x1s' ence o1 By Toxy Xpression o The Analgesic Mechanism of OXT References
Premises amine Energy Fibers OXT Receptors
CeA v \ Reduces anxiety and depression to do indirect analgesia [64, 76, 77]
NAc v \ Regulates the opioid system [40, 78]
PAG v \ - (57,79, 80]
Activate the cAMP-PKA pathway to increase intracellular [46, 81-83]
Ca®* and decrease the DRG neuron current mediated by ATP
The intracellular calcium signals of primary sensory neurons [84]
in rats activated by OXT have dose and PKC dependent
DRG x N mechanisms
. Lo . [85, 86]
Increases intracellular calcium in normal KCI concentration
in neurons by inhibiting membrane depolarization
Activates the neuronal membrane hyperpolarization by (81, 82,87]
Ca**/nNOS/NO/K-ATP pathway
- Activates TRPV1 channel to promote Ca”" influx [21, 88, 89]
Skin x v Skin Inhibits discharge of C fibers and blocks the input 35, 67]
transmission to spinal WDR neurons ’
Associates with extracellular signal-related protein kinase [90-92]
ERK1/2
[44, 93]
Blocking Ad and C fibers by activating the inhibitory GA-
BAergic interneurons
Spinal cord y V . ) [94-96]
Promotes glutamate release, stimulate a large quantity of
inhibitory GABA interneurons, block Ad and C fiber
Regulates the opioid system [43, 93]
Inhibits the excitability of the membrane of gelatinous cells [97, 98]

so on. In terms of analgesic mechanism, it is generally be-
lieved that non-narcotic analgesics (such as aspirin) mainly
act on peripheral receptors, while narcotic analgesics (such
as morphine) mainly act on CNS. Opioids or opioid analge-
sics are commonly used by clinicians in the treatment of
physical pain, but these drugs can cause severe addiction and
dependence. Aspirin is a widely used peripheral analgesia,
but the gastrointestinal side effects are more pronounced.
Studies have found that neuropeptides (such as galanin and
calcitonin gene-related peptide) participate in the analgesic
effect on rats at the central level, and oxytocin is also a tiny
molecular peptide and a neuropeptide naturally secreted by
mammals, which can avoid the addiction of opioids and the
gastrointestinal reaction of aspirin. Therefore, it is of great
clinical significance to further study the peripheral analgesic
effect and mechanism of oxytocin [69].

6. THE ANALGESIC EFFECT OF OXT IN DIFFER-
ENT GENDERS

It is worth noting that according to reports, the analgesic
effect of OXT is different between men and women. In-
trathecal injection of OXT in male rats has obvious analgesic
effects. The same dose of OXT still has no analgesic effect
on female rats. Injecting 0.125 nmol OXT into the dural sac
of female rats has no obvious analgesic effect, but when the
OXT concentration is increased to 1.25 nmol, it produced an
obvious analgesic effect [70]. Therefore, it is believed that

the analgesic effect of OXT at the level of the spinal cord of
female rats is not small. Nasal administration of OXT can
increase the perception of noxious heat stimuli in women
with chronic neck and shoulder pain, but not in men. Men
are more sensitive to pain in the cervical spine and deltoid
muscle, while women are more sensitive to pain near the
tibial muscle. The interaction between OXT and endogenous
sex hormones may affect the sensitivity of nociceptive
stimuli [39]. Therefore, the influence of gender should be
considered when applying OXT analgesia.

CONCLUSION AND PERSPECTIVE

As people pay more and more attention to the impact of
various pains on the quality of life of patients, many new
analgesic substances have attracted researchers. As a poly-
peptide, oxytocin is widely used in some countries for labor
induction and delivery [71], prevention of postpartum bleed-
ing [72], and breastfeeding support in some countries [74].
Importantly, more and more studies support that oxytocin
exerts analgesic effects through various central and peripher-
al mechanisms (Table 1), which indicates that oxytocin may
be an effective substance for the treatment of pain or side
pain. Compared with the analgesic effect of the peripheral
nervous system, the analgesic mechanism of OXT in the
central nervous system has been described more frequently
and in detail. However, recent studies have shown that OXT
can effectively regulate peripheral pain, providing new ideas
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for pain treatment. Whether in the central nervous system or
the peripheral nervous system, OXT mainly acts by binding
to OXT receptors. Therefore, whether the receptor exists,
how it works, and the exact mechanism of OXT's analgesic
effect remains to be studied in depth.

In recent years, studies have found that oxytocin can be
transported to the hippocampus, amygdala, hypothalamus,
nucleus accumbens, and spinal dorsal horn to exert its neuro-
transmitter function. Since the amygdala and the dorsal horn
of the spinal cord play an important role in regulating mood
and pain, oxytocin receptors are also expressed in these
parts, suggesting that oxytocin and its receptors may play an
important role in pain information transmission, social be-
havior, and emotional processes affect. On the other hand,
social exclusion can increase the unpleasant emotions caused
by harmful heat stimuli. As we all know, oxytocin can stimu-
late satisfaction, calmness, security, and other emotions.
These results indicate that oxytocin can reduce pain by inhib-
iting the part of the brain that controls fear and anxiety, and
behavioral regulation. At the same time, some studies have
shown that oxytocin will become a new method for the
treatment of autism. Therefore, the analgesic effect support-
ed by social behavior is closely related to the extensive ef-
fects of oxytocin to a certain extent. As a self-produced neu-
rotransmitter, oxytocin is natural, safe, and reliable. Previous
studies have fully proved that pain stimulation can increase
the content of oxytocin in the central nervous system, and
transmit oxytocin to different areas of the brain and spinal
cord through a variety of neural pathways, participate in the
modulation of pain information and play a central analgesic
effect [75]. This is the automatic analgesic mechanism of
individual mammals. However, it is difficult and risky to
inject oxytocin into CNS for analgesia.

In conclusion, a series of scientific issues related to the
analgesic effect of OXT need to be further explored, such as
the role of OXT in DRG. Suppose we can further clarify the
analgesic mechanism of OXT in the peripheral nervous sys-
tem. In that case, it will contribute to the clinical treatment of
refractory pain (including neuropathic pain and inflammato-
ry pain) and open up a new direction for the opening of clin-
ical drugs.

LIST OF ABBREVIATIONS

AC-cAMP-PKA = Adenylate Cyclase-cyclic Adenosine
Monophosphate-Protein Kinase A

ACC = Anterior Cingulate Cortex

AMP = Adenosine 5‘-monophosphate

AMPK = Adenosine 5°‘-monophosphate (AMP)-
activated protein kinase

AMY = Amygdala

AVP = Arginine Vasopressin

AVPR = Arginine Vasopressin Receptor

AVPRI1a = Arginine Vasopressin Receptor la

BRK = Bradykinin

CeA = Central Amygdaloid Nucleus

Current Neuropharmacology, 2022, Vol. 20, No. I 153

CeL = Lateral of the Central Amygdaloid Nu-
cleus

CSF = Cerebrospinal Fluid

DRG = Dorsal Root Ganglion

GABA = y-aminobutyric acid

GPCRS = G Protein-Coupled Receptors

GPT = Glutamic Pyruvic Transaminase

IASP = The International Association for the
Study of Pain

IC = Insular Cortex

INS = Insula

KOR = « opioid receptor

Magn-OXT = Magnocellular OXT

MOR = popioid receptor

NAc = Nucleus Accumbens

NO-GC-cGMP = Nitric Oxide-guanylate Cyclase-cyclic
Guanosine Monophosphate

NOS = Nitric Oxide Synthetase
OFC = Orbital Frontal Cortex
OXT = Oxytocin

OXTR = Oxytocin Receptor
PAG = Periaqueductal Gray
Parv-OXT = Parvocellular OXT
PFC = Prefrontal Cortex

PG = Prostaglandin

PGE2 = Prostaglandin E2
PKC = Protein Kinase C

PLC = Phospholipase C
PLCB = Phospholipase C

PLCB-PIP2-IP3 Phospholipase Cp-phosphatidylinositol

Diphosphate Inositol Triphosphate

PVN = Paraventricular Nucleus

RVLM = Rostral Ventrolateral Medulla
RVM = Rostral Ventromedial Reticular
SNP = Single Nucleotide Polymorphisms
SON = Supraoptic Nucleus

VLOC = Ventrolateral Orbital Cortex
WDR = Wide Dynamic Range
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