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Research progress on the role and mechanisms of x-opioid receptor
in pruritus regulation
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Abstract: Pruritus is an important physiological sensation mediated by the somatosensory system, and its
clinical significance is increasingly recognized. Based on the underlying mechanisms, pruritus can be classified
into histaminergic and non-histaminergic types. Non-histaminergic pruritus constitutes the major form of most
chronic pruritus conditions and often shows poor response to conventional antihistamines. The gastrin-releasing
peptide receptor (GRPR) in the spinal cord, serving as a pruritus-specific receptor, plays a critical role in the
transmission of non-histaminergic pruritic signals. The x-opioid receptor (KOR) and the u-opioid receptor (MOR)
exert opposite effects in pruritus regulation: MOR activation promotes pruritus, whereas KOR activation produces
inhibitory effects. This review systematically elaborates on the multiple molecular mechanisms through which
KOR inhibits pruritus, with a focus on the direct inhibition of GRPR function via protein kinase Cé (PKCo)-
mediated phosphorylation, interference with intracellular calcium signaling, potential modulation of the
phosphoinositide 3-kinase (PI3K)/Akt pathway, and comprehensive regulation of pruritic pathways through
signaling molecules such as Gfy and p-arrestin 2. Together, these mechanisms constitute the basis for KOR-
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mediated regulation of pruritic signals at the spinal level. Although KOR agonists (e.g., TRK-820, CR845) have
shown therapeutic potential for chronic pruritus in clinical studies, translational challenges such as species

differences and cross-talk among signaling pathways warrant further attention. In-depth elucidation of the KOR

regulatory network not only provides novel insights into the physiological and pathological mechanisms of pruritus

but also establishes a solid theoretical foundation for the development of novel, highly-targeted anti-pruritus drugs

with fewer side effects.
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Figure 1 Schematic diagram of pruritus induced by intrathecal

morphine injection via the disinhibition of dynorphinergic and
neuropeptide Y neurons. This figure illustrates the key neural
circuit mechanism underlying pruritus induction at the spinal
dorsal horn level following morphine intrathecal administration.
Morphine, acting as a y-opioid receptor (MOR) agonist, primarily
activates MORs expressed on dynorphinergic (Pdyn”) neurons and
neuropeptide Y (NPY") neurons. MOR activation inhibits these
two types of inhibitory interneurons, leading to a significant
reduction in the release of inhibitory neurotransmitters, including
dynorphin, y-aminobutyric acid (GABA), neuropeptide Y (NPY),
and glycine. This "disinhibition" effect enhances the activity of
downstream gastrin-releasing peptide receptor (GRPR") excitatory
neurons, thereby relaying intense pruritic signals to higher brain

centers and ultimately evoking scratching behavior
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Figure 2 Schematic diagram of the molecular mechanisms by
which u- and x-opioid receptors regulate pruritic signaling at the
spinal level. This schematic summarizes the mechanisms through
which MOR activation promotes and x-opioid receptor (KOR)
activation inhibits spinal pruritic transmission. The pruritogenic
effect of MOR is primarily mediated via two key pathways:
(@ Direct activation through heterodimer formation between
MORID and GRPR, leading to phospholipase C (PLC) activation,
increased intracellular calcium concentration, and enhanced
excitability of GRPR' neurons; (@ indirect "disinhibition" via
suppression of Pdyn’ and NPY" inhibitory interneurons, which
elevates the excitability of downstream GRPR' neurons.
Conversely, the antipruritic effect of KOR is mediated through
multiple converging pathways: (D Direct inhibition of GRPR
function via PLC-dependent recruitment and activation of protein
kinase Cé (PKCJ), resulting in GRPR phosphorylation; 2 potential
inhibitory pathways mediated by signaling molecules including
Gai, Gpy, and p-arrestin 2 (indicated by dashed inhibitory arrows
in the figure), which may collectively contribute to the integrated
modulation of GRPR" neuron excitability; @) the phosphoinositide
3-kinase (PI3K)/Akt signaling pathway, which also participates in
pruritic signal transmission and may be indirectly modulated by
KOR. Thus, the excitability of pruriceptive GRPR" neurons is
determined by the dynamic balance between these opposing MOR
and KOR signals
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situ hybridization, ISH) ${ AR @ — 2 KB, FHEHER KT
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8 50% ¥ GRPR #f 2 70 3 I8 Oprkl mRNA, iESE T
KOR 5 GRPREH#fiHH IR IAIM R . ThRELE B
7N, GRP Rf 5 PR B0RE T 5 /8 R AR IR AT O, Tl
KOR #2h77 U50488H BEH M iZ 47 /",

5 — T FCUE B, GRPR 154 - 55 i 3 i 2
JG (spinoparabrachial neuron, SPBN) H1 45 7 %14, &
JEFEAS TR IE MO i . KOR B3N 77 TRK-820 i
I 3% 4% P 401 24X GRPR (1) SPBN, 1 A [i] 41 45 ¢,
B E BRI E S IIRAT N . R &AL
(fluorescent in situ hybridization, FISH) 4> #1878, 55%
ft) SPBN # ik KOR, H. 75% % i%& GRPR ] SPBN Jt %
X KOR, X — KI5 T/K-FIE W] 7 KOR il i B #
W2 215 GRPR (1) SPBN FH Wi B 15 5 101 B 55 % 5
b EAERHLE . XS EE R ARG R T
KOR-GRPR & % 7 J& 5 i 4 o (¥ 7 F L, 5 25 22 17
A& N TE R 1A KOR (1) Ry ide #8 M ke 25 4 it 7 IR sk
(O ER AV SE AL, A R MEI6 MR 0067 TR RE TG
TR ME o AR FT W] HE— 25 R 2 KOR W B 3k 5 14
BTN TF R, UA B 1% 10 % 7 75 23 5 Hh 1 4 e
WAL
3 Wit

KOR B3l FI7E I AR V6 97 7 (1 L 2 A & 35
JR, o ) 2 A PR B TR 45 Y 1 R R AN E R AR
Jo P S ME A MR R R IR T R R B R AT R, 3L
H, TRK-820 1E &5 A~ 3K AL ) KOR 4B 171 2454, EL7E H
AR BRI T R EERE PR (VR T MRy i E R
= 2EAIE 72 8 B 25 T 72 BTt R TR TR T R B2 ARk
F 7, Xf KOR F1 DOR A % 5 {0 7E H, 171 % MOR
WO AR 55, 75 2 P B vh R B R 4T R
g E VIR~ IR R G N = R = el = | e (2
FHUSATH X el R S AN IR UE T KOR AE iR T 48
MEAAT M, BN R BT M PURFE A Y IRt T H
B,

MBI BT K E , KOR-GRPR 3¢ HAE F i1 & 3 K
PR B PR P B AL TR A . BT UEHE R W], KOR Af
R L R REILFEEH: © BEERERE
GRPR ] SPBN X% & 1, @ THURFEAS 5@ B 11L T
@ W RBE ST M. HESEENE GEA
fift 25 J5 77 AE 10 Gy S m BB S GIRK R, {2 it
BB T AN AL B 4 B AR AL, 1X AT 2 KOR #11)9%
FERIHLE] 2 — . BRI, 9% T KOR B E A7 G & A
WA AR 3 RS S AR AE S U AT 78 Gad FF
FEPERIEIF PTX (52560 45 R R, KOR X545 5 1
FEAMK A Goi 38 B, IXFEIR T T BB AL
Gt G B o AR IR PR R 2 P s A

B-Arrestin {5 538 [ 75 3 5 % 1 1A H [R) FE
19%0F . BIRH BT R T B-arrestin 2 7E 15 P 1 H V) A
1 oK 58 42 ) B, 3 E A UE S R B HAE GPCR 15 5 #%
SN R R 2 ERED R . REMERTER
72, B-arrestin MY Z 5 2 AR B, i& 7] BeAE NP ALAE 5
SCHLER OSBRI, VRN R BT B-arrestin £E
KOR {5 5 9 2% H 1) A F R A BT 4 T 2 g 5 o 4%
B o

S KOR 3N 711 1 i A 2 F RIS al, H =24 /i RE
FRAEAEL TRR . &2, 2 BOWLHIESE IR 106 5 28
IR, 5 N R IRFE v L IR K 2 IR B AE
TEP)Fh 22 7, P RE 5 I DR % A0 R F0 R0 LR,
KOR &5 5 wd bl Jy 52 & J HoAth GPCRIE B AF1E) 2
38 X4, 0 T FF A e age B P TG A 1 2, it
b, A > KOR Bh 7l vl RE 5l ikt 4 R GEA
RSN (AR ) Y, HAS [R5 15 50N IR R
AR A7 E BRURE (1 98 BEL AW, 55 LE B H B BLIX 4 .
AR T 75 48 B S0 G 3 N 8GR ABE R R oA P 2L ) B
SRR 8 R R LI IR R, LAHES) KOR HE 1A)¥A
T A BN H

HF R E 5P, KOR BN FIE N —J8 1
HURFELY), Folm PR R I8 ) A3 B WIPEE . AR,
B8 & X HAS S AL (0 e 2 P MhRs S 1 38 B 3k R
AN B SEAL) B BE PR N 5T, A BT R H Ak
PEPERI 2 2 R IRVRTT 250 o XAV BE IR 1 R P
PR AA MIEIT T R, W ONIR N f#E GPCR
I YA 2 e ) S 28 A F SR AR R BB HE SR .

YE& Tmk: #0EE P00 SOCIRR RR ST B ; B R
B T IR B S SCHEAT Vit VB R s S RMs R, T AR
RS SIS -

TS ASCHTEE# B AAFIER R RK R

References

[1] Toyama S, Tominaga M, Takamori K. Treatment options for
troublesome itch [J]. Pharmaceuticals (Basel), 2022, 15: 1022.

[2] Lavery MJ, Kinney MO, Mochizuki H, et al. Pruritus: An
overview. What drives people to scratch an itch? [J]. Ulster Med
J,2016, 85: 164-173.

[3] Mobarakeh JI, Sakurada S, Katsuyama S, et al. Role of
histamine H, receptor in pain perception: A study of the receptor
gene knockout mice [J]. Eur J Pharmacol, 2000, 391: 81-89.

[4] Jeffry J, Kim S, Chen ZF. Itch signaling in the nervous system
[J]. Physiology (Bethesda), 2011, 26: 286-292.

[5] Criado PR, Jardim Criado RF, lanhez M, et al. Chronic pruritus:
A narrative review [J]. An Bras Dermatol, 2025, 100: 487-519.

[6] Tan LX, Wang YJ, Cao ZY. Research progress on TRPV3



FRERPHAE: re B 52 AR AE a3 R 42 b AR P B LA 1F 5 2 e

1017

(7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

channel [J]. Acta Pharm Sin (Z2%%%4R), 2022, 57: 2269-2282.
Phan NQ, Lotts T, Antal A, et al. Systemic kappa opioid receptor
agonists in the treatment of chronic pruritus: A literature review
[J]. Acta Derm Venereol, 2012, 92: 555-560.

Liu XY, Liu ZC, Sun YG, et al. Unidirectional cross-activation
of GRPR by MORID uncouples itch and analgesia induced by
opioids [J]. Cell, 2011, 147: 447-458.

Nguyen E, Lim G, Ding H, et al. Morphine acts on spinal
dynorphin neurons to cause itch through disinhibition [J]. Sci
Transl Med, 2021, 13: eabc3774.

Zeng Q, Li YT, Wu YF, et al. Neuropeptide Y neurons mediate
opioid-induced itch by disinhibiting GRP-GRPR microcircuits in
the spinal cord [J]. Nat Commun, 2025, 16: 7074.

Munanairi A, Liu XY, Barry DM, et al. Non-canonical opioid
signaling inhibits itch transmission in the spinal cord of mice [J].
Cell Rep, 2018, 23: 866-877.

Sheahan TD, Warwick CA, Cui AY, et al. Kappa opioids inhibit
spinal output neurons to suppress itch [J]. Sci Adv, 2024, 10:
eadp6038.

Smith KM, Nguyen E, Ross SE. The delta-opioid receptor
bidirectionally modulates itch [J]. J Pain, 2023, 24: 264-272.

Sun YG, Chen ZF. A gastrin-releasing peptide receptor mediates
the itch sensation in the spinal cord [J]. Nature, 2007, 448:
700-703.

Ma F, Zhou PL, Su RB. Thienorphine inhibited acute scratching
behavior induced byopioids and non-opioids [J]. Acta Pharm Sin
(2% 25:41), 2024, 59: 965-971.

Sun YG, Zhao ZQ, Meng XL, et al. Cellular basis of itch
sensation [J]. Science, 2009, 325: 1531-1534.

Barry DM, Munanairi A, Chen ZF. Spinal mechanisms of itch
transmission [J]. Neurosci Bull, 2018, 34: 156-164.

Han J, Zhang J, Nazarova AL, et al. Ligand and G-protein
selectivity in the x-opioid receptor [J]. Nature, 2023, 617: 417-
425.

Liu JJ, Chiu YT, Chen C, et al. Pharmacological and phospho-
proteomic approaches to roles of protein kinase C in kappa
opioid receptor-mediated effects in mice [J]. Neuropharmacology,
2020, 181: 108324.

French AR, van Rijn RM. An updated assessment of the
translational promise of G-protein-biased kappa opioid receptor
agonists to treat pain and other indications without debilitating
adverse effects [J]. Pharmacol Res, 2022, 177: 106091.

Valentino RJ, Volkow ND. Untangling the complexity of opioid
receptor function [J].

2514-2520.

Neuropsychopharmacology, 2018, 43:

Simonin F, Valverde O, Smadja C, et al. Disruption of the kappa-
opioid receptor gene in mice enhances sensitivity to chemical
visceral pain, impairs pharmacological actions of the selective
kappa-agonist U50488H and attenuates morphine withdrawal
[J]. EMBO J, 1998, 17: 886-897.

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Bruchas MR, Land BB, Aita M, et al. Stress-induced p38
mitogen-activated protein kinase activation mediates kappa-
opioid-dependent dysphoria [J]. J Neurosci, 2007, 27: 11614-
11623.

Pliakas AM, Carlson RR, Neve RL, et al. Altered responsiveness
to cocaine and increased immobility in the forced swim test
associated with elevated cAMP response element-binding protein
expression in nucleus accumbens [J]. J Neurosci, 2001, 21: 7397-
7403.

Di Chiara G, Imperato A. Opposite effects of mu and kappa
opiate agonists on dopamine release in the nucleus accumbens
and in the dorsal caudate of freely moving rats [J]. J Pharmacol
Exp Ther, 1988, 244: 1067-1080.

Morgenweck J, Frankowski KJ, Prisinzano TE, et al. Investiga-
tion of the role of S-arrestin 2 in kappa opioid receptor modula-
tion in a mouse model of pruritus [J]. Neuropharmacology, 2015,
99: 600-609.

Zhou Y, Freeman K, Setola V, et al. Preclinical studies on
Nalfurafine (TRK-820), a clinically used KOR agonist [J].
Handb Exp Pharmacol, 2022, 271: 137-162.

Bigliardi-Qi M, Gaveriaux-Ruff C, Pfaltz K, et al. Deletion of
mu- and kappa-opioid receptors in mice changes epidermal
hypertrophy, density of peripheral nerve endings, and itch
behavior [J]. J Invest Dermatol, 2007, 127: 1479-1488.

Inan S, Dun NJ, Cowan A. Antipruritic effect of Nalbuphine, a
kappa opioid receptor agonist, in mice: A pan antipruritic [J].
Molecules, 2021, 26: 5517.

Nguyen E, Lim G, Ross SE. Evaluation of therapies for
peripheral and neuraxial opioid-induced pruritus based on
molecular and cellular discoveries [J]. Anesthesiology, 2021,
135:350-365.

Kim BS, Inan S, Stinder S, et al. Role of kappa-opioid and
mu-opioid receptors in pruritus: Peripheral and central itch
circuits [J]. Exp Dermatol, 2022, 31: 1900-1907.

Machelska H, Celik MO. Advances in achieving opioid analgesia
without side effects [J]. Front Pharmacol, 2018, 9: 1388.

Schuller HM. Inhibitory role of G;-coupled receptors on cAMP-
driven cancers with focus on opioid receptors in lung adenocar-
cinoma and its stem cells [J]. Vitam Horm, 2019, 111: 299-311.
Nguyen H, Glaaser IW, Slesinger PA. Direct modulation of G
protein-gated inwardly rectifying potassium (GIRK) channels
[J]. Front Physiol, 2024, 15: 1386645.

Ikeda K, Kobayashi T, Kumanishi T, et al. Involvement of G-
protein-activated inwardly rectifying K (GIRK) channels in
opioid-induced analgesia [J]. Neurosci Res, 2000, 38: 113-116.
Xiang R, Hu Y, Cao BB. The role of f-arrestins in mediating G
protein-coupled receptors (GPCRs)-related signal pathways [J].
Chin J Biochem Mol Biol (' [E £ ¥4k 2+ 5 4> F 4 W) 4 4R),
2013,29: 122-127.

Schmid CL, Streicher JM, Groer CE, et al. Functional selectivity



2, 0

1018 - 2% %3 Acta Pharmaceutica Sinica 2026, 61(4): 1011-1018

[38]

[39]

[40]

[41]

[42]

[43]

[44]

of 6'-guanidinonaltrindole (6'-GNTI) at x-opioid receptors in
striatal neurons [J]. J Biol Chem, 2013, 288: 22387-22398.

Ma F. Mechanism of Pruritus Induced by Intrathecal Morphine
and the Antipruritic Effect of Thienorphine (%5 P4 N5 1 2505 7 AL
il S g Wy 15 Wk 1k 9% 4 F F 7%) [D]. Nanjing: Nanjing University
of Chinese Medicine, 2024.

Rozengurt E. Mitogenic signaling pathways induced by G
protein-coupled receptors [J]. J Cell Physiol, 2007, 213: 589-602.
Carnero A, Blanco-Aparicio C, Renner O, et al. The PTEN/PI3K/
AKT signalling pathway in cancer, therapeutic implications [J].
Curr Cancer Drug Targets, 2008, 8: 187-198.

Pereira PJ, Machado GD, Danesi GM, et al. GRPR/PI3Ky:
Partners in central transmission of itch [J]. J Neurosci, 2015, 35:
16272-16281.

Wijayaratna D, Ratnayake K, Ubeysinghe S, et al. The spatial
distribution of GPCR and Gfy activity across a cell dictates PIP,
dynamics [J]. Sci Rep, 2023, 13: 2771.

Wang GD, Zhao ZQ, Li CQ. Advances in the research of opioid
receptor and ion channels of dorsal root ganglion neurons [J].
Prog Physiol Sci (4= B R £ ]), 1997, 28: 311-316.

Rusin KI, Giovannucci DR, Stuenkel EL, et al. Kappa-opioid

[45]

[46]

[47]

(48]

[49]

receptor activation modulates Ca®* currents and secretion in
isolated neuroendocrine nerve terminals [J]. J Neurosci, 1997,
17: 6565-6574.

Akiyama T, Tominaga M, Davoodi A, et al. Roles for substance
P and gastrin-releasing peptide as neurotransmitters released by
primary afferent pruriceptors [J]. J Neurophysiol, 2013, 109:
742-748.

Barry DM, Li H, Liu XY, et al. Critical evaluation of the
expression of gastrin-releasing peptide in dorsal root ganglia and
spinal cord [J]. Mol Pain, 2016, 12: 1744806916643724.

Yu G, Li SH, Cui MX, et al. Multiple mechanisms underlying
the long duration of action of thienorphine, a novel partial opioid
agonist for the treatment of addiction [J]. CNS Neurosci Ther,
2014, 20: 282-288.

Zhou PL, Li YL, Yong Z, et al. Thienorphine induces
antinociception without dependence through activation of x- and
0-, and partial activation of u-opioid receptor [J]. Brain Res,
2020, 1748: 147083.

Milligan G. The prevalence, maintenance, and relevance of G
protein-coupled receptor oligomerization [J]. Mol Pharmacol,
2013, 84: 158-169.



