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Background and Purpose: Leonurine, a pseudoalkaloid derived from Leonotis leo-

nurus, has been traditionally used in herbal medicine to alleviate conditions such as

headaches and abdominal discomfort. Its therapeutic effects are often attributed to

potential antioxidant properties; however, the precise molecular mechanisms remain

poorly understood. Transient Receptor Potential (TRP) channels, particularly TRPA1

and TRPV4, serve as critical sensors of reactive oxygen species (ROS). Persistent ROS

elevation can contribute to pain by activating these channels.

Experimental Approach: Here, we examined the antinociceptive properties of leo-

nurine and its modulatory effects on TRPA1 and TRPV4 channels after stimulation

with selective (allyl isothiocyanate (AITC) and GSK1016790A, respectively) or non-

selective (hydrogen peroxide, H2O2) agonists. Employing human and murine cell lines

Abbreviations: AAV, adeno associated virus; Adv, Advillin; AITC, allyl-isothiocyanate; BL, Baseline; CIPN, chemotherapy-induced peripheral neuropathy; H2O2, hydrogen peroxide; ROS, reactive

oxygen species; TRP, transient receptor potential; TRPA1, transient receptor potential Ankyrin 1; TRPV4, transient receptor potential Vanilloid 4.
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expressing TRPA1 and TRPV4, and mouse primary sensory neurons from dorsal root

ganglia (DRG), we observed that leonurine elicited a selective, concentration-

dependent increase in intracellular calcium levels, followed by desensitisation of both

channels. Notably, TRPA1 and TRPV4 have been implicated in the development and

maintenance of mechanical allodynia within models of chemotherapy-induced periph-

eral neuropathy (CIPN). We used a thalidomide CIPN model to assess the efficacy of

leonurine to reduce TRPA1- and TRPV4-dependent mechanical allodynia.

Key Results: Our findings indicate that repeated, but not acute, administration of leo-

nurine significantly reduced thalidomide-induced mechanical allodynia, highlighting

the crucial role of TRPA1 and TRPV4 desensitisation in pain modulation.

Conclusions and Implications: These results position leonurine as a promising candi-

date for pain management, warranting further investigation into long-term therapeu-

tic strategies and potential clinical applications.

K E YWORD S

desensitisation, CIPN, leonurine, pain, ROS, TRPA1, TRPV4

1 | INTRODUCTION

Leonurine is a pseudoalkaloid compound, first isolated in 1930 from

the Leonotis leonurus plant which has been traditionally used by

South African communities for its medicinal properties. Extracts

from L. leonurus exhibit a variety of biological activities, including

anti-apoptotic, antioxidant, and anti-inflammatory effects (Huang

et al., 2021; Liu et al., 2024). However, the natural content of leonurine

in fresh Leonurus plants is relatively low (approximately 0.02%–0.12%),

and coexisting phytochemicals introduce impurities. Consequently,

large-scale generation of high-purity leonurine necessitates chemical

synthesis (Zhu et al., 2018). Studies demonstrate protective effects of

leonurine in multiple pathological conditions, including gynaecological,

cardiovascular and central nervous system diseases (Huang et al., 2021;

Lin et al., 2022; Xu et al., 2020). Many mechanisms have been pro-

posed to explain these protective effects, some of which involve the

inhibition of nuclear factor kappa B (NF-κB) activation and suppression

of intracellular reactive oxygen species (ROS) production and accumula-

tion (Huang et al., 2021; Zhang et al., 2012; Zhu et al., 2018).

Notably, ROS contribute significantly to both the onset and persistence

of pain, particularly in neuropathic pain models involving nerve injury

(De Logu et al., 2017). Their involvement extends to conditions such as

alcohol-induced peripheral neuropathy (De Logu et al., 2019),

diabetic neuropathy (Cameron et al., 2001) and both tumour progres-

sion and chemotherapy-induced peripheral neuropathy (CIPN) (Boiko

et al., 2017; De Logu et al., 2016, 2020; Materazzi et al., 2012; Nassini

et al., 2012; Shim et al., 2019; Trevisan et al., 2013).

The Transient Receptor Potential (TRP) channel superfamily

includes a subclass of non-selective, calcium ion (Ca2+)-permeable

channels, predominantly expressed in a subset of sensory neurons

(Nassini et al., 2012; Sousa-Valente et al., 2014). Among these, the

ankyrin 1 (TRPA1) and vanilloid 4 (TRPV4) have gained attention

because of their role in various physiological and pathological pro-

cesses (Al-Anzi et al., 2006). TRPA1 is activated by exogenous com-

pounds such as allyl isothiocyanate (mustard oil) and cinnamaldehyde

(Jordt et al., 2004; Nilius & Voets, 2007), in contrast, TRPV4 is acti-

vated by different physical and chemical stimuli, including hypotonic

What is already known?

• Leonurine has traditional use for pain relief, possibly

because of antioxidant properties.

• TRPA1 and TRPV4 channels mediate pain via reactive

oxygen species in neuropathy.

What does this study add?

• Leonurine desensitises TRPA1 and TRPV4 channels after

activating calcium influx in sensory neurons.

• Repeated leonurine treatment reduces thalidomide-

induced mechanical and cold sensitivity in mice.

What is the clinical significance?

• Leonurine reduces pain via partial TRPA1/TRPV4 agon-

ism and resulting neuronal desensitisation.

• Leonurine is a promising pain therapy targeting redox-

sensitive ion channels in sensory neurons.
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cell swelling (Liedtke et al., 2000), heat (Guler et al., 2002; Watanabe

et al., 2002), low pH (Suzuki et al., 2003) and membrane stretch and

shear stress (Liedtke & Friedman, 2003; Mendoza et al., 2010).

Furthermore, both TRPA1 and TRPV4 channels are known to sense

ROS, including hydrogen peroxide (H₂O₂) (Mori et al., 2016). This

redox sensitivity is a distinctive feature, making TRPA1 and TRPV4

two of the major redox-sensitive channels within the TRP superfamily

(Andersson et al., 2008; Jordt et al., 2004; Mori et al., 2016; Nilius &

Voets, 2007).

Although decoctions and infusions of L. leonurus leaves are known

to exhibit analgesic properties (Ojewole, 2005) and leonurine itself

has been investigated as an effective remedy for several painful

states, including postpartum abdominal pain (Kuchta et al., 2010), the

precise molecular mechanism underlying leonurine-induced analgesia

remains unknown.

Given the established roles of TRPA1 and TRPV4 in detecting

ROS and the potential anti-inflammatory effects of leonurine through

ROS modulation, here we investigated whether L. leonurus extracts

could target TRPA1 and TRPV4 to provide pain relief. Our findings

indicate that leonurine selectively targets both human and murine

TRPA1 and TRPV4 channels, initially causing neuronal excitation

followed by the desensitisation of both channels. We previously dem-

onstrated that TRPA1 and TRPV4 channels mediate thalidomide-

induced peripheral neuropathy in mice via a ROS-dependent pathway

(De Logu et al., 2020). Here, we further explored the ability of leonur-

ine to desensitise both TRPA1 and TRPV4 channels resulting in a

reduction of mechanical allodynia in a mouse model of CIPN induced

by thalidomide. Our findings suggest that the present and previously

reported effect of Leounurus plants in pain sensation may derive from

the ability of leonurine to evoke TRPA1 and TRPV4-dependent

desensitisation of nociceptors, thereby reducing pain perception.

2 | METHODS

2.1 | Ethics

The conducted research complies with all relevant ethical regulations.

Animal experiments were carried out in accordance with the

European Union (EU) guidelines for animal care procedures and

the Italian legislation (DLgs 26/2014) application of the EU Directive

2010/63/EU. The study was approved by the National Committee for

the Protection of Animals used for Scientific Purposes of the Italian

Ministry of Health (research permits #1194/2015PR). Animal studies

are reported in compliance with the ARRIVE guidelines (Percie du Sert

et al., 2020) and with the recommendations made by the British Jour-

nal of Pharmacology (Lilley et al., 2020).

2.2 | Cell lines

Human embryonic kidney cells (HEK293) were stably transfected with

cDNA for human TRPA1 (hTRPA1-HEK293), or with cDNA for human

TRPV4 (hTRPV4-HEK293) or with cDNA for human TRPV1

(hTRPV1-HEK293). HEK293T cells (American Type Culture Collection

ATCC® Cat#CRL-3216, RRID:CVCL_0063) and human breast

adenocarcinoma MDA-MB-231 cells (ATCC® Cat#HTB-26™,

RRID:CVCL_0062) were cultured in Dulbecco's Modified Eagle

Medium (DMEM) supplemented with heat-inactivated foetal bovine

serum (FBS) (10%) (FBS tetracycline free for hTRPV4-HEK293 cells),

L-glutamine (2 mM), penicillin (100 U ml�1), and streptomycin

(10 mg ml�1) at 37�C in 5% CO2 and 95% O2. The cell culture medium

of hTRPA1–HEK293 cells also contained sodium pyruvate (1 mM) and

G418 (1 mg ml�1). Hygromycin B (100 μg ml�1) and blasticidin S

hydrochloride (5 μg ml�1) and tetracycline (0.1 μg ml�1 overnight

[ON] before Ca2+ imaging) were added to the hTRPV4–HEK293 cell

culture medium. hTRPV1-HEK293 cells were selected with G418

(1 μl ml�1). HEK293T cells were transiently transfected with the

cDNAs (1 μg) coding for murine TRPA1 (Vector Builder, Chicago,

Illinois, USA, #Trpa1 [NM_177781.5] Mouse Tagged ORF Clone,

mTRPA1-HEK293T cells) or murine TRPV4 (OriGene, Rockville, MD

20850, US #Trpv4 [NM_022017] Mouse Tagged ORF Clone

MG226813, mTRPV4-HEK293T cells) using the jetPRIME transfec-

tion reagent (Polyplus-transfection® SA, Strasbourg, France

#101000006) 24 h before Ca2+ imaging experiments according to the

manufacturer's protocol and cultured as described earlier. All cells

were used when received without further authentication.

2.3 | Primary culture of mouse dorsal root ganglion
(DRG) neurons

Primary DRG (combined cervical, thoracic, and lumbar) neurons were

obtained from male C57BL/6J (n = 10), Trpa1�/� (n = 5) and

Trpv4�/� (n = 5) adult mice. Briefly, tissues were bilaterally excised

under a dissection microscope and enzymatically digested using

2 mg ml�1 of collagenase type 1A and 1 mg ml�1 of papain in Hanks'

Balanced Salt Solution (HBSS) for 35 min at 37�C. Ganglia were then

disrupted by several passages through a series of syringe needles

(23–25 G). Neurons were then pelleted by centrifugation at

1200 rpm for 5 min at room temperature (RT) and resuspended in

DMEM supplemented with Ham's-F12, containing 10% heat-

inactivated FBS, 100 U ml�1 of penicillin, 0.1 mg ml�1 streptomycin,

and 2 mM L-glutamine added with 100 ng ml�1 nerve growth factor

and 2.5 mM cytosine-b-D-arabinofuranoside free base and main-

tained at 37�C in 5% CO2 and 95% O2 for 2 days before Ca2+-

imaging experiments.

2.4 | Calcium imaging

hTRPA1–HEK293, hTRPV4–HEK293, hTRPV1–HEK293, MDA-MB-

231, mTRPA1-HEK293T, mTRPV4-HEK293T cells and mouse DRG

neurons were plated on poly-L-lysine-coated (8.3 μM) 35-mm glass

coverslips (Thermo Fisher Scientific, Waltham, MA) and maintained at

37�C in 5% CO2 and 95% O2 for 24 h before Ca2+ imaging. On the

MARINI ET AL. 5471
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day of experiments, cells were loaded (40 min) with Fura-2 AM-ester

(5 μM) added to the buffer solution (37�C) containing (in mM)

2 CaCl2, 5.4 KCl, 0.4 MgSO4, 135 NaCl, 10 D-glucose,

10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and bovine

serum albumin (BSA, 0.1%) at pH 7.4. Cells were then washed and

transferred to a chamber on the stage of a fluorescent microscope

for recording (Axio Observer 7; with a fast filter wheel and Digi-4

lens to record excitations and Ultra-fast Sutter Lambda DG4 Xenon

excitation source (range 300–700 nM) (Zeiss, Oberkochen,

Germany). Depending on the experiment, cells were exposed to leo-

nurine (300 nM to 1 mM) or vehicle (0.1% DMS0), allyl isothiocya-

nate (AITC, 300 nM to 1 mM) or vehicle (0.1% DMS0), capsaicin

(10 μM) or vehicle (0.1 ethanol), GSK-1016790A (3 nM to 300 μM)

or vehicle (0.1% DMS0) and hydrogen peroxide (H2O2 300 μM to

20 mM) or vehicle (0.01% dimethyl sulfoxide [DMSO]). For the Ca2+

assay experiments in MDA-MB-231 cells, a concentration of leonur-

ine (126 μM) was selected that fell between the EC80 values of

leonurine in hTRPA1-HEK293 and hTRPV4-HEK293 cells. EC80 ago-

nist concentration was used in the presence of A967079 (30 μM),

HC067047 (50 μM), Ca2+ free medium, H2O2 or vehicle (0.01–0.1%

DMSO).

In the experiments involving mouse DRG neurons, a high concen-

tration of KCl (50 mM) that depolarises functional neurons causing

Ca2+ influx was used to further exclude the non-neuronal cells. The

percentage of DRG neurons in each acquisition field that did not

respond to the TRPA1 agonist, the TRPV4 agonist or both was consis-

tent with previously reported data (Cao et al., 2009; Girard

et al., 2013; Jordt et al., 2004; Nagata et al., 2005) (42.7 ± 2.6% non-

responders for TRPA1, 12.2 ± 1% non-responders for TRPV4, and

11.5 ± 4.6% non-responders for both TRPA1 and TRPV4). The aver-

age trace (coloured trace) and the standard error (grey area) were

derived from the mean response of all recorded cells in an experiment,

including neurons that did not respond to TRPA1, TRPV4 or both.

EC50, EC80 and Emax were indicated as percentage of the response

evoked by ionomycin (5 μM). Results were expressed as the percent

increase in ratio 340/380 (R340/380) over baseline normalised to the

maximum effect induced by ionomycin added at the end of each

experiment.

2.5 | Quantitative reverse transcription
polymerase chain reaction (qRT-PCR)

Total RNA was extracted from hTRPA1–HEK293, hTRPV4–HEK293,

MDA-MB-231 cells and mouse DRGs (combined cervical, thoracic

and lumbar) using the RNeasy Mini kit (Qiagen SpA, Hilden, Germany),

according to the manufacturer's protocol. RNA concentration and

purity were assessed spectrophotometrically by measuring the absor-

bance at 260 and 280 nm. RNA was reverse transcribed with the

SuperScript™ IV VILO™ Master Mix (Invitrogen, Waltham, Massachu-

setts, USA) following the manufacturer's protocol. For mRNA relative

quantification, rt-PCR was performed on Rotor Gene® Q (Qiagen SpA,

Rotor-Gene® Q Software Version 2.3.1.49). The relative abundance

of mRNA transcripts was calculated using the ΔCT method and nor-

malised to GAPDH levels. Primers sets are listed in Table S1. Each

experiment was independently repeated three times, and each experi-

ment included three biological replicates.

2.6 | Electrophysiology

Whole-cell patch-clamp recordings were performed in primary sen-

sory neurons (C57BL/6J adult mice, n = 10 mice) plated on coated

coverslips as previously reported (Benemei et al., 2017). Briefly, cov-

erslips were transferred to a recording chamber (500 μl volume),

mounted on the platform of an inverted microscope (Olympus

CKX41, Milan, Italy) and superfused at a flow rate of 1.5 ml min�1

with a standard extracellular solution containing (in mM): 10 HEPES,

10 D-glucose, 147 NaCl, 4 KCl, 1 MgCl2 and 2 CaCl2 (pH adjusted

to 7.4 with NaOH). Cells were voltage-clamped at �60 mV by a 2–

4 MΩ-recording electrode filled with the following intracellular solu-

tion (in mM): CsCl 120; Mg2-ATP 3; EGTA 10 and HEPES

10 (pH 7.4 with CsOH). All the experiments were performed at room

temperature (RT: 20–22�C). Data were acquired by an Axopatch

200B amplifier (Axon Instruments, Union City, CA), low-pass filtered

at 10 kHz, stored and analysed with pClamp 9.2 software (Axon

Instruments). Series resistance (Rs), membrane resistance (Rm) and

membrane capacitance (Cm) were routinely measured by fast hyper-

polarising 10 mV voltage steps. Only cells showing a stable Cm and

Rs (<20% variation) throughout the experiment were included in the

analysis. TRPA1-, TRPV4- or TRPV1-mediated currents were

detected as inward currents activated upon superfusion with respec-

tive agonists: AITC (200 μM) GSK-1016790A (10 μM) or capsaicin

(10 μM), respectively. Averaged TRP-activated currents were normal-

ised to Cm and expressed as current density (pA/pF) in averaged

results.

2.7 | MTT cell viability assay

Cells were plated in 96-well black wall clear bottom plates (#165305,

Thermo Fisher Scientific, Waltham, MA, USA) and maintained at 37�C

in 5% CO2 and 95% O2 for 24 h before the experiments. Depending

on the experiments, each cell line was incubated for 10 min with the

highest concentration of different compounds tested in calcium imag-

ing experiments. Specifically, leonurine (hTRPA1-HEK293 = 1 mM,

hTRPV4-HEK293 = 1 mM, hTRPV1-HEK293 = 126 μM,

HEK293T = 126 μM, MDA-MB-231 = 126 μM,

mTRPA1-HEK293T = 1 mM, mTRPV4-HEK293T = 300 μM and

mDRG neurons = 115 μM), AITC (hTRPA1-HEK293 = 1 mM, MDA-

MB-231 = 300 μM, mTRPA1-HEK293T = 1 mM and mDRG

neurons = 30 μM), GSK-1016790A (hTRPV4-HEK293 = 100 μM,

MDA-MB-231 = 100 μM, mTRPV4-HEK293T = 300 μM and mDRG

neurons = 1 μM), H2O2 (hTRPA1-HEK293 = 126 μM, hTRPV4-

HEK293 = 5 mM, MDA-MB-231 = 20 mM, mTRPA1-HEK293T

= 1 mM and mTRPV4-HEK293T = 300 μM), A967079 (30 μM),

5472 MARINI ET AL.
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HC067047 (50 μM), capsaicin (10 μM) and A967079 + HC067047

(30 μM + 50 μM), were tested. Vehicle (Hank's balanced salt solution,

HBSS)-treated cells represented the maximum cell viability. Ionomycin

(100 μM), as a positive control, was used to completely lyse the cells

(Han et al., 2013). Then, the medium was removed and replaced with

50 μl of MTT diluted in HBSS (final concentration 0.5 mg ml�1). Fol-

lowing a 4-h incubation period, DMSO was used to dissolve the for-

mazan crystals, and the absorbance was measured at 570 nm after

measuring the background absorbance of multiwell plates (690 nm) in

a microplate reader (FlexStation 3 Multi-Mode microplate reader;

Molecular Devices, San Jose, CA, USA) with SoftMax® Pro 7 software

(Molecular Devices). The background absorbance was subtracted from

the 570 nm measurement, and results were expressed as percentage

of cell viability compared to vehicle.

2.8 | Animals

Male mice were used throughout (25–30 g, 6–8 weeks). In accor-

dance with the 3R guidelines to minimise the number of animals and

avoid possible confounding effects of hormone fluctuation in pain

perception, only male mice were used (Kilkenny et al., 2010). The fol-

lowing mouse strain was used: C57BL/6J mice (Jackson Laboratories,

Strain #000664, RRID:IMSR_JAX:000664) and hemizygous Advillin-

Cre mice (Adv-Cre) (Zurborg et al., 2011). Hemizygous Advillin-Cre

mice (Adv-Cre+) or their control (Adv-Cre�) were used for the infection

with adeno associated virus (AAV) for selective silencing of trpa1 or

trpv4 genes in primary sensory neurons.

For isolation of primary DRG neurons, TRPA1-deficient (Jackson

Laboratories, Strain #:006401 Trpa1�/�; B6129P-Trpa1tm1Kykw/J;

RRID:IMSR_JAX:006401) and TRPV4-deficient (Trpv4�/�) (Liedtke &

Friedman, 2003) mice (male 25–30 g, 6–8 weeks), generated by het-

erozygous mice on a C57BL/6J background, were used. The group

size of n = 8 animals for behavioural experiments was determined by

sample size estimation using G*Power [v3.1;(Faul et al., 2007)] to

detect size effect in a post hoc test with type 1 and 2 error rates of

5 and 20%, respectively. Mice were allocated to vehicle or treatment

groups using a randomisation procedure (http://www.randomizer.

org/). The assessors were blinded to the identity of the animals

(allocation to treatment groups). None of the animals were excluded

from the study. Behavioural studies followed the Animal Research:

Reporting of In Vivo Experiments (ARRIVE) guidelines (McGrath &

Lilley, 2015) (Kilkenny et al., 2010). Animals were euthanised with

inhaled CO2 plus 10–50% O2. Mice were housed in a temperature

(20 ± 2�C) and humidity (50 ± 10%) controlled vivarium (12 h dark/

light cycle, free access to food and water, five animals per cage). At

least 1 h before behavioural experiments, mice were acclimatised to

the experimental room and behaviour was evaluated between

9:00 AM and 5:00 PM. All the procedures were conducted following

the current guidelines for laboratory animal care and the ethical

guidelines for investigations of experimental pain in conscious

animals set by the International Association for the Study of Pain

(Zimmermann, 1983).

2.8.1 | Treatment protocols

C57BL/6J mice received single or repeated (seven consecutive days)

local (intraplantar, i.pl. 10 μl) administration (10 and 40 nmol) of leo-

nurine or Veh (4% DMSO and 4% Tween 80 in 0.9% NaCl) before the

algogenic stimulus, represented by AITC (10 nmol per 10 μl, i.pl.) or

GSK-1016790A (2.5 nmol per 10 μl, i.pl.) or Veh (1% DMSO in 0.9%

NaCl). In other experimental sets, mice received a single injection

(intraperitoneal, i.p. 10 ml kg�1) of thalidomide (50 mg kg-1) or vehicle

(4% DMSO, and 4% Tween 80 in 0.9% NaCl). After that, mice

received single or repeated (seven consecutive days) i.pl. or intrathecal

(i.th., 5 μl) administration of leonurine (10 nmol). The i.pl. administra-

tion ensures localised drug delivery, specifically targeting peripheral

nociceptive pathways. Conversely, the i.th. administration is employed

to assess central modulation of pain, potentially affecting spinal pro-

cessing of nociceptive signals. A single dose administered before the

stimulus allows for the evaluation of acute analgesic effects, while

repeated dosing enables the assessment of potential receptor desensi-

tisation. No significant toxicity has been reported (Liu et al., 2024;

Ojewole, 2005). Adv-Cre+ and control mice were infected with an

intravenous (i.v. 5 μl, 1 � 1012 v g�1) injection of different AAVs

3 weeks before thalidomide injection.

2.9 | Plasmids construction

pAAV[FLEXon]-CMV LL-rev (EGFP-50 miR-30E-BfuAI ORF_44bp

BfuAI-30 miR-30E)-rev (LL)-WPRE was used as backbone to express

short hairpin RNAs targeting the gene of interest. mTrpa1shRNA

(primers P1/P2) and mTrpv4 shRNA (P3/P4) were cloned by replacing

the 44 bp ORF with pre-annealed and phosphorylated oligonucleo-

tides (T4 PNK (NEB, #M0201S) by using BfuAI compatible bases. Plas-

mid constructs were confirmed by Sanger sequencing. Primer

sequences are reported in Table S1.

2.10 | AAV generation

AAVpro293T cells (#632273, Takara) were maintained in DMEM high

glucose with 10% heat inactivated FBS, 1 mM penicillin/streptomycin,

4 mM L-glutamine and 1 mM sodium pyruvate at 37�C in 5% CO2

and 95% O2.

2.10.1 | AAV production and cell lysis

Three days before transfection, AAVpro cells were seeded in a Cell-

BIND Polystyrene CellSTACK 2 Chamber (#3310, Corning, Corning,

NY, USA) for 48 h to reach 80% confluence. The day before transfec-

tion, 250 million cells were seeded in a CellBIND Polystyrene

CellSTACK 5 Chamber (#3311; Corning) for 24 h, until 80% of conflu-

ence. AAVpro 293T cells were then triple transfected with polyethyle-

nimine (#23966, PEI, Polyscience) using a DNA:PEI ratio of 1:3.
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Transfection was performed with 2.5 mg total DNA with 1:1:1 M ratio

of three plasmids (plasmid expressing mTRPV4 shRNA [50-ACCTGGA-

GACAGTTCTCAACAA-30] or mTRPA1 shRNA [50-AGCTAAGCTGTG-

TAAATCAAAT-30], pAdDeltaF6 [#11287, Addgene] and Rep/Cap). To

infect with high efficiency primary sensor neurons, Rep/Cap2/B10

was used (pAAV AAV2 rep-AAV.CAP-B10 #175004, Addgene). After

72 h, AAV virions were collected. Cells were harvested and trans-

ferred into 50 ml conical tubes and centrifuged at 1200 � g for

10 min at 4�C. The supernatant was filtered through 0.45 μm poly-

ethersulfone (PES) membranes, and then 25 ml of 40% PEG solution

pH 7.4 (400 g of PEG 8000 + 24 g of NaCl in ddH2O to a final vol-

ume of 1.000 ml) was added to every 100 ml of filtered supernatant.

The solution was slowly stirred at 4�C for 1 h and then kept for 3 h

without stirring at 4�C to allow full precipitation of AAV particles.

After centrifugation at 2900 � g for 15 min at 4�C, supernatant was

discarded and pellet containing virion particles was resuspended in

a10 ml of PBS/pluronic F68 (0.001%)/NaCl (200 mM) solution. The

AAVpro cell pellet, derived from first centrifugation, was directly

resuspended in 10 ml of PBS/Pluronic F68 (0.001%)/NaCl (200 mM)

solution and lysed by 4 cycles of freezing at �80�C for 30 min, fol-

lowed by a thaw at 37�C for 10 min. After centrifugation at 3.200 � g

for 15 min at 4�C, supernatant containing the AAV particles was col-

lected. Both samples obtained from supernatant and cell pellet were

mixed, incubated with Benzonase (50 U ml�1) at 37�C for 45 min to

remove residual DNA carried over AAV packaging process. Then, sam-

ple was centrifuged at 2.500 � g for 10 min at 4�C, and clarified

supernatant was transferred to new tube and it was kept overnight at

4�C before iodixanol purification.

2.10.2 | AAV purification by iodixanol gradient

A gradient of iodixanol was prepared. Starting with a 60% iodixanol

solution (OptiPrep; STEMCELL Technologies, Vancouver, Canada), a

15% iodixanol solution (4.5 ml of iodixanol [60%] + 13.5 ml of NaCl/

PBS-MK buffer [1 M]), a 25% solution (5 ml of iodixanol [60%] + 7 ml

of PBS-MK buffer [1�] + 30 μl of Phenol red), a 40% solution (6.7 ml

of iodixanol [60%] + 3.3 ml of PBS-MK buffer [1�]) and a 60% solu-

tion (10 ml of iodixanol [60%] + 45 μl of Phenol red) were made. Each

solution was added into a 39-ml Quick-Seal tube (Beckman Coulter,

Brea, CA, USA) using an 18 G needle syringe in the following order:

8 ml of 15% of iodixanol solution, 6 ml of 25% iodixanol solution, 5 ml

of 40% iodixanol solution and 5 ml of 60% iodixanol solution. Finally,

Quick-Seals were filled with the AAV solution on the top, sealed and

ultracentrifuged in a Type 70 Ti rotor (Beckman Coulter) at

350.000 � g at 10�C for 1.5 h. Then, Quick-Seal tubes were pierced

with a 16 G needle on top and a 14 G needle at the interface between

the 60% and 40% iodixanol gradients. Viral particles contained in the

40% iodixanol layer were collected drop by drop in 2-ml microcentri-

fuge tubes, combined and concentrated using Amicon Ultra-15 cen-

trifugal filter units (molecular weight cut-off, 100 kDa; Merck

Millipore). Before the concentration step, Amicon membranes were

covered with 15 ml of 0.1% Pluronic F68/PBS solution for 10 min,

discarded and replaced with 15 ml of 0.01% Pluronic F68 in PBS solu-

tion. Tubes were centrifuged at 3.000 rpm for 5 min at 4�C, and the

flowthrough was discarded. Around 15 ml of 0.001% Pluronic F68 in

PBS + NaCl 200 mM solution was added and centrifuged at

3.000 � rpm for 5 min at 4�C, and the flowthrough was again dis-

carded. During the concentration process, a buffer exchanged was

made with formulation buffer (FB, 0.001% Pluronic F68 in PBS). FB

was added to the AAV-iodixanol sample to replace iodixanol and to

avoid toxicity in animals after AAV injection. rAAV were aliquoted and

stored at �80�C. The viral titre was quantified using RT-qPCR.

2.11 | Behavioural experiments

2.11.1 | Acute nociception

Immediately after i.pl. injection, mice were placed inside a plexiglass

chamber, and spontaneous nociception was assessed for 10 min by

measuring the time (seconds) that the animal spent licking/lifting the

injected paw.

2.11.2 | Hindpaw mechanical allodynia

The mechanical paw-withdrawal threshold was measured using von

Frey filaments of increasing stiffness (0.02–2 g) applied to the

plantar surface of the mouse hind paw, according to the up-

and-down paradigm (Chaplan et al., 1994). The 50% mechanical

paw-withdrawal threshold (g) response was then calculated from the

resulting scores.

2.11.3 | Cold response

Cold sensitivity was assessed by measuring the acute nociceptive

response to acetone-evoked evaporative cooling. Briefly, mice were

placed in a wire mesh floor cage and, after habituation, a droplet

(20 μl) of acetone, formed on the flat-tip needle of a syringe, was

gently touched to the plantar surface of the hind paw, and the time

spent in elevation and licking of the plantar region over a 60-s

period was measured. Acetone was applied three times at 10- to

15-min intervals and the average elevation/licking time was

calculated.

2.12 | Materials

Allyl isothiocyanate (#377430), capsaicin (#M2028), GSK1016790A

(#G0798), thalidomide (#T144) and all other reagents, unless other-

wise specified, were from Merck Life Science S.r.l. (Milan, Italy). Leo-

nurine was from DBA (#HY-N0741, Milan, Italy) with a purity of

99.64%. Details of other materials from different suppliers are pro-

vided in the relevant sections.
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2.13 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). The results are expressed as

the mean ± SEM. Before statistical significance analysis was per-

formed, data were tested for normality using the Kolmogorov–

Smirnov test and for homogeneity using the Bartlett test. Statistical

analysis was undertaken only where the size of each group was at

least n = 5. The reported group/sample size is the number of inde-

pendent values, and that statistical analysis was performed using

these independent values (i.e. not treating technical replicates as

independent values). For multiple comparisons, a one-way analysis of

variance (ANOVA) followed by a post hoc Bonferroni's test was used.

The two groups were compared using Student's t-test. For beha-

vioural experiments with repeated measures, a two-way mixed-model

ANOVA followed by a post hoc Bonferroni's test was used. Statistical

analyses were performed on raw data using GraphPad Prism

8 (GraphPad Software Inc.). P-values less than 0.05 (P < .05) were

considered significant. P-values under 0.05, 0.01, 0.001 and 0.0001

are indicated with one, two, three and four asterisks, paragraph or

hashtag symbols, respectively. EC50 values were determined from

nonlinear regression models using GraphPad Prism 8. The statistical

tests used and group/sample size for each analysis are shown in the

figure legends.

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in https://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2023/2024 (Alexander et al., 2023).

3 | RESULTS

3.1 | Leonurine targets human and murine TRPA1
and TRPV4 channels

In both human TRPA1 and TRPV4-HEK293T transfected cells

(hTRPA1-HEK293 and hTRPV4-HEK293), leonurine elicited a

concentration-dependent calcium (Ca2+) increase (hTRPA1:

EC50 = 26 μM [CI: 20–35 μM], EC80 = 105 μM [CI: 80–139 μM];

hTRPV4: EC50 37 μM [CI: 31–43 μM], EC80 146 μM [CI: 124–

173 μM], respectively) that was absent in the presence of the selec-

tive antagonists (A967079 [A96] 30 μM and HC067047 [HC06]

50 μM, respectively) and in a Ca2+-free medium (Figure 1a,b and

Table 1). The efficacy of leonurine was significantly lower (P < 0.0001)

compared to AITC in hTRPA1-HEK293 cells (Emax leonurine = 55%

[CI: ±1] and Emax AITC = 90% [CI: ±1]) and to GSK1016790A (GSK)

(P < 0.0001) in hTRPV4-HEK293 cells (Emax leonurine = 55% [CI: ±1]

and Emax GSK = 85% [CI: ±1]) (Figure 1a,b and Table 1). These results

suggest that leonurine, a herbal-derived molecule, may act as a partial

agonist. Leonurine (120 μM) did not evoke any response in

hTRPV1-HEK293 cells, which were activated by capsaicin (CPS,

10 μM), and in untransfected HEK293T cells (Figure S1a, b). To assess

the effect of leonurine in non-transfected cells that constitutively

express the human TRPA1 and TRPV4 channels, we employed the

human breast adenocarcinoma (MDA-MB-231) cell line. We con-

firmed the expression of the native human TRPA1 and TRPV4 mRNA

as previously reported (Bera et al., 2022; Sanchez et al., 2024) and

their functionality (Figures S1c and 1c). Then, we found that leonurine

(126 μM) induced a Ca2+ response that was partially reduced by A96

and HC06 and totally abolished by the combination of the two antag-

onists (Figure 1d).

To test the activity of leonurine in the mouse homologue TRPA1

and TRPV4 (mTRPA1 and mTRPV4) channels, mTRPA1-HEK293T and

mTRPV4-HEK293T cells were used. Cells stimulation with leonurine

evoked a Ca2+ response significantly lower compared to the selective

channel agonists (P < 0.0001) (mTRPA1-HEK293T: EC50 = 21 μM [CI:

17–26 μM], EC80 = 83 μM [CI: 68–103 μM], Emax leonurine = 55%

[CI: ±1] and Emax AITC = 74% [CI: ±2]; mTRPV4-HEK293T:

EC50 = 8 μM [CI: 6–12 μM], EC80 = 32 μM [CI: 21–46 μM], Emax

leonurine = 38% [CI:±1] and Emax GSK = 78% [CI: ±1]). All the

responses were attenuated by A96 and HC06, respectively (Figure 2a,

b and Table 1). Leonurine did not evoke any Ca2+ response in Ca2+-

free medium (Figure 2a,b). The MTT assay was used to evaluate the

cytotoxicity of all compounds used in the in vitro experiments. Treat-

ment of all previous cell lines with the highest concentration of the

compounds did not significantly reduce cell viability compared to

the vehicle (Figure S1d–j).

3.2 | Leonurine activates and desensitise TRPA1
and TRPV4 channels in murine nociceptors

Exposure of cultured primary sensory neurons derived from

C57BL/6J mouse dorsal root ganglia (mDRG) to leonurine resulted

in a concentration-dependent increase in the Ca2+ response

(EC50 = 29 μM [CI: 23–37 μM] EC80 = 115 μM [CI: 91–148 μM])

(Figure 3a). The antagonists A96 and HC06 effectively blocked the

Ca2+ increase induced by AITC (30 μM) and GSK (100 μM), respec-

tively. However, when applied individually, they only partially reduced

the leonurine-induced Ca2+ response (Figure 3a). Notably, the com-

bined application of both A96 and HC06 completely abolished the

leonurine-evoked Ca2+ response (Figures 3a and S2a).

To confirm the dual action of leonurine on TRPA1 and TRPV4

channels, DRG neurons were isolated from TRPA1 and TRPV4

knockout (Trpa1�/� and Trpv4�/�, respectively) mice, where the

selective TRPA1 and TRPV4 agonists failed to elicit any Ca2+ response

(Figure S2b,c). Furthermore, leonurine-induced Ca2+ responses were

significantly reduced in Trpa1�/� and Trpv4�/� compared to wild-type

DRG neurons (Figure 3b,c). Additionally, the pretreatment of Trpa1�/�

neurons with HC06 and Trpv4 �/� neurons with A96 totally prevented

the leonurine-dependent Ca2+responses (Figure 3b,c).
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It is known that ligand-gated ion channel receptors exhibit

desensitisation after prolonged presence of an agonist (Benemei

et al., 2017; Materazzi et al., 2013). Here we hypothesised that, acting

as a partial agonist, leonurine could induce desensitisation of TRPA1

and TRPV4 channels, thereby attenuating their subsequent responses

to selective agonists. To test this possibility, we developed desensiti-

sation protocols using patch-clamp recordings of whole-cell mem-

brane currents activated by selective TRPA1 or TRPV4 agonists,

F IGURE 1 Leonurine activates the human TRPA1 and TRPV4 channels. (a) Typical traces, concentration-response curve (CRC) and pooled
data of Ca2+ responses evoked by leonurine (CRC cells number: 1 μM n = 125, 3 μM n = 117, 10 μM n = 77, 30 μM n = 291, 100 μM n = 166,
300 μM n = 101, 1 mM n = 101; n = 3 independent experiments) and allyl isothiocyanate (AITC, CRC cells number: 300 nM n = 110, 1 μM
n = 235, 3 μM n = 191,10 μM n = 137, 30 μM n = 238, 100 μM n = 231, 300 μM n = 230, 1 mM n = 135; n = 3 independent experiments) in
hTRPA1-HEK293 cells, in the presence of vehicle (Veh, 0.001% DMSO), A967079 (A96) or Ca2+-free medium (cells number: leonurine/Veh
n = 222, leonurine/A96 n = 100, AITC/Veh n = 100, AITC/A96 n = 100, Ca2+-free n = 67, Veh n = 213; n = 3 independent experiments).
(b) Typical traces, CRC and pooled data of Ca2+ responses in hTRPV4-HEK293 cells stimulated with leonurine (CRC cells number: 1 μM n = 96,
3 μM n = 350, 10 μM n = 276, 30 μM n = 171, 100 μM n = 114, 300 μM n = 65, 1 mM n = 112; n = 3 independent experiments), and
GSK1016790A (GSK, CRC cells number: 3 nM n = 135, 10 nM n = 115, 100 nM n = 69, 300 nM n = 120, 1 μM n = 169, 3 μM n = 175, 10 μM
n = 136, 30 μM n = 105, 100 μM n = 70; n = 3 independent experiments), in the presence of Veh, HC067047 (HC06) or Ca2+-free medium
(cells number: leonurine/Veh = 240, leonurine/HC06 = 189, GSK/Veh = 175, GSK/HC06 = 147 Ca2+-free n = 64, Veh n = 133; n = 3
independent experiments). (c) Typical traces and pooled data of Ca2+ responses in MDA-MB231 cells stimulated with AITC and GSK in the
presence of Veh, A96 or HC06 (cells number: AITC/Veh n = 246, AITC/A96 n = 70, GSK/Veh n = 156, GSK/HC06 n = 144, Veh n = 101; n = 3
independent experiments). (d) Typical traces and pooled data of Ca2+responses in MDA-MB-231 cells stimulated with leonurine, in the presence
Veh A96, HC06, A96 + HC06 or Ca2+-free medium (cells number: leonurine/Veh n = 224, leonurine/A96 n = 107, leonurine/HC06 n = 84,
leonurine/A96 + HC06 n = 118, Ca2+-free n = 110, Veh n = 70; n = 3 independent experiments). In typical trace graphs, the coloured line is the
average calcium trace for all cells in a slide, in grey the SEM. Typical traces from different experiments are superimposed to qualitatively show the
differences between treatments. The concentration of compounds in the cumulative data graph corresponds to those indicated in the typical
traces. Dash (�) is a combination of vehicles. Data are mean ± SEM, one-way ANOVA, Bonferroni correction. ****P < 0.0001; §§§§P < 0.0001; ####

P < 0.0001.
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applied either under control conditions or following leonurine

exposure.

In cultured mDRG neurons, currents evoked by AITC (200 μM) or

GSK (10 μM) were markedly desensitised after pre-exposure to leo-

nurine (100 μM), confirming the role of leonurine in TRPA1 and

TRPV4 excitation and desensitisation of mouse nociceptors

(Figure 4a). Notably, capsaicin (10 μM)-evoked currents were not

altered by previous application of leonurine (Figure 4a) (73.8 + �44.4

pA/pF in Veh vs 52.9 + �25.4 pA/pF after leonurine exposure in the

AITC group and 62.5 + �27.8 pA/pF in Veh vs 59.4 + �27.8 pA/pF

after leonurine exposure in the GSK group). Because the TRPV4 chan-

nel is only expressed in 54% of primary sensory neurons that express

the TRPA1 channel (Kim et al., 2016), desensitisation was assessed

separately for each channel. This approach complied with the 3Rs

principles (Kilkenny et al., 2010), minimising the number of animals

needed for DRG neurons isolation. Two consecutive AITC (200 μM)

applications, separated by vehicle exposure, elicited similar currents

(Figure 4b). However, when leonurine (100 μM) was applied in place

of vehicle alone, the current evoked by the second AITC application

was significantly reduced (Figure 4b). Similar results were obtained

with GSK (10 μM) (Figure 4c). However, because desensitisation was

observed for each channel independently, it can be hypothesised that

in neurons co-expressing TRPA1 and TRPV4, desensitisation likely

occurs in both channels. In line with this assumption, cells responding

to both selective agonists applied consecutively presented both

responses significantly reduced (Figure 4d) by previous leonurine

(100 μM) application. The MTT assay confirmed that the treatment

with the highest compound concentration did not result in a signifi-

cant reduction in cell viability compared with vehicle in mouse DRG

neurons (Figure S2d).

3.3 | Leonurine reduces H2O2-mediated TRPA1
and TRPV4 channels activation

We recently observed that ROS play a pivotal role in various

murine models of chronic pain through the activation of neuronal

and non-neuronal TRPA1 and TRPV4 channels, including cancer

(De Logu et al., 2021; Landini, Marini, et al., 2023), migraine

(De Logu et al., 2022; Landini, Monteiro, et al., 2023), endometriotic

(Titiz et al., 2024) and neuropathic pain induced by either peripheral

nerve injury (De Logu et al., 2019) or chemotherapeutic agents

(Bellantoni et al., 2024; De Logu et al., 2020). We recently observed

in a thalidomide mouse model of CIPN that, H2O2, a biomarker of oxi-

dative stress, activates the TRPA1 (Andersson et al., 2008; Landini

et al., 2022; Sawada et al., 2008) and the TRPV4 channels to induce

the development and maintenance of chronic pain (De Logu

et al., 2020). Here we tested the ability of leonurine to modulate the

Ca2+ response induced by H2O2 in hTRPA1-HEK293 and

mTRPA1-HEK293T, and hTRPV4-HEK293 and mTRPV4-HEK293T

and MDA-MB-231 cells. We found that in the presence of leonurine,

the H2O2-dependent Ca2+ responses were significantly reduced

(Figure 5a–d). In addition, in MDA-MB-231 cells, A96 and HC06 onlyT
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partially attenuated the Ca2+ response evoked by H2O2 (20 mM). By

contrast, leonurine (120 μM), similar to the combination of the two

antagonists, completely abolished the response (Figure 5e). This fur-

ther confirms leonurine's dual action on both TRPA1 and TRPV4

channels. The MTT assay confirmed that the treatment with H2O2

concentration did not result in a significant reduction in cell viability

compared with vehicle for all cell lines (Figure S2e–i).

3.4 | Leonurine attenuates pain-like responses via
TRPA1 and TRPV4 channels

A single intraplantar (i.pl. 10 μl) administration of leonurine (10 and

40 nmol) did not produce any significant acute nociceptive response

or mechanical allodynia in C57BL/6J mice (Figure 6a). Furthermore, a

single dose of leonurine (10 nmol, i.pl.) did not affect either the acute

nociceptive response or mechanical allodynia evoked by AITC

(10 nmol, i.pl.) or GSK (2.5 nmol, i.pl.) (Figure 6b,c). However, repeated

administration of leonurine (10 nmol, i.pl.) for seven consecutive days

before the application of the stimulus attenuated the acute nocicep-

tive response and mechanical allodynia to AITC and GSK (Figure 6d,e).

These findings suggest that prolonged leonurine treatment induces

desensitisation of nociceptive behaviour and prolonged mechanical

allodynia, specifically triggered by activators of the TRPA1 and TRPV4

channels.

To further investigate the dual role of leonurine in targeting

TRPA1 and TRPV4 channels, we replicated a model of CIPN induced

by thalidomide. In this model, we have previously shown that both

TRPA1 and TRPV4 channels cooperate to the development and main-

tenance of mechanical allodynia, and TRPA1 is implicated in the

development of cold allodynia (De Logu et al., 2020). Our previous

findings indicated that in the thalidomide-induced CIPN mouse model,

the involvement of TRPA1 and TRPV4 channels was associated with

thalidomide-induced ROS production. Notably, their contributions

were spatially and anatomically distinct, with TRPA1 playing a periph-

eral role, whereas TRPV4 contributed centrally (De Logu et al., 2020).

F IGURE 2 Leonurine activates the murine TRPA1 and TRPV4 channels. (a) Typical traces, CRC, and pooled data of Ca2+ responses in
mTRPA1-HEK293T cells stimulated with leonurine (CRC cells number: 1 μM n = 105, 3 μM n = 45, 10 μM n = 60, 30 μM n = 90, 100 μM
n = 82, 300 μM n = 83, 1 mM n = 29) and allyl isothiocyanate (AITC, CRC cells number: 300 nM n = 71, 1 μM n = 71, 3 μM n = 79, 10 μM
n = 118, 30 μM n = 122, 100 μM n = 112, 300 μM n = 85, 1 mM n = 85) in the presence of vehicle (Veh) A967079 (A96) or Ca2+-free medium
(cells number: leonurine/Veh n = 136, leonurine/A96 n = 131, AITC/Veh n = 112, AITC/A96 n = 57, Ca2+-free n = 103, Veh n = 135; n = 3
independent experiments). (b) Typical traces, CRC and pooled data of Ca2+ responses in mTRPV4-HEK293T cells stimulated with leonurine (CRC
cells number: 300 nM n = 104, 1 μM n = 61, 3 μM n = 52, 10 μM n = 124, 30 μM n = 158, 100 μM n = 41, 300 μM n = 148) or
GSK1016790A (GSK, CRC cells number: 300 nM n = 71, 1 μM n = 78, 3 μM n = 85, 10 μM n = 114, 30 μM n = 72, 100 μM n = 109, 300 μM
n = 68) in the presence of Veh, HC067047 (HC06) or Ca2+-free medium (cells number: leonurine/Veh n = 156, leonurine/HC06 n = 109,
GSK/Veh n = 126, GSK/HC06 n = 149, Ca2+-free n = 75, Veh = 64; n = 3 independent experiments). In typical trace graphs, the coloured line is
the average calcium trace for all cells in a slide, in grey the SEM. Typical traces from different experiments are superimposed to qualitatively show
the differences between treatments. The concentration of compounds in the cumulative data graph corresponds to those indicated in the typical
traces. Dash (�) is a combination of vehicles. Data are mean ± SEM, one-way ANOVA, Bonferroni correction. **** P < 0.0001; §§§§ P < 0.0001;
#### P < 0.0001.
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F IGURE 3 Leonurine activates TRPA1 and TRPV4 channels in mouse DRG neurons. (a) Typical traces, CRC and cumulative data of Ca2+

response in DRG neurons from C57BL/6J mice stimulated with leonurine (CRC cells number: 1 μM n = 66, 3 μM n = 51, 10 μM n = 79, 30 μM
n = 65, 100 μM n = 49, 300 μM n = 46; n = 3 independent experiments), allyl isothiocyanate (AITC) or GSK1016790A (GSK) in the presence of
vehicle (Veh), A967079 (A96), HC067047 (HC06), A96 + HC06 or Ca2+-free medium (cells number: AITC/Veh n = 27, AITC/A96 n = 52, GSK/ Veh
n = 51, GSK/HC06 n = 35 Veh n = 42, KCl n = 65; leonurine/Veh n = 49, leonurine/A96 n = 45, leonurine/HC06 n = 44, leonurine/A96 + HC06
n = 80, Ca2+-free n = 42, Veh n = 54, KCl n = 53; n = 3 independent experiments). (b) Typical traces and cumulative data of Ca2+ responses in
DRG neurons from Trpa1�/� mice stimulated with leonurine or GSK in the presence of Veh, HC06 or Ca2+-free medium (cells number: leonurine/
Veh n = 57, leonurine/HC06 n = 92, GSK/Veh n = 56, GSK/HC06 n = 51, Ca2+-free n = 39, Veh n = 51, KCl n = 57; n = 3 independent
experiments). (c) Typical traces and cumulative data of Ca2+ responses in DRG neurons from Trpv4�/� mice stimulated with leonurine or AITC in the
presence of Veh, A96 or Ca2+-free medium (cells number: leonurine/Veh n = 33, leonurine/A96 n = 53, AITC/Veh n = 31, AITC/A96 n = 31, Ca2+-
free n = 35, Veh n = 39, KCl n = 33; n = 3 independent experiments). In typical trace graphs, the coloured line is the average calcium trace for all
cells in a slide, in grey the SEM. Typical traces from different experiments are superimposed to qualitatively show the differences between
treatments. The concentration of compounds in the cumulative data graph corresponds to those indicated in the typical traces. Dash (�) is a

combination of vehicles. Data are mean ± SEM, one-way ANOVA and Bonferroni correction. **** P < 0.0001; §§§§ P < 0.0001;#### P < 0.0001.
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F IGURE 4 Leonurine activates and desensitises TRPA1 and TRPV4 channels in mouse DRG neurons. (a) Representative current traces and
pooled data of whole-cell patch-clamp inward current in DRG neurons from C57BL/6J mice (mDRG) stimulated with vehicle (Veh, 0.1% DMSO),
AITC (200 μM), GSK1016790A (GSK, 10 μM) and CPS, 10 μM) in the presence of leonurine (100 μM) or Veh (cells number: AITC n = 8, AITC/
CPS n = 5, leonurine/AITC n = 11, leonurine/AITC/CPS n = 9, GSK n = 5, GSK/CPS n = 5, leonurine/GSK n = 6, leonurine/GSK/CPS = 8 Veh
n = 8). (b, c) Representative current traces and pooled data of whole-cell patch-clamp inward current in mDRG neurons evoked by consecutive
AITC (200 μM) or GSK (10 μM) applications separated by Veh (0.1% DMSO) or leonurine (100 μM) (cells number: b, AITC n = 6, Veh n = 6, AITC
n = 6, AITC n = 5, leonurine n = 5, AITC n = 5; c, GSK n = 5, Veh n = 5, GSK n = 5, GSK n = 5, leonurine n = 5, GSK n = 5). (d) Representative
current traces and pooled data of whole-cell patch-clamp inward current in mDRG neurons evoked by AITC (200 μM) and GSK (10 μM) applied
consecutively in the absence or presence of leonurine (100 μM) pre-exposure (cells number: AITC n = 5, GSK n = 5, CPS n = 5, leonurine n = 5,
AITC n = 5, GSK n = 5, CPS n = 5). Data are mean ± SEM, paired Student's t-test and unpaired Student's t-test. * P < 0.05, ** P < 0.01, § P < 0.05,
§§ P < 0.01.
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Here, we showed that the peripheral administration of leonurine

(10 nmol, i.pl., once daily from day 1 for seven consecutive days) par-

tially alleviated mechanical allodynia at day 7 following thalidomide

administration, when allodynia has reached a plateau (De Logu

et al., 2020) (Figure 6f). The same treatment regimen completely abol-

ished the response to a cold stimulus (Figure 6f). Intrathecal leonurine

(10 nmol, i.th. once daily from day 1 for seven consecutive days) also

partially reduced mechanical allodynia, as well as the cold response

F IGURE 5 Leonurine modulates the H2O2-dependent TRPA1 and TRPV4 channels Ca2+ responses. (a) Typical traces and pooled data of
Ca2+ responses evoked by hydrogen peroxide H2O2 in hTRPA1-HEK293 cells, in the presence of vehicle (Veh), leonurine and A967079 (A96)
(cells number: H2O2/Veh n = 99, H2O2/leonurine n = 209, H2O2/A96 n = 102, Veh n = 101; n = 3 independent experiments). (b) Typical traces
and pooled data of Ca2+ responses in hTRPV4-HEK293 cells stimulated with H2O2 in the presence of Veh, leonurine and HC067047 (HC06)
(cells number: H2O2/Veh n = 116, H2O2/leonurine n = 162, H2O2/HC06 n = 72, Veh n = 49; n = 3 independent experiments). (c) Typical traces
and pooled data of Ca2+ responses evoked by H2O2 in mTRPA1-HEK293T cells, in the presence of Veh, leonurine and A96 (cells number: H2O2/
Veh n = 145, H2O2/leonurine n = 113, H2O2/A96 n = 173, Veh n = 107; n = 3 independent experiments). (d) Typical traces and pooled data of
Ca2+ responses in mTRPV4-HEK293T cells stimulated with H2O2 in the presence of Veh, leonurine or HC06 (cells number: H2O2/Veh n = 108,
H2O2/leonurine n = 96, H2O2/HC06 n = 182, Veh n = 145; n = 3 independent experiments). (e) Typical traces and pooled data of Ca2+

responses in MDA-MB-231 cells with H2O2 in the presence of Veh, leonurine, A96, HC06 or A96 + HC06 (cells number: H2O2/Veh n = 170,
H2O2/leonurine n = 99, H2O2/A96 n = 152, H2O2/HC06 n = 104, H2O2/A96 + HC06 n = 180, Veh n = 101; n = 3 independent experiments).
In typical trace graphs, the coloured line is the average calcium trace for all cells in a slide, in grey the SEM. Typical traces from different
experiments are superimposed to qualitatively show the differences between treatments. The concentration of compounds in the cumulative
data graph corresponds to those indicated in the typical traces. Dash (�) is a combination of vehicles. Data are mean ± SEM, one-way ANOVA
and Bonferroni correction. **** P < 0.0001; §§§§ P < 0.0001; #### P < 0.0001.
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(Figure 6g). Notably, the repeated combined administration (i.pl. and i.

th.) of leonurine significantly reduced thalidomide-dependent

mechanical allodynia and cold response (Figure 6h). In contrast, a sin-

gle administration of leonurine, whether delivered i.pl., i.th., or in com-

bination, did not affect thalidomide-induced mechanical allodynia and

cold response (Figure S3a–c).

To further confirm the specificity of leonurine for TRPA1 and

TRPV4 channels in vivo and to exclude off-target effect, we employed

a Cre-dependent AAV-mediated neuronal silencing approach. Mice

expressing Cre recombinase under the Advillin promoter (Adv-Cre),

which drives recombination selectively in sensory neurons, were

injected with AAVs encoding a floxed shRNA sequence targeting

either Trpa1 or Trpv4, generating Adv-Cre-shRNA (Trpa1) and Adv-

Cre-shRNA (Trpv4) mice, respectively. Knockdown efficiency of each

target was verified in DRGs by RT-qPCR (Figure S3d). In Adv-

Cre-shRNA (Trpa1) mice, 7 days after thalidomide treatment, mechani-

cal allodynia was partially reduced, and cold response was completely

prevented compared with control mice, confirming TRPA1's role

(De Logu et al., 2020) (Figure 7a). Repeated peripheral administration

of leonurine (10 nmol, i.pl., daily for 7 days) did not further reduce

mechanical allodynia in Adv-Cre-shRNA (Trpa1) mice compared to

vehicle-treated mice, excluding off-target effects (Figure 7b). How-

ever, mechanical allodynia was fully abolished after intrathecal (i.th.)

administration of leonurine (Figure 7c). Furthermore, in Adv-Cre-

shRNA (Trpv4) mice, mechanical allodynia was partially reduced, but

the cold response was not affected, consistent with previous findings

(De Logu et al., 2020) (Figure 7d). Repeated intrathecal administration

of leonurine did not further reduce mechanical allodynia, again

F IGURE 6 Leonurine desensitises TRPA1 and TRPV4 channels modulating pain responses. (a) Acute nociceptive response and time-
dependent allodynia after intraplantar (i.pl.) leonurine (10, 40 nmol) or vehicle (Veh). (b, c) Acute nociceptive response and time-dependent
mechanical allodynia after allyl isothiocyanate (AITC, 10 nmol, i.pl.), GSK1016790A (GSK, 2.5 nmol, i.pl.) or Veh in mice pretreated with leonurine
(10 nmol, i.pl., single administration). (d, e) Acute nociceptive response and time-dependent mechanical allodynia after AITC (10 nmol, i.pl.) GSK
(2.5 nmol, i.pl.) or Veh in mice pretreated for 7 days with leonurine (10 nmol, i.pl.). Mechanical allodynia and cold response at day 7 after
thalidomide (Thal, 50 mg kg�1, intraperitoneal i.p.) or Veh in mice treated for 7 days (day1–day7) with leonurine (10 nmol), (f) i.pl. or (g) intrathecal

(i.th) or (h) with a combination i.pl. + i.th. (n = 8 mice per group). BL, basal level. Data are mean ± SEM, one-way or two-way ANOVA and
Bonferroni correction. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 versus Veh/Veh §§ P < 0.01, §§§ P < 0.001, §§§§ P < 0.0001 versus
AITC/Veh leonurine, GSK/Veh leonurine, Thal/Veh leonurine.
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confirming the absence of off-target effects (Figure 7e). However,

mechanical allodynia was abolished following peripheral (i.pl.) leonur-

ine administration (Figure 7f). Altogether, these data provide evidence

for specific action of leonurine through TRPA1 and TRPV4 channels in

alleviating pain in CIPN model.

4 | DISCUSSION

The pharmacological and genetic evidence presented supports the

therapeutic potential of leonurine, highlighting its activation and

desensitisation of the redox-sensitive ion channels TRPA1

and TRPV4. At the molecular level, both TRPA1 and TRPV4 are acti-

vated with similar efficiency in native and recombinant cells derived

from mice and humans, indicating that the effect of the compound

observed in the rodent channel isoform may be replicated in the

human counterpart. Notably, leonurine does not activate the TRPV1

channel, indicating that its ability to activate nociceptors is mediated

through the selective targeting of TRPA1 and TRPV4.

Primary sensory neurons that express TRP channels are essential

for detecting a range of stimuli, including temperature (heat and cold),

taste and pain. The mechanism of action of leonurine is similar to that

of AITC for TRPA1 and GSK for TRPV4; however, its lower efficacy

suggests that leonurine may function as a partial agonist of these

channels. As previously observed with the herbal compounds,

isopetasin (Benemei et al., 2017) and parthenolide (Trevisan

et al., 2013), leonurine induces desensitisation of primary sensory

neurons. However, unlike these compounds, which selectively target

the TRPA1 channel, leonurine desensitises nociceptors through the

dual activation of both TRPA1 and TRPV4 channels.

Among the more than 280 secondary metabolites isolated from

Leonurus, including alkaloids, terpenes and flavonoids (Liu et al., 2024;

Suguro et al., 2018), leonurine is recognised as the primary bioactive

metabolite (Liu et al., 2012). In traditional Chinese medicine, leonurine

is widely used to manage a variety of inflammatory conditions includ-

ing menstrual disorders, neuroinflammation, cardiovascular inflamma-

tion and postpartum abdominal pain (Kuchta et al., 2010). These

therapeutic effects are primarily attributed to leonurine's potent anti-

oxidant properties (Zhang et al., 2012; Zhu et al., 2018). By scaveng-

ing free radicals and enhancing the expression of antioxidant

enzymes, including superoxide dismutase and glutathione peroxidase

(Sun et al., 2005; Zheng et al., 2023), leonurine reduces oxidative

stress, resulting in alleviating inflammation and preventing tissue dam-

age (Deng et al., 2022; Landini, Monteiro, et al., 2023).

ROS play a crucial role in chronic pain development and mainte-

nance. Tissue damage has been shown to promote ROS production,

which, through neuronal interactions and mitochondrial dysfunction,

contributes to various pain pathways (Beckhauser et al., 2016).

Recently, we observed that ROS play a significant role in chronic pain

modulation by activating TRP channels, primarily TRPA1 and TRPV4,

F IGURE 7 Leonurine specifically targets TRPA1 and TRPV4 channels in vivo. (a) Mechanical allodynia and cold response at day 7 after
thalidomide (Thal, 50 mg kg�1, intraperitoneal i.p.) or Veh in Adv-Cre-shRNA (Trpa1) or control mice. Mechanical allodynia and cold response at
day 7 after thalidomide (Thal, 50 mg kg�1, i.p.) or Veh in Adv-Cre-shRNA (Trpa1) or control mice treated for 7 days (day1–day7) with leonurine
(10 nmol), (b) intraplantar (i.pl) or (c) intrathecal (i.th). (d) Mechanical allodynia and cold response at day 7 after Thal (50 mg kg�1, i.p.) or Veh in
Adv-Cre-shRNA (Trpv4) or control mice. Mechanical allodynia and cold response at day 7 after thalidomide (Thal, 50 mg kg�1, i.p.) or Veh in Adv-
Cre-shRNA (Trpv4) or control mice treated for 7 days (day1–day7) with leonurine (10 nmol), (e) i.th. or (f) i.pl. (n = 8 mice per group). BL, basal
level. Data are mean ± SEM, two-way ANOVA and Bonferroni correction. *** P < 0.001, **** P < 0.0001, §§ P < 0.01,§§§§ P < 0.0001.
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in both neuronal and non-neuronal cells (De Logu et al., 2020). In a

mouse model of neuropathic pain induced by partial sciatic nerve liga-

tion, ROS-induced activation of TRPA1 on Schwann cells initiates a

feedforward mechanism that promotes macrophage accumulation at

the neuronal level, ultimately contributing to the establishment and

maintenance of a persistent chronic pain state (De Logu et al., 2017).

This mechanism has been confirmed in other chronic pain mouse

models, including alcoholic neuropathy (De Logu et al., 2019), cancer

(De Logu et al., 2021; Landini, Marini, et al., 2023), migraine (De Logu

et al., 2022; Landini, Monteiro, et al., 2023) and endometriosis (Titiz

et al., 2024). Similarly, TRPV4 has been implicated in several pain

mechanisms associated with ROS production, such as neuropathic

pain induced by chronic compression of the dorsal root ganglia

(Rodrigues et al., 2022; Wang et al., 2011, 2015) and diabetic neurop-

athy (Osmanlioglu & Naziroglu, 2024).

Chronic CIPN is a prevalent and debilitating side effect associated

with various anticancer drugs, significantly impacting patients' quality

of life and often leading to treatment discontinuation or dose reduc-

tion (Colvin, 2019). Various rodent models of CIPN have revealed the

involvement of different TRP ion channels in the development of this

condition. For instance, TRPV1 has been shown to be overexpressed

in rodent models of CIPN, playing a key role in modulating thermal

hyperalgesia (Boyette-Davis et al., 2015; Hara et al., 2013). Addition-

ally, activation of TRPM8 has demonstrated clinical evidence of anal-

gesic effects in CIPN (Fallon et al., 2015; Li et al., 2022; Proudfoot

et al., 2006). Our research further revealed that TRPA1 and TRPV4

act synergistically in thalidomide-induced sensory neuropathy. Nota-

bly, the mechanical allodynia induced by a single administration of

thalidomide was only partially alleviated when TRPA1 or TRPV4

antagonists were used individually. However, the concurrent adminis-

tration of both antagonists completely abolished the mechanical allo-

dynia, underscoring their cooperative role in mediating this type of

neuropathic pain (De Logu et al., 2020).

Here, a mouse model of CIPN induced by thalidomide was

used to investigate the dual role of leonurine in TRPA1- and

TRPV4-dependent neuronal desensitisation. Initially, the in vivo

effects of leonurine were assessed by evaluating hypersensitivity

following intraplantar administration of TRPA1 and TRPV4 selective

agonists (AITC and GSK). The results demonstrated that a single dose

of leonurine did not alter nociceptive behaviour and ensuing mechani-

cal allodynia induced by either AITC or GSK. However, a significant

inhibition of hypersensitivity was observed after a 7-day cycle of leo-

nurine administration, indicating that prolonged treatment is neces-

sary to achieve effective neuronal desensitisation. Subsequently, the

7-day treatment regimen was applied to the thalidomide-induced

CIPN mouse model. Remarkably, this extended administration of leo-

nurine led to a significant reduction in mechanical allodynia/cold

response associated with thalidomide-induced peripheral neuropathy,

demonstrating its efficacy in alleviating neuropathic pain symptoms.

Additional data in mice with selective deletion of TRPA1 or TRPV4 in

primary sensory neurons further confirmed the contribution of these

channels to pain signalling in this model excluding off-target effects of

leonurine.

Overall, our findings demonstrate that repeated administration of

leonurine leads to a significant reduction in nociceptive behaviours,

supporting its ability to induce functional desensitisation of TRPA1

and TRPV4 channels. However, given the complexity of in vivo pain

signalling, we cannot exclude the involvement of additional mecha-

nisms, such as oxidative stress modulation, neuroimmune interactions

or effects on other pain-related receptors. This limitation, inherent to

behavioural pharmacology, highlights the need for further mechanistic

studies to fully elucidate the pathways underlying leonurine's analge-

sic effects. Nonetheless, the dual targeting of TRPA1 and TRPV4 by

leonurine, together with its antioxidant properties, remarks the com-

pound as a promising candidate for the treatment of CIPN and other

chronic pain syndromes.

5 | CONCLUSIONS

In conclusion, our study provides compelling evidence that leonurine

exerts significant chronic pain control in a mouse model of CIPN

through its dual action as a partial agonist of both TRPA1 and

TRPV4 receptors, facilitating neuronal desensitisation. Importantly,

the effectiveness of leonurine is dependent on a prolonged treat-

ment regimen rather than acute administration, highlighting the

necessity of sustained exposure to achieve therapeutic benefits.

These findings position leonurine as a promising candidate for pain

management strategies that target redox-sensitive ion channels

involved in sensory processing. Future studies should focus on eluci-

dating the precise molecular mechanisms underlying leonurine's dual

action on TRPA1 and TRPV4, optimising its dosing regimens, and

assessing its therapeutic potential in animal models that better mimic

human diseases for which leonurine is traditionally used in Chinese

medicine, such as inflammatory disorders and neuropathic pain.

Investigating leonurine's long-term safety profile, pharmacokinetics

and potential synergistic effects with existing analgesic therapies also

will be crucial in advancing its clinical translation for effective pain

management.
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