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KEY WORDS Abstract Mechanical pain is one of the most common causes of clinical pain, but there remains a lack
of effective treatment for debilitating mechanical and chronic forms of neuropathic pain. Recently, neuro-

LSS toxin GsMTx4, a selective mechanosensitive (MS) channel inhibitor, has been found to be effective,
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while the underlying mechanism remains elusive. Here, with multiple rodent pain models, we demon-
strated that a GsMTx4-based 17-residue peptide, which we call P10581, was able to reduce mechanical
hyperalgesia and neuropathic pain. The analgesic effects of P10581 can be as strong as morphine but
is not toxic in animal models. The anti-hyperalgesic effect of the peptide was resistant to naloxone (an
u-opioid receptor antagonist) and showed no side effects of morphine, including tolerance, motor impair-
ment, and conditioned place preference. Pharmacological inhibition of TRPV4 by P10581 in a heteroge-

neous expression system, combined with the use of 7rpv4 knockout mice indicates that TRPV4 channels
may act as the potential target for the analgesic effect of P10581. Our study identified a potential drug for
curing mechanical pain and exposed its mechanism.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Mechanical pain is often caused by maternal labor, surgery, burns,
inflammation, and neuropathy, among many other pathological
conditions. Despite the relevance of treating mechanical noci-
ception, there is no effective treatment available for the debili-
tating and chronic forms of mechanical pain'. In humans,
inflammation and nerve injury can cause abnormal sensory pro-
cesses that result in exaggerated responses to mechanical stim-
uli*’. Tissue damage can lead to hypersensitivities, such as
allodynia and hyperalgesia, which are usually resistant to anal-
gesics”°. Developing effective treatments to alleviate mechanical
pain is a clinically important goal.

Many ion channels are known to mediate certain types of pain.
For example, activation of the TRPV1 channel mediates inflam-
matory thermal hyperalgesia’. TRPM8 and TRPA1 mediate pain
associated with cold®'" and several acid-sensing ion channels
(ASIC) subtypes are suggested to be therapeutic targets in
peripheral pain conditions''"'?. Recently, the transient receptor
potential vanilloid type 4 (TRPV4) channel was suggested to play
an essential role in the mechanical hyperalgesia associated with
pronociceptive inflammatory mediators and peripheral neuro-
pathic pain'*'’, and the mechanosensitive (MS) ion channel
Piezo1/Piezo2 are also shown to mediate sensitivity to mechanical
pain in mice®. TRPV4 channel is particularly interesting due to its
involvement in the development of hyperalgesia in inflamed tis-
sue'® and neuropathic pain symptoms'”. This channel is expressed
in sensory neurons and represents an innovative target to tackle
pain signaling in models induced by trauma, surgery, chemo-
therapy, cancer, diabetes, and alcohol intake'’. A promising
approach to reducing mechanical hyperalgesia and nociceptor
sensitization is to identify specific blockers for MS channels, the
discovery of the targeting molecule is urgently needed for the
treatment of mechanical pain.

Polypeptide toxins play a central role in understanding the
physiological and pathophysiological functions in ion channel
studies, they have the advantages of higher bioactivity, perme-
ability, target potency, selectivity, and safety compared with small-
molecule and protein drugs®’. In the field of pain, they led to
important advances in basic research and even in clinical appli-
cations'>*'**%, The neuropeptide GsMTx4, from Tramutola spat-
ulata, was reported to inhibit stretch-activated cationic currents in
mammalian astrocytes, cardiomyocytes, and the central nervous
system23 2% This peptide was also shown to reduce mechanical
hyperalgesia and neuropathic pain in rats, presumably through its
inhibitory effects on certain mechanically sensitive ion

channels'’. While this venom has potential clinical applications
for treating hyperalgesia">’, the complex structure and folding
make it a major barrier to drug development.

Structural analysis reveals that the six cysteines in the back-
bone of GsMTx4 form three cystine knots™. These inhibitor
cystine-knot (ICK) motifs are common features of venom
toxins®® . Sequence comparison between the two mechano-
sensitive peptides (GsMTx4 and GsMTx2) and with other ho-
mologous ICK peptides (e.g., VSTX1 and hanatoxin) shows more
similarity between GsMTx4 with other ICK toxins>”*". However,
none of the ICK peptides have been identified as MS channel
blockers, suggesting that the channel-blocking actions of GsMTx4
may be explained by a specific feature of this toxin that is not
shared with other peptides”*~*’. Based on the similarity shared by
the two MS channel toxins in the backbone folds in loop2 and
loop3, we have identified a 17-residue short peptide Pept 01
(named P10581 in this study), which acts to mimic the functional
roles of GsMTx4 in inhibiting a mechanosensitive BK (SAKca)
channel through the modification of the mechanogating™.

The primary aim of the present study was to examine the novel
effect of P10581 on mechanical hyperalgesia in rodent models.
We have demonstrated that this natural toxin-based peptide
P10581 selectively produces effective effects in reducing
mechanical hyperalgesia and neuropathic pain in a way that is
different from morphine. Pharmacological inhibition of TRPV4 by
P10581 in expressed HEK293T cells, combined with Trpv4-gene
deficient mice, we also identified the potential target for P10581 in
alleviating mechanical pain. Our findings may offer a new
opportunity for the development of a novel non-opioid analgesic
in the treatment of mechanical forms of pain.

2. Materials and methods

2.1.  Ethics and experimental animals

All animal studies complied with the ARRIVE guidelines®'~*.
Animal care and procedures were approved by the Ethics Com-
mittee of Xuzhou Medical University (Xuzhou, China). Experi-
ments were performed on 180—220 g adult Sprague—Dawley
(SD) rats (the Experimental Animal Center, Xuzhou Medical
University, Xuzhou, China) or C57BL/6] (mixed population of
male and female) or Bk~ ~, and Trpv47/7 knockout mice, back-
crossed with C57BL/6J mice for more than 10 generations
(GemPharmatech Co., Ltd., China) were used to examine the role
of BK/TRPV4 involvements in anti-hyperalgesic effect of peptide.
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Corresponding WT littermates (male and female) were used as
genetic background controls. The genotype of the mice was
confirmed by PCR using genomic DNA extracted from the
mouse’s tail as a template. The animals were housed in groups of
2—3 for rats or 2—5 for mice at a controlled temperature of
23 £ 1 °C. All animals had free access to food and water under a
constant 12 h light—dark cycle (lights on at 7:00 a.m.). On the day
of behavioral testing, animals were acclimatized to the environ-
ment for at least 30 min before testing. All animal behavior
experiments were performed at room temperature (23—25 °C).

All animals were used only once to prevent drug or testing
experience from confounding the study. We did not test the
possible off-target effect. There were no significantly different
effects in the anti-hyperalgesic effects of P10581 between males
and females (Supporting Information Fig. S1).

2.2.  Inflammatory pain model

Carrageenan (Carr.)-induced model of acute inflammatory pain:
this was evoked by intraplate injection as described previously''%.
In brief, Carr. was injected intradermally (i.d.) into the right
hindpaw of rats to induce inflammation immediately after the
baseline testing of the paw withdrawal threshold (PWT). Peptides
were administered intradermally (i.d. 1200 ng/kg in 5 pL) or
intraperitoneally (i.p. 270 pg/kg in 5 pL) 1.5 h after Carr. injection
in the same location of the inflamed area to test their effects. The
doses of Carr. used were 5 pL for i.d. (1%) for i.d. or 50 uL (2%)
for i.p. peptide testing'**’. Carr. was injected 30 min later after BL
was measured.

CFA-induced model of chronic inflammatory pain: CFA
(Complete Freund’s Adjuvant) was injected (10 pL, intraplantar)
into the plantar surface of the right hind paw”***. Peptide/drugs
were administrated by subcutaneous injection as described pre-
viously™. In brief, the unanesthetized mice in lightly restrained, a
30 G needle (attached to a microsyringe) was inserted through the
skin, and the peptide/drug (100 puL volume) was injected into the
subcutaneous space. The effects of short peptide P10581 (2 pg/kg)
were compared in wild-type and Kcnmal/Trpv4-deficient mice
3—5 days after CFA injection. Behavioral tests were performed by
an experimenter blinded to experimental conditions.

2.3. Never injury model of neuropathic pain

The neuropathic pain model of rats was established using the
chronic constriction nerve injury (CCI) model®®. Briefly, after
baseline mechanical thresholds (BL) were measured, rats were
anesthetized with isoflurane. Under anesthesia, the left common
sciatic nerve of the hindpaw was exposed at the mid-thigh level
through the biceps femoris; silk thread was tied loosely around the
sciatic nerve until a brief twitch was observed. Great care was
taken to secure the ligatures so that the nerve was constricted, but
the circulation was not interrupted; the skin was then sutured. The
sham control group was subjected to the same surgical operations
except for the nerve ligature’%. Gentamicin (10 mg/mL, 0.2 mL;
Solarbio Science & Technology Co., Ltd., Shanghai, China) was
injected at the rat’s belly (i.p.) to prevent infection. From Day 6, a
peptide (i.d. 1.2 pg/kg, in 5 pL) was administered each day, and
paw withdrawal thresholds were measured 2 h after injection to
determine the anti-hyperalgesic effects of the peptide. The short
peptide P10581 reached the maximum/stable anti-hyperalgesic
effects on rats from Day 7 after the surgery.

Rats that failed to respond to the mechanical stimuli after Carr.
or CCI (before peptide/drug treatment) were excluded from the
presentation and data analysis. The equivalent volumes of saline
and/or morphine were used as the negative and positive controls,
respectively. Morphine was injected 30 min prior to testing.

2.4.  Rotarod test

The rotarod treadmills (ENV-577M, Med associates, St. Albans,
VT, USA) were used to assess the motor coordination of rats'>. In
brief, on the day before testing, rats were trained on a fixed-speed
(4 rpm) protocol until they could stay for 30 s. On the same day,
rats were placed on the dowel rotating accelerated from 4 to
10 rpm at a constant rate of 5 rpm. The motor coordination of rats
was evaluated by the time until the mouse fell from the rod which
was recorded as the latency to fall. The effects of the peptide on
rat motor impairment were assessed for five days and injected
each day.

2.5.  Mechanical nociceptive threshold measurements

2.5.1. Randall—Selitto test

Mechanical nociceptive thresholds were assessed using the hind
paw-withdrawal test with a Randall—Sellito analgesia meter (Ugo-
Basile Biological Research Apparatus, Comerio-Varese, Italy)'~’.
Mechanical pressure was continuously increased to the dorsal
surface of the affected hind paw by using a blunt conical probe in
a Randall—Sillito test instrument until vocalization or a with-
drawal reflex occurred while the rats were lightly restrained. The
mechanical thresholds of the baseline (BL) were recorded as the
mean of 3 measurements (with at least 5-min intervals). After
pharmacological reagent injection, the mechanical threshold
measurements for each paw were repeated five times at a 5-min

interval and averaged to be considered an independent
observation.
2.5.2.  Von Frey hair test

Mechanical nociceptive thresholds were also assessed using Von
Frey filaments (Stoelting)’’. Rats were placed in transparent
plastic domes with a metal mesh floor to allow access to the
plantar surface of hindpaws. The filament was pressed perpen-
dicular to the plantar surface of the hindpaw with sufficient force
applied to cause a slight bucking for 6 s. Sharply withdrawing or
flinching immediately after the removal of the filament was
considered as a positive response. The force (in grams) producing
a 50% likelihood of withdrawal was determined by the “up-down”
method”’.

2.6.  Analgesic tolerance tests

2.6.1.  Peptide/morphine tolerance

Acute tolerance of peptide/morphine was induced in rats by
repeated injections of peptide/morphine (5 mg/kg, i.d.) at 2 h
intervals as described previously®®. In the inflammatory pain
model induced by Carr. (1%, 5 pL, i.d.), rats received six
consecutive injections of morphine (i.d. 5 mg/kg) or peptide (i.d.
2 pg/kg, 5 pL) at 2 h intervals. In the CFA-induced inflammatory
pain model, rats were subjected to Randall—Sellito tests 1 h after
peptide/morphine injections. Normal saline (i.d. 5 pL) was used
for the negative control.
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2.6.2.  Chronic peptide/morphine tolerance

Chronic tolerance was produced in rats by repeated injection of
peptide/morphine (s.c., twice a day) for ~9 days. Briefly, seven
days after CCI, rats received 8—9 consecutive administrations of
morphine (i.d. 5 mg/kg)'>* or peptide (i.d. 8 ug/kg) twice a day
(9:00 am and 5:00 pm). Rats were subjected to Randall—Sellito
tests 1 h after morphine/peptide injections in the morning. The
same amount of normal saline (i.d. 50 puL) was used for negative
control.

2.7. CPP test

Conditioned place preference (CPP) test to peptide/drug was
assessed using identical conditioning boxes that consisted of two
chambers (20 cm x 20 cm x 20 cm), one with vertical black-
white, and the other with horizontal stripes. The two chambers
have different floor textures and were connected with a white
central compartment (6 cm X 6 cm X 6 cm) that was not paired
during peptide/drug treatment. Prior to testing, mice were habit-
vated for 2—3 days (6 h per day) to the room where the behavioral
tests were conducted as described previously’™*' and then
returned to the cage. Mice exhibiting signs of increased anxiety,
(i.e., shaking and/or vocalizations) received additional handling
until these signs were reduced.

Peptide/drug CPP: before CPP training, the initial preference
(pre-conditioning) of the mice for the two chambers was deter-
mined in a 15-min session. The mice were placed in the central
chamber and were allowed access to the two compartments. Mice
did not exhibit initial preference (bias) for the horizontal or vertical
striped chamber and were randomly assigned to three groups
(saline, morphine, and peptide). Subsequently, mice received eight
conditioning sessions (four in the morning and four in the evening).
During conditioning, mice in the peptide/drug groups received a
saline injection (s.c.) in the morning and were immediately
confined to one chamber (saline-paired conditioning chamber) for
30 min. Four hours later, mice in the peptide/morphine group
received a peptide/morphine (s.c.) injection in the afternoon and
were immediately confined to the other chamber (peptide/
morphine-paired conditioning chamber) for 30 min. Mice for the
saline group received saline in both conditioning sessions (in the
morning and afternoon). The training was repeated for 4 days. 24 h
after the final dose injection on Day 5, mice were placed in the
central chamber and were allowed to access two chambers for
15 min. Place preference scores were calculated by subtracting the
time spent on the drug-paired side during preconditioning from the
time spent on the drug-paired side during postconditioning’.

2.8.  Electrophysiology

Electrophysiological Macropatch Recording in HEK293: whole-
cell patch-clamp recordings were performed in HEK293 to test the
effect of peptide P10581 on the mechanosensitive TRPV4 currents
induced by GSK101, the selective TRPV4 activator. TRPV4 chan-
nels were transiently transfected in HEK293 cells using Lipofect-
amine™ 2000 (Invitrogen). Trpv4-eGFP cDNA was a gift from the
laboratory of Dr. Fan Yang (Zhejiang Medical University, Zhejiang,
China), where eGFP was used to monitor TRPV4 expression.
HEK293 cell cultures were performed as previously described®”.
The pClamp 10 (Molecular Devices) was used to drive stimulus
protocols and data acquisition. Currents were filtered at 2 kHz and
digitized at 10 kHz. Whole-cell voltage-clamp recordings were
performed 24 h after transfection at room temperature (~25 °C),

where minor TRPV4 currents were observed. These currents
transfected in HEK293T cells could be activated by TRPPV4
selective activator GSK101, and inhibited by TRPV4 selective
inhibitor GSK219. The recording solutions used were the same as
used previously described. The pipette (intracellular) were (in
mmol/L) are: 140 CsCl, 5 EGTA, 10 HEPES, 2 MgATP, 0.2 NaGTP
titrated to pH 7.2 with CsOH, and the bath (extracellular) solution
consisted of (in mmol/L): 140 NaCl, 5 KClI, 2 CaCl,, 1 MgCl,, 10
HEPES, titrated to pH 7.4 with NaOH"?. Ramps (from —100 mV to
4100 mV, 400 ms) were continuously repeated every 5 s.

Electrophysiological macropatch recording in oocytes: Two-
electrode voltage-clamp (TEVC) recordings™*** were used to test
the effects of peptide P10581 on the TRPV4 channel induced by
exposure to extracellular hypotonic solution. Xenopus laevis oo-
cytes were prepared and injected using standard protocols® ™.
Trpv4 cDNA was amplified with PCR and subcloned into the
Xenopus oocyte expression vector pXoom, 3’ of the T7 promoter.
The cRNA was prepared using the Ambion mESSAGE mACHINE
T7 kit. The cRNA was injected at 10—25 ng/oocyte and TEVC
recordings were carried out 2 days after injection. The base bath
solution contained 66 mmol/L KCI, 100 mmol/L sorbitol,
1.8 mmol/L BaCl,, and 5 mmol/L. K-HEPES, pH 7.2. 4a-Phorbol
12,13-didecanoate (4a-PDD; 3 pmol/L) was added directly to the
bath*®. Sorbitol was omitted from the base solution to form the
hypotonic solution®®. Data were analyzed using both pClamp10
and Origin software.

2.9.  Statistical analyses

To examine the dose—response relationship of peptides on me-
chanical hypersensitivity, data are presented as the increases in
paw withdrawal threshold (APWT) or latency (APWL) post pep-
tide injection, as shown in Eq. (1):

APWT =PWT posi-Drug) ~PWT (pre-Drug) (1)
(or : APWL =PWL (pos-Drug) ~PWL (pre-Drug) )

For comparison of the anti-hyperalgesia effect of P10581 to
GsMTx4, the ICsy values (half-maximal inhibitory concentra-
tions) for the anti-hyperalgesic effects of drugs were obtained by
linear regression with the standard Hill equation*”°. Data from
patch-clamp recordings were analyzed with Clampfit 10 (Molec-
ular Devices) and plotted with GraphPad Prism 9.0.0 (Dotmatics)
or Grapher (Golden).

The data and statistical analysis complied with pharmacology’s
recommendations and requirements on experimental design and
analysis in pharmacology’'. All peptide/drug treatment on animal
experiments and data analysis were conducted blindly. Results are
presented as means + standard error of mean (SEM). Statistical
differences were calculated by a Student’s fr-test or a one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test. P-value <0.05 was considered as statistically significant.

2.10.  Drugs and chemicals

The peptide P10581 was commercially synthesized with a purity
of >98% (Sangon Biotech, Shanghai, China). The full-length
neuropeptide GsMTx4 was purchased from Alomone Labs (Je-
rusalem, Israel) or BioScience Inc. (TX, USA). All peptides were
dissolved in distilled water to make a 5 or 10 mmol/L stock so-
lution and stored at —80 °C. The stock solution was diluted with
normal saline freshly at the time of injection or patch clamp
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experiment.  Other  chemicals were purchased from the action of GsMTx4 to inhibit SAKca channel™. In this study,

Sigma—Aldrich unless otherwise noted. we comprehensively tested whether peptide P10581 alleviates
mechanical pain as GsMTx4 does'~’.

P10581 contains both loop2, loop3, hydrophobic residue Trp-7

3. Results and the positively charged residue Lys-8 in loopl in GsMTx4
(Fig. 1A). MD simulations with the free-product run method
3.1.  The effect of P10581 on inflammatory pain administrated present a concave face commonly found in neurotoxins'>>> and

has a shape similar to GsMTx4 (Fig. 1B)*". To determine whether
P10581 reduces pressure-evoked mechanical pain, rats were sub-

Previously, we identified a short peptide based on the natural toxin ~ jected to the Randall—Sellito test'”’. The paw withdrawal
GsMTx4, which we call P10581 in this study (Fig. 1A), mimics threshold (PWT) was significantly reduced from 201.5 &+ 4.5 g

intradermally as determined by Randall—Sellito test
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Figure 1  The synthetic peptide P10581 reduced mechanical hyperalgesia in a dose-dependent manner when given intradermally (i.d.). (A)
Sequence for P10581 compared to neurotoxin GsMTx4. (B) The structure of P10581 obtained by MD simulations based on the solution structure
of GsMTx4 (PDB code 1TYK). (C) The effect of P10581 (i.d. 1200 ng/kg, 5 pL) on mechanical pain induced by pressure by using
Randall—Sellito test. Normal saline (i.d. 5 pL) was used for control. The inset above shows the animal protocol. The decreased paw withdrawal
threshold (PWT) induced by carrageenan (Carr. 1%, 5 pL) was tested 1.5 h after Carr. injection. BL: Baseline. (D) Evaluation of P10581 (i.d.
1200 ng/kg, 5 pL) on the baseline of the nociceptive mechanical threshold without inflamed. Morphine (i.d. 5 mg/kg) was used for positive
control. The effect of GsMTx4 (i.d. 1200 ng/kg, 5 puL) was shown for comparison. n = 6 per group (except n = 10 for morphine). (E) The
effects of peptides P10581 (left) and GsMTx4 (right) on mechanical hyperalgesia when low amounts of peptides were administered
intradermally (i.d. 600 ng/kg, 5 pL). n = 6 per group. (F) Comparison of analgesic effects (APWT) between P10581 and GsMTx4. APWT =
PWT post-peptidey—PWT (pre-peptide)- APWT were obtained in (E). n = 6 per group. (G) Dose-dependent effects (APWT) for P10581 compared with
GsMTx4. Rats were subjected to Randall—Sellito tests 2 h after peptide injections. Solid lines are fits to the standard Hill equation. The ICs, and
Hill coefficient factors obtained were: 481.6 = 71.2 ng/kg and 2.1 4+ 0.6 for P10581, and 689.3 4+ 21.5 ng/kg and 3.6 £+ 0.2 for GsMTx4,
respectively (n = 5 per group). The inset compared the ICsq for the anti-hyperalgesic effect of P10581 vs. GsMTx4. (H) Comparison of the acute
anti-hyperalgesic effect of P10581 injected intradermally vs. morphine, 0.4 ng (2 pg/kg, i.d.) and 200 pg (1 mg/kg, i.d.) per rat, respectively.
Peptide/morphine was administered 1.5 h after Carr. injection, the PWT was tested 2 h after administration. The inset above shows the animal
protocol. n = 5 per group. Right: the area under the curves (AUC, g-min) calculated from each rat. Data are expressed as mean + SEM,
##%P < 0.001 and **P < 0.01 vs. saline. *P < 0.01, *P < 0.05, P10581vs. GsMTx4.
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(baseline, BL) to 23.5 £ 5.3 g after Carr., indicating the significant
hyperalgesia induced by Carr. Intradermal (i.d.) injection of
P10581 at 1200 ng/kg significantly increased PWT to 85.2 £ 6.6 g
at 1 h post-peptide administration, and this effect reached the
maximum at 3 h after injection (PWT was 120.6 £ 6.6 g) and
lasted for 7 h as long as we tested. This anti-hyperalgesic effect of
P10581 is comparable with that of the full-length toxin GsMTx4
under the same conditions (Fig. 1C) and was no longer detect-
able 24 h after peptide administration. Besides, although morphine
increased the baseline of PWT greatly, neither P10581 nor
GsMTx4 affected the baseline mechanical nociceptive threshold
when the hindpaws were not inflamed (Fig. 1D).

A low dose at 0.6 pg/kg of P10581 (i.d.) modestly increased
the threshold of PWT, whereas the same dose of GsMTx4 had
only a mild impact on PWT (Fig. 1E), consistent with the peptide
P10581 having a greater potency or efficacy than GsMTx4 on
mechanical pain (Fig. 1F). The analgesic effects of P10581 and
GsMTX4 were dose-dependent (Fig. 1G). The ICsq, required to
reach half of the maximum effect in reducing the mechanical pain,
was significantly lower for P10581 when compared with GsMTx4
(Fig. 1G, insert), indicating a more potent analgesic effect for
P10581 when compared with the natural toxin.

We next compared the analgesic effect of P10581 with that of
morphine when administered intradermally. Intradermal injection
of peptide (0.4 pg per rat) produced a substantial increase in PWT
(Fig. 1H), which is comparable with that of morphine (i.d., 200 pg
per rat) (Fig. 1H, right), at which morphine reversed PWT to
baseline before Carr. We suggested that the analgesic effect of
peptide P10581 could be as strong as morphine against mechan-
ical pain when given intradermally.

3.2.  Effect of P10581 on inflammatory pain administrated
intraperitoneally as determined by Randall—Sellito test

We next assessed the anti-hyperalgesic effect of P10581 when
administered intraperitoneally (i.p.). As shown in Fig. 2A, admin-
istration of neither P10581 nor GsMTx4 (270 pg/kg) affected the
baseline mechanical nociceptive threshold when hindpaws were
not inflamed. However, following inflammation induced by Carr.,
the same dose of P10581 significantly increased the PWT in the
Randall—Sellito test (from 29.8 + 4.2 g to 159.9 + 11.7 g), indi-
cating the effective analgesic effect of peptide on rats (Fig. 2B). The
anti-hyperalgesic effect of P10581 showed a dose-dependent effect
(Fig. 2C). We did not observe significant differences in analgesic
effects between P10581 and GsMTx4 at 270 ng/kg, consistent with
the observation in Fig. 2B. Nevertheless, the maximum analgesic
effect for P10581 was significantly greater than that induced by
GsMTx4 (Fig. 2D), suggesting a greater potency for P10581 when
compared with GsMTx4.

We also compared the acute anti-hyperalgesic effect of P10581
with morphine when administrated intraperitoneally. i.p. admin-
istration of P10581 (i.p. 0.08 mg/rat) produced a large increase in
PWT, which is comparable with that of morphine at a dose of
0.4 mg/rat (Fig. 2E and F), suggesting that the analgesic effect of
P10581 may be as strong as morphine on mechanical pain when
administrated intraperitoneally.

3.3.  Analgesic effect of P10581 as determined by Von Frey hair
test

To assess the effect of P10581 on inflammation-induced
mechanical allodynia, we used a Von Frey hair test’’. As shown

in Supporting Information Fig. S2, significant allodynia was
observed after inducing inflammation with Carr., which resulted in
a reduced PWT to the application of Von Frey hairs. When
P10581 was administered intraperitoneally (i.p. 270 pg/kg,
50 pL), a significant increase in PWT was observed, which was
not significantly different from that of GsMTx4 (Fig. S2A).
Furthermore, local administration of P10581 (1200 ng/kg, i.d.)
injected into the same side of the hindpaw inflamed by Carr.,
elicited a nearly complete block of Carr.-induced allodynia
(Fig. S2B).

Taken together, these results suggest that P10581 reduces
inflammation-evoked mechanical pain with an equivalent or
greater potency than GsMTx4. The potent effect of P10581 can be
as strong as morphine when given either intradermally or
intraperitoneally.

3.4.  Effect of P10581 on neuropathic pain

Neuropathic pain is induced by classic constriction injury of the
sciatic nerve (CCI) model, which causes local neuropathy and can
last for more than one month™®>. After sciatic nerve injury, rats
showed signs of neuropathic pain, which was determined by the
mechanical PWT subjected to the Randall—Sellito test (Fig. 3A).
P10581 (1800 ng/kg) significantly raised PWT each day when
compared with the pre-treatment values. It reversed ~41.2% of
PWT (71.5 £ 3.2 g before vs. 128.3 + 5.5 g after), indicating a
significant anti-hyperalgesic effect for P10581 on neuropathic
pain (Fig. 3B and C), which is comparable with that of GsMTx4 at
this tested dose (Fig. 3D).

The anti-hyperalgesic effects of P10581 became more promi-
nent with the increases in the dose tested on Days 6, 7, 8, 10, and
14 after CCI (Fig. 3E), consistent with the dose-dependent effects
of the peptide on neuropathic pain. The lower efficacy for P10581
obtained on Day 6 after CCI (Fig. 3E—G) may arise from the
inflammation induced by chronic nerve injury. When compared
with GsMTx4, the effect of P10581 on neuropathic pain reached a
higher level of analgesia (Fig. 3H), suggesting a greater potency
for P10581 than GsMTx4 (Fig. 3I).

3.5.  Peptide P10581 fails to reduce thermal or cold pain

We also investigated whether P10581 modulates hot or cold pain.
To measure analgesia to hot pain we measured paw withdrawal
latency (PWL) in rats following the application of a thermal
laser'. The time taken for rats to lick or lift hindpaws was recorded
as an indication of hot pain. As shown in Supporting Information
Fig. S3A, rats administered with either P10581 or GsMTx4 (i.d.
1200 ng/kg, 5 pL) did not change their PWL when compared to
the saline group.

To determine whether P10581 modulates cold pain, the plantar
surface of the rat hindpaw was subjected to the noxious cold using
dry ice stimulation of the hind paw™. Although cold stimuli
significantly decreased the rat PWL, intradermal injections of
neither P10581 nor GsMTx4 at 1200 ng/kg (i.d. 5 pL) affected
PWL following cold stimulus (Fig. S3B). Indeed, we did not
observe significant differences in PWL response to cold stimuli
even with a higher dose (~4800 ng/kg) of the peptide (Supporting
Information Fig. S4).

In conclusion, peptide P10581 fails to reduce either thermal or
cold pain. These results may suggest a selective action of this
nature-based peptide on the mechanisms that induce mechanical
hyperalgesia.
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Figure 2

Synthetic short peptide P10581 reduces mechanical hyperalgesia in a dose-dependent manner when given intraperitoneally (i.p.). (A)

Evaluation of i.p. injection of P10581 vs. GsMTx4 (270 pg/kg, 50 uL) on the baseline of the nociceptive mechanical threshold without inflamed.
Morphine (i.p. 10 mg/kg) was used for positive control, n = 6 per group. (B) The effect of P10581 on mechanical pain induced by pressure on
hindpaws. P10581 (i.p. 270 pg/kg, 50 plL) was administered intraperitoneally 1.5 h after the inflammatory model induced by Carr. (i.d. 1%, 5 uL).
Normal saline (i.p. 50 pL) was used for control. n = 6 per group. (C) Dose-dependent effect for P10581 (i.p.) on mechanical hyperalgesia induced
by Carr. (i.d. 2%, 50 pL) compared with GsMTx4. Rats were subjected to Randall—Sellito tests 3 h after peptide injection. n = 4—5 at per dose.
(D) Comparison of the maximum anti-hyperalgesic effects (MaximAPWT) between P10581 and GsMTx4. (E) Comparison of the acute anti-
hyperalgesic effect of P10581 vs. morphine given intraperitoneally, 0.08 mg (400 pg/kg) and 0.5 mg (2.5 mg/kg) per rat, respectively. (F) The
area under the curves (AUC, g-min) calculated from each rat. n = 4 per group. The peptide/drug was given intraperitoneally 1.5 h after Carr. (i.d.
2%, 5 puL). Rats were subjected to Randall—Sellito tests 1 h after peptide/drug treatment. Data are expressed as mean £+ SEM, ***P < 0.001 and

*#P < 0.01 vs. saline unless specified.

3.6.  P10581 does not develop analgesic tolerance

Morphine is a powerful pain reliever, but also a potent inducer of
tolerance'**>. We tested whether P10581 induces analgesic
tolerance on mechanical pain as morphine does.

In the acute inflammatory pain model induced by Carr., rats
received six consecutive repeated injections of 2 pg/kg P10581
(i.d.) at 2 h intervals (Fig. 4A), which produced the maximum
analgesic effect (Fig. 1). As shown in Fig. 4B, repeated injections
of morphine led to a time-dependent decrease in PWT, consistent
with the tolerance developed in rats'>%, whereas, under the same
conditions, repeated injections of P10581 did not show a reduction
in the anti-hyperalgesic effects, suggesting a lack of development
of acute tolerance to peripherally administrated P10581.

In the chronic inflammatory pain model induced by Complete
Freund’s Adjuvant (CFA): injection of CFA into mouse hindpaw
elicits tissue edema and hypersensitivity to mechanical stimulation,

which results in a decreased mechanical PWT in the
Randall—Sellito test (Fig. 4C). Intrathecal injections (i.t.) of
P10581 induced a substantial central analgesic effect (Fig. 4C,
inset) in a dose-dependent manner (Supporting Information
Fig. S5). To investigate whether P10581 develops tolerance in
the inflammatory CFA pain model, rats were subjected to peptide
twice a day (at 9:00 am and 5:00 pm) from Day 4 after CFA, for 7
days of consecutive repeated injections (total 14 injections)
(Fig. 4D) with 2 pg/kg, which produced the maximum central anti-
hyperalgesic effect in mice (Fig. S5). We found central repeated
injection of peptide did not reduce the analgesic effects (Fig. 4E),
indicating that P10581 did not evoke central analgesic tolerance in
rats. In contrast, repeated i.t. injection of morphine completely
abolished the analgesic effect. We concluded that the central
analgesic effect of P10581 did not develop tolerance.

In the chronic constriction nerve injury model induced by CCI:
from Day 8 after CCI, rats were subjected to peptide twice a day
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Figure 3  The synthetic peptide P10581 reduces neuropathic pain in a dose-dependent manner. Neuropathic pain was induced by chronic
constriction nerve injury (CCI). (A) Rats were subjected to Randall—Sellito tests for neuropathic pain. Nerve injury lasted for 18 consecutive days
as long as we tested (n = 10). (B) The animal protocol used for (C, D). (C) The effect of P10581 (i.d. 1.8 pg/kg, 5 pL) on neuropathic pain up to
14 days after CCL. n = 7 per group. (D) The same as in (C), but for the effect of GsMTx4 (i.d. 1.8 pg/kg, 5 pL), n = 6 per group. (E) Dose-
dependent analgesic efficacies of P10581 on neuropathic pain obtained on Days 6, 7, 8, 10, and 14. n = 5—6 per dose. P10581 was administered
intradermally 2 h before the rats were subjected to Randall—Sellito tests. (F) Summary of the ICs, for the anti-hyperalgesic effects of P10581 on
neuropathic pain on the days as indicated. (G) Summary of the maximum anti-hyperalgesic effects (MaxiAPWT) of P10581 on neuropathic pain
tested on the days as indicated. (H) Comparison of the dose-dependent analgesic effect for P10581 compared with peptide GsMTx4. (I) Com-
parison of the maximum anti-hyperalgesic effects (MaxiAPWL) between P10581 and GsMTx4 on neuropathic pain. Rats were subjected to
Randall—Sellito tests 2 h after peptides injection (i.d.) on Day 8 after CCL. n = 4—5 per dose. Data are expressed as mean = SEM, **P < 0.01
and *P < 0.05, post-treatment vs. pre-treatment unless specified.

(i.d., at 9:00 am and 5:00 pm) for 9 consecutive days (Fig. 4F). As from that obtained on Day 16 (after 9 days of repeated injections,
a positive control, repeated injections of morphine (5 mg/kg, i.d.) Fig. 4] and K), demonstrating again that peptide P10581 did not
led to a time-dependent decrease in PWT, and completely lost its evoke tolerance on neuropathic pain.

anti-hyperalgesic effect from Day 4 (Fig. 4G). Interestingly,

further injection of P10581 (7.2 ng/kg, i.d.) overcame the toler- 3.7.  P10581 does not produce CPP

ance induced by morphine, suggesting again that peptide P10581

evokes an anti-hyperalgesic effect by a mechanism that may be Opioids are the mainstay of pain treatment in the current clinic.
distinct from that by morphine. On the other hand, repetitive However, prolonged use of opioids is commonly accompanied by
injections of P10581 (18 total) did not produce a significant burdensome side effects™®. And the addiction produced is a severe
reduction in PWT (Fig. 4H and I). In another independent test, crisis for public health. To examine whether P10581 produces
ICsp obtained for the analgesic effect of P10581 on Day 8 after addition, the standard conditioned place preference (CPP) model*!
CCI (before repeated injections) was not significantly different was conducted. First, we identified that P10581 does not affect
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Figure 4 The analgesic effects of peptide P10581 do not develop analgesic tolerance in both inflammatory and neuropathic pain. (A) Animal
protocol for repeated injections of peptide/drug after carrageenan for (B). (B) Repeated injections of P10581 (2 pg/kg, 5 uL, i.d.) did not reduce
the analgesic effect in Carr. (i.d. 1%, 5 pL) inflammatory pain model, compared with morphine (i.d. 5 mg/kg). Peptide/morphine was given every
2 h for 12 h after. Rats were subjected to Randall—Sellito tests 1 h after peptide/drug injections. n = 6 per group. ***P < 0.001, **P < 0.01 and
*P < 0.05, peptide/drug vs. Saline. (C) Injection of CFA into mouse hindpaw results in a decreased mechanical PWT in the Randall—Sellito test.
Inset showing the analgesic effect of P10581 (i.t. 2 pg/kg, 5 pL) after CFA. (D) Animal protocols for repeated injections of peptide/drug after CFA
for (E). (E) Repeated intrathecal (i.t.) injections of P10581 (2 pg/kg, 5 pL, twice a day) did not induce tolerance compared with morphine in CFA
pain model. Peptide/drugs were given twice a day (at 9:00 am and 5:00 pm) for 7 consecutive days from Day 4 after CFA. Rats were subjected to
Randall—Sellito tests 1 h after peptide/drug injections at 9 am. n = 6 per group. (F) Animal protocol for repeated injections of peptide/drug after
CCI for (G—). (G) 9 days of consecutive repeated injections of morphine (i.d. 5 mg/kg, twice a day) developed tolerance on neuropathic pain in
CCI, whereas P10581 (red circle, i.d. 7.2 pg/kg, 5 plL) mostly reversed the tolerance induced by morphine. The effect of P10581 on Day 16 (after
CCI) was obtained 24 h after the final injection of morphine. n = 6 per group. (H) the same as in G but for the effect of P10581 (i.d. 8 pg/
kg, 5 pL, twice a day). The effect of morphine on Day 16 (after CCI) was obtained 24 h after the final injection of P10581. n = 7 per
group. (I) Comparison of the normalized analgesic effects (APWL (%)) for P10581 vs. morphine (obtained from G and H). APWT
(%) = [(PWT posi-peptidesdrug)—PW T pre-peptiderarug))/(Maximum APWT)] x 100. (J) The dose-dependent analgesic efficacies for P10581 that were
obtained before (Red arrow in inset) vs. after (Green arrow in inset) 9 days of consecutive repetitive injections (twice a day, at 9:00 am and 5:00
pm). The dose-dependent effect of P10581 after repetitive injections was obtained 24 h after the final dose administration. n = 4—6 per dose.
Solid lines are fit to the standard Hill equation. n = 4—6 per dose. (K) Summary of ICs, obtained in (J). Data are expressed as mean £+ SEM,
#EP < 0.001, #*P < 0.01 and *P < 0.05 for (C—I), ¥P < 0.01, *P < 0.05, Post-treatment vs. pre-treatment. n.s. not significantly different.
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motor behavior evaluated by the Rotarod test (Supporting
Information Fig. S6). To assess whether P10581 produces CPP,
mice were randomly divided into three groups (saline, morphine,
and P10581) and were habituated for 3 days (6 h/day) to the
experimental room. The initial preferences (pre-conditioning) for
two chambers (horizontal or vertical) were determined in 15 min
on Day 0 (T1, Fig. 5A). Then each mouse was handled twice daily
(from Days 1—4) and received eight conditioning sessions (s.c.,
morning saline and afternoon peptide/drug). In each session, mice
were constrained in the chamber for 30 min (e.g. saline in the
horizontal chamber, and peptide/morphine in the paired vertical
one). 24 h after final dose injection on the test day (Day 5), mice
were placed in the central chamber and the preferences for two
chambers (horizontal or vertical) were determined for 15 min (T2,
Fig. 5A). We found that morphine-paired group (10 mg/kg)
significantly increased the time spent in morphine-paired (vertical)
chamber, where mice were confined for 30 min in each session
after morphine injection (Fig. 5B and C, middle). In contrast,
2 pmol/L/kg P10581, which produces the maximum analgesic
effect in mice, did not show significant place reference. The
preference scores for the P10581-paired group did not exhibit a
significant increase compared to the saline group, whereas the
morphine-paired group significantly increased CPP scores
(Fig. 5D). We concluded that peptide P10581 does not exert
conditioned place preference as morphine does.

3.8.  The effect of P10581 exerts potent resistance to naloxone

To determine the role of the u-opioid receptor in this process of
the analgesic effect of peptide, naloxone, an u-opioid receptor
antagonist, was given subcutaneously (2 pg/kg) 2 h after peptide/
morphine was administered (to ensure the maximum analgesic
effect produced by peptide). Although naloxone completely pre-
vented the increase in PWTs induced by morphine, P10581 (i.d.
2 pg/kg) showed a large increase in PWTs either in the absence or
presence of naloxone (Fig. 5E), suggesting that naloxone did not
significantly prevent the analgesic effect of P10581 (Fig. 5F). We
concluded that the short peptide may not act as opioid-dependent
analgesia in mice.

3.9.  TRPVA4, rather than the BK channel, is required for the
analgesic effect of P10581 in mice

BK channels are expressed in sensory neurons and mediate both
inflammatory and neuropathic pain in mice. We first tested
whether BK channels contribute to the analgesic effects of P10581
by using a BK channel opener and a BK conditional knockout
(Kcnmal-cKO) mice. As shown in Supporting Information
Fig. S7, BK channel opener NS1619 injected intrathecally (i.t.
10 pg/kg, 10 pL) did not alter the analgesic effect of P10581
administered intraperitoneally. In addition, the deletion of
Kcnmal-gene (Cre-Bk-cKO) also did not affect the anti-
hyperalgesic effect of P10581 (2 pg/kg, 100 pL) administered
subcutaneously (Supporting Information Fig. S8). Thus, it is most
likely that BK (including both SAKca and regular BK) channels
are not the molecular target for the analgesic effect of P10581.
These results are consistent with our previous report. Although
P10581 acts as a potent inhibitor of mechanosensitive BK (SAKc)
channels in the heart, it does not inhibit regular/canonical BK (e.g.
mSlol) that are wildly expressed in peripheral and central neurons

and have been shown to lack mechanosensitivity".

The mechanosensitive TRPV4 has been implicated in patho-
logical pain conditions, including various inflammatory and
neuropathic pain, but not in cold hypersensitivity”’*. Interest-
ingly, GsMTx-4 inhibits the hyperalgesia for mechanical and
hypotonic stimuli, to the same extent as treatment with oligo-
deoxynucleotides (ODN) antisense to Trpv4*’. We used the Trpv4-
gene deficient (7rpv4-KO) mice to assess the involvement of
TRPV4 channels in the analgesic actions of P10581 (Fig. 6A). The
genotypes for Trpv4 KO mice were determined by PCR (Fig. 6A
and B) using the primers (Table 1). Homozygous Trpv4
(Trpv4~'7) mice showed a significantly improved mechanical
PWT (BL) when compared with wild-type (WT) littermates, a
hallmark of mechanical hyperalgesia (Fig. 6C). The difference
observed in our experiments for the increased baseline to other
reports, may arise from the different methods used for the tests of
the mechanical hyperalgesia. This is possible as TRPV4 channel
expression is increased in wild-type channels, it is sensitive to
shell-stretch and contributes to mechanical hyperalgesia®’.

Injection of CFA decreased the mechanical PWT and developed
a similar degree from Days 3—10 (after CFA) (Fig. 6C). Subcu-
taneous (s.c.) injection of P10581 (2 pg/kg) in WT (Trpv4 ™) mice
significantly increased PWT of the hind paws (Fig. 6D), confirming
the peripheral analgesic effects of P10581 evoked on wild-type
mice. The anti-hyperalgesic effect of the peptide lasted 3 h as
long as we tested. Interestingly, the same dose of P10581 showed a
reduced analgesic potency in Trpv4™~ (Fig. 6D; at 1 h post-
injection) and mostly abolished in 7rpv4-deficient mice (Fig. 6E).
In fact, P10581 was mostly ineffective on both Tipv4™~ and
Trpv47/ ~ mice at 2 h (Fig. 6F) or 3 h (Fig. 6G) after injections,
suggesting that the TRPV4 channel plays a necessary role in the
anti-hyperalgesic effect developed by P10581.

Since morphine was equally effective in the anti-hyperalgesic
effects among wild-type and Trpv4-deficient mice (Fig. 6H), it is
most likely that P10581 produces its analgesic effect through a
pain pathway or mechanism different from that accessed by
morphine, consistent with the result that the analgesic effect of
P10581 is resistance to naloxone (Fig. 5SE and F).

3.10.  The peptide P10581 inhibits the TRPV4 channel when
heterologously expressed in HEK 239T or Xenopus oocytes

To further investigate the direct functional role of TRPV4 played in
the analgesic actions of P10581, we examined the inhibitory effect
of the peptide on TRPV4 by using whole-cell current recordings
when they are heterologously expressed in HEK 239T cells. We
observed some basal currents for TRPV4 channels under our
recording conditions (~25 °C), it is possible as the TRPV4 channel
can be partially activated at 24—27 °C. Extracellular application of
a potent and selective TRPV4 activator GSK101 elicited a robust
increase in the currents, and this GSK101-evoked-TRPV4 current
was completely inhibited by further application of peptide P10581
(5 wmol/L) in the intact cell from the extracellular side (bath
solution) of the cell (Fig. 7A and B). The remaining (basal) currents
were not further inhibited by the TRPV4 selective inhibitor
GSK219, suggesting that non-mechanosensitive basal currents may
arise from unknown endogenous currents in HEK293 cells.

It has been reported that the TRPV4 channel can be directly
activated by mechanical force produced with hypotonicity™®,
whereas GsMTx-4 markedly reduces nociceptive flinching in
response to hypotonic stimulation. Thus, we asked whether
P10581 could inhibit the TRPV4 current that is activated by
hypotonicity. As shown in Fig. 7C and D, again, extracellular
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Figure S Peptide P10581 does not produce conditioned place preference (CPP) and exerts potent naloxone resistance in rats. (A—D) Peptide
P10581 did not exhibit CPP. (A) Schematic of the experimental design for training and test of CPP. (B) Representative tracking for Saline (left)-,
Morphine (middle)-, and P10581 (right)-paired groups after CCP training (See Method). (C) Mice treated with P10581 (2 ng/kg, s.c. 100 pL), at
which produced a maximum anti-hyperalgesic effect, did not produce a significant increase in preference (T2). Saline (100 pL. left)-
and morphine (10 mg/kg, s.c. middle)-paired groups were shown for negative and positive controls, respectively. (D) Mice treated with P10581
(2 ng/kg, 100 pL, s.c. left) did not produce a significant increase in preference scores relative to the saline-treated group. Preference scores were
calculated by subtracting the time spent on the drug-paired side during pre-conditioning from the time spent on the drug-paired side
during postconditioning“. n = 5 per group. (E, F) The analgesic effect of P10581 shows potent naloxone (Nal) resistance in rats. (E) P10581 (i.d.
2 pg/kg, 5 pL) on mechanical pain subjected to the Randall—Sellito tests, showed a large increase in response to PWT either in the absence or
presence of naloxone. Note: morphine lost the anti-hyperalgesic effect on mechanical pain after co-application of naloxone. (F) The areas under
the curves (AUC, g-min) calculated from each mouse. The peptide/morphine (1 mg/kg) was given 1 h after Carr. (i.d. 1%, 5 pL). Naloxone was
injected subcutaneously (2 mg/kg, s.c.) 2 h after peptide/drug administration (to ensure the maximum anti-hyperalgesic effect of P10581). Note:
peptide at 2 pg/kg (i.d.) can induce an analgesic effect against acute and inflammatory pain that can be as strong as morphine. Rats were subjected
to the Randall—Sellito tests 15 min after naloxone was subcutaneously (s.c.) injected. n = 8—11 per group. Data are expressed as mean + SEM,
*##%P < 0.001 and **P < 0.01 vs. saline unless specified. n.s. not significant difference.

application of peptide P10581 (1 pmol/L) inhibited the hypo- the currents. The inhibitory effect of P10581 on TRPV4 was in a
tonically activated TRPV4 currents to the level of the basal current dose-dependent manner (Fig. 7E and F).

(before hypotonic solution application). Subsequent application of Taken together, these results demonstrate that peptide P10581
the TRPV4 selective inhibitor GSK219 did not further decrease not only inhibits the TRPV4 currents activated by GSK101, but
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Figure 6  The analgesic effect of peptide P10581 was mostly abolished by Trpv4-gene deletion in mice. (A—H) Deletion of Trpv4-gene mostly
abolished the analgesic effect of P10581: (A) Schematic diagram of Trpv4 knock-out mice and PCR verification strategies. (B) PCR verifications
of KO-fragment deletion in 7rpv4 KO mice. The 499 bp fragment band is generated from 7Trpv4 wild-type mice, and the 567 bp fragment band is
the expected PCR result of the Trpv4 KO genotype. The primers used are listed in Table 1. (C) Injection of CFA in homozygous (Trpv4 ") mice
decreased the mechanical PWT subjected to the Randall—Sellito test, which lasted for 10 days as long as we tested. n = 11. Inset compared the
baseline (before CFA) response to mechanical PWT among wild-type (Trpv4™™) littermates, heterozygous (Trpv4™™), and homozygous
(Trpv47/ 7) mice. n = 10—12. (D) The analgesic effects of P10581 (s.c. 2 ng/kg, 100 pL) on heterozygous (Trpv4+/7) mice. The corresponding
wild-type (Trpv4*'*) littermates were used for controls. (E) The same as in (D), but for P10581 (s.c. 2 pg/kg, 100 pL) effects on homozygous
(Trpv4™™) mice vs. WT littermates. (F) Comparison of analgesic effects (APWT) induced by P10581 at 2 h post-injections among WT littermates
and Trpv4-deficient mice. (G) The same as in (F), but obtained at 3 h post-injections. (H) Comparison of the analgesic effects (APWT) of
morphine (5 mg/kg) obtained at 2 h (left) or 3 h (right) post-injections. APWT (g) = PWT (pos-Drugy—PWT (pre-Drug)- # = 4—>5 per group. Data are
expressed as mean + SEM, ***P < 0.0001 vs. saline. **P < 0.01 and *P < 0.01, Trpv4-deficient mice vs. WT littermates. n.s. not significant

difference.

also abolishes TRPV4 currents that are activated by hypotonicity 4. Discussion
(as summarized in Fig. 7G). We propose that peptide P10581 may

act as an inhibitor directly targeting the mechanosensitive TRPV4 In the present study, we examined the anti-hyperalgesic effects of
channel to alleviate mechanical and neuropathic pain in the rodent a natural toxin-based peptide (P10581) in the rodent models of
pain model. Nevertheless, considering that P10581 showed a inflammatory and neuropathic pain and explored the involvement
minor analgesic effect in TRPV4 knockout mice, we cannot rule of TRPV4 channel as the potential target for the peptide actions.
out the possibility that other pain- and mechano-sensing ion We found that peptide P10581 effectively reduced the
channels (e.g., Piezo) have a minor contribution to the anti- mechanical hyperalgesia and neuropathic pain subjected to the

hyperalgesic effect of P10581 (see discussion). Randall—Sellito or Von Frey hair test, while it did not affect
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Table 1 Real-time PCR information for TRPV4.

PCR No. Primer Sequence (5'—3') PCR products
PCR @ F1 CGTGGTTCTCAGGAATGATGG WT: 20460 bp
R1 TTCCTGACATCTGGGATGATGG Targeted: 567 bp
PCR @ F2 TGGGAAGCTCAACTATGGCATC WT: 499 bp
R2 CAGGAGAATACTGACAACCGTCAC Targeted: 0 bp

Note: Wild type: @ PCR reaction obtains a single WT band; @ PCR reaction obtains a single WT band. Heterozygote: @ PCR reaction obtains a
WT band and a KO band; @ PCR reaction obtains a WT band. Homozygote: @ PCR reaction obtains a single KO band; @ PCR reaction without
product. Note: If the WT band is too large, it may not be possible to obtain a WT band. In Supporting Information Fig. S7, PCR @ was used for
genotype identification.
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Figure 7 TRPV4 is inhibited by the peptide P10581. (A) Left: representative time course of whole-cell current recordings elicited in HEK293
that were transiently expressed with TRPV4. Right: representative ramp current traces taken at the time points at (1), (2), (3), and (4) from the
time course recording. A ramp protocol elicited by a voltage ramp from —100 mV to +100 mV was used. Note, currents evoked by TRPV4
selective activator GSK101 (0.3 pmol/L) at +100 mV were inhibited by co-application of P10581 (5 pumol/L), further application of TRPV4
selective inhibitor GSK219 (1 pumol/L) did not produce further decreases in TRPV4 currents. Horizontal bars show the time durations of
applications of GSK101, P10581, and GSK219 from both solutions. (B) Bar summarized the effect of P10581 on GSK101-activated TRPv4
whole-cell currents recorded at +100 mV. Further applied GSK219 did not produce further inhibition on the TRPV4 channel. n = 4—5 per group.
(C, D) P10581 inhibits TRPV4 currents induced by hypotonicity. (C) Representative whole-cell current elicited in Xenopus oocytes that were
transiently expressed with TRPV4. Note, TRPV4 current activated by hypotonicity was inhibited by P10581 (1 pmol/L). Currents were recorded
by using standard two-electrode voltage clamp (TEVC) recording. (D) The normalized inhibitory effect of P10581 on TRPV4-induced currents by
hypotonicity at 4100 mV. Further applied TRPV4 selective inhibitor GSK219 did not produce further inhibition. (E, F) Dose-dependent inhibition
effects of P10581 on TRPV4-channel. Solid line is fit to the standard Hill equation. The ICso and Hill coefficient factors obtained were:
5.2 £ 1.2 nmol/L and 0.92 + 0.12 (n = 4—5 per dose). (G) Schematic diagrams of the effects of P10581 on the TRPV4 channel, showing that
P10581 not only inhibits GSK101-evoked TRPV4 activation (a) but also inhibits the currents activated by hypotonicity. Data are expressed as
mean + SEM, ***P < 0.001 vs. basal currents unless specified.
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mechanical nociceptive thresholds to thermal or cold stimuli. The
anti-hyperalgesic effect of P10581 is resistant to the opioid
antagonist (naloxone) and can be as strong as morphine, but it did
not produce the side effects of opioid-induced, e.g., tolerance,
addiction, or motor impairment. In addition, we found that the
analgesic effect of P10581 was nearly absent in Trpv4-deficient
mice, suggesting an essential role of TRPV4 in the therapeutic
activity of the peptide. Further pharmacological inhibition of
TRPV4 by P10581 when expressed in HEK 239T cells, suggested
that this mechanosensitive channel may act as the direct target for
the anti-hyperalgesic of peptide. These studies show that this short
peptide may have considerable potential as a non-opioid analgesic
in alleviating the form of mechanical pain, as well as in the
treatment of Trpv4-driven diseases.

Natural products represent a reliable source of biologically
active compounds that may have pharmacological potency and
safety, and natural product-based drug design is regarded as one of
the effective means for new drug development. The MS channel
selective inhibitor GsMTx4 extracted from the venom of the
tarantula Grammostola s;)nlttAlateZ("3 O showed substantial anal-
gesic effects in reducing mechanical and neuropathic pain, pre-
sumably via some type of MS channel'””. GsMTx4-based peptide
Pept 01 (referred to as P10581 in this study) has been identified as
a mechanosensitive BK (SAKc,) channel inhibitor’’. In this study,
we characterized the novel effects of this peptide in alleviating
mechanical pain. In pain models, P10581 effectively attenuated
mechanical hyperalgesia and neuropathic pain without significant
efficacy on thermal and cold pain even with a considerably higher
dose. It is most likely that this peptide acts as a novel analgesic
selective to mechanical pain. The result that the P10581 exhibited
a strong analgesic effect in reducing inflammation-, and
constriction nerve injury-evoked mechanical pain, supports the
idea that the regions between loop2 + loop3 in the natural toxin
(Trp’—Lys™ in GsMTx4) are responsible for its action on the
pharmacological blockade on a mechanosensitive BK (SAKca)
channel’®. Nevertheless, the result that the analgesic effects of
P10581 were retained in Kcnmal-gene-lacking mice (Fig. S6),
makes it unlikely that the anti-hyperalgesic effect of peptide
functions through BK (including SAKca and regular BK) channel
as a target. Although P10581 is a potent inhibitor of mechano-
sensitive BK (SAKc) channels in the heart, it does not inhibit non-
mechanosensitive regular/canonical BK (e.g., mSlol) that are
wildly expressed in peripheral and central neurons’’, the result
that the knockout of Bk has no impact on the analgesic effect of
P10581 is consistent with the previous report.

Peptides possess low immunogenicity and high specificity, and
having been increasingly developed as drugs for the treatment of
various diseases’>™’. In this study, we also identified a target
channel for the anti-hyperalgesis actions of P10581. The results
that the analgesic effect of the peptide was mostly abolished in
Trpv4-deficient mice suggest that the mechanosensitive TRPV4
channel is a potential therapeutic target for peptide action. The
result that ICs, for P10581 on TRPV4 is ~5.2 nmol/L, is
approximately consistent with the concentration (1200 ng/kg) we
used in mice (that is 7.9 nmol/L, based on the molecular weight
and blood volume in mice). Since this type of peptide acts as a
gating modifier that targets mechano-gating of the MS channels by
partitioning into the cell membrane®*, the local concentration
of peptide accumulated on the cell membrane might be higher
than the actual concentration used.

While P10581 analgesia was absent in Trpv4-deficient mice,
morphine’s analgesic effects were retained and not significantly

altered by the deletion of Trpv4-gene, indicating a lack of a
generalized defect in analgesic pathways for morphine in this
mouse strain. It is most likely that peptide P10581 produces its
anti-hyperalgesic effect via a different pathway or mechanism
from that of morphine. As naloxone did not significantly prevent
the analgesic effect of P10581, we suggest that the peptide may
act as a non-opioid analgesic. This is pretty important as a non-
opioid analgesic may hold promise to develop safer and non-
addictive medications®"%%,

In addition to TRPV4, two GsMTx4-sensitive MS channels
TRPC1 and TRPC6, expressed in dorsal root ganglion neurons
(DRG), are known to cooperate with TRPV4 to mediate
mechanical hyperalgesia and primary afferent nociceptor sensiti-
zation”’. Although these two channels may have distinctive roles,
one may assume that the outcome of the analgesic effect for
P10581 in this study could also be explained by peptide acting on
TRPV4 exerting analgesia of TRPC1/TRPC6-mediated noxious
sensations. If TRPC1/TRPC6 were the direct analgesic target of
P10581, P10581’s effect would have been retained in Trpv4-gene-
lacking mice. However, this was not the case, suggesting that
TRPV4 is the key analgesic and pharmacological target for the
anti-hyperalgesic effect of P10581. The minor anti-hyperalgesic
effect (a spike, ~15%) remained in Trpv4-deficient mice at 1 h
after administration (Fig. 6E and F) suggests that other MS
channels may contribute to the analgesic effect of peptide in mice.
It has been shown that the mechanosensitive Piezol/Piezo2
channel is sensitive to GsMTx4, and mediates inflammatory-
and nerve injury-induced neuropathic pain in mice and
humans®>®*. Thus, one possibility is that the minor anti-
hyperalgesic effect of P10581 remaining in 7rpv4-KO mice may
arise from the inhibition of the Piezol/Piezo2 channel. Indeed,
shear stress can produce a fast and transient, but minor Ca?" influx
via Piezol in Trpv4 KO mice®. Whether P10581 inhibits Piezo1/
Piezo2 and/or other pain-sensing ion channels, such as TRPV1 or
ASIC, needs to be further identified in future studies. The lack of
the anti-hyperalgesic effect of P10581 (tested 2 h post-injection)
in both Trpv4+/ 7/Trpv47/ ~ mice supports the conclusion that
TRPV4 plays an essential role in the effect of peptide.

5. Conclusions

In conclusion, we discovered a short peptide derived from the
natural toxin GsMTx4. This peptide, we call P10581, exhibited
effective anti-hyperalgesic effects on mechanical forms of pain
and these actions depend on the mechanosensitive TRPV4 ion
channel. The anti-hyperalgesic effect of P10581 is comparable
with morphine but does not show analgesic tolerance, addiction,
or motor dysfunction as morphine. These findings offer new
opportunities for the development of a non-opioid analgesic in the
treatment of mechanical forms of pain.
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