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Voltage-gated sodium channels (Nays), particularly those in
nociceptive neurons, are key mediators of pain, making them
important therapeutic targets.? These channels are responsible
for the initiation and propagation of action potentials in peripheral
sensory neurons (PSNs).2 Neurons achieve similar functions
using various ion channel combinations, a flexibility known as
degeneracy.” This flexibility is crucial for maintaining homeostatic
excitability and overall function, and it explains how adaptive
changes in different ion channels can lead to the same
hyperexcitable state, affecting neurons’ responsivity to patho-
logical conditions and drugs.®® Since pain often involves multiple
ion channels, a single-target approach may be insufficient due to
compensatory mechanisms where the cell adjusts to the
inhibition of one channel by upregulating others.2® Exemplifying
this failed one-target approach is the targeting of Nay1.7
channels (see reviews)*%2541 after the discovery that its absence
leads to congenital insensitivity to pain. This discovery sparked
a “rush” to develop selective inhibitors, resulting in numerous
potent in vitro compounds. However, clinical trials targeting
Nay 1.7 with inhibitors such as PF-05089771,%2 Vixotrigine,® and
TV-45070%8 have largely failed to demonstrate effective analgesia
in conditions like diabetic neuropathy, postherpetic neuralgia,
and trigeminal neuralgia.*? Therefore, a more effective strategy
may involve a multitarget approach that inhibits several channels
simultaneously.

In this issue, Shin et a propose an innovative approach to
managing neuropathic pain through the development of a sodium
channel inhibitory peptide aptamer named NayiPA1 (Fig. 1). By
targeting multiple sodium channels in PSNs, NayiPA1 embraces
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a novel strategy to address channel degeneracy, which contrib-
utes to neuronal hyperexcitability associated with chronic pain. A
year earlier, the same group had identified NayiPA1, which is
derived from a segment of the first intracellular loop of Nay1.7,
a sodium channel isoform strongly linked to pain syndromes.*®
Although other proteins bind in the cytoplasmic regions of
Nay1.7,%1225 NayiPA1’s design takes advantage of an in-
trinsically disordered region of Nay1.7, which permits flexible
binding interactions with multiple tetrodotoxin (TTX)-sensitive
sodium channel isoforms. Specifically, Shin et al. demonstrated
that NayiPA1 inhibited Nay1.7 along with Nay1.6, Nay1.3, and
Nay1.1 channels that contribute to the initiation and propagation
of action potentials in peripheral sensory neurons. Importantly,
NayiPA1 did not affect Nay1.5 (the cardiac isoform) or Nay1.8
(which has distinct kinetics and roles in pain), thus promising
a degree of selectivity that could reduce off-target effects and
adverse outcomes (Fig. 1). The proposed mechanism of action
for NayiPA1 relies on its interaction with short linear motifs within
the targeted Nay channels, including a polybasic motif and
specific serine residues, allowing it to effectively modulate
channel function®2® (Fig. 1).

In their previous work, Shin et al.%3 showed that when NayiPA1 is
delivered to dorsal root ganglion (DRG) neurons using adeno-
associated virus (AAV) vectors for peripherally restricted gene
expression, it robustly reduces TTX-sensitive sodium currents. In
a rat model of neuropathic pain induced by tibial nerve injury (TNI),
DRG injection of AAVE (a variant that enhances the magnitude of
early transgene expression without negatively altering the long-term
expression kinetics®), encoding NayiPA1 led to a marked
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Figure 1. Combined block of multiple voltage-gated sodium channels (Nays) as an effective strategy for osteoarthritis (OA) pain. iPA1, a 45 amino acid peptide
identified from the first intracellular loop of the voltage-gated sodium channel Nay1.7, inhibits Nay1.1, Nay1.3, Na,1.6, and Nay1.7—but not Na,1.5 or
Nay1.8—currents. iPA1 alleviates pain in the monoiodoacetate (MIA) model of OA pain and reduces neuronal hyperexcitability. Nay structure PDB IDs: Nay1.1,
7DTD?"; Nay1.3, 7W772"; Nay1.6, 8FHD®; Nay1.7, 7WIK'®; Nay1.5, 7DTC?’; Nay1.8, 7WE4."® The model for Na\iPA1 was extracted from the AlphaFold'”
model of human Nay1.7 and is shown as ball-stick representation (yellow carbons) and surface representation. The surface is colored according to electrostatics
calculated using Adaptive Poisson-Boltzmann Solver (APBS)'® where blue represents positively charged and red represents negatively charged regions. The
N-terminal polybasic motif is outlined. Molecular figures were generated in PyMOL.%® Figure Created in BioRender.

attenuation of both evoked and spontaneous pain behaviors.
Electrophysiological recordings using whole-cell current clamp
techniques revealed that NayiPA1 expression normalized the
heightened excitability of PSNs that is typically observed after nerve
injury, suggesting that the peptide restores neuronal homeostasis by
counteracting injury-induced hyperexcitability. In addition to in vivo
experiments in rat models, the team demonstrated that NayiPA1
mediates sodium channel inhibition in human-induced pluripotent
stem cell-derived sensory neurons.®® This cross-species validation
not only reinforces the mechanistic rationale for targeting sodium
channels but also hints at the translational potential of NayiPA1 as
a therapeutic modality in human pain conditions.

Capitalizing on the efficacy of this approach®® and noting that
increased activity and abnormal expression of Nays in PSNs lead
to their hyperexcitability in osteoarthritis (OA), ' Shin et al.3* set
out to test if PSNs-specific expression of NayiPA1 in vivo could

block pain behaviors in the monoiodoacetate (MIA)-model of OA.
Delivery of AAV6.2FF-NayiPA1 vector into the lumbar 4/5 DRG
transduced ~60% of neurons.®* Robust analgesia of MIA-OA
pain was seen in male and female rats injected with NayiPA1: an
average reduction of 52% in the mild mechanical stimulation von
Frey test, 45% in Pin test (noxious mechanical stimulation), 82%
in Cold test and 40% in Heat test, as well as a reduction in weight-
bearing asymmetry. Using the conditioned place preference test,
they found that NayiPA1 alleviated ongoing pain caused by MIA,
showing that this multipronged inhibitory peptide can also reduce
the affective aspect of pain.®* Furthermore, NayiPA1 normalized
the action potential firing of PSNs in MIA-OA rats (Fig. 1), which
indicates that the analgesic effect is, at least in part, due to
a reversal of neuronal hyperexcitability. These results align with
findings that highlight how targeting peripheral nociceptive input
can relieve pain.
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Figure 2. Sequence alignment of NayiPA1 sequences from human Nay isoforms. Sequences were obtained from UniProt and aligned in JalView®® using the
MAFFT (version 7.310) L-ins-i algorithm.'® Alignment visualization was created with ESPript 3.0.%° Sequence identities (%ID) and similarities (%Sim) over the entire

45-amino acid peptide were calculated with the Sequence Manipulation Suite.®®
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Despite its promise, several challenges remain before NayiPA1
can be translated into a clinical setting. A major concern is
targeting voltage gated sodium channels in peripheral somato-
sensory neurons that are not involved in the transmission of pain.
That NayiPA1 affected mild mechanical behavior raises the
question of whether it also affects innocuous somatosensory
transmission, highlighting a potential limitation. A major concern
is the variability inherent in AAV-mediated gene delivery. Differ-
ences in viral tropism and long-term expression patterns in
humans compared to animal models must be carefully
addressed.’® There are safety concerns regarding high-dose
viral therapies in humans, including immune responses and
potential adverse effects such as genotoxicity, hepatotoxicity,
thrombotic microangiopathy (ie, clotting disorders affecting small
blood vessels), and neurotoxicity.*2 Manufacturing AAV vectors is
also complex and costly (ie, improving vector quality),®! which
can hinder large-scale production and accessibility.>® Moreover,
although acute inhibition of sodium channels can normalize
hyperexcitability, the long-term consequences of sustained
inhibition remain unknown. Chronic blockade might lead to
unforeseen alterations in sensory processing or neuronal
adaptation. There is also the need for deeper molecular
characterization to ensure that NayiPA1 does not interact
adversely with other cellular proteins or ion channels, potentially
leading to off-target effects. In addition, the Shin group did not
test inhibition of Nay 1.9, due to lack of significant homology in the
NayiPAT region,®®Nay 1.4, or Nay1.2. The first intracellular loop of
Nay1.4 is significantly shorter than other isoforms and has no
homologous sequence to NayiPA1, explaining why that isoform
was not tested. On the other hand, the region in Nay1.2 does
share significant homology, ~64% to NayiPA1 compared to
~58% for Nay1.3 (Fig. 2). Perhaps Nay1.2 was not tested due to
expression patterns restricted mainly to the brain.*® Neverthe-
less, whether the NaViPA1 peptide inhibits these isoforms may
provide additional mechanistic insight, particularly given the high
similarity of Nay1.2 and the presence of the well-conserved
polybasic motif in Nay1.9 (Fig. 2). Although NayiPA1 was shown
not to affect big-conductance calcium activated potassium (BK)
or calcium channels, the possibility that it interacts with other
unknown protein-binding targets cannot be excluded. If the
peptide binds to the membrane through a lipid-based mecha-
nism, as suggested by their earlier findings,®® it could influence
various proteins with positively charged domains. Adopting
a multitargeting polypharmacology approach, while promising,
could potentially result in increased off-target effects. Further, it is
still unknown where along the peripheral nociceptor pathway the
actionable target of NayiPA1 is located. The two published
studies on NayiPA1%334 cannot rule out that pain reduction from
blocking TTX-sensitive Nays may occur by suppressing hyper-
excitable afferent input, which could indirectly modulate spinal
cord and brain antinociceptive circuits. The identification of the
TTX-S Nay1.7 sodium channel in chondrocytes,'® where it
influences chondrocyte stability, suggests it as a promising
therapeutic target for OA. This emphasizes the need for OA pain
interventions to address multiple levels along the neuraxis,
extending beyond just neuronal cells. Testing NayiPA1 in clinically
relevant models of OA, such as the destabilized medial meniscus
or the medial meniscus transection models, would be instructive.
This is because the heterogeneity of symptoms in OA means that
a single model is unlikely to fully capture the complexity of
symptomatic OA, as most clinical cases are idiopathic.

In conclusion, Shin et al.®* provide compelling evidence that
NayiPA1, delivered via AAV vectors, represents an innovative
strategy for achieving peripheral analgesia in OA pain by targeting
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multiple sodium channels involved in pain transmission. A
promising direction for future research is to use homology-
guided mutational analysis of NayiPA1 to identify key residues
critical for its antinociceptive effect. This could inform the design of
pharmacophores that mimic these peptides, ultimately leading to
the development of peptidomimetics. This approach has recently
been pursued for another nociceptive voltage-gated channel and
holds potential for innovative therapeutic strategies.''2* Despite
its promising results and translational potential, further research
addressing delivery variability, long-term safety, and molecular
specificity is necessary before NayiPA1 can be considered a viable
clinical treatment for neuropathic pain.

Disclosures

R.K. is the founder of Regulonix LLC, a startup company
developing nonopioid drugs for chronic pain. S.P.-M. does not
have any conflicts to declare.

Acknowledgements

This study was partially supported by National Institutes of
Health grants RFINS131165, R61NS126026, ROTNS1206683 (to
R.K.). The funders had no role in the publication.

Article history:

Received 11 February 2025
Accepted 22 March 2025
Available online 27 May 2025

References

[1]1 Allen HN, Hestehave S, Duran P, Nelson TS, Khanna R. Uncoupling the
CRMP2-Ca(V)2.2 interaction reduces pain-like behavior in a preclinical
joint-pain model. J Pain 2024;25:104664.

[2] Alsaloum M, Dib-Hajj SD, Page DA, Ruben PC, Krainer AR, Waxman SG.
Voltage-gated sodium channels in excitable cells as drug targets. Nat Rev
Drug Discov. 2025. doi:10.1038/s41573-024-01108-x.

[8] CaiS, Moutal A, Yu J, Chew LA, Isensee J, Chawla R, Gomez K, Luo S,
Zhou'Y, Chefdeville A, Madura C, Perez-Miller S, Bellampalli SS, Dorame
A, Scott DD, Frangois-Moutal L, Shan Z, Woodward T, Gokhale V,
Hohmann AG, Vanderah TW, Patek M, Khanna M, Hucho T, Khanna R.
Selective targeting of NaV1.7 via inhibition of the CRMP2-Ubc9
interaction reduces pain in rodents. Sci Transl Med 2021;13:eabh1314.

[4] Chew LA, Bellampalli SS, Dustrude ET, Khanna R. Mining the Na(v)1.7
interactome: opportunities for chronic pain therapeutics. Biochem
Pharmacol 2019;163:9-20.

[6] Dib-Hajj SD, Waxman SG. Disordered but effective: short linear motifs as
gene therapy targets for hyperexcitability disorders. J Clin Invest 2024;
134:182198.

[6] Eagles DA, Chow CY, King GF. Fifteen years of Na(V) 1.7 channels as an
analgesic target: why has excellent in vitro pharmacology not translated
into in vivo analgesic efficacy? Br J Pharmacol 2022;179:3592-611.

[71 Edelman GM, Gally JA. Degeneracy and complexity in biological systems.
Proc Natl Acad Sci U S A 2001;98:13763-8.

[8] Faber CG, Attal N, Lauria G, Dworkin RH, Freeman R, Dawson KT,
Finnigan H, Hajihosseini A, Naik H, Serenko M, Morris CJ, Kotecha M.
Efficacy and safety of vixotrigine in idiopathic or diabetes-associated
painful small fibre neuropathy (CONVEY): a phase 2 placebo-controlled
enriched-enrolment randomised withdrawal study. EClinicalMedicine
2023;59:101971.

[91 FanX,HuangJ, Jin X, Yan N. Cryo-EM structure of human voltage-gated
sodium channel Na(v)1.6. Proc Natl Acad Sci U S A 2023;120:
€2220578120.

[10] FuW, Vasylyev D, BiY, Zhang M, Sun G, Khleborodova A, Huang G, Zhao
L, Zhou R, LiY, Liu S, Cai X, He W, Cui M, Zhao X, Hettinghouse A, Good
J, Kim E, Strauss E, Leucht P, Schwarzkopf R, Guo EX, Samuels J, Hu W,
Attur M, Waxman SG, Liu C-j. Nav1.7 as a chondrocyte regulator and
therapeutic target for osteoarthritis. Nature 2024;625:557-65.

[11] Gomez K, Santiago U, Nelson TS, Allen HN, Calderon-Rivera A,
Hestehave S, Rodriguez Paima EJ, Zhou Y, Duran P, Loya-Lopez S,


www.painreportsonline.com

4 S. Perez-Miller, R. Khanna e 10 (2025) 1289

Zhu E, Kumar U, Shields R, Koseli E, McKiver B, Giuvelis D, Zuo W, Inyang
KE, Dorame A, Chefdeville A, Ran D, Perez-Miller S, Lu' Y, Liu X, Handoko,
Arora PS, Patek M, Moutal A, Khanna M, Hu H, Laumet G, King T, Wang
J, Damaj MI, Korczeniewska OA, Camacho CJ, Khanna R. A
peptidomimetic modulator of the Ca(V)2.2 N-type calcium channel for
chronic pain. Proc Natl Acad Sci U S A 2023;120:e2305215120.

[12] Gomez K, Stratton HJ, Duran P, Loya S, Tang C, Calderon-Rivera A,
Frangois-Moutal L, Khanna M, Madura CL, Luo S, McKiver B, Choi E, Ran
D, Boinon L, Perez-Miller S, Damaj MI, Moutal A, Khanna R. Identification
and targeting of a unique Na(V)1.7 domain driving chronic pain. Proc Natl
Acad Sci U S A 2023;120:62217800120.

[13] Hawley ZCE, Pardo ID, Cao S, Zavodszky MI, Casey F, Ferber K, Luo Y,
Hana S, Chen SK, Doherty J, Costa R, Cullen P, Liu Y, Carlile TM,
Chowdhury T, Doyle B, Clarner P, Mangaudis K, Guilmette E, Bourque S,
Koske D, Nadella MVP, Trapa P, Hawes ML, Raitcheva D, Lo S-C. Dorsal
root ganglion toxicity after AAV intra-CSF delivery of a RNAI expression
construct into non-human Primates and mice. Mol Ther J Am Soc Gene
Ther 2025;33:215-34.

[14] Hestehave S, Allen HN, Gomez K, Duran P, Calderon-Rivera A, Loya-
Ldépez S, Rodriguez-Palma EJ, Khanna R. Small molecule targeting Na V
1.7 via inhibition of CRMP2-Ubc9 interaction reduces pain-related
outcomes in a rodent osteoarthritic model. PAIN 2025;166:99-111.

[15] Huang G, Liu D, Wang W, Wu Q, Chen J, Pan X, Shen H, Yan N. High-
resolution structures of human Na, 1.7 reveal gating modulation through
a-m helical transition of S6y. Cell Rep 2022;39:110735.

[16] Huang X, Jin X, Huang G, Huang J, Wu T, LiZ, Chen J, Kong F, Pan X, Yan N.
Structural basis for high-voltage activation and subtype-specific inhibition of
human Na(v)1.8. Proc Natl Acad Sci U S A 2022;119:e2208211119.

[17] Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O,
Tunyasuvunakool K, Bates R, Zidek A, Potapenko A, Bridgland A, Meyer
C, Kohl SAA, Ballard AJ, Cowie A, Romera-Paredes B, Nikolov S, Jain R,
Adler J, Back T, Petersen S, Reiman D, Clancy E, Zielinski M, Steinegger
M, Pacholska M, Berghammer T, Bodenstein S, Silver D, Vinyals O,
Senior AW, Kavukcuoglu K, Kohli P, Hassabis D. Highly accurate protein
structure prediction with AlphaFold. Nature 2021;596:583-9.

[18] Jurrus E, Engel D, Star K, Monson K, Brandi J, Felberg LE, Brookes DH,
Wilson L, Chen J, Liles K, Chun M, Li P, Gohara DW, Dolinsky T, Konecny
R, Koes DR, Nielsen JE, Head-Gordon T, Geng W, Krasny R, Wei GW,
Holst MJ, McCammon JA, Baker NA. Improvements to the APBS
biomolecular solvation software suite. Protein Sci 2018;27:112-28.

[19] Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol 2013;
30:772-80.

[20] Li Z, Yan H, Zhang X, Shah S, Yang G, Chen Q, Han S, Zhang D,
Weinberger DR, Yue W, Tan HY. Air pollution interacts with genetic risk to
influence cortical networks implicated in depression. Proc Natl Acad SciU
S A2021;118:2109310118.

[21] LiX,XuF, XuH, Zhang S, Gao'Y, Zhang H, Dong Y, Zheng Y, Yang B, Sun J,
Zhang XC, Zhao Y, Jiang D. Structural basis for modulation of human Na(V)
1.3 by clinical drug and selective antagonist. Nat Commun 2022;13:1286.

[22] McDonnell A, Collins S, Ali Z, lavarone L, Surujbally R, Kirby S, Butt RP.
Efficacy of the Nav1.7 blocker PF-05089771 in a randomised, placebo-
controlled, double-blind clinical study in subjects with painful diabetic
peripheral neuropathy. PAIN 2018;159:1465-76.

[23] Merten OW, Gény-Fiamma C, Douar AM. Current issues in adeno-
associated viral vector production. Gene Ther 2005;12(suppl 1):S51-61.

[24] Moutal A, Li W, Wang Y, Ju W, Luo S, Cai S, Frangois-Moutal L, Perez-
Miller S, Hu J, Dustrude ET, Vanderah TW, Gokhale V, Khanna M, Khanna
R. Homology-guided mutational analysis reveals the functional
requirements for antinociceptive specificity of collapsin response
mediator protein 2-derived peptides. Br J Pharmacol 2018;175:2244-60.

PAIN Reports®

[25] Moutal A, Cai S, Yu J, Stratton HJ, Chefdeville A, Gomez K, Ran D,
Madura CL, Boinon L, Soto M, Zhou Y, Shan Z, Chew LA, Rodgers KE,
Khanna R. Studies on CRMP2 SUMOylation-deficient transgenic mice
identify sex-specific Nav1.7 regulation in the pathogenesis of chronic
neuropathic pain. PAIN 2020;161:2629-51.

[26] Mulcahy JV, Pajouhesh H, Beckley JT, Delwig A, Du Bois J, Hunter JC.
Challenges and opportunities for therapeutics targeting the voltage-gated
sodium channel isoform Na(V)1.7. J Med Chem 2019;62:8695-710.

[27] Pan X, LiZ,JinX, ZhaoY, Huang G, Huang X, Shen Z, Cao Y, Dong M, Lei
J, Yan N. Comparative structural analysis of human Na(v)1.1 and Na(v)1.5
reveals mutational hotspots for sodium channelopathies. Proc Natl Acad
SciU S A 2021;118:e2100066118.

[28] Price N, Namdari R, Neville J, Proctor KJ, Kaber S, Vest J, Fetell M,
Malamut R, Sherrington RP, Pimstone SN, Goldberg YP. Safety and
efficacy of a topical sodium channel inhibitor (TV-45070) in patients with
postherpetic neuralgia (PHN): a randomized, controlled, Proof-of-
Concept, crossover study, with a subgroup analysis of the Nav1.7
R1150W genotype. Clin J Pain 2017;33:310-8.

[29] Ratté S, Prescott SA. Afferent hyperexcitability in neuropathic pain and
the inconvenient truth about its degeneracy. Curr Opin Neurobiol 2016;
36:31-7.

[30] Robert X, Gouet P. Deciphering key features in protein structures with the
new ENDscript server. Nucleic Acids Res 2014;42:\W320-4.

[31] Schnddt M, Blning H. Improving the quality of adeno-associated viral
vector preparations: the challenge of product-related impurities. Hum
Gene Ther Methods 2017;28:101-8.

[32] Shchaslyvyi AY, Antonenko SV, Tesliuk MG, Telegeev GD. Current state
of human gene therapy: approved products and vectors.
Pharmaceuticals (Basel) 2023;16:1416.

[383] Shin SM, Itson-Zoske B, Fan F, Xiao Y, Qiu C, Cummins TR, Hogan QH,
Yu H. Peripherally targeted analgesia via AAV-mediated sensory neuron-
specific inhibition of multiple pronociceptive sodium channels. J Clin
Invest 2024;134:e170813.

[34] Shin SM, Itson-Zoske B, Xu H, Xiang H, Fan F, Hogan QH, Yu H. Sensory
neuron-specific block of multifaceted sodium channels mitigates
neuropathic pain behaviors of osteoarthritis. Pain Rep 2025.

[385] Stothard P. The sequence manipulation suite: Javascript programs for
analyzing and formatting protein and DNA sequences. Biotechniques
2000;28:1102-4.

[36] The PyMOL molecular graphics system, version 2.5.4, Schrédinger, LLC.

[387] van Lieshout LP, Domm JM, Rindler TN, Frost KL, Sorensen DL, Medina
SJ, Booth SA, Bridges JP, Wootton SK. A novel triple-mutant AAV6
capsid induces rapid and potent transgene expression in the muscle and
respiratory tract of mice. Mol Ther Methods Clin Dev 2018;9:323-9.

[38] Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. Jalview
version 2--a multiple sequence alignment editor and analysis workbench.
Bioinformatics 2009;25:1189-91.

[39] Xie YF, Yang J, Ratté S, Prescott SA. Similar excitability through different
sodium channels and implications for the analgesic efficacy of selective
drugs. Elife 2024;12:RP90960.

[40] Yu FH, Catterall WA. Overview of the voltage-gated sodium channel
family. Genome Biol 20083;4:207.

[41] YuX, ZhaoX, LiL, Huang Y, Cui C, HuQ, XuH, Yin B, Chen X, Zhao D, Qiu
Y, Hou Y. Recent advances in small molecule Nav 1.7 inhibitors for cancer
pain management. Bioorg Chem 2024;150:107605.

[42] Zakrzewska JM, Palmer J, Morisset V, Giblin GM, Obermann M, Ettlin DA,
Cruccu G, Bendtsen L, Estacion M, Derjean D, Waxman SG, Layton G,
Gunn K, Tate S, Study Investigators. Safety and efficacy of a Nav1.7
selective sodium channel blocker in patients with trigeminal neuralgia:
a double-blind, placebo-controlled, randomised withdrawal phase 2a
trial. Lancet Neurol 2017;16:291-300.



