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Abstract:

The approval of the selective NaV1.8 inhibitor Suzetrigine for acute pain has renewed optimism for
developing novel analgesics, yet the clinical failure of its successor VX993 highlights the persistent
difficulty of translating promising pain targets into effective therapies. This review examines why
progress has been limited and how modern human-centered approaches can reshape pain-drug
discovery. Human genetic studies from large biobanks demonstrate that genetically supported
targets have a higher likelihood of clinical success. However, for pain, the relationship between
genetic association and therapeutic efficacy is complex. Rare mutations in NaV1.7 and NaV1.8
strongly validate these channels as valid pain targets, yet common-variant studies reveal little
association with chronic pain risk, underscoring a polygenic and pathway-level architecture rather
than single-gene causation. Human transcriptomic atlases of dorsal root ganglia (DRG) reveal
extensive redundancy across NaV channel isoforms, helping explain the modest efficacy of selective
NaV1.8 inhibition and pointing toward the need for multi-target or pathway-wide approaches.
Multiomic analyses in osteoarthritis highlight additional pain-generating mechanisms, including
synovial inflammation, neuroimmune interactions, metabolic dysregulation, and osteoclast activity,
along with the involvement of specific nociceptor subtypes. Human DRG electrophysiology and
PK/PD modeling show that Suzetrigine achieves high NaV1.8 target engagement yet cannot fully
silence nociceptors, and that central not solely peripheral NaV1.8 channel blockade may be required
for robust analgesia. This helps explain the failures of peripherally restricted NaV1.7, NaV1.8 and
TRPA1 channel blockers. Despite limitations, animal models remain essential for capturing
integrated physiological responses and active drug metabolites not evident in vitro. Together, these
findings support a more rigorous framework for target validation, integrating human genetics,
multiomics, electrophysiology, and translational pharmacology to guide the development of next
generation of pain therapeutics.
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1. Introduction

The approval of the selective NaV1.8 channel blocker Suzetrigine for acute pain treatment in
2025 marked a major milestone in the long quest to develop novel pain-relieving drugs [1,2]. This
success raised hopes that more new pain drugs, targets, and novel modalities would soon follow.
However, looking back, many once-promising targets never reached clinical application.

Adding to the complexity, Vertex, the company behind Suzetrigine, recently announced that its next-
generation NaV1.8 blocker, VX993, failed to demonstrate clinical analgesia in acute pain [3]. This
raises two critical questions:

* Why did VX993 fail?

* Why is developing new pain drugs so challenging?
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2. Human Genetic insight From Rare and Common Gene Variants

Pharmaceutical companies are increasingly drawing on large-scale human genetic resources
such as the UK Biobank, the Million Veteran Program and FinnGen in hopes that directly linking a
pain target to a pain phenotype will boost the probability of clinical success [4-5]. Recent estimates
indicate that genetically supported targets can more than double the likelihood that a drug will
ultimately reach patients [6]. Yet, for pain specifically, a similarly comprehensive analysis of genetics
and novel pain therapeutics has not been published.

Target selection remains the single most critical decision in any drug discovery program. As
such, all evidence that can increase the probability of success or reduce the risk of costly failure is
highly valuable. Human genetic data is particularly powerful in this regard, offering an early window
into potential efficacy as well as unwanted safety liabilities.

However, several high profile disappointments, most notably NaV1.7, NGF, and TRPA1,
demonstrate that even strong genetic support does not guarantee successful translation into effective
pain treatments. Canonical sodium channel targets such as NaV1.7 (SCN9A) and NaV1.8 (SCN10A)
derive their validation largely from rare variants: gain of function mutations that increase pain and
loss of function mutations that lead to pain insensitivity. These extreme phenotypes provide
compelling evidence for their central role in nociception.

Curiously, some NaV1.7 variants previously thought to be pain causing are relatively common
in UK Biobank genome wide association studies but show no increased risk of chronic or neuropathic
pain. Population-level prescribing patterns also reveal no elevation in the use of opioid or anti
neuropathic pain medications in carriers [7]. These findings suggest that a single NaV1.7 gain of
function variant may not be sufficient to drive pain in the general population.

Overall, emerging genetic evidence points toward a more intricate architecture of chronic pain.
Rather than being driven by single variants, pain risk likely arises from the combined influence of
many common variants that confer broad polygenic susceptibility, alongside rare variants that exert
large, sometimes decisive, effects. Increasingly, studies show convergence between these two classes
of genetic contributors [8].

3. Human Transcriptomics

Transcriptomics, the study of all RNA molecules in a cell or tissue helps reveal gene expression
patterns under different conditions. Recent transcriptomic analyses of human dorsal root ganglion
(DRG) neurons and non-neuronal cells have produced a harmonized DRG atlases, now freely
available online [9-11]. This enables detailed exploration of gene expression in specific sensory
neuron subtypes and across all DRG cell types. However, data from healthy individuals alone
provide a limited view, as only comparisons between healthy and diseased states can reveal genes
that are differentially regulated in neuronal and non-neuronal pain pathways. It is likely that RN Aseq
data from diseased and well-phenotyped cohorts of human DRGs will be published in the near
future.

However, challenges remain:

* mRNA levels do not always correlate with protein abundance or localization.

* Protein interactions within polarized sensory neurons are still poorly understood.

One key finding is the broad expression of multiple NaV channel subtypes NaV1.1, NaV1.2,
NaV1.3, NaV1l.5, NaV1.6, NaV1.7, NaV1l.§, and NaV1l.9 in pain-sensing neurons. This suggests
redundancy, meaning multiple channels can perform similar functions, allowing compensation if one
is blocked. Electrophysiologically, all NaV channels are more or less specialized but all of them can
fire action potentials upon depolarization. Previously, NaV1.7 and NaV1.8 were thought to dominate
axonal conduction. Redundancy may explain Suzetrigine’s limited analgesic efficacy and suggests
that multi-target NaV channel inhibition could improve outcomes [12,13].

4. Multiomic Insight from Common Diseases
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A growing body of epidemiological evidence indicates that obesity is a major driver of the global
increase in osteoarthritis (OA) [14]. Excess body weight does more than overload the joint surface; it
also increases mechanical stress on tendons and ligaments, structures increasingly recognized as
contributors to inflammatory arthritis [15].

These insights raise a timely and important question: Could obesity-induced low grade
inflammation and metabolic dysregulation within tendons, ligaments, and the synovium, the
metabolically active lubricating membrane lining joint capsules and tendon sheaths, initiate and
sustain chronic OA pain?

This hypothesis is strengthened by the observation that synovial inflammation is highly
prevalent across all stages of OA, from early disease to advanced degeneration [16]. Together, these
findings point toward a model in which obesity not only increases mechanical joint loading but also
creates a pro inflammatory, metabolically altered microenvironment that may accelerate OA
progression and amplify pain.

Multiomic analyses of human diseased tissues may offer a powerful route to identifying novel
pain targets for highly prevalent diseases like OA. By integrating cell type-specific transcriptomic,
proteomic, and metabolomic data, it may be possible to pinpoint the biological processes that both
initiate and maintain pain.

Recent human multiomic and genetic studies have begun to map these mechanisms. One large
scale analysis identified eight major biological processes implicated in OA pathogenesis, including
the circadian clock, glial-related pathways, and TGFB, FGF, WNT, BMP and retinoic acid signaling,
as well as extracellular matrix organization [17]. Complementary work has shown that multiple
immune cell types such as dendritic cells, monocytes, macrophages, fibroblasts, and osteoclasts are
enriched in OA-affected synovium [18], underscoring the importance of inflammation in joint
degeneration.

Clinical evidence further underscores the central role of peripheral tissues in driving OA pain.
Patients with advanced, painful OA typically experience substantial and durable pain relief following
joint replacement surgery, indicating that simply removing the diseased and inflamed joint tissues is
often sufficient to resolve symptoms. This strongly supports a model in which peripheral
sensitization within the joint microenvironment sustains chronic OA pain.

Subchondral bone marrow lesion size has been shown to correlate with both the severity of
weight-bearing pain and changes in pain intensity over time, independent of non weight bearing
pain, in knee OA [19]. This relationship suggests that an increased number of osteoclasts within the
affected joint may contribute not only to the formation of subchondral bone lesions but also directly
to pain generation. Together, these findings emphasize the need for deeper investigation into the role
of osteoclasts in the genesis of OA pain.

An important next step is understanding how joint pathology communicates with the nervous
system. For example, it would be informative to know whether joint replacement alters immune-cell
infiltration in dorsal root ganglia (DRG). Supporting this line of inquiry, recent work showed that
systemic macrophage depletion reduced pro inflammatory macrophages in the DRG and alleviated
pain behaviors in a surgically induced OA model without affecting joint damage [20]. These findings
highlight immune-neuron interactions as potential drivers of chronic OA pain.

Intriguingly, metformin use in patients with type 2 diabetes has been associated with reduced
risk of total joint replacement in OA patients, hinting at a protective effect [21]. Blocking NaV1.7 in
chondrocytes has been shown to be chondroprotective [22], and earlier work demonstrated that
metformin downregulates NaV1.7 expression via the ubiquitin ligase NEDD4-2 [23]. Together, these
results suggest that metformin may partly help protect chondrocytes through reduced NaV1.7
channel expression.

Because disease modification alone is insufficient for regulatory approval and meaningful pain
relief remains essential, the critical challenge is to identify the biological processes that specifically
drive OA pain, rather than OA pathology in general. A recent human multi omic study integrating
transcriptomic and genetic data provides important clues: the peptidergic C fiber subtype
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hPEP.PIEZO and the Ad low threshold mechanoreceptor subtype hAd.LTMR appear to contribute to
joint pain and knee pain, respectively [24]. Notably, both neuronal subtypes are specialized for
detecting mechanical pain, aligning well with the predominantly mechanical nature of OA
symptoms.

Additional evidence comes from clinical studies showing that intra articular administration of
TRPV1 agonists provides significant pain relief in OA patients [25]. This observation is consistent
with the expression of the TRPV1 ion channel in peptidergic C-fiber sensory neurons, further
supporting the idea that targeting specific nociceptor subtypes may offer a path to effective analgesia
in OA.

5. Human In Vitro Electrophysiology, Target Engagement and Clinical Analgesia

Access to human dorsal root ganglion (DRG) neurons from organ donors has significantly
advanced pain research. These sensory neurons can now be obtained either from deceased organ
donors or from patients undergoing specific surgical procedures [26].

The whole cell patch clamp technique enables measurement of ion channel currents and real
time membrane voltage in live cells [27]. In voltage clamp recordings from human DRG neurons,
suzetrigine was shown to block human NaV1.8 channels with an ICs of 0.68 nM [2]. In current clamp
recordings, the selective NaV1.8 blocker suzetrigine reduced repetitive action potential firing in a
dose dependent manner during depolarization, but did not completely eliminate it. Remarkably,
neurons were still capable of firing action potentials even when more than 99% of NaV1.8 channels
were inhibited [12]. Dynamic clamp studies have shown that reducing NaV1.8 conductance
substantially alters DRG neuron excitability, both under baseline conditions and in neurons rendered
hyperexcitable by a NaV1.7 mutation associated with neuropathic pain. Notably, a subset of
nociceptors displayed only a weak response to NaV1.8 subtraction, suggesting that additional ion
channels must be targeted to achieve comprehensive pain relief [13].

Pharmacodynamic—pharmacokinetic (PK) correlations for suzetrigine can be established using
PK studies conducted in animal models as well as in human volunteers and patients. These studies
measure total and unbound suzetrigine concentrations in plasma, DRG tissue, and brain. An
integrated FDA review document indicates that therapeutic doses of suzetrigine block approximately
90-95% of NaV1.8 channels, demonstrating a high degree of in vivo target engagement [1]. Target
engagement refers to the extent to which a drug interacts with its intended molecular target in a living
biological system.

These findings raise the possibility that achieving even closer to 99% NaV1.8 inhibition at
clinically relevant exposures may reveal the full analgesic potential of NaV1.8 blockade. However,
achieving such high levels of inhibition would likely require higher doses, potentially narrowing the
therapeutic safety margin even if it results in stronger pain relief.

It is noteworthy that VX993, a follower compound to suzetrigine, appears to have been
optimized for improved solubility while maintaining high potency and selectivity for NaV1.8. In
general, increased solubility can be expected to achieve higher target engagement in vivo. Despite
this, VX993 did not produce statistically significant relief of acute pain in clinical testing [3]. Improved
solubility typically enhances absorption, distribution and excretion but reduces metabolism (ADME)
properties relative to its predecessor. However, a potential drawback is that increased solubility may
reduce penetration into the central nervous system (CNS) and spinal cord.

P glycoprotein (P gp) is an important factor in this context, as it limits CNS exposure for many
drugs. At the blood-brain barrier, P gp actively transports small molecule xenobiotics out of
endothelial cells and back into the bloodstream, creating an “efflux barrier” that restricts passive
diffusion into the brain.

6. Species Differences in NaV1.8 Current Density and NaV Blockade Site of
Action
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An additional complication for drawing conclusions from in vivo studies performed in rat: when
human NaV1.8 is expressed in rat NaV1.8 knockout DRG neurons, its peak current is about 2 fold
larger, action potential width is about ~3 times longer and show increased firing frequencies
compared with rat DRG neurons [32]. This suggests that human NaV1.8 requires more substantial
inhibition to achieve analgesia.

Finally, the site of action matters. Pharmacokinetic data show that suzetrigine readily penetrates
the CNS, achieving comparable concentrations in the brain and plasma [1]. This distribution strongly
suggests that suzetrigine can access and block NaV1.8 channels not only in peripheral axons but also
in the central axons of these neurons, enabling balanced, pathway wide NaV1.8 inhibition.

This distinction is critical. If NaV1.8 blockade is restricted to peripheral nerve endings, axons, or
even the sensory neuron soma, NaV1.8 dependent action potentials can re emerge once sufficiently
strong depolarization reaches the central axons, allowing pain signals to continue propagating. In
contrast, a compound like suzetrigine, capable of inhibiting NaV1.8 across the entire nociceptive
pathway, has the potential to achieve a far more complete and durable suppression of pain signalling

(Fig. 1).

Peripheral NaV1.8 block Central

Subthreshold membrane-potential oscillations and the
rising phase of the action potential in the peripheral
axon terminal

V Propagation of the action potential along the axon

Action-potential propagation and subthreshold
membrane-potential oscillations in the central axon

KX

Voltage-gated calcium channel-dependent glutamate
release from the central terminal

Pain experience in the brain

Dorsal horn of the spinal cord

Figure 1. Differences Between Peripheral and Central NaV1.8 Block. A peripherally restricted NaV1.8 blocker
reduces subthreshold membrane potential oscillations and action potential initiation in peripheral nerve
terminals. It also limits action potential propagation along peripheral axons. A centrally acting NaV1.8 blocker,
by contrast, produces a broader inhibition profile. It blocks NaV1.8-dependent action potential propagation and
subthreshold oscillations within central axons as well. Importantly, peripheral NaV1.8 block has no effect
beyond the PNS-CNS junction. The passive electrotonic spread that reaches into the CNS is too weak to
depolarize central terminals enough to open voltage-gated calcium channels. Without sufficient calcium entry,
the calcium-dependent mechanisms that drive glutamate release in central synaptic terminals cannot occur.
Action potentials are required to generate the level of depolarization needed to activate these channels and
initiate neurotransmitter release.

A selective NaV1.7 blocker, PF 05089771 developed by Pfizer, failed to demonstrate clinically
meaningful analgesia in patients with painful diabetic neuropathy [33]. PF 05089771 carries a positive
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charge at physiological pH, a property known to limit CNS penetration and likely contributing to its
lack of efficacy in humans.

However, new evidence challenges the long held assumption that peripheral NaV1.7 block alone
is sufficient for pain relief. A recent study showed that intrathecal administration of PF 05089771
produced robust analgesia across multiple animal pain models [34]. This finding highlights the
importance of drug access to central NaV1.7 channels.

Further supporting this concept, intrathecal delivery of a NaV1.7 antisense oligonucleotide
resulted in significant pain relief along with a marked reduction of NaV1.7 protein in the dorsal horn,
DRG soma, and central axons but not in peripheral nerve fibers [35]. These data strongly support the
hypothesis that central inhibition of NaV1.7 is both necessary and sufficient to produce analgesia,
whereas peripherally restricted compounds may be inherently limited.

Clinical and preclinical data from suzetrigine and PF 05089771 help explain why VX993 failed
in the acute pain clinical trial. VX993 was likely designed to improve solubility allowing its use as an
intravenous formulation. However, greater solubility is likely to reduce BBB penetration into the
CNS. I propose the hypothesis that limited CNS exposure by VX993 contributed to its lack of
analgesic efficacy.

7. Why peripheral TRPA1 Blocker Did not Provide Pain Relief?

TRPAL is a nonselective cation channel expressed in pain sensing neurons [36]. It is activated by
a wide range of known pain mediators [37], and activation in human volunteers reliably produces
pain [38]. Moreover, gain of function variants in the TRPA1 gene are genetically associated with
increased pain sensitivity in humans [39-40].

Despite extensive drug discovery efforts to develop potent, selective, and drug like TRPA1
antagonists, clinical translation has been challenging. Eli Lilly evaluated a peripherally restricted
TRPAI antagonist, LY3526318, in patients with diabetic neuropathic pain, osteoarthritis pain, and
low back pain [41]. Unfortunately, LY3526318 did not provide meaningful pain relief [42].

However, a growing body of preclinical evidence suggests that peripheral blockade alone may
not be sufficient. TRPAL is also expressed in the central axons of peripheral sensory neurons, where
its activation amplifies nociceptive signalling [43—44]. Importantly, intrathecal administration of a
small dose of a selective TRPA1 antagonist, one incapable of blocking peripheral TRPA1, produced
robust analgesia in animal models [45-46].

Initial Northern blot analysis of bulk RNA suggested that TRPA1 expression was restricted to
the peripheral nervous system [36]. In contrast, recent single cell RNA seq analyses reveal TRPA1
expression in the human brain and spinal cord [47]. In animal studies, TRPA1 activation within the
amygdala in the brain has been shown to enhance both nociceptive responses and the affective
dimension of pain [48].

Taken together, these findings strongly suggest that the full analgesic potential of TRPA1
antagonism remains untested in clinical trials. A compound capable of blocking TRPA1 in both
peripheral and central axons of pain sensing neurons and in the CNS may be required to unlock the
true therapeutic benefit of this target.

8. Animal Models

Animal models have historically played a critical role in the development of novel painkillers
[28]. Only an awake animal can exhibit pain-like behaviours, enabling in vivo assessment of potential
analgesic efficacy. However, reproducibility of the in vivo results is still a major issue. This has led to
requests from scientific journals for more transparent reporting of data, use of blinding and
randomization and other good practices to avoid bias. An interesting new development is the use of
machine vision and machine learning to automatically extract and quantify behavioral features that
capture the internal pain state of rodents in multiple pain models [29], and a machine learning tool
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with light based image analysis for automatic classification of 3D pain behaviours [30], which
hopefully could provide unbiased behavioural data with minimal human interference.

9. Why Animal Studies Still Matter

Today, one of the main reasons for conducting in vivo animal studies is to gain insight into target
engagement and establish pharmacokinetic/pharmacodynamic (PK/PD) correlations. In simple
terms: How much of the target protein needs to be blocked in vivo based on the in vitro ICso value?

The development of suzetrigine illustrates several key issues. Suzetrigine is a highly potent and
selective NaV1.8 blocker. According to FDA documentation, suzetrigine was advanced to clinical
trials without prior animal efficacy testing, though pharmacokinetics and toxicology were studied in
animals. Why [1]?

A recent study showed robust efficacy of suzetrigine in a mouse neuropathic pain model, despite
the fact that suzetrigine blocks mouse NaV1.8 nearly 500 times less potently than human NaV1.8 [31].
This implies that achieving efficacy in mice would require doses hundreds of times lower than those
used in humans. Clearly, a mouse PK-PD study is not ideal for human dose prediction.

Vertex made a bold decision to proceed directly to human trials without animal efficacy support,
relying instead on pharmacokinetic modelling to predict human exposure and safety margins. FDA
data now confirm that NaV1.8 is inhibited by ~95% at therapeutic doses in humans. This sheds light
on the mouse data:

¢ In mice, analgesia occurred at exposures well below the ICs,, whereas in humans, nearly
complete NaV1.8 blockade was required.

* This highlights the danger of drawing conclusions from animal efficacy studies without
accounting for free, unbound drug concentrations and species-specific pharmacology.

One key reason animal models remain indispensable is their ability to capture the full, integrated
physiological response to drug exposure across intended molecular targets, biochemical pathways,
neuronal circuits, and anatomical sites that collectively shape pain processing in vivo. This
systems-level response simply cannot be inferred from in vitro studies, which isolate individual
components and therefore miss emergent network effects.

Moreover, some drugs are converted into pharmacologically active metabolites in the body.
These metabolites can significantly amplify or modify the net analgesic effect, and their contribution
can only be accurately assessed through in vivo experimentation.

10. Conclusions

Human genetic insights from large scale biobanks continue to offer a powerful and unbiased
route for discovering new pain targets. As these datasets expand, it is increasingly likely that the next
wave of genetically supported pain targets will emerge not only from direct associations with pain
phenotypes, but also from genes embedded in biologically relevant pathways connected to pain
phenotypes through genetic linkage. The primary bottleneck is no longer in generating genetic
insights, but in transforming those insights into actionable and therapeutically meaningful targets.

Crucially, incorporating genetic data from individuals with more diverse ancestries will
substantially increase the statistical power to detect previously overlooked pain driving genes [5].
This broader genetic representation strengthens confidence in target relevance and enhances the
generalizability of findings.

At the same time, advances in multi omics, particularly RNA seq, allow researchers to map gene
expression across the extended pain pathway, identifying targets enriched not only in sensory
neurons but also in key non neuronal cell types that modulate nociception. The goal remains clear: to
prioritize targets selectively enriched in these pain relevant circuits while minimizing the risk of
unwanted effects in unrelated tissues.

About 98-99% of human genetic variation occurs in non coding regions of the genome, which
include key regulatory elements such as enhancers, promoters, and transcription factor-binding sites
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[49-50]. Many quantitative trait loci (QTLs) are genomic regions whose DNA variants influence
continuously varying traits. QTLs act by regulating gene and protein expression rather than altering
protein structure. Because of this, high resolution quantitative proteomic analyses of healthy and
diseased human tissues provide a powerful opportunity to identify the proteins and molecular
pathways that drive and maintain chronic pain.

The rapid emergence of new therapeutic modalities, ranging from biologics, antibody drug
conjugates, PROTACs and molecular glues to RNA targeting agents, opens unprecedented
opportunities to modulate target protein function, expression or mRNA within the extended pain
pathway that were previously inaccessible with small molecules alone.

11. Future Directions

Ultimately, even as advanced genomic, transcriptomic, and proteomic tools continue to refine
our understanding of pain biology, true progress depends on assembling a rigorous and persuasive
pain target validation package (Fig. 2) [51]. Such a framework must clearly define where the
therapeutic is expected to act, establish why that anatomical or molecular site is essential to pain
processing, and demonstrate how modulating the target is likely to produce clinically meaningful
analgesia in humans. Equally crucial is determining whether strong human genetic evidence
supports the candidate protein or the regulatory pathways that govern its activity or expression as a
causal contributor to pain. Together, these elements provide the foundation needed to bridge
fundamental discovery with translational success and to advance the next generation of pain
therapeutics.

Ideal Chronic Pain Drug Target

Human genetic link to pain phenotype(s)
Target is expressed in human pain relevant tissues
Ta rget Confidence In vitro biological assay
PK-PD correlation in an in vivo animal model
Analgesic efficacy shown in at least two independent labs

Physiological or biochemical biomarker that reflect
Ta rget Engagement modulation of the target protein’s function in both healthy
volunteers and patients

. Chronic pain patients with identified disease driver
Target Patients ol e
No unwanted safety phenotypes in GWAS data
Target Safety Target is not expressed in vital organs
Broad safety window at therapeutic doses
e conpenen

Figure 2. A five-dimensional framework for an ideal chronic pain drug target, adapted from Morgan et al. [51].

At the outset of a drug discovery project, several knowledge gaps typically remain. By the time the project is
ready to nominate a candidate compound, most dimensions of the framework have been investigated and are
supported by experimental data.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1629.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2026 d0i:10.20944/preprints202602.1629.v1

9 of 12

References

1. CENTER FOR DRUG EVALUATION AND RESEARCH APPLICATION NUMBER: 2192090rig1s000
INTEGRATED REVIEW. Journavx (Suzetrigine; VX 548).
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2025/2192090rig1s000IntegratedR.pdf

2. Jones ], Correll DJ, Lechner SM, Jazic I, Miao X, Shaw D, Simard C, Osteen JD, Hare B, Beaton A, Bertoch
T, Buvanendran A, Habib AS, Pizzi L], Pollak RA, Weiner SG, Bozic C, Negulescu P, White PF; VX21 548
101 and VX21 548 102 Trial Groups. Selective Inhibition of NaV1.8 with VX 548 for Acute Pain. N Engl |
Med. 2023 Aug 3;389(5):393—-405. doi: 10.1056/NEJM0a2209870.

3. Vertex Announces Results from Phase 2 Study of VX 993 for the Treatment of Acute Pain. 2025. Vertex
Pharmaceuticals. https://investors.vrtx.com/news-releases/news-release-details/vertex-announces-results-
phase-2-study-vx-993-treatment-acute

4.  Toikumo S, Vickers Smith R, Jinwala Z, Xu H, Saini D, Hartwell EE, Pavicic M, Sullivan KA, Xu K, Jacobson
DA, Gelernter J, Rentsch CT; Million Veteran Program; Stahl E, Cheatle M, Zhou H, Waxman SG, Justice
AC, Kember RL, Kranzler HR. A multi ancestry genetic study of pain intensity in 598,339 veterans. Nat
Med. 2024 Apr;30(4):1075-1084. doi: 10.1038/s41591-024-02839-5.

5. Packer R, Coley K, Williams AT, Shrine N, Izquierdo AG, Chen ], Batini C, Marttila M, Rao BS, Bratty R,
Dudbridge F, Hennah W, Tobin MD. Genome wide association study of neuropathic pain phenotypes
implicates loci involved in neural cell adhesion, channels, collagen matrix formation, and immune
regulation. Pain. 2026 Feb 1;167(2):284-296. doi: 10.1097/j.pain.0000000000003785.

6.  Minikel EV, Painter JL, Dong CC, Nelson MR. Refining the impact of genetic evidence on clinical success.
Nature. 2024 May;629(8012):624-629. doi: 10.1038/s41586-024-07316-0.

7. Newton GW, Charman C, Nickerson AP, Phillips KG, Kless A, Dunham JP, Pickering AE. Carriers of
SCNO9A variants linked to inherited and acquired pain syndromes show no alteration in the prevalence of
pain or analgesic usage in the UK Biobank cohort. medRxiv. 2025. doi: 10.1101/2025.03.12.25323817.

8. ZhouD, Zhou Y, Xu Y, Meng R, Gamazon ER. A phenome wide scan reveals convergence of common and
rare variant associations. Genome Med. 2023 Nov 28;15(1):101. doi: 10.1186/s13073-023-01253-9.

9. Bhuiyan SA, Xu M, Yang L, Semizoglou E, Bhatia P, Pantaleo KI, Tochitsky I, Jain A, Erdogan B, Blair S,
Cat V, et al. Harmonized cross species cell atlases of trigeminal and dorsal root ganglia. Sci Adv. 2024 Jun
21;10(25):eadj9173. doi: 10.1126/sciadv.adj9173.

10.  Yu H, Nagi SS, Usoskin D, Hu Y, Kupari J, Bouchatta O, Yan H, Cranfill SL, Gautam M, Su 'Y, Lu Y, et al.
Leveraging deep single soma RNA sequencing to explore the neural basis of human somatosensation. Nat
Neurosci. 2024 Dec;27(12):2326-2340. doi: 10.1038/s41593-024-01794-1.

11.  Bhuiyan SA, Nagi SS, Sankaranarayanan I, Semizoglou E, Usoskin D, Yang L, Yu H, Arendt-Tranholm A,
Bertels Z, Bhatia P, et al.; NIH PRECISION Human Pain Network. A Reference Atlas of the Human Dorsal
Root Ganglion. bioRxiv [Preprint]. 2025 Nov 6:2025.11.05.686654. doi: 10.1101/2025.11.05.686654.

12.  Stewart RG, Osorno T, Fujita A, Jo S, Ferraiuolo A, Carlin K, Bean BP. Modulation of human dorsal root
ganglion neuron firing by the Navl.8 inhibitor suzetrigine. Proc Natl Acad Sci U S A. 2025 Jun
3,122(22):e2503570122. doi: 10.1073/pnas.2503570122.

13.  Vasylyev DV, Zhao P, Schulman BR, Waxman SG. Nav1.8: Intrinsic limits on the functional effect of
abrogation in DRG neurons. Proc Natl Acad Sci U S A. 2025 Sep 30;122(39):e2507342122. doi:
10.1073/pnas.2507342122.

14. TangS$S, Zhang C, Oo WM, Fu K, Risberg MA, Bierma Zeinstra SM, Neogi T, Atukorala I, Malfait AM, Ding
C, Hunter D]J. Osteoarthritis. Nat Rev Dis Primers. 2025 Feb 13;11(1):10. doi: 10.1038/s41572-025-00594-6.

15. Gracey E, Burssens A, Cambré I, Schett G, Lories R, McInnes IB, Asahara H, Elewaut D. Tendon and
ligament mechanical loading in the pathogenesis of inflammatory arthritis. Nat Rev Rheumatol. 2020
Apr;16(4):193-207. doi: 10.1038/541584-019-0364-x.

16. Mathiessen A, Conaghan PG. Synovitis in osteoarthritis: current understanding with therapeutic
implications. Arthritis Res Ther. 2017 Feb 2;19(1):18. doi: 10.1186/s13075-017-1229-9.

17. Hatzikotoulas K, Southam L, Stefansdottir L, Boer CG, McDonald ML, Pett JP, et al. Translational genomics
of osteoarthritis in 1,962,069 individuals. Nature. 2025 May;641(8065):1217-1224. doi: 10.1038/s41586-025-
08771-z.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1629.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2026 d0i:10.20944/preprints202602.1629.v1

10 of 12

18. Newton MD, Swahn H, Orange DE, Lesnak ]JB, Price TJ, Malfait AM, Miller RE, Lotz MK; RE JOIN
Consortium Investigators; Maerz T. Cross platform transcriptomic data integration identifies an overactive
neuro immune signature in human osteoarthritis synovium. Osteoarthritis Cartilage. 2025 Aug 30:51063—
4584(25)01123-9. doi: 10.1016/j.joca.2025.08.013.

19. Aso K, Shahtaheri SM, McWilliams DF, Walsh DA. Association of subchondral bone marrow lesion
localization with weight bearing pain in people with knee osteoarthritis: data from the Osteoarthritis
Initiative. Arthritis Res Ther. 2021 Jan 19;23(1):35. doi: 10.1186/s13075-021-02422-0.

20. Geraghty T, Ishihara S, Obeidat AM, Adamczyk NS, Hunter RS, Li ], Wang L, Lee H, Ko FC, Malfait AM,
Miller RE. Acute systemic macrophage depletion in osteoarthritic mice alleviates pain related behaviors
and does not affect joint damage. Arthritis Res Ther. 2024 Dec 20;26(1):224. doi: 10.1186/s13075-024-03457-
9.

21. Zhu Z, HuangJY, Ruan G, Cao P, Chen S, Zhang Y, Han W, Chen T, Cai X, Liu J, Tang Y, Yu N, Wang Q,
Hunter DJ, Wei JC, Ding C. Metformin use and associated risk of total joint replacement in patients with
type 2 diabetes: a population based matched cohort study. CMA]J. 2022 Dec 19;194(49):E1672-E1684. doi:
10.1503/cmaj.220952.

22. FuW, Vasylyev D, Bi Y, Zhang M, Sun G, Khleborodova A, Huang G, Zhao L, Zhou R, Li Y, Liu S, Cai X,
He W, Cui M, Zhao X, Hettinghouse A, Good ], Kim E, Strauss E, Leucht P, Schwarzkopf R, Guo EX,
Samuels J, Hu W, Attur M, Waxman SG, Liu CJ. Nav1.7 as a chondrocyte regulator and therapeutic target
for osteoarthritis. Nature. 2024 Jan;625(7995):557-565. doi: 10.1038/s41586-023-06888-7.

23. Deftu AF, Chu Sin Chung P, Laedermann CJ, Gillet L, Pertin M, Kirschmann G, Decosterd I. The
Antidiabetic Drug Metformin Regulates Voltage Gated Sodium Channel NaV1.7 via the Ubiquitin Ligase
NEDD4 2. eNeuro. 2022 Mar 4;9(2):ENEURO.0409 21.2022. doi: 10.1523/ENEURO.0409-21.2022.

24. Toikumo S, Parisien M, Leone M]J, Srinivasan C, Yu H, Arendt Tranholm A, Franco Enzastiga U, Hofstetter
C, Curatolo M, Luo W, Pfenning AR, Seal RP, Kember RL, Price TJ, Diatchenko L, Waxman SG, Kranzler
HR. The cell type specific genetic architecture of chronic pain in brain and dorsal root ganglia. ] Clin Invest.
2025 Oct 7;135(24):€197583. doi: 10.1172/JCI197583.

25. Mobasheri A, Rannou F, Ivanavicius S, Conaghan PG. Targeting the TRPV1 pain pathway in osteoarthritis
of the knee. Expert Opin Ther Targets. 2024 Oct;28(10):843-856. doi: 10.1080/14728222.2024.2416961.

26. Davidson S, Copits BA, Zhang J, Page G, Ghetti A, Gereau RW 4th. Human sensory neurons: Membrane
properties and sensitization by inflammatory mediators. Pain. 2014 Sep;155(9):1861-1870. doi:
10.1016/j.pain.2014.06.017.

27. Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ. Improved patch clamp techniques for high
resolution current recording from cells and cell free membrane patches. Pflugers Arch. 1981 Aug;391(2):85-
100. doi: 10.1007/BF00656997.

28. Sadler KE, Mogil ]S, Stucky CL. Innovations and advances in modelling and measuring pain in animals.
Nat Rev Neurosci. 2022 Feb;23(2):70-85. doi: 10.1038/s41583-021-00536-7.

29. Zhang Z, Roberson DP, Kotoda M, Boivin B, Bohnslav JP, Gonzélez Cano R, Yarmolinsky DA, Turnes BL,
Wimalasena NK, Neufeld SQ, Barrett LB, Quintao NLM, Fattori V, Taub DG, Wiltschko AB, Andrews NA,
Harvey CD, Datta SR, Woolf CJ. Automated preclinical detection of mechanical pain hypersensitivity and
analgesia. Pain. 2022 Dec 1;163(12):2326-2336. doi: 10.1097/j.pain.0000000000002680.

30. Barkai O, Zhang B, Turnes BL, Arab M, Yarmolinsky DA, Zhang Z, Barrett LB, Woolf CJ. A machine
learning tool with light based image analysis for automatic classification of 3D pain behaviors. Cell Rep
Methods. 2025 Sep 15;5(9):101145. doi: 10.1016/j.crmeth.2025.101145.

31. Ali MY, Antunes FIT, Huang S, Chen L, Zamponi GW. Pharmacological inhibition of NaV1.8 by
suzetrigine reveals potent analgesic potential without tolerance development in mice. Mol Brain. 2025 Nov
13;18(1):86. doi: 10.1186/s13041-025-01253-3.

32. Han C, Estacion M, Huang ], Vasylyev D, Zhao P, Dib Hajj SD, Waxman SG. Human Na(v)1.8: enhanced
persistent and ramp currents contribute to distinct firing properties of human DRG neurons. ]
Neurophysiol. 2015 May 1;113(9):3172-3185. doi: 10.1152/jn.00113.2015.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1629.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2026 d0i:10.20944/preprints202602.1629.v1

11 of 12

33. McDonnell A, Collins S, Ali Z, Iavarone 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 Aug;159(8):1465-1476. doi: 10.1097/j.pain.0000000000001227.

34. Zhou X, Zhou X, JiM, Xu P, CoxJJ, Zhao ], Zhang C. Intrathecal administration of the Nav1.7 inhibitor PF
05089771 produces rapid and side effect free analgesia in mice. Pain. 2025 Oct 22. doi:
10.1097/j.pain.0000000000003823.

35. Kaue Franco Malange; Julia Borges Paes Lemes; Briana Noble; Yuvicza Anchondo; Carlos Morado Urbina;
Saee Jadhav; Sara Dochnal; Chiraag Kambalimath; Pedro Alvarez; Bethany Fitzsimmons; Curt Mazur;
Holly B. Kordasiewicz; Kim Dore; Hien T. Zhao; Tony Yaksh. Analgesic actions of Intrathecal NaV 1.7
antisense in rats: loss of antagonist channel 2 binding, message depletion, and neuraxial distribution of
oligonucleotide. bioRxiv. 2025. https://www.biorxiv.org/content/10.1101/2025.05.19.654680v1

36. Story GM, Peier AM, Reeve A], Eid SR, Mosbacher J, Hricik TR, Earley TJ, Hergarden AC, Andersson DA,
Hwang SW, McIntyre P, Jegla T, Bevan S, Patapoutian A. ANKTMI, a TRP like channel expressed in
nociceptive neurons, is activated by cold temperatures. Cell. 2003 Mar 21;112(6):819-829. doi:
10.1016/50092-8674(03)00158-2.

37. TalaveraK, Startek JB, Alvarez Collazo J, Boonen B, Alpizar YA, Sanchez A, Naert R, Nilius B. Mammalian
Transient Receptor Potential TRPA1 Channels: From Structure to Disease. Physiol Rev. 2020 Apr
1;100(2):725-803. doi: 10.1152/physrev.00005.2019.

38. Namer B, Seifert F, Handwerker HO, Maihofner C. TRPA1 and TRPMS activation in humans: effects of
cinnamaldehyde and menthol. Neuroreport. 2005 Jun 21;16(9):955-959. doi: 10.1097/00001756-200506210-
00015.

39. Kremeyer B, Lopera F, Cox JJ, Momin A, Rugiero F, Marsh S, Woods CG, Jones NG, Paterson K]J, Fricker
FR, et al. A gain of function mutation in TRPA1 causes familial episodic pain syndrome. Neuron. 2010 Jun
10;66(5):671-680. doi: 10.1016/j.neuron.2010.04.030.

40. Themistocleous AC, Baskozos G, Blesneac I, Comini M, Megy K, Chong S, Deevi SVV, Ginsberg L, Gosal
D, Hadden RDM, Horvath R, Mahdi Rogers M, Manzur A, Mapeta R, Marshall A, Matthews E, McCarthy
MI, Reilly MM, Renton T, Rice ASC, Vale TA, van Zuydam N, Walker SM, Woods CG, Bennett DLH.
Investigating genotype phenotype relationship of extreme neuropathic pain disorders in a UK national
cohort. Brain Commun. 2023 Feb 20;5(2):fcad037. doi: 10.1093/braincomms/fcad037.

41. Broad LM, Suico JG, Turner PK, Nie S, Johnson KW, Sanger HE, Wegiel LA, Sperry DC, Remick D, Moran
M, Malekiani S, Del Camino D, Wu X, Chong JA, Blair NT, Wilke AV. Preclinical and clinical evaluation of
a novel TRPAl antagonist LY3526318. Pain. 2025 Apr 18;166(8):1893-1908.  doi:
10.1097/j.pain.0000000000003570.

42. Mellado Lagarde MM, Wilbraham D, Martins RF, Zhao HS, Jackson K, Johnson KW, Knopp KL,
DiBenedetto D, Broad LM. Clinical proof of concept results with a novel TRPA1 antagonist (LY3526318) in
3 chronic pain states. Pain. 2024 Dec 13;166(7):1497-1518. doi: 10.1097/j.pain.0000000000003487.

43. Andrianov YE, Keyes AL, Warwick CA, McDonough MC, Shutov LP, Solanki KS, Resch JM, Bassuk AG,
Voitenko N, Belan P, Usachev YM. Activation of TRPA1 and TRPM3 triggers Ca2+ waves in central
terminals of sensory neurons and facilitates synaptic activity in the spinal dorsal horn. J Physiol. 2025
Oct;603(20):6365-6389. doi: 10.1113/JP286407.

44. Koivisto A, Chapman H, Jalava N, Korjamo T, Saarnilehto M, Lindstedt K, Pertovaara A. TRPAI1: a
transducer and amplifier of pain and inflammation. Basic Clin Pharmacol Toxicol. 2014 Jan;114(1):50-55.
doi: 10.1111/bcpt.12138.

45. da Costa DSM, Meotti FC, Andrade EL, Leal PC, Motta EM, Calixto JB. The involvement of the transient
receptor potential Al (TRPA1) in the maintenance of mechanical and cold hyperalgesia in persistent
inflammation. Pain. 2010 Mar;148(3):431-437. doi: 10.1016/j.pain.2009.12.002.

46. Wei H, Koivisto A, Saarnilehto M, Chapman H, Kuokkanen K, Hao B, Huang JL, Wang YX, Pertovaara A.
Spinal transient receptor potential ankyrin 1 channel contributes to central pain hypersensitivity in various
pathophysiological conditions in the rat. Pain. 2011 Mar;152(3):582-591. doi: 10.1016/j.pain.2010.11.031.

47. Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, Sivertsson A, Kampf C,
Sjostedt E, Asplund A, Olsson I, Edlund K, Lundberg E, Navani S, Szigyarto CA, Odeberg J, Djureinovic

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1629.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2026 d0i:10.20944/preprints202602.1629.v1

12 of 12

D, Takanen JO, Hober S, Alm T, Edqvist PH, Berling H, Tegel H, Mulder ], Rockberg J, Nilsson P, Schwenk
JM, Hamsten M, von Feilitzen K, Forsberg M, Persson L, Johansson F, Zwahlen M, von Heijne G, Nielsen
J, Pontén F. Proteomics. Tissue based map of the human proteome. Science. 2015 Jan 23;347(6220):1260419.
doi: 10.1126/science.1260419.

48. Sagalajev B, Wei H, Chen Z, Albayrak I, Koivisto A, Pertovaara A. Oxidative Stress in the Amygdala
Contributes  to  Neuropathic =~ Pain.  Neuroscience. ~ 2018  Sep  1;387:92-103.  doi:
10.1016/j.neuroscience.2017.12.009.

49. Morova T, Ding Y, Huang CF, Sar F, Schwarz T, Giambartolomei C, Baca SC, Grishin D, Hach F, Gusev A,
Freedman ML, Pasaniuc B, Lack NA. Optimized high throughput screening of non coding variants
identified from genome wide association studies. Nucleic Acids Res. 2023 Feb 22;51(3):e18. doi:
10.1093/nar/gkac1198.

50. Schipper M, Posthuma D. Demystifying non coding GWAS variants: an overview of computational tools
and methods. Hum Mol Genet. 2022 Oct 20;31(R1):R73-R83. doi: 10.1093/hmg/ddac198.

51. Morgan P, Brown DG, Lennard S, Anderton MJ, Barrett JC, Eriksson U, Fidock M, Hamrén B, Johnson A,
March RE, Matcham ], Mettetal ], Nicholls DJ, Platz S, Rees S, Snowden MA, Pangalos MN. Impact of a five
dimensional framework on R&D productivity at AstraZeneca. Nat Rev Drug Discov. 2018 Mar;17(3):167—
181. doi: 10.1038/nrd.2017.244.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1629.v1
http://creativecommons.org/licenses/by/4.0/

