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Abstract

The opioid crisis has highlighted the urgent need for alternative pain management strategies. This review explores novel non-
opioid targets and pathways involved in pain modulation, highlighting advancements in understanding and therapeutic potential.
Pain, a multifaceted phenomenon with nociceptive, neuropathic, and inflammatory components, involves intricate molecular
signaling cascades. Key pathways reviewed include voltage-gated sodium channels (Navl.7, Nav|.8, Navl.9), inflammasome
complexes (NLRP3), the kynurenine pathway, prostaglandins, and bradykinin-mediated signaling. Emerging therapeutics such
as selective Nav channel blockers, NLRP3 inhibitors, kynurenine pathway modulators, EP receptor antagonists, and bradykinin
receptor antagonists offer promising alternatives to opioids. Despite challenges in clinical translation, these developments
signal a paradigm shift in pain management, with precision-focused therapies poised to address unmet needs. This review
emphasizes the importance of integrating molecular insights into the development of safer, more effective analgesics, setting
the stage for transformative advancements in non-opioid pain relief.
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Introduction associated with opioids, including addiction, tolerance, and
overdose.>!! The growing prevalence of prescription misuse
and synthetic opioids, such as fentanyl, has led to a critical
reassessment of pain management practices, with a focus on
developing safer, non-opioid alternatives.’

Pain, as defined by the International Association for the
Study of Pain (IASP), is an “unpleasant sensory and emo-
tional experience associated with actual or potential tissue
damage.”! It is a highly individualized and complex phe-
nomenon, shaped by genetic, environmental, and psycho-
logical factors. Pain can manifest in various forms — acute or 'College of Osteopathic Medicine, Rocky Vista University, Centennial,
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This review explores emerging approaches targeting
molecular mechanisms of pain with the goal of reducing opi-
oid reliance. While our focus is on molecular signaling path-
ways involved in pain, specifically the pathways that influence
one of inflammation’s cardinal signs — dolor (pain) — it is not
intended to be exhaustive. Instead, we highlight promising
non-opioid targets such as voltage-gated sodium channels,
inflammasomes, the kynurenine pathway, prostaglandins, and
bradykinin, which are currently under investigation.>!%2°
These pathways represent potential new directions in pain
pharmacology, addressing both the challenges of chronic pain
and the complexities inherent in pain modulation.

A brief overview of pain mechanisms

Pain can be broadly categorized into nociceptive, neuro-
pathic, and inflammatory types, each with distinct biochemi-
cal pathways and implications for treatment. Nociceptive
pain, typically acute, is triggered by tissue damage and medi-
ated by specialized sensory fibers that transmit pain signals
to the CNS. A fibers, for example, are myelinated and rap-
idly respond to thermal and mechanical stimuli, producing
sharp, localized pain, while unmyelinated C fibers are slower,
conveying dull, aching sensations often associated with pro-
longed inflammation or neuropathic conditions.?!"?
Neuropathic pain, on the other hand, results from damage to
the somatosensory nervous system, which can impact the
CNS or peripheral nerves.? It is often associated with condi-
tions like diabetes or trauma and is characterized by symp-
toms such as allodynia, where normally non-painful stimuli
cause pain. Ion channel dysregulation, particularly involving
Sodium Gated Voltage Channels (SGVC, Nav) in the dorsal
root ganglion (DRG), contributes to excessive nerve firing
and heightened sensitivity in neuropathic pain.'?

Inflammatory pain, a critical component of the body’s
response to injury, serves to alert and mobilize the immune
system to begin the healing process. This type of pain is
mediated by a cascade of chemical mediators like prosta-
glandins, kinins, and cytokines, which amplify nociceptive
signaling.!>!® Prolonged inflammation may lead to central
sensitization, creating a state of hyper-responsiveness to
pain.'* Recognizing the interplay among these pain types and
pathways will be essential for developing advanced therapies
that can manage chronic pain effectively without compro-
mising the body’s innate warning system.

In summary, this review will focus on non-opioid targets
within these pathways, with particular emphasis on the
mechanisms involved in inflammatory pain signaling.
Although inflammation and pain are intricately connected,
the review will not be limited to inflammatory pain alone;
rather, it will encompass various signaling pathways relevant
to both acute and chronic pain. Through these explorations,
we aim to illuminate promising avenues for future pain relief
strategies that address both the complexity of pain and the
limitations of current treatment options.

Voltage-gated sodium (Nav) channels
in pain mechanisms

Voltage-gated sodium channels are essential for initiating
and propagating action potentials in excitable cells, includ-
ing neurons and certain immune cells. These channels, num-
bered Navl.l through Navl.9, respond to changes in
membrane potential by briefly opening to allow sodium ions
to flow into the cell, depolarizing the cell membrane and trig-
gering action potentials that relay signals throughout the ner-
vous system. This process is crucial in pain signaling, where
Nav channels modulate the excitability of pain-sensing
neurons. '3

Structurally, Nav channels consist of four domains (DI-
DIV), each with six transmembrane segments (S1-S6). The
S4 segments act as voltage sensors, detecting changes in
membrane potential to open the channel, while the S5 and S6
segments form a pore that selectively permits sodium ions to
pass through.>>?¢ See Catterall®® for more detail on the
sodium channel structure. This architecture is central to the
generation and conduction of action potentials, making these
channels vital targets in pain pathways, particularly within
neurons involved in nociceptive and inflammatory pain
signaling.

Among the Nav subtypes, Navl.7, Navl.8, and Navl.9
are notably linked to pain modulation.?®?” Nav1.7, encoded
by the SCNIYA gene, has emerged as a key player in pain
perception, with mutations causing either congenital insensi-
tivity to pain or heightened pain disorders like erythromelal-
gia.?®? Inhibitors of Nav1.7 target the S6 region to stabilize
the channel in an inactive state, reducing neuronal excitabil-
ity and pain transmission.?’?® Similarly, Nav1.8 and Nav1.9
are implicated in chronic and inflammatory pain.?®?’ Nav1.8,
primarily expressed in sensory neurons, mediates responses
to painful stimuli, while Nav1.9 plays a role in sensitization
to chronic inflammation.’® Together, these channels have
slower inactivation profiles, making them promising targets
for new therapies aimed at managing persistent pain.

Additionally, Nav channel function can be modulated
through intracellular post translational modifications such as
phosphorylation, affecting their activity and localization
within the cell.’! This regulatory mechanism is an emerging
focus in research to develop selective sodium channel inhibi-
tors for pain relief, offering potential alternatives to opioid-
based treatments.’!

Nav channels as therapeutic targets in
pain management

Recent advancements in Nav channel blockers highlight
their potential as non-addictive options for pain manage-
ment.?” In particular, Nav1.7 has garnered attention due to
its role in pain transmission. Inhibitors like VX-150 (Vertex),
selectively target Nav1.7, demonstrating significant efficacy
in clinical studies for chronic pain conditions such as
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osteoarthritis, small fiber neuropathy, and acute pain in
post-surgical settings.>?> Another Navl.7-targeting com-
pound, Vixotrigine (Convergence), has been under clinical
evaluation for a range of pain conditions, including trigemi-
nal neuralgia, lumbosacral radiculopathy, and diabetic neu-
ropathy.”” Early findings suggest it may provide effective
pain relief without the risks associated with opioids.>**

Beyond Navl.7, Nav1l.8, and Navl.9 inhibitors are also
advancing as potential therapies for chronic and inflamma-
tory pain. For example, Suzetrigine, previously known as
VX-548 (Vertex) targets Nav1.8 and has received FDA prior-
ity review/approval for moderate-to-severe acute pain,
potentially introducing the first new class of acute pain medi-
cations in decades.323>36

Another novel agent, ANP-230, previously DSP-2230
(Sumitomo Pharma), characterized by Kamei et al.,*? targets
Navl.7, Navl.8, and Navl.9 and is in clinical development
for peripheral neuropathic pain. This compound’s unique pro-
file differentiates it from existing therapies and may enhance
its effectiveness in treating persistent pain conditions.*

As ongoing research deepens our understanding of Nav
channel mechanisms, these targeted inhibitors hold promise
for non-opioid pain relief. By addressing the pain pathways
modulated by Nav1.7, Navl.8, and Nav1.9, these agents pro-
vide hope for managing chronic pain with reduced risk of
addiction, marking a significant shift in contemporary pain
management strategies.

The NLRP3 inflammasome complex
and pain modulation

The NLRP3 inflammasome is a critical intracellular multi-
protein complex that responds to cellular danger signals,
playing a central role in immune responses and pain signal-
ing (Figure 1). Upon activation, it triggers caspase-1, leading
to the release of pro-inflammatory cytokines, notably IL-1
and IL-18, which contribute to the sensitization of nocicep-
tors and amplification of pain signals.!” Pattern recognition
receptors (PRRs), specifically NOD-like receptors, detect
both pathogen-associated and damage-associated molecular
patterns that initiate inflammasome assembly.!” This com-
plex has been implicated in various pain-related disorders,
including multiple sclerosis, rheumatoid arthritis and others,
where chronic inflammation exacerbates pain.!”!®37 Given
its role in both neuroinflammation and peripheral inflamma-
tion, the NLRP3 inflammasome presents a promising thera-
peutic target for managing chronic pain while avoiding
opioid-related side effects. Below, we review the emerging
clinical approaches targeting NLRP3 and its associated path-
ways in pain management.

Drugs targeting the inflammasome

The NLRP3 inflammasome has become a focal point for
developing non-opioid therapies for chronic inflammatory

pain. Several inhibitors, each with distinct mechanisms, are
being tested for their effectiveness in reducing inflammation
and modulating pain.

One promising compound, NT-0249 (NodThera) is a
novel NLRP3 inhibitor that has shown robust specificity for
NLRP3-related inflammation. Pharmacological studies, such
as the work by Doedens et al.,*® demonstrate that NT-0249
dose-dependently decreases IL-1f levels in tissue samples,
signaling its potential for treating chronic inflammatory pain.

Another NLRP3 inhibitor, MCC950, also known as
CP-456,773, (Pfizer) has shown efficacy in preclinical mod-
els, especially for preventing the transition from acute to
chronic pain, as evidenced in hyperalgesia priming mod-
els.!73-42 In addition, this compound has shown meaningful
outcomes in IL-1B-treated chondrocytes, specifically by
suppressing NLRP3 and cleaved caspase-1.37 Despite its
promise, MCC950 faced challenges in clinical trials due to
safety concerns, including drug-induced liver injury during a
Phase I1 trial for rheumatoid arthritis.’” Recent derivatives of
this structure: SZYIL1 (Zydus formerly known as Cadila
Healthcare), selnoflast (Roche), and emlenoflast (Roche/
Inflazome) are all currently being studied in various clinical
trials.” These findings highlight the importance of evaluat-
ing both the efficacy and safety of inflammasome inhibitors
in clinical development.

Alternative approaches targeting
inflammatory pathways

While NLRP3 inhibitors like NT-0249 and MCC950 show
potential, their safety challenges have prompted exploration
of alternative targets within the inflammasome pathway. One
such target is the P2X7 Receptor (P2X7R) a purine receptor,
a key player in pain and inflammation.

The P2X7 receptor responds to high levels of extracellu-
lar ATP, typically released from damaged cells, to facilitate
ion influx and inflammasome activation. This signaling path-
way enhances the production of pro-inflammatory cytokines
like IL-1p and IL-18, which both drive pain and inflamma-
tory responses.* AZD9056 (AstraZeneca), a selective
P2X7R antagonist has demonstrated effectiveness in reduc-
ing inflammatory pain by modulating nociceptive transmis-
sion.** Initial clinical trials indicated AZD9056’s potential as
a non-opioid analgesic, though studies were terminated in
phase II trials due to lack of efficacy.**

Additional targets in inflammasome-
related pain management

Expanding beyond direct inflammasome inhibitors, research
has also focused on other molecular targets associated with
NLRP3 activation and downstream pain signaling pathways.

Cathepsin B is a lysosomal protease critical for inflamma-
some activation, as it facilitates NLRP3 assembly through
lysosomal damage, amplifying inflammatory responses.
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Figure |. The inflammasome pathway in pain modulation.

AHR: Aryl hydrocarbon receptor; ASC: Apoptosis-associated speck like protein containing a caspase recruitment domain; LPS: Lipopolysaccharide; NFkB:
Nuclear factor kappa B; NLRP3: NOD-like receptor protein 3; NLRc4: NOD-like receptor c4; PPaRy: Peroxisome proliferator-activated receptor gamma;

TLR: Toll-like receptor.

Inflammasome activation occurs in a two key step process — priming and activation. Priming occurs through the recognition of bacterial products such as
lipopolysaccharide (LPS) via Toll-like receptors (TLRs). This engagement triggers the nuclear factor kappa B (NF-«xB) pathway, leading to the transcription
of inflammasome-related components, including NOD-like receptor protein 3 (NLRP3), apoptosis-associated speck like protein containing a caspase
recruitment domain (ASC), pro-IL-1f3, and pro-IL-18. Activation follows a second hit, commonly involving extracellular ATP binding to purinergic

P2X7 receptors, resulting in K* efflux and Ca?* influx. These ion fluxes trigger the assembly of the inflammasome complex, including NLRP3, ASC, and
caspase-|. Caspase-| then processes pro-IL-13 and pro-IL-18 into their active forms, ILI( and IL-18, which are released to propagate inflammation. In
some instances, the non-canonical pathway is activated via intracellular recognition of LPS or RNA through caspase-5. Caspase-5 or caspase-| cleave
gasdermin D (GSDMD) into its active N-terminal form, which forms membrane pores to induce pyroptosis and amplify cytokine release. Together,
these pathways ensure a robust inflammatory response, mediated by the inflammasome complex. This comprehensive figure highlights the molecular
interplay between priming (via TLR signaling) and activation (via ATP and P2X7), demonstrating the canonical role of caspasel (effector component of
inflammasome) and the auxiliary contribution of caspase-5 and GSDMD in driving inflammation.

Cathepsin B also contributes to neuroinflammation, linking it
to pain conditions through extracellular matrix breakdown and
immune modulation.*’

Cathepsin B inhibitors have recently gained attention as
potential pain modulators in the context of inflammatory
diseases. One such inhibitor, CA-074Me (not in clinical tri-
als, manufactured for research by multiple companies
Millipore-sigma, Selleck chemicals, APExBIO, BioCrick,
AbMole Biosciences) selectively targets cathepsin B and
has demonstrated promise in preclinical models. Studies
show that CA-074Me effectively reduces hypersensitivity
and inflammation in animal models by inhibiting the proteo-
lytic activity of cathepsin B, which is linked to inflamma-
tory pain pathways.!7#748 Despite its efficacy in preclinical

studies, there is limited information on CA-074Me advanc-
ing into later-stage clinical trials for pain management.
Additionally, Aloxistatin, formerly known as E64d (Taisho
Pharmaceuticals), a broad-spectrum cathepsin inhibitor, has
been explored in preclinical models for various conditions,
including inflammation and traumatic brain injury. While
some studies have indicated its potential in reducing inflam-
matory pain by inhibiting cathepsin B activity, E64d has not
progressed to clinical trials for pain management.’” Its
development has mainly been focused on other conditions,
such as muscular dystrophy, and as of now, no pharmaceuti-
cal companies are actively investigating E64d for pain-
related treatments. Further research would be required to
explore its therapeutic viability for pain management.
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Gasdermin D (GSDMD) plays a critical role in pyropto-
sis, a form of inflammatory cell death that significantly con-
tributes to pain and inflammation. Upon activation by
caspase-1 or caspase-5, GSDMD forms pores in the cell
membrane, leading to cell lysis and the release of pro-inflam-
matory cytokines such as IL-18 and IL-18. This cascade
amplifies pain responses, especially in conditions character-
ized by chronic inflammation, such as rheumatoid arthritis,
osteoarthritis, and other inflammatory diseases.>’ Given its
central role in inflammation, GSDMD has emerged as an
important target for therapeutic intervention in pain manage-
ment. Inhibiting GSDMD is considered a promising strategy
to reduce inflammation and alleviate associated pain. Several
compounds are currently being explored in preclinical stud-
ies as potential GSDMD inhibitors, including LDC7559,
VX-765, and disulfiram.*

LDC7559 (Max-Plank-Gesellschaft) is a small molecule
designed to block GSDMD activation. This drug is still in the
early stages of preclinical development, with a focus on
modulating inflammatory pathways such as pyroptosis.
While there is limited public information on the precise pro-
gression of LDC7559 through clinical trials, it is expected to
play a significant role in treating conditions such as neuro-
pathic pain and other inflammatory diseases. Preclinical
research has shown that LDC7559 holds promise in modu-
lating the pyroptotic pathway, which may reduce inflamma-
tion and alleviate symptoms of neuroinflammation.*3
However, LDC7559 has not yet entered human clinical tri-
als, and further research is needed to evaluate its efficacy and
safety in pain management.

VX-765/belnacasan (Vertex), is another promising drug
under investigation for its ability to inhibit GSDMD activity
and, consequently, reduce inflammation. VX-765 is a pro-
drug of VRT-043198, which inhibits caspase-1, preventing
the activation of GSDMD and the subsequent release of
inflammatory cytokines.*® This drug has been evaluated in
clinical trials for chronic inflammatory diseases and pain,
with Phase 2 trials already underway for conditions such as
epilepsy and other inflammatory disorders.?’ The application
of VX-765 for pain management, particularly in diseases like
rheumatoid arthritis and other inflammatory conditions,
remains under investigation.

Disulfiram (Cantex), has been used for the treatment of
alcohol use disorder under the brand name Antabuse, has
been repurposed for its ability to block GSDMD activation.
While disulfiram is not a direct GSDMD inhibitor, research
has shown that it can inhibit the pore-forming ability of
GSDMD, potentially reducing inflammation in diseases like
rheumatoid arthritis and inflammatory bowel disease.***
Disulfiram’s repurposing for inflammation and pain manage-
ment is being studied by multiple research groups and aca-
demic institutions. Although it is not currently being
developed by a single company for exclusive use in pain
management, ongoing clinical trials are exploring its poten-
tial to reduce inflammation and alleviate pain. Early

preclinical and clinical studies suggest that disulfiram could
become a valuable therapeutic option for managing chronic
inflammation and pain, but more research is needed to fully
understand its role in these conditions.**

Future directions in non-opioid pain
management

The exploration of NLRP3 inflammasome inhibitors, along-
side P2X7R antagonists and regulators of Cathepsin B and
Gasdermin D, highlights a paradigm shift in pain manage-
ment. As clinical trials progress, these targeted therapies may
provide effective alternatives to opioids by addressing the
underlying inflammatory mechanisms of chronic pain.
Understanding the complex roles of these molecular path-
ways in pain propagation could pave the way for safer, tar-
geted treatments, reducing the reliance on opioid-based
analgesics while enhancing the quality of life for patients
suffering from chronic pain.

Kynurenine pathway in pain modulation

The kynurenine pathway, a major metabolic route for trypto-
phan, plays a critical role in pain modulation and neuropro-
tection (Figure 2). One of its key metabolites, kynurenic
acid, acts as a non-competitive antagonist of NMDA recep-
tors, thereby inhibiting glutamate-induced excitatory signal-
ing. This inhibitory effect is particularly relevant in chronic
pain, where NMDA receptor hyperactivity contributes to
excitotoxic damage and heightened pain perception. By
counteracting this excitotoxicity, kynurenic acid offers both
neuroprotection and pain modulation, showing promise as a
therapeutic target for neuroinflammatory diseases and
chronic pain conditions.'>!

Further, enhancing kynurenic acid levels via Kynurenine
3-monooxygenase (KMO) inhibitors has emerged as a non-
opioid strategy to modulate NMDA receptor activity and
reduce pain perception.>* KMO inhibitors shift the kynurenine
pathway toward the production of kynurenic acid rather than
neurotoxic metabolites like quinolinic acid, providing an addi-
tional layer of neuroprotection.®® Dysregulation in this path-
way has been implicated in neuroinflammatory diseases, such
as multiple sclerosis, where increased kynurenine metabolism
exacerbates pain and neurological dysfunction.>*3

Kynurenine-3-monooxygenase (KMO)
inhibitors in pain management

Among various targets in the kynurenine pathway, KMO has
emerged as a promising therapeutic focus for managing neu-
ropathic pain. KMO inhibitors, such as Ro 61-8048 (Merck
KGaA) enhance kynurenic acid production while reducing
the synthesis of neurotoxic quinolinic acid. This redirection
of the pathway is crucial, as kynurenic acid is neuroprotective
and antagonizes NMDA receptor activity, both mechanisms
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Figure 2. Mechanism of the kynurenine pathway in pain modulation.
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The figure illustrates how inflammatory mediators interact with the kynurenine pathway to modulate pain. Activation of pattern recognition receptors
(PRRs) by damage-or pathogen-associated molecular patterns (DAMPs or PAMPs) initiates downstream signaling cascades, such as NF-kB and AP-1
transcription factors, which upregulate pro-inflammatory molecules, including IL-13, TNF-o, and PGE2. These inflammatory signals stimulate the
conversion of tryptophan into kynurenine through enzymes such as indoleamine 2,3- dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO).
Kynurenine is then metabolized by kynurenine aminotransferase (KAT) into kynurenic acid, which acts on NMDA receptors to inhibit glutamate signaling,
thus reducing excitatory neurotransmission and pain perception. (Note: The role of kynurenic acid in directly inhibiting Neurokinin-I is under further
investigation). For more reference on the complete Kynurenine pathway see: Hazrati et al.*

implicated in chronic pain and excitotoxicity. Kynurenic
acid’s protective role in preventing neurodegeneration and its
effects on pain modulation have been well-documented in
both preclinical models and human studies.>

A detailed study by Gao et al.* characterized Ro 61-8048
as a potent, selective KMO inhibitor with unique allosteric
properties. The study described how Ro 61-8048, interacts
with KMO to alter the conformation of the enzyme’s cata-
Iytic residue, thereby hindering substrate access and estab-
lishing its non-competitive inhibition. This selectivity allows
for optimized therapeutic applications, making Ro 61-8048 a
promising candidate in pain management.’® Ro 61-8048’s
versatility, demonstrated in models of neurodegenerative
disorders, further highlights its potential applicability in pain
modulation.

Other KMO inhibitors in development

Other KMO inhibitors currently under development include
Ro 61-6048 (Merck KGaA) and JM6 (Merck KGaA). These

compounds offer unique mechanisms to influence the kyn-
urenine pathway and have demonstrated effectiveness in
reducing neurogenic pain and improving cognitive function
in animal models, including rodents.'?

Beyond KMO, inhibitors targeting other enzymes in the
pathway, such as 1-D-Methyltryptophan or IM-d-T (Lumos
Pharma) an IDO-2 inhibitor and PCC0208009 (Bristol-
Myers Squibb), an IDO-1 inhibitor, have shown potential for
mitigating pain hypersensitivity. For instance, PCC0208009
has demonstrated the ability to alleviate pain and cognitive
impairment in rats with spinal nerve ligation, indicating its
dual therapeutic potential in pain and neuroprotection.'?

IDO-1 and IDO-2 inhibitors

The investigation of IDO-1 inhibitors like epacadostat, also
named INCB024360 (Incyte Corporation), BMS-986205
(Bristol-Myers Squibb), and indoximod or NLG-8189
(Lumos Pharma, NewLink Genetics) continues, with stud-
ies showing varying degrees of efficacy in pain modulation
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and neuroinflammation models.’® These inhibitors show
promise for treating neuropathic pain and neuroinflamma-
tion, although clinical results have been mixed, particularly
for epacadostat, which was halted in Phase 3 clinical trials
for melanoma due to a lack of efficacy. Whereas indoximod
has shown promising preliminary evidence of efficacy for
phase II trials in the pediatric population undergoing
chemotherapy.®’

Safety profiles and future directions

Notably, safety profiles for KMO and IDO inhibitors have
been favorable in preclinical studies, with minimal
adverse effects observed at therapeutic doses. This sug-
gests a promising therapeutic index, making these com-
pounds attractive candidates for future clinical trials.3-8
As the research on these compounds progresses, their
potential for non-opioid treatments in chronic pain man-
agement continues to grow.

The ongoing development of KMO and IDO inhibitors
highlight the kynurenine pathway’s viability as a target for
neuropathic pain management. With a growing understand-
ing of how these metabolic shifts impact pain and neuroin-
flammation, novel inhibitors like Ro 61-8048 and
PCC0208009 offer promising, non-opioid approaches to
treating chronic pain. The exploration of these pathways
holds potential for more effective and safer treatments,
advancing pain management beyond traditional therapies
and toward precision medicine.

Prostaglandins and pain

Prostaglandins, particularly Prostaglandin E2 (PGE2), play a
central role in the pain and inflammation response (Figure 3).
Synthesized from arachidonic acid via the enzymes phospho-
lipase A2 (PLA2) and cyclooxygenase (COX), PGE2 contrib-
utes to pain by sensitizing nociceptors, the pain-sensing
neurons, thereby increasing pain sensitivity in inflamed tis-
sues.” In inflammatory conditions, elevated levels of PGE2
amplify pain signaling, making it a significant target for both
acute and chronic pain therapies.

Targeting PGE2 and EP receptor
antagonists for pain management

As a critical mediator of inflammation and pain, PGE2 has
traditionally been targeted through non-steroidal anti-inflam-
matory drugs (NSAIDs), which inhibit COX enzymes to
reduce prostaglandin synthesis. While effective, NSAIDs
can have widespread effects, often resulting in gastrointesti-
nal, cardiovascular, and renal side effects due to the inhibi-
tion of all prostaglandin synthesis.®® Selective targeting of
PGE?2 receptors — the EP receptors — presents a more focused
approach with potentially fewer side effects.

EP2 receptor antagonists

The EP2 receptor is one of the main receptors implicated in
pain signaling. PF-04418948 (Pfizer), an EP2-selective
antagonist, was initially investigated for its potential to man-
age pain with fewer side effects than NSAIDs.®! However,
clinical development of PF-04418948 was discontinued due
to safety and efficacy concerns that did not meet the require-
ments for progressing in trials.®!

EP4 receptor antagonists

Among the EP receptors, the EP4 receptor has gained particu-
lar attention as a promising target. Grapiprant known also as
CJ-023,423 (Arrys Therapeutics) an EP4 receptor antagonist,
selectively inhibits PGE2 signaling at this receptor, thereby
reducing pain and inflammation while avoiding the broad
suppression of COX enzymes. Currently, Grapiprant is in tri-
als for treating osteoarthritis-related pain in veterinary medi-
cine, where it has shown promise in reducing pain and
improving function with a favorable safety profile approved
by the FDA.%%63

Other EP4 antagonists, such as ONO-4232, (ONO
Pharmaceutical) are under development and preclinical
investigation for their potential in pain relief, targeting
inflammatory and nociceptive pathways specifically medi-
ated by EP4 receptor activation.'® This drug, along with
Grapiprant, exemplify the focus on more selective interven-
tions within the prostaglandin pathway, addressing pain
without the systemic impact associated with NSAIDs.

Future directions in PGE2 and
prostaglandin-related pain therapies

The exploration of PGE2 and its receptors, particularly EP2
and EP4, highlights the ongoing shift toward precision pain
management. By selectively targeting PGE2 receptors,
researchers aim to modulate pain pathways directly related to
inflammation, providing effective pain relief with a more
favorable safety profile. These selective approaches offer
hope for chronic pain sufferers, particularly those with
inflammatory conditions such as osteoarthritis, who may
benefit from tailored therapies that reduce pain and inflam-
mation while minimizing systemic side effects. As the devel-
opment of receptor-specific drugs continues, PGE2-targeted
therapies are poised to play an increasingly prominent role in
non-opioid pain management.

Bradykinin and pain

Bradykinin, a peptide generated during inflammation, is a
critical mediator of pain that acts through B1 and B2 recep-
tors on sensory neurons (Figure 4). Upon tissue injury, bra-
dykinin is released and binds to these receptors, amplifying
nociceptive signals and contributing to both acute and
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The proposed figure illustrates the signaling cascade through which PGE2 modulates pain. When PGE?2 binds to prostaglandin receptors EP2 and EP4 on
nociceptive neurons, it activates the Gs protein complex associated with these receptors. This binding initiates a cascade, where Gs protein activation
leads to the exchange of GDP for GTP on the Ga subunit, which subsequently activates adenylyl cyclase. Adenylyl cyclase converts ATP to cyclic AMP
(cAMP), which in turn activates protein kinase A (PKA). PKA phosphorylates Navl.7 sodium channels, increasing their activity and enhancing pain
signaling. This pathway highlights potential therapeutic targets, such as blocking EP receptors or preventing Nav|.7 phosphorylation, to reduce pain

perception effectively.

chronic inflammatory pain.®* Bradykinin plays a dual role in
modulating inflammatory and neuropathic pain, as
it sensitizes pain pathways and enhances inflammatory
responses, making it a significant target for non-opioid anal-
gesic strategies.

The activation of Bl receptors initiates downstream
signaling cascades involving mitogen-activated protein
kinases (MAPKs) and nitric oxide (NO) production
through nitric oxide synthase (NOS), enhancing inflam-
matory responses and sensitizing pain pathways. In con-
trast, binding to B2 receptors activates phospholipase C
(PLC), which leads to the production of inositol trisphos-
phate (IP3) and diacylglycerol (DAG). This in turn raises
intracellular calcium (Ca?*) levels, activating protein
kinase C (PKC), and further amplifying pain signaling.
Additionally, angiotensin-converting enzyme (ACE)
degrades bradykinin into inactive peptides, providing a
regulatory mechanism to modulate its effects. The net
effect of bradykinin signaling through these pathways is
the promotion of pain sensitization and sustained inflam-
matory responses (Figure 4).

Bradykinin receptor antagonists in pain
management

Targeting bradykinin receptors, particularly B1 and B2, pres-
ents a promising strategy for managing pain without opioids.

The B2 receptor, which is constitutively expressed, plays
a central role in acute pain through its release of pro-inflam-
matory mediators. This receptor is highly active in nocicep-
tive pain conditions such as arthritis and post-surgical pain.®’
Icatibant (Takeda Pharmaceuticals), a B2 receptor antagonist
initially developed for hereditary angioedema, is being eval-
uated in clinical trials for its potential in treating acute
inflammatory pain.® Icatibant works by blocking B2 recep-
tor activity, effectively reducing the inflammatory signaling
that underlies acute pain.

Unlike B2, the B1 receptor is upregulated in response to
prolonged inflammation and chronic pain states. Its activa-
tion is associated with hyperalgesia and allodynia, common
in chronic pain conditions like rheumatoid arthritis and
fibromyalgia.®* Recent clinical trials have shown that Bl
receptor antagonists can significantly reduce inflammatory
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This figure illustrates the complex pathways involved in bradykinin production and its role in pain signaling. PRR or injury activates Factor XIl which
cleaves prekallikrein to kallikrein. Kallikrein cleaves HMWK to form bradykinin. Bradykinin binds to the B2 (constitutive) receptor and is responsible to
acute inflammatory pain. Bl receptor is induced by inflammation. Bradykinin can be catalyzed by carboxypeptidases to form Des-Argbradykinin which
binds to the Bl receptor and is associated in chronic inflammatory pain, (neuropathic pain).

pain by specifically targeting these upregulated receptors,
positioning them as promising candidates for non-opioid
pain therapies.*

Investigational Bl antagonists are currently in early-
phase trials for managing chronic inflammatory conditions,
demonstrating potential in reducing pain and improving
quality of life for patients with persistent pain.®” There have
been multiple compounds that have entered clinical trial,
many only to be terminated by the manufacturers with no
superiority to placebo. However, B1R antagonist BAY
2395840 (Bayer) recently was studied in a phase 2a study to
evaluate efficacy and safety in diabetic patients with neuro-
pathic pain.®’

Both B1 and B2 receptors adapt to sustained inflamma-
tory stimuli, which contributes to the chronic nature of
pain by maintaining heightened pain sensitivity. This
receptor adaptation reinforces the persistence of pain,
suggesting that modulating bradykinin receptor signaling
may restore normal pain perception and provide relief
from hyperalgesia.'®8

Saline in pain modulation

Interestingly, saline solutions have been shown to influence
pain signaling pathways, providing symptomatic relief in
various pain contexts. Studies have demonstrated that hyper-
tonic saline can exacerbate nociceptive pain by stimulating
nociceptors, whereas hypotonic saline may alleviate neuro-
pathic pain. This effect of saline solutions reinforce their
potential in modulating pain during clinical interventions,
such as fluid resuscitation, and highlights the nuanced role of
electrolyte balance in pain management.®® Further research
may explore saline’s role in pain modulation, particularly in
combination with other non-opioid treatments.

Key interactions among pain
modulation pathways: implications for
drug development

Pain is orchestrated through an intricate network of signaling
pathways, many of which are interdependent and exhibit
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extensive crosstalk. Understanding these interactions is cru-
cial for the development of effective non-opioid analgesics,
as targeting isolated components can lead to suboptimal ther-
apeutic outcomes. This section outlines key interactions
among the pathways reviewed, emphasizing their impact on
drug efficacy and the translational challenges faced in clini-
cal development.

Prostaglandins and voltage-gated sodium
channels (Navs)

Prostaglandins, particularly PGE2, not only mediate inflam-
mation but also modulate neuronal excitability. PGE2 sensi-
tizes nociceptors by lowering the activation threshold of Nav
channels such as Navl.7, Nav1.8, and Nav1.9 through EP
receptor signaling. This interaction amplifies pain signaling
in inflammatory conditions. Consequently, targeting Nav
channels alone may not fully alleviate pain if prostaglandin-
mediated sensitization remains unchecked, highlighting the
potential benefit of combination therapies targeting both
pathways.

Inflammasomes (NLRP3) and the kynurenine
pathway

Activation of the NLRP3 inflammasome leads to the release
of pro-inflammatory cytokines like IL-1(3, which can influ-
ence the kynurenine pathway by upregulating indoleamine
2,3-dioxygenase (IDO). This enzyme shifts tryptophan
metabolism toward neuroactive kynurenine metabolites,
some of which (e.g. quinolinic acid) are neurotoxic and can
exacerbate neuropathic pain. Thus, inflammasome inhibitors
may have downstream effects on kynurenine metabolism,
offering a broader anti-nociceptive impact than initially
anticipated.

Bradykinin signaling and prostaglandin synthesis

Bradykinin, a potent pain mediator, stimulates phospholi-
pase A2 activity, increasing arachidonic acid release and sub-
sequent prostaglandin synthesis via COX enzymes. This
cascade not only promotes inflammation but also potentiates
bradykinin receptor sensitivity, creating a feedback loop that
sustains pain. Targeting bradykinin receptors can, therefore,
indirectly reduce prostaglandin production, suggesting a
synergistic potential when combined with COX inhibitors or
EP receptor antagonists.

Sodium channels and inflammasome activation

Recent evidence suggests that sodium influx through Nav
channels can modulate inflammasome activity. For instance,
altered ionic homeostasis due to Navl.7 dysfunction may
influence NLRP3 activation thresholds, linking neuronal

excitability with innate immune responses. This interaction
underscores the dual role of Nav channels in both neuronal
and inflammatory processes, complicating the development
of selective inhibitors that avoid unintended immunomodu-
latory effects.

Kynurenine pathway and neuroinflammation

Neuroinflammation, driven by glial activation and cytokine
release, can upregulate the kynurenine pathway, creating a
vicious cycle where inflammatory signals enhance the pro-
duction of neurotoxic metabolites. This feedback loop con-
tributes to chronic pain states, particularly in neuropathic
conditions. Modulators of the kynurenine pathway may thus
exert their analgesic effects not only by altering metabolite
levels but also by dampening neuroinflammatory responses.

Implications for drug development

The extensive crosstalk among these pathways highlights the
limitations of monotherapies targeting single molecules.
Compensatory mechanisms often undermine the efficacy of
highly selective drugs, contributing to high attrition rates in
clinical trials. A systems biology approach, incorporating
multi-target strategies and combination therapies, may offer
a more robust solution. Additionally, identifying biomarkers
that reflect pathway interactions could improve patient strati-
fication and therapeutic outcomes.

Conclusions

The urgent need for non-opioid pain therapies is apparent
considering the ongoing opioid epidemic. By targeting key
molecular pathways — sodium channels, inflammasomes,
the kynurenine pathway, prostaglandins, and bradykinin —
researchers are pioneering new classes of analgesics that
offer effective pain relief with reduced risk of addiction and
adverse effects. Clinical trials for drugs targeting these
pathways are underway, with early results suggesting these
therapies may significantly shift the landscape of pain man-
agement, providing safer and more sustainable options for
patients.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iDs
Isabella Alessi https://orcid.org/0009-0001-4079-5691
Bar-Or D https://orcid.org/0000-0002-3685-314X


https://orcid.org/0009-0001-4079-5691
https://orcid.org/0000-0002-3685-314X

Alessi et al.

References

1.

10.

11.

12.

13.

14.

15.

17.

18.

19.

Loeser JD, Treede RD. The Kyoto protocol of IASP basic pain
terminology. Pain 2008; 137(3): 473-477.

. Yam MF, Loh YC, Tan CS, Khadijah Adam S, Abdul Manan

N, Basir R. General pathways of pain sensation and the major
neurotransmitters involved in pain regulation. /nt J Mol Sci
2018; 19(8): 2164.

. Oronsky B, Caroen S, Reid T. What exactly is inflammation

(and what is it not?). Int J Mol Sci 2022; 23(23): 14905.

. Armstrong SA, Herr MJ. Physiology, nociception. Treasure

Island, FL: StatPearls Publishing, 2024.

. Hange N, Poudel S, Ozair S, Paul T, Nambakkam M, Shrestha

R, Greye F, Shah S, Raj Adhikari Y, Thapa S, Patel P.
Managing chronic neuropathic pain: recent advances and new
challenges. Neurol Res Int 2022; 2022: 8336561.

. Testa L, Dotta S, Vercelli A, Marvaldi L. Communicating

pain: emerging axonal signaling in peripheral neuropathic pain.
Front Neuroanat 2024; 18: 1398400.

. Smith PA. Neuropathic pain; what we know and what we should

do about it. Front Pain Res (Lausanne) 2023; 4: 1220034.

. Lyden J, Binswanger IA. The United States opioid epidemic.

Semin Perinatol 2019; 43(3): 123—131.

. Kawasaki S, Dunham E, Mills S, Kunkel E, Gonzalo JD. The

opioid epidemic: mobilizing an academic health center to
improve outcomes. J Subst Abuse Treat 2021; 121: 108199.
Centers for Disease Control and Prevention. Overdose preven-
tion. U.S. Department of Health and Human Services, https://
www.cdc.gov/overdose-prevention/prevention/index.html
(accessed 24 April 2024)

Kharasch ED, Clark JD, Adams JM. Opioids and public health:
the prescription opioid ecosystem and need for improved man-
agement. Anesthesiology 2022; 136(1): 10-30.

Ciapata K, Mika J, Rojewska E. The kynurenine pathway as a
potential target for neuropathic pain therapy design: from basic
research to clinical perspectives. Int J Mol Sci 2021; 22(20):
11055.

Comini M, Themistocleous AC, Bennett DLH. Human pain
channelopathies. Handb Clin Neurol 2024; 203: 89-109.

Cao B, Xu Q, Shi Y, Zhao R, Li H, Zheng J, Liu F, Wan Y,
Wei B. Pathology of pain and its implications for therapeutic
interventions. Signal Transduct Target Ther 2024; 9(1): 155.
Chen R, Coppes OJM, Urman RD. Receptor and molecular tar-
gets for the development of novel opioid and non-opioid anal-
gesic therapies. Pain Physician 2021; 24(2): 153-163.

. Aldossary SA, Alsalem M, Grubb BD. Role of bradykinin

and prostaglandin EP4 receptors in regulating TRPV1 chan-
nel sensitization in rat dorsal root ganglion neurons. Basic Clin
Pharmacol Toxicol 2024; 134(3): 345-360.

Swanson KV, Deng M, Ting JPY. The NLRP3 inflammasome:
molecular activation and regulation to therapeutics. Nat Rev
Immunol 2019; 19(8): 477-489.

Yang D, Xu K, Xu X, Xu P. Revisiting prostaglandin E2: a
promising therapeutic target for osteoarthritis. Clin Immunol
2024; 260: 109904.

Yi J, Bertels Z, Del Rosario JS, Widman AlJ, Slivicki RA,
Payne M, Susser HM, Copits BA, Gereau RW 4th. Bradykinin

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

receptor expression and bradykinin-mediated sensitization of
human sensory neurons. Pain 2024; 165(1): 202-215.
Jovanovic F, Jovanovic V, Knezevic NN. Glucocorticoid hor-
mones as modulators of the kynurenine pathway in chronic
pain conditions. Cells 2023; 12(8): 1178.

Woolf CJ, Ma Q. Nociceptors—noxious stimulus detectors.
Neuron 2007; 55(3): 353-364.

Melzack R, Wall PD. Pain mechanisms: a new theory. Science
1965; 150(3699): 971-979.

Shirvalkar P. Neuromodulation for neuropathic pain syn-
dromes. Continuum (Minneap Minn) 2024; 30(5): 1475-1500.
Hameed S. Nav1.7 and Nav1.8: role in the pathophysiology of
pain. Mol Pain 2019; 15: 1744806919858801.

LiZ, WuQ, Yan N. A structural atlas of druggable sites on Nav
channels. Channels (Austin) 2024; 18(1): 2287832.

Catterall WA. Voltage gated sodium and calcium channels:
discovery, structure, function, and pharmacology. Channels
(Austin) 2023; 17(1): 2281714.

Alsaloum M, Higerd GP, Effraim PR, Waxman SG. Status
of peripheral sodium channel blockers for non-addictive pain
treatment. Nat Rev Neurol 2020; 16(12): 689-705.

Vasylyev DV, Zhao P, Schulman BR, Waxman SG. Interplay
of Navl.8 and Navl.7 channels drives neuronal hyperex-
citability in neuropathic pain. J Gen Physiol 2024; 156(11):
€202413596.

Cardoso FC, Lewis RJ. Sodium channels and pain: from toxins
to therapies. Br J Pharmacol 2018; 175(12): 2138-2157.

Zhao C, Zhou X, Shi X. The influence of Navl.9 channels
on intestinal hyperpathia and dysmotility. Channels (Austin)
2023; 17(1): 2212350.

Scheuer T. Regulation of sodium channel activity by phosphor-
ylation. Semin Cell Dev Biol 2011; 22(2): 160-165.

Kamei T, Kudo T, Yamane H, Ishibashi F, Takada Y, Honda S,
Maezawa Y, Ikeda K, Oyamada Y. Unique electrophysiologi-
cal property of a novel Navl.7, Navl.§, and Nav1.9 sodium
channel blocker, ANP-230. Biochem Biophys Res Commun
2024; 721: 150126.

Dormer A, Narayanan M, Schentag J, Achinko D, Norman E,
Kerrigan J, Jay G, Heydorn W. A review of the therapeutic tar-
geting of SCN9A and Nav1.7 for pain relief in current human
clinical trials. J Pain Res 2023; 16: 1487—-1498.

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 neuropa-
thy (CONVEY): a phase 2 placebo-controlled enriched-enrol-
ment randomised withdrawal study. EClinicalMedicine 2023;
59:101971.

Jones J, 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 J Med 2023; 389(5): 393-405.
Vertex Pharmaceuticals Incorporated. Vertex announces
FDA acceptance of new drug application for suzetrigine


https://www.cdc.gov/overdose-prevention/prevention/index.html
https://www.cdc.gov/overdose-prevention/prevention/index.html

Molecular Pain

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

for the treatment of moderate-to-severe acute pain. Vertex
Pharmaceuticals Incorporated, https://news.vrtx.com/news-
releases/news-release-details/vertex-announces-fda-accep-
tance-new-drug-application-suzetrigine (accessed 30 July
2024)

Li N, Zhang R, Tang M, Zhao M, Jiang X, Cai X, Ye N, Su
K, Peng J, Zhang X, Wu W, Ye H. Recent progress and pros-
pects of small molecules for NLRP3 inflammasome inhibition.
J Med Chem 2023; 66(21): 14447-14473.

Doedens JR, Smolak P, Nguyen M, Wescott H, Diamond C,
Schooley K, Billinton A, Harrison D, Koller BH, Watt AP, Gabel
CA. Pharmacological analysis of NLRP3 inflammasome inhib-
itor sodium [(1,2,3,5,6,7-Hexahydro-s-indacen-4-yl)carbam-
oyl][(1-methyl-1H-pyrazol-4-yl)({[(2S)-oxolan-2-yl|methyl})
sulfamoyl]azanide in cellular and mouse models of inflam-
mation provides a translational framework. ACS Pharmacol
Transl Sci 2024; 7(5): 1438-1456.

Silva Santos Ribeiro P, Willemen HLDM, Versteeg S, Martin
Gil C, Eijkelkamp N. NLRP3 inflammasome activation in sen-
sory neurons promotes chronic inflammatory and osteoarthritis
pain. Immunother Adv 2023; 3(1): 1tad022.

Kennedy CR, Goya Grocin A, Kovaci¢ T, Singh R, Ward JA,
Shenoy AR, Tate EW. A probe for NLRP3 inflammasome
inhibitor MCC950 identifies carbonic anhydrase 2 as a novel
target. ACS Chem Biol 2021; 16(6): 982-990.

Primiano MJ, Lefker BA, Bowman MR, Bree AG, Hubecau
C, Bonin PD, Mangan M, Dower K, Monks BG, Cushing L,
Wang S, Guzova J, Jiao A, Lin LL, Latz E, Hepworth D, Hall
JP. Efficacy and pharmacology of the NLRP3 inflammasome
inhibitor CP-456,773 (CRID3) in murine models of dermal and
pulmonary inflammation. J Immunol 2016; 197(6): 2421-2433.
Zheng Y, Zhang X, Wang Z, Zhang R, Wei H, Yan X, Jiang
X, Yang L. MCC950 as a promising candidate for blocking
NLRP3 inflammasome activation: a review of preclinical
research and future directions. Arch Pharm 2024; 357(11):
€2400459.

Soni S, Lukhey MS, Thawkar BS, Chintamaneni M, Kaur G,
Joshi H, Ramniwas S, Tuli HS. A current review on P2X7
receptor antagonist patents in the treatment of neuroinflam-
matory disorders: a patent review on antagonists. Naunyn
Schmiedebergs Arch Pharmacol 2024; 397(7): 4643-4656.
Hu H, Yang B, Li Y, Zhang S, Li Z. Blocking of the P2X7
receptor inhibits the activation of the MMP-13 and NF-xB
pathways in the cartilage tissue of rats with osteoarthritis. /nt J
Mol Med 2016; 38(6): 1922—1932.

Keystone EC, Wang MM, Layton M, Hollis S, Mclnnes IB;
D1520C00001 Study Team. Clinical evaluation of the effi-
cacy of the P2X7 purinergic receptor antagonist AZD9056
on the signs and symptoms of rheumatoid arthritis in patients
with active disease despite treatment with methotrexate or sul-
phasalazine. Ann Rheum Dis 2012; 71(10): 1630-1635.

Zhou R, Fu W, Vasylyev D, Waxman SG, Liu CJ. lon channels
in osteoarthritis: emerging roles and potential targets. Nat Rev
Rheumatol 2024; 20: 545-564.

Xie Z, Zhao M, Yan C, Kong W, Lan F, Narengaowa Zhao
S, Yang Q, Bai Z, Qing H, Ni J. Cathepsin B in programmed
cell death machinery: mechanisms of execution and regulatory
pathways. Cell Death Dis 2023; 14(4): 255.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chen Y, Zeng D, Wei G, Liao Z, Liang R, Huang X, Lu
WW, Chen Y. Pyroptosis in osteoarthritis: molecular mecha-
nisms and therapeutic implications. J Inflamm Res 2024; 17:
791-803.

Cheng CK, Yi M, Wang L, Huang Y. Role of gasdermin D in
inflammatory diseases: from mechanism to therapeutics. Front
Immunol 2024; 15: 1456244.

Coll RC, Schroder K. Inflammasome components as new
therapeutic targets in inflammatory disease. Nat Rev Immunol
2024; 25(1); 22-41.

Lovelace MD, Varney B, Sundaram G, Lennon MJ, Lim CK,
Jacobs K, Guillemin GJ, Brew BJ. Recent evidence for an
expanded role of the kynurenine pathway of tryptophan metab-
olism in neurological diseases. Neuropharmacol 2017; 112(Pt
B): 373-388.

Hazrati E, Eftekhar SP, Mosaed R, Shiralizadeh Dini S, Namazi
M. Understanding the kynurenine pathway: a narrative review
on its impact across chronic pain conditions. Mol Pain 2024;
20: 17448069241275097.

Pocivavsek A, Schwarcz R, Erhardt S. Neuroactive kynuren-
ines as pharmacological targets: new experimental tools and
exciting therapeutic opportunities. Pharmacol Rev 2024; 76(6):
978-1008.

Mithaiwala MN, Santana-Coelho D, Porter GA, O’Connor
JC. Neuroinflammation and the kynurenine pathway in CNS
disease: molecular mechanisms and therapeutic implications.
Cells 2021; 10(6): 1548.

Alves LF, Moore JB, Kell DB. The biology and biochemistry
of kynurenic acid, a potential nutraceutical with multiple bio-
logical effects. Int J Mol Sci 2024; 25(16): 9082.

Gao J, Yao L, Xia T, Liao X, Zhu D, Xiang Y. Biochemistry
and structural studies of kynurenine 3-monooxygenase reveal
allosteric inhibition by Ro 61-8048. FASEB J 2018; 32(4):
2036-2045.

Johnson TS, MacDonald TJ, Pacholczyk R, Aguilera D,
Al-Basheer A, Bajaj M, Bandopadhayay P, Berrong Z, Bouffet
E, Castellino RC, Dorris K, Eaton BR, Esiashvili N, Fangusaro
JR, Foreman N, Fridlyand D, Giller C, Heger IM, Huang C,
Kadom N, Kennedy EP, Manoharan N, Martin W, McDonough
C, Parker RS, Ramaswamy V, Ring E, Rojiani A, Sadek RF,
Satpathy S, Schniederjan M, Smith A, Smith C, Thomas BE,
Vaizer R, Yeo KK, Bhasin MK, Munn DH. Indoximod-based
chemo-immunotherapy for pediatric brain tumors: a first-in-
children phase I trial. Neuro Oncol 2024; 26(2): 348-361.

Lu Y, Shao M, Wu T. Kynurenine-3-monooxygenase: a new
direction for the treatment in different diseases. Food Sci Nutr
2020; 8(2): 711-719.

Jang Y, Kim M, Hwang SW. Molecular mechanisms underly-
ing the actions of arachidonic acid-derived prostaglandins on
peripheral nociception. J Neuroinflammation 2020; 17: 30.
Ghlichloo I, Gerriets V. Nonsteroidal anti-inflammatory drugs
(NSAIDs). Treasure Island, FL: StatPearls Publishing, 2024.
Lushington R, Camilli S, Pascual F, Lockey RF, Kolliputi
N. EP2 inhibition restores myeloid metabolism and reverses
cognitive decline. J Allergy Clin Immunol Glob 2023; 2(2):
100082.

Sartini I, Giorgi M. Grapiprant: a snapshot of the current
knowledge. J Vet Pharmacol Ther 2021; 44(5): 679—688.


https://news.vrtx.com/news-releases/news-release-details/vertex-announces-fda-acceptance-new-drug-application-suzetrigine
https://news.vrtx.com/news-releases/news-release-details/vertex-announces-fda-acceptance-new-drug-application-suzetrigine
https://news.vrtx.com/news-releases/news-release-details/vertex-announces-fda-acceptance-new-drug-application-suzetrigine

Alessi et al.

13

63.

64.

65.

Gahbauer S, DeLeon C, Braz JM, Craik V, Kang HJ, Wan X,
Huang XP, Billesbelle CB, Liu Y, Che T, Deshpande I, Jewell
M, Fink EA, Kondratov IS, Moroz YS, Irwin JJ, Basbaum Al,
Roth BL, Shoichet BK. Docking for EP4R antagonists active
against inflammatory pain. Nat Commun 2023; 14(1): 8067.
Wisniewski P, Gangnus T, Burckhardt BB. Recent advances
in the discovery and development of drugs targeting the kalli-
krein-kinin system. J Trans/ Med 2024; 22(1): 388.

Marceau F, Bachelard H, Bouthillier J, Fortin JP, Morissette
G, Bawolak MT, Charest-Morin X, Gera L. Bradykinin recep-
tors: agonists, antagonists, expression, signaling, and adapta-
tion to sustained stimulation. /nt Immunopharmacol 2020; 82:
106305.

66.

67.

68.

69.

Bag M. Clinical efficacy of icatibant in the treatment of acute
hereditary angioedema during the FAST-3 trial. Expert Rev
Clin Immunol 2012; 8(8): 707-717.

Du Z, Zhang J, Han X, Yu W, Gu X. Potential novel therapeu-
tic strategies for neuropathic pain. Front Mol Neurosci 2023;
16: 1138798.

Choi SI, Hwang SW. Depolarizing effectors of bradykinin sig-
naling in nociceptor excitation in pain perception. Biomol Ther
(Seoul) 2018; 26(3): 255-267.

Bar-Or D, Rael LT, Brody EN. Use of saline as a placebo in
intra-articular injections in osteoarthritis: potential contribu-
tions to nociceptive pain relief. Open Rheumatol J 2017; 11:
16-22.



