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Abstract: The high attrition rate of analgesic candidates in clinical trials stems largely from a reductionist reliance on rodent models 
and a neglect of the spatiotemporal complexity of nociception. Positioning the dorsal root ganglion (DRG) as the core computational 
hub for peripheral sensitization, this review proposes a “Hierarchical Regulation Model” to integrate fragmented mechanisms into 
a systemic framework. We stratify peripheral sensitization into three interlocking tiers: an acute tier driven by ion channel functional 
remodeling (eg, Nav1.7/1.8, Transient Receptor Potential (TRP) family); an intermediate tier orchestrated by neuroinflammation and 
glia-immune networks (eg, Satellite glial cell (SGC) activation, B-cell infiltration); and a long-term tier anchored by epigenetic 
reprogramming (eg, histone modifications, DNA methylation) that constitutes the “molecular memory” of pain. Crucially, this model 
reveals that pain chronification arises from the “pathological homeostasis” formed by cross-hierarchical feedback loops. Importantly, 
we extend this framework to pathology-specific trajectories, highlighting “acute layer jumping” in chemotherapy-induced peripheral 
neuropathy and “early metabolic solidification” in diabetic peripheral neuropathy. Finally, anchored by the recent breakthrough 
approval of the selective Nav1.8 inhibitor Suzetrigine (VX-548), we validate the “Human-First” drug development paradigm. We 
conclude that overcoming translational barriers requires shifting from “one-size-fits-all” approaches to precision strategies stratified by 
pathological tier, disease stage, and biological sex. 
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Introduction
Chronic pain is estimated to affect 20% of the adult population worldwide, resulting in a significant socioeconomic 
burden.1,2 Current pain relief medicines (predominantly opioids, NSAIDs, anticonvulsants) have several drawbacks in 
clinical use. Progress continues to be made in basic research, but successful translation to new clinical therapeutics is 
disconcertingly rare. This may in large part be due to a historical emphasis on reductionist rather than network-oriented 
views of mechanistic knowledge.

Moreover, another major reason for translational failure is the vast difference between human and rodent dorsal root ganglia 
(DRG).3 Cross-species transcriptomic studies show that while the neuronal subtypes per se are broadly similar across species, the 
broader systemic picture differs in terms of which functional neuropeptides and ion channels are expressed by sensory neurons. 
For example, studies show that there is differential expression of TRP channels between species. Further, the Calcitonin gene- 
related peptide(CGRP)/P2X3 receptor (P2X3R) distribution pattern used to distinguish peptidergic from non-peptidergic 
nociceptors in mice is not present in humans—human DRGs contain a considerable population of neurons which co-express 
CGRP and P2X3R.4 This basic difference leads to the potential that any therapeutic aimed at rodent-defined neuronal populations 
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could also have off target effects, or not work in humans. New advancements in single-cell transcriptomics, spatial omics, and 
electrophysiological methods allow for the direct study of human DRGs, revolutionizing the field of pain research.5

Structurally, the DRG provides the requisite anatomical infrastructure for this systemic orchestration. Instead of 
serving as a simple relay station, as commonly portrayed, DRGs represent complex neuro-glial-immune ecosystems.6,7 

Within this compact microcosm, peripheral sensitization is not a consequence of discrete neuronal activity, but emerges 
from intercellular crosstalk of different nociceptor subtypes and the interaction of those neurons with SGCs and 
a panoply of immunological cells that infiltrate that closed microenvironment. This intricate cytoarchitecture functions 
as a computational hub for signal amplification and integration, thereby providing the physical basis for the hierarchical 
regulation model proposed herein (Figure 1).

Earlier conceptual frameworks distinguished early post-translational from later transcription-dependent pain plasticity 
and established central sensitization as a major mechanism of persistent pain hypersensitivity.8,9 Building on these 
foundations, we propose a DRG-centered Hierarchical Regulation Model that shifts the focus to peripheral sensitization 
and adds three elements: a tiered organization of acute ion channel remodeling, intermediate neuro-glial-immune 
communication, and long-term epigenetic consolidation; cross-hierarchical feedback rather than a purely linear temporal 
sequence; and pathology-specific trajectories across distinct pain states. Accordingly, this review introduces the model, 
examines its acute, intermediate, and long-term regulatory tiers, evaluates its pathology-specific manifestations, and 
discusses its translational implications.

The Hierarchical Regulation Model of Peripheral Sensitization in the DRG: 
Conceptual Framework and Temporal Dimensions
Based on analyses of literature from the last three years, we propose a “Hierarchical Regulation Model” of peripheral 
sensitization in the DRG. The key principle underlying our model is that pain chronification is not a progression along 
the timeline of one singular mechanism, but rather a cumulative manifestation of regulatory processes acting over 
timescales that overlap and layer upon each other.

Acute regulatory tier (seconds-to-minutes scale) focuses on functional changes to ion channels: reduced activation thresholds 
of sodium channels (Nav1.7/1.8/1.9), sensitization of TRP channels (TRPV1/TRPA1/TRPM8), downregulation of potassium 

Figure 1 The DRG as an integration hub for peripheral sensitization across anatomical scales. (A) Overview of the sensory pathway emphasizing the DRG’s strategic 
position between peripheral input and central transmission, where injury-related signals can be consolidated before propagating centrally. (B) Local cellular ecosystem 
highlighting how neuron–glia–immune interactions, facilitated by the DRG’s permissive vascular interface, create a compartment that supports amplification, cross-talk, and 
persistence of sensitization—providing the anatomical rationale for a DRG-centered hierarchical regulation framework.
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channels (KCNQ, KCNN1)—all largely effected by post-translational modifications. Intermediate regulatory tier (hours-to-days 
scale) is primarily concerned with neuroinflammation and intercellular communication: activation of chemokine networks 
(CCL2/CCR2, CXCL12/CXCR4), functional alteration of SGCs (eg, Kir4.1 downregulated), infiltration of immune cells. Long- 
term regulatory tier (days-to-months scale) involves epigenetic remodeling, in which continued regulation of target genes by 
histone-modifying enzymes (G9a, PRMT5, HDAC2) constitutes the “molecular memory” of pain.

The core theoretical value of our model resides in explicating the “pathological homeostasis” arising from cross- 
hierarchical interplays. Pain chronification does not flow in one direction, but rather emerges as a self-sustaining interlocked 
feedback loop to generate pathology (Figure 2): while ion channel remodeling in the acute phase represents the final effector 
of electrophysiological disturbances, the instigator for this phenomenon often lies within the fluidic interplay between 
neuroinflammatory networks and glial cells in the intermediate tier. Of particular concern is that the fleeting extracellular 
signals do not terminate at the plasma membrane. Signals enter into the nucleus and generate epigenetic remodeling within 
the long-term tier. This web of molecular perturbations constitutes a “memory anchor”, solidifying the temporary signals of 
injury into a persistent pathological state by locking the expression of the relevant genes. The “signaling-transcription- 
function” loop between the three tiers is what underpins the stolid recalcitrance of chronification.

Acute Regulatory Tier: Functional Remodeling of Ion Channels
The acute tier of the Hierarchical Regulation Model is the first point of entry of pain sensitisation. We will examine the 
functional re-modelling of the ion channels in this part, which molecularly execute the re-modelling. This process begins 
with the first transduction of chemical and mechanical stimuli by “multimodal sensors” in the form of TRP family and 

Figure 2 Conceptual architecture of the “Hierarchical Regulation Model” and the self-sustaining signaling–transcription–function loop in the DRG. Schematic summary of 
three overlapping regulatory tiers that operate on distinct timescales—acute (seconds–minutes), intermediate (hours–days), and long-term (days–months)—and collectively 
drive pain chronification. The acute tier emphasizes rapid functional remodeling of excitability “effectors” (ion-channel function) largely through post-translational 
mechanisms; the intermediate tier captures neuroinflammatory and intercellular communication programs (eg, chemokine/purinergic signaling and immune engagement) 
that amplify and maintain the sensitizing milieu; and the long-term tier illustrates how transient extracellular signals are converted into durable transcriptional reprogramming 
via epigenetic remodeling, forming a “memory anchor”. Cross-tier coupling generates a closed feedback architecture (“pathological homeostasis”), whereby intermediate- 
tier signaling promotes nuclear remodeling and transcriptional control that subsequently stabilizes (and re-feeds) acute electrophysiological dysfunction. In the schematic 
labels, upward arrows (↑) indicate increased excitability, sensitization, or functional output; downward arrows (↓) indicate reduced function, including reduced potassium- 
channel braking function; and right arrows (→) indicate directional signaling flow or causal progression between regulatory events. Solid green arrows represent activation 
or upregulation, red blunt-ended lines indicate inhibition or silencing, and black dashed arrows indicate rapid PTM-associated sensitization. 
Abbreviation: PTM, post-translational modification.
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Acid-Sensing Ion Channels (ASICs) channels followed by the “amplification effect” of voltage-gated sodium channels 
(Nav) and simultaneous failure of potassium channels (Kv) “braking mechanisms”, all of which together trigger the rapid 
collapse of electrophysiological homeostasis. This transient burst of electrical signaling not only generates the acute pain 
experience but also provides the necessary driving energy to trigger subsequent medium-term and long-term pathological 
cascades.

Core Execution and Amplification: Voltage-Gated Sodium Channels
Nav1.7, 1.8, and 1.9 are the terminal executors of nociception, validated by strong genetic evidence linking them to 
congenital pain disorders.10 Functionally, Nav1.7 initiates action potentials, Nav1.8 sustains repetitive firing, and Nav1.9 
regulates the resting membrane potential.

Stewart et al2 validated the electrophysiological effects of the selective Nav1.8 inhibitor, suzetrigine, in human DRG 
neurons, confirming that the drug significantly inhibits the firing frequency of action potentials in nociceptive neurons 
without significant impact on the cardiac isoform Nav1.5 and central isoforms Nav1.1/1.2.11 Notably, this study was 
conducted entirely using human DRG neurons rather than relying on traditional rodent models—this “human-first” drug 
development pathway establishes a new paradigm in the field of pain research. A comparative study by Zhang et al on 
Nav1.9 biophysics in human and rat DRG neurons revealed that despite the conservation of persistence and low 
activation thresholds, significant inter-species differences exist. Specifically, human Nav1.9 displays a higher inactivation 
threshold, slower deactivation, and—unlike the enhancement seen in rodents—is inhibited by inflammatory mediators.12 

This fundamental divergence raises a critical concern: preclinical screens relying on rodent Nav1.9 gain-of-function 
models may have yielded false leads, necessitating a re-evaluation of data derived from non-human platforms.

Unlike Nav1.8, the clinical translation of Nav1.7 inhibitors has been blocked by traps of target selectivity and 
functional compensation. To deal with this, the ongoing research of Nav1.7 has extended beyond simple pore block. 
Novel small molecules such as QLS-2783 and indole 3-hydroxy derivatives13 have shown powerful effects by selectively 
stabilizing the channel in the inactivated state. However, Nav1.7 is also dynamically reshaped by pathological environ
ments. Liu et al14 revealed that the SARS-CoV-2 nucleocapsid protein directly interacts with Nav1.7 to enhance sodium 
currents, driving “COVID-pain” by essentially hijacking the acute electrophysiological machinery. Beyond the channel 
pore, functional output is amplified by interacting partners. Feng et al15 reported a “supra-additive” effect of concurrent 
Nav1.7 and sodium-calcium exchanger NCX1 inhibition to pain, where it is suggested that ionic imbalance can be 
maintained by this synergy. Lastly, the membrane density of these acutely acting executors is orchestrated by upstream 
mechanisms—the long non-coding RNA (lncRNA) SNHG5 recruits CDK9 to the SCN9A promoter to increase Nav1.7 
expression. This “SNHG5-CDK9-Nav1.7” axis replenishes the functional channel pool required to sustain high-frequency 
firing and neuroinflammation-induced apoptosis,16 illustrating how transcriptional events directly feed into and perpe
tuate the acute tier of hyperexcitability.

Multimodal Signal Transduction: TRP Family and ASIC Channels
The activation of Nav does not occur in a vacuum. It happens after the upstream occurrence of the initial transduction of 
thermal, mechanical and chemical stimuli by molecular sensors. The TRP family and ASICs form a “multimodal sensory 
frontline” and produce generator potentials that are required to activate Nav for the generation of action potentials. 
Among this superfamily, TRPV1 is defined as the prototypic polymodal receptor for capsaicin, heat and acid. However, 
rodent models of this have little translatability owing to inter-species heterogeneity. Cross-species comparative analyses 
show that TRPV1 is more broadly expressed in human DRGs than in mice, and across many neuronal subtypes including 
C-LTMRs and the cold-sensing receptors.17 This divergence holds critical implications for interpreting preclinical data 
and designing TRPV1-targeted therapeutics for human applications.

The functionality of TRPV1 is not fixed but is stringently reshaped by dynamic regulatory networks ranging from 
epigenetic modifications to neuro-immune-endocrine interactions. Yeh et al showed that histone methylation modifica
tions induce TRPV1 upregulation directly at the transcriptional level in paclitaxel-induced Chemotherapy-Induced 
Peripheral Neuropathy (CIPN),18 acting as an upstream epigenetic switch. Following translation, channel activity is 
modulated by the inflammatory microenvironment; Li et al19 demonstrated that the ApoA-I binding protein regulates 
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TRPV1 channel activity by interfering with TLR4-lipid raft complex formation. Meanwhile, as Franco-Enzástiga et al20 

exemplified in human DRG neurons that Type I interferons can potentiate TRPV1 sensitization, presenting a pathway to 
pain in autoimmune diseases. The addition of variation in sex hormones presents another axis to this regulation. Artero- 
Morales et al21 demonstrated that estrogen can upregulate TRPV1 expression and function in the direct endocrine 
manipulation of ion channels via ERα/ERβ. Candler Paige et al22 found that the prolactin receptor (Prlr) mediates 
hyperalgesic priming in female, but not in male, Nav1.8+ nociceptors. Direct endocrine-regulation of channel function 
may compel some female patients to seek therapies aligned to hormonal cycles.

Beyond TRPV1, other TRP isoforms mediate specific senses and disease states. Broad et al23 described Phase 
I results for the TRPA1 antagonist LY3526318. Designed to be particularly potent toward human TRPA1, this novel 
compound proved analgesic in several models and human-safe, scoring a major goal in the ongoing effort to translate 
TRP targeting to the clinic. Mechanistically, Lee et al24 found that DJ-1/PARK7 regulates CIPN through TRPA1. Other 
family members also contribute to specific sensory deficits: Du et al25 confirmed that IL-33/ST2 signaling mediates cold 
allodynia via TRPM8, and Gao et al26 identified Copine-6 as a TRPM3 chaperone protein that regulates its sensitivity to 
thermal stimuli.

Distinct from the TRP family, ASICs function as ligand-gated cation channels specializing in detecting tissue 
acidification. ASIC3 is highly expressed in DRG nociceptive neurons and responds to mild acidification within the 
physiological pH range (pH 6.6–7.0), generating both transient and sustained current components.27 Recent evidences 
suggest that ASIC3 functions extend beyond simple acid sensing to act as an integrated receptor for the inflammatory 
milieu through non-canonical mechanisms. Marra et al28 demonstrated that lysophosphatidylcholine (LPC) and arachi
donic acid (AA) in human inflammatory exudates can persistently activate ASIC3 at physiological pH (non-acidic 
conditions), inducing DRG neuron depolarization and increased C-fiber firing—an effect reversible by the ASIC3 blocker 
APETx2. This functional complexity is mirrored by structural and expression diversity. ASIC3 and P2X3 receptors have 
been shown to co-localize within DRG neurons to form functional protein complexes,29 where ASIC3 activation inhibits 
P2X3 currents through a Ca2+-dependent mechanism that allows crosstalk between acidic and purinergic signaling. In 
disease conditions, ASIC3 mRNA and protein expression levels are all increased in DRGs from rats with bone cancer 
pain, and exhibited greater co-localization in IB4-positive small-diameter neurons.30 Pharmacological blockade of 
peripheral ASIC3 via the specific toxin APETx2 decreases migraine-associated pain behavior such as trigeminal 
nociceptive sensitization and periorbital mechanical sensitivity.31 Analogous to TRPV1, inter-species investigations by 
Papalampropoulou-Tsiridou et al32 revealed that human DRGs appear to express ASIC1 and ASIC3 on a greater range of 
neuronal subpopulations than rodents. This highlights that even ASICs are active drug targets, their clinical translation is 
hamstrung by a bottleneck in terms of both molecular selectivity and species-specific expression profiles.

Potassium Channel Dysregulation and Excitability Balance
The maintenance of chronic pain involves not only an excitatory drive, but also the failure of the inhibitory “pull”—the 
functional downregulation of potassium channels. This “brake failure” allows neurons prone to repetitive firing, and can 
also involve upstream transcriptional reprogramming (a type of hierarchical cascade). Zhang et al33 observed that in bone 
cancer pain, the EREG/EGFR-ERK-Runx1 axis silences KCNQ2/KCNQ3 expression via HDAC2. Another example of 
silencing provided by Wang et al6 identified ESRRG-controlled KCNN1 downregulation as contributing to neuropathic 
pain. Outside of purely transcriptional mechanisms, Habib et al34 identified CASPR2 autoantibodies leading to hyper
excitability through Kv current reduction, establishing links between autoimmune pathologies and dysregulation of ion 
channels.

HCN pacemaker currents constitute a “stuck accelerator” while braking fails, breaking the balance of excitability. In 
this regard, Lei et al7 showed that activation of the cannabinoid CB1 receptor can inhibit HCN channel function to restore 
homeostasis. The “push-pull” imbalance (upregulation of sodium/HCN forces at the same time as a downregulation of 
potassium forces) underlies neuronal hyperexcitability and suggests a single common molecular basis for it.

Crucially, a successful deployment of these stabilizing strategies relies on the quality of preclinical human physiology 
models. Addressing this translational gap, authors such as Zurek et al35 benchmarked the electrophysiological character
istics of human DRG against human induced pluripotent stem cell-derived sensory neurons (hiPSC-SNs). They found 
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differences in fundamental excitability properties, confirmed sexual dimorphism and also highlighted how human- 
specific ion channel kinetics cannot be accounted for by a rodent surrogate. These studies establish the context for 
developing high-fidelity human cellular models, and that when therapeutics aimed at restoring the ionic brake are 
developed and subsequently clinically translated, they must be rightly calibrated for the specific electrophysiological 
architecture of the human DRG.

Intermediate Regulatory Tier: Neuroinflammation and Intercellular 
Communication
Inflammatory Mediator Networks: Cytokines, Neurotrophic Factors, and Chemokines
The inflammatory cascade initiated through tissue injury represents the key “intermediate tier” of this sensitization 
model, coordinating pathways that convert peripheral injury into sustained hyperexcitability. Following peripheral tissue 
injury, pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) activated in the DRG initiate canonical signaling pathways 
including NF-κB, p38 MAPK, and JAK/STAT. These converging signals serve to functionally modulate as well as 
increase transcription of key ion channels such as Nav1.7 and TRPV1, driving inflammatory pain sensitization.36–38 Of 
fundamental importance is that this network is functionally redundant. Hernandez et al39 established a defining axiom of 
this network architecture: they demonstrated that only the combined downregulation of IL-6st, TNFR1 and IL-1R1 
silences hyperalgesia via CRISPR epigenome editing, while independent blockade fails. This is the key difference from 
the way in which neuroinflammation can operate unlike systemic immunity—making single-cytokine antagonists 
ineffective in the chronic setting through functional redundancy.

Nerve growth factor (NGF) acts as a pivotal molecular hub linking inflammation to neural plasticity. Via the TrkA 
receptor, NGF activates the PI3K/Akt and MAPK/ERK signaling cascades, effectively translating extracellular inflam
matory signals into intracellular excitability changes and upregulating TRPV1 expression.40 O-Sullivan et al41 used 
sensory neuron-specific TrkA conditional knockout mice to demonstrate that TrkA deletion markedly improved osteoar
thritis-induced mechanical hyperalgesia and significantly reduced spinal glial activation. While Phase III clinical trials of 
the anti-NGF monoclonal antibody tanezumab confirmed its efficacy in osteoarthritis and cancer pain,42,43 safety 
concerns about rapidly progressive osteoarthritis have constituted a major regulatory hurdle. Furthermore, Sharma et al44 

demonstrated that proneurotrophin-3 (proNT3) drives CIPN by inducing CCL2 upregulation via TrkC, revealing 
a distinct form of crosstalk where neurotrophic signaling actively recruits chemokine networks to drive pathology.

Chemokines coordinate the inflammatory microenvironment and initiate structural remodeling. The CCL2/CCR2 axis 
serves as a central pathway for DRG neuroinflammation. Midavaine et al45 developed the CCR2-targeting pepducin 
PP101, which effectively blocks T-cell infiltration and produces analgesia in bone cancer and CCI models. Zhang et al46 

found that the RNA-binding protein SYNCRIP promotes neuropathic pain by stabilizing CCR2 mRNA, which highlights 
the critical role of post-transcriptional regulation in maintaining chemokine levels. Leng et al47 uncovered evidence about 
chronification, suggested that plasma CXCL12 induces a self-propagating positive feedback loop with CXCR4, which 
might serve as a molecular switch tipping the balance in promoting chronic pain. In the end, prolonged sensitization is 
a crash of active resolution programs. Yang et al48 showed that α7nAChR signaling restores cholinergic anti- 
inflammatory pathways to suppress HMGB1 release. It is the failure of resolution mechanisms that induces pathology, 
not inflammatory surges.

Satellite Glial Cell Activation and Purinergic Signaling
SGCs closely ensheath the somata of DRG neurons, forming an operable structure that is dynamically involved in 
peripheral sensitization through tight regulation of ionic homeostasis and gliotransmitter secretion. The key of homeo
static function is the Kir4.1 potassium channel. Luo et al49 provided an explanation of SGC dysfunction with 
a mechanistic basis, showing that the downstream signaling of an activated surface TLR9 receptor by paclitaxel acts 
not only to block the pore of the channel, but also to recruit the methyltransferase G9a, effecting epigenetic silencing of 
Kcnj10 via H3K9me2. Thus, the loss of K+ buffering capacity is not ephemeral. It generates a persistent potassium-rich 
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microenvironment that effectively lowers the activation threshold of the neuron and perpetuates hyperexcitability 
dynamics long past chemotherapy.

Purinergic signaling provides a basis for the communication between neuron and glia. ATP acts as a ubiquitous 
“danger signal” released from damaged tissues, signaling two different pathological paths. On the side of the neuron, it 
activates P2X3 receptors, confined to nociceptors and high sensitivity.50–54 In models of bone cancer pain, their 
expression is upregulated around 50%, directly driving nociceptive gain.55 P2X3 does not function alone. Stephan et al29 

confirmed that P2X3 forms a physiologically relevant protein complex with the acid-sensing ion channel ASIC3, 
enabling nociceptors to integrate acidic (tissue acidosis) and purinergic signals together, ensuring efficient transduction 
of metabolic stress to neuronal firing.

On the glial side, ATP drives constant remodeling via P2X7 receptors. Receptor activation does not exhibit the rapid 
gating of the neuronal P2X3 in this case, but rather signals through to other pathways that modify neuronal phenotype. 
As covered by Wang H et al,56 SGCs that downregulate P2X7 possess neurons with lower levels of TRPV1 expression. 
In this case, glial purinergic signaling operates trans-cellularly to “tune” ion channel expression: glial and neuronal 
compartments connected.

Finally, SGCs have the potential to modulate neurotransmission in an active capacity through the controlled release of 
soluble factors. Li et al57 demonstrated that SGCs secrete diazepam-binding inhibitor (DBI) which acts as a negative 
modulator of neuronal GABAA receptors, thereby selectively gating mechanosensory transmission. In pathological 
communication, vesicular transport is implicated. Zhao et al58 discovered that SGCs in an oxaliplatin exposed environ
ment release exosomes with pro-nociceptive cargo to neurons, delivering a “sensitization signal” to them. Zhang et al59 

demonstrated conclusion on the metabolic pathology side. The research showed that diabetes activates NR2A-Wnt-TLR2 
signaling in SGCs. “Glial Metabolic Inflammation” is suggested to underlie diabetic neuropathy, whereby hyperglycemic 
stress is biologically transduced into an immunologic barricade of neuronal inhibition.

Neuro-Immune Interaction and Microenvironmental Remodeling
Upstream injury-interface mechanisms, including Schwann-cell-mediated neuroinflammatory signaling, retrograde axo
nal transport of lesion-derived cues, and altered blood–nerve/blood–DRG barrier permeability, may further shape the 
extent and timing of immune access to the DRG, although a detailed discussion of these processes lies beyond the central 
scope of this review. Immune cell recruitment is a critical step in the process of chronic pain, involving the infiltration of 
many branches of both adaptive and innate immunity to rewire the DRG environment. Unlike the common bias towards 
either T cells or the microglia, Lacagnina et al60 demonstrated that B cells act as instigators of neuropathic pain through 
the release of IgG and FcγR signaling. Their data reveal that FcγR knockout completely abolishes mechanical 
hyperalgesia and neuronal hyperexcitability, implicating humoral immunity in the existing pain paradigm. This hint 
provides potential treatment strategies for small cohorts of patients (especially those resistant to conventional treatments) 
specifically with B-cell therapies, or techniques aimed at clearing IgG such as plasmapheresis. Likewise, Martin et al61 

discovered that anti-CV2/CRMP5 autoantibodies potentiate DRG neuronal hyperexcitability directly, establishing 
a thorough molecular basis of pain in autoimmune neuropathy.

About innate immunity, macrophages act as elaborate sensors, connecting global physiological status to local sensation. 
Konnova et al62 showed that modulation of macrophage potassium channels affect DRG neurons sensitisation. Correlating 
global pathology to local pain, Chivers et al63 discovered that chronic intermittent hypoxia drives M1 polarization of 
macrophages in the DRG. This explains a key mechanism through which pain sensitivity in patients with obstructive sleep 
apnea is worsened by systemic comorbidities, affecting peripheral sensitization through immune bridges.

Interestingly, this interaction is influenced by sexual dimorphism, an intriguing variable which has often been 
forgotten. The classic study of Sorge et al64 showed that males depend on the microglia/macrophage system (P2X4R- 
BDNF) to drive hyperalgesia while females depend on adaptive immune cells (possibly T lymphocytes). However, this is 
not simply a feature of rodent models. Transcriptomic data from human DRGs published by Ray et al65 confirmed this 
divergence: pain-related genes in males are enriched in neural plasticity and pro-inflammatory cytokines pathways, while 
females specifically engage unique immunomodulatory pathways (eg, interferon signaling). This mechanistic divergence 
dictates that clinical immunomodulatory trials must ensure rigorous sex stratification to avoid obscuring efficacy.
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Finally, the intermediate tier of signaling extends beyond chemical signaling to that of physical remodeling. A recent 
paper by Xie et al66 revealed a newly discovered “neuro-vascular-mechanical” mechanism for spontaneous pain. 
Following nerve injury, vascular density increases due to inflammation-induced angiogenesis, and proliferation of 
pericytes allows pulsations of this vasculature to “mechanically fire” synchronous “bursting” activity in nearby sensory 
neurons via Piezo2 ion channels. This concept combines vascular remodeling and mechanotransduction to provide an 
explanation for the paroxysmal stabbing pain that patients report, and suggests that targeting angiogenic activity or 
Piezo2 modulation is likely to have distinctive analgesic properties.

Long-Term Regulatory Tier: Epigenetic Remodeling and Pain Memory
If the post-translational modifications via phosphorylation of ion channels are the “transient response” of pain, then 
epigenetic remodeling is the engraving of the “molecular memory” of pain. This layer reveals why chronic pain persists 
after the primary injury has mended. Unlike mutations that can alter DNA itself, epigenetic modifications are “repro
gramming” of gene expression programs over the long haul by networks of histone modifications, DNA methylation and 
RNA modification, which transform transient noxious signals into persistent pathological states, creating a bridge across 
acute signaling and chronic memory.

Histone Modification: “Reading and Writing” of Chromatin States and Gene Switches
Histone-modifying enzymes are tasked with sealing the deal, converting transient signaling to a durable form of 
transcriptional reprogramming. These epigenetic “writers” inscribe the sensitization events we have previously touched 
on—upregulated TRP channels, collapse of potassium buffering—into the chromatin.

Mechanistically, this remodeling reflects a combined “push-pull” dysregulation of the electrophysiological imbalance 
described. On the excitatory side, PRMT5 catalyzes the symmetric dimethylation of Histone H3 (H3R2me2s) at the 
TRPV1 promoter to recruit the WDR5 complex and deposit active H3K4me3 marks, chemically converting transient 
stress signals to stable nociceptor hyperexcitability.18 Concurrently, the inhibitory tone is “cut” by G9a-mediated 
chromatin repression. In a foundational study, Laumet et al showed that nerve injury increases H3K9me2 enrichment 
at the promoters of multiple K+ channel genes in DRG neurons, leading to their coordinated transcriptional silencing 
during the acute-to-chronic pain transition. G9a inhibition or sensory neuron-specific deletion restored K+ channel 
expression and attenuated neuropathic pain, establishing this pathway as a causal epigenetic mechanism of persistent 
hyperexcitability.67 A complementary glial mechanism was later identified by Luo et al, who showed that TLR9-G9a 
signaling silences Kcnj10/Kir4.1 in SGCs through H3K9me2, thereby impairing K+ buffering and further amplifying 
neuronal excitability.49 Additionally, HDAC2 is the signal integrator for the microenvironment; EREG-EGFR activates it 
and it’s recruited by MeCP2 in a corepressor complex to silence KCNQ2/3 specifically.33 These enzymes do not merely 
modify histones but fundamentally rewrite the transcriptional logic of the DRG to sustain a pathological equilibrium.

DNA Methylation: The Most Persistent “Molecular Imprint”
While histone modifications are reversible through biological processes, DNA methylation is much more stable and long- 
lasting, thus it is considered as a “foundation” of epigenetic memory and provided strong evidence to the persistence of 
chronic pain.

A foundational study by Zhao et al demonstrated that peripheral nerve injury induces OCT1-dependent upregulation 
of DNMT3a in injured DRG neurons, which then binds the Kcna2 promoter and increases its DNA methylation, leading 
to transcriptional repression of Kcna2/Kv1.2. Blocking DNMT3a upregulation restored Kcna2 expression and attenuated 
neuropathic pain behaviors, whereas DNMT3a overexpression in naïve DRGs reduced Kv currents, increased neuronal 
excitability, triggered spinal dorsal horn sensitization, and produced neuropathic pain-like symptoms. These findings 
established DNMT3a-mediated Kcna2 silencing as a causal DNA methylation mechanism through which transient nerve 
injury is converted into a persistent pro-excitatory transcriptional state in primary afferent neurons.68

However, Chen et al69 using whole-genome bisulfite sequencing presented insight into the fact that these deep 
epigenetic marks are not strictly set in stone. They showed exercise preconditioning to be analgesic by the selective 
reversal of the hypermethylation of Ryr1 (calcium modulating) and Xirp2 (cytoskeletal remodeling). This is particularly 
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clinically relevant as it ties body activity to epigenetic plasticity of the DRG, giving a solid epigenetic underpinning to 
the non-pharmaceutical treatment (eg, physical therapy) of pain.

The Epitranscriptomic Bridge: Locking the Chromatin Remodeling Machinery
Even though m6A RNA modification takes place largely after transcription, an increasing amount of research points 
towards these modifications having an essential role of connecting time-dependent cellular signal changes to changes in 
the transcriptional environment, such as chromatin remodeling.

Importantly, m6A can also promote pain memory indirectly by regulating the stability of epigenetic enzymes themselves. 
As shown by Li et al,70 nerve injury induces the upregulation of FTO (m6A eraser) in the DRG FTO selectively removes the 
m6A modification on the mRNA of Ehmt2 (encoding G9a) in DRG neurons, preventing YTHDF2-mediated degradation of 
this mRNA, ultimately stabilizing the accumulation of G9a protein. This “FTO-m6A-G9a” axis highlights the hierarchical 
transformation that occurs whereby RNA modifications provide “logistics support” for the continuous supply of necessary 
histone methyltransferases required for histone methylation/maintaining chromatin silencing.

This epitranscriptomic instability appears to be a conserved feature across the somatosensory axis. In the setting of 
inflammatory pain, Pan et al71 showed that the m6A writer METTL3 is downregulated in the spinal cord, resulting in 
TET1-mediated central sensitization. Although the central terminal is in focus in this work, it highlights a “whole body” 
collapse of m6A homeostasis, raising the possibility that methyltransferase targeted approaches might more durably 
restore epigenetic stability to both ends of the somatosensory pathway.

Post-Transcriptional Network Stabilization: Coordinated Maintenance of Pathological 
Homeostasis
In contrast to the simple on/off functions of single genes, non-coding RNAs (miRNAs, circRNAs) preserve the 
“pathological homeostasis” of sensitized neurons through the construction of elaborate networks of regulators. The 
most archetypical result is the “coordinated disinhibition” effect.

The miR-183 cluster (miR-96/182/183) is enriched in DRG nociceptive neurons. Tao et al72 reported that injury- 
mediated downregulation of miR-183 disrupts an anti-inflammatory axis where loss of inhibition on TGFα signaling 
enables a cascade within the CCL2/CCR2 axis that engenders simultaneous upregulation of pro-nociceptive effectors Nav 

1.7, Nav1.8, and TRPV1. This release of an entire excitatory module results in a sensitized state that is impervious to 
compensatory action that targets single ion channels.

Non-coding RNAs further increase the dimensionality of these networks by assuming non-canonical signaling 
functions to promote pathological feedback loops. Zhang et al73 discovered that miR-21 functions multifacetedly not 
only as a post transcriptional repressor, but also as a ligand for the Toll-like receptor 8 (TLR8) in sensory neurons. This 
secretion-based mechanism means that hyperexcitability can be relayed between cells in a paracrine fashion. Following 
nerve injury, upregulated miR-21 is secreted into endosomes, where it binds and activates TLR8 to fuel a pERK- 
mediated inflammatory cascade exacerbating neuronal excitability. Herein lies the “vicious cycle” where the non-coding 
RNA is functioning as a signaling agonist, entrapping the neuron in a self-perpetuating hyperexcitable state that is 
independent of the initial injury. Taken together these processes that range from the general to the specific, from 
coordinated unshackling of ion channels to novel RNA-receptor pairs form a new pathological homeostasis. To this 
end, a targeted approach to breaking into these non-coding RNA networks offers a “system reset” approach to chipping 
away at the large molecular edifice of “treatment resistant” pain.

Reversibility of Epigenetic Modifications and the Therapeutic Window
The translational potential of epigenetic therapies is severely constrained by biological complexity, in which “reversi
bility” is tightly bound by biological context.

A major factor is the timing of intervention, which differs between isoforms. Broad Class I HDAC inhibitors have 
a narrow therapeutic window restricted to pre-injury “induction phase”,74 but Westlund et al showed that selective inhibition 
of Class IIa HDAC5 is effective up to three weeks following injury.75 This hints at a molecular “handover” as different 
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isoforms dictate the formation and maintenance of pain memory. Conversely, DNA methylation remodeling has considerable 
longevity and a tendency towards consolidation,76 indicating a deeply entrenched epigenetic change in chronic pain. This 
raises a concern that drugs that only target early stage mechanisms might fail to reverse stable methylation states.

Superimposed over these time constraints is the potent effect of biological sex. ATAC-seq profiling of the human 
DRG reveals a surprising architecture—there is much more chromatin accessibility on the X chromosome in female 
neurons than in males, and deeper accessibility in GABAergic and interferon gene clusters.77 The finding suggested that 
memory for pain in females is utilising much wider networks of genomic real estate and molecular programmes. 
A successful translation process needs to embrace stratified precision medicine and harness techniques that are 
specifically tailored to the stage of disease, and to the sex-determined epigenetic profile of the patient.

Validation and Variation of the Hierarchical Model in Specific Pathologies
While the “Acute-Intermediate-Long-term” hierarchical regulation model provides a generic framework for peripheral 
sensitization, the specifics of the spatiotemporal dynamics have significant differences in pathology-specific ways. 
Understanding the “acceleration”, “jumping” or “stagnation” in sub-models is important to specify the applications for 
stratified therapies (Figure 3).

CIPN: Mitochondrial-Driven “Layer Jumping”
CIPN’s pathological progression differs greatly from other types of traumatic nerve injury. Unlike the electrophysiolo
gical initiation followed by inflammation in trauma, this disorder has a significant feature called “Acute Layer Jumping”.

The principal targets of these chemotherapeutics (eg, paclitaxel, oxaliplatin) have a significant effect on intracellular 
mitochondria. It has been demonstrated that platinum drugs can directly form adducts with mtDNA resulting in energy 
failure, whereas paclitaxel induces opening of the mitochondrial permeability transition pore (mPTP).78,79 This direct 

Figure 3 Pathology-specific trajectories of the hierarchical regulation model across time. Qualitative schematic illustrating how the dominant regulatory driver shifts over 
the course from onset to chronification, while acknowledging that tiers can co-occur. Distinct curves depict representative pain etiologies with different spatiotemporal 
“kinetics” of tier engagement—capturing acceleration, stagnation, or layer jumping rather than a uniform sequence. Traumatic nerve injury follows a canonical multi-step 
cascade, progressing from early electrophysiological dysfunction to a prominent neuroimmune phase and ultimately consolidating into epigenetic remodeling, with 
intermediate-tier immune dominance shaping the clinical phenotype. Chemotherapy-induced peripheral neuropathy (CIPN) exemplifies mitochondrial-driven “acute layer 
jumping”, in which direct organelle injury rapidly engages metabolic/epigenetic programs and compresses (or bypasses) the expected early window dominated by excitability 
changes. Diabetic peripheral neuropathy (DPN) shows “chronic-from-onset” solidification, where persistent systemic metabolic stress produces early, diffuse long-term-tier 
activation without a discrete acute trigger point. Bone cancer pain features a prolonged intermediate tier driven by tumor–nerve interface signals (a sustained “chemical 
soup” and growth-factor signaling), with downstream recruitment of durable transcriptional/epigenetic reprogramming. Symbol explanation: right arrows (→) indicate 
proposed directional mechanistic progression between pathological events and regulatory-tier engagement.
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organelle damage implies that CIPN mechanisms effectively bypass the purely electrophysiological induction phase, 
directly triggering metabolic remodeling and epigenetic changes characteristic of the long-term tier.

Luo et al49 supported this idiosyncratic trajectory. They found that activation of the TLR9-G9a pathway in SGCs is 
not dependent on neuronal electrical activity but rather is triggered by the direct release of mtDNA, causing transcrip
tional silencing of Kir4.1 at a relatively early timepoint. This sheds light on why “classical” sodium channel blockers are 
often futile at treating CIPN since the therapeutic window must be shifted forward (upstream). Strategies such as using 
lansoprazole as OCT2 transport inhibitor80 inherently adopt a “prophylactic” or “immediate-early” paradigm and achieve 
blockade against mitochondrial toxicity before “layer jumping” to epigenetic silence becomes permanent.

Traumatic Neuropathic Pain: Full Hierarchical Cascade with Immune Dominance
Traumatic nerve injury (eg, SNL/CCI models) exemplifies the standard mode of hierarchical control, featuring 
a transparent “three-step” cascade: axonal breakage leads to a more rapid accumulation of Nav channels (acute tier), 
after triggering Wallerian degeneration, inciting massive immune infiltration (intermediate tier), then evolves to enduring 
remodeling of the chromatin (long-term tier).

However, a defining phenotypic feature of this pathology is the excessive weighting and importance given to the 
intermediate layer and the adaptive immune response. Following traumatic rupture of the blood-nerve barrier (BNB), the 
B cell-IgG-FcγR signaling axis uncovered by Lacagnina et al60 showed that after a physical nerve injury, the humoral 
immune response does not just act as an amplifier of the environment but as a driver of sensitization in itself. The 
assumption of autoantibodies as paving the way for this deleterious role is also amplified by mechanistic parallels 
exhibited by Martin et al61 in paraneoplastic syndromes, whereby anti-CV2/CRMP5 autoantibodies facilitated sensory 
neuron hyperexcitability. These findings underscore an “Immune-Dominant” profile and suggest that immunomodulatory 
interventions targeting the intermediate tier (eg, antibody clearance or B-cell depletion) possess superior translational 
potential for this specific patient cohort compared to other pain etiologies.

Diabetic Peripheral Neuropathy (DPN): Metabolic-Epigenetic “Chronic Solidification”
DPN represents another extreme of the pathological spectrum: “insidious onset and early solidification”. Due to the 
absence of a distinct temporal point of mechanical or chemical insult, the systemic persistence of a hyperglycemic 
environment results in DPN lacking a clear “acute trigger point”. Instead, the model in DPN manifests as the early and 
diffuse activation of the long-term tier.

Driven by systemic metabolic stress, signaling axes such as the NR2A-Wnt-TLR2 pathway in SGCs remain in a state 
of chronic activation.59 This leads to extensive remodeling of the neuronal gene expression profile via epigenetic 
mechanisms before the emergence of overt pain behaviors. For instance, Ascl1/Lhx6-dependent GABAergic neuronal 
dysfunction has been confirmed not as an acute event, but rather as a collapse of transcriptional programs resulting from 
prolonged metabolic toxicity.81

This “chronic-from-onset” characteristic implies that for DPN patients, searching for a traditional “acute-phase 
intervention window” (eg, blocking sodium channels) may be of limited utility. This characteristic dictates a shift in 
clinical trial design: DPN cohorts must be strictly stratified by metabolic history rather than pain intensity alone. The 
therapeutic focus should be directed toward erasing these solidified “metabolic memories”—for example, by targeting 
Sirtuin activators or HDAC inhibitors to reverse epigenetic imprints—strategies that address the fundamental transcrip
tional collapse that renders standard sodium channel blockers ineffective.

Bone Cancer Pain: A Unique “Tumor-Nerve Interaction Layer”
Bone cancer pain introduces an exogenous biological variable into the hierarchical model—the tumor microenvironment 
(TME)—which results in a profoundly elongated and complicated intermediate tier.

Unfurling to the interconnected lore of the TME, the alterations create an unbearable “chemical soup” consisting of 
protons and ATP, tonically activating the ASIC3-P2X3 complexes described above (Satellite Glial Cell Activation and 
Purinergic Signaling). Beyond these acute activators, growth factors secreted by the tumor (EREG, for example) directly 
hijack the neuronal transcriptional machinery. Developed by Zhang ZX et al,33 the EREG/EGFR-ERK-Runx1-HDAC2- 
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KCNQ axis exemplifies how pathological EREG dysregulation directly underpins epigenetic silencing in the long-term 
tier via signaling molecules in the mid-tier.

This brings us to another caveat—you cannot treat bone cancer pain by simply repairing the aberrant DRG as 
a functioning unit. Strategy dictates total severing of this tumor-specific signaling interface with the nerve (eg, EGFR, 
Runx1) to stop the pathologic source of its aberrant input contributing endlessly to the epigenetic remodeling of the 
nociceptor. Severing this conduit might stop a malignant feed-forward loop backwards in which neuropeptide released by 
the neurons (substance P, CGRP) also purportedly promotes tumor growth in the microenvironment.

Translational Progress and Future Directions
Establishment of the “Human-First” Paradigm
Suzetrigine (VX-548) is the most consequential translational success in the pain field of the last several years—the first 
approved acute analgesic based on a new peripheral target in decades.82 Suzetrigine’s development forged a path for the 
newly minted “Human-First” approach: the target (loss-of-function mutations in SCN10A) comes from human genetic 
evidence, and efficacy evaluation occurs on human DRG neurons from organ donors.2,82 Importantly, the drug has high 
selectivity for Nav1.8 and its distinct profile compared to earlier rodent-active compounds, the development strategy 
fundamentally emphasized human tissue data, proving that “You don’t have to cure mice to cure people sometimes”.

This paradigm is being extended to other molecular targets. A TRPA1 antagonist LY3526318 has completed Phase 
I trials,23 and recent humanized anti-P2X4 antibodies1 and CCR2 pepducins45 hold potential as therapeutics for 
“Intermediate Tier” mechanisms. In addition to designing new candidate drugs, repositioning existing agents based on 
similar mechanism and pathway repositioning is another accelerated method of drug discovery. To support the predic
tiveness of our pathology-specific models, lansoprazole has been demonstrated effective prophylactically against CIPN 
by inhibiting OCT2-mediated accumulation and addressing the “layer jumping” mechanism (Sec 6.1).80 Baricitinib83 and 
Stattic84 aim for the JAK/STAT signaling hub (Sec 4.1), highlighting how definition of the “Intermediate Tier” facilitates 
repurposing of existing immunomodulators for neuropathic pain.

Finally, we have also seen DRG stimulation (DRG-S) used as a macroscopic treatment, with the accurate trial 
demonstrating that DRG-S is superior to SCS for the treatment of CRPS.85 By acting directly on the excitability of the 
soma—the “Hub” of sensitization—DRG-S blocks nociceptive transmission without regarding to the molecular context 
of that transmission. The success of DRG-S lends clinical weight to the concept of the dorsal root ganglion, and 
specifically renders it a surgical target.

Multidimensional Analysis of Translational Barriers
Despite the breakthroughs brought by the “human-first” paradigm, the pain field still faces systemic obstacles ranging 
from target validation to clinical assessment.

Complexity at the Target Level
The cautionary tale of the Nav1.7 translational gap showed that despite having the most robust human genetic evidence, 
several very selective Nav1.7 inhibitors failed in Phase II/III trials. Yang et al86 noticed a systemic mismatch between the 
preclinical and clinical world, in which rodent models are often young male rodents with acute inflammation, yet trials are 
often in heterogeneous cohorts with chronic neuropathic pain. Mechanistic concerns were highlighted by Eagles et al87 around 
this “functional redundancy” barrier, whereby efficacy in vivo is blunted by the presence/upregulation of other sodium channel 
isoforms (such as Nav1.9). Stewart et al2 found that in human DRG, even in the presence of complete Nav1.8 block, Nav1.7 can 
still fire action potentials (and vice versa). Based on this redundancy, combinatorial strategies are more rational than 
monotherapies, surpassing the limitations of the “one-gene, one-drug” model.

Infrastructure vs. Species Barriers
While it is now well-accepted that transcriptomic differences exist between human and rodent DRGs,4,5,17 the dilemma 
lies in standardizing their use, in which major consortia like the PRECISION Human Pain Network under the NIH HEAL 
Initiative are currently working towards the systematic characterization of human pain tissues.82 By harmonizing the 
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global recovery protocols of human tissues and developing matched datasets with hiPSC-SNs,35 the field is transitioning 
from merely acknowledging species differences to constructing a human-focused preclinical infrastructure that reduces 
translational attrition.

The Metrics Crisis: Subjective vs. Objective
Lastly, we have methodological roadblocks in therapeutic assessment. The classical tool of subjective metrics (VAS/ 
NRS) turns out to be fraught with variability and placebo response rates reaching 30–40% that essentially shrink the 
window of detectable therapeutic and increase the Number Needed to Treat (NNT).88–90 In a fight against such noise, 
phenotypic objective stratification is key. Quantitative Sensory Testing (QST) is a partial answer to this;91 we have now 
come to the “golden time” of the fluid biomarks. Neurofilament Light Chain (NfL) in serum is a readout of structural 
neuronal damage;92 circulating miRNAs (miR-183-5p downregulation) provides hints about their epigenetic status, for 
example.93 Such biomarkers make the “mechanism based stratification” possible—if we are guaranteed that patients are 
enrolled based on matching biological drivers (active degeneration vs. epigenetic remodeling), then trials can sift out the 
phenotypic “noise” and significantly reduce the NNT of the novel therapeutics.

Limitations of the Review
Several limitations of this review warrant acknowledgment. First, regarding mechanistic coverage, we prioritized the 
three core tiers of ion channels, neuroinflammation, and epigenetics. Thus, while we addressed mitochondrial toxicity in 
the specific context of chemotherapy-induced neuropathy (CIPN: Mitochondrial-Driven “Layer Jumping”), a broader 
discussion of metabolic dynamics (such as autophagy regulation and the gut-brain-DRG axis) across other pain etiologies 
remains relatively limited. Second, despite emphasizing the importance of human DRG research, current studies on 
human tissues face challenges regarding sample representativeness: organ donors are primarily brain-dead patients whose 
physiological status may diverge from healthy populations. Furthermore, sample acquisition is constrained by ethical 
approval and tissue preservation conditions, hindering the expansion of research scales. Third, although sex-specific 
mechanisms are highlighted throughout the text (eg, in immune interaction and chromatin accessibility), a systematic, 
distinct integration of these variables warrants a dedicated future review. Finally, this review strictly prioritizes peripheral 
sensitization; readers are encouraged to consult specialized literature for comprehensive insights into central sensitization 
and peripheral-central gating mechanisms.

Conclusions
The evidence reviewed here supports a DRG-centered Hierarchical Regulation Model in which pain chronification 
emerges from the interaction of acute ion-channel remodeling, intermediate neuro-glial-immune communication, and 
long-term epigenetic consolidation. Its pathology-specific manifestations—including “layer jumping” in CIPN, immune- 
dominant progression after traumatic nerve injury, and early metabolic-epigenetic solidification in DPN—further argue 
against a uniform linear account of chronic pain. For clinicians, researchers, and ultimately patients, this framework 
provides a rationale for mechanism-informed disease stratification, more human-relevant target validation, and more 
precise therapeutic development.

The success of Suzetrigine marks the dawn of a new “human-first” era in analgesic drug development. As Copits et al82 

noted, the next two to five years will represent a critical window for translating knowledge gained from human DRG research 
into highly targeted therapeutics. To move this agenda beyond a general call for precision medicine, several immediate steps 
are needed: prospective sex-stratified efficacy and safety analyses in DRG-related clinical trials, given the growing evidence 
for sex-dependent molecular and epigenomic programs in human DRGs;65,77 greater use of human DRG neurons or validated 
human sensory-neuron platforms as translational filters in analgesic candidate selection;2,35 and, in the longer term, 
progressive incorporation of such human-relevant pharmacological evidence into future regulatory evaluation frameworks 
for mechanism-based analgesics.
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