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Background: Although conventional pain relief therapeutics have centered around p-opioid
agonists, these drugs are limited by adverse side effects, including respiratory depression and
addiction potential. The ongoing opioid epidemic has galvanized research into novel analgesic
therapies with more favorable profiles. New pharmacologic agents have been developed to target
neuronal pathways involved in pain sensation. Certain receptors have been recognized to mediate
nociceptive transmission, central sensitization, and the development of chronic pain states.

Objectives: We conducted a literature review to identify potential targets for novel analgesic
therapies.

Study Design: This study is a narrative review of potential analgesic targets. We characterize
their antinociceptive mechanisms of action and evaluate their therapeutic potential.

Methods: A systemized search of available literature on novel analgesics was performed. A
search was performed through the PubMed database to identify articles with key words of “novel
analgesics,” “novel non-opioid analgesics,” “novel pain targets,” and “non-opioid analgesics.”
Potential drug classes were identified and researched through corresponding keywords, with an
emphasis on publications from 2018 to 2020. Older articles were included if frequently referenced
by current literature.

"o

Results: Potential novel analgesic targets include Nav1.7, Nav1.8, CaV2.2, and transient receptor
potential vanilloid-1 (TRPV1) cation channel receptors in the peripheral nervous system. Other
approaches disrupt the synthesis of pronociceptive signaling molecules such as nitric oxide,
prostaglandin E2, and interleukin-6 (IL-6). Within central pain pathways, modification of x-opioid,
8-opioid, N-methyl-D-aspartate, and cannabinoid receptors have been investigated in chronic
pain and hyperalgesia models. Recent advances in molecular technology have also presented
opportunities to modify protein expression or the cellular genome altogether.

Limitations: Several analgesic targets have only demonstrated efficacy in preclinical trials. There
are limited data evaluating the long-term safety profiles of therapies further on in development.

Conclusions: We provide an overview of potential analgesic therapies in various stages of
development, which may become clinically relevant in the near future. Some drugs such as TRPV1
agonists, anti-IL-6, and anti-nerve growth factor antibodies have demonstrated analgesic effect in
specific clinical pain states.
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ain poses a substantial burden on patient
morbidity and population health, and in the
United States alone costs the economy an

estimated $600 billion annually in medical costs and lost
productivity (1). Chronic pain conditions are leading
causes of disability worldwide, yet pain management
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options remain limited (2). Although p-receptor opioids
remain a mainstay of pain control, the ongoing opioid
epidemic has spurred the investigation of alternative
therapies. There are current efforts to reformulate
drugs so as to limit adverse effects and addiction risk,
along with other research that has focused on the
endogenous pain pathways to guide the development
of novel analgesic compounds (3).

Novel targets for analgesic therapies have been
identified throughout the nervous system. Several ion
channel receptors are involved in pain transmission
through peripheral neurons, including isoforms of
voltage-dependent sodium channels (Nav1.7, Nav1.8),
voltage-dependent calcium channels (Cav2.2), and
transient receptor potential vanilloid-1 (TRPV1) re-
ceptors (4-6). Other molecules involved in multisys-
tem signaling, such as nitric oxide, prostaglandin E2
(PGE2), and interleukin-6 (IL-6), mediate inflamma-
tion and pronociceptive neuroplastic remodeling (7-
9). Within the central nervous system, pain sensation
is recognized to involve p-opioid, k-opioid, 3-opioid,
N-methyl-D-aspartate (NMDA), and cannabinoid re-
ceptor activity (10-12). With the realization of new
technologies, other approaches are now aimed at
modifying neurotrophin signaling, epigenetic acety-
lation, or the pain genome altogether (13-15). This
narrative review of the existing literature aims to
characterize several receptors and mechanisms that
hold promise as potential targets for novel analgesic
therapies, including primary afferents, voltage-gated
sodium channel inhibitors, voltage-gated calcium
channel blockers, TRPV1 targets, systemic media-
tors, nitric oxide synthase inhibitors, microsomal
prostaglandin E synthase 1 (mPGES-1) inhibitors, IL-6
inhibitors, central pain pathways, x-opioid agonists,
5-opioid agonists, NMDA receptor antagonists, can-
nabinoids, fatty acid amide hydrolase (FAAH) inhibi-
tors, anti-nerve growth factor (NGF) antibodies, and
various genetic interventions.

METHODS

A literature search was conducted in PubMed and
Medline databases to identify articles with key words
of “novel analgesics,” “novel non-opioid analgesics,”
“novel pain targets,” and “non-opioid analgesics.”
Potential drug classes were identified through peer-
reviewed primary studies and literature reviews.
Specific drug targets were further subject to searches
in PubMed and Medline in combination with “pain,”
“analgesia,” "analgesic,” or "efficacy.” This review

emphasizes publications from 2018 to 2020, although
older articles were included if frequently referenced by
current literature.

Primary Afferents

The sensation of pain begins with activation of pri-
mary afferents within the peripheral nervous system;
noxious stimuli are communicated by nociceptors to
the dorsal root ganglion (DRG). Many receptors have
been characterized in the small-fiber nerves that are
associated with pain sensations. Numerous natural
compounds—often discovered as toxins—have been
found to inhibit ion channels and depolarization of
these afferent pain neurons and subsequently interfere
with the transmission of painful stimuli in first-order
neurons (5). Several studies have demonstrated the
analgesic effects of specific channel blockades, which
include voltage-gated sodium channels, voltage-gated
potassium channels, and TRPV1 receptors. A summary
of all novel analgesic targets discussed in this review is
listed in Table 1.

Voltage-Gated Sodium Channel Inhibitors
Voltage-gated sodium channels are expressed
throughout the nervous system, but only certain
classes are involved in the transmission of nociception
in peripheral nerves. The Nav1.7 and Nav1.8 isoforms
are concentrated at DRGs and modulate the transmis-
sion of pain sensation (4). Nav1.7 appears to play a
critical role in the initiation and transmission of action
potentials (16). Nav1.8 shares a similar role in pain
transmission and further appears involved in car-
diac conduction activity (17). Abnormalities in these
voltage-gated sodium channels have been linked to
a variety of painful neuropathies, likely owing to ab-
errant hyperactivity (4). Specifically, gain-of-function
mutations in Nav1.7 and Nav1.8 have been observed
in patients with idiopathic painful neuropathy.
Follow-up voltage-clamp experimentation in mouse
models in which incremental application of electri-
cal stimuli resulted in increased spontaneous firing
and depolarized resting potential demonstrated the
hyperexcitability of nociceptive neurons with Nav1.8
gain-of-function mutations (18). Loss-of-function
Nav1.7 mutations have been conversely associated
with congenital pain indifference (19). Extrapolated
from these observations, the analgesic potential of
Nav blockade has galvanized research into targeted
inhibitors. Natural small toxins such as tetrodotoxin
and saxitoxin have been shown to inhibit pain in pre-
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clinical inflammatory and neuropathic pain models
(4). Synthetic acyl sulfonamide Nav1.7 inhibitors have
also demonstrated robust antinociceptive effects in
mouse pain models (20). Although the significance of
Nav activity is recognized in inflammatory pain condi-
tions, such as inherited erythromelalgia, it is uncertain
whether the sodium channels play an important role
in noninflammatory pain. As such, further research is
needed to evaluate Nav activity across different pain
mechanisms.

Voltage-Gated Calcium Channel Blockers

Voltage-gated calcium channels are involved in a
variety of physiological functions. Aside from inducing
presynaptic neurotransmitter release, neuronal calcium
signaling is also recognized to activate calcium-depen-
dent enzymes and downstream gene expression (21).
There are several subtypes of voltage-gated calcium
channels, which are variably expressed by different
neuron subtypes. N-type (Cav2.2) channels are associ-
ated with nociception and expressed densely in presyn-
aptic nerve terminals. On depolarization and activation
of N-type channels, the influx of calcium induces the
release of glutamate, calcitonin gene-related peptide,
and substance P (5). Gabapentin and pregabalin are
recognized to exert their analgesic effects not through
GABAergic activity, but through the inhibition of the
Cava2-8 subunit of these N-type calcium channels (22).
The analgesic potential of Cav2.2 has been further
investigated through specific inhibitors. Naturally oc-
curring ®-conotoxins, peptides produced by predator
marine snails, occlude Cav2.2 channel pores with poor
reversibility. The disrupted release of nociceptive neu-
rotransmittersresults in potent pain suppression, asseen
with initial intrathecal administration in rodent models
(23). A synthetic form of the w-conotoxin, ziconotide,
has been developed as an atypical analgesic for chronic
pain patients. Although ziconotide is effective for se-
vere pain refractory to other systemic treatments, the
compound requires intrathecal administration because
of its inability to cross the blood-brain barrier. Compli-
cations include a narrow therapeutic range and dose-
related neurologic effects, including dizziness, ataxia,
and cognitive impairment (24). Current research on
ziconotide explores less invasive and titrated methods
of delivery, such as intranasal administration into the
cerebrospinal fluid (25). There are yet other investiga-
tions into small organic compounds, such as CNCB-2
(cationic N-type calcium channel blocker) and physalin
F, that inhibit Cav2.2 channels (26,27).

Table 1. Novel analgesic targets under development.

Drug Targets/Mechanism

of Action Examples

tetrodotoxin, saxitoxin,

Navl.7, Nav1.8 inhibitors synthetic acyl sulfonamides

Cav2.2 inhibitors ziconotide, CNCB-2, physalin F
TRPV1 agonist capsaicin, resiniferatoxin
NOS inhibitors cindunistat

mPGES-1 inhibitors AF3485, MF63 (35)

IL-6 inhibitors tocilizumab, sarilumab

. . butanorphanol, TRK-820,
K-opioid agonist

CR845 (42)
§-opioid agonist SNC-80, BU-48 (47)
Biased p-opioid agonist oliceridine (TRV130)
NMDA antagonist ketamine
CB1, CB2 agonists dronabinol, nabilone, APD371
FAAH inhibitors BIA 10-2474
Anti-NGF antibodies tanezumab

TRPV1 Targets

Transient receptor potential cation channels are a
superfamily of receptors involved in thermoregulation
and nociception. The channels are nonselectively acti-
vated by a variety of stimuli, including noxious heat,
acidic pH, and molecular activators (28). The vanilloid-1
subfamily (TRPV1) has been implicated in inflammatory
pain and postinjury hyperalgesia. TRPV1 channels are
expressed in DRG neurons and are notably activated by
capsaicin, noxious heat, and acidic conditions (29). Acti-
vation results in the influx of calcium and sodium ions,
which induces predominantly calcium-dependent intra-
cellular activity (30). Although the exact mechanism of
action remains unclear, capsaicin activation of TRPV1
channels appears to modulate phosphoinositide signal-
ing and promote vasodilation, vascular leakage, and
accumulation of proinflammatory molecules (6). These
factors subsequently sensitize primary afferent neurons
and produce hyperalgesia. Prolonged exposure to cap-
saicin conversely “defunctionalizes” TRPV1 channels,
in which downstream mitochondrial dysfunction is
theorized to disrupt nociception (30). Although topical
high-dose capsaicin has demonstrated some analge-
sic efficacy in postherpetic neuralgia, there has been
further development of selective TRPV1 capsaicin ana-
logues. Resiniferatoxin is an ultrapotent TRPV1 agonist
with substantially greater selectivity and efficacy than
capsaicin. Topical application of resiniferatoxin induces
reversible analgesia, and injection produces irreversible
analgesia through highly selective neuronal cytotoxic-
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ity (31). Intraarticular administration of resiniferatoxin
has demonstrated long-lasting analgesic effect and
functional improvement in canine osteoarthritis mod-
els (32). Intrathecal injection has induced long-lasting
pain suppression in animal models, and at this time
there is an ongoing clinical trial on intrathecal adminis-
tration of resiniferatoxin in severe cancer pain (33). The
irreversible, neurolytic effects of resiniferatoxin likely
limits its clinical analgesia to progressive or terminal
pain conditions. TRPV1 antagonists have also been
evaluated as potential analgesic agents with ongoing
clinical trials, but side effects have included induced
hyperthermia and impaired thermosensation (34).

Systemic Mediators

Several molecules involved in multisystem signal-
ing also play endogenous roles in inflammation or neu-
roplasticity in pain pathways. Increased afferent activ-
ity may stimulate the expression of systemic mediators,
which consequently modulate neuronal excitability
and promote central sensitization. The inhibition of
such mediators is regarded as a potential target for an-
algesia, with the knockdown of specific prostaglandins
and other biological messengers being evaluated for
their analgesic potential.

Nitric Oxide Synthase Inhibitors

Nitric oxide synthases (NOS) convert I-arginine into
nitric oxide, a molecule involved in multisystem physi-
ological processes. Overactivity of NOS has been associ-
ated with neuropathic pain, specifically the neuronal
isoform expressed throughout the nervous system,
which regulates blood pressure, vasodilation, and syn-
aptic plasticity (7). This inducible isoform is present in
neurons, glial cells, and macrophages and plays a role
in immunologic defense mechanisms (35). In these pro-
cesses, nitric oxide acts through the cGMP (cyclic gua-
nosine monophosphate) signaling pathways to activate
protein kinases and transcriptional factors (36). Within
nociception increased nitric oxide production induces
neuronal hyperexcitability by modulating DRG Ca2+
and Na+ ion channels. Excess nitric oxide also produces
reactive superoxide anions that phosphorylate NMDA
receptors and promote central hypersensitization (7).
Nitric oxide has also been shown to stimulate the pro-
duction of proinflammatory cytokines such as tumor
necrosis factor o and IL-1B. These cytokines in turn
promote the expression of NOS resulting in further
generation of nitric oxide (37). To disrupt this positive
feedback loop, NOS inhibitors have been investigated

as a potential treatment for neuropathic pain. Chal-
lenges include refining selectivity for the neuronal or
inducible isoforms as endothelial NOS plays a vital role
in regulating cardiovascular tone. Selective neuronal
NOS inhibitors have been investigated in pain associ-
ated with migraines and chronic pancreatitis (35,38).
There is also some experimental evidence that inducible
NOS inhibitors reduce neuropathic pain in rat models
(39). However, clinical trials of cindunistat, an inducible
NOS inhibitor, did not report improvement in osteoar-
thritic joint pain (40). Other inhibitors have produced
promising results in animal models and remain under
development.

mPGES-1 Inhibitors

mPGES-1 is a terminal prostanoid pathway enzyme
that catalyzes the synthesis of PGE2, a potent mediator
of pain and inflammation. PGE2 binds to prostanoid
receptors throughout the nervous system and sensi-
tizes primary afferent nociceptors. Downstream cyclic
adenosine monophosphate (cAMP) signaling promotes
sensitization of various ligand and voltage-gated ion
channels in nociceptive afferents (41). Although PGE2
promotes inflammatory and pain processes, it is also
involved in mucosal protection of the gastrointestinal
tract. Nonsteroidal antiinflammatory drugs exert anal-
gesic and antiinflammatory effects by inhibiting PGE2
synthesis further upstream but are complicated by
gastrointestinal side effects. Selective cyclooxygenase-2
(COX-2) inhibitors do not prevent mucosal injury but are
associated with increased incidence of cardiovascular
complications thought to arise from a deficiency of va-
soprotective, antithrombotic prostacyclin (42). mPGES-1
has become an attractive target for inhibition because of
its selective production of PGE2 without implication of
other prostaglandins. An mPGES1 inhibitor has demon-
strated improved pain in a canine osteoarthritis model
without increased adverse events (43). Other inhibitors
have revealed moderate efficacy by inhibiting thermal
hyperalgesia response in guinea pig models (44). Early
trials of mPGES-1 inhibitors in humans were complicated
by hepatic injury, possibly secondary to the toxicity of
metabolites. The development of other inhibitors con-
tinues at preclinical stages (8).

IL-6 Inhibitors

IL-6 is a T-cell-derived cytokine well-known for its
role in immunologic defense and inflammatory disor-
ders. Elevated levels of IL-6 are present throughout the
DRG and spinal cord in several pathological pain mod-
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els (45). The production of IL-6 through the inflamma-
tory cascade results in a formation of a complex with
the IL-6 receptor and gp130 transmembrane proteins.
The gp130 subunit is responsible for subsequent intra-
cellular JAK/STAT, MAPK, PI3K/AKT signal transduction,
through which IL-6 promotes cell growth, modulates
release of neurotrophic factors, and sensitizes noci-
ceptive neurons (9). As such, IL-6 inhibitors have been
examined in inflammatory pain conditions. Some
anti-IL-6 antibodies such as tocilizumab and sarilumab
have demonstrated reduction of patient-reported pain
along with disease-modifying antirheumatic effects in
moderate-to-severe rheumatoid arthritis (46). Tocili-
zumab has also been noted to improve weight-bearing
and reduce mechanical allodynia in rat osteoarthritis
models (47). The efficacy of IL-6 inhibition continues to
be explored in neuropathic, inflammatory, and cancer
pain (45).

Central Pain Pathways

Pain sensation integrates signaling through the as-
cending and descending pathways, and the central ner-
vous system is a critical component of both. Within the
ascending pathway, peripheral DRG activation leads to
signal propagation through the spinal cord to thalamic
processing, and ultimately higher brain centers. The de-
scending pathway conveys the supraspinal, brainstem,
and cortical feedback on nociceptive transmission (48).
In chronic pain states, a barrage of primary afferent
activity may result in sensitization of central pathways.
Hyperalgesia is associated with the overexcitability of
second-order neurons, modulated through receptor
trafficking and intracellular signaling (49). Some cur-
rently available analgesics are recognized to act on
central pain transmission, but not without the risk of
inducing psychotropic side effects. Selective central in-
hibition has been explored so as to preserve analgesia
while minimizing potential adverse effects.

k-Opioid Agonists

k-opioid receptors (KORs) are involved in opioider-
gic pain control throughout the neuroaxis. Endogenous
ligands such as dynorphin activate the inhibitory G-
protein coupled receptor, through which downstream
kinase signaling modulates protein scaffolding (50). At
the presynaptic terminal of DRGs, activation of KOR
inhibits calcium influx and stimulates potassium efflux.
The consequent hyperpolarization of nociceptive neu-
rons provides analgesic effects similar to conventional
p-receptor agonists (10). Activation of KOR in the dor-

sal raphe nucleus also appears to modulate descending
antinociceptive pathways. The central effects of KORs
are mediated through its interactions with dynorphin
to act in the regulation of stress, aversion, and addic-
tion (51). Although «k-agonists produce less respiratory
depression compared with p-agonists, previous trials
have been complicated by adverse effects including
dysphoria and psychotomimesis (10). Development
has since shifted to k-agonists with lower incidence
of significant central effects. Peripherally selective
k-agonists have undergone clinical trials for postsurgi-
cal and osteoarthritic pain, although results have not
yet been released (52). An alternative approach has
been the combined administration of k-receptor and
p-receptor agonists. In rat models, combined k-receptor
and p-receptor agonism induces additive analgesia for
somatic pain and synergistic analgesia for visceral pain
(53). The dysphoria associated with k-receptor agonists
may be useful in decreasing the reinforcing euphoric ef-
fects of y-receptor opioids (50). Butorphanol is a partial
p-opioid receptor (MOR) agonist that also exhibits 20-
fold higher affinity for KOR. This synthetic opioid dem-
onstrates higher potency and lower dependence when
compared with morphine (54). Butorphanol is available
as a narcotic analgesic in parenteral and transnasal
formulations, although tolerability may be limited by
central nervous effects including somnolence, nausea,
and vomiting (55). Administration may also precipitate
withdrawal in opioid-dependent patients. Dezocine is
another partial p-opioid agonist, originally believed
to be a k-receptor agonist structurally similar to pen-
tazocine (56). Recent in vitro studies have, however,
revealed the compound to be a mixed p-opioid agonist
and «-receptor antagonist, with additional inhibitory
action at norepinephrine and serotonin reuptake trans-
porters (56,57). Dezocine has been observed to present
minimal addiction potential, augment the analgesic ef-
fect of morphine, and attenuate morphine withdrawal
symptoms (57). Drugs with mixed opioid receptor
actions may prove clinical usefulness as supplemental
analgesia for postoperative pain management.

6-Opioid Agonists

The 3-opioid receptors (DORs) are endogenously
activated by enkephalin and modulate pain transmis-
sion. DORs are distributed throughout the peripheral
and central nervous system, most densely within the
dorsal horn, basal ganglia, and neocortex (58). Simi-
lar to other subclasses of opioid receptors, DORs are
coupled to inhibitory G-protein activity that regulates
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intracellular cAMP signaling and ion channel function.
The inhibition of presynaptic Ca2+ influx and stimula-
tion of K+ efflux additionally hyperpolarizes neurons
and inhibits pronociceptive neurotransmitter release
(59). In the central nervous system, DORs have been
implicated in the regulation of pain, anxiety, and de-
pression (60). 3-opioid agonists have thus been pursued
for their analgesic effect and desirable risk profile. In
several animal models, §-agonists inhibit hyperalgesia
associated with chronic inflammation (58). Agonism
of DORs was observed to produce effective analge-
sia without respiratory depression and constipation,
although some report increased convulsive effects in
rat models (61). Recent efforts have examined ligands
with combined p-receptor and 3-receptor agonism to
maximize analgesia while minimizing side effects. The
combination of p/3-agonism has been demonstrated
to reduce opioid tolerance while maintaining antihy-
peralgesic effects in a rat neuropathic pain model (61).
DORs remain a promising target for the treatment of
chronic pain through its modulation of ascending and
descending pathways.

Biased p-Opioid Agonists

Conventional opioid analgesics have largely tar-
geted MORs. These receptors have high affinity for
endogenous enkephalins and B-dynorphin, which
act through an inhibitory G-protein pathway to re-
duce neuronal excitability in pain transmission (48).
Although MOR-activated guanosine triphosphatase
activity produces profound analgesia and subjective
“liking,” the simultaneous B-arrestin recruitment leads
to respiratory depression and gastrointestinal distress
(62). Several research compounds have been pursued
as biased MOR agonists. These drugs preferentially
activate guanosine triphosphatase activity as opposed
to B-dynorphin, thereby producing analgesia while
minimizing adverse effects. Oliceridine (TRV130) is a
novel biased agonist that is under development for
moderate-to-severe acute pain (63). Several studies
have evaluated the analgesic effect and risk profile of
oliceridine versus conventional morphine. In a postsur-
gical pain mouse model, oliceridine was observed to be
4-fold more potent than morphine. Repeated dosing
of oliceridine was also associated with less tolerance
and opioid-induced hyperalgesia, although physical
dependence risk was similar to morphine (64). A safety
profile study between oliceridine and morphine in
healthy male volunteers revealed similar analgesic
potency at clinical concentrations. At equal analgesic

levels, oliceridine was noted to produce less respira-
tory depression than morphine (63). The postoperative
utility of oliceridine has specifically been evaluated
for bunionectomies and abdominoplasties. The results
from Phase llI clinical trials conclude effective relief of
moderate-to-severe pain, with less respiratory depres-
sion and nausea compared with morphine (65,66). Al-
though oliceridine is emerging as a viable intravenous
analgesic for postoperative pain, concerns remain over
its abuse potential (64). The current data of oliceridine
abuse liability remains inconclusive and warrants fur-
ther investigation.

NMDA Receptor Antagonists

NMDA receptors are glutamatergic ionotropic
channels involved in a variety of physiological func-
tions. Located on both pre- and postsynaptic terminals,
NMDA receptors are recognized to mediate synaptic
transmission and neuronal plasticity (67). Activation
of the receptor requires the binding of glutamate re-
sulting in the voltage-gated release of an Mg2+ block,
which in turn stimulates calcium-dependent signaling
pathways that increase neuroexcitability and promote
central sensitization (68). Excessive glutamatergic
NMDA activity enhances nociceptive transmission;
therefore several NMDA antagonists have been evalu-
ated for analgesic effect. Ketamine is a well-established
NMDA antagonist that is used clinically for various
neuropathic pain conditions and in preoperative pain
management (69). Although other compounds with
varying levels of NMDA agonism have been evalu-
ated, a 2019 meta-analysis concluded that low-dose
ketamine most reliably confers analgesia and reduces
hyperalgesia (11). Ketamine infusions have been clini-
cally effective in the management of acute pain, but
not without risk of cardiovascular, hepatotoxic, and
psychomimetic events. Intravenous ketamine infusions
have demonstrated short-term analgesia for chronic
pain syndromes, but long-term benefits remain unclear
(70). Consensus guidelines for ketamine in both chronic
and acute pain conditions have been released through
a collaboration between the American Society of Re-
gional Anesthesia and Pain Medicine, the American
Academy of Pain Medicine, and the American Society
of Anesthesiologists to help guide clinical use.

Cannabinoids

The endocannabinoid system is involved in nu-
merous physiological processes including pain and
inflammation. The cannabinoids tetrahydrocan-
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nabinol (THC) and cannabidiol (CBD) from Cannabis
sativa have long been used for mood and pain (71).
Recent research has investigated the endogenous
pathways of cannabinoids. Endocannabinoids bind
to various receptors throughout the nervous system,
most notably cannabinoid receptor types 1 and 2 (CB1
and CB2). Both CB1 and CB2 are coupled to inhibi-
tory G-proteins that inhibit cAMP secondary signaling
(12). Activation of CB1 stimulates mitogen-activated
protein kinases and regulates potassium and calcium
channels, which inhibit presynaptic neurotransmitter
release in nociceptive signaling (12). The psychotropic
effects of cannabinoids have been attributed to dense
CB1 activity in the central nervous pathways (71).
Conversely, CB2 receptors are expressed chiefly in the
peripheral nervous system and immune response cells.
CB2 activation appears to have antinociceptive effects
through the inhibition of mast cell degranulation and
neutrophil accumulation, and also indirectly simulates
peripheral opioid receptors by promoting the release
of B-endorphin. The antiinflammatory analgesic ef-
fects of cannabinoids may have applications in inflam-
matory and neuropathic pain states (72). Although
there is no formally approved use of cannabis in the
United States, synthetic cannabinoids dronabinol and
nabilone, which are structurally analogous to THC
and exhibit partial agonism toward the CB1 and CB2
receptors, have been approved to treat nausea and
anorexia in chemotherapy patients. There has been
investigation into their analgesic potential (73). A
2017 meta-analysis concluded that an extended regi-
men of dronabinol, but not nabilone, was efficacious
in relieving neuropathic pain. Limitations, however,
included variable bioavailability, the development of
tolerance, and unclear adverse effects including gas-
trointestinal distress and in rare instances psychosis.
Selective cannabinoids were, however, associated
with improved quality of life and increased patient
satisfaction (74). To minimize psychotropic adverse
effects, drug design has focused on peripherally selec-
tive CB1 and CB2 agonists. The peripheral CB2 agonist
APD371 (Olorinab) is in clinical trials for abdominal
pain associated with Crohn disease and irritable
bowel syndrome (12). Several other drugs targeting
the endocannabinoid system are in earlier phases of
development.

FAAH Inhibitors
The degradation of endocannabinoids is primar-
ily carried out by FAAH. These integral membrane

enzymes cleave endogenous anandamide and oleam-
ide, thereby terminating their activation of cannabi-
noid signaling (75). In contrast to direct cannabinoid
agonists, which may produce undesirable psychotropic
and motor effects, inhibition of catalytic pathways is
theorized to enhance endogenous endocannabinoid
activity. Inhibition of FAAH has been demonstrated
to attenuate neuropathic pain, acute inflammatory
pain, and mechanical hyperalgesia in mouse and rat
models (76). Early clinical trials of FAAH inhibitors were
complicated by serious adverse effects. A 2016 Phase
| study of BIA 10-2474, an irreversible FAAH inhibitor,
demonstrated that high doses were capable of induc-
ing a rapidly progressive, severe neurologic syndrome
characterized by headache, altered consciousness, and
microhemorrhages in the pons and hippocampus (77).
Although the mechanism of toxicity remains unclear,
the BIA 10-2474 trial illustrates the dangers of nonse-
lective endocannabinoid activation. Although a later
US Food and Drug Administration (FDA) investigation
concluded that the neurotoxicity was specific to BIA
10-2474, other FAAH inhibitors have failed to demon-
strate analgesic efficacy or safety beyond Phase II. As
anandamide is recognized to stimulate pronociceptive
prostaglandin production and TRPV1 activation, there
is new research into combining FAAH with other TRPV1
or COX-2 inhibitors (12).

Alternative Modalities

The development of new technologies has ex-
panded the possibilities of new analgesic compounds.
In contrast to conventional agonists and antagonists,
it is now possible to sequester signaling molecules or
to edit protein expression altogether. Although early
in development, such strategies may prove valuable in
pain research and ultimately in clinical applications.

Anti-NGF Antibodies

NGF is a neurotrophin, proteins involved in the
growth and regulation of peripheral neurons. Within
neurotrophic signaling, NGF is highly selective for ty-
rosine receptor kinase trkA expressed on nociceptors
(78). Activated trkA stimulates PI3K (phosphatidylino-
sitol-4,5-bisphosphate 3-kinase)-Akt (protein kinase B),
ERK (extracellular signal-regulated kinases), and PLCy
(phospholipase Cy) secondary signaling that promotes
neuronal growth and survival (13). In A-delta and un-
myelinated C-fiber neurons, internalization of NGF-trkA
complex may furthermore increase the expression of
pronociceptive bradykinin receptors, TRPV1 receptors,
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and voltage-gated ion channels (79). More recently, NGF
has also been reported to bind p75, a nonselective neu-
rotrophic receptor. The low-affinity interaction of NGF
and p75 may lead to heterodimerization with other re-
ceptors and reduce neuronal growth (13). Nevertheless,
chronic pain is associated with increased NGF expression.
Although administration of exogenous NGF induced hy-
peralgesia, antagonism of NGF activity decreased pain
behaviors in animal models (80). In preclinical models,
monoclonal antibodies against NGF produced signifi-
cant analgesia without antiinflammatory effects (79).
The anti-NGF antibody tanezumab has since entered
clinical trials for osteoarthritis and chronic back pain. A
pooled analysis of Phase Il trials found tanezumab to
improve joint pain and physical function in patients with
moderate-to-severe osteoarthritis (81). Tanezumab pro-
duced similarly promising analgesic effects in patients
with chronic lower back pain, diabetic neuropathy, and
interstitial cystitis (79). Abnormal peripheral sensation
was reported as the most common adverse event, al-
though at low incidence across all subgroups (81). There
were reports of osteonecrosis and rapidly progressive
osteoarthritis associated with anti-NGF therapy. A later
FDA committee concluded that although the mechanism
remains uncertain, bone destruction is more likely with
prolonged use of anti-NGF and concurrent nonsteroidal
antiinflammatory drug use (79). Although anti-NGF anti-
body trials have since resumed, long-term safety studies
are still necessary.

Genetic Interventions

Various genetic interventions target the DRG, and
modified expression of specific proteins can impair their
nociceptive function. Some genetic therapies have in-
volved both viral transduction and nonviral transfection
of endogenous, antinociceptive proteins. The delivery of
opioid peptides, antiinflammatory cytokines, and hyper-
polarizing ion channels has demonstrated some analgesic
and antihyperalgesic effects (49). Conversely, transfection
has also been utilized to block the synthesis of particular
proteins. Transfection of antisense-RNA reduced expres-
sion of nociceptive receptors, including NMDA, TRPV1,
and Nav1.8, resulting in reduced inflammatory hyperal-
gesia in animal models (49). The clinical potential of such
techniques may be limited as viral vectors induce strong
immune responses and have a limited duration of effect.
Nonviral vectors, however, have not been able to be deliv-
ered efficiently for a therapeutic effect (82).

An alternative approach has been the modification
of epigenetic profiles, which stabilize transcriptional
abnormalities in chronic pain. Inhibition of histone
deacetylase (HDAC) and histone acetyltransferases has
been recognized to attenuate neuropathic and inflam-
matory pain in several animal models (14). Concerns
have arisen regarding the nonselectivity of HDAC
inhibitors, which may induce systemic adverse effects.
More specific epigenetic silencing remains under devel-
opment in preclinical models (83).

The development of Clustered Regulatory Inter-
spaced Short Palindromic Repeats-associated Cas9
(CRISPR/Cas9) realized the possibility of targeted
genome editing. The CRISPR/Cas9 system consists of
a bacterial endonuclease, which is guided by a short,
synthetic RNA targeted against a genomic sequence.
Double-stranded cleavage of the target DNA induces
endogenous repair mechanisms. By disrupting a gene
or introducing a synthetic template, CRISPR/Cas9 is
capable of editing the genome (15). The system has
become a valuable tool in pain research and there
are investigations into potential clinical applications.
An in vitro model of degenerative intervertebral disc
disease demonstrated that CRISPR-induced knockdown
of a pronociceptive mediator reduced pathologic DRG
activity (84). In rat osteoarthritis models, CRISPR/Cas9
ablation of NGF, IL-1B, and matrix metalloproteinase
13 palliated joint pain and attenuated structural dam-
age (85). The CRISPR/Cas9 system has vast therapeutic
potential for pain therapies, but several challenges
remain. There are ongoing efforts to reduce nonspe-
cific DNA binding and develop efficient, safe delivery
methods (86). In the meantime, CRISPR/Cas9 editing
will likely aid in the characterization of pain pathways
and novel analgesic targets.

CONCLUSIONS

This review has attempted to characterize novel
targets for analgesic drug development. Chronic pain
continues to present a substantial burden on patient
health, but the ongoing opioid epidemic imposes
long-term limits on conventional therapies. Some com-
pounds, such as resiniferatoxin, tocilizumab, and tane-
zumab have demonstrated positive analgesic effects in
clinical trials. Other classes of potential targets remain
in preclinical stages. Further trials in safety and efficacy
are required to realize the analgesic potential of these
drug classes.
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