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The physiopathology and neurotransmission of pain are of an owe inspiring
complexity. Our ability to satisfactorily suppress neuropathic or other forms of
chronic pain is limited. The number of pharmacodynamically distinct and
clinically available medications is low and the successes achieved modest. Pain
Medicine practitioners are confronted with the ethical dichotomy imposed by
Hippocrates: On one hand the mandate of primum non nocere, on the other
hand, the promise of heavenly joys if successful divinum est opus sedare
dolorem. We briefly summarize the concepts associated with nociceptive pain
from nociceptive input (afferents from periphery), modulatory output [descending
noradrenergic (NE) and serotoninergic (5-HT) fibers] to local control. The local
control is comprised of the “inflammatory soup” at the site of pain origin and
synaptic relay stations, with an ATP-rich environment promoting inflammation
and nociception while an adenosine-rich environment having the opposite effect.
Subsequently, we address the transition from nociceptor pain to neuropathic pain
(independent of nociceptor activation) and the process of sensitization and pain
chronification (transient pain progressing into persistent pain). Having sketched a
model of pain perception and processing we attempt to identify the sites and modes
of action of clinically available drugs used in chronic pain treatment, focusing on
adjuvant (co-analgesic) medication.
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1 Introduction

The neurotransmission of pain is of an owe inspiring complexity. In contrast, our ability to
satisfactorily suppress neuropathic and/or chronic pain is limited. The number of
pharmacodynamically distinct available medications is low, and the therapeutical successes
achieved modest. In the words of Carl Edward Noe . . ..when pain leads to suffering, it ceases to
be a teacher and becomes the oldest medical malady (Noe, 2020). PainMedicine practitioners are
confronted with the ethical dilemma imposed by Hippocrates, the delicate balance act between
the mandate of primum non nocere, and the promise of heavenly joys if successful in delivering
relief divinum est opus sedare dolorem.

Upon reviewing the current understanding of pain perception and processing we highlight
the possible sites and modes of action of clinically available drugs used in pain treatment,
focusing on adjuvant (co-analgesic) medication.

2 Pain: A simplified model

Noxious stimuli in the periphery are perceived via nociceptors and the information is
relayed to the dorsal horn where the first synapse of the ascending pain pathway is localized.
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Post-synaptically the nociceptive input is relayed to higher (supra-
spinal) centers. Modulating descending output from supra-spinal
centers is received at dorsal horn level. The micro-environment
(inflammatory soup) at the site of origin of noxious stimuli
(injury) and around the dorsal horn have a significant influence on
the intensity and duration of the signal (Figure 1).

2.1 Nociceptive input

Injury leads to activation of Transient Receptor Potential (TRP)
nociceptors in the periphery; subsequent opening of cation channels
results in depolarization and action potential propagation along
afferent sensory fibers to the dorsal horn synapse. Presynaptic
vesicles release excitatory non-peptide transmitter (glutamate,
AMPA and NMDA receptor agonist), and peptide transmitters
[Substance P (SP) (NK1 neurokinin receptor 1 agonist) and
Calcitonin Gene-Related Peptide (CGRP) (Calcitonin like Receptor
and Receptor Activity Modifying Protein complex agonist)].
Neuropeptide Y (NPY) and CGRP receptors co-localize extensively;
the two neurotransmitters have mostly opposite effects (Nelson and
Taylor, 2021). NPY acts at Y2 receptors on the central terminals of
primary afferents to inhibit SP release (Duggan et al., 1991).

In blood vessels, CGRP acts as a potent vasodilator when
compared to several known vasodilators such as histamine,
prostaglandin E2 and SP. Inhibitors of the CGRP receptor are
identified by the suffix–gepant (ubrogepant; atogepant). AMPA
receptor antagonists are identified by the suffix–ampanel
(perampanel) (De Caro et al., 2020). Kynurenic acid is one of the
endogenous antagonists at ionotropic AMPA, NMDA (glycine-site
ligand), and kainate glutamate receptors.

Second neuron: After crossing to the contralateral side, the signal
travels in the ascending lateral spino-thalamic tract (TST) to the
thalamus.

Third neuron: From the thalamus to the sensory cortex in the
parietal lobe in the thalamo-cortical tract TTC (Brodmann areas 1, 2,
and 3) allowing pain localization (Figure 2).

2.2 Modulatory output

Descending noradrenergic (norepinephrine; NE) and
serotoninergic (5-HT) fibers influence pain perception. Most
noradrenergic fibers originate from the pontine locus coeruleus
(LC; blue spot) while descending serotonergic pathways originate
from the floor of the medulla oblongata from the nucleus raphe
magnus (NRM). Both NE and 5-HT induce membrane
hyperpolarization while decreasing the excitatory transmitter
release from primary Aδ and C afferent fibers pre-synaptically and
increasing the release of inhibitory GABA and glycine from
interneurons (Yoshimura and Furue, 2006). The administration of
5-HT produces membrane hyperpolarization in about 50% of dorsal
horn neurons, while NE hyperpolarizes more than 80% of them,
suggesting the need to augment both NE and 5-HT concentrations in
order to suppress algesia. Neither atomoxetine (selective
noradrenaline reuptake inhibitor) nor an SSRI alone have such a
marked effect (Miyahara et al., 2019).

Norepinephrine exerts via α2-adrenoceptors an inhibitory
influence on neuropathic pain while α1-adrenoceptors exacerbate it
(Kim et al., 2005).

As to the receptors involved in serotoninergic pain modulation
findings indicate a role for 5-HT7 receptors in antinociception, and a
role for 5-HT3 in pro-nociceptive facilitation (Dogrul et al., 2009).
Activation of 5-HT7 receptors does not directly inhibit nociceptive
dorsal horn neurons because these receptors are positively coupled to
adenylate cyclase and their stimulation is excitatory. However,
activation of 5-HT7 receptors localized on spinal inhibitory
enkephalinergic or GABAergic interneurons, to evoke the release of
enkephalins or GABA, produces an inhibition of nociceptive
transmission (Brenchat et al., 2009; Liu et al., 2020) (Figure 3).

2.3 Local control

The activity of the feed-back loop consisting of (afferent)
nociceptive input, and modulatory (efferent) output is markedly
influenced by the composition of the “cytokine soup” at the site of
origin and synaptic relay stations, with an ATP-rich environment
promoting inflammation and nociception while an adenosine-rich
environment having the opposite effect.

In an injured environment glia cells release intracellular ATP via
the vesicular nucleotide transporter (VNUT) into the extracellular
space. ATP activates purinergic P2X ionotropic andmetabotropic P2Y
receptors that increase the sodium and calcium conductance of
various TRP receptors. Cell surface (ecto)nucleotidases by
degrading nucleotides serve to terminate purinergic signaling; their
function is analogous to the activity of cholinesterase at cholinergic
synapses (Liu et al., 2017; Stokes et al., 2017).

Extracellular adenosine generated by metabolic break-down of
nucleotides activates adenosine receptors (A1, A2A, A2B, and A3) that
decrease the sodium and calcium permeability of TRP receptors
(Figure 4) (Battastini et al., 2021). The antinociceptive activity of
adenosine is mediated mainly via activation of adenosine

FIGURE 1
First neuron (in blue) of the ascending pain pathway. Red-brown
arrow: Second ascending neuron leading to supra-spinal centers. Green
arrow: Descending modulatory output from supra-spinal centers.
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A1 receptors; activation of A3A receptors seems to play a role as well.
However, the function of adenosine A2A and A2B receptors is more
debatable as their activation causes both nociception and anti-
nociception effects (Vincenzi et al., 2020).

The purinergic influence is complemented by a plethora of pro-
and anti-nociceptive substances, both oligopeptide [endogenous
opioid peptides, the anti-opioid cholecystokinin (CCK), bradykinin,

and cytokines] and non-peptide (histamine, prostanoids,
leukotrienes).

Non-steroidal anti-inflammatory drugs (NSAIDs) are effective in
nociceptive pain and controlling pain associated with inflammation
via inhibition of cyclooxygenase-2. They are commonly prescribed for
neuropathic pain however; there is not sufficient evidence to support
the usage of NSAIDs for such pain and thus are not listed in the major

FIGURE 2
TRPV1, transient receptor potential vanilloid subfamily, member 1, capsaicin or hot chili pepper receptor; TRPA1, transient receptor potential ankyrin
subfamily, member 1, allyl isothiocyanate or wasabi receptor; DRG, dorsal root ganglion; GLU, glutamate; SP, substance P (11 AA); AMPA, α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid; NMDA, N-methyl-d-aspartate; NK1, Neurokinin 1 receptor; CGRP, calcitonin gene-related peptide (37 AA); CLR-RAMP,
calcitonin like receptor—receptor activity modifying protein complex; TST, Tractus spino-thalamicus; TTC, tractus thalamo-corticalis; Ca2+; Na+;

Microglia; Chili pepper: Capsaicin; Wasabi: Allyl isothiocyanate.

FIGURE 3
Green arrow: Receptors reducing nociception: µ opioid receptor; α2, adrenergic receptor; 5-HT7, serotonin receptor; NPY2, neuropeptide Y receptor
type 2. Red arrow: Receptors enhancing nociception: CCK2, cholecystokinin 2(B) receptor; α1, adrenergic receptor; 5-HT3, ionotropic serotonin receptor;

Periaqueductal Gray: Endogenous Opioids; Locus Caeruleus: NE; Nucleus Raphe Magnus: 5-HT.
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guidelines addressing the treatment of neuropathic pain (Vane and
Botting, 1998; Cohen and Mao, 2014; Moore et al., 2015; Kappelmann
et al., 2018). One has to consider however that pain is rarely exclusively
neuropathic or nociceptive.

2.4 Neuropathic pain

Nociceptive pain is the physiologic response to nociceptor
activation, and -as it is conducive to protective responses-it serves a
useful purpose. Pain independent of nociceptor activation is called
neuropathic; it is -most likely-not beneficial and it is the result of
sensitization and autonomous ectopic activity of various pro-
nociceptive entities, at the most basic level sodium and calcium
channels. Dull nociceptive pain is contrasted by the sharp
neuropathic one. There is overlap between chronic and neuropathic
pain: neuropathic pain is chronic but not all chronic pain is neuropathic.

Most likely as a result of increased activity of the endogenous pro-
nociceptive neuropeptide CCK, neuropathic pain does not respond well
to opioids (Wiesenfeld-Hallin et al., 2002). The predominant form of
CCK in the central nervous system is an octapeptide (Bowers et al.,
2012). Opioid-induced CCK release is one of the postulated
mechanisms explaining opioid tolerance and hyperalgesia (Smith,
2012). Recently, heterodimerization of opioid and CCK receptors
subsequent to CCK octapeptide binding was demonstrated. This
interaction was identified as the basis of the inhibition of opioid
signal transduction and the antagonism of morphine analgesia (Yang
et al., 2018; Bernard et al., 2021). CCK antagonists enhance the analgesic
efficacy of endogenous opioids in animal models of pain (Inoue, 2017).

NPY is pro-analgesic and naloxone administration reduces NPY
analgesia (Upadhya et al., 2009). Even though opioids have been
very effective in the treatment of pain but in recent years opioid
overdose has been a major challenge for the clinical management of
pain. Indeed, the most tragic reported drug overdose epidemic in US
history was due to opioids. The introduction of a slow-release
formulation of oxycodone, in 1996 was found to play a major role
in this overdose death or so-called US opioid epidemic (Egilman et al.,
2019; Dyer, 2020; Alpert et al., 2021).

FIGURE 4
ATP is released frommicroglia, keratinocytes and other cells via the activity of the VNUT; inhibition of the transporter reduces the ATP concentration and
thus its pro-inflammatory effect mediated via interaction with both ionotropic (P2X) and metabotropic (P2Y) purinergic receptors. ATP is metabolized by
ectoenzymes (CD; cluster of differentiation 73 and 39). Extracellular adenosine generated by metabolic break-down of nucleotides activates adenosine
receptors that decrease the sodium and calcium permeability of TRP receptors. Adenosine is metabolized by deaminases.

FIGURE 5
Number needed to treat is defined as the number of patients
needed to treat with a certain drug to obtain one patient with a defined
degree of pain relief.
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TABLE 1 The sites, modes of action, mechanism and examples of drugs used in the relief of pain.

Sites Modes of
action

Mechanism to relief pain Examples of drugs Side effects

Transient Receptor Potential
(TRPV1, vanilloid
subfamily)

Agonist Deplete substance P and other proalgesic
compounds and/or desensitizes receptors

Capsaicin/Resiniferatoxin Pain, vasodilation/burning sensation

TRP Ligand Also acts as an agonist at the cannabinoid
receptors

Anandamide Hypothermia, vasodilation, memory
impairment, and immunosuppression

Vesicular nucleotide
transporter (VNUT)

Inhibitor Reduces the ATP concentration and thus its
pro-inflammatory effect

Clodronate Osteonecrosis of the jaw, clinically silent
hypocalcemia and gastrointestinal irritation

Purinergic receptor (P2X4) Blocker Suppress P2X4 receptor-mediated response to
ATP and thus its pro-inflammatory effect

Duloxetine/Paroxetine/
Maprotiline/Amitriptyline/
Clomipramine

Amitriptyline and duloxetine: increase the
risk of suicidal thoughts and behaviors,
serotonin syndrome, and bleeding.
Amitriptyline: anticholinergic effects

Negative
allosteric
modulator

Decreases P2X4 receptor activity Alcohol Cirrhosis, dementia, cardiovascular disease,
neuropathy, nutritional deficiencies, and
certain cancers

Purinergic receptor (P2X7) Inhibitor of
receptor
expression

Reduces the expression of spinal
P2X7 receptors thus reducing the ATP pro-
inflammatory effect

Dexmedetomidine Bradycardia, hypotension and hypertension

Purinergic receptor (P2X3) Antagonist Blocks purinergic receptor (P2X3) Gefapixant/Sivopixant Taste disturbances

Purinergic receptor (P2Y2) Antagonist Inhibits lowering the activation threshold of
TRP channels

Not clinically available

CD 39 and CD 73
(ectoenzymes)

Positive
modulators/
activators

Increases the generation of extracellular
adenosine (which possesses anti-
inflammatory effect)

Not clinically available

Adenosine kinase and
adenosine deaminase

Inhibitor Decreases the degradation of extracellular
adenosine (which possesses anti-
inflammatory effect)

Not clinically available

Adenosine receptor Blocker The main inhibitory effect is mediated via the
adenosine receptor A2A subtype. It also
increases plasma adenosine concentration
which might activate A3R (which possesses an
anti-nociceptive profile)

Caffeine Improved alertness, cognitive processes,
mood, learning and physical performance

Neuronal Voltage
Dependent Calcium
Channels (VDDC)

Blocker Reduces calcium channel permeability and
calcium cell influx, thus suppressing
unspecific neurotransmitter release, including
excitatory pro-algetic ones

Gabapentin/Pregabalin Somnolence and dizziness

Triple monoamine reuptake/
calcium and sodium
channels

Inhibitor Inhibits triple monoamine reuptake [NE, 5-
HT and DA] thus anti-nociceptive effects.
Blocks calcium and sodium channels thus
reduction of glutamatergic transmission (anti-
hyperalgesic activity)

Nefopam Drowsiness, sweating and GI disturbances

Serotonin and
norepinephrine reuptake

Inhibitor Inhibits serotonin and norepinephrine
reuptake. Its main CYP450 2D6 metabolite is
a µ-opioid receptor agonist

Tramadol Dizziness, somnolence and GI disturbances

Norepinephrine reuptake Inhibitor Inhibits norepinephrine reuptake. It is a more
potent µ-opioid receptor agonist than
tramadol

Tapentadol Dizziness, somnolence, GI disturbances, dry
mouth and pruritis

Sigma 1 receptor (σ1) Antagonist Delays the loss of opioid analgesic efficacy. It
reduces TRPV1 expression in the plasma
membrane of sensory neurons

Ketamine Psychotomimetic events (vivid dreams) and
sialorrhea

5-HT3 receptor Antagonist Inhibits the algesia mediated via the 5-HT3
receptors. Also, it acts as an agonist of the
σ1 receptor

Memantine Neuropsychiatric adverse effects such as
confusion

Phosphodiesterase-1 (PDE I) Inhibitor Increases cAMP and thus causes an anti-
inflammatory milieu

Amantadine Constipation, nausea, QT prolongation,
orthostatic hypotension, neuropsychiatric
symptoms (hallucinations, confusion and
delirium) and livedo reticularis

(Continued on following page)
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3 Clinically available drugs

The need to estimate and compare drug efficacy for a particular
disease is partially satisfied by using NNT (number needed to treat)
and NNH (number needed to harm). NNT is defined as the number
of patients needed to treat with a certain drug to obtain one patient
with a defined degree of pain relief. NNH indicates the number of
patients that need to be treated for one patient to drop out due to
adverse effects. While the approach works reasonably well for a
defined condition, it becomes fuzzy when a multitude of pain
causes are amalgamated. Figure 5 shows NNTs for the main
drugs used in chronic pain treatment across the different
conditions (Finnerup et al., 2005). Table 1 summarizes the sites,
modes of action, mechanisms, and examples of drugs used in the
relief of pain.

3.1 TRPV1 (vanilloid receptor) acting drugs

The TRP channel superfamily consists of many cation channels
divided into six subfamilies. The TRPA1 (ankyrin subfamily, member
1) is known as the wasabi receptor (typical ligand is allyl
isothiocyanate, the main pungent compound of wasabi), while the
TRPV1 (vanilloid subfamily, member 1) is known as the hot chili
pepper receptor [typical ligand is capsaicin (Figure 6), the pungent
compound of hot chili pepper]. TRPA1 and TRPV1 have been
associated with pain perception (Gouin et al., 2017). Remarkably, it
has been reported that almost all sensory neurons expressing TRPA1
(approximately 97%) also express TRPV1 (Story et al., 2003).
Functional cross-desensitization has also been reported between the
typical agonists of TRPA1 (allyl isothiocyanate; wasabi) and TRPV1
(capsaicin) (Mihara and Shibamoto, 2015). Furthermore, studies have
shown that TRPA1 and TRPV1 can form a complex in the plasma

membrane, and therefore influence each other’s characteristics
(Staruschenko et al., 2010). Thus, Fernandes et al. (2012) described
TRPA1 and TRPV1 channels as “partners in crime.”

Ligands at these receptors act from the intracellular side. The best-
known activators of TRPV1 are temperature greater than 43°C (109°F),
hydrogen ions, capsaicin, allyl isothiocyanate (mustard oil) and
resiniferatoxin (Aloum et al., 2021).

Resiniferatoxin (RTX) is a chemical found in some Euphorbia
species from Africa. Pure RTX is two-to three orders of magnitude
hotter than pure capsaicin on the eponymous scale devised by Wilbur
Scoville (1865–1942).

Capsaicin has been available as transdermal therapeutic system for
many years. On dermal application (8%), it causes pain (dolor) and
vasodilation (rubor); many pain specialists advise for use of lidocaine
gel/cream prior (1 h) to capsaicin application. Tramadol given well
before patch application is considered as an alternative pretreatment
option in patients receiving capsaicin patch treatment (Jensen et al.,
2014). Resiniferatoxin also causes burning sensation, thus anesthesia
or nerve block can be used prior to resiniferatoxin injection (Salas
et al., 2017).

Subsequently chronic pain relief sets in with various degrees of
efficacy and duration. The assumed mechanism of action is depletion
of SP and other proalgesic compounds and/or desensitization of
receptors. Overall, the therapeutic approach is less successful than
initially hoped for.

3.2 Cannabinoid agonist

Anandamide is an endocannabinoid with anxiolytic and
hypoalgesic properties (Habib et al., 2019). The name
“anandamide” is derived from the Sanskrit word for bliss or delight
ananda, and amide (Fride and Mechoulam, 1993). In addition to

TABLE 1 (Continued) The sites, modes of action, mechanism and examples of drugs used in the relief of pain.

Sites Modes of
action

Mechanism to relief pain Examples of drugs Side effects

Glutamate transporter
(GLT-1)

Upregulation Enhances glutamate reuptake thus reduction
of glutamate-mediated excitation

Ceftriaxone Clostridioides difficile infection

FIGURE 6
Capsaicin is a vanilloid derivative. The capsaicin receptor was therefore named vanilloid receptor.
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effects mediated via cannabinoid receptors, anandamide is also an
endogenous ligand (agonist?) for TRP receptors, contributing i.e. to
the vasodilation component of inflammation (Russell et al., 2014).
Hypothermia, vasodilation, memory impairment, and
immunosuppression are side effects of anandamide (Greenberg,
2003) Many other candidates that belong to the cannabinoids
family has been used for the management of neuropathic pain as
reviewed in (Aviram and Samuelly-Leichtag, 2017; Romero-Sandoval
et al., 2017; Bruni et al., 2018; Lee et al., 2018; Mücke et al., 2018;
Romero-Sandoval et al., 2018; Boyaji et al., 2020; Meng et al., 2020;
Mlost et al., 2020; Urits et al., 2020; Campos et al., 2021). Recently,
after the opioid epidemic, attention was diverted to cannabinoids as a
therapeutic option for the treatment of pain (Urits et al., 2020).

3.3 Vesicular nucleotide transporter (VNUT)
inhibitor

TRPV1 activity is subject to regulation by a host of intracellular
signaling cascades and extracellular events. As such, modulation of
these is a possible and attractive avenue for chronic pain treatment.
The fundamental premise as stated by (De Marchi et al., 2019) and
other groups is that ATP-induces a pro-inflammatory milieu while
an anti-inflammatory environment is adenosine-driven. ATP is
released from microglia, keratinocytes, and other cells via the
activity of the VNUT; inhibition of the transporter reduces the
ATP concentration and thus its pro-inflammatory effect mediated
via interaction with both ionotropic (P2X) and metabotropic (P2Y)
purinergic receptors.

Clodronate (Figure 7), a first-generation non-nitrogen-containing
bisphosphonate, is a potent and selective inhibitor of the VNUT and
thus an inhibitor of ATP release. In vitro clodronate inhibits VNUT at
an IC50 ≈ 16 nM without affecting other vesicular neurotransmitter
transporters. Clodronate has the potential to suppress inflammatory
and neuropathic pain by shifting the balance ATP/adenosine from
pro-inflammatory ATP to anti-inflammatory adenosine (Kato et al.,
2017; De Marchi et al., 2019; Miras-Portugal et al., 2019; Hasuzawa
et al., 2020). Osteonecrosis of the jaw and clinically silent
hypocalcemia are side effects associated with the usage of
clodronate (Frediani et al., 2018). The gastrointestinal irritation
(such as nausea, dyspepsia) is less severe compared to nitrogen-
containing bisphosphonates (Suri et al., 2001).

3.4 P2X4 receptor blockers

P2X ionotropic purinergic receptors mediate excitatory
postsynaptic responses; the main pharmacological distinction
between the members of the P2X purinoceptor family is their
relative sensitivity to the antagonist suramin (the drug used for the
treatment of trypanosomial-induced human sleeping sickness). Seven
different P2X receptor subtypes (P2X1-7) have been identified to date;
trimeric assembly creates various ionic channels. P2X4 receptors have
the highest permeability for calcium ions and are thus viewed as most
relevant to pain.

P2X4 activation in spinal microglia results in pain hypersensitivity
(Inoue, 2017; Stokes et al., 2017; Tozaki-Saitoh et al., 2022).

P2X4 receptor activity is positively modulated by ivermectin, a
broad-spectrum anti-parasitic agent included in the WHO essential
medicines list for several parasitic diseases (Nörenberg et al., 2012).

The selective serotonin and norepinephrine reuptake inhibitor
(SSNeRI) duloxetine (Figure 8) reduces pain via augmenting
serotonin and norepinephrine mediated inhibitory pain
pathways (Smith and Nicholson, 2007). It might alleviate
chronic pain also through P2X4 receptor blockade Duloxetine
was able to almost completely suppress P2X4 receptor-mediated
response to micromolar ATP (Yamashita et al., 2016). The same
applies for the selective serotonin reuptake inhibitor (SSRI)
paroxetine, and to a lesser extent (≈30% of control) to
maprotiline (secondary amine), classical (tertiary amine)
tricyclic antidepressants (TCA) (≈50% of control) (amitriptyline
and clomipramine) and possibly to most antidepressants used in
chronic pain treatment. No effect on P2X4 receptor activity was
noticed for mirtazapine and bupropion (Yamashita et al., 2016;
Kohno and Tsuda, 2021).

Amitriptyline and duloxetine are recommended first-line
treatment for neuropathic pain. Amitriptyline and duloxetine both
increase the risk of suicidal thoughts and behaviors, serotonin
syndrome, and bleeding; only the former precipitates
anticholinergic effects (Bryson and Wilde, 1996; Dougherty et al.,
2002; Friedman and Leon, 2007; Leon, 2007; Bartlett, 2017; Bixby et al.,
2019; Dhaliwal et al., 2022). The NNT and NNH values are 3.6
(3.0–4.4) and 13.4 (9.3–24.4) for amitriptyline and 6.4 (5.2–8.4)
and 11.8 (9.5–15.2) for duloxetine, respectively. Amitriptyline has a
selectivity ratio serotonin-to-norepinephrine transporters of
approximately 3:1, whereas duloxetine has a 10-fold selectivity for
serotonin transporters (Bymaster et al., 2001; Finnerup et al., 2015;
Patel and Dickenson, 2022).

The superior NNT for amitriptyline vs. duloxetine contrasts their
blocking ability at P2X4 receptor (50% vs. >90%). Several explanations
are possible, such as that efficacy for neuropathic pain treatment
requires additional mechanisms beyond P2X4 antagonism and that a
balanced reuptake inhibition (serotonin to norepinephrine) is of equal,
if not greater importance.

While such a line of thinking is perfectly plausible, an alternative
explanation is the fact that NNTs are estimated against placebo; a
highly sedating tertiary amine such as amitriptyline (IC50 = 1 nM for
the histamine H1 receptor) would have a perceived “beneficiary” effect
of facilitating sleep that is difficult to separate from pain reduction.
Duloxetine, a non-sedating agent with an IC50 = 2,300 nM for the
histamine H1 receptor would not have such a benefit (Bymaster et al.,
2001). Milnacipran, a non-sedating agent with a selectivity ratio
serotonin-to-norepinephrine transporters of approximately 1:3

FIGURE 7
The structure of Clodronate, a first generation non-nitrogen-
containing bisphosphonate, which is an inhibitor of the vesicular
nucleotide transporter (VNUT).
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(mirror values of amitriptyline) has a modest effect in chronic pain
with a NNT of only 6 to 10.

The mechanism of action of antidepressants in chronic pain
remains highly controversial (Stokes et al., 2017).

Historically ethanol (Figure 8) is one of the oldest analgesics and
sedative-hypnotics known to mankind. The molecule being quite
promiscuous, the mechanism of action of alcohol is certainly
complex. P2X4 are the most ethanol sensitive P2X receptors in the
central nervous system and likely mediate some if not the main effect
of ethanol on the brain. As the ethanol concentration increases, P2X4

activity decreases (Zhang et al., 2020). Alcohol acts as a negative
allosteric modulator that blocks the open channel; ivermectin can
antagonize the inhibitory effect of ethanol on P2X4 and is thought to
interfere with ethanol binding to the channel (Kanellopoulos et al.,
2021). Chronic alcohol consumption is associated with cirrhosis,
dementia, cardiovascular disease (such as hypertension, heart
failure, atrial fibrillation), neuropathy, nutritional deficiencies, and
certain cancers (Bielinska-Kwapisz and Mielecka-Kubien, 2011; Obad
et al., 2018).

3.5 P2X7 receptor expression inhibitor

Antagonism at P2X7 receptors is assumed to provide multiple
benefits (Mishra et al., 2021). Oxidized ATP irreversibly antagonizes
P2X7 receptor activation, but lacks selectivity (Murgia et al., 1993;
Savio et al., 2018; Rotondo et al., 2022). Brilliant Blue G produced a
non-competitive inhibition of human P2X7 receptors with IC50 values
of 200 nM.

While no clinically used compounds interacting selectively/
exclusively with P2X7 receptor are available, dexmedetomidine, a
centrally acting α2-adrenoceptor agonist used for sedation, was
proposed to attenuate neuropathic pain i.a. through inhibition
of spinal P2X7 receptor expression (Lin et al., 2018; Zhao et al.,
2020) (Figure 9). Bradycardia, hypotension, and
hypertension are the most commonly reported side effects
(Kaye et al., 2020).

3.6 P2X3 receptor antagonist

Gefapixant (Merck-7264), structurally similar to trimethoprim, is
a P2X3 receptor antagonist named in honour of Geoffrey Burnstock

(1929–2020), the father of purinergic pharmacology. Japan authorities
approved gefapixant for adults with refractory or unexplained chronic
cough. The suffix -pixantwas adopted for P2X antagonists. Gefapixant
has however a low selectivity for P2X3 receptors, whereas the newly
developed sivopixant has a much higher affinity and selectivity (P2X3

IC50 ≈ 5 nM). Taste disturbances such as loss or reduced sense of taste
are the most reported side effects with gefapixant since P2X3 receptors
plays an important role in taste perception. Other common side effects
include nausea and upper respiratory tract infection. However, lower
incidence of taste disturbances is conveyed with sivopixant
administration (Abu-Zaid et al., 2021; Niimi et al., 2022).

3.7 P2Y2 receptor acting drugs

P2Y metabotropic receptors are G-protein-coupled receptors that
are stimulated by purine and pyrimidine nucleotides. P2Y1 and/or
P2Y2 receptor activation modulates TRP channels by lowering their
activation threshold and thus favoring nociception (Tozaki-Saitoh
et al., 2022).

Diquafosol, a P2Y2 receptor agonist that promotes fluid transfer
and mucin secretion by activating receptors expressed on the ocular
surface, has been approved in Japan and South Korea to treat dry eye
disease (Murakami et al., 2004; Keating, 2015; Nam et al., 2019).

In contrast, an experimental P2Y2 receptor-selective antagonist,
reversed allodynia in a chronic pain model (Magni et al., 2015). No
P2Y2 antagonists are clinically available.

3.8 CD 39 and CD 73 positive modulator

CD 39 (EC 3.6.1.5) and CD 73 (EC 3.1.3.5) are ectoenzymes
involved in the production of AMP from phosphorylated precursors
(CD 39) and adenosine from AMP (CD 73) (Liu et al., 2017). They
participate in regulating inflammatory processes and in nociceptive
modulation by affecting extracellular adenosine generation.

Cell surface (ecto)nucleotidases serving to terminate purinergic
signaling are seen as analogous to the activity of cholinesterases at
cholinergic synapses (Stokes et al., 2017). Manipulating extracellular
AMP hydrolysis could provide an alternative mechanism to control
pain (Zylka, 2011; Liu et al., 2017).

Inhibiting overexpressed ectoenzymes involved in the production
of adenosine in cancer cells may improve outcomes of conventional

FIGURE 8
The structures of duloxetine (selective serotonin and norepinephrine reuptake inhibitor—SSNeRI), paroxetine (selective serotonin reuptake
inhibitor—SSRI), and ethanol.
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cancer therapy by decreasing adenosine levels and, consequently,
promoting antitumor immune cells (Azambuja et al., 2019;
Battastini et al., 2021).

Conversely, positive modulators/activators of ectoenzymes, are of
potential interest in reducing/modulating pain, contingent on our
ability to control off-target effects (Sowa et al., 2010). No positive
modulators or antagonists are to date clinically available.

3.9 Adenosine kinase (EC 2.7.1.20) and
adenosine deaminase (EC 3.5.4.4) inhibitors

Adenosine is rapidly removed from the extracellular space by
nucleoside transporters and metabolic enzymes, including adenosine
kinase (intracellular conversion to AMP and trapping) and adenosine
deaminase (conversion to inosine). Indeed, the extracellular
concentration of adenosine and the antinociceptive effects of
adenosine can be increased by pharmacologically inhibiting these
metabolic enzymes (Sowa et al., 2010; Pastor-Anglada and Pérez-
Torras, 2018).

Clinical development of adenosine kinase inhibitors was stopped
due to toxicity (Boison and Jarvis, 2021).

3.10 Adenosine receptor blocker

Caffeine (Figure 10), a tri-methylated (1; 3;7) xanthine
derivative and the most consumed psychoactive drug worldwide,
has putative analgesic and/or anti-nociceptive effects. Its inclusion
as an adjuvant in a number of double combination preparations,
mostly with an NSAID (ibuprofen, naproxen, acetylsalicylic acid)
or acetaminophen and triple combinations with an NSAID and
acetaminophen modestly lowers the NNT (the lower the NNT the
more efficacious the drug is) (Petersen, 2013; Yancey and Dattoli,
2013). The usual caffeine dose in combination preparations is
65 mg with acetaminophen and 100 mg with ibuprofen. For the
general population of healthy adults, Health Canada advises a daily
intake of no more than 400 mg.

The exact mechanism(s) of analgesic and/or anti-nociceptive
effect(s) of caffeine is/are not known.

Caffeine is a non-selective adenosine receptor (AR) blocker. The
affinity for the AR subtypes varies. Researchers from the Swiss Federal
Institute of Technology in Lausanne report affinity values of caffeine
for the human adenosine receptors as 12 at A1, 2.4 at A2A, 13 at A2B,
and 80 μM at A3 (Froestl et al., 2012).

Administration of 160 mg caffeine (≈800 μM), the rough
equivalent of one cup of coffee, generates mean maximal plasma
concentrations of 18 μM (White et al., 2016). Administration of
100 mg caffeine (≈500 μM) generates mean maximal plasma
concentrations of 15 μM (Grzegorzewski et al., 2021). Caffeine
concentration in brain structures is about 50% of caffeine level in
plasma (Orrego et al., 2016).

With estimated maximal CNS concentrations of caffeine at 10 μM,
one can assume that the main inhibitory effect is mediated via A2A
receptors; some inhibition of A1 and A2B receptors is possible, while a
direct effect at A3 receptors appears unlikely.

A2A have anti-inflammatory effects andmodify pain by direct and
indirect actions (Sawynok, 2016). A2AR agonists however show some
peripheral pro-nociceptive effects (Jung et al., 2022).

Furthermore, caffeine significantly increases plasma adenosine
concentration (Conlay et al., 1997). As such, a shift of adenosine
effect from caffeine blocked receptors to the unaffected A3R appears
possible. A3R have an anti-nociceptive profile via actions on spinal
microglia (Sawynok, 2016). Several experimental A3R agonists are
being considered as promising analgesic agents (Jung et al., 2022).

Adding further complexity is the propensity of adenosine
receptors to form homo-and hetero-dimers such as A1-A2A. In a
must-read review titled “Pharmacology of Adenosine Receptors: The
State of the Art” the authors point out that: “Low adenosine
concentration preferentially stimulates the A1 protomer of the
heteromer, which would inhibit glutamatergic transmission. On the
other hand, high adenosine concentration activates adenosine A2A
protomer of the heteromer that blocks adenosine A1-mediated effects
and results in potentiation of glutamate release” (Borea et al., 2018). No
information concerning the interaction between caffeine and A1-A2A
adenosine receptor dimers is available to us.

In addition, caffeine is also an antagonist at the inositol
trisphosphate (IP3)- receptors subtype 1. High concentrations of
caffeine (10–70 mM) selectively inhibit IP3-R1 without affecting IP3
binding and oppose the intracellular Ca2+ increase (Saleem et al.,

FIGURE 9
The structures of oxidized Adenosine-TP, Brilliant Blue G and dexmedetomidine, which mediate the inhibition of P2X7 receptors.
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2014). The caffeine concentrations required for IP3-R1 inhibition are
in the toxic range and therefore clinically not relevant.

Same applies to the ryanodine receptor where low mM (5 mM)
concentrations of caffeine activate the receptor.

Caffeine is also a weak blocker of the ionotropic-glycine receptor
(GlyR). Docking simulations indicate that caffeine and strychnine may
bind to similar sites at the GlyR. Tested against the EC50 of each GlyR
subtype, the inhibitory caffeine concentration (IC50) is in the range of
200–1,000 μM. GlyR produces its inhibitory effects through
hyperpolarizing chloride currents (Duan et al., 2009). The caffeine
concentrations required for GlyR inhibition are in the toxic range and
therefore clinically not relevant for analgesia.

In conclusion, the analgesic/anti-nociceptive mechanism of
action of caffeine is unclear. However, the effects are more
established including improved alertness, cognitive processes,
mood, learning and physical performance (Wikoff et al., 2017;
Soós et al., 2021).

3.11 Gabapentinoids: Gabapentin and
pregabalin

Gabapentin and pregabalin are structurally related to the
endogenous inhibitory neurotransmitter GABA and to the amino
acids leucine and isoleucine; in fact, both gabapentin and pregabalin
contain GABA in both name and structure (Figure 11). Despite the
similarity, their affinity for GABA receptors is orders of magnitude
lower (high Ki) than for the α2δ auxiliary subunit of neuronal Voltage
Dependent Calcium Channels (VDDC), which they bind to and block.
By doing so, calcium channel permeability and calcium cell influx are
reduced, leading subsequently to an unspecific neurotransmitter

release reduction, including excitatory pro-algetic ones (Lanzetti
and Di Biase, 2022). It is assumed that the endogenous agonists at
the α2δ auxiliary subunit are the essential, branched-chain amino
acids leucine and isoleucine, and thus gabapentin and pregabalin
function as leucine/isoleucine competitive antagonists. While both
drugs are recommended as possible first-line treatment for
neuropathic pain by various medical authorities, the NNTs are
high. Generally, the consensus is that tertiary amine tricyclic
antidepressants (TA-TCA; amitriptyline) have superior (low) NNT
values, but gabapentinoids are safer drugs (Finnerup et al., 2005).
Stated more bluntly, it is easy and often infaust to overdose on TA-
TCA, while a similar outcome would require enthusiastic use of
gabapentinoids and still not offer any guarantee (Montgomery
et al., 1989; Fischer et al., 1994). However, both medications share
the most frequently reported adverse effects, which are somnolence
and dizziness (Baidya et al., 2011; Chang et al., 2014).

3.12 Other drugs

3.12.1 Nefopam
Nefopam (NFP) is a non-opioid, non-steroidal, centrally acting

analgesic drug that does not inhibit PG synthesis. Structurally a benz-
oxazocine, NFP is related to orphenadrine and diphen-hydramine. It
has anti-cholinergic but no anti-histaminergic side-effects (Figure 12)
(Heel et al., 1980).

NFP acts at spinal and supra spinal sites and exerts anti-
nociceptive effects through triple monoamine reuptake inhibition
[NE, 5-HT and DA], and anti-hyperalgesic activity through
blockade of calcium and sodium channels and subsequent
reduction of glutamatergic transmission (Alfonsi et al., 2004; Kim

FIGURE 10
Caffeine, a xanthine derivative, is a non-selective adenosine receptor blocker. Adenine is a precursor of xanthine and adenine nucleotide is a precursor of
adenosine.

FIGURE 11
Structurally gabapentin and pregabalin are related to the endogenous inhibitory neurotransmitter GABA and to the amino acid leucine.
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and Abdi, 2014; Girard et al., 2016). NFP is also effective for
prevention of intra- and post-anesthetic shivering (meperidine/
pethidine-like effect). The substance has approximately half of the
analgesic potency of morphine but does not produce respiratory
depression (Piper et al., 1998; Piper et al., 2004). NFP overdose
causes neurological impairment such as disorientation, seizure, and
cardiovascular and anticholinergic effects. However, NFP is generally
well-tolerated, in which the reported side effects are minor for example
drowsiness, sweating and GI disturbances (Park et al., 2014; Jeon et al.,
2019). Based on NFP’s mechanisms of analgesic action, it is more
suitable for the treatment of neuropathic pain (Kim and Abdi, 2014).
The 5-HT7 receptor (but not 5-HT3) is involved in the antiallodynic
action of NFP in the spinal cord (Dam et al., 2014; Lee et al., 2015).

3.12.2 Tramadol
Tramadol (Figure 13) is a familiar drug to physicians, having

been on the European market for over 50 years and its
pharmacodynamic actions are well understood. The (+)
enantiomer preferentially inhibits serotonin reuptake and
enhances serotonin efflux in the brain, whereas the (−)
enantiomer mainly inhibits noradrenaline reuptake thus the
racemic mixture itself is a balanced (equal serotonin and
norepinephrine) reuptake inhibitor. Its main CYP450
2D6 metabolite (M1: ODM-tramadol) is an µ-opioid receptor
agonist with poor blood-brain barrier permeability (Fudin and
Boglish, 2016). The opioid mediated analgesic efficacy of tramadol

(after metabolic conversion) is about 1/10 of that of morphine
(comparable with codeine) and dependent on the activity of the
highly polymorphic cytochrome P450 enzyme 2D6 (Gan et al., 2007).

As an intravenous drug it was (and still is) used for acute pain on
ambulances and in hospital with various degrees of success due to the
slow onset of action and variable efficacy. More established is
tramadol’s use orally for chronic pain (Fudin and Boglish, 2016;
Subedi et al., 2019). In addition, it is preferred over NSAIDs due to
the better tolerability as tramadol common adverse effects include
dizziness, somnolence and GI disturbances while NSAIDs can cause
renal and GI impairment. The low addiction rate also makes tramadol
a preferable choice for analgesia in comparison to other opioid
medications (Vazzana et al., 2015).

3.12.3 Tapentadol
Tapentadol (Figure 13), is similar to (−)tramadol in as much as it

inhibits mainly norepinephrine reuptake. It is a more potent µ-opioid
receptor agonist than tramadol (in fact tramadol is only a partial
agonist) and does not require hepatic activation, thus having a more
predictable and faster onset of action. The side effect profile is similar
to tramadol and other opioids such as GI disturbances, somnolence,
dizziness, dry mouth, and pruritis (Singh et al., 2013). Tapentadol
might possess a lower risk of nausea, vomiting, and hypoglycemia
however a greater risk of respiratory depression (yet rare),
constipation, and overdose complications than tramadol (Roulet
et al., 2021).

FIGURE 12
Structurally a benzoxazocine, nefopam is related to diphenhydramine.

FIGURE 13
Tramadol and tapentadol are similar in their inhibition of norepinephrine reuptake. Tapentadol is also a more potent µ-opioid receptor agonist than
tramadol. SSNeRI: selective serotonin and norepinephrine reuptake inhibitor, MOR: µ-opioid receptor, and NeRI: norepinephrine reuptake inhibitor.
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3.12.4 Ketamine
Ketamine is a familiar drug to most emergency and trauma

physicians, having been clinically available for over half a century.
Since the Vietnam War ketamine is the standard analgesic/anesthetic
for mass casualties and out-of-hospital trauma emergencies. Chemically
an arylcyclohexylamine derivative related to phencyclidine (phenyl-
cyclohexyl-piperidine; PCP), ketamine (Figure 14) is a promiscuous
drug interacting with a large number of receptors (Diwo and
Petroianu, 2002). The main mechanism of anesthetic action is NMDA
receptor antagonism (Ki ≈ 200–500 nM) translating in a unique state of
dissociation (dissociative anesthesia) assumed to be due to interruption of
the thalamo-cortical pathway. The major advantage of ketamine
anesthesia is maintenance of respiratory drive and cardiac output,
associated with sympathetic nervous system activation. On the
negative side there is a relatively high incidence of psychotomimetic
events (vivid dreams) and sialorrhea, the later likely due to muscarinic
M3 receptor activation. Co-administration of a benzodiazepine and a
muscarinic antagonist reduces these side-effects.

The role of subanesthetic doses of ketamine in the treatment of
neuropathic and chronic pain is less well defined. Also less understood
is the site and mechanism of action of ketamine in neuropathic/
chronic pain, most likely involving actions at additional receptors
[sigma 1 (σ1) receptor] and efferent inhibitory pain pathways
(Niesters et al., 2014). The σ1 ligands that enhance µ-opioid
receptor (MOR) analgesia are referred to as antagonists, and those
that reduce opioid analgesia and/or oppose the effects of antagonists
are classified as agonists. The antagonistic activity of ketamine at
σ1 receptors translates clinically in delayed loss of opioid analgesic
efficacy; the σ1 receptor and the MOR co-regulate the activity of many
TRP calcium channels (Cortés-Montero et al., 2019). This is the
theoretical basis for co-administration of ketamine with an opiate.
In addition, σ1 antagonists, alter or reduce TRPV1 expression in the
plasma membrane of sensory neurons (Ortíz-Rentería et al., 2018).

Sanacora and Schatzberg (2015) in their review speak of a web of
glutamatergic confusion.

3.12.5 Memantine
Memantine (Figure 14), an amantadine derivative marketed for

Alzheimer dementia as “the better magnesium,” is another
promiscuous NMDA antagonist. The Ki-value of memantine at the
phencyclidine binding site of the NMDA receptor is similar to that of
ketamine (Kornhuber et al., 1989). In contrast to ketamine however,
memantine is not trapped in the cationic channel and can rapidly
dissociate out of the protein (rapid roll in - rapid roll off). Memantine
also shows antagonist effects at the 5-HT3 receptor, with an affinity
similar to that for the NMDA receptor. 5-HT3 receptor activation is

assumed to favor algesia. Memantine (and amantadine; see below) also
bind to and act as agonists (with comparable affinities) of the
σ1 receptor. The drug was used for neuropathic/chronic pain
treatment, the data is however very limited (Sanacora and
Schatzberg, 2015; Nair and Sahoo, 2019). Memantine is generally
well-tolerated with no serious side effects however high dosages can
precipitate neuropsychiatric adverse effects such as confusion
(Kornhuber et al., 2007; Nair and Sahoo, 2019).

3.12.6 Amantadine
Eisenberg and Pud (1998) asked Can patients with chronic

neuropathic pain be cured by acute administration of the NMDA
receptor antagonist amantadine?

Amantadine has been suggested to inhibit NMDA receptors by
accelerating the channel closing, in turn leading to stabilization of the
channel in the closed state (Blanpied et al., 2005). Recently it was
questioned whether NMDA receptors are major targets for the
therapeutic activity of amantadine. (Danysz et al., 2021). The
authors indicate that at therapeutically achievable concentrations
the most likely targets are intra-cellular proteins:
phosphodiesterase-1 (PDE I), aromatic amino acids decarboxylase
(AADC) and the sigma 1 receptor (σ1R).

PDE I inhibition translates in a cAMP increase and thus possibly
in an anti-inflammatory milieu (O’Brien et al., 2020). Regardless of the
actual mechanism of action therapeutic success in pain control
appears to be limited (Aiyer et al., 2018). A range of side effects
have been reported with the usage of amantadine including
constipation, nausea, QT prolongation, orthostatic hypotension,
neuropsychiatric symptoms (hallucinations, confusion and
delirium) and livedo reticularis (Perez-Lloret and Rascol, 2018).

3.12.7 Magnesium
Magnesium, the endogenous NMDA antagonist, is assumed to

play an important role in the prevention of central sensitization and in
the attenuation of established pain hypersensitivity. The drug was used
for neuropathic/chronic pain treatment, the supportive data is
however limited (Na et al., 2011; Shin et al., 2020; Morel et al., 2021).

3.12.8 Ceftriaxone
Several lines of evidence suggest analgesic effects of the third-

generation parenteral cephalosporin antibiotic ceftriaxone in
preclinical pain models. The assumed mechanism of action is
enhancement of the glutamate reuptake by upregulation of the
glutamate transporter GLT-1 in the spinal cord and elsewhere
(Sisignano et al., 2022). GLT-1 is a sodium-dependent transporter
that plays a key role in glutamate homeostasis by removing excess

FIGURE 14
Ketamine is related to Phencyclidine. Memantine is an amantadine derivative.
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glutamate in the central nervous system (Peterson and Binder, 2019).
Due to GLT-1 upregulation, glutamate concentration and glutamate
mediated excitation decrease. The glial glutamate transporter is
referred to as GLT-1 in the rodent literature and excitatory amino
acid transporter 2 (EAAT2) in the human literature (Wikipedia,
2022). Ceftriaxone share similar side effect to other cephalosporins
including clostridioides difficile infection (Hensgens et al., 2012).

3.13 Antibodies

3.13.1 Anti-CGRP antibodies
While CGRP receptor inhibitors (-gepant) are mainly used for the

treatment of migraine attacks, monoclonal antibodies targeting either
CGRP receptor or ligand are effective in the prevention of migraine
attacks (Edvinsson, 2021). FDA approved anti-CGRP antibodies
erenumab, fremanezumab, and galcanezumab in 2018 and
eptinezumab in 2020 for the prophylactic treatment in chronic
migraine (Schwedt and Garza, 2022). The stimulation of trigeminal
ganglion causes CGRP release; CGRP concentrations in jugular blood
were found to be elevated during migraine attacks (Goadsby and
Edvinsson, 1993). The monoclonal antibodies against the
neuropeptide CGRP act via inhibition of neurogenic vasodilation
in the dura and skin. Anti-CGRP antibodies are superior to other
treatments due to their high specificity for the target, limited side
effects and toxicities and long duration of action (Charles and Pozo-
Rosich, 2019; Edvinsson, 2021).

3.13.2 Nerve growth factor antibodies
Nerve growth factor (NGF), secreted following nerve injury, binds

to its receptor and activates MAPKs and nuclear factor-kappa B (NF-
κB) signaling pathways. This mediates the increase and sensitization of
several substances such as substance P, CGRP, brain-derived
neurotrophic factor (BDNF) and TRPV1 thus modulating
neuropathic pain (Dai et al., 2020). Several studies showed that
NGF concentration is elevated in chronic pain such as lumbar disc
herniation, osteoarthritis, and low back pain (Onda et al., 2005; Orita
et al., 2011; Shi et al., 2018). Thus, antibodies targeting NGF including
tanezumab, fulranumab, and fasinumab have been developed and
tested in clinical trials, however unfortunately FDA stopped all trials
related to anti-NGF antibodies due to reported fast joint destruction
(Bannwarth and Kostine, 2014).

4 Future possible therapeutics

Neuropathic pain is a major clinical problem; unfortunately, we
are still not able to adequately relief pain. Several other pathways have
been found to be involved in pain mechanism and thus are potential
future drug targets. The α-Subunit of the voltage-gated sodium
channel, Nav1.7, is a key player in the transmission of pain signals;
it evokes an action potential following depolarization of neurons by
harmful stimuli (Minett et al., 2012). Mutations in SCN9A gene
encoding for Nav1.7 are associated with pain disorders such
primary hereditary erythromelalgia and paroxysmal extreme pain
disorder (Yang et al., 2004; Drenth et al., 2005; Fertleman et al.,
2006; Sheets et al., 2007). On the contrary, mutations involving loss of

function of Nav1.7 causes severe impairment of pain perception
known as congenital indifference to pain (Cox et al., 2006;
Goldberg et al., 2007). Hence, Nav1.7-targeted blockers are
potential analgesics; the combination with opioids produced
analgesia in animals (Emery et al., 2016).

In neuropathic pain, loss of Potassium-Chloride Cotransporter
(KCC2) functional expression in spinal cord dorsal horn neurons
contributes to GABAergic disinhibition. KCC2 expels chloride ions
out of the neurons and hence guarantees a low intracellular chloride
concentration, which is needed for proper GABAergic transmission.
The activation of GABA-A receptors causes an influx of chloride
and ultimately hyperpolarization. When KCC2 activity is reduced,
chloride will accumulate in the neuron and thus less
hyperpolarization will occur upon GABA-A receptor activation,
causing neuropathic pain. Hence, KCC2 enhancers constitute
another potential new therapeutic strategy to reduce neuropathic
pain (Kahle et al., 2014). Gagnon et al. (2013) were successful in
finding a KCC2 analogue (CLP257); this agonist enhanced the
extrusion of chloride and thus caused hyperpolarization in spinal
neurons of a rat model of neuropathic pain. In addition,
kenpaullone is another successful example of KCC2 modulator.
It improved Kcc2/KCC2 gene expression by negatively affecting the
function of glycogen synthase kinase-3 (GSK3ß). Kenpaullone was
found to be an effective analgesic in mouse models of pathologic
pain (Yeo et al., 2021). Therefore, many future directions are yet to
be explored from classic receptor modulation to novel genetic
reprogramming.

5 Conclusion

Acute pain is a protective physiological reaction to noxious
stimuli; in contrast chronic pain is pain that lost most or any
usefulness. Treatment of chronic pain is difficult and often
frustrating -both for patient and physician-as symptomatic
treatment so often is. The symptom of chronic pain is the
common final pathway for many conditions of most various
etiology. It is not surprising that therapeutic successes are limited.
Understanding the multitude of possible molecular mechanisms
generating the common symptom pain is a highly desirable but a
faraway goal. Familiarity with the pharmacodynamic action of the
available analgesic drugs allows drug combinations with
complementary, possibly synergistic actions, and non-additive
adverse reactions.
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