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����������
�������

Citation: Kocot-Kępska, M.;
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Abstract: Neuropathic pain in humans results from an injury or disease of the somatosensory nervous
system at the peripheral or central level. Despite the considerable progress in pain management
methods made to date, peripheral neuropathic pain significantly impacts patients’ quality of life,
as pharmacological and non-pharmacological methods often fail or induce side effects. Topical
treatments are gaining popularity in the management of peripheral neuropathic pain, due to ex-
cellent safety profiles and preferences. Moreover, topical treatments applied locally may target the
underlying mechanisms of peripheral sensitization and pain. Recent studies showed that peripheral
sensitization results from interactions between neuronal and non-neuronal cells, with numerous
signaling molecules and molecular/cellular targets involved. This narrative review discusses the
molecular/cellular mechanisms of drugs available in topical formulations utilized in clinical practice
and their effectiveness in clinical studies in patients with peripheral neuropathic pain. We searched
PubMed for papers published from 1 January 1995 to 30 November 2020. The key search phrases for
identifying potentially relevant articles were “topical AND pain”, “topical AND neuropathic”, “topi-
cal AND treatment”, “topical AND mechanism”, “peripheral neuropathic”, and “mechanism”. The
result of our search was 23 randomized controlled trials (RCT), 9 open-label studies, 16 retrospective
studies, 20 case (series) reports, 8 systematic reviews, 66 narrative reviews, and 140 experimental
studies. The data from preclinical studies revealed that active compounds of topical treatments exert
multiple mechanisms of action, directly or indirectly modulating ion channels, receptors, proteins,
and enzymes expressed by neuronal and non-neuronal cells, and thus contributing to antinociception.
However, which mechanisms and the extent to which the mechanisms contribute to pain relief
observed in humans remain unclear. The evidence from RCTs and reviews supports 5% lidocaine
patches, 8% capsaicin patches, and botulinum toxin A injections as effective treatments in patients
with peripheral neuropathic pain. In turn, single RCTs support evidence of doxepin, funapide,
diclofenac, baclofen, clonidine, loperamide, and cannabidiol in neuropathic pain states. Topical
administration of phenytoin, ambroxol, and prazosin is supported by observational clinical studies.
For topical amitriptyline, menthol, and gabapentin, evidence comes from case reports and case
series. For topical ketamine and baclofen, data supporting their effectiveness are provided by both
single RCTs and case series. The discussed data from clinical studies and observations support the
usefulness of topical treatments in neuropathic pain management. This review may help clinicians
in making decisions regarding whether and which topical treatment may be a beneficial option,
particularly in frail patients not tolerating systemic pharmacotherapy.
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1. Introduction

Neuropathic pain (NP) in humans arises as a consequence of a lesion or disease of
the somatosensory nervous system [1] and affects 7–10% of the world population [2].
Patients suffering from chronic NP are characterized by higher health care utilization,
higher risk of comorbidities such as depression, anxiety, and sleep disturbances, and
lower quality of life compared to patients with chronic non-neuropathic pain [3]. The
negative impact of NP on patients’ functioning and quality of life results, among others,
from an unsatisfactory analgesic effect of neuropathic pain treatments. In clinical practice,
most of the recommended pharmacological agents have moderate efficacy with a high
number needed to treat (NNT) [4]. The NNT is the number of patients that need to be
treated compared to placebo in a clinical trial to achieve, in one patient, at least 50%
pain relief. The recommended oral pharmacotherapy is associated with a high risk of
drug–drug interactions and side effects, potentially interfering with the analgesic effect,
and limiting patients’ satisfaction. Non-pharmacological methods may be either little or
moderately effective, or not available in clinical practice. Therefore, despite recent progress
in developing new treatments of NP, many patients remain refractory to, or intolerant of,
existing pharmacological and non-pharmacological therapies [5,6]. New drugs and/or
routes of administration improving the effectiveness of NP management are constantly
being sought. Nowadays, topical routes of analgesics administration are gaining popularity
in pain medicine since topical treatments have an excellent safety profile and preference
compared to systemic drugs in patients with peripheral NP [5,6]. Thus, in terms of safety,
most vulnerable groups of subjects suffering from NP (e.g., elderly, frail patients) may
particularly benefit from topical, rather than systemic, treatments [7].

This literature review aims to present the evidence from clinical and preclinical stud-
ies on possible molecular/cellular mechanisms of various topical treatments utilized in
patients with peripheral NP, their modes of action in the peripheral neuronal and non-
neuronal cells, and their clinical effectiveness. The current knowledge on topical treatments,
possible molecular mechanisms, and their effectiveness in clinical practice is crucial for
health care professionals dealing with patients suffering from peripheral NP.

We searched PubMed for papers published from 1 January 1995 to 30 November 2020.
The key search phrases for identifying potentially relevant articles were “topical AND
pain”, “topical AND neuropathic”, “topical AND treatment”, “topical AND mechanism”,
“peripheral neuropathic”, and “mechanism”. We extracted all clinical trials, retrospective
studies, case reports, narrative reviews, systematic reviews, and experimental studies
in vivo and in vitro; double reports were left out. The result of our search was 23 random-
ized controlled trials (RCT), 9 open-label studies, 16 retrospective studies, 20 case (series)
reports, 8 systematic reviews, 66 narrative reviews, and 140 experimental studies. Our
review did not include studies indexed in databases other than PubMed.

2. Topical Treatments in Patients with Neuropathic Pain

The somatosensory nervous system may become injured at the peripheral or central
level, which can result in peripheral or central NP, respectively. Common conditions associ-
ated with peripheral NP in humans include postherpetic neuralgia (PHN), painful diabetic
neuropathy (PDN), trigeminal neuralgia, painful radiculopathy, HIV-associated neuropathy
(human immunodeficiency virus), post-amputation pain, chemotherapy-induced periph-
eral neuropathy (CIPN), and peripheral nerve injury pain such as carpal tunnel syndrome
or postsurgical NP. Stroke, spinal cord injury, and multiple sclerosis may, in turn, result in
central NP syndromes [8].
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The peripheral somatosensory nervous system may be damaged at several levels—
peripheral nerve endings, axons, or cell bodies in the dorsal root ganglions (DRG)—in
multiple ways, such as mechanically, thermally, chemically, and through infectious factors.
In humans, the exact mechanisms of NP generation are not fully elucidated. However,
preclinical studies with NP animal models gave some insight into the peripheral mecha-
nisms involved [9]. The injury of peripheral neurons, independently of the cause and level
of the damage, induces complex functional and structural changes not only in neurons
(sensory and motor) and glial cells but also in non-neuronal cells such as keratinocytes
and immunocompetent cells (e.g., macrophages, mast cells, neutrophils). The complex
neuro–immune–cutaneous interactions, their changes observed after peripheral nerve
injury, and their role in generation and maintenance of NP were reviewed in our paper
published recently [10].

Although only a few molecular/cellular mechanisms of NP in humans are directly
elucidated [10], the following preclinical and clinical findings justify the utilization of
topical analgesics in clinical practice.

• Input from hyperexcitable peripheral neurons is crucial for development, modulation,
and maintenance of NP [11].

• Upon physiological nociception, peripheral neurons exert complex interactions with
immunocompetent cells and keratinocytes via neuropeptides, neurotransmitters, cy-
tokines, and other signaling molecules acting on corresponding ion channels or re-
ceptors (Figure 1) [12]. Once pathological conditions (i.e., nerve injury, inflammation)
occur, these interactions result in overactivation and disturbed functioning of neuronal
and non-neuronal cells, finally contributing to neuronal hyperexcitability, peripheral
sensitization, and pain [11].
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gamma-aminobutyric acid receptors B, Kv—voltage-gated potassium channels, OR—opioid 
receptors, CB1, CB2—cannabinoid receptors type 1 or 2, CCL-R—chemokine receptors, IL-R—
interleukin receptors, TrkA—tropomyosin receptor kinase A, HCN—hyperpolarization-activated 
cyclic nucleotide-gated channels, P2X3—P2X purinoceptors 3, GPCR—G protein-coupled receptors, 
TLR—Toll-like receptors. Created with BioRender.com. 
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• Inhibition of peripheral sensitization can diminish and/or abolish the signs and
symptoms of central sensitization in humans with peripheral and central NP [13,14].

A peripheral lesion of the nervous system induces more localized signs and symptoms
of NP (e.g., allodynia, hyperalgesia) compared to a central lesion, which might be targeted
by analgesics applied topically [15]. To improve daily clinical practice and to identify
patients for whom a topical treatment should be considered, the definition of “localized
neuropathic pain” (LNP) has been proposed [16]. LNP is a type of NP that is characterized
by a consistent and circumscribed area(s) of maximum pain, associated with negative
or positive sensory signs and/or spontaneous symptoms characteristic of neuropathic
pain [16] and is felt superficially [15]. The circumscribed area of LNP is not larger than a
letter-size piece of paper and may be diagnosed in 60% of NP patients, and up to more
than 80% of PHN patients [16]. However, epidemiological data are scarce and estimation
of LNP prevalence is broad [2]. Nevertheless, the proposed definition of LNP may help
clinicians to optimally select the patients being best candidates for topical treatments.

Clinical data reviewed by Finnerup et al. [5] and Moisset et al. [6] show relatively
good evidence supporting the use of topical analgesics in patients with LNP, especially
in view of the low risk of side effects associated with this route of administration. Based
on the current literature, the best evidence coming from randomized clinical trials (RCTs)
to treat LNP with topical analgesics is for 5% lidocaine patches, 8% capsaicin patches,
and botulinum toxin A (BTX-A) intradermal injections [5,6]. A recent review and clinical
recommendations on NP management determined 5% lidocaine patches (local anesthetic
drug) as first-line treatment and 8% capsaicin patches (local anesthetic drug) and BTX-A
(peripherally acting muscle relaxant) as second-line treatments in patients with LNP [6].

The recommendation for the use of 5% lidocaine patches in LNP is weak with a
moderate quality of evidence, according to the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) system. However, topical lidocaine has an ex-
cellent safety profile and is commonly used in patients with several LNP syndromes [6].
Topically applied 8% capsaicin patches and BTX-A injections have a weak recommendation
for use in patients with LNP with a high quality of evidence [6]. The clinical use of 8%
capsaicin patches is limited by the special requirements of the application, i.e., application
in specialized pain clinics by a well-trained team. Similar concerns are related to sub-
cutaneous injections of BTX-A, whose availability is limited to specialized pain centers
only [6].

Despite lacking robust evidence, several other topical treatments are currently used in
clinical practice in patients with LNP, such as anesthetic drugs (capsaicin at low concentra-
tions, ketamine), antiepileptics (gabapentin, phenytoin, cannabidiol), muscle relaxants (ba-
clofen), antidepressants (amitriptyline, doxepin), mucolytics (ambroxol), antihypertensives
(clonidine, prazosin), anti-inflammatory and antirheumatic drugs (diclofenac), antipru-
ritics (menthol), antipropulsives (loperamide), and other analgesics (funapide) [17–21].
The scientific evidence for their use is inconclusive and comes mainly from case reports,
case series, observational studies, or single RCTs. However, the low level of evidence
does not exclude the possible effectiveness and beneficial analgesic effect in a given sub-
ject, particularly when other treatments fail, are contraindicated, or induce unacceptable
side effects.

Topical analgesics utilized in clinical practice have undoubted advantages, including
reduction in or absence of systemic side effects and reduced risk of overdose due to low or
no systemic absorption from topical formulations, relatively few drug–drug interactions,
ease of use and dose determination, avoidance of first-pass metabolism, improved patients’
compliance, and direct access to the target site and underlying pain mechanism. The
disadvantages include the need for repeated applications per day for creams or gels, local
side effects such as skin irritation, itch, or reddening, special requirements for 8% capsaicin
patches and BTX-A application, and clinical usefulness limited to patients with LNP
only [17–21]. Nevertheless, looking at molecular mechanisms, topical drugs act locally at
peripheral mechanisms involved in NP generation, which is in line with current principles
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in pain medicine pointing out the need for personalized and mechanism-based approaches
to pain management [22].

Molecules smaller than 500 dalton can easily penetrate the stratum corneum [23].
Nearly all active molecules are smaller than 500 dalton, and thus topically applied active
molecules diffuse across the stratum corneum and influence structures in the epidermis
(e.g., nociceptors, keratinocytes). Some active molecules penetrate deeper layers depending
on the active molecule and the topical formulation. Active molecules of topical formulations
may act on several distinct ion channels, receptors, proteins, or enzymes expressed by either
neuronal or non-neuronal cells (Figure 1). The result of this process is the interruption
of mutually intensifying stimulation loops, reduction in peripheral sensitization, and
peripheral input, resulting in a reduction in NP, e.g., hyperalgesia and allodynia, in patients
with LNP (Figure 2).
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Figure 2. Topical treatments utilized in clinical practice and their molecular/cellular mechanisms in patients suffering from
localized NP (LNP). Active molecules from topically applied drug formulations modulate the corresponding ion channels,
receptors, enzymes, or proteins on neuronal and non-neuronal cells. Abbreviations: Nav—voltage-gated sodium channels,
TRPV1—transient receptor potential vanilloid 1, VGCCs—voltage-gated calcium channels, NMDAR—N-methyl-D-aspartate
receptors, α1-AR—α1 adreno receptors, α2-AR—α2 adreno receptors, GABAR—gamma-aminobutyric acid receptors, CB—
cannabinoid receptors, COX-2—cyclooxygenase 2, SNAP-25—synaptosome associated protein 25, OR—opioid receptors,
TRPM8—transient receptor potential melastatin 8.

Since peripheral hyperexcitable cells of different types may become a target for topi-
cally administered analgesics, it is worth learning which receptors, ion channels, and/or
enzymes involved in peripheral sensitization topical treatments may modulate directly or
indirectly. In the subsequent sections, molecular/cellular mechanisms are presented, with
a short description of the pathological changes occurring upon NP conditions, followed by
preclinical and clinical data on topical treatments modulating a given ion channel, recep-
tor, enzyme, or protein. Topical drugs utilized in subjects with LNP often exert multiple
mechanisms of action, but to what extent each of these contributes to the analgesic effect
observed in humans is not elucidated. This paper focuses mainly on topical treatments
utilized in clinical practice. However, there are numerous preclinical trials pointing at the
antinociceptive effect of substances administered topically in NP animal models, though
they have not yet been introduced in clinical practice and are thus not included in this
review [24,25].
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3. Molecular/Cellular Mechanisms of Topical Treatments in Patients with Localized
Neuropathic Pain
3.1. Treatments Acting on Voltage-Gated Sodium Channels

Voltage-gated sodium channels (Nav) are widely expressed in excitable cells, includ-
ing peripheral and central neurons and cardiac and muscle cells, and are crucial for the
initiation and propagation of action potentials. In sensory neurons, Nav determine the
electrical excitability and play a key role in pain sensation by controlling afferent impulse
discharges. Nav are expressed by non-excitable cells as well (e.g., keratinocytes, cancer
cells), where they are involved in numerous biological processes [26]. The Nav family
includes nine isoforms, 1.1 to 1.9, with different expressions within the peripheral and cen-
tral nervous systems (CNS) and different physiological properties. In adulthood, Nav1.1,
Nav1.6, Nav1.7, Nav1.8, and Nav1.9 are all expressed in primary sensory neurons and are
involved in physiological nociception. However, they have different kinetics and distinct
patterns of expression depending on the functional groupings of sensory neurons. Pre-
clinical studies showed that some Nav subtypes with an abnormal function are linked to
NP or other chronic pain states, i.e., Nav1.3, Nav1.6, Nav1.7, Nav1.8, and Nav1.9 [26,27].
Among these channels, subtypes Nav1.7, Nav1.8, and Nav 1.9 are highly expressed at noci-
ceptors and thus may be good targets for topical analgesics. The most studied Nav1.7 and
Nav1.8 differ with respect to their kinetic and voltage-dependent properties. Preclinical
data showed that Nav1.7 serves as a threshold channel in peripheral sensory neurons;
in turn, Nav1.8 contributes to repetitive firing and neuronal excitability. Therefore, the
modulation of the latter could have a considerable impact on hyperexcitable neurons [28].
The role of Nav in nociception in humans has been confirmed in observations of individuals
with loss-of-function mutations in the SCN9A gene coding for Nav1.7 and SCN11A coding
for Nav1.9, exhibiting congenital insensitivity to pain with no other sensory abnormalities,
except anosmia [29]. On the contrary, gain-of-function mutations in SCN9A in humans
are linked to severe neuropathic pain states such as primary erythromelalgia and parox-
ysmal extreme pain disorder. Moreover, a common single-nucleotide polymorphism in
SCN8A, SCN9A, SCN10A, and SCN11A genes coding for Nav1.6, Nav1.7, Nav1.8, and
Nav1.9, respectively, may be linked to increased sensitivity to pain with neuropathic and
non-neuropathic components in humans [29–32].

In models of neuropathic and inflammatory pain, extensive alterations in distribution,
expression, trafficking, and/or biophysical properties of Nav subtypes have been observed.
The expression and function of Nav may be regulated by intracellular signaling protein
kinases (e.g., protein kinase A—PKA, protein kinase C—PKC, mitogen-activated protein
kinase—MAPK), which in turn are subjects of injury-induced changes. The alterations in
intracellular signaling pathways have been linked to sensory neuron hyperexcitability and
pain in preclinical models [33].

In neuronal injury models, Nav1.7 and Nav1.8 were shown to accumulate at nerve
injury sites [34]. However, expression of Nav in peripheral nerves may be up- or down-
regulated depending on the NP animal models [27]. The up-regulation of Nav has been
observed in humans with NP as well [35]. The accumulation and/or displacement of Nav
at the nerve injury site and across the axon lead to membrane remodeling and modifications
in Nav channels’ function, followed by changes in membrane electrical excitability (e.g., fast
channel activation, increased Na+ current leading to hyperexcitation of peripheral nerve
fibers) [28]. In models of inflammatory pain, the function of Nav is modulated by multiple
inflammatory mediators such as prostaglandin E2 (PGE2), nerve growth factor (NGF),
glial derived neurotrophic factor (GDNF), adenosine triphosphate (ATP), bradykinin,
serotonin, adrenaline, and cytokines, e.g., tumor necrosis factor α (TNFα) and interleukin
1β (IL-1β), increasing the Na+ currents and excitability of peripheral nerve fibers in the
injured area [27]. Taken together, the involvement of neuronal Nav in peripheral nerve
hyperexcitability and pain behavior has been confirmed [36,37].

Furthermore, Nav1.1, Nav1.6, and Nav1.8 are expressed on both nerves and ker-
atinocytes. These Nav on keratinocytes could possibly contribute to pain, due to their
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cross-talk with other epidermal structures. In patients with CRPS and PHN, the painful
skin biopsies displayed Nav1.1, Nav1.2, and Nav1.8 immunolabeling, and substantially
increased immunolabeling for Nav1.5, Nav1.6, and Nav1.7. Control skin exhibited im-
munolabeling for Nav1.5, Nav1.6, and Nav1.7 only [38]. Topically applied local anesthetics
(lidocaine), antiepileptics (phenytoin), antidepressants (amitryptyline, doxepin), and other
analgesics (funapide) and drugs (ambroxol) are thought to exert their analgesic effect in
humans mainly via Nav inhibition [39–46].

3.1.1. Lidocaine

Lidocaine, a local anesthetic agent having an aminoamide structure, is commonly
used in regional anesthesia techniques. The main mechanism of action of lidocaine is
through blockade of Nav channels. Lidocaine and other local anesthetics exert a frequency-
dependent block (i.e., block intensity increases at higher action potential firing frequencies),
bind preferably to the open or inactivated state of Nav, and decrease the intracellular influx
of Na+, resulting in inhibition of the electrical impulse initiation and propagation [47,48].
Interestingly, Nav1.8 is about five times more sensitive to lidocaine than Nav1.7 or one
of the other Nav subtypes. The modulation of Nav1.8 could have a significant impact
on the hyperexcitable neurons, as Nav1.8 is responsible for repetitive firing and neuronal
excitability [28,49,50]. In pain medicine, besides regional anesthesia techniques, topical and
intravenous administration of lidocaine is commonly used, providing exposure of periph-
eral neurons to lidocaine at doses far below those that block nerve impulse propagation
after perineural injection. However, even such low concentration of lidocaine is sufficient
to induce an analgesic, but not an anesthetic, effect. The analgesic effect is related to the fact
that the intensity of lidocaine blockade increases at higher action potential firing frequen-
cies, observed in injured neurons expressing pathological Nav (i.e., frequency-dependent
block) [28,47]. Topical application of lidocaine in NP animal models depresses ectopic
activity in Aβ-, Aδ-, and C-fibers dose-dependently [51], and it reduces heat hyperalgesia in
an animal model of HIV neuropathy [52]. In healthy subjects, differential effects of topical
lidocaine on nociceptive Aδ- and C-fibers have been observed [39]. The increase in the
sensory threshold and decrease in the evoked potentials amplitude were more prominent
in C- than in Aδ-fibers [39]. Moreover, C-fibers are suggested to be a key player in chronic
pain [53]. Taken together, preclinical and clinical data support topical administration of
lidocaine in pain states, as it blocks the overactive Nav and suppresses the ongoing activity
of rapidly firing neurons, which are thought to be the main mechanisms of NP [11,26–28].

In numerous preclinical in vitro and in vivo studies, lidocaine administered intra-
venously exhibited other mechanisms of action besides Nav blockade, which might con-
tribute to antinociception and local anesthetic activity. Whether these mechanisms play a
role in pain relief following topical application of lidocaine is still not clear:

• Blockade of muscarinic acetylcholine receptors (mAChR) at concentrations 1000-fold
lower than needed for Nav blockade [54];

• Blockade of N-methyl-D-aspartate receptors (NMDAR) and inhibition of glutamate
release from nerve terminals at clinically relevant plasma concentrations after intra-
venous administration [55–57];

• Inhibition of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels at
concentrations which block Nav1.8 [58];

• Inhibition of Toll-like receptor 4 (TLR4) at concentrations which block Nav1.8 [59];
• Blockade of voltage-gated calcium channels (VGCCs), but at doses 100-fold higher

than needed for Nav blockade [60,61];
• Blockade of several types of potassium channels: voltage-gated (Kv), tandem pore

domain (K2P), and inwardly rectifier (Kir), at concentrations several-fold higher than
needed for Nav blockade [62–64];

• Desensitization of transient receptor potential ankyrin 1 (TRPA1) ion channels [65];
however, activation of transient receptor potential vanilloid 1 (TRPV1) and TRPA1 has
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been observed in rodents as well, which may contribute to lidocaine-induced neuro-
toxicity [66,67];

• Inhibition of acid-sensing ion channels (ASIC), but at doses 100-fold higher than
needed for Nav blockade [68];

• Inhibition of P2X purinoceptors receptor 7 (P2X7) subunits, expressed in microglia,
but the exact mechanism of interaction between lidocaine and the purine receptor
remains unclear [69];

• Suppression of NGF/tropomyosin receptor kinase A (TrkA) signaling due to the
structural similarity of Nav and TrkA [70];

• Anti-inflammatory properties—reduction in neuroinflammation, probably via G
protein-coupled receptors (GPCR), inhibition of granulocytes migration and microglial
activation, reduced release of inflammatory cytokines TNFα, IL-6, and IL-1β from
microglia and macrophages, reduced sensitization of peripheral nerve endings; more-
over, prolonged (hours) exposure of cells to lidocaine enhances its effects on GPCR
signaling [71–75];

• Modulation of glycinergic pathways—lidocaine metabolite N-ethyl glycine inhibits
spinal glycine transpor ter (GlyT1) which increases levels of glycine in the serum and
spinal cord, resulting in antinociception in an NP model [76,77].

In clinical practice, several formulations of topical lidocaine producing local anal-
gesia have been used to date such as EMLA patches or cream (eutectic mixture of local
anesthetics—lidocaine 2,5%, prilocaine 2,5%), 2–11% lidocaine gel, cream, or spray, 7%
lidocaine with 7% tetracaine cream, and 5% lidocaine patches. However, only 5% lidocaine
patches are registered and recommended in patients with LNP [5,6,78]. Topical 5% lido-
caine patches were first registered in the USA in 1999 and, since then, have been commonly
used in patients with LNP, such as PHN, PDN, post-traumatic, and post-surgical nerve
injury [78]. In clinical trials conducted in patients with PHN, 5% lidocaine patches were
applied topically over the painful area(s), which reduced the intensity of all neuropathic
pain characteristics measured on the Neuropathic Pain Scale (NPS), and allodynia [79,80].
A clinical study showed that treatment with topical lidocaine decreased activation of
specific regions in the CNS, measured with functional magnetic resonance imaging, im-
plying a close correlation between peripheral input and central pain processing [81]. To
date, the clinical use of 5% lidocaine patches in LNP is supported by several RCTs and
reviews [82–84].

3.1.2. Phenytoin

Phenytoin is a hydantoin derivative, a first-generation anticonvulsant drug, effec-
tive in the treatment of generalized tonic–clonic seizures, complex partial seizures, and
status epilepticus. Phenytoin non-selectively blocks voltage-dependent Nav, leading to a
reduction in the firing of neurons, and resulting in anticonvulsant and anti-neuropathic
properties [40]. It is suggested that phenytoin blocks Nav poorly at slow firing rates but
suppresses the high-frequency repetitive firing [40]. Phenytoin (IC50 = 40 µM) has six times
stronger Nav binding activity than lidocaine (IC50 = 240 µM) [85]. The non-selective Nav
blockade by phenytoin is thought to be of key importance in LNP management. How-
ever, other preclinical studies reveal other mechanisms of action, which might potentially
contribute to its antinociceptive properties:

• Blockade of L-type VGCCs, observed in smooth muscle preparations as the inhibition
of their spontaneous activity [86];

• Potentiation of gamma-aminobutyric acid (GABA)-induced currents through modula-
tion of the gamma-aminobutyric acid A receptor (GABAAR) in cultured rat cortical
neurons [87];

• Anti-inflammatory properties—reduction in tissue edema, decrease in inflammatory
cell infiltration, and increase in epidermal growth factor, vascular endothelial growth
factor, and transforming growth factor-β (TGFβ) in a rat model of wound healing [88];

• Antinociceptive effect in inflammatory pain models [89].



Pharmaceutics 2021, 13, 450 9 of 37

In pain medicine, systemic phenytoin is recommended and utilized in patients with
trigeminal neuralgia as monotherapy or add-on therapy [90] and in patients with NP
exacerbations [91,92]. To date, various topical formulations containing phenytoin have
been used to treat diabetic wounds and ulcers, and other difficult-to-treat wounds to
enhance their healing [93]. Data from preclinical studies support phenytoin effectiveness
in wound healing [88]. However, the evidence on its efficacy in clinical practice is still
inconsistent [94]. The long history of topical phenytoin utilization in wound healing
without any signs of dermatotoxicity and its possible mechanisms of action lead to the
idea of topical phenytoin application in patients with LNP. To date, observational studies
on the efficacy and safety of topical phenytoin up to 30% have been performed in more
than 100 patients with LNP of several etiologies including hernia pain [95–101]. In an
observational study describing 70 neuropathic pain patients treated with phenytoin 5% and
10% creams, 70% of these patients experienced at least 50% pain relief [95]. In 16 patients,
phenytoin plasma levels were measured. No phenytoin plasma levels were detected, even
after the application of 6.7 g of the phenytoin 10% cream in one case. Since phenytoin
cream can provide pain relief around 15 min after application and polyneuropathic pain
is usually symmetrical in location (both feet and/or lower legs) and intensity, a single-
blind placebo-controlled test (SIBRET) was developed [96]. On one area, placebo cream
consisting of the base (placebo) cream was applied, and on the other area, phenytoin 10%
cream was applied. Responders experienced more pain relief in the phenytoin 10%-applied
area than in the placebo cream-applied area within 30 min after application. In the first
study evaluating SIBRET, of the 21 patients, 15 were classified as responders [96]. The mean
pain reduction after 30 min as measured with the 11-point numerical rating scale in the
phenytoin 10% cream area was 3.3 (SD: 1.3) and in the placebo cream area 1.2 (SD: 1.1). The
pain-relieving effects of phenytoin cream compared with placebo cream were confirmed
by a study examining the double-blind placebo-controlled response test (DOBRET) [98].
Six out of 12 NP patients were classified as responders. All responders had at least 30%
pain reduction, and four out of six had at least 50% pain reduction in the phenytoin 10%
cream-applied area.

Future RCTs, such as a triple cross-over trial evaluating 10% and 20% phenytoin creams
compared with placebo cream, in painful chronic idiopathic axonal polyneuropathy (CIAP)
patients will give more insight into the pain-reducing effect of topical phenytoin [102].
Additionally, the predictive value of DOBRET for the maintenance of pain relief with
topical phenytoin will be explored.

3.1.3. Ambroxol

Ambroxol is a mucolytic drug with several properties including secretolytic and
secretomotor actions. Data from preclinical studies have shown its potent local anesthetic
activity due to Nav1.7 and Nav1.8 inhibition [41] and anti-inflammatory activity due to
reduction in proinflammatory cytokines such as IL-1β, IL-6, IL-17, IL-22, IL-23, TGFβ,
and TNFα [103]. Ambroxol is a very potent Nav blocker, approximately 40 times stronger
than lidocaine [104], and probably preferentially blocks the subtype Nav1.8, which is
responsible for repetitive firing and neuronal excitability [28,41]. Ambroxol has been
studied in patients with different NP syndromes, including trigeminal neuralgia, and has
shown relevant pain relief following topical administration of 20% ambroxol cream [42,105].
In a case series of CRPS patients, topical 20% ambroxol reduced spontaneous pain, edema,
allodynia, hyperalgesia, and skin reddening and improved motor dysfunction and skin
temperature [106]. The evidence for topical ambroxol in NP comes from observational
studies only but might be beneficial in some patients with LNP.

3.1.4. Amitriptyline

Amitriptyline is a tricyclic antidepressant (TCA), recommended and used in oral
formulations as a first-line treatment in patients with peripheral and central NP [5,6].
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The analgesic mechanism of action of TCAs relies on targeting the multiple sites in the
nociceptive system, observed in experimental studies, either in the CNS or in the periphery:

• Inhibition of neuronal reuptake of noradrenaline and serotonin in the spinal cord [44];
• Increase in dopamine concentration in the spinal cord [44];
• Activation of the locus coeruleus in the posterior brainstem and activation of the

descending noradrenergic endogenous antinociceptive system [44];
• Blockade of Nav—most potent for Nav1.7, Nav1.8, and Nav1.9 in use-dependent man-

ner in the range of therapeutic plasma concentrations for the treatment of depression
and NP [43,107,108];

• Blockade of NMDAR in cultured rat brain neurons [109];
• Activation of Kv channels in vivo [110];
• Increase in GABAAR and gamma-aminobutyric acid B receptor (GABABR) activa-

tion [111,112];
• Indirect involvement of opioid system, probably through endogenous opioid re-

lease [113];
• Activation of TRPA1 channels and subsequent probable desensitization contributing

to the analgesic effect [108];
• Down-regulation of α1 adrenergic receptor (α1-AR) in the rat brain [114];
• Blockade of serotonin, histamine, and muscarinic receptors in the peripheral nervous

system [115,116];
• Inhibition of the neuronal uptake of adenosine [117];
• Inhibition of the production of nitric oxide and PGE2 in synovial tissue cultures [118].

The results from preclinical studies suggest that the main antinociceptive mechanism
of action of amitriptyline is related to the potent blockade of Nav1.7, Nav1.8, and Nav1.9,
since peripheral injection of amitriptyline induced local anesthesia lasting longer than
that after bupivacaine injection in rats [119]. The antiallodynic effect of peripherally
administered amitriptyline as a subcutaneous injection has been shown in a rodent model
of streptozotocin (STZ)-induced diabetic neuropathy [120]. Another preclinical study
showed that topical application of amitriptyline was more potent than lidocaine at the
same concentrations in providing cutaneous analgesia in rats [121]. Taken together, the
preclinical evidence shows that topical application of amitriptyline exerts antinociceptive
and antiallodynic effects in NP and acute pain models [108,119–121]. In healthy volunteers,
local amitriptyline injection was evaluated as an ulnar nerve blockade, though it was found
to be less effective than bupivacaine injection [122]. Topical application of amitriptyline
in 50 mmol/L and 100 mmol/L solutions was significantly more effective in providing
cutaneous analgesia than placebo in healthy human volunteers, with some subjects having
a complete analgesia lasting several hours [123]. Topical applications of amitriptyline in
several concentrations have been tested in patients with different LNP syndromes; however,
results were ambiguous. The tendency was that the higher the concentration, the more
pronounced the effect. In most clinical trials, the combination of amitriptyline and ketamine
in a 2:1 ratio was evaluated [124]. Some clinical trials of topical administration of 1–5%
amitriptyline in combination with ketamine and in various NP syndromes (PHN, PDN,
post-traumatic NP, painful peripheral neuropathy) did not show statistical significance in
pain relief [125–127]. On the other hand, a clinical trial following an enrichment design
evaluating topical amitriptyline 4% and ketamine 2% in PHN patients showed a statistical
significance compared with topical placebo [128]. Data from case reports indicate pain-
relieving effects of topical 5–10% amitriptyline applications in patients with PDN, CIAP,
CRPS, and post-traumatic NP [124,129,130]. However, a systematic review assessing the
analgesic effect of topical amitriptyline in patients with LNP, published in 2015, concluded
that data from RCTs evaluating the lower concentrations of amitriptyline (up to 5%) do
not support topical amitriptyline for LNP [131]. Nevertheless, two recently published
clinical trials (one case series, one pilot study) showed some analgesic effectiveness of
10% topical amitriptyline in patients with CIPN, which suggests its possible usefulness in
clinical practice, particularly in patients with refractory LNP [108,132].
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3.1.5. Doxepin

Doxepin is a TCA which may be administered topically in patients with NP. Doxepin
is supposed to share the same analgesic mechanisms of action with amitriptyline. The
analgesic efficacy of topical 3.3% doxepin alone or in combination with 0.025% capsaicin
was shown in an RCT in 200 patients with chronic NP and CRPS [133]. Recently, the
analgesic effect of topical 5% doxepin was described in a case report of a pediatric patient
with lymphoblastic leukemia and severe NP following antifungal treatment [134]. More
evidence on the analgesic efficacy of locally administered doxepin comes from two RCTs in
cancer patients with oral pain due to mucositis, following radiotherapy. The mouthwash
containing 25 mg doxepin in 5 ml water significantly reduced oral mucositis pain during
the first 4 h after administration; however, the effect was minimal [135,136].

Data from preclinical studies suggest that various TCAs may differentially block
Nav. In animal models, amitriptyline, doxepin, and imipramine applied perineurally
were superior to bupivacaine in blocking nerve impulse propagation in a rat sciatic nerve.
Trimipramine and desipramine were less effective than bupivacaine, and nortriptyline,
protriptyline, and maprotiline were inferior; therefore, these probably will not induce
an antinociceptive effect when applied topically. However, it is not clear whether these
differences are associated with different activities at Nav or with different penetrations of
TCAs into the neuronal membrane in animal models [137].

3.1.6. Funapide

Funapide, also coded as TV-45070, is a selective blocker of Nav1.7, applied topically
in a cross-over RCT in patients with PHN. No statistical difference was observed between
treatments for the primary endpoint, i.e., the difference in change in mean daily pain score
from baseline compared with the last week. However, the proportion of patients with 50%
pain reduction at week 3 was greater on topical funapide than on topical placebo (26.8%
vs. 10.7%, p = 0.0039). Moreover, 63% of patients with the R1150W polymorphism of the
Nav1.7 coding gene vs. 35% of wild-type carriers had a 30% reduction in mean pain score
on TV-45070 at week 3 [46].

3.1.7. Other Drugs—Nonsteroidal Anti-Inflammatory Drugs, Opioids, Ketamine, Men-
thol, Cannabidiol

Other drugs which might block Nav, observed at in vitro peripheral nerves, include
nonsteroidal anti-inflammatory drugs (NSAIDs), opioids, α2 adrenergic receptors (α2-AR)
agonists, and plant-derived compounds, recently reviewed by Kumamoto [138]. Whether
and to what extent the Nav blockade of these drugs is responsible for their analgesic effect
observed in humans remain unclear. In vitro opioid studies examining morphine, tramadol,
fentanyl, sufentanil, and buprenorphine showed a decrease in action potential amplitudes
and conduction via direct action on Nav and Kv channels in frog sciatic nerves [138], and on
unmyelinated mouse C-fibers [139]. Moreover, loperamide inhibited Nav1.7 and Nav1.8 as
well in an in vitro study [140].

NSAIDs such as diclofenac, aceclofenac, indomethacin, tolfenamic, and flufenamic
acid reduced action potential amplitudes and inhibited nerve conduction through Nav
inhibition in frog sciatic nerves in a concentration-dependent manner, probably due to
their chemical structure being similar to local anesthetics [138]. A similar inhibitory effect
on the action potential was observed after application of clonidine (α2-AR agonist) on frog
sciatic nerves, which was attributed to Nav blockade [138]. Moreover, ketamine was shown
to directly inhibit Nav in neuroblastoma cells [141], which may account for the analgesic
effect of ketamine as adjuvant to local anesthetic agents. Additionally, menthol selectively
blocks Nav1.8 and Nav1.9, which has been shown in rat DRG neurons [142]. In preclinical
studies, it has been shown that cannabidiol (CBD) may directly interact with Nav and Kv
channels [143]. In an RCT, testing topical CBD oil in 29 patients with peripheral neuropathic
pain compared to placebo, CBD oil showed a more pronounced pain-reducing effect than
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placebo, but the authors did not discuss the possible Nav blockade as the mechanism of
action of CBD applied topically in the painful area [144].

3.2. Treatments Acting on Transient Receptor Potential Channels

The transient receptor potential channels (TRP) family is the largest group of ion
channels. TRP can be classified into six subfamilies, based on their structure: TRPA
(ankyrin), TRPC (canonical), TRPM (melastatin), TRPML (mucolipin), TRPP (polycystin),
and TRPV (vanilloid). TRP are widely distributed across tissues, such that every cell in the
body likely expresses one or more subtypes [145]. Some members of the TRP family deserve
special attention in pain research such as TRPV1-4, TRPM8, and TRPA1. They are expressed
at nociceptors and convey thermal, chemical, and mechanical stimuli, and they are involved
in the development and maintenance of chronic pain [146]. Moreover, the skin expresses
several TRP subtypes (i.e., TRPV1-4, TRPA1, TRPM8), involved in skin biology under
physiological (e.g., sensory function, nociception, epidermal homeostasis, inflammation)
and pathological conditions (e.g., inflammatory and neuropathic pain, dermatitis, itch), as
reviewed by Caterina and Pang [145].

3.2.1. Treatments Acting on Transient Receptor Potential Vanilloid 1

TRPV1 channels are polymodal receptors expressed mainly at C-fiber nociceptors in
the periphery, involved in membrane depolarization and controlling cytoplasmic Ca2+.
TRPV1 can also be found in the central nervous system and in several non-neuronal cells
as well (i.e., keratinocytes, bladder transitional epithelial cells, smooth muscle cells; kid-
ney, lung, testis, uterus, spleen, liver, and pancreas cells; granulocytes, lymphocytes, and
macrophages) [145–147]. TRPV1 may be activated by a wide spectrum of physical and
chemical stimuli such as heat (>43 ◦C), protons (pH < 6.5), endogenous substances such as
endocannabinoids (i.e., anandamide, N-arachidonoyl dopamine) [146,148], exogenous com-
pounds such as capsaicin, phyto-cannabinoids, and some animal toxins [149–151]. TRPV1 is
colocalized with TRPA1 in DRG and trigeminal neurons, and there are direct and/or in-
direct functional interactions between TRPA1 and TRPV1 involved in nociception [152].
Available data suggest that TRPV1 plays an important role in the pathomechanism of neu-
ropathic and inflammatory pain [153–158]. Nerve injury decreases TRPV1 levels in injured
neurons and increases expression of TRPV1 in uninjured or spared neurons, observed
after nerve ligation/transection in animal models. [159,160]. In humans, accumulation of
TRPV1 and TRPV3 in spared peripheral axons in patients with brachial plexus avulsion and
a reduction in TRPV1 levels in nerve fibers in diabetic neuropathy skin were observed [161].

After injury, numerous signaling molecules such as bradykinin, histamine, proin-
flammatory cytokines (TNFα), glutamate, and NGF are released from damaged nerves,
Schwann cells, and immunocompetent cells. These molecules activate and/or sensitize
neuronal TRPV1, contributing to thermal and mechanical hypersensitivity in NP and
inflammatory pain [162–164]. The role of TRPV1 in pathological nociception has been con-
firmed in patients with small fiber neuropathy, in whom a statistically significant increase
in TRPV1 expression on epidermal keratinocytes was reported [158]. In turn, in patients
with PDN, a decrease in TRPV3 in the skin was observed [161].

Capsaicin

Capsaicin is a highly selective agonist of the TRPV1 channels utilized in clinical
settings either in low (<0.1% cream) or in high (8% patches) concentrations in patients with
LNP [165]. Although capsaicin is the potent activator of TRPV1, its long-term analgesic
effect relies on the massive intracellular influx of ions (Ca2+, Cl−) after TRPV1 activation
and subsequent intracellular changes. To specify, capsaicin causes a three-fold increase in
the permeability to Ca2+ of the ion channels coupled with TRPV1. The increased influx
of Ca2+ into the cell and the release of Ca2+ from the endoplasmic reticulum activate
proteases and initiate subsequent damage of the cytoskeleton and mitochondria. This
leads to the de-functionalization of hyperexcitable TRPV1, or a temporary destruction of
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peripheral nerve endings [147]. Clinical evidence supports only 8% capsaicin patches in
patients with LNP [5,6,166–168], whereas the evidence for the low concentration capsaicin
is inconclusive [5,6]. Single application of an 8% capsaicin patch in subjects with LNP
brings significant pain relief within 1–2 weeks, resulting from de-functionalization and
temporary destruction of nerve endings in the area of the patch application. Nerve endings
regenerate after an average of 3 months, which may be associated with pain recurrence,
and in this case, the application of the patch can be repeated [167,168]. The application
of a high-concentration capsaicin patch may induce or aggravate severe burning pain.
The recommendation before using the 8% capsaicin patch is to apply a local anesthetic
such as EMLA cream at the corresponding area of LNP to diminish the risk of severe
burning pain. During the treatment procedure, blood pressure monitoring should be
performed, and nitrile gloves, a face mask, and protective glasses must be worn in a well-
ventilated treatment area. Thus, the 8% capsaicin patch application can only be performed
in specialized pain clinics. Nevertheless, clinical data support the effectiveness of 8%
capsaicin patches in patients with several LNP syndromes, such as PHN, HIV-associated
neuropathy, CIPN, and PDN [166].

Other Drugs—NSAIDs, Cannabinoids

Other drugs acting via TRPV1 include NSAIDs such as diclofenac, ketorolac, and xe-
focam. These molecules applied topically in rats inhibited pain behavior, most probably by
inhibition of TRPV1 and TRPA1 channels [169]. Endocannabinoids and phyto-cannabinoids
may exert their antinociceptive effect via TRPV1 activation, as was shown in preclinical
studies. Their mechanisms of analgesic action may be similar to capsaicin, i.e., initial
activation of TRPV1, followed by its desensitization [148,150,151].

3.2.2. Treatments Acting on Transient Receptor Potential Melastatin 8

TRPM8 is expressed in the skin at nociceptors and keratinocytes and is responsible
for detection of mild cold stimuli. TRPM8 is activated by temperatures below 28 ◦C,
and by menthol and other cooling agents. The relationship of TRPM8 to pain is more
complex. TRPM8 co-expression with TRPV1 in nociceptive neurons may contribute to
hypersensitivity to cold stimuli in inflammatory and neuropathic pain models. In contrast,
TRPM8 stimulation may attenuate pain sensitivity as well [170].

Menthol

Menthol is the cooling natural molecule of peppermint, commonly used in medicinal
preparations for the relief of acute and inflammatory pain in sports injuries, arthritis, and
other painful conditions in humans. Menthol’s main mechanism of analgesic action is
attributed to TRPM8 activation [171]. However, other analgesic mechanisms of action are
suggested, as shown in preclinical studies:

• Inhibition of human TRPA1 channels in vitro [172];
• Inhibition of VGCCs in human neuroblastoma cells [173];
• Activation of human recombinant GABAAR expressed in Xenopus oocytes [174];
• Selective blockade of Nav1.8 and Nav1.9 in rat DRG neurons [142];
• Inhibition of human recombinant nAChR [175].

In animal pain models, L-menthol (predominant isomer in menthol formulations)
effectively reduced pain behavior induced by chemical stimuli such as capsaicin, noxious
heat, and inflammation. Moreover, in animal models, the role of TRPM8 as the main
mediator of menthol-induced analgesia of acute, neuropathic, and inflammatory pain
has been confirmed [171]. Clinical studies are sparse. In eight LNP patients, topical
application of menthol attenuated cold allodynia [176]. One case report also showed a
beneficial analgesic effect of topically applied peppermint oil in a patient with PHN [177].
Historically, the first description of peppermint oil for NP comes from a letter to the editor
of The Lancet in 1870 in which Dr. A. Wright reported on peppermint oil being used to
treat “facial neuralgia” in China and in his own clinical practice [178].
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On the other hand, a relatively high concentration of menthol (>30%) applied topically
induces cold pain and hyperalgesia in healthy volunteers [179]. Therefore, in clinical
practice, lower concentrations of menthol are used.

3.3. Treatments Acting on Voltage-Gated Calcium Channels

VGCCs can be classified as L, N, P/Q, R, and T and are distinguished by their different
sensitivities for pharmacological agents and their channel conductance kinetics based on
their voltage activation properties. Different VGCC isoforms show distinct cellular and
subcellular distributions to play specific functional roles. VGCCs are widely distributed
in neuronal and non-neuronal cells. Studies confirmed expression of L-type VGCCs
in excitable cells [180] and in epidermal keratinocytes, where they play a role in skin
barrier homeostasis [181]. In nociceptive neurons, neurotransmitters such as glutamate,
substance P (SP), and calcitonin gene related peptide (CGRP) are released after activation
of VGCCs, mainly the L, N, and P/Q types [182]. In turn, T-type VGCC is associated
with the regulation of neuronal excitability and the activity of the T type is increased in
the central terminal of nociceptors in NP states, such as traumatic nerve injury, PDN, or
CIPN [183,184]. A recent preclinical in vivo study showed the expression of functional
N-type VGCCs (Cav2.2) in skin nociceptors, being responsible for release of inflammatory
signals and being involved in neurogenic thermal hyperalgesia [185]. Due to the crucial
role of VGCCs in pain processing and their distribution in keratinocytes and neuronal cells,
VGCCs may be targeted not only by systemic treatments but also by topical treatments.

3.3.1. Gabapentin

Gabapentin is an antiepileptic and anxiolytic agent recommended for oral intake as
the first-line treatment in patients with NP [5,6]. Gabapentin is an analogue of GABA;
however, it does not influence GABAR or GABA synthesis and uptake. The main mech-
anism contributing to gabapentin’s analgesic effect in NP states is related to interactions
with α2δ-1 subunits of VGCCs, and the subsequent reduction in Ca2+ influx and trans-
mitter release [186]. In preclinical studies, other mechanisms of action contributing to the
antinociceptive properties of gabapentin are suggested:

• Blockade of human recombinant NMDA in a concentration-dependent manner
in vitro [187];

• Attenuated cytokines production, COX-2 expression, and PGE2 levels in animal model
of ocular inflammation by topical gabapentin [188];

• Activation of human Kv channels in vitro [189].

Preclinical studies showed the antinociceptive effect of topically administered gabapentin
in animal models of peripheral nerve injury (10% gel) [190], CIPN (10% gel) [191], and
formalin-induced pain (1–10% cream) [192]. In clinical settings, cream containing gabapentin
showed a beneficial analgesic effect in patients with several NP states [193] and in patients
with local or generalized vulvodynia [194]. In patients with LNP, 6% topical gabapentin has
been utilized in combination with other compounds providing pain relief [195,196]. The
evidence for the effectiveness of topical gabapentin in patients with NP is limited to single
observational studies and case reports; moreover, the exact mechanism of analgesic action
is not clear. Theoretically, gabapentin may influence VGCCs, NMDA, Kv, and inflammatory
mediators, leading to reduced neuronal hyperexcitability and antinociception, but it needs
thorough evaluation in preclinical and clinical studies.

3.3.2. Other Drugs

Whether lidocaine, phenytoin, and menthol exert their analgesic mechanism of ac-
tion via VGCC blockade upon topical application in animal models and in humans is
unclear; however, in preclinical studies, these drugs influenced the VGCCs, as discussed
earlier [60,61,86,173].



Pharmaceutics 2021, 13, 450 15 of 37

3.4. Treatments Acting on N-methyl-D-Aspartic Acid Receptors

NMDAR is a receptor for the excitatory neurotransmitter glutamate, which is re-
leased upon activation of nociceptive afferents, especially of the unmyelinated C-fibers.
It is well known that NMDAR activation plays a key role in the central sensitization of
spinal nociceptive neurons, resulting in allodynia, hyperalgesia, and NP [197]. There is
considerable evidence as well for the modulatory role of glutamate of the NMDAR and
non-NMDA glutamate receptors in peripheral nociception, as these receptors are present
in the peripheral terminals of C-fibers [198]. Upon stimulation, peripheral C-fibers release
glutamate, SP, and CGRP [199], which cause neurogenic inflammation and, in a paracrine
manner, modulate neuronal excitability via receptors expressed at nearby nociceptors [200]
and contribute to tactile hypersensitivity in animal models [201]. The role of peripheral
NMDAR has been confirmed in human studies as well in which the local inhibition of
peripheral NMDAR prevented the development of secondary hyperalgesia by a peripheral
mechanism of action [202].

3.4.1. Ketamine

Ketamine is an anesthetic and analgesic agent, usually administered intravenously.
Topical application of ketamine for LNP relies mainly on blockade of the peripheral NM-
DAR, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), and
metabotropic glutamate receptor (mGluR) in a non-competitive fashion and inhibition of
the release of glutamate [203].

Furthermore, in preclinical studies, ketamine shows influence in a direct or indirect
manner on several ion channels and receptors, which may be involved in peripheral
nociception by influence of:

• Blockade of Nav in neuroblastoma cells [141];
• Re-sensitization of opioid receptors (OR)—µ opioid receptors (MOR) and δ opioid

receptors (DOR) [204,205];
• Activation of GABAA receptor in an anesthetic model in mice [206];
• Inhibition of L-type VGCCs in smooth muscle cells [207];
• Blockade of HCN1 channels [208];
• Inhibition of nAChR in human neurons [209] and mAChR in mice [210];
• Reduced expression of TLR4 and proinflammatory cytokines release from immune

cells [211].

In clinical trials, topical ketamine is commonly used in combination with other drugs,
showing a beneficial analgesic effect in patients with PHN, CIPN, PDN, and CRPS:

• Ketamine (2%), amitriptyline (4%) [128,212–214];
• Ketamine (1.5%), baclofen (0.8%), amitriptyline (3%) [215];
• Ketamine (10%), baclofen (2%), gabapentin (6%), amitriptyline (4%), bupivacaine (2%),

nifedipine (2%), clonidine (0.2%) [195];
• Ketamine, pentoxifylline, clonidine, dimethyl sulfoxide [216];
• Ketamine (5%), clonidine (0.5%), gabapentin (6%) [196].

Only a few studies have described clinical results after topical application of ketamine
alone. The topical application of ketamine in different concentrations (0.5–5%) showed
no beneficial analgesic effect in RCTs in patients with PHN, PDN, and post-traumatic
NP [125,126,217,218]. However, other clinical studies showed good results in patients with
PHN treated with low-concentration topical 0.5% ketamine [219] and in a case series including
patients with CRPS, lumbar radiculopathy, and PHN [220]. Topical ketamine 10% reduced
allodynia and hyperalgesia in patients with CRPS in one RCT [221] and had a beneficial effect
reported in several case series, case reports, and retrospective studies [222–225].

3.4.2. Other Drugs

Other drugs acting via NMDAR blockade in preclinical studies include:
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• Antidepressants (e.g., amitriptyline), though this effect has been observed in cultured
rat brain neurons only [109];

• Diclofenac, providing an antinociceptive effect after topical administration in rats [226];
• Lidocaine at clinically relevant plasma concentrations [55–57].

It is still unclear to what extent topically applied amitriptyline, diclofenac, and lido-
caine induce analgesia via NMDAR blockade in humans.

3.5. Treatments Acting on Cyclooxygenase-2

Peripheral nerve injury induces Schwann cells and macrophages to produce and
release cytokines and arachidonic acid and its derivates, mainly prostaglandins (PGs),
via COX-2 induction. After an injury, PGs may be synthetized not only in the invaded
immune cells but also in neuronal and glial cells. PGs play an important role in regulating
the function of peripheral sensory nerves in paracrine and autocrine manners elucidated
in NP models [227]. Preclinical studies reveal that PGE2, via its EP receptor expressed
on the neuronal membrane, can modulate the excitability of peripheral nerve endings.
PGE2 sensitizes several ion channels and receptors (TRPV1, Nav1.7, Nav1.8, Nav1.9,
VGCCs, P2X3) and down-regulates Kv, which results in enhanced Na+ currents and Ca2+

influx and reduced K+ currents, resulting in peripheral hyperexcitability [155].

Nonsteroidal Anti-Inflammatory Drugs—Diclofenac

Topically administered NSAIDs may interfere with the nociceptive pathway by their
ability to decrease the synthesis of proinflammatory PGs through inhibition of cyclooxy-
genase COX-2. Preclinical studies showed that locally administered diclofenac may also
act on several ion channels (Nav, TRPV1, TRPA1, TRPM3, K+, NMDAR) at peripheral
neurons, resulting in antinociception [138,169,226,228,229]. Peripheral antinociception
induced by diclofenac may rely on release of noradrenaline and interaction with α1, α2C,
and β-adrenoreceptors [230]. Additionally, the opioid system may be involved as well by
indirect activation of the κ opioid receptors (KOR), probably by release of endogenous
opioids such as dynorphins [231]. Diclofenac also blocks L-type VGCCs, but this effect was
observed in neonatal rat ventricular myocytes and whether this mechanism is involved in
antinociception is unknown [232]. In a cross-over placebo-controlled RCT with 28 PHN
and CRPS patients, gel containing 1.5% diclofenac gave more pain relief than placebo
cream [233]. Case reports describe a positive analgesic effect of topically administered
ibuprofen and ketoprofen in combination with other agents in patients with LNP [234].
However, topical NSAIDs are not widely used in patients with LNP and are rather rec-
ommended and commonly used in patients suffering from pain with a predominant
inflammatory component [83].

3.6. Treatments Acting on Gamma-Aminobutyric Acid Receptors

GABA is the major inhibitory neurotransmitter in the adult mammalian nervous
system and exerts inhibitory action via specific receptors named GABAAR and GABABR.
GABAAR are GABA-gated chloride channels located in post-synaptic membranes, whereas
GABABR are G protein-coupled receptors located both in pre- and post-synaptic mem-
branes [235]. GABA receptors (GABAR) are expressed on neuronal cells, either centrally or
peripherally, and on CNS glial cells and myelin-producing Schwann cells [236]. In periph-
eral neurons, GABAR activation by agonists results in inhibition of signal transmission,
due to an intracellular increase in K+ and a decrease in Ca2+ ions [237,238]. In the periphery,
the GABABR are found in cutaneous layers on nerve endings [238]. In preclinical studies,
it has been revealed that immune cells (macrophages, neutrophils, and lymphocytes) may
express components of the GABAergic system as well [239]. GABA signaling is involved
in the modulation of the immune response through reduction in proinflammatory cytokine
production by down-regulation of signaling pathways (e.g., MAPK) [239]. Skin cells such
as keratinocytes and fibroblasts express GABABR as well, which are involved in skin
barrier homeostasis [240] and inflammatory diseases [241].
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3.6.1. Baclofen

Baclofen is a selective agonist of GABABR, traditionally used as a systemic treatment
for spasticity. Topical application of baclofen in patients with LNP may potentially reduce
pain due to GABABR activation, subsequent inhibition of neural transmission, and probably
attenuation of local inflammation [239]. In preclinical studies, single subcutaneous injection
of baclofen 0.01% reduced thermal hyperalgesia in mice with mixed nociceptive and
neuropathic pain [242]. In humans, topical baclofen 5% successfully relieved NP due to
acromegaly [243] and spinal cord injury [244,245]. In clinical practice, baclofen was more
commonly used in combination with other topical agents:

• Baclofen (0.8%), amitriptyline (3%), ketamine (1.5%) [209];
• Baclofen (2%), ketamine (10%), gabapentin (6%), amitriptyline (4%), bupivacaine (2%),

nifedipine (2%), clonidine (0.2%) [195];
• Baclofen (5%), palmitoylethanolamide (1%) [246];
• Baclofen, diclofenac, ibuprofen, cyclobenzaprine, bupivacaine, gabapentin, pentoxi-

fylline [234].

In the aforementioned clinical studies, topical baclofen as monotherapy or add-on
therapy was shown to be effective in pain relief; however, evidence is limited to case reports
or single RCTs.

3.6.2. Other Drugs

Other drugs acting on GABAR in preclinical studies include:

• Antidepressants (amitriptyline, fluoxetine)—their antinociceptive effect has been
observed after intraperitoneal administration in rats [111];

• Ketamine, acting as an agonist at GABAAR, revealed in an anesthetic mouse model [206];
• Phenytoin, potentiating GABA-induced currents in cultured rat cortical neurons

through modulation of GABAAR [87];
• Menthol, increasing GABA-induced currents by activation of human recombinant

GABAAR expressed in Xenopus oocytes [174].

It is still unrevealed whether antidepressants, ketamine, phenytoin, and menthol
induce analgesia via GABAR upon topical application in subjects with LNP.

3.7. Treatments Acting on α Adrenergic Receptors

Preclinical models of peripheral nerve injury showed that proinflammatory cytokines
and growth factors can increase the expression of α1-AR on nociceptive afferent fibers and
DRG that survive the nerve damage, and on immune cells and keratinocytes [247,248]. In
turn, activation of α1-AR on immune cells and keratinocytes by noradrenaline may trigger
further release of growth factors and inflammatory mediators, perpetuating the cycle and
contributing to inflammation and pain [247,248]. Evidence of the aberrant adrenergic
influence on nociception in NP comes from clinical observations as well. In some CRPS
patients, α1-AR were up-regulated in the epidermis and on dermal nerve fibers [249,250].
In these patients, intradermal injection of α1-AR agonist phenylephrine evoked prolonged
pain and more pronounced pinprick hyperalgesia in comparison to CRPS patients with less
expressed α1-AR [249,250]. On the other hand, α2-AR are inhibitory G protein-coupled
receptors [251,252]. α2-AR are expressed in the brain, spinal cord, and DRG and on
nociceptors in the epidermis. Activation of these receptors likely decreases levels of
adenylate cyclase and cyclic adenosine monophosphate (cAMP), resulting in decreased
neurotransmitter release and reduced excitability of nociceptors, expressed in reduced
tactile allodynia [253,254]. The increase in peripheral neuron sensitivity induced by tissue
damage may be potentially attenuated by agents acting on α1-AR or α2-AR.

3.7.1. Clonidine

Clonidine, an α2-AR agonist, is an extremely potent antinociceptive agent, utilized
systemically for chronic and acute pain treatment. Topical administration of clonidine
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elicits an antinociceptive effect, either in preclinical studies [255] or in clinical studies in
patients with PDN [256–258]. According to Cochrane analysis of two RCTs, the efficacy
of 0.1% topical clonidine has a medium level of evidence. However, topical clonidine
has an excellent safety profile without central side effects observed following systemic
administration [259]. Topical clonidine may provide some benefit in patients with PDN,
and NNT for an additional beneficial outcome (NNTB) is 8.33, 95% CI 4.3 to 50 [259].

Clonidine is also an imidazoline receptor agonist and acts on these receptors located
on peripheral nerve endings. The activation of imidazoline 2 receptors may possibly
contribute to additional analgesic mechanisms of topically applied clonidine [260]. In
preclinical studies, topical application of clonidine exerts a potent anti-inflammatory effect,
which may be partially mediated by α2-AR and PGE inhibition. The anti-inflammatory
properties may probably partially contribute to the analgesic effect of topical clonidine
observed in LNP [261].

3.7.2. Prazosin

Prazosin is an antagonist of α1-AR. Topically administered prazosin has been studied
in healthy volunteers and patients with CRPS to date [262]. Prazosin 1% cream inhibited
dynamic allodynia and punctate hyperalgesia in CRPS patients and adrenergic axon reflex
vasodilatation in healthy volunteers. The potential target of prazosin may be the up-
regulated α1-AR present on epidermal neurons, keratinocytes, and immune cells under
neuropathic conditions [247,248].

3.7.3. Other Drugs

Other drugs with a possible antinociceptive effect related to α1-AR blockade are
antidepressants such as nortriptyline, imipramine, maprotiline, and milnacipran. Their
antinociceptive effect via AR blockade has been observed after systemic administration
in an animal formalin pain model [263]. Amitriptyline down-regulates the cortical and
cerebellar α1-AR in the rat brain upon chronic treatment, but there are no data on peripheral
regulation of α1-AR induced by systemic or topical amitriptyline in animal models and in
humans [114].

3.8. Treatments Acting on SNAP-25 and 23

SNAP-25 is a component of the SNARE protein complex, which upon synaptic trans-
mission is responsible for exocytotic neurotransmitter release. Through the assembly
with syntaxin-1 and synaptobrevin, SNAP-25 mediates synaptic vesicle apposition to the
presynaptic membrane, permitting their Ca2+-triggered fusion [264]. SNAP-23 is the ubiq-
uitously expressed homologue of the neuronal SNAP-25, which is involved in synaptic
vesicle fusion. Recently, it was shown that SNAP-23 mediates exocytosis in mast and
epithelial cells and is involved in receptor trafficking [265]. The role of SNAP-25 in noci-
ception in humans is confirmed, as specific gene polymorphisms for SNAP-25 are linked to
chronic pain conditions, including NP and fibromyalgia [266].

Botulinum Toxin A

SNAP-25 and 23 are targeted by local administration of BTX-A. BTX-A is a potent
toxin, which cleaves SNAP-25 and 23 and subsequently inhibits local release of neuropep-
tides and neurotransmitters involved in nociception, including SP [267], CGRP [268], and
glutamate [269]. Moreover, our experimental results showed that BTX-A administered
within the nerve terminals diminished nerve injury-evoked neuroimmune changes, pri-
marily in the DRG and subsequently at the spinal cord level [270]. We observed as well
that in DRG, the protein level of pronociceptive cytokines (IL-1β, IL-18) decreased and
antinociceptive cytokines (IL-10, IL-1RA) increased following BTX-A peripheral application
in an NP model [271]. Additionally, it was shown that an intra-nerve injection of BTX-A can
stimulate the regeneration of an injured peripheral nerve and regrowing myelinated axons
and improve the muscular reinnervation, so it generally speeds up sensorimotor recovery
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by stimulating myelinated axonal regeneration [272]. Animal studies showed that topical
BTX-A administration through subcutaneous injection is followed by retrograde transport
and transcytosis. This mechanism is possibly responsible for modulation of central sen-
sitization and antinociception [273–275]. Several RCTs in humans showed effectiveness
of BTX-A injections in patients with PHN, PDN, trigeminal neuralgia, and intractable
neuropathic pain, such as poststroke pain and pain after spinal cord injury [276,277]. In
clinical practice, local injections of BTX-A are recommended as the second-line treatment
in patients with LNP [5,6]. BTX-A deserves special attention because when given topically
through subcutaneous/intradermal injection, it can directly modulate both central and
peripheral sensitizations [273–275].

3.9. Treatments Acting on Peripheral Opioid Receptors

The opioid receptors (OR)—µ (MOR), κ (KOR), δ (DOR), and nociceptin (NOR)—are
GPCR and widely distributed in the CNS, peripheral neurons, and neuroendocrine (pi-
tuitary, adrenal), immune, and ectodermal cells. OR expressed on peripheral neurons
and immune cells play a critical role in nociception and inflammation [278]. In preclinical
studies, inflammation has been shown to increase mRNA transcription of OR in DRG,
followed by enhanced axonal transport of de novo synthesized OR and increase in OR
density in the peripheral nerve endings. Moreover, the lower pH of inflamed tissue may
increase opioid–OR interactions and intracellular signaling, thus enhancing the analgesic
effect of peripherally administered opioids [278]. Additionally, chemokines, cytokines, and
other factors from inflamed tissue stimulate opioid peptide-containing immune cells to
migrate to the site of injury. Immune cells (i.e., lymphocytes, granulocytes, monocytes,
macrophages) in humans, rhesus monkeys, rats, and mice express not only opioid pep-
tides but all types of OR—MOR, DOR, KOR, and NOR. Activation of MOR, DOR, and
KOR on leukocytes stimulates release of opioid peptides, which bind to OR on peripheral
sensory nerves and induce analgesia [278,279]. In an animal model of peripheral nerve
injury, decreased MOR, but not DOR, expression in peripheral nerves and DRG has been
observed. Nerve injury stimulates recruitment of immune cells at the injured site. Pe-
ripherally administered opioids in the case of decreased MOR expression in damaged
neurons can act through the OR on immune cells (e.g., macrophages), leading indirectly to
antinociception [279–281]. Moreover, the studies of human skin confirmed that epidermal
keratinocytes express a functionally active OR. Human keratinocytes can both produce
and bind β-endorphins, which further implies direct communication between peripheral
nerve endings and skin cells, and their role in antinociception [282]. In dermatological
diseases such as psoriasis, atopic dermatitis, or chronic wounds, dysregulation in the skin
of both OR and their corresponding endogenous ligands has been observed. However,
there are no data on dysregulation of skin OR under neuropathic conditions [283]. Data
from preclinical studies suggest that peripheral OR on neurons, keratinocytes, and immune
cells may serve as a target for opioids applied topically. Topical application may therefore
be an alternative route of administration to systemic opioid treatment in patients with LNP
and other localized pain syndromes, with less risk of side effects.

In patients with NP due to pachyonychia congenita, overexpression of NOR on epi-
dermal keratinocytes and epidermal and dermal nerve fibers has been demonstrated [284].
Recently, NOR has been identified on human blood granulocytes as well [285]. Thus, NOR
may be a promising target to manage NP. However, there are no available data on topical
agents targeting NOR and utilized in clinical practice [278].

The main mechanism of opioid-induced analgesia is related to agonism to OR, local-
ized in the presynaptic and postsynaptic neuronal membranes. Presynaptically, opioids
inhibit neurotransmitter release by reducing Ca2+ influx. Postsynaptically, opioids open
K+ channels, which hyperpolarize cell membranes and decrease the synaptic transmis-
sion. Opioids also inhibit adenylate cyclase, the enzyme converting ATP to cAMP [286].
Additionally, opioids such as morphine, tramadol, fentanyl, sufentanil, buprenorphine,
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and loperamide may influence Nav [138–140], inhibiting action potentials, which has been
revealed in frog sciatic nerve models [138], and on unmyelinated mouse C-fibers [139].

3.9.1. Loperamide

Loperamide is an opioid with higher binding affinity to MOR than to DOR or KOR [287].
Loperamide blocks Nav 1.7, Nav1.8, and Nav1.9 as well, and this inhibition may be the
second mechanism of loperamide for pain relief beyond MOR agonism [140]. The bioavail-
ability of loperamide after oral intake is only 0.3% and loperamide is extruded from the CNS
actively; therefore, it does not act meaningfully at the CNS level [288]. The analgesic and
anti-hyperalgesic effect of topically administered loperamide at different concentrations (0.5–
5%) has been confirmed in NP models [289–291] and inflammatory pain models [292,293].
In preclinical studies, synergy between topical loperamide (MOR agonist) and oxymor-
phindole (DOR agonist) in reducing inflammatory hyperalgesia has been observed and
was attributed to indirect inhibition of Nav1.8 [293,294]. In clinical settings, topical 5%
loperamide has shown a beneficial effect in a patient with CIAP [295]. However, data on
topical loperamide in clinical practice are limited to a single case report only.

3.9.2. Morphine

The evidence on the effectiveness of topically administered morphine (agonist of
MOR, DOR, KOR) comes mainly from clinical studies and case reports on cancer-related
pain, i.e., cutaneous or mucosal lesions associated with local inflammation [296]. In one
RCT, topical morphine (0.2% hydrogel or 0.2% ointment) showed a beneficial analgesic
effect in a cancer patient with pain due to mucosal lesions and skin ulcers [297]. Data on
topical use of morphine and other opioids in patients with LNP are lacking.

3.9.3. Other Drugs Modulating Opioid System

The endogenous opioid system may be indirectly modulated by drugs such as antidepres-
sants [113], ketamine [204,205], diclofenac [231], and CBD [298], but whether these mechanisms
contribute to the analgesic effect upon topical application in humans remains unclear.

3.10. Treatments Acting on Peripheral Cannabinoid Receptors

Numerous studies indicate a modulatory effect of the endocannabinoid system in
NP [299]. In the periphery, CB1 receptors are expressed on nociceptive peripheral nerve
endings and DRG, whereas CB2 receptors are located mainly on immune cells and ker-
atinocytes [300,301]. Preclinical data suggest that agents acting on CB1 receptors may evoke
a beneficial effect against NP, and those acting on CB2 may evoke a beneficial effect against
inflammatory pain [300,301]. Either CB1 or CB2 receptors may be targeted by cannabi-
noids administered topically, influencing the activity of both neuronal and non-neuronal
cells. Preclinical studies reveal that activation of CB2 receptors on keratinocytes stimulates
them to release β-endorphins, which in turn act at local neuronal MOR, inhibiting noci-
ception [298]. CB1 receptor agonists attenuate mast cell activation and subsequent local
inflammation in a model of dermatitis [302]. Theoretically, substances acting on peripheral
CB receptors may provide an analgesic effect in patients with LNP, as these target cells
involved in peripheral sensitization.

Cannabidiol

CBD is one of the main phyto-cannabinoids found in Cannabis sativa and indica.
CBD is a lipophilic, multi-target drug, whose central antianxiety/antipsychotic effect is
probably related to interaction with CB1 receptors in the CNS [303]. However, whether the
antinociceptive effect of CBD is attributed to interactions with CB1 is still discussed [303].
An NP mouse model caused by paclitaxel showed that intraperitoneal administration
of CBD reduced allodynia and NP behavior through the influence of serotonin recep-
tors [304]. In preclinical studies, CBD directly interacted with Nav and Kv channels, whose
combined effects are reduction in channel hyperexcitability [143]. Moreover, CBD may di-
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minish neuronal hyperexcitability through other mechanisms of action: inhibition of GPCR
(GPR55) at excitatory synapses, desensitization of TRPV1, and modulation of the adenosine
system [148,150,151,305]. These mechanisms may be responsible for the antiepileptic prop-
erties of CBD and, together with MOR and DOR modulation, are suggested to play a role
in antinociception induced by CBD [303]. Whether and to what extent these mechanisms
are responsible for analgesia upon topical application in humans are unclear.

Clinical observations indicate that topical administration of CBD, mixed with other
anti-inflammatory phyto-derived products, in oil, gel, cream, or spray, may exert beneficial
analgesic, immunosuppressive, and anti-inflammatory effects in humans, as reviewed
recently [306]. In an RCT testing topical CBD cream (250 mg CBD/3 fl. oz, around 8.3%)
in 29 patients with LNP compared to placebo, CBD oil showed a more pronounced pain-
reducing effect than placebo [144]. The preclinical data and clinical observations support
the idea of topical administration of CBD in pain states. However, the data on analgesic
efficacy in LNP conditions are limited to a single RCT [144].

4. Topical Treatments in Patients with Neuropathic Pain—Summary of Possible
Mechanisms of Antinociception and Future Directions

Research conducted during the last decade has identified many potential peripheral
mechanisms for NP, pointing at peripheral sensitization as the target for therapeutic
strategies in patients with NP [11]. Peripheral nerve endings express a variety of excitatory
and inhibitory receptors, ion channels, and proteins, such as Nav, NMDAR, VGCCs, α-AR,
TRPV1, TRPM8, SNAP-25 and 23, GABAR, COX-2, OR, and CB. Some of them are also
expressed by non-neuronal cells (Figure 1). Moreover, peripheral neurons interact closely
via several signaling molecules with immunocompetent cells and keratinocytes and this
interplay under pathological conditions is responsible for neuronal hyperexcitability and
NP generation (Figure 1) [10,11]. These facts enable the development of pharmacotherapies
specifically targeting peripheral mechanisms, e.g., topical analgesics. Preclinical data
discussed in this paper showed that active molecules applied in topical formulations
in humans (lidocaine, capsaicin, BTX-A, clonidine, doxepin, phenytoin, amitriptyline,
ketamine, CBD, funapide, baclofen, ambroxol, gabapentin, prazosin, menthol, diclofenac,
and loperamide) exert multiple mechanisms of action and can directly and/or indirectly
modulate distinct molecular/cellular targets and pathways in the nociceptive system. Thus,
active molecules, released from a topical formulation and targeting the elements of the
nociceptive pathway, may possibly induce an analgesic effect. However, to which extent
each of the mechanisms and molecular/cellular targets contributes to the analgesic effect
observed in humans is not clear. Clinical data suggest that more selective agents, such
as funapide, induce less pronounced analgesia in comparison with non-selective drugs
such as lidocaine [5,6,46]. In preclinical studies, lidocaine at different concentrations and
routes of administration was shown to act on several ion channels and receptors involved
in nociception [48], while funapide acts on Nav1.7 only [46]. However, the effectiveness
of multitargeted topical drugs and/or combinations of drugs of different mechanisms of
action needs further evaluation in “head-to-head” clinical trials. Table 1 summarizes the
preclinical data on possible molecular/cellular mechanisms involved in the antinociceptive
effect of topical treatments utilized in clinical practice.
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Table 1. Possible direct or indirect mechanisms of antinociceptive action of topical agents, cells influenced by a given agent, and
form of drug used in clinical trials and/or daily practice in patients with LNP. Presented references refer to possible mechanisms of
action. Abbreviations: Nav—voltage-gated sodium channels, TRPV1—transient receptor potential vanilloid 1, TRPA1—transient
receptor potential ankyrin 1, TRPM8—transient receptor potential melastatin 8, TRPM3—transient receptor potential melastatin 3,
mAChR—muscarinic acetylcholine receptors, nAChR—nicotinic acetylcholine receptors, VGCCs—voltage-gated calcium channels,
L-VGCCs—L-type voltage-gated calcium channels, NMDAR—N-methyl-D-aspartate receptors, ASIC—acid-sensing ion channels,
P2X7—P2X purinoceptor 7, PGE2—prostaglandin E2, GABAAR —gamma-aminobutyric acid receptors A, GABABR—gamma-
aminobutyric acid receptors B, Kv—voltage-gated potassium channels, K+—potassium, OR—opioid receptors, CB1—cannabinoid
receptor type 1, 5-HT—serotonin, 5-HT-R—serotonin receptors, GPCR—G protein-coupled receptors, TLR4—Toll-like receptor 4,
HCN—hyperpolarization-activated cyclic nucleotide-gated channels, NGF—nerve growth factor, TrkA—tropomyosin receptor
kinase A, Gly—glycine, α1-AR—α1 adreno receptor, α2-AR—α2 adreno receptor, H-R—histamine receptor, DA—dopamine,
NA—noradrenaline, NO—nitrous oxide, COX-2—cyclooxygenase 2, OR—opioid receptors, KOR—κ opioid receptors, SNAP—
synaptosome associated proteins, I2-R—imidazoline receptors, EMLA—eutectic mixture of local anesthetics.

Topical
Agent

Direct or Indirect Mechanism
of Action

Cellular
Targets Reference Form of Drug

Lidocaine

Nav blockade
mAChR blockade

TRPA1 desensitization
NMDAR antagonism

ASIC blockade
HCN blockade
TLR4 inhibition

Kv blockade
VGCC blockade
P2X7 inhibition

NGF/TrkA modulation
Gly system modulation

Anti-inflammatory effect

Neurons
Keratinocytes
Immune cells
Schwann cells

[39,45,54–77]

5% patch
EMLA cream
EMLA patch

2–11% cream, gel
10% spray

7% cream combined
with 7% tetracaine

Phenytoin

Nav blockade
L-VGCC blockade

GABAAR modulation
Anti-inflammatory effect

Neurons
Keratinocytes
Immune cells

[40,85–89] 5–30% cream

Ambroxol Nav blockade
Anti-inflammatory effect

Neurons
Keratinocytes
Immune cells

[41,42,103,104] 20% cream

Antidepressants:
-Amitriptyline

-Doxepin

Nav blockade
VGCC blockade

NMDAR antagonism
Kv activation

α1-AR down-regulation
TRPA1 desensitization
GABABR modulation

5-HT-R blockade
H-R blockade

mAChR blockade
Reduction in NO, PGE2

NA, 5-HT, DA and adenosine
reuptake inhibition

Opioid system modulation

Neurons
Keratinocytes [43,44,107–118,263]

Amitriptyline: 1–10%
cream

Doxepin:
3.3%, 5% cream

Funapide Nav1.7 blockade Neurons
Keratinocytes [46] hydrogel

Capsaicin TRPV1 activation Neurons
Keratinocytes [147] 8% patch

0.025–0.1% cream
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Table 1. Cont.

Topical
Agent

Direct or Indirect Mechanism
of Action

Cellular
Targets Reference Form of Drug

Menthol

TRPM8 activation
GABAAR activation

VGCC blockade
TRPA1 inhibition
nAChR blockade

Neurons
Keratinocytes
Immune cells

[142,171–175]

2.5–16% gel
7.5%, 16% cream

16% solution
16% spray

1.25–16% patch

Gabapentin

VGCC blockade
NMDA blockade

Kv activation
Anti-inflammatory effect

Neurons
Keratinocytes [186–189] 2–6% cream

Ketamine

NMDA antagonism
Nav blockade

OR re-sensitization
L-VGCC inhibition
GABAA activation
mAchR inhibition
nAChR inhibition
TLR4 inhibition
Nav blockade

Neurons
Keratinocytes
Immune cells
Schwann cells

[141,204–211] 0.5–20% cream

Diclofenac

COX-2 inhibition
NMDAR antagonism

TRPV1, TRPA1, TRPM3 ligand
Nav blockade

VGCC inhibition
K+ channels modulation

α1-AR interaction
KOR modulation

Immune cells
Neurons

Keratinocytes
Schwann cells

[138,169,226,228,229,232] 1–1.5% gel
140 mg patch

Baclofen GABABR agonism

Neurons
Keratinocytes
Immune cells
Schwann cells

[239] 2%, 5% cream

Clonidine

α2-AR activation
Nav blockade
I2-R agonism

Anti-inflammatory effect

Neurons
Keratinocytes
Immune cells

[138]
[255,260,261]

0.1%, 0.2% gel
0.1%, 0.2% cream

Prazosin α1-AR blockade
Neurons

Keratinocytes
Immune cells

[262] 1% cream

BTX-A
SNAP-25
SNAP-23

Anti-inflammatory effect

Neurons
Immune cells

Microglia
Astroglia

[267–269,271] Intradermal injections

Loperamide OR agonism
Nav blockade

Neurons
Immune cells
Keratinocytes

[138–140,286] 5% loperamide cream

Cannabidiol

CB1 interaction
Nav and Kv interaction
TRPV1 desensitization

5-HT-R modulation
Adenosine system modulation

Opioid system modulation
Synaptic GPCR interaction
Anti-inflammatory effect

Neurons
Immune cells
Keratinocytes

[143,148,150,151,303–305]

ointment, cream
cream:

250 mg CBD/3 fl.
(around 8.3%)
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Many topical agents are used for the treatment of NP in humans (Table 1), despite
data coming from case reports, observational studies or single RCTs. The ongoing clinical
trials in NP are aimed at comparison between systemic and topical analgesics and, what
is more important, at the effectiveness of topical analgesics in special patient populations
(i.e., cancer patients). The future directions in pain medicine will also focus on the assess-
ment of optimal concentrations of topical formulations. Thus far, nearly no dose-finding
trials for topical analgesics have been conducted in clinical practice. Therefore, the optimal
concentration and concentration-related mechanism of action are unknown for topical
analgesics and these also need further preclinical and clinical assessment. Table 2 summa-
rizes the data on currently ongoing and recruiting clinical trials with topical treatments
in patients with LNP. The data are based on information available on websites: Clinical-
Trials.gov provided by the U.S. National Library of Medicine, and the EU Clinical Trials
Register [307,308]. The search was conducted with the terms “topical neuropathic” and
“peripheral neuropathic”.

Table 2. Clinical trials currently ongoing and recruiting patients with peripheral neuropathic pain syndromes of different
origin. Abbreviations: RCT—randomized controlled trial, vs. – versus, BTX-A—botulinum toxin type A.

Title of the Study Formulations/Drugs Studied Type of Study

The Effects of Topical Treatment with
Clonidine + Pentoxifylline in Patients with

Neuropathic Pain

Solution of clonidine (0.1%) + pentoxifylline (5%)
vs.

Placebo

RCT
Triple blind

Multicentric, Open, Randomized Study
Comparing Topical Treatment by Patch of

Capsaicin to 8% (Qutenza) to Pregabalin Oral
in the Early Treatment of Neuropathic Pain

After Primary Surgery for Breast Cancer

Capsaicin 8% patch
vs.

Oral pregabalin

RCT
Open label

A Phase II RCT of Topical Menthol Gel vs.
Placebo in the Treatment of Chemotherapy

Induced Peripheral Neuropathic Pain

Menthol gel
vs.

Placebo

RCT
Triple blind

Clinical Trial Assessing the Efficacy of
Capsaicin Patch (Qutenza®) in Cancer

Patients with Neuropathic Pain
Capsaicin 8% patch Open-label clinical trial

Intraoral Administration of Onabotulinum
Toxin A for Continuous Neuropathic Pain: a

Single Subject Experimental Design
BTX-A Open-label clinical trial

A Multicentre, Single-Arm, Open-Label
Study of the Repeated Administration of

QUTENZA for the Treatment of Peripheral
Neuropathic Pain

Capsaicin 8% patch Open-label clinical trial

Is there a correlation between the pain relief
and the A-delta- and C-fiber function after

topical application of lidocaine (5%) in
patients with peripheral neuropathic pain?

Lidocaine 5% patch
vs. Placebo

RCT
Double blind

Amitriptyline 10% and ketamine 10% cream
in neuropathic pain: A randomised,

double-blind, placebo-controlled cross-over
pilot study with a three months open

follow-up

Amitriptyline 10% cream
vs.

Ketamine 10% cream
vs.

Placebo

RCT
Double blind

Enrichment randomized double-blind,
placebo-controlled cross-over trial with

PHEnytoin cream in patients with painful
chronic idiopathic axonal polyNEuropathy

phenytoin 10% cream
vs.

Phenytoin 20% cream
vs.

Placebo

RCT
Double blind
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5. Conclusions

Peripheral nerve injury induces functional and structural changes in neuronal and
non-neuronal cells, which release numerous signaling molecules in response to the damage.
In turn, these mediators modulate corresponding receptors on cell membranes, creating
vicious circles of interactions. These maladaptive mechanisms taken together contribute
to the sensitization of peripheral nerve endings and enhanced peripheral input leading
to neuropathic pain. At present, topical lidocaine, capsaicin, BTX-A, clonidine, doxepin,
phenytoin, amitriptyline, ketamine, CBD, funapide, baclofen, ambroxol, gabapentin, pra-
zosin, menthol, diclofenac, and loperamide are being used in a variety of LNP states in
humans, bringing pain relief. To date, the evidence from several RCTs and reviews supports
5% lidocaine patches, 8% capsaicin patches, and BTX-A injections as effective treatments in
patients with LNP. In turn, single RCTs support evidence of doxepin, funapide, diclofenac,
baclofen, clonidine, loperamide, and CBD in LNP. Topical administration of phenytoin,
ambroxol, and prazosin is supported by observational clinical studies only. For topical
amitriptyline, menthol, and gabapentin, evidence comes from case reports and case series.
For topical ketamine and baclofen, data supporting their effectiveness are provided by
both single RCTs and case series. The possible mechanisms of antinociception of topical
treatments are discussed in this paper. However, which mechanism and to what extent
it contributes to pain relief observed in humans are still unclear. In patients suffering
from LNP, multiple mechanisms are involved in pain generation; however, in clinical
practice, simple tools assessing underlying pain mechanisms are still lacking. On the other
hand, directly testing topical analgesics in a single- or double-blind placebo-controlled
manner, in line with personalized medicine, can give a rapid clinical answer concerning
pain reduction in subjects with LNP. This review may help clinicians in making decisions
regarding whether and which topical treatment may be a beneficial treatment option, and
what clinical effect patients suffering from LNP may expect.

Author Contributions: Conceptualization, M.K.-K., R.Z., J.M., D.J.K., J.W., J.D. and A.P.-M.; valida-
tion, M.K.-K., R.Z., J.M., D.J.K., J.W., J.D. and A.P.-M.; writing—original draft preparation, M.K.-K.,
R.Z., J.M., D.J.K., J.W., J.D. and A.P.-M.; writing—review and editing, M.K.-K., R.Z., J.M., D.J.K., J.W.,
J.D. and A.P.-M.; visualization, M.K.-K.; supervision, J.W. and J.D.; project administration, A.P.-M.,
J.M. and J.W.; funding acquisition, M.K.-K., A.P.-M. and J.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the statutory funds of Jagiellonian University Medical College,
Krakow, Poland, and by statutory funds of the Maj Institute of Pharmacology, Polish Academy of
Sciences, Department of Pain Pharmacology, Krakow, Poland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: D.J.K. is holder of two patent applications: Topical phenytoin for use in the
treatment of peripheral neuropathic pain (WO2018106107); and Topical pharmaceutical composition
containing phenytoin and a (co-)analgesic for the treatment of chronic pain (WO2018106108).

References
1. Jensen, T.S.; Baron, R.; Haanpää, M.; Kalso, E.; Loeser, J.D.; Rice, A.S.; Treede, R.-D. A new definition of neuropathic pain. Pain

2011, 152, 2204–2205. [CrossRef] [PubMed]
2. Van Hecke, O.; Austin, S.K.; Khan, R.A.; Smith, B.H.; Torrance, N. Neuropathic pain in the general population: A systematic

review of epidemiological studies. Pain 2014, 155, 654–662. [CrossRef] [PubMed]
3. Attal, N.; Lanteri-Minet, M.; Laurent, B.; Fermanian, J.; Bouhassira, D. The specific disease burden of neuropathic pain: Results of

a French nationwide survey. Pain 2011, 152, 2836–2843. [CrossRef] [PubMed]
4. Finnerup, N.B.; Haroutounian, S.; Baron, R.; Dworkin, R.H.; Gilron, I.; Haanpaa, M.; Jensen, T.S.; Kamerman, P.R.; McNicol, E.;

Moore, A.; et al. Neuropathic pain clinical trials: Factors associated with decreases in estimated drug efficacy. Pain 2018, 159,
2339–2346. [CrossRef]

http://doi.org/10.1016/j.pain.2011.06.017
http://www.ncbi.nlm.nih.gov/pubmed/21764514
http://doi.org/10.1016/j.pain.2013.11.013
http://www.ncbi.nlm.nih.gov/pubmed/24291734
http://doi.org/10.1016/j.pain.2011.09.014
http://www.ncbi.nlm.nih.gov/pubmed/22019149
http://doi.org/10.1097/j.pain.0000000000001340


Pharmaceutics 2021, 13, 450 26 of 37

5. Finnerup, N.B.; Attal, N.; Haroutounian, S.; McNicol, E.; Baron, R.; Dworkin, R.H.; Gilron, I.; Haanpää, M.; Hansson, P.; Jensen,
T.S.; et al. Pharmacotherapy for neuropathic pain in adults: A systematic review and meta-analysis. Lancet Neurol. 2015, 14,
162–173. [CrossRef]

6. Moisset, X.; Bouhassira, D.; Couturier, J.A.; Alchaar, H.; Conradi, S.; Delmotte, M.; Lanteri-Minet, M.; Lefaucheur, J.; Mick, G.;
Piano, V.; et al. Pharmacological and non-pharmacological treatments for neuropathic pain: Systematic review and French
recommendations. Rev. Neurol. 2020, 176, 325–352. [CrossRef]

7. Pickering, G.; Lucchini, C. Topical Treatment of Localized Neuropathic Pain in the Elderly. Drugs Aging 2020, 37, 83–89. [CrossRef]
8. Scholz, J.; Finnerup, N.B.; Attal, N.; Aziz, Q.; Baron, R.; Bennett, M.I.; Benoliel, R.; Cohen, M.; Cruccu, G.; Davis, K.D.; et al. The

IASP classification of chronic pain for ICD-11: Chronic neuropathic pain. Pain 2019, 160, 53–59. [CrossRef]
9. Colleoni, M.; Sacerdote, P. Murine models of human neuropathic pain. Biochim. Biophys. Acta 2010, 1802, 924–933. [CrossRef]
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of Neuropathic Pain—The Role of Neuronal and Non-Neuronal Interactions and Their Implications for Topical Treatment of
Neuropathic Pain. Pharmaceuticals 2021, 14, 77. [CrossRef]

11. Raja, S.N.; Ringkamp, M.; Guan, Y.; Campbell, J.N.; John, J. Bonica Award Lecture: Peripheral neuronal hyperexcitability: The
“low-hanging” target for safe therapeutic strategies in neuropathic pain. Pain 2020, 161, S14–S26. [CrossRef]

12. Yucha, S.E.V.; Tamamoto, K.A.; Kaplan, D.L. The importance of the neuro-immuno-cutaneous system on human skin equivalent
design. Cell Prolif. 2019, 52, e12677. [CrossRef]

13. Haroutounian, S.; Nikolajsen, L.; Bendtsen, T.F.; Finnerup, N.B.; Kristensen, A.D.; Hasselstrøm, J.B.; Jensen, T.S. Primary afferent
input critical for maintaining spontaneous pain in peripheral neuropathy. Pain 2014, 155, 1272–1279. [CrossRef]

14. Haroutounian, S.; Ford, A.L.; Frey, K.; Nikolajsen, L.; Finnerup, N.B.; Neiner, A.; Kharasch, E.D.; Karlsson, P.; Bottros, M.M. How
central is central poststroke pain? The role of afferent input in poststroke neuropathic pain: A prospective, open-label pilot study.
Pain 2018, 159, 1317–1324. [CrossRef]

15. Casale, R.; Mattia, C. Building a diagnostic algorithm on localized neuropathic pain (LNP) and targeted topical treatment: Focus
on 5% lidocaine-medicated plaster. Ther. Clin. Risk Manag. 2014, 10, 259–268. [CrossRef]

16. Mick, G.; Baron, R.; Finnerup, N.B.; Hans, G.; Kern, K.-U.; Brett, B.; Dworkin, R.H. What is localized neuropathic pain? A first
proposal to characterize and define a widely used term. Pain Manag. 2012, 2, 71–77. [CrossRef]

17. Casale, R.; Symeonidou, Z.; Bartolo, M. Topical Treatments for Localized Neuropathic Pain. Curr. Pain Headache Rep. 2017, 21, 15.
[CrossRef]

18. Hesselink, J.M.K.; Kopsky, D.J.; Bhaskar, A.K. Skin matters! The role of keratinocytes in nociception: A rational argument for the
development of topical analgesics. J. Pain Res. 2016, 10, 1–8. [CrossRef]

19. Shipton, E.A. Skin Matters: Identifying Pain Mechanisms and Predicting Treatment Outcomes. Neurol. Res. Int. 2013, 2013,
329364. [CrossRef]

20. Sawynok, J. Topical and Peripherally Acting Analgesics. Pharmacol. Rev. 2003, 55, 1–20. [CrossRef]
21. De Leon-Casasola, O.A. Multimodal Approaches to the Management of Neuropathic Pain: The Role of Topical Analgesia. J. Pain

Symptom Manag. 2007, 33, 356–364. [CrossRef]
22. Müller-Schwefe, G.; Morlion, B.; Ahlbeck, K.; Alon, E.; Coaccioli, S.; Coluzzi, F.; Huygen, F.; Jaksch, W.; Kalso, E.; Kocot-Kępska,
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88. Şimşek, G.; Çiftçi, O.; Karadag, N.; Karatas, E.; Kizilay, A. Effects of topical phenytoin on nasal wound healing after mechanical
trauma: An experimental study. Laryngoscope 2014, 124, E449–E454. [CrossRef] [PubMed]

89. De Queiroz, R.B.; De Carvalho, F.L.; Da Fonsêca, D.V.; Barbosa-Filho, J.M.; Salgado, P.R.R.; Paulo, L.L.; De Queiroz, A.B.M.;
Pordeus, L.C.D.M.; De Souza, S.A.; Souza, H.D.D.S.; et al. Antinociceptive Effect of Hydantoin 3-Phenyl-5-(4-ethylphenyl)-
imidazolidine-2,4-dione in Mice. Molecules 2015, 20, 974–986. [CrossRef]

90. Bendtsen, L.; Zakrzewska, J.M.; Abbott, J.; Braschinsky, M.; Di Stefano, G.; Donnet, A.; Eide, P.K.; Leal, P.R.L.; Maarbjerg, S.; May,
A.; et al. European Academy of Neurology guideline on trigeminal neuralgia. Eur. J. Neurol. 2019, 26, 831–849. [CrossRef]

91. Schnell, S.; Marrodan, M.; Acosta, J.N.; Bonamico, L.; Goicochea, M.T. Trigeminal Neuralgia Crisis—Intravenous Phenytoin as
Acute Rescue Treatment. Headache 2020, 27. [CrossRef]

92. McCleane, G.J. Intravenous Infusion of Phenytoin Relieves Neuropathic Pain: A Randomized, Double-Blinded, Placebo-
Controlled, Crossover Study. Anesth. Analg. 1999, 89, 985–988. [CrossRef] [PubMed]

93. Hesselink, J.M.K. Phenytoin repositioned in wound healing: Clinical experience spanning 60 years. Drug Discov. Today 2018, 23,
402–408. [CrossRef]

94. Spampinato, S.F.; Caruso, G.I.; De Pasquale, R.; Sortino, M.A.; Merlo, S. The Treatment of Impaired Wound Healing in Diabetes:
Looking among Old Drugs. Pharmaceuticals 2020, 13, 60. [CrossRef]

95. Kopsky, D.J.; Hesselink, J.M.K. Phenytoin Cream for the Treatment for Neuropathic Pain: Case Series. Pharmaceuticals 2018, 11, 53.
[CrossRef]

96. Kopsky, D.J.; Hesselink, J.M.K. Single-Blind Placebo-Controlled Response Test with Phenytoin 10% Cream in Neuropathic Pain
Patients. Pharmaceuticals 2018, 11, 122. [CrossRef]

97. Kopsky, D.J.; Hesselink, J.M.K. Topical phenytoin for the treatment of neuropathic pain. J. Pain Res. 2017, 10, 469–473. [CrossRef]
98. Kopsky, D.J.; Vrancken, A.F.J.E.; Hesselink, J.M.K.; Van Eijk, R.P.A.; Notermans, N.C. Usefulness of a Double-Blind Placebo-

Controlled Response Test to Demonstrate Rapid Onset Analgesia with Phenytoin 10% Cream in Polyneuropathy. J. Pain Res.
2020, 13, 877–882. [CrossRef]

99. Russell, A.L.; Kopsky, D.J.; Hesselink, J.M.K. Phenytoin Cream for the Treatment of Sciatic Pain: Clinical Effects and Theoretical
Considerations: Case Report. J. Pain Palliat. Care Pharmacother. 2020, 34, 99–105. [CrossRef]

100. Hesselink, J.M.K.; Kopsky, D.J. Topical Phenytoin in Neuralgic Pain, Peripheral Modulation of Central Sensitization: Two Case
Reports. J. Pain Relief 2017, 6, 284. [CrossRef]

101. Keppel Hesselink, J.M.; Kopsky, D.J. Topical Phenytoin Cream in Small Fiber Neuropathic Pain: Fast Onset of Perceptible Pain
Relief. Int. J. Pain Relief 2017, 1, 15–19.

102. Available online: https://www.clinicaltrials.gov/ct2/show/NCT04647877URL (accessed on 25 January 2021).
103. Sunkari, S.; Thatikonda, S.; Pooladanda, V.; Challa, V.S.; Godugu, C. Protective effects of ambroxol in psoriasis like skin

inflammation: Exploration of possible mechanisms. Int. Immunopharmacol. 2019, 71, 301–312. [CrossRef]
104. Weiser, T. Comparison of the effects of four Na+ channel analgesics on TTX-resistant Na+ currents in rat sensory neurons and

recombinant Nav 1.2 channels. Neurosci. Lett. 2006, 395, 179–184. [CrossRef]
105. Kern, P.D.K.; Schwickert-Nieswandt, M.; Maihöfner, C.; Gaul, P.D.C. Topical Ambroxol 20% for the Treatment of Classical

Trigeminal Neuralgia—A New Option? Initial Clinical Case Observations. Headache 2019, 59, 418–429. [CrossRef]
106. Maihöfner, C.; Schneider, S.; Bialas, P.; Gockel, H.; Beer, K.-G.; Bartels, M.; Kern, K.-U. Successful treatment of complex regional

pain syndrome with topical ambroxol: A case series. Pain Manag. 2018, 8, 427–436. [CrossRef]
107. Dick, I.E.; Brochu, R.M.; Purohit, Y.; Kaczorowski, G.J.; Martin, W.J.; Priest, B.T. Sodium Channel Blockade May Contribute to the

Analgesic Efficacy of Antidepressants. J. Pain 2007, 8, 315–324. [CrossRef] [PubMed]
108. Genevois, A.-L.; Ruel, J.; Penalba, V.; Hatton, S.; Petitfils, C.; Ducrocq, M.; Principe, P.; Dietrich, G.; Greco, C.; Delmas, P. Analgesic

Effects of Topical Amitriptyline in Patients With Chemotherapy-Induced Peripheral Neuropathy: Mechanistic Insights From
Studies in Mice. J. Pain 2020, 20. [CrossRef]

109. Barygin, O.I.; Nagaeva, E.I.; Tikhonov, D.B.; Belinskaya, D.A.; Vanchakova, N.P.; Shestakova, N.N. Inhibition of the NMDA and
AMPA receptor channels by antidepressants and antipsychotics. Brain Res. 2017, 1660, 58–66. [CrossRef] [PubMed]

110. Galeotti, N.; Ghelardini, C.; Bartolini, A. Involvement of potassium channels in amitriptyline and clomipramine analgesia.
Neuropharmacology 2001, 40, 75–84. [CrossRef]

111. McCarson, K.E.; Duric, V.; Reisman, S.A.; Winter, M.; Enna, S. GABAB receptor function and subunit expression in the rat spinal
cord as indicators of stress and the antinociceptive response to antidepressants. Brain Res. 2006, 1068, 109–117. [CrossRef]

http://doi.org/10.1002/14651858.cd010958.pub2
http://doi.org/10.1016/j.bmc.2008.10.031
http://doi.org/10.1111/nmo.12645
http://doi.org/10.1002/lary.24811
http://www.ncbi.nlm.nih.gov/pubmed/24978057
http://doi.org/10.3390/molecules20010974
http://doi.org/10.1111/ene.13950
http://doi.org/10.1111/head.13963
http://doi.org/10.1097/00000539-199910000-00030
http://www.ncbi.nlm.nih.gov/pubmed/10512276
http://doi.org/10.1016/j.drudis.2017.09.020
http://doi.org/10.3390/ph13040060
http://doi.org/10.3390/ph11020053
http://doi.org/10.3390/ph11040122
http://doi.org/10.2147/JPR.S129749
http://doi.org/10.2147/JPR.S243434
http://doi.org/10.1080/15360288.2020.1733169
http://doi.org/10.4172/2167-0846.1000284
https://www.clinicaltrials.gov/ct2/show/NCT04647877URL
http://doi.org/10.1016/j.intimp.2019.03.035
http://doi.org/10.1016/j.neulet.2005.10.058
http://doi.org/10.1111/head.13475
http://doi.org/10.2217/pmt-2018-0048
http://doi.org/10.1016/j.jpain.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17175203
http://doi.org/10.1016/j.jpain.2020.11.002
http://doi.org/10.1016/j.brainres.2017.01.028
http://www.ncbi.nlm.nih.gov/pubmed/28167075
http://doi.org/10.1016/S0028-3908(00)00097-6
http://doi.org/10.1016/j.brainres.2005.11.015


Pharmaceutics 2021, 13, 450 30 of 37

112. Malatynska, E.; Miller, C.; Schindler, N.; Cecil, A.; Knapp, A.; Crites, G.; Rogers, H. Amitriptyline increases GABA-stimulated
36Cl− influx by recombinant (α1γ2) GABAA receptors. Brain Res. 1999, 851, 277–280. [CrossRef]

113. Wattiez, A.-S.; Libert, F.; Privat, A.-M.; Loiodice, S.; Fialip, J.; Eschalier, A.; Courteix, C. Evidence for a differential opioidergic
involvement in the analgesic effect of antidepressants: Prediction for efficacy in animal models of neuropathic pain? Br. J.
Pharmacol. 2011, 163, 792–803. [CrossRef]

114. Ramakrishn, D.; Subhash, M. Effect of Amitriptyline on Adrenergic Receptor Number and Second Messenger Function in Rat
Brain. Pak. J. Biol. Sci. 2012, 15, 871–876. [CrossRef]

115. Bernstein, J.E.; Whitney, D.H.; Soltani, K. Inhibition of histamine-induced pruritus by topical tricyclic antidepressants. J. Am.
Acad. Dermatol. 1981, 5, 582–585. [CrossRef]

116. Lawson, K. A Brief Review of the Pharmacology of Amitriptyline and Clinical Outcomes in Treating Fibromyalgia. Biomedicines
2017, 5, 24. [CrossRef]

117. Sawynok, J.; Esser, M.J.; Reid, A.R. Antidepressants as analgesics: An overview of central and peripheral mechanisms of action. J.
Psychiatry Neurosci. 2001, 26, 21–29.

118. Yaron, I.; Shirazi, I.; Judovich, R.; Levartovsky, D.; Caspi, D.; Yaron, M. Fluoxetine and amitriptyline inhibit nitric oxide,
prostaglandin E2, and hyaluronic acid production in human synovial cells and synovial tissue cultures. Arthritis Rheum. 1999, 42,
2561–2568. [CrossRef]

119. Khan, M.A.; Gerner, P.; Wang, G.K. Amitriptyline for Prolonged Cutaneous Analgesia in the Rat. Anesthesiology 2002, 96, 109–116.
[CrossRef]

120. Ulugol, A.; Karadag, H.C.; Tamer, M.; Firat, Z.; Aslantas, A.; Dokmeci, I. Involvement of adenosine in the anti-allodynic effect of
amitriptyline in streptozotocin-induced diabetic rats. Neurosci. Lett. 2002, 328, 129–132. [CrossRef]

121. Haderer, A.; Gerner, P.; Kao, G.; Srinivasa, V.; Wang, G.K. Cutaneous Analgesia After Transdermal Application of Amitriptyline
Versus Lidocaine in Rats. Anesth. Analg. 2003, 96, 1707–1710. [CrossRef]

122. Fridrich, P.; Eappen, S.; Jaeger, W.; Schernhammer, E.; Zizza, A.M.; Wang, G.K.; Gerner, P. Phase Ia and Ib study of ami-triptyline
for ulnar nerve block in humans: Side effects and efficacy. Anesthesiology 2004, 100, 1511–1518. [CrossRef]

123. Gerner, P. Topical amitriptyline in healthy volunteers. Reg. Anesth. Pain Med. 2003, 28, 289–293. [CrossRef]
124. Kopsky, D.J.; Hesselink, J.M.K. High Doses of Topical Amitriptyline in Neuropathic Pain: Two Cases and Literature Review. Pain

Pract. 2012, 12, 148–153. [CrossRef]
125. Lynch, M.E.; Clark, A.J.; Sawynok, J. A Pilot Study Examining Topical Amitriptyline, Ketamine, and a Combination of Both in the

Treatment of Neuropathic Pain. Clin. J. Pain 2003, 19, 323–328. [CrossRef]
126. Lynch, M.E.; Clark, A.J.; Sawynok, J.; Sullivan, M.J.L. Topical 2% Amitriptyline and 1% Ketamine in Neuropathic Pain Syndromes.

Anaesthesiology 2005, 103, 140–146. [CrossRef]
127. Ho, K.-Y.; Huh, B.K.; White, W.D.; Yeh, C.-C.; Miller, E.J. Topical Amitriptyline Versus Lidocaine in the Treatment of Neuropathic

Pain. Clin. J. Pain 2008, 24, 51–55. [CrossRef]
128. Lockhart, E. Topical combination of amitriptyline and ketamine for post herpetic neuralgia. J. Pain 2004, 5, 82. [CrossRef]
129. Kopsky, D.J.; Hesselink, J.M.K. Multimodal Stepped Care Approach Involving Topical Analgesics for Severe Intractable Neuro-

pathic Pain in CRPS Type 1: A Case Report. Case Rep. Med. 2011, 2011, 319750. [CrossRef]
130. Liebregts, R.; Kopsky, D.J.; Hesselink, J.M.K. Topical Amitriptyline in Post-Traumatic Neuropathic Pain. J. Pain Symptom Manag.

2011, 41, e6–e7. [CrossRef]
131. Thompson, D.F.; Brooks, K.G. Systematic review of topical amitriptyline for the treatment of neuropathic pain. J. Clin. Pharm.

Ther. 2015, 40, 496–503. [CrossRef] [PubMed]
132. Rossignol, J.; Cozzi, B.; Liebaert, F.; Hatton, S.; Viallard, M.-L.; Hermine, O.; Greco, C. High concentration of topical amitriptyline

for treating chemotherapy-induced neuropathies. Support. Care Cancer 2019, 27, 3053–3059. [CrossRef] [PubMed]
133. McCleane, G. Topical application of doxepin hydrochloride, capsaicin and a combination of both produces analgesia in chronic

human neuropathic pain: A randomized, double-blind, placebo-controlled study. Br. J. Clin. Pharmacol. 2000, 49, 574–579.
[CrossRef] [PubMed]

134. Dworsky, Z.D.; Bennett, R.; Kim, J.M.; Kuo, D.J. Severe medication-induced peripheral neuropathy treated with topical doxepin
cream in a paediatric patient with leukaemia. BMJ Case Rep. 2017, 2017, bcr2017219900. [CrossRef] [PubMed]

135. Sio, T.T.; Le-Rademacher, J.G.; Leenstra, J.L.; Loprinzi, C.L.; Rine, G.; Curtis, A.; Singh, A.K.; Martenson, J.A.; Novotny, P.J.; Tan,
A.D.; et al. Effect of Doxepin Mouthwash or Diphenhydramine-Lidocaine-Antacid Mouthwash vs Placebo on Radiotherapy-
Related Oral Mucositis Pain: The Alliance A221304 Randomized Clinical Trial. JAMA 2019, 321, 1481–1490. [CrossRef] [PubMed]

136. Leenstra, J.L.; Miller, R.C.; Qin, R.; Martenson, J.A.; Dornfeld, K.J.; Bearden, J.D.; Puri, D.R.; Stella, P.J.; Mazurczak, M.A.; Klish,
M.D.; et al. Doxepin Rinse Versus Placebo in the Treatment of Acute Oral Mucositis Pain in Patients Receiving Head and Neck
Radiotherapy With or Without Chemotherapy: A Phase III, Randomized, Double-Blind Trial (NCCTG-N09C6 [Alliance]). J. Clin.
Oncol. 2014, 32, 1571–1577. [CrossRef]

137. Sudoh, Y.; Cahoon, E.E.; Gerner, P.; Wang, G.K. Tricyclic antidepressants as long-acting local anesthetics. Pain 2003, 103, 49–55.
[CrossRef]

138. Kumamoto, E. Inhibition of Fast Nerve Conduction Produced by Analgesics and Analgesic Adjuvants—Possible Involvement in
Pain Alleviation. Pharmaceuticals 2020, 13, 62. [CrossRef]

http://doi.org/10.1016/S0006-8993(99)02172-1
http://doi.org/10.1111/j.1476-5381.2011.01297.x
http://doi.org/10.3923/pjbs.2012.871.876
http://doi.org/10.1016/S0190-9622(81)70120-8
http://doi.org/10.3390/biomedicines5020024
http://doi.org/10.1002/1529-0131(199912)42:12&lt;2561::AID-ANR8&gt;3.0.CO;2-U
http://doi.org/10.1097/00000542-200201000-00023
http://doi.org/10.1016/S0304-3940(02)00491-3
http://doi.org/10.1213/01.ANE.0000060456.91215.90
http://doi.org/10.1097/00000542-200406000-00025
http://doi.org/10.1016/s1098-7339(03)00209-8
http://doi.org/10.1111/j.1533-2500.2011.00477.x
http://doi.org/10.1097/00002508-200309000-00007
http://doi.org/10.1097/00000542-200507000-00021
http://doi.org/10.1097/AJP.0b013e318156db26
http://doi.org/10.1016/j.jpain.2004.02.294
http://doi.org/10.1155/2011/319750
http://doi.org/10.1016/j.jpainsymman.2011.01.003
http://doi.org/10.1111/jcpt.12297
http://www.ncbi.nlm.nih.gov/pubmed/26059975
http://doi.org/10.1007/s00520-018-4618-y
http://www.ncbi.nlm.nih.gov/pubmed/30607681
http://doi.org/10.1046/j.1365-2125.2000.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/10848721
http://doi.org/10.1136/bcr-2017-219900
http://www.ncbi.nlm.nih.gov/pubmed/28536226
http://doi.org/10.1001/jama.2019.3504
http://www.ncbi.nlm.nih.gov/pubmed/30990550
http://doi.org/10.1200/JCO.2013.53.2630
http://doi.org/10.1016/S0304-3959(02)00375-5
http://doi.org/10.3390/ph13040062


Pharmaceutics 2021, 13, 450 31 of 37

139. Leffler, A.; Frank, G.; Kistner, K.; Niedermirtl, F.; Koppert, W.; Reeh, P.W.; Nau, C. Local Anesthetic-like Inhibition of Voltage-gated
Na(+) Channels by the Partial µ-opioid Receptor Agonist Buprenorphine. Anesthesiology 2012, 116, 1335–1346. [CrossRef]

140. Wu, Y.; Zou, B.; Liang, L.; Tao, Y.-X.; Yu, H.; Wang, X.; Li, M. Loperamide inhibits sodium channels to alleviate inflammatory
hyperalgesia. Neuropharmacology 2017, 117, 282–291. [CrossRef]

141. Stoetzer, C.; Martell, C.; De La Roche, J.; Leffler, A. Inhibition of Voltage-Gated Na+ Channels by Bupivacaine Is Enhanced by the
Adjuvants Buprenorphine, Ketamine, and Clonidine. Reg. Anesth. Pain Med. 2017, 42, 462–468. [CrossRef]

142. Gaudioso, C.; Hao, J.; Martin-Eauclaire, M.-F.; Gabriac, M.; Delmas, P. Menthol pain relief through cumulative inactivation of
voltage-gated sodium channels. Pain 2012, 153, 473–484. [CrossRef]

143. Ghovanloo, M.-R.; Shuart, N.G.; Mezeyova, J.; Dean, R.A.; Ruben, P.C.; Goodchild, S.J. Inhibitory effects of cannabidiol on
voltage-dependent sodium currents. J. Biol. Chem. 2018, 293, 16546–16558. [CrossRef]

144. Xu, D.H.; Cullen, B.D.; Tang, M.; Fang, Y. The Effectiveness of Topical Cannabidiol Oil in Symptomatic Relief of Peripheral
Neuropathy of the Lower Extremities. Curr. Pharm. Biotechnol. 2020, 21, 390–402. [CrossRef]

145. Caterina, M.J.; Pang, Z. TRP Channels in Skin Biology and Pathophysiology. Pharmaceuticals 2016, 9, 77. [CrossRef]
146. Dai, Y. TRPs and pain. Semin. Immunopathol. 2016, 38, 277–291. [CrossRef]
147. Frias, B.; Merighi, A. Capsaicin, Nociception and Pain. Molecules 2016, 21, 797. [CrossRef]
148. Starowicz, K.; Nigam, S.; Di Marzo, V. Biochemistry and pharmacology of endovanilloids. Pharmacol. Ther. 2007, 114, 13–33.

[CrossRef]
149. Zheng, J. Molecular Mechanism of TRP Channels. Compr. Physiol. 2013, 3, 221–242. [CrossRef]
150. Morales, P.; Hurst, D.P.; Reggio, P.H. Molecular Targets of the Phytocannabinoids: A Complex Picture. Prog. Chem. Org. Nat. Prod.

2017, 103, 103–131. [CrossRef]
151. Starkus, J.; Jansen, C.; Shimoda, L.M.N.; Stokes, A.J.; Small-Howard, A.L.; Turner, H. Diverse TRPV1 responses to cannabinoids.

Channels 2019, 13, 172–191. [CrossRef]
152. Honda, K.; Shinoda, M.; Furukawa, A.; Kita, K.; Noma, N.; Iwata, K. TRPA1 contributes to capsaicin-induced facial cold

hyperalgesia in rats. Eur. J. Oral Sci. 2014, 122, 391–396. [CrossRef]
153. Zhang, N.; Inan, S.; Cowan, A.; Sun, R.; Wang, J.M.; Rogers, T.J.; Caterina, M.; Oppenheim, J.J. A proinflammatory chemokine,

CCL3, sensitizes the heat- and capsaicin-gated ion channel TRPV1. Proc. Natl. Acad. Sci. USA 2005, 102, 4536–4541. [CrossRef]
154. Obreja, O.; Rathee, P.K.; Lips, K.S.; Distler, C.; Kress, M. IL-1 potentiates heat-activated currents in rat sensory neurons:

Involvement of IL-1RI, tyrosine kinase, and protein kinase C. FASEB J. 2002, 16, 1497–1503. [CrossRef]
155. Jang, Y.; Kim, M.; Hwang, S.W. Molecular mechanisms underlying the actions of arachidonic acid-derived prostaglandins on

peripheral nociception. J. Neuroinflamm. 2020, 17, 30. [CrossRef]
156. Southall, M.D.; Li, T.; Gharibova, L.S.; Pei, Y.; Nicol, G.D.; Travers, J.B. Activation of Epidermal Vanilloid Receptor-1 Induces

Release of Proinflammatory Mediators in Human Keratinocytes. J. Pharmacol. Exp. Ther. 2003, 304, 217–222. [CrossRef]
157. Słoniecka, M.; Le Roux, S.; Boman, P.; Byström, B.; Zhou, Q.; Danielson, P. Expression Profiles of Neuropeptides, Neurotransmit-

ters, and Their Receptors in Human Keratocytes In Vitro and In Situ. PLoS ONE 2015, 10, e0134157. [CrossRef]
158. Wilder-Smith, E.P.; Ong, W.-Y.; Guo, Y.; Chow, A.W.-L. Epidermal transient receptor potential vanilloid 1 in idiopathic small

nerve fibre disease, diabetic neuropathy and healthy human subjects. Histopathology 2007, 51, 674–680. [CrossRef]
159. Biggs, J.E.; Yates, J.M.; Loescher, A.R.; Clayton, N.M.; Boissonade, F.M.; Robinson, P.P. Changes in vanilloid receptor 1 (TRPV1)

expression following lingual nerve injury. Eur. J. Pain 2007, 11, 192–201. [CrossRef]
160. Hossain, M.; Mostafeezur, R.M.; Suzuki, A.; Hitomi, S.; Suzuki, I.; Maeda, T.; Seo, K.; Yamada, Y.; Yamamura, K.; Lev, S.; et al.

Expression of TRPV1 Channels after Nerve Injury Provides an Essential Delivery Tool for Neuropathic Pain Attenuation. PLoS
ONE 2012, 7, e44023. [CrossRef]

161. Facer, P.; Casula, M.A.; Smith, G.D.; Benham, C.D.; Chessell, I.P.; Bountra, C.; Sinisi, M.; Birch, R.; Anand, P. Differential expression
of the capsaicin receptor TRPV1 and related novel receptors TRPV3, TRPV4 and TRPM8 in normal human tissues and changes in
traumatic and diabetic neuropathy. BMC Neurol. 2007, 7, 11. [CrossRef]

162. Lapointe, T.K.; Basso, L.; Iftinca, M.C.; Flynn, R.; Chapman, K.; Dietrich, G.; Vergnolle, N.; Altier, C. TRPV1 sensitization mediates
post inflammatory visceral pain following acute colitis. Am. J. Physical. Gastr. Liver Physical. 2015, 309, 87–99.

163. Honda, K.; Shinoda, M.; Kondo, M.; Shimizu, K.; Yonemoto, H.; Otsuki, K.; Akasaka, R.; Furukawa, A.; Iwata, K. Sensitization
of TRPV1 and TRPA1 via peripheral mGluR5 signaling contributes to thermal and mechanical hypersensitivity. Pain 2017, 158,
1754–1764. [CrossRef] [PubMed]

164. Malek, N.; Pajak, A.; Kolosowska, N.; Kucharczyk, M.; Starowicz, K. The importance of TRPV1-sensitisation factors for the
development of neuropathic pain. Mol. Cell. Neurosci. 2015, 65, 1–10. [CrossRef] [PubMed]

165. Sharma, S.K.; Vij, A.S.; Sharma, M. Mechanisms and clinical uses of capsaicin. Eur. J. Pharmacol. 2013, 720, 55–62. [CrossRef]
[PubMed]

166. Derry, S.; Rice, A.S.; Cole, P.; Tan, T.; Moore, R.A. Topical capsaicin (high concentration) for chronic neuropathic pain in adults.
Cochrane Database Syst. Rev. 2017, 1, CD007393. [CrossRef] [PubMed]

167. Irving, G.A.; Backonja, M.M.; Dunteman, E.; Blonsky, E.R.; Vanhove, G.F.; Lu, S.P.; Tobias, J.; NGX-4010 C117 Study Group. A
Multicenter, Randomized, Double-Blind, Controlled Study of NGX-4010, a High-Concentration Capsaicin Patch, for the Treatment
of Postherpetic Neuralgia. Pain Med. 2011, 12, 99–109. [CrossRef]

http://doi.org/10.1097/ALN.0b013e3182557917
http://doi.org/10.1016/j.neuropharm.2017.02.010
http://doi.org/10.1097/AAP.0000000000000596
http://doi.org/10.1016/j.pain.2011.11.014
http://doi.org/10.1074/jbc.RA118.004929
http://doi.org/10.2174/1389201020666191202111534
http://doi.org/10.3390/ph9040077
http://doi.org/10.1007/s00281-015-0526-0
http://doi.org/10.3390/molecules21060797
http://doi.org/10.1016/j.pharmthera.2007.01.005
http://doi.org/10.1002/cphy.c120001
http://doi.org/10.1007/978-3-319-45541-9_4
http://doi.org/10.1080/19336950.2019.1619436
http://doi.org/10.1111/eos.12157
http://doi.org/10.1073/pnas.0406030102
http://doi.org/10.1096/fj.02-0101com
http://doi.org/10.1186/s12974-020-1703-1
http://doi.org/10.1124/jpet.102.040675
http://doi.org/10.1371/journal.pone.0134157
http://doi.org/10.1111/j.1365-2559.2007.02851.x
http://doi.org/10.1016/j.ejpain.2006.02.004
http://doi.org/10.1371/journal.pone.0044023
http://doi.org/10.1186/1471-2377-7-11
http://doi.org/10.1097/j.pain.0000000000000973
http://www.ncbi.nlm.nih.gov/pubmed/28621704
http://doi.org/10.1016/j.mcn.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25662734
http://doi.org/10.1016/j.ejphar.2013.10.053
http://www.ncbi.nlm.nih.gov/pubmed/24211679
http://doi.org/10.1002/14651858.CD007393.pub4
http://www.ncbi.nlm.nih.gov/pubmed/28085183
http://doi.org/10.1111/j.1526-4637.2010.01004.x


Pharmaceutics 2021, 13, 450 32 of 37

168. Wagner, T.; Poole, C.; Roth-Daniek, A. The Capsaicin 8% Patch for Neuropathic Pain in Clinical Practice: A Retrospective Analysis.
Pain Med. 2013, 14, 1202–1211. [CrossRef]

169. Nozadze, I.; Tsiklauri, N.; Gurtskaia, G.; Tsagareli, M.G. NSAIDs attenuate hyperalgesia induced by TRP channel activation. Data
Brief 2016, 6, 668–673. [CrossRef]

170. Chung, M.-K.; Caterina, M.J. TRP Channel Knockout Mice Lose Their Cool. Neuron 2007, 54, 345–347. [CrossRef]
171. Liu, B.; Fan, L.; Balakrishna, S.; Sui, A.; Morris, J.B.; Jordt, S.-E. TRPM8 is the principal mediator of menthol-induced analgesia of

acute and inflammatory pain. Pain 2013, 154, 2169–2177. [CrossRef]
172. Takaishi, M.; Fujita, F.; Uchida, K.; Yamamoto, S.; Shimizu, M.S.; Uotsu, C.H.; Shimizu, M.; Tominaga, M. 1,8-Cineole, a

TRPM8 Agonist, is a Novel Natural Antagonist of Human TRPA1. Mol. Pain 2012, 8, 86. [CrossRef]
173. Sidell, N.; Verity, M.A.; Nord, E.P. Menthol blocks dihydropyridine-insensitive Ca2+ channels and induces neurite outgrowth in

human neuroblastoma cells. J. Cell. Physiol. 1990, 142, 410–419. [CrossRef]
174. Watt, E.E.; Betts, B.A.; Kotey, F.O.; Humbert, D.J.; Griffith, T.N.; Kelly, E.W.; Veneskey, K.C.; Gill, N.; Rowan, K.C.; Jenkins, A.; et al.

Menthol shares general anesthetic activity and sites of action on the GABA(A) receptor with the intravenous agent, propofol. Eur.
J. Pharmacol. 2008, 590, 120–126. [CrossRef]

175. Hans, M.; Wilhelm, M.; Swandulla, D. Menthol Suppresses Nicotinic Acetylcholine Receptor Functioning in Sensory Neurons via
Allosteric Modulation. Chem. Senses 2012, 37, 463–469. [CrossRef]

176. Wasner, G.; Naleschinski, D.; Binder, A.; Schattschneider, J.; McLachlan, E.M.; Baron, R. The Effect of Menthol on Cold Allodynia
in Patients with Neuropathic Pain. Pain Med. 2008, 9, 354–358. [CrossRef]

177. Davies, S.J.; Harding, L.M.; Baranowski, A.P. A Novel Treatment of Postherpetic Neuralgia Using Peppermint Oil. Clin. J. Pain
2002, 18, 200–202. [CrossRef]

178. Wright, A. Oil of peppermint as a local anaesthetic. Lancet 1870, 2464, 726. [CrossRef]
179. Hatem, S.; Attal, N.; Willer, J.-C.; Bouhassira, D. Psychophysical study of the effects of topical application of menthol in healthy

volunteers. Pain 2006, 122, 190–196. [CrossRef]
180. Kumamoto, J.; Goto, M.; Denda, S.; Nakatani, M.; Takasugi, Y.; Tsuchiya, K.; Shimizu, Y.; Takatsuru, Y.; Denda, M. External

negative electric potential accelerates exocytosis of lamellar bodies in human skinex vivo. Exp. Dermatol. 2013, 22, 421–423.
[CrossRef]

181. Denda, M.; Fujiwara, S.; Hibino, T. Expression of voltage-gated calcium channel subunit alpha1C in epidermal keratinocytes and
effects of agonist and antagonists of the channel on skin barrier homeostasis. Exp. Dermatol. 2006, 15, 455–460. [CrossRef]

182. Evans, A.R.; Nicol, G.D.; Vasko, M.R. Differential regulation of evoked peptide release by voltage-sensitive calcium channels in
rat sensory neurons. Brain Res. 1996, 712, 265–273. [CrossRef]

183. Kawabata, A. Targeting Cav3.2 T-type calcium channels as a therapeutic strategy for chemotherapy-induced neuropathic pain.
Nihon Yakurigaku Zasshi 2013, 141, 81–84. [CrossRef] [PubMed]

184. Todorovic, S.M.; Jevtovic-Todorovic, V. Targeting of CaV3.2 T-type calcium channels in peripheral sensory neurons for the
treatment of painful diabetic neuropathy. Pflüger’s Arch. 2014, 466, 701–706. [CrossRef] [PubMed]

185. DuBreuil, D.M.; Lopez Soto, E.J.; Li, D.; Lipscombe, D. Peripheral voltage-gated calcium channels in skin are essential for
tran-sient neurogenic thermal hyperalgesia in mice. bioRxiv 2020, 225615. [CrossRef]

186. Bannister, K.; Qu, C.; Navratilova, E.; Oyarzo, J.; Xie, J.Y.; King, T.; Dickenson, A.H.; Porreca, F. Multiple sites and actions of
gabapentin-induced relief of ongoing experimental neuropathic pain. Pain 2017, 158, 2386–2395. [CrossRef]

187. Hara, K.; Sata, T. Inhibitory effect of gabapentin on N-methyl-d-aspartate receptors expressed in Xenopus oocytes. Acta
Anaesthesiol. Scand. 2007, 51, 122–128. [CrossRef]

188. Anfuso, C.D.; Olivieri, M.; Fidilio, A.; Lupo, G.; Rusciano, D.; Pezzino, S.; Gagliano, C.; Drago, F.; Bucolo, C. Gabapentin
Attenuates Ocular Inflammation: In vitro and In vivo Studies. Front. Pharmacol. 2017, 8, 173. [CrossRef]

189. Manville, R.W.; Abbott, G.W. Gabapentin Is a Potent Activator of KCNQ3 and KCNQ5 Potassium Channels. Mol. Pharmacol.
2018, 94, 1155–1163. [CrossRef]

190. Shahid, M.; Subhan, F.; Ahmad, N.; Ali, G.; Akbar, S.; Fawad, K.; Sewell, R. Topical gabapentin gel alleviates allodynia and
hyperalgesia in the chronic sciatic nerve constriction injury neuropathic pain model. Eur. J. Pain 2017, 21, 668–680. [CrossRef]

191. Shahid, M.; Subhan, F.; Ahmad, N.; Sewell, R.D.E. Efficacy of a topical gabapentin gel in a cisplatin paradigm of chemotherapy-
induced peripheral neuropathy. BMC Pharmacol. Toxicol. 2019, 28, 51. [CrossRef]

192. Heustess, A.; Spigener, S.; Sweitzer, S.; Romero-Sandoval, A.; Asbill, S. Analgesic Efficacy and Transdermal Penetration of Topical
Gabapentin Creams: Finding an Optimal Dose and Pre-treatment Time. Int. J. Pharm. Compd. 2015, 19, 167–173.

193. Hiom, S.; Patel, G.; Newcombe, R.; Khot, S.; Martin, C. Severe postherpetic neuralgia and other neuropathic pain syndromes
alleviated by topical gabapentin. Br. J. Dermatol. 2015, 173, 300–302. [CrossRef]

194. Boardman, L.A.; Cooper, A.S.; Blais, L.R.; Raker, C.A. Topical Gabapentin in the Treatment of Localized and Generalized
Vulvodynia. Obstet. Gynecol. 2008, 112, 579–585. [CrossRef]

195. Somberg, J.C.; Molnar, J. Retrospective Study on the Analgesic Activity of a Topical (TT-CTAC) Cream in Patients With Diabetic
Neuropathy and Other Chronic Pain Conditions. Am. J. Ther. 2015, 22, 214–221. [CrossRef]

196. Prommer, E.E. Topical Analgesic Combinations for Bortezomib Neuropathy. J. Pain Symptom Manag. 2009, 37, e3–e5. [CrossRef]
197. Woolf, C.J.; Thompson, S.W. The induction and maintenance of central sensitization is dependent on N -methyl-d-aspartic acid

receptor activation; implications for the treatment of post-injury pain hypersensitivity states. Pain 1991, 44, 293–299. [CrossRef]

http://doi.org/10.1111/pme.12143
http://doi.org/10.1016/j.dib.2015.12.055
http://doi.org/10.1016/j.neuron.2007.04.025
http://doi.org/10.1016/j.pain.2013.06.043
http://doi.org/10.1186/1744-8069-8-86
http://doi.org/10.1002/jcp.1041420226
http://doi.org/10.1016/j.ejphar.2008.06.003
http://doi.org/10.1093/chemse/bjr128
http://doi.org/10.1111/j.1526-4637.2007.00290.x
http://doi.org/10.1097/00002508-200205000-00011
http://doi.org/10.1016/S0140-6736(02)60091-1
http://doi.org/10.1016/j.pain.2006.01.026
http://doi.org/10.1111/exd.12145
http://doi.org/10.1111/j.0906-6705.2006.00430.x
http://doi.org/10.1016/0006-8993(95)01447-0
http://doi.org/10.1254/fpj.141.81
http://www.ncbi.nlm.nih.gov/pubmed/23391547
http://doi.org/10.1007/s00424-014-1452-z
http://www.ncbi.nlm.nih.gov/pubmed/24482063
http://doi.org/10.1101/2020.07.28.225615
http://doi.org/10.1097/j.pain.0000000000001040
http://doi.org/10.1111/j.1399-6576.2006.01183.x
http://doi.org/10.3389/fphar.2017.00173
http://doi.org/10.1124/mol.118.112953
http://doi.org/10.1002/ejp.971
http://doi.org/10.1186/s40360-019-0329-3
http://doi.org/10.1111/bjd.13624
http://doi.org/10.1097/AOG.0b013e3181827c77
http://doi.org/10.1097/MJT.0000000000000253
http://doi.org/10.1016/j.jpainsymman.2008.09.002
http://doi.org/10.1016/0304-3959(91)90100-C


Pharmaceutics 2021, 13, 450 33 of 37

198. Coggeshall, R.E.; Carlton, S.M. Ultrastructural analysis of NMDA, AMPA, and kainate receptors on unmyelinated and mye-linated
axons in the periphery. J. Comp. Neurol. 1998, 391, 78–86. [CrossRef]

199. Bennett, G.J. Update on the neurophysiology of pain transmission and modulation: Focus on the NMDA-receptor. J. Pain Symptom
Manag. 2000, 9, S2–S6. [CrossRef]

200. Richardson, J.D.; Vasko, M.R. Cellular Mechanisms of Neurogenic Inflammation. J. Pharmacol. Exp. Ther. 2002, 302, 839–845.
[CrossRef]

201. Jang, J.H.; Nam, T.S.; Jun, J.; Jung, S.J.; Kim, D.-W.; Leem, J.W. Peripheral NMDA Receptors Mediate Antidromic Nerve
Stimulation-Induced Tactile Hypersensitivity in the Rat. Mediat. Inflamm. 2015, 2015, 793624. [CrossRef]

202. Warncke, T.; Jørum, E.; Stubhaug, A. Local treatment with the N-methyl-d-aspartate receptor antagonist ketamine, inhibit
development of secondary hyperalgesia in man by a peripheral action. Neurosci. Lett. 1997, 227, 1–4. [CrossRef]

203. Kopsky, D.J.; Hesselink, J.M.K.; Bhaskar, A.; Hariton, G.; Romanenko, V.; Casale, R. Analgesic effects of topical ketamine. Minerva
Anestesiol. 2015, 81, 440–449. [PubMed]

204. Gupta, A.; Devi, L.A.; Gomes, I. Potentiation of µ-opioid receptor-mediated signaling by ketamine. J. Neurochem. 2011, 119,
294–302. [CrossRef] [PubMed]

205. Cai, Y.-C.; Ma, L.; Fan, G.-H.; Zhao, J.; Jiang, L.-Z.; Pei, G. Activation of N-Methyl-d-Aspartate Receptor Attenuates Acute
Responsiveness of δ-Opioid Receptors. Mol. Pharmacol. 1997, 51, 583–587. [CrossRef] [PubMed]

206. Irifune, M.; Sato, T.; Kamata, Y.; Nishikawa, T.; Dohi, T.; Kawahara, M. Evidence for GABAA Receptor Agonistic Properties of
Ketamine: Convulsive and Anesthetic Behavioral Models in Mice. Anesth. Analg. 2000, 91, 230–236. [CrossRef] [PubMed]

207. Yamakage, M.; Hirshman, C.A.; Croxton, T.L. Inhibitory effects of thiopental, ketamine, and propofol on voltage-dependent Ca2þ
channels in porcine tracheal smooth muscle cells. Anesthesiology 1995, 83, 1274–1282. [CrossRef]

208. Sleigh, J.; Harvey, M.; Voss, L.; Denny, B. Ketamine—More mechanisms of action than just NMDA blockade. Trends Anaesth. Crit.
Care 2014, 4, 76–81. [CrossRef]

209. Yamakura, T.; Chavez-Noriega, L.E.; Harris, R.A. Subunit-dependent Inhibition of Human Neuronal Nicotinic Acetylcholine
Receptors and Other Ligand-gated Ion Channels by Dissociative Anesthetics Ketamine and Dizocilpine. Anesthesiology 2000, 92,
1144–1153. [CrossRef]

210. Wess, J.; Duttaroy, A.; Gomeza, J.; Zhang, W.; Yamada, M.; Felder, C.C.; Bernardini, N.; Reeh, P.W. Muscarinic receptor subtypes
mediating central and peripheral antinociception studied with muscarinic receptor knockout mice: A review. Life Sci. 2003, 72,
2047–2054. [CrossRef]

211. Liu, F.-L.; Chen, T.-L.; Chen, R.-M. Mechanisms of ketamine-induced immunosuppression. Acta Anaesthesiol. Taiwanica 2012, 50,
172–177. [CrossRef]

212. Everton, D.; Bhagwat, D.; Damask, M. A multicenter, double blind, randomized, placebo controlled study of the efficacy/safety
of two doses of amitriptyline/ketamine topical cream in treating post-herpetic neuralgia (PHN). J. Pain 2007, 8, S47. [CrossRef]

213. Gewandter, J.S.; Mohile, S.G.; Heckler, C.E.; Ryan, J.L.; Kirshner, J.J.; Flynn, P.J.; Hopkins, J.O.; Morrow, G.R. A phase III
randomized, placebo-controlled study of topical amitriptyline and ketamine for chemotherapy-induced peripheral neuropathy
(CIPN): A University of Rochester CCOP study of 462 cancer survivors. Support. Care Cancer 2014, 22, 1807–1814. [CrossRef]

214. Sawynok, J.; Zinger, C. Topical amitriptyline and ketamine for post-herpetic neuralgia and other forms of neuropathic pain.
Expert Opin. Pharmacother. 2016, 17, 601–609. [CrossRef]

215. Barton, D.L.; Wos, E.J.; Qin, R.; Mattar, B.I.; Green, N.B.; Lanier, K.S.; Bearden, J.D.; Kugler, J.W.; Hoff, K.L.; Reddy, P.S.; et al. A
double-blind, placebo-controlled trial of a topical treatment for chemotherapy-induced peripheral neuropathy: NCCTG trial
N06CA. Support. Care Cancer 2011, 19, 833–841. [CrossRef]

216. Russo, M.A.; Santarelli, D.M. A Novel Compound Analgesic Cream (Ketamine, Pentoxifylline, Clonidine, DMSO) for Complex
Regional Pain Syndrome Patients. Pain Pract. 2016, 16, E14–E20. [CrossRef]

217. Mahoney, J.M.; Vardaxis, V.; Moore, J.L.; Hall, A.M.; Haffner, K.E.; Peterson, M.C. Topical ketamine cream in the treatment of
painful diabetic neuropathy: A randomized, placebo-controlled, double blind initial study. J. Am. Podiatr. Med. Assoc. 2012, 102,
178–183. [CrossRef]

218. Barros, G.A.; Miot, H.A.; Braz, A.M.; Ramos, F.; Borges, M.A. Topical (S)-ketamine for pain management of postherpetic neuralgia.
An. Bras. Dermatol. 2012, 87, 504–505. [CrossRef]

219. Quan, D.; Wellish, M.; Gilden, N.H. Topical ketamine treatment of postherpetic neuralgia. Neurology 2003, 60, 1391–1392.
[CrossRef]

220. Gammaitoni, A.; Gallagher, R.M.; Welz-Bosna, M. Topical Ketamine Gel: Possible Role in Treating Neuropathic Pain. Pain Med.
2000, 1, 97–100. [CrossRef]

221. Finch, P.M.; Knudsen, L.; Drummond, P.D. Reduction of allodynia in patients with complex regional pain syndrome: A double-
blind placebo-controlled trial of topical ketamine. Pain 2009, 146, 18–25. [CrossRef]

222. Crowley, K.L.; Flores, J.A.; Hughes, C.N.; Iacono, R.P. Clinical application of ketamine ointment in the treatment of sympathetically
mediated pain. J. Pharm. Compd. 1998, 2, 122–127.

223. Ushida, T.; Tani, T.; Kanbara, T.; Zinchuk, V.S.; Kawasaki, M.; Yamamoto, H. Analgesic effects of ketamine ointment in patients
with complex regional pain syndrome type 1. Reg. Anesth. Pain Med. 2002, 27, 524–528. [CrossRef]

224. Durham, M.J.; Mekhjian, H.S.; Goad, J.A.; Lou, M.; Ding, M.; Richeimer, S.H. Topical Ketamine in the Treatment of Complex
Regional Pain Syndrome. Int. J. Pharm. Compd. 2018, 22, 172–175. [PubMed]

http://doi.org/10.1002/(SICI)1096-9861(19980202)391:1&lt;78::AID-CNE7&gt;3.0.CO;2-O
http://doi.org/10.1016/S0885-3924(99)00120-7
http://doi.org/10.1124/jpet.102.032797
http://doi.org/10.1155/2015/793624
http://doi.org/10.1016/S0304-3940(97)00263-2
http://www.ncbi.nlm.nih.gov/pubmed/24847738
http://doi.org/10.1111/j.1471-4159.2011.07361.x
http://www.ncbi.nlm.nih.gov/pubmed/21692801
http://doi.org/10.1124/mol.51.4.583
http://www.ncbi.nlm.nih.gov/pubmed/9106622
http://doi.org/10.1097/00000539-200007000-00043
http://www.ncbi.nlm.nih.gov/pubmed/10866918
http://doi.org/10.1097/00000542-199512000-00018
http://doi.org/10.1016/j.tacc.2014.03.002
http://doi.org/10.1097/00000542-200004000-00033
http://doi.org/10.1016/S0024-3205(03)00082-1
http://doi.org/10.1016/j.aat.2012.12.001
http://doi.org/10.1016/j.jpain.2007.02.192
http://doi.org/10.1007/s00520-014-2158-7
http://doi.org/10.1517/14656566.2016.1146691
http://doi.org/10.1007/s00520-010-0911-0
http://doi.org/10.1111/papr.12404
http://doi.org/10.7547/1020178
http://doi.org/10.1590/S0365-05962012000300032
http://doi.org/10.1212/01.WNL.0000055848.00032.39
http://doi.org/10.1046/j.1526-4637.2000.00006.x
http://doi.org/10.1016/j.pain.2009.05.017
http://doi.org/10.1053/rapm.2002.35517
http://www.ncbi.nlm.nih.gov/pubmed/29877864


Pharmaceutics 2021, 13, 450 34 of 37

225. Kopsky, D.J.; Hesselink, J.M.K. Treatment of chronic regional pain syndrome type 1 with palmitoylethanolamide and topical
ketamine cream: Modulation of nonneuronal cells. J. Pain Res. 2013, 21, 239–245. [CrossRef] [PubMed]

226. Dong, X.-D.; Svensson, P.; Cairns, B.E. The analgesic action of topical diclofenac may be mediated through peripheral NMDA
receptor antagonism. Pain 2009, 147, 36–45. [CrossRef] [PubMed]

227. Ma, W.; Chabot, J.-G.; Vercauteren, F.; Quirion, R. Injured nerve-derived COX2/PGE2 contributes to the maintenance of
neuropathic pain in aged rats. Neurobiol. Aging 2010, 31, 1227–1237. [CrossRef]

228. Suzuki, H.; Sasaki, E.; Nakagawa, A.; Muraki, Y.; Hatano, N.; Muraki, K. Diclofenac, a nonsteroidal anti-inflammatory drug, is an
antagonist of human TRPM 3 isoforms. Pharmacol. Res. Perspect. 2016, 4, e00232. [CrossRef]

229. Ortiz, M.I.; Torres-López, J.E.; Castañeda-Hernández, G.; Rosas, R.; Vidal-Cantú, G.C.; Granados-Soto, V. Pharmacological
evidence for the activation of K(+) channels by diclofenac. Eur. J. Pharmacol. 2002, 438, 85–91. [CrossRef]

230. Silva, L.C.R.; Castor, M.G.M.e.; Souza, T.C.; Duarte, I.D.G.; Romero, T.R.L. NSAIDs induce peripheral antinociception by
interaction with the adrenergic system. Life Sci. 2015, 130, 7–11. [CrossRef]

231. Silva, L.C.R.; Castor, M.G.M.E.; Navarro, L.C.; Romero, T.R.L.; Duarte, I.D.G. κ-Opioid receptor participates of NSAIDs peripheral
antinociception. Neurosci. Lett. 2016, 622, 6–9. [CrossRef]

232. Yarishkin, O.V.; Hwang, E.M.; Kim, D.; Yoo, J.C.; Kang, S.S.; Kim, D.R.; Shin, J.-H.-J.; Chung, H.-J.; Jeong, H.-S.; Kang, D.; et al.
Diclofenac, a Non-steroidal Anti-inflammatory Drug, Inhibits L-type Ca2+ Channels in Neonatal Rat Ventricular Cardiomyocytes.
Korean J. Physiol. Pharmacol. 2009, 13, 437–442. [CrossRef]

233. Ahmed, S.U.; Zhang, Y.; Chen, L.; Cohen, A.; Hillary, K.S.; Vo, T.; Houghton, M.; Mao, J. Effect of 1.5% Topical Diclofenac on
Clinical Neuropathic Pain. Anesthesiology 2015, 123, 191–198. [CrossRef]

234. Safaeian, P.; Mattie, R.; Hahn, M.; Plastaras, C.T.; McCormick, Z.L. Novel Treatment of Radicular Pain with a Multi-Mechanistic
Combination Topical Agent: A Case Series and Literature Review. Anesthesiol. Pain Med. 2016, 6, e33322. [CrossRef]

235. Ngo, D.-H.; Vo, T.S. An Updated Review on Pharmaceutical Properties of Gamma-Aminobutyric Acid. Molecules 2019, 24, 2678.
[CrossRef]

236. Serrano-Regal, M.P.; Bayón-Cordero, L.; Ordaz, R.P.; Garay, E.; Limon, A.; Arellano, R.O.; Matute, C.; Sánchez-Gómez, M.V.
Expression and Function of GABA Receptors in Myelinating Cells. Front. Cell. Neurosci. 2020, 14, 256. [CrossRef]

237. Magnaghi, V.; Ballabio, M.; Consoli, A.; Lambert, J.J.; Roglio, I.; Melcangi, R.C. GABA Receptor-Mediated Effects in the Peripheral
Nervous System: A Cross-Interaction with Neuroactive Steroids. J. Mol. Neurosci. 2006, 28, 89–102. [CrossRef]

238. Whitehead, R.; Puil, E.; Ries, C.; Schwarz, S.; Wall, R.; Cooke, J.; Putrenko, I.; Sallam, N.; MacLeod, B. GABAB receptor-mediated
selective peripheral analgesia by the non-proteinogenic amino acid, isovaline. Neuroscience 2012, 213, 154–160. [CrossRef]

239. Wu, C.; Qin, X.; Du, H.; Li, N.; Ren, W.; Peng, Y. The immunological function of GABAergic system. Front. Biosci. (Landmark Ed.)
2017, 22, 1162–1172.

240. Denda, M.; Inoue, K.; Inomata, S.; Denda, S. γ-Aminobutyric Acid (A) Receptor Agonists Accelerate Cutaneous Barrier Recovery
and Prevent Epidermal Hyperplasia Induced by Barrier Disruption. J. Investig. Dermatol. 2002, 119, 1041–1047. [CrossRef]

241. Hokazono, H.; Omori, T.; Ono, K. Effects of Single and Combined Administration of Fermented Barley Extract and γ-
Aminobutyric Acid on the Development of Atopic Dermatitis in NC/Nga Mice. Biosci. Biotechnol. Biochem. 2010, 74, 135–139.
[CrossRef]

242. Andoh, T.; Sugiyama, K.; Fujita, M.; Iida, Y.; Nojima, H.; Saiki, I.; Kuraishi, Y. Pharmacological Evaluation of Morphine and
Non-opioid Analgesic Adjuvants in a Mouse Model of Skin Cancer Pain. Biol. Pharm. Bull. 2008, 31, 520–522. [CrossRef]
[PubMed]

243. Kopsky, D.J.; Hesselink, J.M.K. Neuropathic Pain as a Result of Acromegaly, Treated with Topical Baclofen Cream. J. Pain Symptom
Manag. 2013, 46, e4–e5. [CrossRef] [PubMed]

244. Kopsky, D.J.; Hesselink, J.M.K.; Casale, R. Walking with Neuropathic Pain: Paradoxical Shift from Burden to Support? Case Rep.
Med. 2015, 2015, 764950. [CrossRef] [PubMed]

245. Crul, T.C.; Stolwijk-Swüste, J.M.; Kopsky, D.J.; Visser-Meily, J.M.A.; Post, M.W.M. Neuropathic pain in spinal cord injury: Topical
analgesics as a possible treatment. Spinal Cord Ser. Cases 2020, 6, 73. [CrossRef] [PubMed]

246. Hesselink, J.M.K.; Kopsky, D.J.; Sajben, N.L. Vulvodynia and proctodynia treated with topical baclofen 5 % and palmi-
toylethanolamide. Arch. Gynaecol. Obstet. 2014, 290, 389–393. [CrossRef] [PubMed]

247. Drummond, P.D. Neuronal changes resulting in up-regulation of alpha-1 adrenoceptors after peripheral nerve injury. Neural
Regen. Res. 2014, 15, 1337–1340. [CrossRef]

248. Heijnen, C.; Rouppevandervoort, C.; Vandepol, M.; Kavelaars, A. Cytokines regulate α1-adrenergic receptor mRNA expression
in human monocytic cells and endothelial cells. J. Neuroimmunol. 2002, 125, 66–72. [CrossRef]

249. Finch, P.M.; Drummond, E.S.; Dawson, L.F.; Phillips, J.K.; Drummond, P.D. Up-Regulation of Cutaneous α1-Adrenoceptors in
Complex Regional Pain Syndrome Type I. Pain Med. 2014, 15, 1945–1956. [CrossRef]

250. Drummond, P.D.; Morellini, N.; Finch, P.M.; Birklein, F.; Knudsen, L.F. Complex regional pain syndrome: Intradermal injection of
phenylephrine evokes pain and hyperalgesia in a subgroup of patients with upregulated α1-adrenoceptors on dermal nerves.
Pain 2018, 159, 2296–2305. [CrossRef]

251. Riedl, M.S.; Schnell, S.A.; Overland, A.C.; Chabot-Doré, A.-J.; Taylor, A.M.; Ribeiro-Da-Silva, A.; Elde, R.P.; Wilcox, G.L.; Stone,
L.S. Coexpression of α2A-adrenergic and δ-opioid receptors in substance P-containing terminals in rat dorsal horn. J. Comp.
Neurol. 2009, 513, 385–398. [CrossRef]

http://doi.org/10.2147/JPR.S42417
http://www.ncbi.nlm.nih.gov/pubmed/23658493
http://doi.org/10.1016/j.pain.2009.07.031
http://www.ncbi.nlm.nih.gov/pubmed/19766393
http://doi.org/10.1016/j.neurobiolaging.2008.08.002
http://doi.org/10.1002/prp2.232
http://doi.org/10.1016/S0014-2999(02)01288-8
http://doi.org/10.1016/j.lfs.2015.03.011
http://doi.org/10.1016/j.neulet.2016.04.029
http://doi.org/10.4196/kjpp.2009.13.6.437
http://doi.org/10.1097/ALN.0000000000000693
http://doi.org/10.5812/aapm.33322
http://doi.org/10.3390/molecules24152678
http://doi.org/10.3389/fncel.2020.00256
http://doi.org/10.1385/JMN:28:1:89
http://doi.org/10.1016/j.neuroscience.2012.04.026
http://doi.org/10.1046/j.1523-1747.2002.19504.x
http://doi.org/10.1271/bbb.90653
http://doi.org/10.1248/bpb.31.520
http://www.ncbi.nlm.nih.gov/pubmed/18310922
http://doi.org/10.1016/j.jpainsymman.2013.07.011
http://www.ncbi.nlm.nih.gov/pubmed/24103474
http://doi.org/10.1155/2015/764950
http://www.ncbi.nlm.nih.gov/pubmed/26290669
http://doi.org/10.1038/s41394-020-00321-1
http://www.ncbi.nlm.nih.gov/pubmed/32792476
http://doi.org/10.1007/s00404-014-3218-4
http://www.ncbi.nlm.nih.gov/pubmed/24691823
http://doi.org/10.4103/1673-5374.137583
http://doi.org/10.1016/S0165-5728(02)00034-6
http://doi.org/10.1111/pme.12548
http://doi.org/10.1097/j.pain.0000000000001335
http://doi.org/10.1002/cne.21982


Pharmaceutics 2021, 13, 450 35 of 37

252. Buerkle, H. Peripheral anti-nociceptive action of alpha2-adrenoceptor agonists. Baillières Clin. Anaesthesiol. 2000, 2, 411–418.
[CrossRef]

253. Lavand’Homme, P.M.; Ma, W.; De Kock, M.; Eisenach, J.C. Perineural α2A-Adrenoceptor Activation Inhibits Spinal Cord
Neuroplasticity and Tactile Allodynia after Nerve Injury. Anesthesiology 2002, 97, 972–980. [CrossRef]

254. Kawasaki, Y.; Kumamoto, E.; Furue, H.; Yoshimura, M. α2Adrenoceptor–mediated Presynaptic Inhibition of Primary Afferent
Glutamatergic Transmission in Rat Substantia Gelatinosa Neurons. Anesthesiology 2003, 98, 682–689. [CrossRef]

255. Dogrul, A.; Uzbay, T.I. Topical clonidine antinociception. Pain 2004, 111, 385–391. [CrossRef]
256. Campbell, C.; Schmidt, W.; Brady, K.; Stouch, B.; Campbell, J. Topical clonidine gel reduces pain caused by diabetic neuropathy:

Results of a multicenter, placebo-controlled clinical trial. J. Pain 2009, 4, S55. [CrossRef]
257. Campbell, C.M.; Kipnes, M.S.; Stouch, B.C.; Brady, K.L.; Kelly, M.; Schmidt, W.K.; Petersen, K.L.; Rowbotham, M.C.; Campbell, J.N.

Randomized control trial of topical clonidine for treatment of painful diabetic neuropathy. Pain 2012, 153, 1815–1823. [CrossRef]
258. Kiani, J.; Sajedi, F.; Nasrollahi, S.A.; Esna-Ashari, F. A randomized clinical trial of efficacy and safety of the topical clonidine and

capsaicin in the treatment of painful diabetic neuropathy. J. Res. Med. Sci. 2015, 20, 359–363.
259. Wrzosek, A.; Woron, J.; Dobrogowski, J.; Jakowicka-Wordliczek, J.; Wordliczek, J. Topical clonidine for neuropathic pain. Cochrane

Database Syst. Rev. 2015, 8, CD010967. [CrossRef]
260. Khan, Z.P.; Ferguson, C.N.; Jones, R.M. Alpha-2 and imidazoline receptor agonistsTheir pharmacology and therapeutic role.

Anaesthesia 1999, 54, 146–165. [CrossRef]
261. Watanabe, K.; Hayasaka, S.; Hiraki, S.; Matsumoto, M.; Kadoi, C.; Nagaki, Y.; Hayasaka, Y. Effects of Topical Clonidine on

Prostaglandin-E(2)-Induced Aqueous Flare Elevation in Pigmented Rabbits. Ophthalmic Res. 2000, 32, 210–214. [CrossRef]
262. Drummond, E.S.; Maker, G.; Birklein, F.; Finch, P.M.; Drummond, P.D. Topical prazosin attenuates sensitivity to tactile stimuli in

patients with complex regional pain syndrome. Eur. J. Pain 2016, 20, 926–935. [CrossRef]
263. Yokogawa, F.; Kiuchi, Y.; Ishikawa, Y.; Otsuka, N.; Masuda, Y.; Oguchi, K.; Hosoyamada, A. An Investigation of Monoamine

Receptors Involved in Antinociceptive Effects of Antidepressants. Anesth. Analg. 2002, 95, 163–168. [CrossRef]
264. Antonucci, F.; Corradini, I.; Fossati, G.; Tomasoni, R.; Menna, E.; Matteoli, M. SNAP-25, a Known Presynaptic Protein with

Emerging Postsynaptic Functions. Front. Synaptic Neurosci. 2016, 8, 7. [CrossRef]
265. Eubanks, H.B.; Lavoie, E.G.; Goree, J.; Kamykowski, J.A.; Gokden, N.; Fausther, M.; Dranoff, J.A. Reduction in SNAP-23 Alters

Microfilament Organization in Myofibrobastic Hepatic Stellate Cells. Gene Expr. 2020, 20, 25–37. [CrossRef]
266. Balkarli, A.; Sengül, C.; Tepeli, E.; Balkarli, H.; Cobankara, V. Synaptosomal-associated protein 25 (Snap-25) gene Polymorphism

frequency in fibromyalgia syndrome and relationship with clinical symptoms. BMC Musculoskelet. Disord. 2014, 15, 191.
[CrossRef]

267. Welch, M.J.; Purkiss, J.R.; Foster, K.A. Sensitivity of embryonic rat dorsal root ganglia neurons to Clostridium botulinum
neurotoxins. Toxicon 2000, 38, 245–258. [CrossRef]

268. Meng, J.; Wang, J.; Lawrence, G.; Dolly, J.O.; Etournay, R.; Zwaenepoel, I.; Perfettini, I.; Legrain, P.; Petit, C.; El-Amraoui,
A. Synaptobrevin I mediates exocytosis of CGRP from sensory neurons and inhibition by botulinum toxins reflects their
anti-nociceptive potential. J. Cell Sci. 2007, 120, 2864–2874. [CrossRef] [PubMed]

269. Cui, M.; Khanijou, S.; Rubino, J.; Aoki, K.R. Subcutaneous administration of botulinum toxin A reduces formalin-induced pain.
Pain 2004, 107, 125–133. [CrossRef] [PubMed]

270. Rojewska, E.; Piotrowska, A.; Popiolek-Barczyk, K.; Mika, J. Botulinum Toxin Type A—A Modulator of Spinal Neuron–Glia
Interactions under Neuropathic Pain Conditions. Toxins 2018, 10, 145. [CrossRef] [PubMed]

271. Zychowska, M.; Rojewska, E.; Makuch, W.; Luvisetto, S.; Pavone, F.; Marinelli, S.; Przewlocka, B.; Mika, J. Dataset of botulinum
toxin A influence on interleukins under neuropathy. Data Brief 2016, 9, 1020–1023. [CrossRef]

272. Cobianchi, S.; Jaramillo, J.; Luvisetto, S.; Pavone, F.; Navarro, X. Botulinum neurotoxin A promotes functional recovery after
peripheral nerve injury by increasing regeneration of myelinated fibers. Neuroscience 2017, 359, 82–91. [CrossRef]

273. Antonucci, F.; Rossi, C.; Gianfranceschi, L.; Rossetto, O.; Caleo, M. Long-Distance Retrograde Effects of Botulinum Neurotoxin A.
J. Neurosci. 2008, 28, 3689–3696. [CrossRef]

274. Mika, J.; Rojewska, E.; Makuch, W.; Korostynski, M.; Luvisetto, S.; Marinelli, S.; Pavone, F.; Przewlocka, B.; Luvisetto, S. The effect
of botulinum neurotoxin A on sciatic nerve injury-induced neuroimmunological changes in rat dorsal root ganglia and spinal
cord. Neuroscience 2011, 175, 358–366. [CrossRef]

275. Luvisetto, S.; Marinelli, S.; Lucchetti, F.; Marchi, F.; Cobianchi, S.; Rossetto, O.; Montecucco, C.; Pavone, F. Botulinum neurotoxins
and formalin-induced pain: Central vs. peripheral effects in mice. Brain Res. 2006, 1082, 124–131. [CrossRef]

276. Park, J.; Park, H.J. Botulinum Toxin for the Treatment of Neuropathic Pain. Toxins 2017, 9, 260. [CrossRef]
277. Oh, H.-M.; Chung, M.E. Botulinum Toxin for Neuropathic Pain: A Review of the Literature. Toxins 2015, 7, 3127–3154. [CrossRef]
278. Machelska, H.; Celik, M.Ö. Opioid Receptors in Immune and Glial Cells—Implications for Pain Control. Front. Immunol. 2020, 11, 300.

[CrossRef]
279. Obara, I.; Parkitna, J.R.; Korostynski, M.; Makuch, W.; Kaminska, D.; Przewlocka, B.; Przewlocki, R. Local peripheral opioid

effects and expression of opioid genes in the spinal cord and dorsal root ganglia in neuropathic and inflammatory pain. Pain
2009, 141, 283–291. [CrossRef]

http://doi.org/10.1053/bean.2000.0092
http://doi.org/10.1097/00000542-200210000-00033
http://doi.org/10.1097/00000542-200303000-00016
http://doi.org/10.1016/j.pain.2004.07.020
http://doi.org/10.1016/j.jpain.2009.01.293
http://doi.org/10.1016/j.pain.2012.04.014
http://doi.org/10.1002/14651858.CD010967.pub2
http://doi.org/10.1046/j.1365-2044.1999.00659.x
http://doi.org/10.1159/000055615
http://doi.org/10.1002/ejp.817
http://doi.org/10.1097/00000539-200207000-00029
http://doi.org/10.3389/fnsyn.2016.00007
http://doi.org/10.3727/105221619X15742818049365
http://doi.org/10.1186/1471-2474-15-191
http://doi.org/10.1016/S0041-0101(99)00153-1
http://doi.org/10.1242/jcs.012211
http://www.ncbi.nlm.nih.gov/pubmed/17666428
http://doi.org/10.1016/j.pain.2003.10.008
http://www.ncbi.nlm.nih.gov/pubmed/14715398
http://doi.org/10.3390/toxins10040145
http://www.ncbi.nlm.nih.gov/pubmed/29614835
http://doi.org/10.1016/j.dib.2016.11.023
http://doi.org/10.1016/j.neuroscience.2017.07.011
http://doi.org/10.1523/JNEUROSCI.0375-08.2008
http://doi.org/10.1016/j.neuroscience.2010.11.040
http://doi.org/10.1016/j.brainres.2006.01.117
http://doi.org/10.3390/toxins9090260
http://doi.org/10.3390/toxins7083127
http://doi.org/10.3389/fimmu.2020.00300
http://doi.org/10.1016/j.pain.2008.12.006


Pharmaceutics 2021, 13, 450 36 of 37

280. Leel, C.-Y.; Perezl, F.M.; Wangl, W.; Guanl, X.; Zhaol, X.; Fisherl, J.L.; Guanl, Y.; Sweitzerl, S.M.; Rajal, S.N.; Taol, Y.-X. Dynamic
temporal and spatial regulation of mu opioid receptor expression in primary afferent neurons following spinal nerve injury. Eur.
J. Pain 2011, 15, 669–675. [CrossRef]

281. Sehgal, N.; Smith, H.S.; Manchikanti, L. Peripherally acting opioids and clinical implications for pain control. Pain Physician 2011,
14, 249–258. [CrossRef]

282. Bigliardi, P.L.; Bigliardi-Qi, M.; Buechner, S.; Rufli, T. Expression of µ-Opiate Receptor in Human Epidermis and Keratinocytes. J.
Investig. Dermatol. 1998, 111, 297–301. [CrossRef] [PubMed]

283. Bigliardi-Qi, M.; Sumanovski, L.; Bigliardi, P.; Büchner, S.; Rufli, T. Mu-Opiate Receptor and Beta-Endorphin Expression in Nerve
Endings and Keratinocytes in Human Skin. Dermatology 2004, 209, 183–189. [CrossRef] [PubMed]

284. Pan, B.; Schröder, W.; Jostock, R.; Schwartz, M.; Rosson, G.; Polydefkis, M. Nociceptin/orphanin FQ opioid peptide-receptor
expression in pachyonychia congenita. J. Peripher. Nerv. Syst. 2018, 23, 241–248. [CrossRef] [PubMed]

285. Bird, M.F.; Guerrini, R.; Willets, J.M.; Thompson, J.P.; Caló, G.; Lambert, D.G. Nociceptin/Orphanin FQ (N/OFQ) conjugated to
ATTO594: A novel fluorescent probe for the N/OFQ (NOP) receptor. Br. J. Pharmacol. 2018, 175, 4496–4506. [CrossRef] [PubMed]

286. Cohen, B.; Ruth, L.J.; Preuss, C.V. Opioid Analgesics. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 17 February 2021.
287. DeHaven-Hudkins, D.L.; Burgos, L.C.; Cassel, J.A.; Daubert, J.D.; DeHaven, R.N.; Mansson, E.; Nagasaka, H.; Yu, G.; Yaksh, T.

Loperamide (ADL 2-1294), an opioid antihyperalgesic agent with peripheral selectivity. J. Pharmacol. Exp. Ther. 1999, 289, 494–502.
[PubMed]

288. Regnard, C.; Twycross, R.; Mihalyo, M.; Wilcock, A. Loperamide. J. Pain Symptom Manag. 2011, 42, 319–323. [CrossRef]
289. Nozaki-Taguchi, N.; Yaksh, T.L. Characterization of the Antihyperalgesic Action of a Novel Peripheral Mu-opioid Receptor

Agonist-Loperamide. Anesthesiology 1999, 90, 225–234. [CrossRef]
290. Guan, Y.; Johanek, L.M.; Hartke, T.V.; Shim, B.; Tao, Y.-X.; Ringkamp, M.; Meyer, R.A.; Raja, S.N. Peripherally acting mu-opioid

receptor agonist attenuates neuropathic pain in rats after L5 spinal nerve injury. Pain 2008, 138, 318–329. [CrossRef]
291. Tiwari, V.; Anderson, M.; Yang, F.; Tiwari, V.; Zheng, Q.; He, S.Q.; Zhang, T.; Shu, B.; Chen, X.; Grenald, S.A.; et al. Peripherally

acting m-opioid receptor agonists attenuate ongoing pain-associated behavior and spontaneous neuronal activity after nerve
injury in rats. Anesthesiology 2018, 128, 1220–1236. [CrossRef]

292. Iwaszkiewicz, K.S.; Hua, S. Development of an effective topical liposomal formulation for localized analgesia and anti-
inflammatory actions in the Complete Freund’s Adjuvant rodent model of acute inflammatory pain. Pain Physician 2014,
17, E719–E735.

293. Uhelski, M.L.; Bruce, D.; Speltz, R.; Wilcox, G.L.; Simone, D.A. Topical Application of Loperamide/Oxymorphindole, Mu and
Delta Opioid Receptor Agonists, Reduces Sensitization of C-fiber Nociceptors that Possess NaV1.8. Neuroscience 2020, 15, 102–112.
[CrossRef]

294. Bruce, B.D.J.; Peterson, P.C.D.; Kitto, K.F.; Akgün, P.E.; Lazzaroni, B.S.; Portoghese, P.P.S.; Fairbanks, P.C.A.; Wilcox, P.G.L.
Combination of a δ-opioid Receptor Agonist and Loperamide Produces Peripherally-mediated Analgesic Synergy in Mice.
Anesthesiology 2019, 131, 649–663. [CrossRef]

295. Kopsky, D.J.; Bhaskar, A.K.; Zonneveldt, H.J.; Hesselink, J.M.K. Topical loperamide for the treatment of localized neuropathic
pain: A case report and literature review. J. Pain Res. 2019, 12, 1189–1192. [CrossRef]

296. Krajnik, M.; Zylicz, Z.; Finlay, I.; Łuczak, J.; Van Sorge, A.A. Potential uses of topical opioids in palliative care—Report of 6 cases.
Pain 1999, 80, 121–125. [CrossRef]
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