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The Role of miRNAs in Neuropathic Pain
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Abstract: Neuropathic pain is a debilitating condition affecting around 8% of the adult population
in the UK. The pathophysiology is complex and involves a wide range of processes, including
alteration of neuronal excitability and synaptic transmission, dysregulated intracellular signalling and
activation of pro-inflammatory immune and glial cells. In the past 15 years, multiple miRNAs-small
non-coding RNA-have emerged as regulators of neuropathic pain development. They act by binding
to target mRNAs and preventing the translation into proteins. Due to their short sequence (around
22 nucleotides in length), they can have hundreds of targets and regulate several pathways. Several
studies on animal models have highlighted numerous miRNAs that play a role in neuropathic pain
development at various stages of the nociceptive pathways, including neuronal excitability, synaptic
transmission, intracellular signalling and communication with non-neuronal cells. Studies on animal
models do not always translate in the clinic; fewer studies on miRNAs have been performed involving
human subjects with neuropathic pain, with differing results depending on the specific aetiology
underlying neuropathic pain. Further studies using human tissue and liquid samples (serum, plasma,
saliva) will help highlight miRNAs that are relevant to neuropathic pain diagnosis or treatment, as
biomarkers or potential drug targets.
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1. Introduction

The perception of pain allows organisms to learn from noxious experiences and avoid
harmful stimuli. It relies on the communication between neurons arising from the periphery
of the body, which contain receptors specialised in sensing particular nociceptive inputs
(chemical, mechanical, thermal), and neurons in the spinal cord, which relay the message to
higher brain centres, where the signal can be processed and integrated with other sensory
information. Impairment of this mechanism due to lesions to the somatosensory system
results in a persistent perception of pain even in absence of painful stimuli. This condition
is broadly termed neuropathic pain and includes chronic pain states caused by damage to
nerves due to physical trauma and other conditions such as diabetes, cancer, herpes infec-
tion and multiple sclerosis. Currently, first-line treatments include tricyclic antidepressants,
selective serotonin—noradrenaline reuptake inhibitors and calcium channel modulators
(gabapentin and pregabalin); however, the efficacy is limited and varies considerably across
patients, while side effects can be substantial [1,2].

Meanwhile, advances in the understanding of a class of regulatory short non-coding
RNA molecules, known as microRNA (miRNA), have provided a new hope for treatment
of various conditions including cancer, hepatitis C and cardiovascular diseases. Selected
miRNA therapeutics are undergoing pre-clinical to phase II clinical trials [3], while the
first small interfering RNA (siRNA) therapeutic received FDA approval in 2018 for the
treatment of a rare polyneuropathy condition [4]. MicroRNAs are capable of inhibiting the
translation of messenger RNA into proteins, inducing widespread changes in the proteome
of a cell. In the past decade, increasing evidence of their role in neuropathic pain has
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surfaced and has helped to identify molecular pathways and mechanisms important in the
generation and persistence of chronic pain states [5,6].

The first evidence of a relationship between pain and microRNAs was found by
Bai, et al. [7] in 2007, who identified seven dysregulated miRNAs following CFA injection
in the masseter muscle of rats. The importance of miRNAs in inflammatory pain was
shown in mice by Zhao, et al. [8] through the nociceptor-specific deletion of Dicer, an
enzyme responsible for pre-miRNA cleavage into mature miRNA (Figure 1), which caused
an attenuated response to CFA intraplanar injection compared to wild type. Several
mRNA transcripts were found to be altered in the Dicer null mice, including pain-relevant
molecules such as Nay1.7, 1.8 and 1.9, and P2X3. Surprisingly, these transcripts were
downregulated, suggesting that loss of miRNAs may lead to upregulation of transcriptional
repressors which control the expression of these nociceptive genes [8].
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Figure 1. The canonical pathway of miRNA biogenesis.
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Several miRNAs and their respective targets have been investigated in animal models
of neuropathic pain during the past decade (Table 1). miRNA targets can be predicted
using in silico models; however, experimental validation is necessary to prove the pres-
ence of interaction in biological systems and their physiological relevance. A target is
deemed to be validated when (a) a reporter assay shows mRNA/miRNA interaction,
(b) miRNA /mRNA co-expression is observed with RT-PCR (and possibly in situ hybridisa-
tion), (c) miRNA overexpression/knockdown has an effect on the target protein and its

biological function [9].

Table 1. List of dysregulated miRNAs in various chronic pain animal models and the relevant
validated targets. bCCI = bilateral CCI, BCP = bone cancer pain, CCI = chronic constriction injury,
CIP = chemotherapy-induced pain, CIVP = chronic inflammatory visceral pain, DNP = diabetic
neuropathic pain, DRG = dorsal root ganglion, iCCI = infraorbital CCI, pSNL = partial spinal nerve

ligation, TG = trigeminal ganglion.

MicroRNA Change  Injury Model Localisation Validated Target/s Reference
EE]IQ{:;SS Down ca Spigal}ford AKT3 \((j;:ll, Ztt 211’. [[1121]
miR-195 Up SNL Spinal microglia ATG14 Shi, et al. [12]

miR-23 Up SNI DRG A20 Zhang, et al. [13]
miR-142 Up CCI Sciatic nerve AC9 Li, et al. [14]
miR-34c Up BCP DRG Cacnale (Cay2.3) Gandla, et al. [15]
miR-219 Down CFA Spinal cord CAMKII Pan, et al. [16]
miR-103 Down SNL Spinal cord Cayl.2 Favereaux, et al. [17]

miR-186-5p Down SNL Spinal cord CXCL13 Jiang, et al. [18]
miR-23a Down pSNL Spinal cord CXCR4 Pan, et al. [19]
miR-124 Down SNL Spinal cord and DRG EGR1 Jiang, et al. [20]

miR-30a-5p Down CCI Spinal cord EP300 Tan, et al. [21]
miR-211 Down CIVP Spinal cord ERK Sun, et al. [22]

miR-124-3p Down CCI Spinal cord EZH2 Zhang, et al. [23]
miR-194 Down CCI Spinal cord FOXA1 Zhang, et al. [24]
miR-500 Up CIP Spinal cord GAD67 Huang, et al. [25]

miR-15a/16 Up CCI Spinal cord GRK2 Li, et al. [26]
m%R-129 ccl Spinal cord Ma, et al. [27]
miR-141 DRG Zhang, et al. [28]

miR-142-3p Down SNL DRG HMGBI1 Zhang, et al. [29]
miR-193 DNP Spinal cord W, et al. [30]
miR-381 CCI DRG Xia, et al. [31]
miR-381 Down CCI Spinal cord HMGB1, CXCR4 Zhan, et al. [32]

miR-124-3p Down CFA Spinal cord IL6R Liu, et al. [33]
miR-146 Up CCI DRG, spinal cord IRAK1, TRAF6 Wang, et al. [34]
mr?Ii{I-QZ_ga Up DNP Sciatic nerve ISL1 Sun, et al. [35]
miR-124 Down CCI Spinal cord JAG1 Li, et al. [36]

miR-141
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Table 1. Cont.

MicroRNA Change  Injury Model Localisation Validated Target/s Reference
KCNA1, KCNA4,
méﬁlslze 'r92 Up SNL DRG KCNI%N%;\TDB" Sakai, et al. [37]
DPP10, SCN1B
miR-137a Up CCI DRG, spinal cord KCNA2 Zhang, et al. [38]
miR-216 Down CCI DRG, spinal cord KDM3A Wang and Li [39]
miR-152 Down PNI Spinal cord MafB Tozaki-Saitoh, et al. [40]
miR-26a Down CCI Spinal cord MAPK6 Zhang, et al. [41]
miR-223 Down iCCI TG MKNK2 Huang, et al. [42]
miR-101 Up CCI Spinal cord and microglia MKP4 Qiu, et al. [43]
miR-183 Down CCI Spinal cord mTOR Xie, et al. [44]
miR-125a-3p Down CFA TG p38 MAPK Dong, et al. [45]
miR-195 Up iCCI Caudal medulla and CSF Patched1 Wang, et al. [46]
miR-122 Down CCI Spinal cord PDK4 Wan, et al. [47]
miR-1224 Down CFA Spinal cord pre-circ-Filip1l Pan, et al. [48]
miR-16 Up CCI Spinal cord RAB23 Chen, et al. [49]
ks Do DG PhRG RAPLA Waetal 1511
miR-144 Down CCI DRG RASA1 Zhang, et al. [52]
miR-140 Down CCI DRG S1PR1 Li, et al. [53]
R Down car DRG SCN3A C?S‘é te;flt 5[55]4]
miR-182 Down ;ﬁ DRG SCN9A Car ol (5]
miR-30b Shao, et al. [58]
miR-190a Down DNP Spinal cord (S\}}C?I}ZI?% Yang, et al. [61]
miR-135a Up CCI Spinal cord SLC24A2 Zhou, et al. [62]
rmnig:;g? Up ca Spinal (:S(E?E;Lfiofjicroglia S0Cs1 ?22,/ eeztt 211.. [[SZ]]
miR-218 Up CCI Spinal cord and microglia SOCS3 Li and Zhao [65]
miR-93 Yan, et al. [66]
miR-98 Down CCI Spinal cord STAT3 Zhong, et al. [67]
miR-544 Jin, et al. [68]
miR-124a Down BCP Spinal cord Synpo Elramah, et al. [69]
miR-28 Down CCI Spinal cord TF Zeb1l Bao, et al. [70]
miR-30c Up SNI Spinal cord TGFp Tramullas, et al. [71]
miR-451 Down CFA Spinal cord and microglia TLR4 Sun and Zhang [72]
miR-154 Down CCI Spinal cord TLR5 Weli, et al. [73]
miR-21 Up SNL DRG TLR8 Zhang, et al. [74]
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Table 1. Cont.

MicroRNA Change  Injury Model Localisation Validated Target/s Reference
miR-183 Down Ccc DRG TREK1 Shi, et al. [75]
miR-183 Down CCI Spinal cord TXNIP Miao, et al. [76]
miR-134 Down CCI Spinal cord Twistl Ji, etal. [77]
miR-34a Down CCI DRG VAMP2 Brandenburger, et al. [78]
miR-128 Down CCI Spinal cord and microglia ZEB1 Zhang, et al. [79]
miR-150 Down CCI Spinal cord and microglia Zebl Yan, et al. [80]
miR-206 Down CCI Spinal microglia ZEB2 Chen, et al. [81]

The identified microRNAs and their putative targets belong to a wide variety of pain-
relevant pathways that can be broadly classified into those related to neuronal excitability,
intracellular signalling and interaction with non-neuronal cells. In this review, examples
from each category will be presented. Another important question is how miRNAs are
regulated themselves. The study of miRNAs involved in pain has contributed to our
understanding of mechanisms underpinning modulation of miRNA levels, such as by
sequestration in stress granules (assemblies of untranslated mRNA and RNA binding pro-
teins formed in conditions of stress) and sponging by long non-coding RNA. Additionally,
an alternative mode of action of miRNA, targeting proteins directly and causing their
activation, will be presented in the context of pain. Finally, opportunities and difficulties
relating to the application of miRNA therapeutics to the clinic will be discussed. Examples
of miRNAs linked with chronic pain that have been identified in clinical human samples
are shown in Table 2.

Table 2. List of studies on miRNA linked with chronic pain with a neuropathic component conducted
on human samples. CRPS = complex regional pain syndrome, CiPN = chemotherapy-induced
painful peripheral neuropathy, DN = diabetic neuropathy, PPN = painful peripheral neuropathy,
sDSP = symptomatic distal sensory polyneuropathy, WBC = white blood cells.

Clinical Condition Control Sample Types Significance Reference
CiPN in patients with Myeloma patients m1R-2.2,. -23a and -24a
multiple mveloma without CiPN Plasma are clinically relevant Fuczkowska, et al. [82]
p y biomarkers for CiPN.
Exosomal miRNA
CRPS Healthy Whole blood signature is altered in Mg]:r)l(;r\lglcle,te:lal[éﬁ?)]
CPRS patients. ! '
miR-128 is upregulated
. . Diabetic patients in diabetic neuropathy; . .
Diabetic neuropathy without neuropathy WBCs miR-155 and -499 Ciccacci, et al. [85]
are downregulated.
Plasma and miR-199-3p is increased
Diabetic neuropathy Healthy skin biops in patients with DN Li, et al. [86]
psy and targets SERPINE2.
Increased miR-455
HIV-associated sDSP Non-DSP and HIV Plasma expression is associated Asahchop, et al. [87]

with reduced
neurite growth.




Biomedicines 2023, 11, 775

6 of 23

Table 2. Cont.

Clinical Condition

Control

Sample Types

Significance

Reference

Lingual nerve injury

Lingual nerve injury
without pain

Neuroma

miR-29a and miR-500a
are inversely correlated
with clinical
VAS scores.

Tavares-Ferreira, et al. [88]

Musculoskeletal pain

Healthy

Plasma

miR-320 and miR-98
successfully distinguish
the origin of chronic
pain in 70% of
the patients.

Dayer, et al. [89]

Neuropathic pain of
various origins

Healthy

Primary human
CD4" T cells

Increased miR-124a
and miR-155 levels
promote Tregs
differentiation.

Heyn, et al. [90]

Painful
peripheral neuropathy

Painless peripheral
neuropathy
and healthy

WBCs and sural
nerve biopsy

miR-132-3p is
overexpressed in WBC
and sural nerve of
patients affected by
peripheral
neuropathies.

Leinders, et al. [91]

Painful
peripheral neuropathy

Painless peripheral
neuropathy
and healthy

Plasma and sural
nerve biopsy

miR-101 and -132 are
altered in plasma and
sural nerve of DN
patients. miR-101
targets KPNBI.

Liu, et al. [92]

Painful
peripheral neuropathy

Painless peripheral
neuropathy
and healthy

WBCs, sural nerve
and skin biopsy

miR-21, -146 and -155
are differentially
expressed in WBC, skin
and sural nerve of
patients affected by
peripheral
neuropathies.

Leinders, et al. [93]

Trigeminal neuralgia

Healthy

Serum

miR-132, -146, -155 and
-384 are upregulated in
patients with
trigeminal neuralgia.

Li, et al. [94]

Neuropathic low
back pain

Patients without
neuropathic pain

Sinuvertebral
nerve biopsy

TRPV1 upregulation is
inversely correlated
with miR-375 and
-455 expression.

Li, et al. [95]

2. MicroRNA Biogenesis

MicroRNAs are transcribed by RNA Polymerase II—and occasionally by RNA Poly-
merase [II—into a hairpin-like structure denominated primary miRNA (pri-miRNA) [96].
Drosha cleavage of the pri-miRNA leads to the formation of pre-miRNA, which is exported
out of the nucleus via Ran-GTP and Exportin-5.

In the cytoplasm, Dicer, coupled with the RNA binding protein (TRBP), performs an
additional cleavage at the loop terminal, resulting in the separation of a sense and antisense
strand, which is commonly degraded. The resulting single strand of miRNA binds to
AGO proteins, creating the RISC complex which is also stabilised by several other proteins
including FMRP, R2D2 and the germin family.

Finally, the RISC complex binds to the 3' UTR sequence of the target mRNA, preventing
its translation [97]. The consensus sequence, named the “seed” region, is usually positioned
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between nucleotides 2 to 7 of the 5’ end of the miRNA. Translational inhibition can occur in
three ways: mRNA degradation, translational repression and site-specific cleavage [6].

Non canonical pathways have also been identified, including miRtrons, snoRNA and
tRNA-derived miRNA, which are generated without Drosha cleavage, and miR-451, which
is generated in a Dicer-independent way [98].

3. MicroRNA Involvement in Pain Pathways

Understanding the role of miRNAs in nociceptive pathways would contribute to a
greater understanding of neuropathic pain development, enabling the identification of new
druggable targets. Many studies have been performed in animal models to investigate
the role of miRNAs and identify their targets in vivo. In this section, studies mostly
from animal models will be discussed in the context of neuronal excitability, synaptic
transmission, intracellular signalling and communication with non-neuronal cells. The
potential of translating these studies to human disease will be discussed in Section 5,
alongside additional findings regarding miRNAs relevant to pain from human tissues.

3.1. Neuronal Excitability

The transmission of information from the periphery of the body to the brain relies on
the propagation of action potentials throughout the axon of sensory nerves. This is enabled
by the presence of different classes of ion channels in the membrane that set the potential of
a cell and allow the propagation of electrical impulses. MicroRNAs can alter the expression
of ion channels, resulting in altered neuronal excitability and increased pain perception
following nerve injury (Figure 2A).

A Dorsal Root Ganglion B Spinal Cord

l miR-30b
miR-182

l miR-7a

" miR-17-92

\’Navl.T

1 miR-96 l miR-103 l miR-190
| /

Cal.2 L miR-34 l
Na,1.3 v

B2 subunit

miR-500

Figure 2. Diagram showing miRNAs dysregulated in neuropathic pain whose targets are directly
involved in (A) cellular excitability and (B) synaptic transmission, verified in animal models. Red
downward arrows indicate that the miRNA is downregulated during neuropathic pain, whilst
upward green arrows indicate miRNA upregulation in neuropathic pain conditions.
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Voltage-gated sodium channels (VGSC) allow the rapid inward entry of sodium ions
that enable the generation and transmission of action potentials. They are located at the
nodes of Ranvier on the axonal membrane and in DRGs. Nay 1.7, one of ten members of
the VGSC family, was shown to be targeted by miR-30b and miR-182. These miRNAs
are downregulated in the DRG following nerve injury, and, if administered intrathecally
or injected in the DRG, respectively, they alleviate mechanical hypersensitivity [57,58].
Resveratrol, a natural polyphenol with anti-oxidant and anti-inflammatory properties, was
shown to alleviate pain following CCI through miR-182 upregulation, which by inhibiting
Nav1.7 may reduce neuronal excitability [56].

Another member of the VGSC family, Nay 1.3, is targeted by miR-96 and miR-384 in
DRGs: when the miRNA mimics are administered intrathecally, the behavioural response
indicative of hypersensitivity following nerve injury is alleviated [54,55]. Finally, miR-7a
targets the 2 subunit of VGSCs, which is involved in transport and gating of sodium
channels and is downregulated in neuronal cell bodies following nerve injury, causing
hyper-excitability in C-fibres [99].

Another class of ion channels important in pain transmission are calcium channels,
classified in various subtypes, which have different roles in excitable cells. Ca,1.2 L-
Type calcium channels regulate long-term changes in gene expression, inducing neuronal
sensitisation in neuropathic pain. miR-103 modulates three Ca,1.2 subunits (Cay1.2-«1,
«2581 and 1) in spinal cord neurons, promoting mRNA decay. miR-103 is downregulated
following nerve injury, concomitant with the upregulation of Cay1.2. Additionally, delivery
of miR-103 mimic after SNL reduces pain sensitisation via Cay1.2 downregulation [17].

In addition to sodium and calcium channels, potassium channels also play an impor-
tant role in neuronal excitability. Voltage-gated potassium channels play a role in setting
the resting membrane potential, enabling the neuron to return to its resting state following
depolarisation [100]. The miR-17-92 cluster was found to be upregulated following nerve
injury and target several voltage-gated potassium channels (Kv1.1, Kv1.4, Kv3.4, Kv4.3,
Kv7.5). miR-17-19 AAV injection causes the suppression of A-type potassium currents and
induces mechanical allodynia. Administration of potassium channel activators reverses
mechanical allodynia following miR-17-92 AAV injection, indicating that the cluster acts
through the modulation of potassium channels [37]. More recently, Kv1.2 has been shown
to be downregulated by miR-137a in neuropathic pain, contributing to pain hypersensi-
tivity [38]. The authors have shown that cultured nociceptors from rats with CCI to the
sciatic nerve display reduced potassium currents and increased neuronal excitability, which
was rescued in nociceptors from rats treated with miR-137 antagomir. miR-137 inhibition
following CCI resulted in increased Kv1.2 protein expression and pain relief [38].

Another potassium channel, TREK]1, is regulated by miR-183. TREK1 is a mechano-
and temperature-sensitive channel and contributes to the initiation of action potentials in C-
fibres [101]. miR-183 is downregulated following nerve injury, whilst TREK1 is upregulated.
miR-183 administration alleviates neuropathic pain through the inhibition of TREK1 [75].

Overall, the evidence suggests that several classes of ion channels are regulated by
miRNAs. Due to the multitude of potential targets, miRNA-based therapeutics might
also struggle to achieve specificity. However, studying miRNA dysregulation in chronic
pain states will help to identify novel pathways that can be targeted pharmacologically
with fewer side effects. Modulation of ion channels with specific inhibitors has proved
to be a successful strategy in the development of analgesics. For example, pregabalin
and gabapentin, currently first-line treatments for neuropathic pain, are calcium channels
modulators. However, due to the presence of off-target effects and limited efficacy, there is
an unmet need for better inhibitors [102].

3.2. Synaptic Transmission

Following the initiation and propagation of action potentials, the signal reaches the
central terminals of nociceptors and is relayed to second-order neurons in the spinal cord
through synaptic transmission. Modulating the components of this process allows fine-
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tuning of the amount of information that is transmitted further in the pathway. Various
miRNAs have been shown to target genes involved in synaptic transmission in animal
models, as shown in Figure 2B. For example, miR-190a is downregulated in diabetic periph-
eral neuropathy and targets SLC17A6, also known as VGLUT2, a glutamate transporter
important in fast synaptic transmission [61]. Similarly, miR-34a undergoes long-term down-
regulation following CCI and targets VAMP2, belonging to the family of SNARE proteins,
important for neurotransmitter release [78]. A study on cancer pain highlighted the role of
miR-124 as a regulator of synaptopodin, a structural component of dendrites involved in the
formation of strong excitatory synapses [69]. miR-500 is involved in chemotherapy-induced
neuropathy, targeting GAD67, an enzyme necessary for the synthesis of GABA in inhibitory
interneurons in the dorsal horn of the spinal cord. After paclitaxel injection, miR-500 was
upregulated, causing a downregulation of GAD67. This resulted in a loss of inhibitory
inputs, leading to an increase in excitatory nociceptive signals [25]. Both miR-124 and
miR-500 dysregulation have been linked to nerve injury-induced neuropathic pain [88,103].

Overall, the evidence suggests that following the establishment of neuropathic pain,
synaptic transmission is facilitated by the downregulation of miRNA targeting synap-
tic components, resulting in enhanced pain perception. Another mechanism that has
been investigated in neuropathic pain is the loss of inhibitory inputs due to apoptosis
of GABAergic interneurons [104]. The involvement of miRNA in this context should be
investigated, as the initiation of apoptotic mechanisms requires extensive alteration of gene
expression which could potentially be under the control of miRNAs, due to their ability to
target multiple transcripts. Indeed, several miRNAs have already been linked to neuronal
cell death in neurological diseases such as Alzheimer’s [105], neuroblastoma [106] and
ischemic disease [107].

3.3. Intracellular Signalling

A fundamental aspect in the establishment of neuropathic pain is the change in gene
expression and post-translational modifications in the nociceptors which lead to a persistent
alteration in neuronal excitability, a process known as peripheral sensitisation. This occurs
through the activation of intracellular signalling pathways, such as the mitogen-activated
protein kinases (MAPK), that are triggered by the activation of receptors by inflammatory
mediators and cause the activation of kinases and transcription factors, resulting in the
upregulation of ion channels and pro-nociceptive receptors (e.g., Nay1.8 and TRPV1) [108].
The MAPK family is divided in three pathways: extracellular signal-regulated kinases
(ERK), p38 and c-Jun N-terminal kinase (JNK) [109]. Various miRNAs have been found to be
involved in the regulation of each of them in the context of pain (summarised in Figure 3).

The ERK pathway is activated in response to inflammation and growth factors, such
as NGF, BDNF and other neurotrophins. It involves the sequential activation of Ras, Raf,
MEK and ERK and leads to neuronal sensitisation [108]. MicroRNA-144 is downregulated
in neuropathic pain and targets RASA1, a member of the Ras family, involved in the ERK
activating cascade. Overexpression of miR-144 reverses nerve injury-induced mechanical
allodynia and thermal hyperalgesia and leads to a reduction in pro-inflammatory cytokines
in the DRG. The interaction between miR-144 and RASA1 was confirmed in satellite glial
cells isolated from murine DRG. Furthermore, when miR-144 agomir was administered
along with RASA1 lentiviral overexpression, the behavioural response to pain was indica-
tive of increased hypersensitivity and the expression of pro-inflammatory cytokines was
restored [52]. Another study highlights RASA1 interaction with miR-206 in PC12 cells
and finds that miR-206 is also downregulated following CCI [110]. This study lacks the
characterisation of miR-206 effect on RASA1 expression in vivo. However, it emerges that
regulation of RASA1 by miRNAs plays an important role in neuropathic pain. miR-206
downregulation is also involved in neuropathic pain through brain-derived neurotrophic
factors (BDNF) interaction, leading again to the activation of the MEK/ERK signalling
pathway. Overexpression of miR-206 reverses the behavioural response to pain, leading to
decreased hypersensitivity, and reduces neuroinflammation, resulting in decreased BDNF
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and MEK/ERK phosphorylation. When BDNF is also overexpressed, the effects of miR-206
injection are abrogated, concomitant with an upregulation of phospho-MEK and phospho-
ERK [111]. Overall, ERK activation in neuropathic pain is facilitated by the downregulation
of specific miRNAs, including miR-206 and miR-144.

l miR-144
miR-206

1 miR-206
NGF BDN\F NT-3/4 Interleukins, TNFa
TrkA TrkB IL-R/TNF-R
®I H@ miR-155
"’ miR-221
miR-15/16
p38 miR-93
| @ —  miR-98 l,
@ miR-544
@ 2 @
0 | miR-7a
— Altered gene
expression
Neuronal
Sensitisation

Figure 3. Diagram displaying miRNA dysregulated in neuropathic pain and their targets involved in
intracellular signalling. Red downward arrows indicate that the miRNA is downregulated during
neuropathic pain, whilst upward green arrows indicate miRNA upregulation in neuropathic pain.

Another important signalling pathway in the context of neuropathic pain is mediated
by p38 activation in spinal microglia, following cellular stress and binding of inflammatory
mediators to extracellular receptors [112]. Phosphorylated p38 is translocated into the
nucleus where it activates transcription factors, such as NF-kB and STAT3, promoting the
expression of inflammatory mediators such as TNFo and IL-1§3 [108].

Several regulators and downstream targets of p38 are targeted by miRNNA. For example,
miR-15/16 targets GRK2, a G-protein coupled receptor (GPCR) that inhibits p38. This
miRNA cluster is upregulated following CCI in rats and its inhibition leads to reduced
hyperalgesia, increased GRK2 expression and decreased phosphorylation of p38 and NF-
kB p65. GRK2 knockdown leads to the abrogation of mir-15/16 inhibition, including
restoration of p-p38 and p-NF-kB levels [26].

Similarly, miR-221 targets suppressor of cytokine 1 (SOCS1) and its upregulation
following CCI causes increased NF-kB and p38 phosphorylation [64]. SOCS1 is also
targeted by miR-155, upregulated following CCI [63]. miR-155 inhibition partially reverses
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changes seen in behavioural responses to thermal and mechanical stimuli, indicating a
reduction in hyperalgesia. It also reduces phosphorylation of Ik-Bx and p38, whilst if
SOCS1 was also knocked down, the effects of miR-155 inhibition are abrogated. These
findings suggest that SOCS1 is involved in neuropathic pain through the regulation of
the NF-kB and p38 pathways and is itself targeted by miR-155 and miR-221. miR-155 is
also upregulated in neuropathic pain induced by the chemotherapeutic agent Bortezomib,
causing increased JNK and p38 phosphorylation [113]. Inhibition of miR-155 causes a
reduction in the behavioural response to mechanical stimuli and restoration of JNK and
p38 phosphorylation levels [113].

Fewer studies have been performed on the role of JNK in chronic pain. Its activation
in sensory neurons and spinal glia following nerve injury is known to be involved in the
development of allodynia and hyperalgesia [114]. MicroRNA modulation of JNK, as well
as other MAPKSs, plays a role in trigeminal nerve injury induced by CCI to the infraorbital
nerve. miR-223 is downregulated following CCI, along with an increase in ERK, p38 and
JNK phosphorylation levels. miR-223 overexpression with a lentiviral vector improves
the behavioural response to mechanical stimuli and restores MAPKs phosphorylation
levels. The effect of miR-223 may occur through the direct interaction with the translational
repressor MKNK?2, involved in the MAPK pathways [42].

Finally, several miRNAs (miR-93, miR-98 and miR-544) have been found to target
STAT3 and to be downregulated following nerve injury. STAT3 is an inflammatory tran-
scription factor activated following phosphorylation by p38 [66—68]. miR-7a also indirectly
regulates STAT3 by targeting neurofilament light polypeptide (NEFL), alleviating neuro-
pathic pain [115].

ERK and p38 are only two of the pathways that are potentially targeted by miRNA
to contribute to neuropathic pain. For example, bioinformatic evidence shows that miR-
500 potentially targets proteins and transcription factors activated in response to cAMP
alterations, another important secondary intracellular messenger [116]. Overall, there is
now evidence that several miRNAs influence neuronal excitability through the regulation of
intracellular signalling cascades. This could be an interesting route to investigate potential
new analgesics. It also provides greater understanding of these mechanisms, which are
relevant to a wide variety of human diseases.

3.4. Interaction with Non-Neuronal Cell Types

Non-neuronal cell types, including glial cells and immune cells, make up the envi-
ronment surrounding neurons and contribute to the establishment of inflammation and
alteration of excitability following nerve injury [117]. MicroRNAs can influence this envi-
ronment through various means, inducing changes in several types of non-neuronal cells
including macrophages, microglia, Schwann cells, astrocytes and lymphocytes.

3.4.1. Macrophages Communicate through miRNA-Containing Extracellular Vesicles

At the nerve injury site, macrophages are activated by pathogen-associated molecular
patterns (PAMP) and damage-associated molecular patterns (DAMP), released in response
to tissue injury. They contribute to the increased recruitment of immune cells via the
secretion of MMPs and vasoactive mediators and establish tissue inflammation through the
secretion of cytokines, interferons, interleukins, prostanoids, growth factors and nitrous
oxide. Macrophages are also recruited in the dorsal root ganglia following nerve injury and
cause additional secretion of pro-inflammatory cytokines that ultimately lead to a change
in post-translational modifications and gene expression in neuronal cell bodies, resulting in
increased excitability [118].

In addition to the secretion of cytokines and other well-known pro-inflammatory medi-
ators, macrophages communicate with neuronal cell bodies through miRNA-containing ex-
osomes. McDonald [83] showed that exosomes secreted by activated murine macrophages
display a characteristic miRNA signature and induce NF-kB activation, a known pro-
inflammatory intracellular mediator, in vitro. In vivo studies show that intraplanar injec-
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tion of exosomes from LPS-treated macrophages induces increased thermal hyperalgesia
shortly after CFA administration. However, over the course of 48 h, exosomes from both
LPS+ and LPS- macrophages caused a decrease in the severity of thermal hyperalgesia. This
indicates that macrophage activation might promote transient increase in inflammation
and hyperalgesia, followed by resolution. Additionally, human patients suffering from
CRPS show an increased level of miRNA in circulating exosomes, attesting the potential
importance of these molecules.

Another piece of evidence supporting the concept of communication between neurons
and macrophages through miRNA-containing exosomes following nerve injury has been
described by Simeoli, et al. [119]. Cultured DRG neurons treated with capsaicin release
exosomes which contain miR-21. When these exosomes are administered to macrophages,
a switch to M1 pro-inflammatory phenotype is observed which is mediated by miR-21.
In vivo miR-21 antagomir intrathecal injection causes decreased hyperalgesia and a lower
number of M1 macrophages. This indicates that miR-21, secreted in exosomes by activated
neuronal cell bodies, stimulates a pro-inflammatory phenotype in macrophages, which
leads to increased inflammation and hyperalgesia. Zhang, et al. [13] identified a similar
mechanism involving miR-23 and A20, a negative regulator of NF-kB which can induce
M1 polarization. miR-23 was shown to be secreted in extracellular vesicles (EVs) from
cultured DRG neurons explanted from SNI mice or following capsaicin administration.
Macrophages cultured with miR-23-containing EVs displayed a downregulation of A20
protein level, increased NF-kB activation and increased expression of the M1 marker
Nos2. Inhibition of miR-23 following SNI in mice resulted in reduced hyperalgesia and
inflammation, as well as reduced macrophage infiltration in the DRG, which were more
likely to display an M2 non-inflammatory phenotype.

3.4.2. Schwann Cell Proliferation Is Directed by miRNA

Schwann cells (SCs) are found in the peripheral nervous system wrapped around
neuronal axons. Their role involves myelinating large-diameter axons and ensheathing
small-diameter axons in structures known as Remak bundles, providing nourishment to
the neurons and promoting peripheral nerve regeneration [120]. Following nerve injury,
the interaction between Neuregulin on the axonal membrane and ERBB2/3 on SCs leads
to demyelination, followed by SC proliferation. Additionally, SCs secrete NGF, BDNF,
prostaglandins, MMPs and cytokines, which lead to peripheral sensitisation and altered
neuronal gene expression [121].

The SC response following nerve injury consists of a de-differentiation and prolifera-
tion phase, followed by a remyelination phase. Several miRNAs have been implicated in
the proliferation phase as described in a review by Sohn and Park [122]. Examples include
let-7b, implicated in NGF inhibition and downregulated following nerve injury, [123] and
miR-1, targeting BDNF [124].

A study by Viader [125] analysed miRNA expression in the distal stump of injured
nerves in mice, largely constituted by SCs, and identified 48 dysregulated miRNAs. Bioin-
formatic analysis showed that 31 of the dysregulated miRNAs’ predicted targets are in-
volved in SC de-differentiation and proliferation. Additionally, deletion of Dicer resulted
in a delay in the proliferation and remyelination cycle. A closer look at the identified
miRNAs revealed that miR-34 is downregulated sharply following nerve injury and targets
Notchl and Ccndl, positive regulators of SC proliferation. Interestingly, miR-140, which
is downregulated until day 7 post-injury, was shown to target Egr2, a transcription factor
directing myelination, in in silico and cell culture systems; however, their expression in vivo
is positively correlated. This could point to miR-140’s role in fine-tuning Erb2 expression,
or it could indicate that in vivo interaction does not actually occur to a significant extent.

Several studies have investigated the role of miRNA expressed in SCs in nerve regen-
eration following injury; however, studies focused on miRNA in SCs that contribute to the
establishment or persistence of neuropathic pain are lacking. Given the role that SCs play
in nerve regeneration, it is difficult to distinguish between adaptive changes that promote
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regeneration and maladaptive ones that lead to chronic pain. The comparison between
neuropathic models characterised by different pain intensities, such as the one presented by
Norcini, et al. [126], or the comparison between genetic lines with different susceptibilities
to pain, as shown in Bali, et al. [127], could be used to overcome this hurdle.

3.4.3. Lymphocyte Differentiation Is Altered by miRNA Expression

Lymphocytes, in particular, T cells, are recruited to the injury site following nerve
damage where they secrete pro-inflammatory cytokines. They also infiltrate the spinal cord
and promote astrocytic activation [118].

A study using blood samples collected from patients suffering from a variety of neuro-
pathic pain conditions (polyneuropathy, postherpetic neuralgia and trigeminal neuralgia)
identified two differentially expressed miRNAs compared to healthy individuals: miR-
124a and -155. They are both involved in the differentiation of regulatory T cells (Tregs).
miR-124a and -155 directly repress histone deacetylase sirtuinl (SIRT1), which is a negative
regulator of Foxp3, a master regulator of the development of Tregs. Increased levels of
miR-124a and miR-155 in neuropathic pain promote Tregs differentiation, which have an
anti-inflammatory role [90].

In a mouse model for type II diabetes-induced peripheral neuropathy, miR-590-3p
was found to be downregulated in the dorsal root ganglia, alongside an increase in CD4
immunolabelling compared to non-diabetic mice, indicating increased T cell infiltration.
Overexpression of miR-590 attenuated the behavioural responses indicative of pain. The
validated target RAP1A was shown to promote T cell viability and migration in isolated T
cells, indicating that neuropathic pain in diabetic mice might be exacerbated by RAP1A-
induced T cell infiltration, enabled by the downregulation of miR-590-3p [51].

3.4.4. Microglial Activation Is Regulated by miRNA

Microglia are essentially CNS-specific macrophages and play an important role in
inflammation and nociception in the spinal cord. Following nerve injury, they show
increased activation in the spinal cord, characterised by increased phosphorylation of p38
and ERK1/2, increased expression of M1 markers (MHC Class II, CD45, integrins) and a
morphological change [118].

MicroRNA-124 has been identified as an important regulator of the transition to
the activated pro-inflammatory phenotype of microglia. Its expression is highest in non-
activated microglia and its knockdown results in in vivo microglial activation [128]. This
plays a role in the transition from acute to persistent hyperalgesia: downregulation of
miR-124 in isolated spinal cord microglia following plantar IL-1§3 injection is observed
concomitantly with an increase in M1 markers. Additionally, the injection of miR-124
reverses mechanical allodynia in mice following spared nerve injury [103]. Similarly,
miR-451, which is downregulated during inflammatory pain, prevents microglial activation
by targeting TLR4, a receptor on microglial surface responsible for cytokine release [72].

Regulation of microglial activity by miRNA in neuropathic pain has been also shown
to occur through autophagy impairment. Increased miR-195 in spinal microglia is cor-
related with a decrease in autophagy activation following peripheral nerve injury. In
particular, miR-195 targets ATG14, involved in the autophagy pathway. Impairment of
autophagy leads to further accumulation of pro-inflammatory cytokines and exacerbation
of hyperalgesia [12].

3.4.5. Astrocytic Activation and Cytokine Production Is Influenced by miRNA

Astrocyte activation in the spinal cord is observed with some delay compared to
the microglial response, but its increase is sustained for up to 5 months following nerve
injury. A role for miRNA-mediated communication between glia and neurons has been
reported [18], in which miR-186, CXCL13 and its receptor CXCRS5 trigger astrocytic activa-
tion. Following spinal nerve ligation (SNL), CXCL13 expression is increased in neurites,
whilst miR-186 is downregulated. miR-186 inhibition in naive mice elicits behavioural



Biomedicines 2023, 11, 775

14 of 23

responses to a lower threshold of mechanical stimulation, which is reversed by CXCL13
neutralising antibody injection. Additionally, CXCR5, a known CXCL13 receptor expressed
in astrocytes, is upregulated following SNL and its inhibition leads to reduced SNL-induced
pain hypersensitivity for up to 91 days. In CXCR5 KO mice, decreased glial activation is
observed. This indicates that CXCL13 expression in neurons is controlled by miR-186 and
leads to CXCRS5 activation in astrocytes, which triggers glial activation through the ERK
signalling pathway.

Once astrocytes are activated, miR-146 plays a role in establishing the balance in
pro-inflammatory molecule production. Inflammatory mediators such as TNFx and IL-
1B, which stimulate astrocytic activation, lead to a sharp increase in TRAF6 followed by
a delayed miR-146 increase. miR-146 targets TRAF6 mRNA, inhibiting its downstream
targets JNK and CCL2. Simultaneously, LPS treatment enhances AP-1 (downstream of JNK)
binding site for miR-146, promoting its transcription. It emerges that miR-146 is at the centre
of a negative feedback loop in astrocytes to fine-tune the production of pro-inflammatory
signalling molecules such as JNK and CCL2 [129].

4. A Closer Look at miRNA Regulation and Function

In this review, several examples of how miRNA dysregulation contributes to the devel-
opment of neuropathic pain are summarised. Typically, this involves the downregulation
of miRNAs that target molecules which promote excitability and inflammation. But how is
miRNA expression altered following nerve damage?

A study by Leung [130] found that in conditions of cellular stress, which lead to
the formation of stress granules, miRNA-induced repression of translation is decreased
five-fold. Additionally, Ago2, part of the RISC complex, is co-immunoprecipitated with
PARP-13, a component of stress granules. This indicates that following stress, Ago2 bound
to miRNA might be sequestered to stress granules and prevented from repressing its mRNA
targets. Similar evidence was found in the context of neuropathic pain. Aldrich, et al. [131]
identified a miRNA cluster-miR-96/182/183-which is downregulated following nerve
injury and localised at the periphery of cell bodies. In contrast, miR-96/182/183 displayed
an even localisation throughout the cell bodies of uninjured animals. In injured neurons,
the miRNA cluster was also co-localised with a stress granule protein (TIA1), which is
commonly found in apoptotic neurons. Co-immunoprecipitation and reporter assays are
necessary to establish if direct interaction between the miRNA cluster or RISC complexes
and TIA1 occurs. However, this provides a potential mechanism through which miRNA
regulation takes place during the development of chronic pain, whereby miRNAs are
sequestered by stress granules at the periphery of the cell. The author suggests two
possible strategies on how this occurs: miRNNAs bound to stress granules might become
translational activators, or their compartmentalisation at the periphery might result in
increased cytoplasmic volume free of translational repressors.

Another way through which miRNAs are sequestered in neuropathic pain is through
“sponging” by long non-coding RNA (IncRNA). This process has also been observed in
cancer, as several IncRNAs have been shown to bind to miRNAs in order to derepress
their mRNA targets [132]. This is also relevant in the development of neuropathic pain, as
reviewed in Song, et al. [133]: examples include miR-381, negatively regulated by IncRNA
NEATT1 [31], miR-150 and miR-154 by XIST [73], miR-206 and miR-129 by MALAT1 [27,81],
and miR-124 and miR-141 by SNHGI16 [36]. A study by Wang, et al. [134] investigated
the network of interactions between IncRNAs, miRNAs and mRNAs in Schwann cells
cultured from rats affected by diabetic peripheral neuropathy. The expression of thousands
of transcripts was analysed with RNA sequencing. The resulting competing endogenous
RNA (ceRNA) network was calculated using co-expression similarity and target prediction
algorithms and included 38 IncRNAs, 10 miRNAs and 702 mRNAs. This complex network
of interaction should be validated experimentally; however, the interaction between one
of the miRNAs involved (miR-212-5p) and its predicted target Gucyla3 was verified in
a cell-line. ceRNA networks were also investigated in trigeminal neuropathic pain in
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mice by Fang, et al. [135]. Total RNA sequencing identified 67 miRNAs, 216 IncRNAs,
14 circRNA and 595 mRNA that were dysregulated following infraorbital CCI compared to
sham-operated mice. Computational analysis identified a complex network of interactions,
involving several previously identified pain-related transcripts. It is perhaps unlikely that
the network of interactions will be exactly replicated in humans; however, studies of this
kind are invaluable to identify master regulators that dictate molecular changes leading to
neuronal hyperexcitability in chronic neuropathic pain, helping to identify a set of targets
that can then be investigated in humans.

The complexity surrounding miRNA regulation does not end here. The conventional
modality of action of miRNA consists in translational repression of mRNA targets. How-
ever, an alternative mechanism of action has emerged, which involves the direct interaction
between miRNA and a protein, resulting in its activation. Lehmann, et al. [105] found that
let-7b can be secreted extracellularly by dying neurons and induce further neuronal cell
death through TLRY7 activation. In the context of pain, let-7b induces nociception through
direct interaction with TLR7, which elicits TRPA1-mediated currents. Let-7b has been
observed to be co-localised on the cell membrane with TRPA1 and TLR7, but not in TLR7
deficient cells, indicating that let-7b directly binds to TLR7 and promotes TRPA1 activa-
tion [136]. In other words, let-7b has a positive effect on TRPA1 through direct interaction
with TLR7's amino acid sequence. Mir-21 and miR-29a also bind to human TLR8 and
murine TLR7 in non-small cell lung cancer, increasing the secretion of pro-inflammatory
cytokines [137]. Indeed, miR-21 is upregulated in mouse following SNL and targets TLRS,
causing ERK activation [74].

Another miRNA acting in a similar way is miR-711, which directly interacts with the
extracellular loop of TRPA1 to elicit pruritus. miR-711 cheek injection is sufficient to cause
pruritus in mice, and this requires the presence of TRPA1 and the core miR-711 sequence
(GGGACCCQ). Calcium imaging of cultured DRG neurons show that extracellular miR-711
administration is sufficient to elicit currents in a subset of neurons, whilst the presence of a
TRPA1 inhibitor prevents this. Again, this indicates that miR-711 directly interacts with
TRPA1 peptide sequence causing its activation [138].

This mode of miRNA interaction presents an additional opportunity to harness with
pathways involved in chronic pain and inflammation that could be exploited in drug
discovery. It also provides a fascinating insight on the regulatory capabilities of noncoding
RNA molecules. Further research is needed to identify which other miRNAs (or other non-
coding RNA), if any, act in a similar way and how the interaction causes receptor activation.

5. Potential Clinical Application of miRNA Studies

MicroRNA expression appears to be dynamic, changing extensively according to the
pain model, time frame and animal studied. In a systematic study by Guo, et al. [139], data
from 37 different papers on miRNA expression in rat neuropathic pain models (SCI, CCI
and SNL) were compared. Despite the use of similar pain models, few studies showed
overlapping expression patterns. Only five dysregulated miRNAs (rno-miR-183/96, rno-
miR-30b, rno-miR-150 and rno-miR-206) were observed in two or more studies, suggesting
that various factors including variations in the animal weight, age, time after injury, in-
jury model and handling could influence significantly miRNA expression. This entails a
significant obstacle in the application of miRNA research to the clinic. However, it could
contribute to the development of strategies to stratify patients, as particular miRNA signa-
tures could be associated with a better response to particular drugs and treatments or with
chronic pain of different origins.

An example of this is presented by Dayer, et al. [89], who performed a study on circu-
lating miRNAs in plasma of patients affected by chronic pain following orthopaedic trauma.
The pain symptoms were classified into neuropathic, nociceptive, mixed and CPRS through
a DN4 questionnaire, clinical history investigation and assessment by physiotherapists and
physicians. Two circulating plasma miRNAs (miR-320 and miR-98) were found to success-
fully classify patients suffering from neuropathic or nociceptive pain in 70% of the cases.
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If more miRNAs are identified, possibly through wider RN A-sequencing screening, the
accuracy might increase, leading to faster diagnosis, earlier start of appropriate treatment
and a more robust and efficient cohort selection in clinical trials.

The role of circulating miR-320 in chronic post-traumatic pain in humans has also
been elucidated by Linnstaedst, et al. [140], pointing to an alternative approach to stratify
patients based on genetic variants. A riboSNitch (i.e., a regulatory element in an RNA
transcript with a function that is disrupted by a specific SNP) in the 3'UTR of the FKBP5
gene was linked to increased vulnerability to chronic post-traumatic pain by decreasing
the affinity of miR-320 to its binding region. Individuals with the minor allele were more
likely to report symptoms of musculoskeletal pain 6 weeks post-trauma if they experienced
high levels of peritraumatic distress, while the level of distress in individuals with the
major allele had little impact on the development of chronic pain. This riboSNitch was
found to affect the secondary structure of FKBP5 3'UTR, causing the miR-320 binding site
to become inaccessible, leading to increased FKBP5 translation, glucocorticoid resistance
and susceptibility to chronic pain. This evidence shows how a deeper understanding of the
regulatory networks involving miRNA-mRNA interactions could lead to new strategies to
identify patients who are at higher risk of developing chronic pain.

Another fundamental question when translating animal studies to humans is whether
miRNA function is conserved across different organisms. Studies on human DRG and
spinal cord are lacking due to the inaccessibility of the tissues, which makes it challenging
to translate the role of miRNAs characterised in animal studies to human disease. Some
studies have been performed on blood samples in CRPS patients [83,84] and a variety of
neuropathic pain conditions [90], which have been discussed in previous paragraphs.

Interesting translational insights on miRNAs and neuropathic pain come from Lein-
ders, et al. [91]. MicroRNA expression was analysed in WBCs and sural nerve biopsies of
patients affected by a variety of peripheral neuropathies. It was found that miR-132-3p was
significantly increased in WBCs of neuropathic pain patients compared to healthy controls,
and that miR-132-3p expression in the sural nerve was correlated with pain intensity in
patients with peripheral neuropathies. Experiments on animal models identified the same
miRNA to be altered in the spinal cord of rats 10 days following SNI. Additionally, daily in-
jections of miR-132-3p antagonist caused an increase in mechanical withdrawal thresholds
following SNI, indicative of reduced allodynia, compared to rats treated with scrambled
control injections. This work highlighted the importance of this particular miRNA, which is
altered in both nerve and WBCs of human patients and was shown to affect the behavioural
responses to pain in a pre-clinical animal model. Interestingly, miR-132 was also found
to be upregulated in plasma of patients affected by peripheral neuropathies in a different
study [92]. This type of study is invaluable to understand the local and systemic impact
of the development of peripheral neuropathies on gene expression, while the comparison
with pre-clinical models allows a more in-depth analysis of the molecular mechanisms that
drive the transition to chronic pain.

Similarly, a study by Tavares-Ferreira, et al. [88] used lingual neuroma tissues from
patients with lingual nerve injury and pre-clinical models to identify changes in miRNA
expression following nerve injury. Lingual nerve injury can occur during routine dental
practices such as anaesthetic injections and third molar removal. Following nerve damage,
the injured axon undergoes extensive sprouting in the attempt to regenerate, supported by
proliferating Schwann cells. However, this process may lead to the formation of a swollen
mass—classified as a neuroma—constituted by the accumulation of fibroblasts, immune
cells, Schwann cells and collagen fibres. The patient is often left with altered sensation
and hyperalgesia, with symptoms including anaesthesia, discomfort, tingling, burning
or sharp shooting pain. Repairing the nerve, which involves dissecting the neuroma out
and micro-surgically re-joining the two nerve ends, promotes functional recovery in most
patients [141]. Investigation of these neuromas revealed two miRNAs (hsa-miR-29a and
hsa-miR-500a) that were differentially expressed in painful and non-painful human lingual
nerve neuromas, and significant correlations between miRNA expression and the pain VAS
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score for both miR-29 and miR-500. This comparison allows the identification of factors
which are associated with pain intensity, rather than positive adaptive changes, such as
factors promoting nerve regeneration.

The study also investigated miRNA expression when a similar type of injury was
replicated in rat, which will enable further investigation of the molecular basis of miRNA
function. Chronic constriction injury was performed on the rat lingual nerve: two miRNAs
were identified (rno-miR-667 and rno-miR-138) that were correlated with altered behaviour
indicative of allodynia. Bioinformatics analysis showed several common potential targets,
involved in inflammation, chemotaxis and ion channel activity. Despite the difference in
the miRNAs identified, the shared potential targets hint that miRNA investigation is useful
to identify important pathways involved in the establishment of chronic neuropathic pain.

6. Conclusions

Neuropathic pain results from various pathophysiological processes following nerve
injury, including inflammation, neuronal death, altered excitability and long-term synaptic
alterations, which take place from the periphery of nociceptors to central circuits involved
in pain processing. Being such a complex and subjective phenomenon, the mechanisms
underlying its development are not fully understood.

The study of microRNAs provides new insights into pathways involved in the de-
velopment and persistence of neuropathic pain. Several miRNAs have been shown to
induce analgesia or hypersensitivity in animal models, through targeting various pathways
linked with neuronal excitability, intracellular signalling and communication with glial and
immune cells. These molecules can exert their effect in various ways, with the most con-
ventional being through mRNA repression, whilst direct protein activation has also been
observed. The study of mechanisms that cause miRNA depletion during neuropathic pain,
such as long non-coding RNA sponging and stress granule sequestration, has provided
valuable insights on how translational homeostasis is achieved in health and disrupted
in disease.

As the current treatments available are not satisfactory for long-term management
of neuropathic pain, new targets are needed in order to develop better therapeutics. Mi-
croRNAs could potentially be targeted to achieve analgesia, being theoretically capable of
influencing several molecules involved in various pathways. While several miRNA-based
therapeutics are in phase I/1I clinical trials, none have reached phase III clinical trials yet.
Challenges include RNA degradation, low tissue permeability and low specificity [142].
Chemical modifications can increase RNA stability, while issues concerning tissue perme-
ability and specificity can be addressed by designing drug delivery systems that target
specific cell types [143].

MicroRNAs also offer the opportunity to investigate phenotypic subtyping, in order
to stratify patients into groups that are more or less likely to respond to a certain treatment
by their miRNA signature. Finally, the study of miRNAs is critical to develop further
understanding of the pathophysiology of neuropathic pain and may benefit several other
conditions that share common pathways such as inflammation, neuronal cell death and
alterations in intracellular signalling.

Overall, a stronger focus on the use of human tissue in the field of miRNAs and
neuropathic pain is needed in order to identify clinically relevant biomarkers and drug
targets. With the advent of new technologies and the reduction in sequencing costs,
investigation of patients” samples is increasingly more accessible and represents the most
promising route to advance the field and benefit patients, while animal models remain a
great tool to discover the mechanisms underlying miRNAs’ action in the context of pain.

Author Contributions: Conceptualization, EM.B., D.W.L. and M.M.; writing—original draft prepara-
tion, M.M.; writing—review and editing, M.M., EM.B., E.S. and D.W.L.; supervision, EM.B., D.W.L.,
D.A.C. and ESS.; funding acquisition, EM.B., D.W.L,, D.A.C. and E.S. All authors have read and
agreed to the published version of the manuscript.



Biomedicines 2023, 11, 775 18 of 23

Funding: This research was funded by BBSRC, grant number BB/T508159/1 and Eli Lilly.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Finnerup, N.B.; Attal, N.; Haroutounian, S.; McNicol, E.; Baron, R.; Dworkin, R.H.; Gilron, I.; Haanp&d, 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] [PubMed]

Giovannini, S.; Coraci, D.; Brau, E,; Galluzzo, V.; Loreti, C.; Caliandro, P.; Padua, L.; Maccauro, G.; Biscotti, L.; Bernabei, R.
Neuropathic Pain in the Elderly. Diagnostics 2021, 11, 613. [CrossRef] [PubMed]

Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203-222. [CrossRef] [PubMed]

Kristen, A.V.,; Ajroud-Driss, S.; Conceicao, I.; Gorevic, P.; Kyriakides, T.; Obici, L. Patisiran, an RNAi therapeutic for the treatment
of hereditary transthyretin-mediated amyloidosis. Neurodegener. Dis. Manag. 2019, 9, 5-23. [CrossRef] [PubMed]

Andersen, H.H.; Duroux, M.; Gazerani, P. MicroRNAs as modulators and biomarkers of inflammatory and neuropathic pain
conditions. Neurobiol. Dis. 2014, 71, 159-168. [CrossRef]

Lopez-Gonzalez, M.].; Landry, M.; Favereaux, A. MicroRNA and chronic pain: From mechanisms to therapeutic potential.
Pharmacol. Ther. 2017, 180, 1-15. [CrossRef]

Bai, G.; Ambalavanar, R.; Wei, D.; Dessem, D. Downregulation of Selective microRNAs in Trigeminal Ganglion Neurons Following
Inflammatory Muscle Pain. Mol. Pain 2007, 3, 15. [CrossRef]

Zhao, |J.; Lee, M.-C.; Momin, A.; Cendan, C.-M.; Shepherd, S.T.; Baker, M.D.; Asante, C.; Bee, L.; Bethry, A.; Perkins, ].R.; et al.
Small RNAs Control Sodium Channel Expression, Nociceptor Excitability, and Pain Thresholds. J. Neurosci. 2010, 30, 10860-10871.
[CrossRef]

Kuhn, D.E.; Martin, M.M,; Feldman, D.S.; Terry, A.V.; Nuovo, G.J.; Elton, T.S. Experimental validation of miRNA targets. Methods
2008, 44, 47-54. [CrossRef]

Cai, W,; Zhang, Y.; Liu, Y.; Liu, H.; Zhang, Z.; Su, Z. Effects of miR-150 on neuropathic pain process via targeting AKT3. Biochem.
Biophys. Res. Commun. 2019, 517, 532-537. [CrossRef]

You, H.; Zhang, L.; Chen, Z.; Liu, W.; Wang, H.; He, H. MiR-20b-5p relieves neuropathic pain by targeting Akt3 in a chronic
constriction injury rat model. Synapse 2019, 73, €22125. [CrossRef]

Shi, G.; Shi, J.; Liu, K.; Liu, N.; Wang, Y.; Fu, Z.; Ding, J; Jia, L.; Yuan, W. Increased miR-195 aggravates neuropathic pain by
inhibiting autophagy following peripheral nerve injury. Glia 2013, 61, 504-512. [CrossRef]

Zhang, Y.; Liu, J.; Wang, X.; Zhang, ].; Xie, C. Extracellular vesicle-encapsulated microRNA-23a from dorsal root ganglia neurons
binds to A20 and promotes inflammatory macrophage polarization following peripheral nerve injury. Aging 2021, 13, 6752-6764.
[CrossRef]

Li, X.; Wang, S.; Yang, X.; Chu, H. miR-142-3p targets AC9 to regulate sciatic nerve injury-induced neuropathic pain by regulating
the cAMP/AMPXK signalling pathway. Int. |. Mol. Med. 2021, 47, 561-572. [CrossRef]

Gandla, J.; Lomada, S.K; Lu, J.; Kuner, R.; Bali, K.K. miR-34c-5p functions as pronociceptive microRNA in cancer pain by
targeting Cav2.3 containing calcium channels. Pain 2017, 158, 1765-1779. [CrossRef]

Pan, Z.; Zhu, L.-].; Li, Y.-Q.; Hao, L.-Y;; Yin, C,; Yang, J.-X.; Guo, Y.; Zhang, S.; Hua, L.; Xue, Z.-Y.; et al. Epigenetic Modification of
Spinal miR-219 Expression Regulates Chronic Inflammation Pain by Targeting CaMKII gamma. ]. Neurosci. 2014, 34, 9476-9483.
[CrossRef]

Favereaux, A.; Thoumine, O.; Bouali-Benazzouz, R.; Roques, V.; Papon, M.-A.; Salam, S.A.; Drutel, G.; Léger, C.; Calas, A.; Nagy,
F; et al. Bidirectional integrative regulation of Cav1.2 calcium channel by microRNA miR-103: Role in pain. EMBO J. 2011, 30,
3830-3841. [CrossRef]

Jiang, B.-C.; Cao, D.-L.; Zhang, X.; Zhang, Z.-].; He, L.-N.; Li, C.-H.; Zhang, W.-W.; Wu, X.-B.; Berta, T.; Ji, R.-R.; et al. CXCL13
drives spinal astrocyte activation and neuropathic pain via CXCR5. J. Clin. Investig. 2016, 126, 745-761. [CrossRef]

Pan, Z.; Shan, Q.; Gu, P,; Wang, X.M.; Tai, L.W.; Sun, M.; Luo, X.; Sun, L.; Cheung, C.W. miRNA-23a/CXCR4 regulates neuropathic
pain via directly targeting TXNIP/NLRP3 inflammasome axis. ]. Neuroinflamm. 2018, 15, 29. [CrossRef]

Jiang, M.; Zhang, X.; Wang, X.; Xu, E; Zhang, J.; Li, L.; Xie, X.; Wang, L.; Yang, Y.; Xu, J. MicroRNA-124-3p attenuates the
development of nerve injury-induced neuropathic pain by targeting early growth response 1 in the dorsal root ganglia and spinal
dorsal horn. J. Neurochem. 2021, 158, 928-942. [CrossRef]

Tan, M,; Shen, L.; Hou, Y. Epigenetic modification of BDNF mediates neuropathic pain via miR-30a-3p/EP300 axis in CCI rats.
Biosci. Rep. 2020, 40. [CrossRef] [PubMed]

Sun, L.; Zhou, J.; Sun, C. MicroRNA-211-5p Enhances Analgesic Effect of Dexmedetomidine on Inflammatory Visceral Pain in
Rats by Suppressing ERK Signaling. . Mol. Neurosci. 2019, 68, 19-28. [CrossRef] [PubMed]


http://doi.org/10.1016/S1474-4422(14)70251-0
http://www.ncbi.nlm.nih.gov/pubmed/25575710
http://doi.org/10.3390/diagnostics11040613
http://www.ncbi.nlm.nih.gov/pubmed/33808121
http://doi.org/10.1038/nrd.2016.246
http://www.ncbi.nlm.nih.gov/pubmed/28209991
http://doi.org/10.2217/nmt-2018-0033
http://www.ncbi.nlm.nih.gov/pubmed/30480471
http://doi.org/10.1016/j.nbd.2014.08.003
http://doi.org/10.1016/j.pharmthera.2017.06.001
http://doi.org/10.1186/1744-8069-3-15
http://doi.org/10.1523/JNEUROSCI.1980-10.2010
http://doi.org/10.1016/j.ymeth.2007.09.005
http://doi.org/10.1016/j.bbrc.2019.07.061
http://doi.org/10.1002/syn.22125
http://doi.org/10.1002/glia.22451
http://doi.org/10.18632/aging.202532
http://doi.org/10.3892/ijmm.2020.4824
http://doi.org/10.1097/j.pain.0000000000000971
http://doi.org/10.1523/JNEUROSCI.5346-13.2014
http://doi.org/10.1038/emboj.2011.249
http://doi.org/10.1172/JCI81950
http://doi.org/10.1186/s12974-018-1073-0
http://doi.org/10.1111/jnc.15433
http://doi.org/10.1042/BSR20194442
http://www.ncbi.nlm.nih.gov/pubmed/33103739
http://doi.org/10.1007/s12031-019-01278-z
http://www.ncbi.nlm.nih.gov/pubmed/30874971

Biomedicines 2023, 11, 775 19 of 23

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Zhang, Y,; Liu, H.; An, L.; Li, L.; Wei, M,; Ge, D.; Su, Z. miR-124-3p attenuates neuropathic pain induced by chronic sciatic nerve
injury in rats via targeting EZH2. |. Cell. Biochem. 2018, 120, 5747-5755. [CrossRef] [PubMed]

Zhang, X.; Chen, Q.; Shen, J.; Wang, L.; Cai, Y.; Zhu, K. miR-194 relieve neuropathic pain and prevent neuroinflammation via
targeting FOXA1. J. Cell. Biochem. 2020, 121, 3278-3285. [CrossRef]

Huang, Z.-Z.; Wei, J.-Y.; Ou-Yang, H.-D.; Li, D.; Xu, T.; Wu, S.-L.; Zhang, X.-L.; Liu, C.-C.; Ma, C.; Xin, W.-J. mir-500-Mediated
GAD67 Downregulation Contributes to Neuropathic Pain. J. Neurosci. 2016, 36, 6321-6331. [CrossRef]

Li, T; Wan, Y.; Sun, L.; Tao, S.; Chen, P;; Liu, C.; Wang, K.; Zhou, C.; Zhao, G. Inhibition of MicroRNA-15a/16 Expression
Alleviates Neuropathic Pain Development through Upregulation of G Protein-Coupled Receptor Kinase 2. Biormol. Ther. 2019, 27,
414-422. [CrossRef]

Ma, X.; Wang, H.; Song, T.; Wang, W.; Zhang, Z. IncRNA MALAT1 contributes to neuropathic pain development through
regulating miR-129-5p/HMGBI axis in a rat model of chronic constriction injury. Int. J. Neurosci. 2020, 130, 1215-1224. [CrossRef]
Zhang, ].; Zhang, H.; Zi, T. Overexpression of microRNA-141 relieves chronic constriction injury-induced neuropathic pain via
targeting high-mobility group box 1. Int. . Mol. Med. 2015, 36, 1433-1439. [CrossRef]

Zhang, Y.; Mou, |.; Cao, L.; Zhen, S.; Huang, H.; Bao, H. MicroRNA-142-3p relieves neuropathic pain by targeting high mobility
group box 1. Int. J. Mol. Med. 2017, 41, 501-510. [CrossRef]

Wu, B.; Guo, Y.; Chen, Q.; Xiong, Q.; Min, S. MicroRNA-193a Downregulates HMGBI1 to Alleviate Diabetic Neuropathic Pain in a
Mouse Model. Neuroimmunomodulation 2019, 26, 250-257. [CrossRef]

Xia, L.-X.; Ke, C; Lu, ].-M. NEAT1 contributes to neuropathic pain development through targeting miR-381/HMGB1 axis in CCI
rat models. J. Cell. Physiol. 2018, 233, 7103-7111. [CrossRef]

Zhan, L.-Y,; Lei, S.-Q.; Zhang, B.-H.; Li, W.-L.; Wang, H.-X.; Zhao, B.; Cui, 5.-S.; Ding, H.; Huang, Q.-M. Overexpression of miR-381
relieves neuropathic pain development via targeting HMGB1 and CXCR4. Biomed. Pharmacother. 2018, 107, 818-823. [CrossRef]
Liu, C.C,; Cheng, ].T.; Li, T.Y,; Tan, PH. Integrated analysis of microRNA and mRNA expression profiles in the rat spinal cord
under inflammatory pain conditions. Eur. J. Neurosci. 2017, 46, 2713-2728. [CrossRef]

Wang, Z.; Liu, E; Wei, M,; Qiu, Y.; Ma, C.; Shen, L.; Huang, Y. Chronic constriction injury-induced microRNA-146a-5p alleviates
neuropathic pain through suppression of IRAK1/TRAF6 signaling pathway. J. Neuroinflamm. 2018, 15, 179. [CrossRef]

Sun, Q.; Zeng, J.; Liu, Y,; Chen, J.; Zeng, Q.-C.; Chen, Y.-Q.; Tu, L.-L.; Chen, P;; Yang, F.; Zhang, M. microRNA-9 and -29a
regulate the progression of diabetic peripheral neuropathy via ISL1-mediated sonic hedgehog signaling pathway. Aging 2020, 12,
11446-11465. [CrossRef]

Li, H,; Fan, L.; Zhang, Y.; Cao, Y.; Liu, X. SNHG16 aggravates chronic constriction injury-induced neuropathic pain in rats via
binding with miR-124-3p and miR-141-3p to upregulate JAG1. Brain Res. Bull. 2020, 165, 228-237. [CrossRef]

Sakai, A.; Saitow, F.; Maruyama, M.; Miyake, N.; Miyake, K.; Shimada, T.; Okada, T.; Suzuki, H. MicroRNA cluster miR-17-92
regulates multiple functionally related voltage-gated potassium channels in chronic neuropathic pain. Nat. Commun. 2017,
8,16079. [CrossRef]

Zhang, ].; Rong, L.; Shao, J.; Zhang, Y.,; Liu, Y,; Zhao, S.; Li, L.; Yu, W,; Zhang, M.; Ren, X.; et al. Epigenetic restoration of
voltage-gated potassium channel Kv1.2 alleviates nerve injury-induced neuropathic pain. J. Neurochem. 2021, 156, 367-378.
[CrossRef]

Wang, W.; Li, R. MiR-216a-5p alleviates chronic constriction injury-induced neuropathic pain in rats by targeting KDM3A and
inactivating Wnt/ 3-catenin signaling pathway. Neurosci. Res. 2020, 170, 255-264. [CrossRef]

Tozaki-Saitoh, H.; Masuda, J.; Kawada, R.; Kojima, C.; Yoneda, S.; Masuda, T.; Inoue, K.; Tsuda, M. Transcription factor MafB
contributes to the activation of spinal microglia underlying neuropathic pain development. Glia 2018, 67, 729-740. [CrossRef]
Zhang, Y,; Su, Z.; Liu, H.-L,; Li, L.; Wei, M.; Ge, D.-J.; Zhang, Z.-]. Effects of miR-26a-5p on neuropathic pain development by
targeting MAPKS6 in in CCI rat models. Biomed. Pharmacother. 2018, 107, 644—649. [CrossRef] [PubMed]

Huang, B.; Guo, S.; Zhang, Y.; Lin, P,; Lin, C.; Chen, M.; Zhu, S.; Huang, L.; He, J.; Zhang, L.; et al. MiR-223-3p alleviates trigeminal
neuropathic pain in the male mouse by targeting MKNK2 and MAPK/ERK signaling. Brain Behav. 2022, 12, €2634. [CrossRef]
[PubMed]

Qiu, S.; Liu, B.; Mo, Y.; Wang, X.; Zhong, L.; Han, X.; Mi, F. MiR-101 promotes pain hypersensitivity in rats with chronic
constriction injury via the MKP-1 mediated MAPK pathway. J. Cell. Mol. Med. 2020, 24, 8986-8997. [CrossRef] [PubMed]

Xie, X.; Ma, L,; Xi, K.; Zhang, W.; Fan, D. MicroRNA-183 Suppresses Neuropathic Pain and Expression of AMPA Receptors by
Targeting mTOR /VEGF Signaling Pathway. Cell. Physiol. Biochem. 2017, 41, 181-192. [CrossRef] [PubMed]

Dong, Y.; Li, P; Ni, Y.; Zhao, J.; Liu, Z. Decreased MicroRNA-125a-3p Contributes to Upregulation of p38 MAPK in Rat Trigeminal
Ganglions with Orofacial Inflammatory Pain. PLoS ONE 2014, 9, e111594. [CrossRef]

Wang, X.; Wang, H.; Zhang, T.; He, M,; Liang, H.; Wang, H.; Xu, L.; Chen, S.; Xu, M. Inhibition of MicroRNA-195 Alleviates
Neuropathic Pain by Targeting Patched1 and Inhibiting SHH Signaling Pathway Activation. Neurochem. Res. 2019, 44, 1690-1702.
[CrossRef]

Wan, L.; Su, Z.; Li, E; Gao, P,; Zhang, X. MiR-122-5p suppresses neuropathic pain development by targeting PDK4. Neurochem.
Res. 2021, 46, 957-963. [CrossRef]

Pan, Z.; Li, G.-F,; Sun, M.-L; Xie, L,; Liu, D.; Zhang, Q.; Yang, X.-X,; Xia, S.; Liu, X.; Zhou, H.; et al. MicroRNA-1224 Splicing
CircularRNA-Filip1l in an Ago2-Dependent Manner Regulates Chronic Inflammatory Pain via Targeting Ubrb5. J. Neurosci. 2019,
39, 2125-2143. [CrossRef]


http://doi.org/10.1002/jcb.27861
http://www.ncbi.nlm.nih.gov/pubmed/30390343
http://doi.org/10.1002/jcb.29598
http://doi.org/10.1523/JNEUROSCI.0646-16.2016
http://doi.org/10.4062/biomolther.2018.073
http://doi.org/10.1080/00207454.2020.1731508
http://doi.org/10.3892/ijmm.2015.2342
http://doi.org/10.3892/ijmm.2017.3222
http://doi.org/10.1159/000503325
http://doi.org/10.1002/jcp.26526
http://doi.org/10.1016/j.biopha.2018.08.053
http://doi.org/10.1111/ejn.13745
http://doi.org/10.1186/s12974-018-1215-4
http://doi.org/10.18632/aging.103230
http://doi.org/10.1016/j.brainresbull.2020.09.025
http://doi.org/10.1038/ncomms16079
http://doi.org/10.1111/jnc.15117
http://doi.org/10.1016/j.neures.2020.08.001
http://doi.org/10.1002/glia.23570
http://doi.org/10.1016/j.biopha.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30118880
http://doi.org/10.1002/brb3.2634
http://www.ncbi.nlm.nih.gov/pubmed/35608154
http://doi.org/10.1111/jcmm.15532
http://www.ncbi.nlm.nih.gov/pubmed/32656992
http://doi.org/10.1159/000455987
http://www.ncbi.nlm.nih.gov/pubmed/28214854
http://doi.org/10.1371/journal.pone.0111594
http://doi.org/10.1007/s11064-019-02797-2
http://doi.org/10.1007/s11064-020-03213-w
http://doi.org/10.1523/JNEUROSCI.1631-18.2018

Biomedicines 2023, 11, 775 20 of 23

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Chen, W.; Guo, S.; Wang, S. MicroRNA-16 Alleviates Inflammatory Pain by Targeting Ras-Related Protein 23 (RAB23) and
Inhibiting p38 MAPK Activation. Experiment 2016, 22, 3894-3901. [CrossRef]

Fang, B.; Wei, L.; Dong, K.; Niu, X.; Sui, X.; Zhang, H. miR-202 modulates the progression of neuropathic pain through targeting
RAP1A. J. Cell. Biochem. 2018, 120, 2973-2982. [CrossRef]

Wu, Y.; Gu, Y.; Shi, B. miR-590-3p Alleviates diabetic peripheral neuropathic pain by targeting RAP1A and suppressing infiltration
by the T cells. Acta Biochim. Pol. 2020, 67, 587-593. [CrossRef] [PubMed]

Zhang, X.; Guo, H; Xie, A.; Liao, O.; Ju, F; Zhou, Y. MicroRNA-144 relieves chronic constriction injury-induced neuropathic pain
via targeting RASA. Biotechnol. Appl. Biochem. 2019, 67, 294-302. [CrossRef] [PubMed]

Li, J.; Zhu, Y.;; Ma, Z.; Liu, Y.; Sun, Z.; Wu, Y. miR-140 ameliorates neuropathic pain in CCI rats by targeting S1PR1. J. Recept.
Signal Transduct. Res. 2020, 41, 401-407. [CrossRef] [PubMed]

Chen, H.-P; Zhou, W.; Kang, L.-M.; Yan, H.; Zhang, L.; Xu, B.-H.; Cai, W.-H. Intrathecal miR-96 Inhibits Nav1.3 Expression and
Alleviates Neuropathic Pain in Rat Following Chronic Construction Injury. Neurochem. Res. 2013, 39, 76-83. [CrossRef] [PubMed]
Ye, G.; Zhang, Y.; Zhao, |.; Chen, Y.; Kong, L.; Sheng, C.; Yuan, L. miR-384-5p ameliorates neuropathic pain by targeting SCN3A
in a rat model of chronic constriction injury. Neurol. Res. 2020, 42, 299-307. [CrossRef]

Jia, Q.; Dong, W.; Zhang, L.; Yang, X. Activating Sirt1 by resveratrol suppresses Nav1.7 expression in DRG through miR-182 and
alleviates neuropathic pain in rats. Channels 2020, 14, 69-78. [CrossRef]

Cai, W.; Zhao, Q.; Shao, J.; Zhang, J.; Li, L.; Ren, X; Su, S.; Bai, Q.; Li, M.; Chen, X,; et al. MicroRNA-182 Alleviates Neuropathic
Pain by Regulating Nav1.7 Following Spared Nerve Injury in Rats. Sci. Rep. 2018, 8, 16750. [CrossRef]

Shao, J.; Cao, J.; Wang, J.; Ren, X; Su, S.; Li, M; Li, Z.; Zhao, Q.; Zang, W. MicroRNA-30b regulates expression of the sodium
channel Nav1.7 in nerve injury-induced neuropathic pain in the rat. Mol. Pain 2016, 12, 671523. [CrossRef]

Chen, S.; Gu, Y,; Dai, Q.; He, Y.; Wang, J. Spinal miR-34a regulates inflammatory pain by targeting SIRT1 in complete Freund'’s
adjuvant mice. Biochem. Biophys. Res. Commun. 2019, 516, 1196-1203. [CrossRef]

Chu, Y.; Ge, W.; Wang, X. MicroRNA-448 modulates the progression of neuropathic pain by targeting sirtuin 1. Exp. Ther. Med.
2019, 18, 4665-4672. [CrossRef]

Yang, D.; Yang, Q.; Wei, X,; Liu, Y.; Ma, D.; Li, J.; Wan, Y.; Luo, Y. The role of miR-190a-5p contributes to diabetic neuropathic pain
via targeting SLC17A6. |. Pain Res. 2017, 10, 2395-2403. [CrossRef]

Zhou, X.G.; He, H.; Wang, P. A critical role for miR-135a-5p-mediated regulation of SLC24A?2 in neuropathic pain. Mol. Med. Rep.
2020, 22, 2115-2122. [CrossRef]

Tan, Y,; Yang, ].; Xiang, K.; Tan, Q.; Guo, Q. Suppression of MicroRNA-155 Attenuates Neuropathic Pain by Regulating SOCS1
Signalling Pathway. Neurochem. Res. 2014, 40, 550-560. [CrossRef]

Xia, L.; Zhang, Y.; Dong, T. Inhibition of MicroRNA-221 Alleviates Neuropathic Pain Through Targeting Suppressor of Cytokine
Signaling 1. ]. Mol. Neurosci. 2016, 59, 411-420. [CrossRef]

Li, L.; Zhao, G. Downregulation of microRNA-218 relieves neuropathic pain by regulating suppressor of cytokine signaling
International 3. |. Mol. Med. 2016, 37, 851-858. [CrossRef]

Yan, X.-T.; Ji, L.-].; Wang, Z.; Wu, X.; Wang, Q.; Sun, S.; Lu, ].-M.; Zhang, Y. MicroRNA-93 alleviates neuropathic pain through
targeting signal transducer and activator of transcription 3. Int. Immunopharmacol. 2017, 46, 156-162. [CrossRef]

Zhong, L.; Fu, K,; Xiao, W.; Wang, F.; Shen, L. Overexpression of miR-98 attenuates neuropathic pain development via targeting
STATS3 in CCI rat models. ]. Cell. Biochem. 2018, 120, 7989-7997. [CrossRef]

Jin, H,; Du, X,; Zhao, Y.; Xia, D. XIST/miR-544 axis induces neuropathic pain by activating STAT3 in a rat model. J. Cell. Physiol.
2018, 233, 5847-5855. [CrossRef]

Elramabh, S.; Lopez-Gonzélez, M.].; Bastide, M.; Dixmérias, F.; Roca-Lapirot, O.; Wielanek-Bachelet, A.C.; Vital, A.; Leste-Lasserre,
T.; Brochard, A.; Landry, M.; et al. Spinal miRNA-124 regulates synaptopodin and nociception in an animal model of bone cancer
pain. Sci. Rep. 2017, 7, 10949. [CrossRef]

Bao, Y.; Wang, S.; Xie, Y.; Jin, K.; Bai, Y.; Shan, S. MiR-28-5p relieves neuropathic pain by targeting Zeb1 in CCI rat models. J. Cell.
Biochem. 2018, 119, 8555-8563. [CrossRef]

Tramullas, M.; Francés, R.; de la Fuente, R.; Velategui, S.; Carcelén, M.; Garcia, R.; Llorca, J.; Hurlé, M.A. MicroRNA-30c-5p
modulates neuropathic pain in rodents. Sci. Transl. Med. 2018, 10, eaa06299. [CrossRef] [PubMed]

Sun, X.; Zhang, H. miR-451 elevation relieves inflammatory pain by suppressing microglial activation-evoked inflammatory
response via targeting TLR4. Cell Tissue Res. 2018, 374, 487—-495. [CrossRef] [PubMed]

Wei, M.; Li, L.; Zhang, Y.; Zhang, Z.; Liu, H.; Bao, H. LncRNA X inactive specific transcript contributes to neuropathic pain
development by sponging miR-154-5p via inducing toll-like receptor 5 in CCI rat models. J. Cell. Biochem. 2018, 120, 1271-1281.
[CrossRef] [PubMed]

Zhang, Z.-].; Guo, ].-S.; Li, S.-S.; Wu, X.-B.; Cao, D.-L,; Jiang, B.-C ; Jing, P.-B.; Bai, X.-Q.; Li, C.-H.; Wu, Z.-H.; et al. TLR8 and its
endogenous ligand miR-21 contribute to neuropathic pain in murine DRG. J. Exp. Med. 2018, 215, 3019-3037. [CrossRef]

Shi, D.-N.; Yuan, Y.-T;; Ye, D.; Kang, L.-M.; Wen, J.; Chen, H.-P. MiR-183-5p Alleviates Chronic Constriction Injury-Induced
Neuropathic Pain Through Inhibition of TREK-1. Neurochem. Res. 2018, 43, 1143-1149. [CrossRef]

Miao, J.; Zhou, X; Ji, T.; Chen, G. NF-«kB p65-dependent transcriptional regulation of histone deacetylase 2 contributes to the
chronic constriction injury-induced neuropathic pain via the microRNA-183/TXNIP/NLRP3 axis. | Neuroinflamm. 2020, 17, 225.
[CrossRef]


http://doi.org/10.12659/MSM.897580
http://doi.org/10.1002/jcb.27025
http://doi.org/10.18388/abp.2020_5451
http://www.ncbi.nlm.nih.gov/pubmed/33332780
http://doi.org/10.1002/bab.1854
http://www.ncbi.nlm.nih.gov/pubmed/31737949
http://doi.org/10.1080/10799893.2020.1818091
http://www.ncbi.nlm.nih.gov/pubmed/32924718
http://doi.org/10.1007/s11064-013-1192-z
http://www.ncbi.nlm.nih.gov/pubmed/24234845
http://doi.org/10.1080/01616412.2020.1723313
http://doi.org/10.1080/19336950.2020.1732003
http://doi.org/10.1038/s41598-018-34755-3
http://doi.org/10.1177/1744806916671523
http://doi.org/10.1016/j.bbrc.2019.07.002
http://doi.org/10.3892/etm.2019.8165
http://doi.org/10.2147/JPR.S133755
http://doi.org/10.3892/mmr.2020.11262
http://doi.org/10.1007/s11064-014-1500-2
http://doi.org/10.1007/s12031-016-0748-1
http://doi.org/10.3892/ijmm.2016.2455
http://doi.org/10.1016/j.intimp.2017.01.027
http://doi.org/10.1002/jcb.28076
http://doi.org/10.1002/jcp.26376
http://doi.org/10.1038/s41598-017-10224-1
http://doi.org/10.1002/jcb.27096
http://doi.org/10.1126/scitranslmed.aao6299
http://www.ncbi.nlm.nih.gov/pubmed/30089634
http://doi.org/10.1007/s00441-018-2898-7
http://www.ncbi.nlm.nih.gov/pubmed/30069596
http://doi.org/10.1002/jcb.27088
http://www.ncbi.nlm.nih.gov/pubmed/30335888
http://doi.org/10.1084/jem.20180800
http://doi.org/10.1007/s11064-018-2529-4
http://doi.org/10.1186/s12974-020-01901-6

Biomedicines 2023, 11, 775 21 of 23

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

Ji,L.-],; Su, J.; Xu, A.-L,; Pang, B.; Huang, Q.-M. MiR-134-5p attenuates neuropathic pain progression through targeting Twist1.
J. Cell. Biochem. 2019, 120, 1694-1701. [CrossRef]

Brandenburger, T.; Johannsen, L.; Prassek, V.; Kuebart, A.; Raile, J.; Wohlfromm, S.; Kohrer, K.; Huhn, R.; Hollmann, M.W.,;
Hermanns, H. MiR-34a is differentially expressed in dorsal root ganglia in a rat model of chronic neuropathic pain. Neurosci. Lett.
2019, 708, 134365. [CrossRef]

Zhang, X.; Zhang, Y.; Cai, W.; Liu, Y,; Liu, H.; Zhang, Z.; Su, Z. MicroRNA-128-3p Alleviates Neuropathic Pain Through Targeting
ZEB1. Neurosci. Lett. 2020, 729, 134946. [CrossRef]

Yan, X;; Lu, J.; Wang, Y.; Cheng, X.; He, X.; Zheng, W.; Chen, H.; Wang, Y. XIST accelerates neuropathic pain progression through
regulation of miR-150 and ZEB1 in CCI rat models. J. Cell. Physiol. 2018, 233, 6098—-6106. [CrossRef]

Chen, Z.-L.; Liu, J.-Y.; Wang, F; Jing, X. Suppression of MALAT1 ameliorates chronic constriction injury-induced neuropathic
pain in rats via modulating miR-206 and ZEB2. |. Cell. Physiol. 2019, 234, 15647-15653. [CrossRef]

Luczkowska, K.; Roginiska, D.; Ulaniczyk, Z.; Safranow, K.; Paczkowska, E.; Baumert, B.; Milczarek, S.; Osekowska, B.; Gorska, M.;
Borowiecka, E.; et al. microRNAs as the biomarkers of chemotherapy-induced peripheral neuropathy in patients with multiple
myeloma. Leuk Lymphoma 2021, 62, 2768-2776. [CrossRef]

McDonald, M.K;; Tian, Y.; Qureshi, R.A.; Gormley, M.; Ertel, A.; Gao, R.; Lopez, E.A.; Alexander, G.M.; Sacan, A.; Fortina, P; et al.
Functional significance of macrophage-derived exosomes in inflammation and pain. Pain 2014, 155, 1527-1539. [CrossRef]
Orlova, I.A.; Alexander, G.M.; Qureshi, R.A.; Sacan, A.; Graziano, A.; Barrett, ].E.; Schwartzman, R.J.; Ajit, S.K. MicroRNA
modulation in complex regional pain syndrome. J. Transl. Med. 2011, 9, 195. [CrossRef]

Ciccacci, C.; Latini, A.; Colantuono, A.; Politi, C.; D’Amato, C.; Greco, C.; Rinaldi, M.E.; Lauro, D.; Novelli, G.; Spallone, V.; et al.
Expression study of candidate miRNAs and evaluation of their potential use as biomarkers of diabetic neuropathy. Epigenomics
2020, 12, 575-585. [CrossRef]

Li, Y.B.; Wu, Q,; Liu, J.; Fan, Y.Z; Yu, K.E; Cai, Y. miR-199a-3p is involved in the pathogenesis and progression of diabetic
neuropathy through downregulation of SerpinE2. Mol. Med. Rep. 2017, 16, 2417-2424. [CrossRef]

Asahchop, E.L.; Branton, W.G.; Krishnan, A.; Chen, PA ; Yang, D.; Kong, L.L.; Zochodne, D.W.; Brew, B.; John, G.M.; Power,
D.C. HIV-associated sensory polyneuropathy and neuronal injury are associated with miRNA-455-3p induction. J. Clin. Investig.
2018, 3. [CrossRef]

Tavares-Ferreira, D.; Lawless, N.; Bird, E.V.; Atkins, S.; Collier, D.; Sher, E.; Malki, K.; Lambert, D.W.; Boissonade, EM. Correlation
of miRNA expression with intensity of neuropathic pain in man. Mol. Pain 2019, 15. [CrossRef]

Dayer, C.F,; Luthi, F,; Le Carré, ]J.; Vuistiner, P,; Terrier, P.; Benaim, C.; Giacobino, J.-P.; Léger, B. Differences in the miRNA
signatures of chronic musculoskeletal pain patients from neuropathic or nociceptive origins. PLoS ONE 2019, 14, e0219311.
[CrossRef]

Heyn, J.; Luchting, B.; Hinske, L.C.; Hiibner, M.; Azad, S.C.; Kreth, S. miR-124a and miR-155 enhance differentiation of regulatory
T cells in patients with neuropathic pain. J. Neuroinflamm. 2016, 13, 248. [CrossRef]

Leinders, M.; Ugeyler, N.; Pritchard, R.; Sommer, C.; Sorkin, L. Increased miR-132-3p expression is associated with chronic
neuropathic pain. Exp. Neurol. 2016, 283, 276-286. [CrossRef] [PubMed]

Liu, J.C.; Xue, D.E; Wang, X.Q.; Ai, D.B.; Qin, P.J. MiR-101 relates to chronic peripheral neuropathic pain through targeting
KPNBI1 and regulating NF-«B signaling. Kaohsiung J. Med. Sci. 2019, 35, 139-145. [CrossRef] [PubMed]

Leinders, M.; Ugeyler, N.; Thomann, A.; Sommer, C. Aberrant microRNA expression in patients with painful peripheral
neuropathies. J. Neurol. Sci. 2017, 380, 242-249. [CrossRef] [PubMed]

Li, X.; Wang, D.; Zhou, J.; Yan, Y.; Chen, L. Evaluation of circulating microRNA expression in patients with trigeminal neuralgia:
An observational study. Medicine 2020, 99, €22972. [CrossRef]

Li, Z.; Zhou, Y.; Li, Z. NFKB1 Signalling Activation Contributes to TRPV1 Over-expression via Repressing MiR-375 and MiR-455:
A Study on Neuropathic Low Back Pain. Folia Biol. (Praha) 2022, 68, 105-111.

Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509-524. [CrossRef]

Kosik, K.S. The neuronal microRNA system. Nat. Rev. Neurosci. 2006, 7, 911-920. [CrossRef]

Stavast, C.; Erkeland, S. The Non-Canonical Aspects of MicroRNAs: Many Roads to Gene Regulation. Cells 2019, 8, 1465.
[CrossRef]

Sakai, A.; Saitow, F.; Miyake, N.; Miyake, K.; Shimada, T.; Suzuki, H. miR-7a alleviates the maintenance of neuropathic pain
through regulation of neuronal excitability. Brain 2013, 136, 2738-2750. [CrossRef]

Wang, J.-J.; Li, Y. KCNQ potassium channels in sensory system and neural circuits. Acta Pharmacol. Sin. 2015, 37, 25-33. [CrossRef]
Alloui, A.; Zimmermann, K.; Mamet, J.; Duprat, F; Noél, ].; Chemin, J.; Guy, N.; Blondeau, N.; Voilley, N.; Rubat-Coudert, C.; et al.
TREK-1, a K* channel involved in polymodal pain perception. EMBO J. 2006, 25, 2368-2376. [CrossRef]

Perret, D.; Luo, Z.D. Targeting voltage-gated calcium channels for neuropathic pain management. Neurotherapeutics 2009, 6,
679-692. [CrossRef]

Willemen, H.L.D.M.; Huo, X.-J.; Mao-Ying, Q.-L.; Zijlstra, ].; Heijnen, C.J.; Kavelaars, A. MicroRNA-124 as a novel treatment for
persistent hyperalgesia. J. Neuroinflamm. 2012, 9, 143. [CrossRef]

Scholz, J.; Broom, D.C.; Youn, D.-H.; Mills, C.D.; Kohno, T.; Suter, M.R.; Moore, K.A.; Decosterd, I.; Coggeshall, R.E.; Woolf, C.J.
Blocking Caspase Activity Prevents Transsynaptic Neuronal Apoptosis and the Loss of Inhibition in Lamina II of the Dorsal Horn
after Peripheral Nerve Injury. J. Neurosci. 2005, 25, 7317-7323. [CrossRef]


http://doi.org/10.1002/jcb.27486
http://doi.org/10.1016/j.neulet.2019.134365
http://doi.org/10.1016/j.neulet.2020.134946
http://doi.org/10.1002/jcp.26453
http://doi.org/10.1002/jcp.28213
http://doi.org/10.1080/10428194.2021.1933478
http://doi.org/10.1016/j.pain.2014.04.029
http://doi.org/10.1186/1479-5876-9-195
http://doi.org/10.2217/epi-2019-0242
http://doi.org/10.3892/mmr.2017.6874
http://doi.org/10.1172/jci.insight.122450
http://doi.org/10.1177/1744806919860323
http://doi.org/10.1371/journal.pone.0219311
http://doi.org/10.1186/s12974-016-0712-6
http://doi.org/10.1016/j.expneurol.2016.06.025
http://www.ncbi.nlm.nih.gov/pubmed/27349406
http://doi.org/10.1002/kjm2.12025
http://www.ncbi.nlm.nih.gov/pubmed/30887716
http://doi.org/10.1016/j.jns.2017.07.041
http://www.ncbi.nlm.nih.gov/pubmed/28870579
http://doi.org/10.1097/MD.0000000000022972
http://doi.org/10.1038/nrm3838
http://doi.org/10.1038/nrn2037
http://doi.org/10.3390/cells8111465
http://doi.org/10.1093/brain/awt191
http://doi.org/10.1038/aps.2015.131
http://doi.org/10.1038/sj.emboj.7601116
http://doi.org/10.1016/j.nurt.2009.07.006
http://doi.org/10.1186/1742-2094-9-143
http://doi.org/10.1523/JNEUROSCI.1526-05.2005

Biomedicines 2023, 11, 775 22 of 23

105.

106.

107.

108.

109.
110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Lehmann, S.M.; Kriiger, C.; Park, B.; Derkow, K.; Rosenberger, K.; Baumgart, J.; Trimbuch, T.; Eom, G.; Hinz, M.; Kaul, D.; et al.
An unconventional role for miRNA: Let-7 activates Toll-like receptor 7 and causes neurodegeneration. Nat. Neurosci. 2012, 15,
827-835. [CrossRef]

Chen, Y,; Stallings, R.L. Differential Patterns of MicroRNA Expression in Neuroblastoma Are Correlated with Prognosis,
Differentiation, and Apoptosis. Cancer Res. 2007, 67, 976-983. [CrossRef]

Yin, K.-J.; Deng, Z.; Huang, H.; Hamblin, M.; Xie, C.; Zhang, J.; Chen, Y.E. miR-497 regulates neuronal death in mouse brain after
transient focal cerebral ischemia. Neurobiol. Dis. 2010, 38, 17-26. [CrossRef]

Cheng, J.-K.; Ji, R.-R. Intracellular Signaling in Primary Sensory Neurons and Persistent Pain. Neurochem. Res. 2008, 33, 1970-1978.
[CrossRef]

Ji, R-R.; Gereau, R.W.; Malcangio, M.; Strichartz, G.R. MAP kinase and pain. Brain Res. Rev. 2009, 60, 135-148. [CrossRef]

Yang, Q.; Liu, Z.; Chang, Y. Downregulation of miR-206 contributes to neuropathic pain in rats by enhancing RASA1 expression.
Int. J. Clin. Exp. Med. 2016, 9, 3146-3152.

Sun, W.; Zhang, L.; Li, R. Overexpression of miR-206 ameliorates chronic constriction injury-induced neuropathic pain in rats via
the MEK/ERK pathway by targeting brain-derived neurotrophic factor. Neurosci. Lett. 2017, 646, 68-74. [CrossRef] [PubMed]
Ji, R-R,; Suter, M. p38 MAPK, microglial signaling, and neuropathic pain. Mol. Pain 2007, 3, 33. [CrossRef] [PubMed]

Duan, Z.; Zhang, J.; Li, ].; Pang, X.; Wang, H. Inhibition of microRNA-155 Reduces Neuropathic Pain During Chemotherapeutic
Bortezomib via Engagement of Neuroinflammation. Front. Oncol. 2020, 10, 416. [CrossRef]

Gao, Y.-J.; Ji, R-R. Activation of JNK pathway in persistent pain. Neurosci. Lett. 2008, 437, 180-183. [CrossRef] [PubMed]

Yang, E-R.; Chen, ].; Yi, H.; Peng, L.-Y.; Hu, X.-L.; Guo, Q.-L. MicroRNA-7a ameliorates neuropathic pain in a rat model of spinal
nerve ligation via the neurofilament light polypeptide-dependent signal transducer and activator of transcription signaling
pathway. Mol. Pain 2019, 15, 842464. [CrossRef]

Zhou, S.; Yu, B.; Qian, T.; Yao, D.; Wang, Y.; Ding, F.; Gu, X. Early changes of microRNAs expression in the dorsal root ganglia
following rat sciatic nerve transection. Neurosci. Lett. 2011, 494, 89-93. [CrossRef]

Ji, R-R.; Chamessian, A.; Zhang, Y.-Q. Pain regulation by non-neuronal cells and inflammation. Science 2016, 354, 572-577.
[CrossRef]

Calvo, M.; Dawes, ].M.; Bennett, D.L. The role of the immune system in the generation of neuropathic pain. Lancet Neurol. 2012,
11, 629-642. [CrossRef]

Simeoli, R.; Montague, K.; Jones, H.R.; Castaldi, L.; Chambers, D.; Kelleher, ].H.; Vacca, V.; Pitcher, T.; Grist, J.; Al-Ahdal, H.; et al.
Exosomal cargo including microRNA regulates sensory neuron to macrophage communication after nerve trauma. Nat. Commun.
2017, 8, 1778. [CrossRef]

Bhatheja, K.; Field, J. Schwann cells: Origins and role in axonal maintenance and regeneration. Int. . Biochem. Cell Biol. 2006, 38,
1995-1999. [CrossRef]

Scholz, J.; Woolf, C.]J. The neuropathic pain triad: Neurons, immune cells and glia. Nat. Neurosci. 2007, 10, 1361-1368. [CrossRef]
Sohn, E.J.; Park, H.T. MicroRNA Mediated Regulation of Schwann Cell Migration and Proliferation in Peripheral Nerve Injury.
BioMed Res. Int. 2018, 2018, 8198365. [CrossRef]

Li, S.; Wang, X.; Gu, Y,; Chen, C.; Wang, Y.; Liu, J.; Hu, W,; Yu, B.; Wang, Y.; Ding, F; et al. Let-7 microRNAs Regenerate Peripheral
Nerve Regeneration by Targeting Nerve Growth Factor. Mol. Ther. 2015, 23, 423-433. [CrossRef]

Yi, S;; Yuan, Y.; Chen, Q.; Wang, X.; Gong, L.; Liu, J.; Gu, X.; Li, S. Regulation of Schwann cell proliferation and migration by
miR-1 targeting brain-derived neurotrophic factor after peripheral nerve injury. Sci. Rep. 2016, 6, 29121. [CrossRef]

Viader, A.; Chang, L.-W,; Fahrner, T.; Nagarajan, R.; Milbrandyt, . MicroRNAs Modulate Schwann Cell Response to Nerve Injury
by Reinforcing Transcriptional Silencing of Dedifferentiation-Related Genes. J. Neurosci. 2011, 31, 17358-17369. [CrossRef]
Norcini, M; Sideris, A.; Hernandez, L.A.M.; Zhang, J.; Blanck, T.].].; Recio-Pinto, E. An approach to identify microRNAs involved
in neuropathic pain following a peripheral nerve injury. Front. Neurosci. 2014, 8, 266. [CrossRef]

Bali, KK.; Hackenberg, M.; Lubin, A.; Kuner, R.; Devor, M. Sources of Individual Variability: Mirnas That Predispose to
Neuropathic Pain Identified Using Genome-Wide Sequencing. Mol. Pain 2014, 10, 22. [CrossRef]

Ponomarev, E.D.; Veremeyko, T.; Barteneva, N.; Krichevsky, A.M.; Weiner, H.L. MicroRNA-124 promotes microglia quiescence
and suppresses EAE by deactivating macrophages via the C/EBP-a~PU.1 pathway. Nat. Med. 2011, 17, 64-70. [CrossRef]

Lu, Y.; Cao, D.-L,; Jiang, B.-C.; Yang, T.; Gao, Y.-]. MicroRNA-146a-5p attenuates neuropathic pain via suppressing TRAF6
signaling in the spinal cord. Brain Behav. Immun. 2015, 49, 119-129. [CrossRef]

Leung, A K, Vyas, S.; Rood, ].E.; Bhutkar, A.; Sharp, P.A.; Chang, P. Poly(ADP-Ribose) Regulates Stress Responses and MicroRNA
Activity in the Cytoplasm. Mol. Cell 2011, 42, 489-499. [CrossRef]

Aldrich, B.; Frakes, E.; Kasuya, J.; Hammond, D.; Kitamoto, T. Changes in expression of sensory organ-specific microRNAs in
rat dorsal root ganglia in association with mechanical hypersensitivity induced by spinal nerve ligation. Neuroscience 2009, 164,
711-723. [CrossRef] [PubMed]

Ergun, S.; Oztuzcu, S. Oncocers: ceRNA-mediated cross-talk by sponging miRNAs in oncogenic pathways. Tumour Biol. 2015, 36,
3129-3136. [CrossRef] [PubMed]

Song, G.; Yang, Z.; Guo, J.; Zheng, Y.; Su, X.; Wang, X. Interactions Among IncRNAs/circRNAs, miRNAs, and mRNAs in
Neuropathic Pain. Neurotherapeutics 2020, 17, 917-931. [CrossRef] [PubMed]


http://doi.org/10.1038/nn.3113
http://doi.org/10.1158/0008-5472.CAN-06-3667
http://doi.org/10.1016/j.nbd.2009.12.021
http://doi.org/10.1007/s11064-008-9711-z
http://doi.org/10.1016/j.brainresrev.2008.12.011
http://doi.org/10.1016/j.neulet.2016.12.047
http://www.ncbi.nlm.nih.gov/pubmed/28130187
http://doi.org/10.1186/1744-8069-3-33
http://www.ncbi.nlm.nih.gov/pubmed/17974036
http://doi.org/10.3389/fonc.2020.00416
http://doi.org/10.1016/j.neulet.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18455869
http://doi.org/10.1177/1744806919842464
http://doi.org/10.1016/j.neulet.2011.02.064
http://doi.org/10.1126/science.aaf8924
http://doi.org/10.1016/S1474-4422(12)70134-5
http://doi.org/10.1038/s41467-017-01841-5
http://doi.org/10.1016/j.biocel.2006.05.007
http://doi.org/10.1038/nn1992
http://doi.org/10.1155/2018/8198365
http://doi.org/10.1038/mt.2014.220
http://doi.org/10.1038/srep29121
http://doi.org/10.1523/JNEUROSCI.3931-11.2011
http://doi.org/10.3389/fnins.2014.00266
http://doi.org/10.1186/1744-8069-10-22
http://doi.org/10.1038/nm.2266
http://doi.org/10.1016/j.bbi.2015.04.018
http://doi.org/10.1016/j.molcel.2011.04.015
http://doi.org/10.1016/j.neuroscience.2009.08.033
http://www.ncbi.nlm.nih.gov/pubmed/19699278
http://doi.org/10.1007/s13277-015-3346-x
http://www.ncbi.nlm.nih.gov/pubmed/25809705
http://doi.org/10.1007/s13311-020-00881-y
http://www.ncbi.nlm.nih.gov/pubmed/32632773

Biomedicines 2023, 11, 775 23 of 23

134.

135.

136.

137.
138.

139.

140.

141.

142.
143.

Wang, C.; Xu, X.; Chen, J.; Kang, Y.; Guo, J.; Duscher, D.; Yang, X.; Guo, G.; Ren, S.; Xiong, H.; et al. The Construction and Analysis
of IncRNA-miRNA-mRNA Competing Endogenous RNA Network of Schwann Cells in Diabetic Peripheral Neuropathy. Front.
Bioeng. Biotechnol. 2020, 8, 490. [CrossRef] [PubMed]

Fang, Z.H.; Liao, H.L.; Tang, Q.F; Liu, Y.J.; Zhang, Y.Y; Lin, J.; Yu, H.P; Zhou, C,; Li, CJ; Liu, F; et al. Interactions among
Non-Coding RNAs and mRNAs in the Trigeminal Ganglion Associated with Neuropathic Pain. J. Pain Res. 2022, 15, 2967-2988.
[CrossRef]

Park, C.-K.; Xu, Z.-Z.; Berta, T.; Han, Q.; Chen, G.; Liu, X.-]; Ji, R.-R. Extracellular microRNAs activate nociceptor neurons to elicit
pain via TLR7 and TRPA1. Neuron 2014, 82, 47-54. [CrossRef]

Fabbri, M. TLRs as miRNA Receptors. Cancer Res. 2012, 72, 6333-6337. [CrossRef]

Han, Q.; Liu, D.; Convertino, M.; Wang, Z.; Jiang, C.; Kim, Y.H.; Luo, X.; Zhang, X.; Nackley, A.; Dokholyan, N.V; et al. miRNA-711
Binds and Activates TRPA1 Extracellularly to Evoke Acute and Chronic Pruritus. Neuron 2018, 99, 449-463. [CrossRef]

Guo, ].-B.; Zhu, Y.; Chen, B.-L.; Song, G.; Peng, M.-S.; Hu, H.-Y.; Zheng, Y.-L.; Chen, C.-C.; Yang, J.-Z.; Chen, P--].; et al. Network
and pathway-based analysis of microRNA role in neuropathic pain in rat models. J. Cell. Mol. Med. 2019, 23, 4534-4544. [CrossRef]
Linnstaedt, S.D.; Riker, K.D.; Rueckeis, C.A.; Kutchko, K.M.; Lackey, L.; McCarthy, K.R.; Tsai, Y.-H.; Parker, ].S.; Kurz, M.C,;
Hendry, PL.; et al. A Functional riboSNitch in the 3’ Untranslated Region of FKBP5 Alters MicroRNA-320a Binding Efficiency
and Mediates Vulnerability to Chronic Post-Traumatic Pain. J. Neurosci. 2018, 38, 8407-8420. [CrossRef]

Atkins, S.; Kyriakidou, E. Clinical outcomes of lingual nerve repair. Br. J. Oral Maxillofac. Surg. 2021, 59, 39-45. [CrossRef]
Dasgupta, I.; Chatterjee, A. Recent Advances in miRNA Delivery Systems. Methods Protoc. 2021, 4, 10. [CrossRef]

Paunovska, K.; Loughrey, D.; Dahlman, ].E. Drug delivery systems for RNA therapeutics. Nat. Rev. Genet. 2022, 23, 265-280.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3389/fbioe.2020.00490
http://www.ncbi.nlm.nih.gov/pubmed/32523943
http://doi.org/10.2147/JPR.S382692
http://doi.org/10.1016/j.neuron.2014.02.011
http://doi.org/10.1158/0008-5472.CAN-12-3229
http://doi.org/10.1016/j.neuron.2018.06.039
http://doi.org/10.1111/jcmm.14357
http://doi.org/10.1523/JNEUROSCI.3458-17.2018
http://doi.org/10.1016/j.bjoms.2020.07.005
http://doi.org/10.3390/mps4010010
http://doi.org/10.1038/s41576-021-00439-4

	Introduction 
	MicroRNA Biogenesis 
	MicroRNA Involvement in Pain Pathways 
	Neuronal Excitability 
	Synaptic Transmission 
	Intracellular Signalling 
	Interaction with Non-Neuronal Cell Types 
	Macrophages Communicate through miRNA-Containing Extracellular Vesicles 
	Schwann Cell Proliferation Is Directed by miRNA 
	Lymphocyte Differentiation Is Altered by miRNA Expression 
	Microglial Activation Is Regulated by miRNA 
	Astrocytic Activation and Cytokine Production Is Influenced by miRNA 


	A Closer Look at miRNA Regulation and Function 
	Potential Clinical Application of miRNA Studies 
	Conclusions 
	References

