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Abstract

Neuropathic pain is a chronic secondary pain condition resulting from lesions or diseases of the peripheral or central nervous system

(CNS). Neuropathic pain is closely related to edema, inflammation, increased neuronal excitability, and central sensitization caused by

glutamate accumulation. Aquaporins (AQPs), mainly responsible for the transport and clearance of water and solute, play important

roles in developing CNS diseases, especially neuropathic pain. This review focuses on the interaction of AQPs with neuropathic pain,

and the potential of AQPs, especially aquaporins 4, as therapeutic targets.
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1. Introduction

Aquaporins (AQPs) are water channel proteins essen-
tial to life and expressed in all kingdoms [1]. To date,
thirteen AQPs were identified in human body and found
widely distributed in specific cell types in various organs
and tissues [2]. Four AQP monomers, each consisting of
six transmembrane a-helices with a central water transport
pore, aggregate to form tetramers that are functional units in
the membrane, thereby facilitating fluid movement across
the cell [2]. These thirteen AQPs contribute to the secre-
tion of body fluids such as cerebrospinal fluid, tears, saliva,
sweat and bile, and the concentration of urine [3]. In ad-
dition to mediating water transportation, AQPs also facili-
tate gas (COz) and cation transport, as well as participate in
cell signaling [4]. Moreover, AQPs have been implicated in
the development of a range of diseases, such as vision loss,
skin barrier loss, kidney disease, brain edema after stroke or
head trauma, breast and reproductive cancers, and Parkin-
son’s disease [5—7] (Fig. 1, Ref. [6]).

Neuropathic pain is a chronic secondary pain condi-
tion resulting from lesions or diseases of the peripheral or
central nervous system (CNS) [8—10]. It is estimated that
around 5% of the population suffers from neuropathic pain
[11]. Most patients complain of an ongoing or intermit-
tent spontaneous pain of, for example, burning, pricking, or
squeezing quality, which may be accompanied by evoked
pain, particularly to light touch and cold [12]. Studies have
indicated that the ectopic activity in damaged or adjacent
nerves, dorsal root ganglia or central pathways, peripheral
and central sensitization and a range of molecular mecha-
nisms are involved in the development of neuropathic pain
[11,12] (Fig. 2).

Studies have shown that several aquaporins are closely
related to neuropathic pain, including aquaporin 1 (AQP1),
aquaporin 2 (AQP2), aquaporin 4 (AQP4), aquaporin 5

(AQP5) and aquaporin 9 (AQP9) [13—17]. Since AQPs pro-
mote water and solute transport and are involved in the oc-
currence and development of many diseases, it is logical
that AQPs are involved in the occurrence and development
of neuropathic pain. This review focuses on our current un-
derstanding of AQPs and neuropathic pain and the potential
of these AQPs as therapeutic targets.

2. AQP1

AQP1, the first water channel being identified, func-
tions as a gas channel and can increase CO, permeation
of lipid bilayers, likely through the water pore of the pro-
tein [2,18]. In addition, AQPI is widely distributed in
the body. It controls the transport and flow of water bi-
directionally around the cell membranes and is distributed
in kidney, various membranes (epithelial cells), red blood
cells, sweat glands, lungs, and gastrointestinal trajectories
[2,19]. At present, AQP1 has been manifested in many
diseases. For example, Mir-3194-3p inhibits the progres-
sion of breast cancer by targeting AQP1, silencing AQP1
can improve the cognitive function of Alzheimer’s disease
mouse model through the Wnt signaling pathway, glioma-
associated oncogene homolog 1 can promote glioma cell
metastasis by regulating AQP1, and naringin can allevi-
ate airway inflammation by upregulating AQP1 expression
[20-23].

Interestingly, in addition to regulating water and gas
function, AQP1 has also been implicated in pain. Studies
have indicated that AQP1~/~ mice were shown to be less
reactive to thermal and capsaicin chemical stimulation, but
not to mechanical and formalin stimulation, suggesting a
possible role for AQP1 in pain signaling [24]. In addition,
AQP1 in dorsal root ganglion neurons is involved in the per-
ception of inflammatory heat and cold pain, and its molec-
ular basis is partly caused by reduced Na(V) 1.8-dependent
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Fig. 1. Transmembrane topology of an aquaporin. Reproduced from [6] under the terms and conditions of the Creative Commons At-

tribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). Copyright 2020 Khan, Ricciardelli and Yool. Each monomer

consists of six transmembrane helices connected by loops A to E. Loops B and E typically carry signature NPA (Asn-Pro-Ala) motifs

that fold together within each subunit to form a water pore. Four monomers form a tetramer (the functional channel). A subset of AQPs

uses the central pore as a gated ion channel. AQPs, aquaporins.

membrane Na (+) current [25]. These results suggest that
AQP1 may participate in pain perception through ion chan-
nels. AQP1 is involved in pain perception, but the effect of
AQP1 knockout on pain is still controversial [26]. In ad-
dition, studies have shown that the demise of nociceptive
Schwann cells with AQP1 as one of its markers can cause
neuropathic-like pain in mice [27]. These results suggest
that AQP1 is closely related to neuropathic pain.

In a clinical study on leprosy, Salgado et al. [28] found
that AQP1 may be involved in the loss of sensation or lep-

rosy neuropathic pain. Moreover, animal experiments have
shown that inhibition of AQP1 expression alleviated neu-
ropathic pain caused by chronic dorsal root ganglion com-
pression and melatonin decreased mechanical allodynia by
regulating AQP1 [14,29]. In the treatment of a series of dis-
eases targeting AQP1, many traditional Chinese medicines
were found to play therapeutic effects by regulating AQP1,
such as alpinetin, dachengqi, and shenmai injection [30—
32]. Interestingly, AQP1 was shown to increase the sensi-
tivity of acetazolamide and cisplatin in the treatment of can-
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Fig. 2. Simplified mechanism diagram of neuropathic pain. Peripheral nociceptor sensitization due to abnormal nociceptors and

primary afferents, impaired descending pathways between the brain and spinal cord, and central sensitization caused by the imbalance

between excitatory and inhibitory neurotransmitters are the mechanisms of neuropathic pain.

cer, suggesting a positive potential antitumor role of AQP1
[33,34]. Overall, AQP1 may be involved in pain perception
through ion channels and, in this way, in the development
of neuropathic pain.

3. AQP2

Water balance plays an important role in maintaining
the normal function of the body, and water reabsorption by
the collecting duct of the kidney is one of its key factors,
which is regulated by AQP2 [35]. AQP2, a channel that
is selective only for water molecules and impermeable to
ions or other small molecules, is an aquaporin regulated by
arginine vasopressin [2,35]. Normal functioning of AQP2
depends on multiple posttranslational modifications, and
aberrant arginine vasopressin signaling and altered AQP2
expression or transport can lead to diseases characterized by
dysregulation of mechanisms controlling water homeosta-
sis [36]. Impairment of AQP2 results in various water bal-
ance disorders, including disorders associated with polyuria
(urinary tract obstruction, hypokalemia, inflammation, and
lithium intoxication), dilutive hyponatremia (improper an-
tidiuretic syndrome, congestive heart failure, cirrhosis syn-
drome), and Méniére’s Disease [37,38].

In addition to its role in transporting water, mainly to
the kidneys, AQP2 also appears to be involved in pain. In
an acute inflammatory pain animal model, expression of
AQP2 in the trigeminal ganglia was increased, and the re-
distribution of AQP2 was mainly identified in small-sized
neurons and Schwann cells. The above results indicated the
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involvement of AQP2 in pain transmission in the peripheral
nervous system [39]. Sciatic nerve injury, a classic pain
model, is widely used in the study of neuropathic pain. The
expression of AQP2 was increased in the small dorsal root
ganglion neurons of rats with chronic contraction injury and
in sciatic nerve crush injury models [15,40]. Moreover, it is
worth mentioning that erythropoietin protects against neu-
ropathic pain by regulating AQP2 expression in a rat model
of chronic contractile injury in vivo [41]. These results sug-
gest that AQP2 may be involved in inflammatory nerve in-
jury and may play a role in promoting regeneration after
nerve injury as well as in the treatment of neuropathic pain.

Since AQP2 is highly involved in the water transporta-
tion of the kidneys, the research on renal diseases target-
ing AQP2 has become one of the current hot spots. For
example, statins ameliorate cholesterol-induced inflamma-
tion and improve AQP2 expression by inhibiting NOD-
like receptor thermal protein domain associated protein 3
(NLRP3) activation in the kidney, thus contributing to the
treatment of chronic kidney disease [41]. Protein kinase
A may treat congenital nephrogenic diabetes insipidus by
activating AQP2 [42]. Zhen-wu-tang reduces renal edema
induced by doxorubicin by regulating AQP2 and Mir-92b
[43]. Steviol slows renal cyst growth by reducing AQP2
expression and promoting AQP2 degradation [44]. In ad-
dition, electroacupuncture alleviates arginine vasopressin-
induced endolymphatic hydrops by regulating AQP2 and
vincamine is capable of suppressing endolymphatic hy-
drops formation by down-regulating the VAP/AQP2 signal-
ing pathway [45,46]. These results suggest that AQP2 can
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Fig. 3. The schematic diagram of the glymphatic system. Reproduced from [6] under the terms and conditions of the Creative

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). Copyright 2021 Ren, Liu, Lian, Li, Li, Li and

Zhao. The glymphatic system is composed of astrocytes and AQP4 located at the endfeet of astrocytes. CSF enters the brain parenchyma

through the periarterial space, exchanges with ISF, and finally exits through the perivenous space. AQP4 can facilitate this fluid exchange,

through which solutes and metabolic waste products (e.g., glutamate) from the interstitium are exchanged, and finally expelled from the

brain by the meninges and cervical lymphatics. AQP4, aquaporin 4; CSF, Cerebrospinal fluid; ISF, interstitial fluid.

be used as a target for the treatment of renal diseases and
Ménicre’s Disease. However, the role of AQP2 in neuro-
pathic pain and its potential as a therapeutic target of neu-
ropathic pain needs to be further studied.

4. AQP4

Among the 13 identified AQPs, AQP4 has become an
interesting therapeutic target in various neurological disor-
ders, due to its variety of functions and widespread expres-
sion in the CNS [47]. AQP4 is the most abundant water
channel in the brain, spinal cord, and optic nerve. It con-
trols brain water homeostasis [48]. AQP4 monomers have
a molecular size of ~30 kDa and contain six membrane-
spanning helical segments and two shorter helical segments
that only partly span the membrane [49]. According to the
translation start sites, AQP4 can be divided into 2 major iso-
forms, M1 and M23 [48,49]. AQP4 can form crystal-like
supramolecular assemblies in the plasma membrane, which
are called orthogonal arrays of particles (OAPs) [50,51].
Moreover, OAPs have been identified as the target of anti-
AQP4 antibodies in neuromyelitis optica spectrum disorder
(NMOSD) [50-52].

In addition to its primary water transport function,

AQP4 also regulates astrocyte migration, participates in
neural signal transduction, and regulates neuroinflamma-
tion [49]. It is worth mentioning that the increased AQP4
expression and the redistribution/surface localization are
two different concepts. Previous studies have shown an
increase in AQP4 membrane localization in primary hu-
man astrocytes which wasn’t accompanied by a change in
AQP4 protein expression. This mislocalization was sup-
posed to be a potential therapeutic target [53—55]. Many
diseases such as hypothermia, painful diabetic neuropa-
thy, Alzheimer’s disease and epilepsy have been manifested
to be associated with impaired expression or mislocaliza-
tion of AQP4 [12,17,56-58]. Interestingly, recent studies
have demonstrated the existence of the glymphatic system,
which consists of AQP4 and astrocytes and is responsi-
ble for removing metabolic waste products from the CNS
[17,59] (Fig. 3, Ref. [6]). Currently, there are many stud-
ies on the glymphatic system, and MRI is the most com-
monly used device. In terms of contrast agent selection, the
newly discovered contrast agent that can be used to observe
the paracellular flow and diffusive transcellular exchange of
water is Ho'7O, which contributes a lot to our better under-
standing of the glymphatic system [60,61]. Studies have
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demonstrated that both AQP4 and the glymphatic system
are involved in the occurrence and development of many
diseases, like Alzheimer’s disease, chronic pain, painful di-
abetic neuropathy, and perioperative neurocognitive disor-
ders [11,12,17,59,62,63]. Since waste removal is essen-
tial for the maintenance of normal function in the CNS,
which lacks traditional lymphatic vessels, the emergence
of the glymphatic system provides new insights into fur-
ther understanding of neurological diseases [64,65]. The
glymphatic system with AQP4 as the core is responsible
for the excretion of metabolic waste such as glutamate (ex-
citatory neurotransmitter) and water balance in the CNS
[17,59]. The inflammation, edema, and neuronal hyperex-
citability are also one of the pathogeneses of neuropathic
pain [66,67]. Therefore, there is a strong link between
AQP4 and neuropathic pain, which has been demonstrated
by many studies [68—70]. Since AQP4 is the aquaporin that
is most closely associated with neuropathic pain discovered
so far, we will discuss several diseases that are accompanied
by neuropathic pain in detail (Fig. 3).

4.1 Neuromyelitis Optica

Neuromyelitis Optica (NMO) is a clinical syndrome
characterized by attacks of acute optic neuritis and trans-
verse myelitis [51,52,68]. In most patients, NMO is
caused by pathogenetic serum IgG autoantibodies to AQP4
(AQP4-1gG) and IgG autoantibodies to myelin oligoden-
drocyte glycoprotein (MOG-IgG), and the term NMOSD is
used to refer to NMO and its formes frustes [68]. It has
been reported that NMO occurs in all ethnicities around the
world, with significant regional differences, and non-white
individuals have higher incidence and prevalence rates [71].
AQP4-IgG associated NMO is characterized by IgG and
complement deposition occurring at the endfeet of astro-
cytes, often accompanied by loss of astrocytes, oligoden-
drocytes, and neurons, whereas MOG-IgG associated NMO
is characterized by demyelination with dominant loss of
MOG and relative preservation of axons and oligodendro-
cytes [68].

Previous studies have shown a high negative correla-
tion between pain severity and quality of life in NMO pa-
tients [72]. At present, the mechanism of neuropathic pain
associated with NMO is still unclear. The loss of excita-
tory amino acid transporter 2 mediated by AQP4-IgG leads
to the imbalance between excitation and inhibition in the
nociceptive pathway caused by extracellular glutamate ac-
cumulation, the increase of local nerve growth factor con-
centration mediated by MOG-IgG, abnormal sprouting of
injurious spinal cord fibers and inflammatory lesions have
been reported to be involved in the occurrence and devel-
opment of NMO [68,73,74]. The AQP4-based glymphatic
system is responsible for the transport of glutamate and
other metabolic wastes and has been reported to be a ther-
apeutic target for Alzheimer’s Disease [75]. Since NMO
mostly manifests as AQP4-IgG, its pathogenesis is mainly

&% IMR Press

central sensitization caused by glutamate transport disorder,
and the AQP4-based glymphatic system can promote gluta-
mate transport [68,75]. Therefore, there must be a close re-
lationship between NMO and the glymphatic system based
on AQP4.

There are several treatments available for NMOSD,
such as conventional immunosuppressants, B cell-depleting
agents, interleukin-6 signaling blocking agents, comple-
ment blocking agents, and intravenous immunoglobulins
[76]. It is worth noting that the research on the interleukin-6
(IL-6) signaling pathway is hot at present. The plasmablasts
in the peripheral blood of NMOSD patients with positive
AQP4-IgG are increased, IL-6 drives these plasma cells to
produce and secrete AQP4-IgG, whereas an IL-6 blocking
agent reduces the production of AQP4-IgG [77]. For ex-
ample, two IL-6 blocking agents, tocilizumab and satral-
izumab, have been shown to have good therapeutic effects
on NMOSD and are potentially effective and safe therapeu-
tic methods for relapse prevention in NMOSD [76].

4.2 Spinal Cord Injury

Spinal cord injury (SCI) refers to the direct or indirect
spinal cord injury caused by external factors and accom-
panied by anatomical structure or functional changes [78—
80]. It has been reported that SCI affects about 250,000—
500,000 people every year, with road traffic accidents as
the main cause and young males as the main population,
which can seriously affect the quality of life of patients and
even cause death [80]. Clinical and animal studies have
shown that many factors are involved in the pathogene-
sis of SCI, including changes in the expression of gluta-
mate, Gamma-aminobutyric acid (GABA), serotonin, reac-
tive oxygen species (ROS), and proinflammatory cytokines,
as well as the neuroanatomical shifts of receptors/ion chan-
nels, budding/denervation of primary afferent fibers, and
activation of glial cells [80]. Due to the difficulty in con-
ducting clinical studies and the fact that animal studies
mainly focus on the use of drugs or injuries to build rodent
models, the mechanism of SCI is still not clear [78-82].

Pain is one of the main symptoms of SCI patients,
which can be roughly divided into nociceptive pain (pain
caused by nociceptive receptors) or neuropathic pain (pain
caused by damage to the somatosensory nervous system),
and more than half of the patients will be accompanied
by neuropathic pain [79,83,84]. Neuropathic SCI pain can
arise as a consequence of altered sensory processing at any
point along the path from peripheral sensation to conscious
perception either at or below the level of injury [79]. Abnor-
mal activation of nociceptors and its increased excitability,
changes in the expression of ion channels, abnormal acti-
vation of dorsal root ganglion neurons and their associated
cells, and changes in the expression of connexin-43 are all
components of the peripheral mechanism of SCI, whereas
reactive astrocytosis, decreased glutamate reuptake caused
by decreased expression of glutamate transporter glutamate
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transporter 1 (GLT-1), and increased AQP4 expression are
all components of the central mechanism of SCI [80,85—
89]. In addition, the reorganization of the neural axis as
well as the de-afferentation of different regions have also
been confirmed as one of the pathogenesis of neuropathic
pain [90].

Electrical stimulation, cell transplantation, drugs, and
stem cell therapy have certain therapeutic effects on spinal
cord injury, and the most important thing to promote the
recovery of neurological function is to restore good blood
perfusion [79]. Moreover, studies have reported that AQP4
increases in the chronic post-injury phase are associated
with the development of pain-like behavior in SCI rats,
while possible mechanisms underlying pain development
may involve astrocytic swelling-induced glutamate release
[91]. Studies have indicated that inhibition of AQP4 ex-
pression can reduce edema and improve neuropathic pain
after SCI [92,93]. In combination with the aforementioned
findings and the roles of AQP4 such as water transport,
astrocyte migration, and inflammation regulation, AQP4
must be closely related to SCI and the so associated neu-
ropathic pain, and thus plays an important role in the sec-
ondary pathological process (spinal cord edema, glial scar
formation, and inflammation) after SCI [49,94].

4.3 Painful Diabetic Neuropathy

Peripheral neuropathy is one of the most common
complications of type 1 and type 2 diabetes, with up to half
of the patients with diabetes developing neuropathy during
the course of their disease, of which 30%-40% are accom-
panied by neuropathic pain [95]. Painful diabetic neuropa-
thy (PDN) is a frequent subtype of peripheral neuropathic
pain and is defined as pain as a direct consequence of ab-
normalities in the peripheral somatosensory system in peo-
ple with diabetes [10]. PDN usually manifests as sponta-
neous (that is, stimulus-independent) burning pain of the
feet or other positive sensory symptoms, such as brush-
evoked allodynia (when a normally non-noxious stimulus
evokes pain) and paresthesias, which can result in sleep
disturbances, fatigue, decreased activity, reduced quality of
life, and high medical costs [96-98]. So far, the pathogen-
esis of PDN is not clear, and the treatment is mainly symp-
tomatic, which is not ideal [98—100].

Studies have shown that the hyperexcitability of pri-
mary afferents, the local factors around the dorsal root gan-
glia, such as tumor necrosis factor and IL-13, the periph-
eral and central sensitization, the abnormal activation of mi-
croglia and astrocytes, and the spinal cord disinhibition, are
all involved in the development of PDN [101-108]. More-
over, the production and accumulation of abnormal metabo-
lites such as reactive oxygen species (ROS), proinflamma-
tory transcription factors, and impaired clearance of glu-
tamate (excitatory neurotransmitter) may also be involved
in the occurrence and development of PDN [98,109,110].
Since inflammation, abnormal glutamate metabolism, and

abnormal activation of astrocytes are involved in the patho-
genesis of PDN, and combined with the regulatory effect
of AQP4 on the above metabolic abnormalities, AQP4 may
be used as a therapeutic target for PDN. It is worth men-
tioning that Wang et al. [17,59] found that compared with
normal rats, the clearance function of the spinal glymphatic
system in PDN rats was significantly deceased, and the ex-
pression and polarization of AQP4 in lumbar enlargement
of the spinal cord were significantly altered.

Currently, there are three main treatment modalities
for diabetic neuropathy (glycemic control, foot care, and
symptomatic treatment). In addition, for PDN, Calcium
channel a24 ligands, serotonin and noradrenaline reuptake
inhibitors (SNRIs), and tricyclic antidepressants (TCA)
have been shown to have good therapeutic effects [111—
119]. Interestingly, some new treatments for PDN are be-
ginning to emerge, such as high-frequency (10-kHz) spinal
cord stimulation, invasive electrical neuromodulation, hu-
man hepatocyte growth factor gene therapy, intravenous
immunoglobulin injection, efc. [120-123]. Moreover,
Wang et al. [17,59] found that 8-hydroxybutyrate could al-
leviate PDN by restoring the distribution of AQP4 around
blood vessels in the spinal glymphatic system based on the
abnormal changes of AQP4 in PDN rats. This study further
revealed the connection between the AQP4-based glym-
phatic system and PDN and provided a new therapeutic tar-
get for PDN.

5. AQPS

AQPS5 was first cloned from the rat submandibular
gland [124]. It is mainly permeable to water and COq
and is expressed in digestive, renal, respiratory, integu-
mentary, and reproductive systems as well as in sense or-
gans [2,124]. Due to its broad distribution and permeabil-
ity to water and CO5, AQPS is involved in the progression
of many diseases, such as breast cancer, airway inflam-
mation, asthma, pulmonary edema, and chronic myeloge-
nous leukemia [124—-128]. At present, the relationship be-
tween AQP5 and cancer is one of the hot spots. Studies
have shown that AQP5 promotes proliferation, migration
and activation of cancer cells through a variety of pathways
that are not fully understood, such as phosphorylation of
serine 156, activation of Ras and Wnt pathways, mitogen-
activated protein kinase and epidermal growth factor recep-
tor [124,125].

Given the close relationship between AQPS5 and tu-
mors, AQPS5 has been used as one of the biomarkers of
some tumors and has been involved in some experiments
on drug resistance and drug screening against cancer cells
[129-131]. In addition, since its wide distribution in var-
ious systems of the body, AQPS5 can be found to be in-
volved in many glandular secretion-related diseases, such
as poor salivary gland secretion in patients with Sjogren’s
syndrome, salivary gland dysfunction induced by ovariec-
tomy in rats, and pulmonary edema in mice with allergic
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asthma induced by ovalbumin [128,132,133].

Studies have found that AQPS is also expressed in the
CNS, suggesting that AQP5 may be involved in the devel-
opment of some neurological diseases caused by water im-
balance [40,134]. In a study of rats and mice, the expres-
sion of AQPS5 was up-regulated after crushed sciatic nerve
injury, and neuropathic pain is one of the main symptoms of
sciatic nerve injury, suggesting that AQPS may be related to
neuropathic pain [40]. In addition, topical administration of
gabapentin was found to alleviate neuropathic ocular pain
by inducing AQPS expression in the lacrimal gland, and
resveratrol was found to mitigate neuropathic pain by in-
hibiting AQPS5 activation caused by chronic contractile in-
jury [16,135]. Moreover, studies have indicated that AQPS5
colocalizes with AQP2 in the kidney, and AQPS5 can also
regulate AQP2 expression, which is associated with neuro-
pathic pain [15,41,136]. These pieces of evidence suggest a
direct or indirect link between AQPS and neuropathic pain,
and further studies are needed to confirm the specific sig-
naling pathways.

6. AQP9

AQP9 is expressed in multiple organs and systems,
such as the liver, epididymis, testis, spleen, and brain [137].
AQP9 is permeable to water, glycerol, urea, carbides, COo,
and NHj3 [138]. In addition, AQP9 can also transport
larger substrates such as lactate, purines, and pyrimidines
[2]. Since AQP9 can promote the metabolism and trans-
port of glycerol and urea, AQP9 has become one of the
research hotspots in the study of the liver, especially liver
cancer [139]. Many studies have reported that AQP9 in-
hibited the growth and metastasis of hepatocellular car-
cinoma and promote liver regeneration after hepatectomy
[140-142]. AQP9 can also be used as an intervention tar-
get to antagonize the development of early chronic liver
injury [143]. More, AQPY also plays a role in several
other diseases, such as androgen-independent prostate can-
cer, microgravity-induced bone loss, Parkinson’s disease,
colorectal cancer, Crohn’s disease, and so on [7,144—147].

Due to its wide distribution, studies have shown that
AQP9 can be used as a therapeutic target for some dis-
eases. For example, RG100204, a novel AQP9 inhibitor,
mitigated septic cardiomyopathy and multiple organ failure
in septic mice [148]. Curcumin attenuated cerebral edema
in mice with cerebral hemorrhage by inhibiting the expres-
sion of AQP4 and AQP9 [149]. The herbal medicines
Inchinkoto and Saireito improved hepatic fibrosis by reg-
ulating AQP9 in the liver of a rat bile duct ligation model
[150]. Leptin administration ameliorated nonalcoholic fatty
liver in ob/ob mice by coordination regulation of liver-
specific AQP9 [151]. Of course, the effect of drugs target-
ing AQP9 to play a role in other diseases needs to be further
investigated.

In addition to its involvement in the previously de-
scribed diseases, AQP9 also appears to be associated with
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pain. Studies have shown that the expression of AQP9 in-
creased after crushed sciatic nerve injury in rats, and AQP9
was proved to be one of the biomarkers selected for the di-
agnosis of lumbar disc herniation [40,152]. AQP9 also pro-
motes astrocytoma invasion and motility while astrocyte ac-
tivation has been proven to be a high-risk factor for neuro-
pathic pain [153—155]. On the contrary, other studies have
shown that AQP9 knockdown promoted the occurrence of
neuropathic pain in rat chronic constriction injury model
[13]. These results indicate that the effect of AQP9 on neu-
ropathic pain is still inconclusive at present, and the link and
signaling pathways between AQP9 and neuropathic pain
are not clear, but it can be confirmed that AQP9 and neu-
ropathic pain are indeed correlated, and more experiments
are needed to explore it.

7. Conclusions

The incidence of neurological diseases is high, and
most neurological diseases are usually accompanied by
neuropathic pain, making the study of neuropathic pain
the current research hotspot and has profound significance.
Neuropathic pain is closely related to edema, inflamma-
tion, increased neuronal excitability, and central sensitiza-
tion caused by glutamate accumulation [66,67,156]. Aqua-
porins, mainly responsible for water transport and clear-
ance, play an important role in the development of CNS
diseases. Studies have shown that AQP1, AQP2, AQP4,
AQP5, and AQPY are directly or indirectly related to neu-
ropathic pain, and among them, AQP4 is closely related to
neuropathic pain [13—17]. The CNS is sensitive to changes
in the surrounding environment and lacks traditional lym-
phatic pathways. The newly discovered glymphatic system
promotes the elimination of metabolic wastes and maintains
water balance in the CNS, which provides a new direction
for further understanding the pathogenesis of nervous sys-
tem diseases [64,65]. It is reported that many diseases are
associated with the impaired glymphatic system, such as
Alzheimer’s disease, traumatic brain injury, and cognitive
deficiency associated with diabetes [157—-159].

As components of the glymphatic system, astrocytes
and AQP4 have been proven to be closely related to neu-
ropathic pain. Reducing the expression of AQP4, restor-
ing the polarization of AQP4, and inhibiting reactive as-
trogliosis can alleviate neuropathic pain [17,59,69,154,
155]. AQP4 not only serves as the structural basis of the
glymphatic system, but also regulates astrocyte migration,
participates in nerve signal transduction, and regulates neu-
roinflammation. Hereby it has undoubtedly become a new
therapeutic target for neuropathic pain [44,66,67]. In recent
years, on the basis that the glymphatic system is involved
in improving the effectiveness of intrathecal drug delivery,
the research and development of drugs targeting AQPs for
the treatment of a variety of diseases have become a hot
topic [1,160—162]. TGNO020 is the most effective AQP4
inhibitor found in current studies and has been proven to
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have therapeutic effects on diabetic retinopathy, cerebral
ischemia edema, Alzheimer’s disease, efc. [163—166]. In
addition, trifluoperazine has been confirmed to play a ther-
apeutic role in CNS edema by regulating the expression and
localization of AQP4 [167,168]. The interaction between
AQPs, NLRP3 inflammasome and Sigmal receptor points
out the way to develop new drugs targeting oxidative stress
[169,170]. These pieces of evidence suggest that the di-
rect or indirect interactions between AQPs and intermedi-
ate proteins and ion channels will be the focus of future drug
development.

Studies have demonstrated that AQP plays a key role
in fluid homeostasis, glandular secretions, signal transduc-
tion and sensation, barrier function, immunity and inflam-
mation, cell migration, and angiogenesis [171]. Recent hot
studies have shown that targeting the trafficking of AQP
proteins to the plasma membrane is a viable alternative
drug target to direct inhibition of the water-conducting pore
[161]. Hence, AQPs have been validated as an important
drug target but there is no single drug that has yet been
approved to successfully target it, given the close link be-
tween AQPs and many diseases, drug development target-
ing aquaporins will meet the urgent, unmet clinical need
of millions of patients for whom no pharmacological inter-
ventions are available [61,172]. Interestingly, the advent
of human-scale self-organizing models, organoids, 3D cul-
tures, human microvascular platforms on a chip and cal-
cein fluorescent dye, as well as more advanced systems
capable of real-time imaging, have provided great help to
our further understanding of AQPs [173—176]. Moreover,
the emergence of high-throughput screening platforms and
computer-aided drug design provides new insights into drug
development and supports AQP4 target validation in future
studies [177,178].

In general, water balance is essential for maintain-
ing the normal function of the CNS, which is further con-
firmed by neuropathic pain caused by the imbalance of wa-
ter and solute. It also further demonstrates the importance
of AQPs for CNS disorders such as neuropathic pain. Since
the glymphatic system has been manifested to improve the
effectiveness of intrathecal drug delivery and several AQPs
are involved in neuropathic pain, we expect more and more
new treatments or drugs based on AQPs especially AQP4
to appear with the deepening of studies, aiming to improve
treatments and prognosis of the millions suffering from neu-
ropathic pain.
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