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Abstract. Stroke is a common critical disease occurring in
middle-aged and elderly individuals, and is characterized by
high morbidity, lethality and mortality. As such, it is of great
concern to medical professionals. The aim of the present review
was to investigate the effects of transient receptor potential
vanilloid (TRPV) subtypes during cerebral ischemia in isch-
emia-reperfusion animal models, oxygen glucose deprivation
and in other administration cell models in vitro to explore new
avenues for stroke research and clinical treatments. TRPV1,
TRPV2 and TRPV4 employ different methodologies by which
they confer protection against cerebral ischemic injury. TRPV1
and TRPV4 are likely related to the inhibition of inflammatory
reactions, neurotoxicity and cell apoptosis, thus promoting
nerve growth and regulation of intracellular calcium ions
(Ca*"). The mechanisms of neuroprotection of TRPVI are the
JNK pathway, N-methyl-D-aspartate (NMDA) receptor and
therapeutic hypothermia. The mechanisms of neuroprotection
of TRPV4 are the PI3K/Akt pathways, NMDA receptor and
p38 MAPK pathway, amongst others. The mechanisms by
which TRPV2 confers its protective effects are predominantly
connected with the regulation of nerve growth factor, MAPK
and JNK pathways, as well as JNK-dependent pathways. Thus,
TRPVs have the potential for improving outcomes associated
with cerebral ischemic or reperfusion injuries. The protec-
tion conferred by TRPV1 and TRPV4 is closely related to
cellular Ca** influx, while TRPV?2 has a different target and
mode of action, possibly due to its expression sites. However,
in light of certain contradictory research conclusions, further
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experimentation is required to clarify the mechanisms and
specific pathways by which TRPVs act to alleviate nerve
injuries.
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1. Introduction

Ischemic stroke is a common clinical disease caused by an
insufficient blood supply to the brain. Characterized by high
morbidity, lethality and mortality, it is the third leading
cause of death in the world and the primary cause of death
in China (1,2). As such, it is a heavy burden on families and
society. The pathobiology of ischemic stroke is complicated
and involves energy metabolism disorders, peroxidation,
calcium ion (Ca?") overload, neurotoxicity, as well as other
complications (3). Ion homeostasis and osmotic pressure are
abnormal in the early stage of cerebral ischemia and destroy
the dynamic balance of the blood-brain barrier (BBB), which
causes an overflow of plasma components into the brain.
Subsequently, endogenous edema of the blood vessels and a
series of cascade reactions occur, which aggravate the neurons
and any existing brain injury (4). Following cerebral ischemia,
ATP synthesis disorders further result in insufficient energy
supply, metabolism and homeostasis (5,6). Additionally, blood
flow to the brain is markedly reduced after a few minutes of
cerebral ischemia, which causes irreversible brain damage to
varying degrees, including cell necrosis and even neurovascular
unit injury (7,8).

Transient receptor potential (TRP) channels consist of
a group of 28-30 TRP proteins, which are closely related
structurally and form ion channels in the membranes of
numerous animals (9). A number of studies in previous years
have revealed that the expression and activity of various TRP
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channel proteins are altered during the course of cerebral
ischemia-reperfusion (IR) injury (10,11) and a large number
of in vivo and in vitro experiments have demonstrated that
multiple pathways interfering with the regulation of the TRP
channel effectively prevent IR injury (12,13). Studies have
demonstrated that the pathogenesis of cerebral ischemia is
closely associated with Ca** (14) and that members of the TRP
vanilloid (TRPV) family have high permeability to Ca** (15).
Moreover, cerebral ischemic injury has been associated with
TRPVs, which indicates that the regulation of TRPVs could
affect the repair of damaged neurons (16).

TRPVs are divided into TRPV1, TRPV2, TRPV3, TRPV4,
TRPVS5 and TRPV6. Table I displays their functions and
organization. TRPV1 to TRPV4 belong to the non-selective
ion channel group, with TRPV1, TRPV2 and TRPV4
distributed predominantly in the central nervous system
(CNS) and TRPV3 being distributed in the skin. TRPVS5 and
TRPV6 are selective osmotic Ca?* channels, and TRPVS is
important in Ca** reabsorption due to its expression in renal
epithelial cells (17). TRPVG6 is predominantly expressed in the
intestinal tract of animals and exerts an effect on intestinal
Ca?* absorption (18). Evidence indicates that there is a mutual
relationship between ischemic injury and TRPVs (10-13).
Due to the distribution of TRPV3, TRPV5 and TRPV6, this
paper focuses on the function of TRPV1, TRPV2 and TRPV4,
which are highly expressed in the brain, and their role in
cerebral ischemia or under hypoxic conditions. Therefore,
the aim of the present review is to provide new strategies
for research and to advance the clinical treatment of strokes
by reviewing the existing literature on TRPVs and cerebral
ischemia.

2. Methods

PubMed (https://pubmed.ncbi.nlm.nih.gov/) and China
National Knowledge Infrastructure databases (http:/www.
cnkiTabet) were searched using the following search terms:
TRPV OR transient receptor potential vanilloid OR TRPV1
OR TRPV2 OR TRPV4 AND cerebral ischemia OR cerebral
ischemia-reperfusion injury from the time of construction of
the library to January 2020. Based on the title, abstract and
other information in the literature, such as models and the
relationship to ischemic injury, certain search results were
excluded. The included literature relating to TRPV1, TRPV2
or TRPV4 were read carefully and individually. Finally, the
roles of TRPV1, TRPV2 and TRPV4 in cerebral ischemia
were reviewed and summarized.

3. Role of TRPV1 in cerebral ischemic injury

TRPV1 is highly expressed in the CNS and is activated by high
temperatures (>43°C), acidic conditions (pH<6.0), exogenous
stimuli compounds (capsaicin and allyl isothiocyanate) (19)
and endogenous stimuli (cannabinoid anandamide,
N-oleoyldopamine and N-arachidonic acid-dopamine) (20,21).
Neuronal damage is the main cause of brain dysfunction, and a
previous study has revealed that activation of TRPV1 confers
neuroprotection by enhancing axonal signaling in neurons (22).
Autophagy, which promotes neuronal survival and induces
neuronal apoptosis or cell death, is activated during cerebral

ischemia. This process occurs several hours after stroke and
is key in determining the fate of neurons (23). Apoptosis
also requires activation of apoptotic genes, involvement of
the mitochondria, release of cytochrome ¢ and activation of
caspase family cascades (24). The opposing roles of autophagy
may be related to the degree of autophagy activation occurring
at different stages of a stroke. Furthermore, moderate
autophagy removes damaged organelles and inhibits neuronal
apoptosis to exert a protective effect (25). Therefore, inhibition
of the development of cell apoptosis appears to be an effective
way of reducing the degree of cerebral ischemia or cerebral
IR injury (26). Notably, a previous study revealed that,
following activation of TRPVI, nerve cell apoptosis under
hypoxia/re-oxygenation was clearly improved following an
influx of Ca* (27).

TRPVI1 receptors are present in cerebrovascular endothelial
cells and are activated by capsaicin, resulting in an influx of
Ca?* (28). Notably, the TRPV1 channel, which is activated by
capsaicin, reduces the infarct volume in IR rats, improving
their motor coordination and neurobehavioral scores (29).
Evodiamine induces protective autophagy via the Ca**/c-JNK
pathway (30); however, capsicum also reduces Ca?* influx and
increases apoptosis (31). In addition, autophagy is activated
by various stress factors associated with mediated cytotoxic
damage processes (32). Notably, contrary evidence also exists
demonstrating that a TRPV1 antagonist (capsazepine) reduces
infarct size without influencing cerebral blood flow in a middle
cerebral artery occlusion (MCAO) model (33). Wild-type
and TRPVI1-knockout mice with cerebral ischemia exhibited
no differences in the increased number of ionized calcium
binding adaptor molecule 1-positive microglia/macrophages,
glial fibrillary acidic protein-positive astrocytes or granulocyte
receptor-1-positive neutrophils (33). Together, these outcomes
suggest that TRPV1 activated by ischemic injury could cause
neurological and motor deficits, as well as brain infarction, but
the exact cause remains unclear. Therefore, the relationship
between TRPV1 and injuries has not yet been definitively
determined. Based on the existing literature, it is apparent that
the varying outcomes cannot prove that TRPV1 has biphasic
directional regulation. Studies to date have demonstrated that
regulation of the TRPV1 channel alters neurological function
scores and relieves ischemic injury by regulating cerebral blood
flow, inhibiting nerve excitation, promoting anti-inflammation
and inducing hypothermia (34-55).

TRPVI in blood vessels. A previous study established that
TRPV1 mediates endothelium-dependent and -independent
vasodilation, and participates in the regulation of cerebral blood
flow (34), thereby reducing ischemia and hypoxia neuronal
injury. A study revealed that cannabinoids could activate the
TRPVI1 receptor at the neuron ends, which resulted in the
release of calcitonin gene-related peptide (CGRP), the hyper-
polarization of smooth muscle cells to activate K* channels and
vasodilation (35). A similar study has also demonstrated that
activation of TRPV1 in perivascular sensory nerve endings
promotes the release of CGRP and vasodilation; however, the
vasodilation was significantly reduced in knockout TRPV1
mice (36). Further studies revealed that activation of TRPV1
induced extracellular Ca?* influxes with nitric oxide (NO)
production or vasodilation (37-39).
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A, Non-selective ion channels

Channel Function Distribution
TRPV1 Vanilloid receptor and noxious thermosensor (43°C) CNS, PNS

TRPV2 Osmosis and noxious heat thermosensor (52°C) CNS, spleen, lung
TRPV3 Warmth sensor channel (33-39°C) Skin, CNS, PNS
TRPV4 Osmosis and warmth sensor channel (27-34°C) CNS, internal organs

B, Selective osmotic Ca** channels

Channel Function Distribution
TRPVS Calcium-selective channel Intestine, kidney, placenta
TRPV6 Calcium-selective channel Kidney, intestine

TRPV, transient receptor potential vanilloid; CNS, central nervous system; PNS, peripheral nervous system. More information can be obtained

from this reference (9).

TRPVI in neurotoxicity. Following cerebral ischemia, the
release of glutamates into the presynaptic membranes is
increased. Glutamate aggregation in the synaptic cleft and
activation of glutamate receptors results in an excessive
Ca? influx, which causes cell death or excitotoxicity (40).
Previous in vitro studies have revealed that capsaicin reduces
glutamate-induced Ca** influx resulting from cortical neuron
excitotoxicity and levels of phospho-NMDA receptor 1
(GIuN) 1, GluN2B and the N-methyl-D-aspartate receptor
(NMDAR). Furthermore, capsaicin can reduce infarct volume,
and improve neurobehavioral scores and motor coordination in
IR rats (29,38). These studies suggested that capsaicin exerted
a neuroprotective effect in cortical neurons via TRPV1.

TRPVI in inflammation. Inflammation is important in the
process of cerebral ischemic injury. Following cerebral
ischemia, leukocyte aggregation and microglia activation leads
to the production of a variety of pro-inflammatory cytokines.
Moreover, microglia contribute to inflammation of the brain,
particularly in the ischemic penumbra. In addition, endothelial
cells, astrocytes and neurons secrete pro-inflammatory
cytokines following ischemic injury. The combination of
these inflammatory cells and pro-inflammatory cytokines
results in further damage to the neurons (41). Preventing
the inflammatory response is therefore another important
approach that is essential for protecting the brain. A previous
study demonstrated that TRPV1 inhibition decreased levels of
TNF-a and IL-10 in plasma, which reduced infarction size,
thus conferring a neuroprotective effect (42). Another study
revealed that inhibiting TRPV1 exerted neuroprotection in rats
with cerebral IR injury, which was partially associated with
TRPVI-mediated antioxidant stress and anti-inflammation
due to inhibiting p38 MAPK activation (43). TRPV1 promotes
activation of astrocytes and the release of astrocyte-derived
IL-1p, predominantly via the Janus kinase 2-signal transducer
and activator of transcription 3 signaling pathway,and activation
of the nucleotide-binding oligomerization domain-like

receptor protein 3 inflammasome in hypoxic-ischemic
encephalopathy (44). Overall, these comprehensive analyses
suggest that the expression of TRPV1 is closely associated
with the inflammatory response and that regulation of TRPV1
may reduce the inflammation induced by ischemic injury (42).

TRPVI in hypothermia. A role for TRPVI in the regulation
of body temperature has also previously been described (45).
TRPVI1 is tonically active in vivo. Numerous TRPVI1
antagonists are used as analgesics, but are accompanied by
hyperthermia, which indicates that TRPV1 activation could
regulate body temperature (45). This explains the propensity
of the TRPV1 agonist capsaicin to cause sweating in order
to reduce body temperature. Without such signals, the body
overheats. In a previous study, it was found that tonically
active TRPV1 channels are presented in the viscera and
confer a suppressive effect on body temperature (46). Body
temperature maintenance was also recently proposed to be the
predominant function of TRPV1 (47) and additional studies
have determined that hypothermia inhibits neuronal cell apop-
tosis during ischemic injury (48-50). The activation of TRPV1
triggers an autonomic nerve reaction that promotes heat loss in
the hypothalamus; body temperature and oxygen metabolism
are reduced, and blood oxygen saturation is increased, which
alleviates nerve injury (51-53). Additionally, the activation of
TRPV1 blocks or alleviates cell excitotoxicity and reduces
inflammation factors and free radical levels. Studies have
determined that TRPV1 agonists induce hypothermia, thus
reducing infarct size and improving neurological function
scores in IR animals (54,55). These observations suggest that
activation or inhibition of TRPV1 promotes a neuroprotective
effect via both positive and negative feedback regulation.

4. Role of TRPV2 in cerebral ischemic injury

Structurally, TRPV2 is 50% homologous to TRPV1; however,
the activation temperature for TRPV2 channel thermal
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stimulation is higher (=52°C) compared with TRPV1 (56).
In addition, TRPV2 is activated by various mechanical
and chemical stimuli, such as osmotic pressure. Studies
have revealed that TRPV?2, which is associated with Ca**
transport, is abundantly expressed in the cell membranes of
astrocytes (57,58). TRPV2 is also present in neurons and other
non-neuronal tissues, such as the heart and lungs, and it serves
an important role in basic cellular functions, such as cell
contraction, proliferation and death (59). The main expression
sites, however, are neurons. For neurons, neurite outgrowth is
the key to the formation of functional circuits during neuronal
development (60). A previous study demonstrated that TRPV2
increases the expression levels of nerve growth factor (NGF) and
upregulates Ca’* permeability via an MAPK pathway, thereby
activating the extracellular regulated kinase (ERK) signaling
pathway to enhance the outgrowth of neurites (61). Ca?* is also
increased in astrocytes following oxygen-glucose deprivation
and re-oxygenation (OGD/R) treatment (62). Moreover,
blocking TRPV2 increases the synthesis and secretion of NGF,
and promotes astrocyte proliferation via the MAPK-JNK
signaling pathway. Notably, activation of TRPV2 induces the
release of NGF, and protects neurons and blood vessels via a
JNK-dependent pathway (63). Furthermore, a TRPV2 agonist
induced proliferation, migration and tubulogenesis, as well as
increased transendothelial electrical resistance in human
brain endothelial cells, which could regulate the function
of the BBB (64). These contradictory experimental results
support the conclusion that TRPV2 serves an important role in
promoting NGF synthesis during ischemic stroke.

5. Role of TRPV4 in cerebral ischemic injury

TRPV4 is another non-selective Ca®* channel that is expressed
in various tissues, such as the CNS, heart, liver, kidney and
lungs. In the CNS, TRPV4 is activated by multiple stimuli
and is distributed among neurons, glial cells, cerebral
vascular smooth muscle and the endothelial cells of the
brain (65). Studies have demonstrated that TRPV4 serves
an important regulatory role in a variety of physiological
and pathological processes (66,67). Additionally, TRPV4 is
activated during cerebral ischemia when microcirculatory
disorders and energy deficiency leads to a change in cytotoxic
edema and cell membrane tension (68,69). This suggests that
TRPV4 might mediate cerebral ischemic injury. In addition,
inhibition of TRPV4 has been shown to reduce both the
expression of MMP-9 and the permeability of the BBB in
IR rats (70). A TRPV4 inhibitor also exerted a protective
effect on hippocampal carbonic anhydrase 1 (CA1) neuronal
injury caused by OGD (71). Similarly, excitatory amino acids
are increased in the extracellular space following cerebral
ischemia, where oxygen free radicals and factors are also
found (72,73). In addition, abnormal expression of genes
controlling apoptosis can lead to infarction and apoptosis (74).
Furthermore, TRPV4-mediated Ca?* influx promotes
apoptosis and necrosis in OGD/R models (74). Previous
studies demonstrated that infarction size increases following
cerebral ischemia, and TRPV4 and phosphorylated (p)-ERK
levels increase while p-Akt is downregulated, which can be
blocked by TRPV4 inhibitors (75,76). Studies have also found
that regulating Ca**, preventing inflammation and inhibiting

neurotoxicity are the predominant mechanisms by which
TRPV4 protects neurons (77,78). Overall, the mechanisms of
TRPV4 and TRPVI in cerebral ischemia are highly similar.

TRPV4 in Ca** influx. Ca** serves an important role in cerebral
ischemia. A large quantity of Ca?** enters the cells via the
NMDAR, which causes Ca** overload and cell damage (79).
TRPV4 is clearly involved in the pathological process of
cerebral IR injury and, when overexpressed, causes Ca*
influx following ischemic injury, thus increasing the release
of presynaptic neurotransmitters (13). TRPV4 also improves
NMDAR function to reduce neurotoxicity by increasing
glutamates and overloading Ca** to relieve ischemic injury.
Following hypoxia-ischemia, TRPV4 levels are significantly
increased in astrocytes of the hippocampal CA 1, thus promoting
the proliferation of reactive astrocytes (13). Furthermore,
TRPV4 agonists cause intracellular Ca®* and cation currents,
which are blocked by extracellular Ca** scavengers or TRPV4
antagonists (13). This suggests that TRPV4 is involved in
Ca?" influx in ischemic-reactive astrocytes. Preservation of
microcirculation and BBB function shortly after reperfusion is
the key neuroprotective role of TRPV4 inhibition, suggesting
that TRPV4 contributed to post-ischemic brain injury (80).

TRPV4 in inflammation and apoptosis. TRPV4 is a
non-selective, calcium-permeable cation channel that serves
a critical role in cerebral perfusion and inflammation (81). It
has been reported that TRPV4 is activated in choroid plexus
epithelia and cerebral ischemia by cytokines and inflammatory
mediators, such as TNF-a, IL-1p and TGF-p1 (82,83). A
previous study demonstrated that the expression of TRPV4
is significantly upregulated in MCAO rats, and that a TRPV4
inhibitor reduces TNF-a and IL-1p levels to alleviate
astrocyte OGD injury (84). Activation of TRPV4 induces
apoptosis by downregulating the PI3K/Akt signaling pathway
and upregulating the p38 MAPK signaling pathway, which
are involved in cerebral ischemic injury (75). The TRPV4
antagonist reduced brain infarction following reperfusion for
48 h in MCAO mice, which attenuated a decrease in the p-Akt
and Bcl-2/ Bax protein ratio and an increase in p-p38 MAPK
and cleaved caspase-3 protein levels (75).

TRPV4 in excitotoxicity. Following cerebral ischemia,
the damaged BBB and extracellular Ca** influx result in
neurotoxicity. TRPV4 is similar to TRPV1 in regard to their
role in neurotoxicity. Previous studies have demonstrated that
TRPV4 inhibits neurotoxicity via the NMDAR 2B (13,79).
Another study indicated that TRPV4 inhibitors block the
neurotransmitter y-aminobutyric acid of hippocampal CA1
pyramidal neurons via the adenosine 5'-monophosphate
activated protein kinase (AMPK)-PI3K-Akt pathways to
inhibit neuronal hyperexcitability (85). Together, the existing
research indicates that blocking TRPV4 may regulate Ca?*
influxes, thus inhibiting the inflammatory response, autophagy
and apoptosis following cerebral ischemia.

6. Discussion

The mechanisms involved in brain protection conferred
by TRPV1, TRPV2 and TRPV4 are presented in Table II.
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Table II. Mechanisms involved in reducing ischemic injury via TRPV1, TRPV2 and TRPV4.

TRPV1 TRPV1 TRPV2 TRPV4
Mechanism (channel activation) (channel inhibition) TRPV1-KO (channel inhibition) (channel inhibition)
Ca?* influx - Inhibition (29,38 40) - Inhibition (61,62)  Inhibition (79-80)
Inflammatory reaction - Inhibition (41-44) NR NR Inhibition (81-84)
Neurotoxicity - Inhibition (29,38) - NR Inhibition (13,79,85)
Neuron growth NR NR NR Activation (61,63) NR
Hypothermic brain Activation (45-55) - - NR NR
protection
Vasodilation - Activation (34-39) - NR NR

TRPYV, transient receptor potential vanilloid; -, no effect; NR, no reported studies in the current review.

Numerous studies have reported that the activation of TRPV1
attenuates excitotoxicity injury to inhibit Ca*" influxes,
and glutamate-induced neuronal excitability and neuronal
death (29,38.,40). Additionally, activation of TRPV1 increases
endothelial nitric oxide synthase (eNOS) phosphorylation to
improve vasodilation and induce hypothermic brain protection,
ultimately reducing cerebral infarction size and neurological
scores (37-39). While capsaicin-induced effects can be reduced
or reversed in TRPV1-knockout mice, inhibition of TRPV1 has
alsobeen revealed to inhibit the release of inflammatory factors,
thus inducing hypothermic brain protection, reducing cerebral
infarction size and improving neuron behavior (41-46). This
contradiction of whether TRPV1 was activated or inhibited to
protect brain injuries may be due to the extreme complexity of
the pathogenesis of cerebral ischemia and the lack of details
regarding the role of TRPV1 in the mechanism of cerebral
ischemia.

These contrasting outcomes may be the result of the
following: i) Variable TRPV1 agonists and inhibitors. In the
collected literature, TRPV1 agonists included capsaicin (29),
evodiamine (30) and dihydrocapsaicin (DHC) (51,54).
The TRPVI inhibitors included capsazepine (33) and
AMG-9810 (42). Those drugs may have slightly different
effects via different pathways. ii) Variable dosages may impact
the results. For example, the dosages of capsaicin used were
1 or 3 nmol (29) or 1 mg/kg (42), and Huang et al (29) found
that 1 or 3 nmol capsaicin reduced cerebral infarction size
and improved motor function. Hakimizadeh et al (42) used
capsaicin in measures of 0.1, 0.5 or 1 mg/kg, and Cao et al (51)
used 1.25 mg/kg DHC with no obvious neuroprotective effect.
Furthermore, the study by Cao et al indicated that a TRPV1
agonist (25 mg/kg rinvanil) induced hypothermia with a
neuroprotective effect on ischemic brain injury. Meanwhile,
a high dosage of rinvanil (50 mg/kg) demonstrated no signifi-
cant effect on brain injury (33,54). The dosage of capsazepine
(TRPV1 inhibitor) was 20 nmol (33) and that of AMG-9810
was 0.5 mg/kg (42). In addition, the varied selection of
animal models, including Sprague-Dawley rats, Wistar rats
and C57B/L6 mice among others, may have impacted the
results. Therefore, due to the differing results, a more rigorous
experimental design is required, along with an increased
number of samples, to clarify the mechanisms by which
TRPV1 channels confer their effects in order to provide a

solid theoretical foundation for the development of therapeutic
strategies targeting cerebral ischemia.

The existing literature has established that TRPV1
and TRPV4 demonstrate similar effects on Ca** influx,
inflammation and neurotoxicity. The mode of action for
TRPV?2 in regard to relieving ischemic injury is unique, as it
includes four main signaling pathways, Ca>*/JNK, PI3K/Akt,
MAPK and Ca**. Table III compares the results of each
pathway. TRPV1 and TRPV4 serve similar roles in blocking
Ca?* influx, inhibiting the inflammatory response and reducing
neurotoxicity. An ion channel blocker (such as capsazepine)
effectively reduces Ca?* influx, the inflammatory response
and neurotoxicity induced by cerebral ischemia injury, the
mechanism of which is related to the MAPK-JNK pathways.
In contrast to the pharmacological effects of TRPV4, TRPV1
is also likely a sensor that participates in the regulation of
body temperature, which could serve to decrease IR injury,
but the pathway by which it functions is unique. When TRPV1
is activated, body temperature and metabolism are reduced.
The existing literature has established that TRPV1 activation
reduces IR injury (54,55); however, there have been reports
indicating conflicting results, as inhibition of TRPV1 resulted
in a decrease in body temperature, thus reducing IR injury (42).
As such, it is clear that TRPV1 regulates body temperature and
this is a fundamental difference in relation to TRPV4.

TRPVs are important ion channels associated with
ischemic stroke. A comprehensive schematic detailing the
correlation among the three TRPVs in relation to ischemia or
hypoxic injury is provided in Fig. 1, which includes three main
signaling pathways, p38 MAPK, JNK and PI3K/Akt. The
MAPK pathway mediates the proliferation, differentiation and
apoptosis of neuronal cells under different pathophysiological
conditions and is related to neurological diseases (86,87). It
has been revealed that the MAPK pathway is a key pathway
involved in the protection of the BBB (88-90). Furthermore,
JNK and p38 are key proteins in the MAPK pathway. It
has been confirmed that the JNK/p38 MAPK pathway
involves almost all physiological and pathological processes
of ischemic and IR injury, and it is one of the most critical
pathways involved in BBB injuries (89). The activity of p38
in neurons is significantly enhanced in the ischemic region
of rats exhibiting IR injury, and the expression of apoptosis
genes, such as Bcl and Bax, is increased, thereby inducing
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Table III. Relief of ischemic injury by TRPV1, TRPV2 and TRPV4.

Channel Process of relieving ischemic injury

TRPV1 Therapeutic hypothermia, Ca>*, NMDAR, JNK pathway

TRPV2 MAPK-JNK signaling pathway, JNK-dependent pathway

TRPV4 Ca*, NMDAR, Akt signaling pathway, PI3K/Akt pathway, pP38MAPK pathway, AMPK-PKC pathway

TRPYV, transient receptor potential vanilloid; NMDAR, N-methyl-D-aspartic acid receptor; AMPK, adenosine 5'-monophosphate activated

protein kinase.
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Figure 1. Associations among the TRPV1, TRPV2 and TRPV4 channels in regard to cerebral ischemia injuries. TRPV, transient receptor potential vanilloid;
MEKK, MAP kinase kinase kinase; MKK, mitogen-activated protein kinase kinase; PIP3, phosphatidylinositol (3-5)-trisphosphate; eNOS, endothelial nitric

oxide synthase; NO, nitric oxide; NGF, nerve growth factor.

the apoptosis of neuronal cells (91). A previous study
determined that under a variety of stimuli, the p38 MAPK
pathway is involved in mediating the production of inducible
NO synthase (92). Following cerebral IR, a large quantity of
NO is produced, which regulates MMP-9 through guanylate
cyclase (93), promoting the development of ischemic brain
injuries. In addition, a previous study demonstrated that the
JNK pathway, which is a MAPK signaling pathway, induces
apoptosis following IR injury via the mitochondrial and death

receptor pathways (94); as such, inhibiting the JNK pathway
could protect neurons from injury. The PI3K/Akt signaling
pathway is widely distributed in various cells and is a signal
transduction pathway involved in cell survival, proliferation
and differentiation regulation (95-97). Activation of the
PI3K/Akt signaling pathway inhibits apoptosis via multiple
pathways, reduces IR damage and exerts neuroprotective
effects (98,99). A previous study found that in the development
of ischemic brain injury, the PI3K/Akt cell survival signaling
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pathway predominates during the early stage, whereas the
JNK apoptotic signaling pathway predominates during the
later stage in MCAO rats. The expression of p-Akt (Serd73)
in the penumbra was significantly downregulated 0.5 h after
ischemia, significantly upregulated at 1.5-5 h, downregulated
at 9-24 h and returned to baseline at 48 h, after which the
JNK apoptosis signaling pathway began to dominate (100).
Furthermore, p-Akt expression in neurons is increased 1-3 h
after IR injury, which indicates that the PI3K/Akt signaling
pathway is involved in the early-stage stress response (101).
These three pathways are linked by the TRPVs, and are closely
associated with autophagy and apoptosis; therefore, they serve
an important regulatory role in cerebral ischemic injury.

Ca? also serves a pivotal role in cerebral ischemia, as
intracellular Ca** overloaded via NMDAR triggers a series of
harmful events and is the final common pathway leading to
nerve cell death (102). Therefore, inhibition of Ca?* overload
could also be an important approach for reducing the extent
of cerebral ischemic injury. A series of cascades occur due to
increased Ca?* influx and glutamate levels following cerebral
ischemia, which are important factors that serve to aggravate
ischemic or IR injury. Following cerebral ischemia, increased
levels of glutamate activate the glutamate receptors and Ca?*
influx occurs, which could induce neurotoxicity via NMDAR.
TRPV1 and TRPV4 inhibit Ca?* influx and reduce neurotox-
icity, which might be related to the inhibition of NMDAR
expression and the regulation of the AMPK pathway in the
relief of ischemic injury.

TRPV1 and TRPV4 inhibit inflammatory responses by
reducing inflammatory factors and by linking the JNK, Akt and
ERK pathways to promote apoptosis and autophagy (43,75,76).
Therapeutic hypothermia induced by TRPV1 reduces the
consumption of sugar and oxygen, and the metabolism of brain
cells to exert additional neuroprotective effects (45-57). TRPV1
also enhances vasodilation to alleviate ischemic injury via the
AMPK-eNOS pathway (37-39). The mechanism of TRPV2 in
attenuating ischemic injury is different from that of TRPV1 or
TRPV4 in that it promotes the release of NGF, thereby promoting
neuronal growth via the MAPK-JNK/ERK pathways (61,63).

In the present review, the reason for the different effects of
TRPV1 and TRPV2, (which are non-selective ion channels)
were analyzed. Previous studies demonstrated that Ca®* serves
an important role in ischemia and IR injuries (28,31). Therefore,
the majority of studies conducted related experiments, which
revealed that TRPV1 and TRPV2 are highly permeable to
Ca? (29,38,61). However, their roles in injuries are vastly
different, which the present study hypothesizes is due to their
different expression sites. TRPV1 is expressed in numerous
cell types, such as neural, vascular endothelial and glial cells,
whereas TRPV2 is primarily expressed in neural cells. Thus,
studies on TRPV]1, including blood vessels, neurotoxicity
and inflammation are extensive. There were few studies on
TRPV2 and ischemia or ischemic reperfusion. The existing
data predominantly refer to NGF and TRPV2. NGF is a key
factor in neuron growth, which might be the entry point for
studying them. In future studies, further investigation into
other factors or pathways and how they are associated with
TRPV2 could be investigated, which would enhance research
data and provide a basis for the treatment of cerebral ischemia.
Among the TRPVs, TRPVI1 is expressed in cerebrovascular

EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 881, 2021 7

endothelial cells, neurons and astrocytes (103), and the TRPV1
channel has been revealed to be a potential target influencing
the efficacy of treating strokes (16).

7. Conclusions

In addition to their crucial function in regulating Ca?* influx,
TRPVs also exert a neuroprotective effect via other signaling
pathways, such as the p38 MAPK, JNK and PI3K-Akt signaling
pathways. The physiological effects accompanying the TRPV
channels and their associated signal transduction pathways
still require further investigation. Furthermore, additional
in vivo and in vitro experiments are required to rigorously eval-
uate the role of TRPVs in neurological injury following cerebral
ischemia, as well as to provide targets for the development of
novel drugs and to inform strategies for the clinical treatment of
cerebral ischemia, as the pathogenesis of cerebral ischemic injury
is complex. In the future, the related pathways of angiogenesis
and TRPVs require further investigation to determine whether
the mechanism regulating TRPVs can help increase axon signal
transduction in neurons and enhance brain protection.
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