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Spinal cord injury (SCI) is the most common disabling spinal injury, a complex pathologic process that
can eventually lead to severe neurological dysfunction. The Wnt/mTOR signaling pathway is a pervasive
signaling cascade that regulates a wide range of physiological processes during embryonic development,
from stem cell pluripotency to cell fate. Numerous studies have reported that Wnt/mTOR signaling
pathway plays an important role in neural development, synaptogenesis, neuron growth, differentiation
and survival after the central nervous system (CNS) is damaged. Wnt/mTOR also plays an important role
in regulating various pathophysiological processes after spinal cord injury (SCI). After SCI, Wnt/mTOR
signal regulates the physiological and pathological processes of neural stem cell proliferation and dif-
ferentiation, neuronal axon regeneration, neuroinflammation and pain through multiple pathways. Due
to the characteristics of the Wnt signal in SCI make it a potential therapeutic target of SCI. In this paper,
the characteristics of Wnt/mTOR signal, the role of Wnt/mTOR pathway on SCI and related mechanisms
are reviewed, and some unsolved problems are discussed. It is hoped to provide reference value for the
research field of the role of Wnt/mTOR pathway in SCI, and provide a theoretical basis for biological
therapy of SCI.

© 2022 Delhi Orthopedic Association. All rights reserved.
1. Introduction

Spinal cord injury (SCI) is a highly disabling injury of the central
nervous system (CNS) that can be caused by traffic accidents, falls,
violence, or sports-related injuries.1 It is a huge challenge for clin-
ical medicine and basic research and also places a heavy burden on
patients and society.2e4 Due to the complexity of the pathogenesis
of injury, both primary and secondary injuries are included.5 Pri-
mary injury refers to direct injury and necrosis of the spinal cord
tissue and nerve cells caused by external mechanical forces
immediately.6 Secondary injury happens because of primary injury
delays and progressive tissue injury, occurring in a few hours or
weeks. During secondary spinal cord bleeding, injury free oxygen
and the excessive release of excitatory toxin and inflammation lead
to a large number of neuron apoptosis and residual nerve fiber
demyelination, and a series of biological events occurs7e11(Fig. 1).
Secondary SCI is an irreversible process of dynamic regulation and
therefore, it is difficult to recover after SCI.12e14 Consequently,
eng), 17379742435@163.com
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secondary injury plays an important role in the occurrence of SCI
and provides a potential clinical therapeutic target for SCI. How-
ever, the current treatment of SCI is mainly through conservative
and surgical treatments for pain relief and symptom control, rather
than through pathophysiological intervention. Therefore, a better
understanding of its pathogenesis to delay or prevent nerve death
and promote axon regeneration is essential for the effective treat-
ment of SCI.

Wnt/mTOR seems to be a good candidate because its signaling
pathway not only plays a major role in the development but also is
involved in the adult nervous system.15,16 Wnt/mTOR is a class of
glycoproteins that is widely involved in neural development, axon
guidance, cell proliferation, and nerve cell survival.16e18 According
to relevant research reports, the Wnt/mTOR signaling pathway is
related to some functions of organisms, regulating key processes
such as proliferation, autophagy, inflammation, neurogenesis and
regeneration.19e21 Wnt/mTOR pathway is one of the most widely
studied signaling pathways, which is involved in various diseases of
trauma and central nervous system. They are affected in many
neurodegenerative diseases, including Alzheimer's disease, Par-
kinson's disease, cerebral stroke, and Huntington's disease, and
inhibition of mTOR activity can reduce neurodegenerative diseases
associated with these diseases.22e29 In addition, the Wnt/mTOR
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Fig. 1. Pathophysiological process of SCI.
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pathway plays an important role in neural development, synapto-
genesis, neuron growth, differentiation and survival in the central
nervous system (CNS).25,30e35 Wnt/mTO has been identified as a
key regulator of neuronal growth, differentiation, and survival.30 At
the same time, there is growing evidence that Wnt signaling may
be involved in disease progression in the spinal cord. Fernandez-
Martos and Gonzalez-Fernandez et al.31,36 found that Wnt is
expressed in the spinal cord of healthy adult rats and mice. In
addition, other studies have shown that theWnt signaling pathway
is activated after SCI and that the activated Wnt signaling pathway
is beneficial for functional recovery and axonal regeneration of the
injured spinal cord.37e39mTOR regulates axonal regeneration in
response to SCI and limits astrocyte scarring in injured spinal
cord.40e42 Therefore, Wnt/mTOR signaling has been studied as a
potential therapeutic target after SCI. In this paper, the current
relationship between Wnt/mTOR pathway and spinal cord injury
was studied to comprehensively understand the role of Wnt/mTOR
pathway in SCI.

2. Wnt/mTOR pathway in SCI

The Wnt family of secreted cell-signaling proteins consists of
classical (Wnt1, Wnt2, Wnt3, Wnt-3a, Wnt-8a, Wnt-8b, Wnt-10a,
and Wnt-10b) and non-classical (Wnt4, Wnt-5a, Wnt-5b, Wnt-7a,
Wnt-7b, and Wnt11) proteins; they function by activating both
classical and non-classical pathways.43 The Wnt signaling pathway
is a ubiquitous signaling cascade that regulates a wide range of
physiological processes during embryonic development, from stem
cell pluripotency to cell fate determination.44 The Wnt family of
secreted cell-signaling proteins is mainly composed of at least 19
members in mammals, including Wnt1, Wnt2, Wnt3, and Wnt-3a,
and plays an active role in multiple processes of cell growth and
development.45,46 MTOR is a serine/threonine protein kinase, plays
a key role in regulating cell metabolism, cell proliferation, cell death
and survival, and is involved in transcription, mRNA conversion and
translation, ribosome and other physiological processes. Biogen-
esis, vesicle transport, autophagy, and cytoskeletal tissue. There-
fore, Wnt/mTOR signaling pathway has been identified as a key
regulator of neuronal growth, differentiation and survival.30

2.1. Classical Wnt pathway

The classical Wnt pathway is the b-catenin signaling cascade.
This pathway is marked by the accumulation and translocation of
the adhesion-associated protein b-catenin in the nucleus. Wnt is a
secretory glycoprotein that binds to the Fizzled (FZD) receptor and
low-density lipoprotein receptor-associated protein 5/6 (LRP5/6)
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complex on the cell surface, leading to the accumulation of b-cat-
enin in the nucleus, which leads to cell cycle activation and tran-
scriptional regulation.47 The FZD receptor is the main binding site
of Wnt,48 mainly containing seven transmembrane (7TM) and
extracellular N-terminal cysteine-rich domain (CRD).49,50 However,
in the absence of Wnt signaling, cytoplasmic b-catenin is degraded
by b-catenin-destroying complexes such as Axin, adenomatous
polyposis (APC), protein phosphatase 2A (PP2A), glycogen synthase
kinase 3 (GSK3), and casein kinase 1a (CK1a). This leads to the
failure of the classical Wnt pathway51,52 (Fig. 2).

2.2. Nonclassical Wnt pathways

The nonclassical Wnt pathway is often referred to as the b-
catenin-independent pathway, which can be further divided into
the Wnt/plane-cell polarity (PCP) pathway and the Wnt/Ca2þ

pathway. In the Wnt/PCP pathway, after the Wnt molecule binds to
the FZD receptor, it recruits DVL and further activates small GTPases
Rho and Rac, triggering the recruitment of downstream Rho-
associated kinases (ROCK) and c-Jun N-terminal kinases (JNK),
thereby allowing cytoskeletal recombination (Fig. 3). In the Wnt/
Ca2þ pathway, when Wnt binds to the FZD receptor, DVL is acti-
vated, and the activated DVL recruits phospholipase C (PLC). PLC
converts phosphatidylinositol 4, 5-diphosphate (PIP2) into diac-
ylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). IP3 stimu-
lates the release of Ca2þ in the endoplasmic reticulum, and DAG and
Ca2þ co-activate downstream protein kinase C (PKC), calcineurin
phosphatase (CaN), and Ca2þ/calmodulin-dependent protein ki-
nase II (CaMKII), thereby regulating intracellular calcium flux and
downstream calcium-dependent cytoskeleton and/or transcrip-
tional responses (Fig. 4).

2.3. MTOR pathway

mTOR is a serine/threonine protein kinase and the core of the
signaling network, belonging to the phosphoinositol 3-kinase
(PI3K) related protein kinase (PIKK) family. mTOR complex 1
(mTORC1) andmTOR complex 2 (mTORC2) protein complex bind to
form the mTORC signaling pathway, which consists of its subunits
Raptor and Rictor. MTORC1 phosphorylates downstream effectors,
such as the P70 ribosomal S6 protein kinase (p70S6K), and further
regulatesmRNA translation. Therefore, mTORC1 plays an important
role in promoting protein synthesis. On the other hand, mTORC2
has been shown to phosphorylate members of the AGC kinase
family, including protein kinase B (Akt), which has been implicated
in a variety of pathologic conditions. MTORC2 is considered to be a
regulator of actin cytoskeleton.53 Phosphatidylinositol-3-kinase/



Fig. 2. Schematic diagram of classical Wnt/b-catenin pathway cascade. The figure on the left shows the inactivation of the Wnt pathway. In the absence of Wnt signaling, b-catenin
in the cytoplasmic is recognized, folded, and phosphorylated by a destructive complex composed of scaffold proteins Axin, APC, GSK3b, and CK1 and is targeted for degradation by
b-Trcp-mediated proteosomal mechanisms. The figure on the right shows activation of the Wnt pathway. The signal induces dual phosphorylation of LRP6 by CK1 and GSK3-b via
the FZD receptor and LRP5/6 co-receptor complex, which allows the protein complex containing Aneurin to transfer from the cytoplasm to the plasma membrane. DSH is also
recruited to the cell membrane and binds to the FZD receptor, and Akin binds to phosphorylated LRP5/6. The complex is formed on the FZD/LRP5/6 membrane to induce the
stabilization of b-catenin by the separation and/or degradation of axon. b-catenin, which accumulates in the cytoplasm, translocates into the nucleus and, together with the
transcription factor TCF, drives downstream target gene expression.

Fig. 3. The PCP pathway transition cascade is shown here. Wnt signals are transduced
through the FZD receptor pathway, independent of LRP5/6, leading to the activation of
DSH. DSH mediates the activation of Rho through DAAM1, which activates ROCK.
DAAM1 also mediates actin polymerization via the actin binding protein profilin. DSH
also mediates activation of RAC, which in turn activates JNK. Signals from ROCK, JNK,
and profilin are integrated into cytoskeletal changes in cell polarization and movement
during proto-gut formation.
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protein kinase B (PI3K/Akt) is one of the main pathways that acti-
vate mTOR. MTOR plays an important role in various physiological
functions of the central nervous system, including regulating the
growth and survival of neuronal cells and the development of axons
and dendrites.54,55
3. Expression of Wnt/mTOR after SCI

Previous studies have shown that the Wnt/mTOR signaling
pathway is closely related to the development of the nervous sys-
tem and plays a key role in embryo development, tissue regener-
ation and bone growth.45,46 In CNS diseases, the Wnt family mainly
affects the proliferation, composition, and survival of nerve cells. In
the CNS, Wnt/mTOR signaling pathway expressed in the dorsal
region of the spinal cord, which regulates the expansion and dif-
ferentiation of spinal neurons and promotes the continuous dif-
ferentiation of spinal precursor cells.20 Studies have reported that
the Wnt/mTOR pathway promotes axon conduction, stimulates
axon regeneration, reduces neuronal death, and ultimately pro-
motes the recovery of neural function after SCI.56e59 Wei et al.60

showed that Wnt/mTOR signal expression in the head and tail
spinal segments increased significantly within 7 days after SCI,
remained at a high level, and then decreased. In addition, Gonzalez
et al.61 proposed that the expression model of Wnt/mTOR signaling
was expressed in a time-dependentmanner after SCI. Therefore, we
can confirm that the expression of Wnt/mTOR pathway increases
after SCI and that it is involved in a variety of pathological mech-
anisms after injury.



Fig. 4. Schematic diagram of Wnt/Ca2þ signaling cascade. The FZDWnt signal mediates the activation of DSH through the activation of G proteins. The disheveled protein activates
phosphodiesterase (PDE), which inhibits PKG and in turn inhibits Ca2þ release. DSH activates IP3 via PLC, leading to the release of intracellular Ca2þ, which activates CaMKII and CaN.
CaN activates NF-AT to modulate the fate of ventral cells. CaMKII activated TAK and NLK and inhibited b-catenin/TCF function to negatively regulate dorsal axis formation. DAG
activates Cdc42 via PKC to mediate tissue separation and cell movement during proto-gut formation.
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4. Wnt signaling pathway in SCI

Many studies have shown thatWnt signaling plays an important
role in SCI. After spinal cord loss, Wnt signaling is involved in the
regulation of neural stem cell proliferation and differentiation, axon
regeneration, neuroinflammation, and pain through various
mechanisms.

4.1. Promotion of proliferation and differentiation of neural stem
cells

Neural stem cells can differentiate into nerve cells, astrocytes,
and oligodendrocytes and have the function of self-renewal, thus
providing a large number of brain tissue cells.62 During SCI,
neuronal injury and necrosis, axon rupture, demyelination, and
oligodendrocyte destruction directly lead to spinal cord conduction
dysfunction. In addition, the lack of neuronal regeneration and late
glial scarring, which inhibits axon regeneration, prevents the spinal
cord from self-repairing during SCI.63e66 The Wnt signaling
pathway transmits growth stimulation signals and plays an
important role in the development of the embryonic nervous sys-
tem.67,68 Lie et al.69 demonstrated that adult hippocampal stem
cells express Wnt receptors and signaling components and
confirmed, in vitro and in vivo, that Wnt signaling is involved in
neuronal determination and the regulation of directed proliferation
of neuronal precursors during neurogenesis in adult hippocampal
stem cells. In addition, Jiao et al.70 found that miR-124 can activate
the Wnt/b-catenin pathway by targeting DACT1, promote the pro-
liferation of neural stem cells, and induce their differentiation into
neurons. It has also been reported that activation of the Wnt
pathway can promote the differentiation of bone mesenchymal
4

stem cells (MSCs) into neuron-like cells. When the Wnt pathway is
inhibited, the differentiation of MSCs into neuron-like cells is
eliminated.71 In addition, a recent study showed that salvianolic
acid B (Sal B) can protect neurons from injury after SCI by activating
the Wnt pathway, promoting nerve cell regeneration, and inhibit-
ing nerve cell apoptosis.72 Therefore, Wnt signaling is thought to be
involved in the proliferation and differentiation of endogenous
MSCs after SCI. The exact mechanism of action may provide a po-
tential clinical value for SCI therapy.

4.2. Promotion of axon regeneration

Another serious impairment of functional recovery after SCI is the
development of colloid scars around the wound center, which
strongly inhibits axonal regeneration.73,74 Therefore, promotion of
axon regeneration is a prerequisite for effective recovery from
SCI.75,76 During development, the Wnt pathway is a key factor con-
trolling axonal growth after CNS injury.77e79 Wnt ligands inhibit
GSK-3 activity through its classical signal transduction pathway and
promote axonal regeneration, similar to neurotrophic factors.46

Endogenous and exogenous Wnt-2b and Wnt-3a directly promote
b-catenin-dependent CNS regeneration in the retina of adult mam-
mals.80,81 In a rat SCI model, the transplantation ofWnt-3a secretory
fibroblasts promoted axon regeneration and improved motor func-
tion after recovery.58 A zebrafish SCI model has also been used to
study the regeneration activity of Wnt signaling. Increased expres-
sion of b-catenin and Wnt-4b was observed after spinal transection
of adult zebrafish and was associated with axon regeneration and
functional recovery.82 Increased Wnt/b-catenin activity was
observed in radial glial cells after SCI in zebrafish larvae, and Wnt
signaling was found to be essential for neurogenesis and axon
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regeneration.83 In addition, SCI in zebrafish resulted in increased
Wnt/b-catenin signaling in fibroblast-like cells adjacent to regener-
ated axons. Wnt signaling in these cells induces the expression and
deposition of collagen XII at the injured site, and changes in the
extracellular matrix promotes the growth of axons at the injured
site.84 In addition, it has been reported that Wnt-induced pathways
responsible for regulating axon growth during embryogenesis can be
reused to promote axon growth after injury.85 At the same time,
long-term lentivirus-mediated overexpression of Wnt improves
motor recovery and increases myelin preservation and neuronal
survival by promoting axon regeneration and inhibiting glial scar
formation in astrocytes.86 The above experimental studies suggest
that Wnt signaling, especially Wnt-3a signaling, plays an important
role in axonal regeneration in the CNS; however, many scholars have
put forward the opposite view. Li et al.87 also showed that over-
activation of Wnt signaling inhibits axon growth, thereby affecting
connective axon projection and nerve fiber formation. In addition,
Liu et al.30 showed that the Wnt signaling pathway inhibits regen-
eration after SCI through rejection, and activation of the Wnt
signaling pathway after injury leads to axonal contraction of the
corticospinal tract and axonal burst bud suppression (Fig. 5).
Although the mechanism of action of the Wnt pathway in axonal
regeneration is still unclear and further studies are needed to
elucidate the intracellular mechanisms by which Wnt signaling
promotes axonal regeneration and functional improvement, this
approach may be a promising therapeutic strategy for SCI.

4.3. Regulation of neuroinflammatory response

Neuroinflammation is an important pathological process in SCI
and other injury-induced diseases of the CNS.88 Neuro-
inflammation is defined as the inflammatory response occurring in
the brain or spinal cord, which is mediated by cytokines (IL-1b, IL-6,
and tumor necrosis factor (TNF-a)), chemokines, and reactive ox-
ygen species. These mediators in neuroinflammation arise from the
intrinsic glial cells (microglia and astrocytes) of the CNS.89 Micro-
glia play an important role in neuroinflammation and secondary
injury after nerve trauma.90 Studies have reported that the Wnt
signaling pathway is closely related to the neuroinflammatory
response regulated by activated microglial cells.91,92 Vallee et al.93

demonstrated disease-related b-catenin signaling in microglia
in vivo by showing age-dependent accumulation of b-catenin in
mice with Alzheimer's disease-like pathology (APDE9). In cultured
mouse microglia expressing the Wnt FZD receptors 4, 5, 7, and 8,
and LRP5/6, Wnt-3a was found to stabilize b-catenin and dose-
dependently induced the phosphorylation of LPR6. It has disor-
dered downstream activation, b-catenin stabilization, and nuclear
input. Gene expression profiles showed that Wnt-stimulated
microglia specifically increased the expression of pro-
inflammatory immune response genes in microglia and enhanced
de novo release of IL-6, IL-12, and TNF-a. In addition, Zhang et al.94

also concluded that typical activation of Wnt signaling stimulates
the production of pro-inflammatory cytokines IL-18 and TNF-a.
Furthermore, NR2B glutamate receptor and Ca2þ dependent
signaling were modulated by Wnt-3a/FZ8/b-catenin signaling in
the spinal cord. In addition, astrocytes play an important role in
degenerative and traumatic diseases of the CNS. After SCI, astro-
cytes can release a large number of inflammatory factors that
damage neurons,95 and activation of the Wnt pathway can inhibit
the activation of astrocytes, thereby reducing the release of in-
flammatory factors.96 The above studies confirmed that the Wnt
signaling pathway is involved in the regulation of the neurogenic
inflammatory response. Although the specific mechanism of action
remains unclear, these findings provide a potential clinical thera-
peutic value.
5

4.4. Regulation of neuropathic pain

Wnt signaling was initially thought to be involved in regulating
cellular processes such as proliferation, differentiation, and migra-
tion during neuronal development. However, recent studies have
demonstrated an important role of Wnt signaling in the pathogen-
esis of pain induced by neurological and bone cancers.94,97 The Wnt
signaling pathway is involved in the occurrence of neuropathic pain
after nerve injury by stimulating the production of pro-inflammatory
cytokines IL-18 and TNF-a in the spinal cord and dorsal root ganglion
(DRG) neurons and plays an important role in the induction and
persistence of neuropathic pain94,98. Neuronal injury leads to rapid
and continuous activation of Wnt signaling, and blocking of theWnt
signaling pathway can inhibit the development and progression of
neuropathic pain94,99,100. Neural damage and bone cancer lead to
rapid and persistent upregulation of Wnts (such as Wnt-3a), as well
as activation of the Wnt-Frizzled-b-catenin signaling pathway of the
primary sensory neurons and the nociceptive neurons of the spinal
dorsal horn, which contributes to the development andmaintenance
of hyperalgesia andmechanical abnormal pain. These responsesmay
be significantly attenuated by spinal injection of a Wnt signaling
inhibitor.97,101 A study by Itokazu et al.99 also showed that partial
sciatic nerve ligation induced the upregulation ofWnt-3a expression
in the spinal cord and inhibited Wnt/b-catenin signaling, thus
attenuating the induction of neuropathic pain. Fan and Wang
et al.102,103 found that Mir-216Be5P can alleviate neuropathic pain
caused by chronic constrictive injury in female rats by targeting
MAL2 and inactivating the Wnt/b-catenin signaling pathway. In
addition, Liu et al.98 found thatWnt signalingmay cause neuropathic
pain by regulating the excitability of sensory neurons and synaptic
plasticity of the spinal cord through atypical Wnt/Ryk signaling in
rats. The Wnt pathway may also induce peripheral and central
sensitization by increasing neuronal excitability in the chronic
compression persistent DRG and synaptic strength in the spinal
dorsal horn. Peripheral and central sensitizations lead to sustained
and abnormal increases in neuronal excitability and increased levels
of TNF-a and IL-18, leading to increased pain signal production; thus,
it enhances neuropathic pain. Inhibition ofWnt pathway activity can
reduce the severity and duration of neuropathic pain, and the
pathway plays a key role in the generation and persistence of
neuropathic pain after chronic compression of DRG.104 The above
studies suggest that the Wnt pathway plays a key role in the path-
ogenesis of neuropathic pain, and targeting the pathway may be a
potential target for the treatment of neuropathic pain.

5. Role of mTOR pathway in spinal cord injury

An in-depth understanding of various signaling pathways in the
recent years has improved the treatment of spinal cord injury by
interfering with nuclear factor-kB (NF-kB), mTOR, mitogen-
activated protein kinase (MAPK) and other signaling
pathways.105e107 Particularly, the mTOR signaling pathway plays an
important role in the regulation of inflammation, nerve regenera-
tion, and glial scar formation after SCI.

5.1. Regulation of mTOR signaling pathway on inflammatory
response

The traumatic spinal cord induces local inflammatory responses
through activated microglia-infiltrating neutrophils and macro-
phages. Furthermore, traumatic spinal cord has been reported to
induce the expression of relevant pro-inflammatory cytokines.108

MTOR regulates the maturation of antigen-presenting cells
including T and B cells.109 In one study, the mTOR pathway was
found to increase the survival rate of EOC2 microglia during



Fig. 5. Wnt signaling pathways in SCI. This signal modulates several processes associated with the progression of SCI, including axonal regeneration, myelin regeneration, and
inflammation.
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oxygen-glucose deprivation and enhanced the expression of nitric
oxide synthase 2 (NOS2) in BV2 microglia during hypoxia. This
suggests that mTOR is involved in microglial pro-inflammatory
activation.110 MTOR inhibition may improve the anti-
inflammatory effects by regulating T cells.111 Similarly, the inhibi-
tion of mTOR has been shown to control macrophage/microglia
activation and reduce neuro-inflammation.112 MTOR inhibition
may also reduce the pro-inflammatory cytokine production by
macrophages.113 Some other studies have also reported the regu-
lation of neuroinflammation by mTOR inhibitors, in SCI.114 There-
fore, the inhibition of mTOR can reduce the inflammatory process
after SCI.
5.2. Regulation of mTOR pathway on nerve regeneration

The major reasons effectuating the failure of central nerve
regeneration are related to the inhibitory factors in the myelin
6

sheath, formation of glial scars, and the weak growth ability of
mature neurons.115 In the chronic stage, the mTOR signaling
pathway regulates the regeneration of damaged nerve tissues.
Immunohistochemical analysis showed that the mTOR signaling
pathway exists at the level of the dorsal root ganglion and inner
layer II spinal cord neurons in injury-specific C fiber neurons.116 In
addition, mTOR inhibition contributes to axon regeneration.
Following SCI, rapamycin induced inhibition of mTOR promotes
axonal regeneration by inhibiting new protein synthesis and cell
proliferation. MTOR is also associated with improved myelination
and oligodendrocyte differentiation in the central nervous sys-
tem.59 S6K1 (ribosomal protein S6 kinase 1) is an important
downstream effector of mTOR.117 Studies have shown that S6K1
inhibition promotes the regeneration of the corticospinal tract and
axon counts at 8 weeks after SCI.118 In another study, knocking out
nodule sclerosis complex 1 (TSC1) was shown to reactivate mTOR,
thereby promoting axonal regeneration.119
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5.3. Regulation of mTOR pathway on glial scar

Glial scarring is anothermajor obstacle to neuronal regeneration
and recovery after spinal cord injury. Therefore, overcoming glial
scarring is important for axon regeneration.120 Glial scars are
composed of reactive astrocytes and connective tissue. The main
component of the extracellular matrix is the chondroitin sulfate
proteoglycan. More specifically, the astrocytes become hypertro-
phic and proliferate to form astrocyte-rich boundaries, resulting in
a glial scar following SCI.121 MTOR has been reported to be involved
in astrocyte proliferation by inducing the downstream cascade
proteins and activating astrocytes.122 The mTOR-STAT3 pathway is
activated while the Nogo receptor is blocked by Nogo-66. The
mTOR-STAT3 pathway promotes the differentiation of neural pro-
genitor cells into astrocyte lineages.123 Studies have shown that the
astrocytes are upregulated by the epidermal growth factor (EGF).
EGF phosphorylates Akt, leading to mTOR activation, which is an
important pathway in astrocyte physiology.42 Several upstream
regulators of mTOR are critical for astrocytes. Luan et al. found that
the downregulation of PI3K/Akt/mTOR expression may inhibit glial
scar formation.124 In addition, PTEN negatively regulates the PI3K/
Akt/mTOR pathway, and therefore, it displays great potential to
reduce glial scar formation.125 In addition, rapamycin, an mTORC1-
sensitive allosteric inhibitor, was found to bind to the intracellular
12 kDa FK506 binding protein (FKBP12) to inhibit the proliferation
of astrocytes and reduce GFAP-positive cells in the damaged region,
followed by the progression of axonal remodeling.126 Autotrophic
hypertrophy and re-entry into the cell cycle lead to reactive
astrocyte hyperplasia. Cell cycle regulation is crucial to reduce scar
formation. Rapamycin inhibits astrocyte proliferation by regulating
the cell cycle In addition, a study found that rapamycin inhibits
astrocyte proliferation by reducing the number of cells in the S
phase.127 Together, these findings suggest that mTOR plays an
important regulatory role in glial scar formation after spinal cord
injury (Fig. 6), therefore, the inhibition of mTOR signaling may be a
potential regimen for SCI treatment.

5.4. Regulation of mTOR pathway on angiogenesis of injured spinal
cord

The mTOR signaling pathway plays an important role in regu-
lating angiogenesis in normal as well as cancerous tissues.128 The
mTOR pathway regulates the expression of angiogenic factors such
as vascular endothelial growth factor (VEGF), nitric oxide, and
angiogenin128,129. Previous studies have shown that the inhibi-
tion of the mTOR pathway reduces angiogenesis and secretion of
angiogenic factors.130 SCI leads to the destruction of vascular
structures during primary injury.131 It has been widely reported
that the stimulation of post-traumatic angiogenesis by angiogenic
factors (such as VEGF) promotes nerve regeneration and improves
functional recovery after spinal cord injury. Optimizing
angiogenesis-targeting therapy after spinal cord injury is key
therapeutic strategy.132,133 Therefore, the modulation of the mTOR
signaling pathway to stimulate angiogenesis may be a promising
method to promote nerve regeneration after SCI.

5.5. Role of mTOR pathway in autophagy and apoptosis after SCI

Autophagy is an intracellular mechanism involved in the
degradation of organelle-dependent pathways and removal of
dysfunctional cellular components to maintain metabolism and
homeostasis. Apoptosis or programmed cell death, includes a series
of characteristic cell changes, and plays a crucial role in cell death
and autophagy.134 The kinase complex needs to pre-stimulate
autophagy; ULK1/Atg13/FIP200 (unc-51-like kinase 1/mammalian
7

autophagy-related gene 13/focal adhesion kinase family interacting
protein of about 200 kDa) is directly phosphorylated and inhibited
by mTORC1.135 Studies have proposed that the mTOR signaling
pathway is involved in the regulation of autophagy and apoptosis
after spinal cord injury. The activation of the mTOR pathway may
increase the phosphorylation of P70 S6 kinase (p70S6K) protein,
leading to the decreased expression of LC-3 II and Beclin-1 in spinal
cord injury. At the same time, TUNEL-positive cells were increased,
apoptosis was promoted, and nerve tissue damage associated with
dyskinesia was increased after SCI. However, the harmful effects of
mTOR pathway activation, in SCI, were inhibited by rapamycin and
simvastatin. They can also combat apoptosis and reduce nerve
tissue damage associated with dyskinesia after SCI.35,107,126 In
contrast, some studies have demonstrated that the activation of the
Akt/mTOR signaling pathway inhibits excessive autophagy and
enhances functional recovery after SCI.136,137 Therefore, the mTOR
signaling pathway is involved in the regulation of autophagy and
apoptosis after SCI. Interestingly, there is a close relationship be-
tween apoptosis and autophagy in spinal cord injury, and inducing
autophagy can produce neuroprotective effects by inhibiting
apoptosis in rats with acute spinal cord injury138e140 (Fig. 6).

6. The role of related herbal medicines in Wnt/mTOR
signaling pathway

The current treatment of SCI mainly includes early surgical
treatment and conservative treatment. However, there has been
little intervention in the pathophysiological processes of SCI. One of
the main goals of the SCI therapy is to improve the microenviron-
ment and promote regeneration of the injured site. In recent years,
traditional Chinese medicine (TCM) has attracted significant
attention in SCI therapy.141 Studies have found that intervention
with some Chinese herbs (such as curcumin and resveratrol), in the
middle and late stages of SCI, plays a certain role in improving the
microenvironment and promotes the regeneration of injured sites
displaying their potential as a future therapeutic agents for SCI.

6.1. Effect of resveratrol and Wnt/mTOR signaling pathway on SCI

Resveratrol is a natural polyphenol antioxidant in Traditional
Chinese medicine. Its active ingredients are synthesized from a
variety of plants such as knotweed and blueberry.142 Resveratrol
has a wide range of biological activities and pharmacological
functions, including anti-inflammatory, antioxidant, and improve-
ment of microcirculation.143e146 Resveratrol has been found to have
a protective effect in animal models of neuronal degeneration.147

Relevant studies have identified resveratrol as a potential thera-
peutic agent for SCI therapy, and its therapeutic effect has been
confirmed by behavioral score.148 It has also been shown to regulate
the Wnt/mTOR pathway through a variety of mechanisms, such as
PI3K and Akt. PI3K and Akt are upstream activators of mTOR.
Additionally, some other studies have found that resveratrol is
involved in various pathological processes, such as apoptosis,
autophagy, inflammation, and improvement of scar tissue after
SCI.149 Following SCI, resveratrol may inhibit the phosphorylation
of PI3K, Akt, andmTOR, thereby improving the ratio of Bcl2/Bax and
reducing the expression of Caspase-3, exerting an anti-apoptotic
effect.150,151 Several studies have reported that autophagy plays
an important role in SCI. Zhou et al. reported an increase in auto-
phagy after resveratrol treatment.152 The mechanism of autophagy
induction by resveratrol mainly involves the inhibition of the
mTOR-ULK1 pathway, which reduces the phosphorylation barrier
of UNC-51-like autophagy-activated kinase 1 (ULK1), thereby
inducing autophagy.153 Similarly, resveratrol inhibits the prolifer-
ation of pathological scar fibroblasts by decreasing the expression



Fig. 6. Mechanism of mTOR signaling pathway in autophagy, apoptosis and glial scar formation.

P. Cheng, H.-Y. Liao and H.-H. Zhang Journal of Clinical Orthopaedics and Trauma 25 (2022) 101760
of mTOR and its downstream molecule p70S6K.154 These studies
confirmed that resveratrol is important adjunctive therapeutic for
spinal cord injury and may help in the treatment and repair for
spinal cord injury.

6.2. Effects of curcumin and Wnt/mTOR signaling pathway on SCI

Curcumin is a highly pleiotropic molecule from Curcuma Longa
with strong anti-inflammatory properties,155 and its pleiotropic
activity seems to affect a variety of signaling pathways activated in
SCI.156,157 Studies have reported that curcumin can inhibit the Wnt/
mTOR signaling pathway, promote motor function recovery after
injury, reduce neuronal apoptosis, and play a neuroprotective
role.158 Although there are relatively few reports discussing the role
of curcumin in the treatment of SCI through the Wnt/mTOR
signaling pathway, the role of curcumin in SCI has been
confirmed.159 A large number of studies have reported that curcu-
min improves the prognosis of SCI and reduces secondary spinal
cord injury mainly through its antioxidant, anti-inflammatory, and
anti-apoptosis effects.160e162 Based on the above studies, it is clear
that curcumin plays an important regulatory role in SCI. Although
there are few studies on the interaction between curcumin and the
Wnt/mTOR signaling pathway in SCI, but it may be speculated that
the Wnt/mTOR signaling pathway is a potential therapeutic target
of curcumin in the treatment of SCI by improving the spinal cord
microenvironment.

7. Discussion

The Wnt/mTOR signaling pathway is a universal signaling
cascade that is involved in the physiological and pathological pro-
cesses of a variety of diseases, and in recent years, an increasing
number of studies have shown that Wnt/mTOR signaling plays a
crucial role in the treatment and progression of SCI. Wnt/mTOR
signaling has been established to play an important role in neural
8

development, synaptogenesis, neuronal growth, differentiation,
and survival. However, there are relatively few studies on Wnt/
mTOR in spinal cord, and the specific mechanism of SCI has not
been fully elucidated. In addition, the exact role of Wnt/mTOR
signaling in spinal cord injury is controversial. Most studies have
shown that the activation of Wnt/mTOR signaling can alleviate SCI
and contribute to axon regeneration and neurological function re-
covery, but relatively few studies have shown that the activation of
Wnt/mTOR has a negative effect on SCI. Therefore, future studies
need to focus on the detailed mechanisms ofWnt/mTOR to develop
targeted therapies for SCI. However, the following issues need to be
included into the focus of further research before further research.
First, most studies on the effects of Wnt/mTOR on SCI are at the
cellular stage, and further studies using preclinical animal studies
are needed to improve the transition to the clinic. Secondly, the
implementation of Wnt/mTOR therapy requires an appropriate
delivery system, so how to select an appropriate vector to ensure
successful delivery of Wnt/mTOR to the desired target is the di-
rection of future research. Thirdly, whether Wnt/mTOR signal is a
potential therapeutic target in spinal cord injury still needs to be
verified by an independent cohort. So as to intervene SCI from the
pathophysiological level. However, at present, the role of Wnt/
mTOR pathway and spinal cord injury remains mostly in vitro and
animal models, and there are few clinical studies on the activation
or inhibition of Wnt/mTOR pathway on SCI. Therefore, future
clinical studies are needed to evaluate the feasibility, effectiveness
and safety of targetingWnt/mTOR signaling in the treatment of SCI.
In conclusion, Wnt/mTOR signaling plays an important role in
spinal cord injury and may be a potential therapeutic target for SCI
to intervene in the treatment and neurological recovery after SCI
from the pathophysiological level.
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